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PREFACE

It is important to emphasize the importance of organizing the Third International Hydrogen Technologies 
Congress (initially started as the National Hydrogen Technologies Congress) which is considered another 
milestone in Turkey’s hydrogen energy activities under the leadership of the National Hydrogen Energy As-
sociation. 

It is also important to note that the National Hydrogen Energy Association was able to secure one of the next 
organizations of the 24th World Hydrogen Energy Congress first time in 2022, in Istanbul, Turkey. We are 
proud of being the organizers for this global event.

Anyway, we have now successfully completed our third congress in the area of hydrogen technologies, after 
organizing the first one in Istanbul, the second one in Cukurova University in Adana, the third one in Alanya 
Alaaddin Keykubat University which aimed to bring researchers, scientists, engineers and practitioners, who 
were working in the subject matter area, to provide a forum to exchange ideas, disseminate new research deve-
lopments and discuss latest advances, new directions and priorities for a carbon-free future with hydrogen. The 
IHTEC-2018 conference has brought together four keynote speakers and over 140 participants from over 15 
countries for a period of four days in order to discuss, disseminate and network on various aspects of hydrogen 
production processes ranging from its performance analysis and fuel cells, transportation, distribution, secu-
rity, strategies and policies and those applications, through the topics, like renewable hydrogen production and 
technologies, biological hydrogen production and technologies, hydrogen strategies and policies, modeling, 
energy and exergy analysis, etc.

It is a great pleasure to mention that there have been numerous leading researchers attended and networked to 
share the newest ideas and latest technologies and developments. In addition, the conference delegates have 
benefited from the exchange of ideas, problems and solutions with a large number of technical experts, especi-
ally through the multiple workshops organized.

Furthermore, it is important to note that numerous individuals have contributed in significant ways to organi-
ze this conference and the workshops which made us take this pleasure to register our sincere appreciations to 
Prof. Dr. T. N. Veziroglu who has been the leader and father of all these activities which are essentially critical 
for sustainable hydrogen economy, and the chairs of the workshops Prof. Dr.  Hikmet Karakoc and Assoc. Prof. 
C. Ozgur Colpan. 

Moreover, we take this opportunity to warmly thank all congress keynote speakers, session chairs, oral and 
poster presenters (and co-authors), and all attendees, whose contributions and efforts will make this confe-
rence a great success. 

Last, but not least we sincerely acknowledge the assistance, support and coordination provided by the Bros 
Congress Team. 

Ibrahim DINCER
Adnan MIDILLI
Hilmi YURDAKUL
Kadir AYDIN
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SCIENTIFIC PROGRAM

March 15, 2018
HALL - A

08:00-09:00 Registration
09:00-09:30 Opening Talks

Hilmi Yurdakul (Congress Chair) 
İbrahim Dincer (President, National Hydrogen Energy Association)
Ahmet Pinarbasi (Rector, Alanya Alaeddin Keykubat University)

09:30-10:15 Overview Talk- Ibrahim Dincer 
Alternative Dimensions of Hydrogen Energy and Future Directions

10:15-11:00 Keynote Speaker - Richard Baker
Substituted Ceria-Based Materials for Applications in Solid Oxide Fuel Cell 
Electrolytes and Electrodes
Chair: Ibrahim Dincer

11:00-11:15 Coffee Break
11:15-12:00 Keynote Speaker - Wei-Hsin Chen

Recent Development in Hydrogen Separation and Purification through  Pd-based 
Membrane Systems
Chair: Richard Baker

12:00-13:30  LUNCH

HALL - A
13:30-15:00  Session 1A: Biological Hydrogen Production 

 Chair: Filiz Karaosmanoglu
13:30-13:45 (004) Hydrogen Production by Agar-Immobilized R. Capsulatus in Panel 

Photobioreactor
Kamal Elkahlout, Emrah Sagir, Siamak Alipour, Harun Koku, Ufuk Gunduz, Inci 
Eroglu, Meral Yucel

13:45:14:00 (0050) Effect of Operational Variables on Biological Hydrogen Production by Dark 
Fermentation from Palm Oil Mill Effluent Using Response Surface Methodology
Azam Akhbari

14:00-14:15 (0053) Multi-Objective Evolutionary Polynomial Regression Technique in 
Prediction of Bio-Hydrogen Production by Dark Fermentation Process
Azam Akhbari, Shaliza Ibrahim, Mohsen Vafaeifard, Isa Ebtehaj, Milad Khosravi, 
Hossein Bonakdari

14:15-14:30 (0157) HHO Enrichment of Bio-Diesohol Fuel Blends in a Single Cylinder Diesel 
Engine
Mustafa Kaan Baltacıoğlu, Raif Kenanoğlu, Kadir Aydın

14:30-14:45 (0154) Investigation of Optimum Hydraulic Retention Time (HRT) of Semi-batch 
Photofermentation Process in a Three-stage System
Melih Can Akman, Tuba Hande Erguder, Ufuk Gunduz, Inci Eroglu

14:45-15:00 (0072) Direct Current Assisted Dark Fermentative Hydrogen Gas Production from 
Acid Hydrolysed Waste Paper Towel
Gulizar Onaran, Hidayet Argun

15:00-15:30 Coffee Break
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SCIENTIFIC PROGRAM

HALL - B
13:30-17:30 Workshop – Hikmet Karakoc

Opening Remarks
13:30-15:00 Session-I 

Session Chair: Adnan Midilli
• Battery Technology Overview – Fatih Mutluel, TUBITAK MAM
• Battery Thermal Management System (TMS) – Cihad Furkan Salman, TUBITAK 

MAM
• Battery Module/Package Development – Ahmet Yayli, TUBITAK MAM
• Battery Management System (BMS) – Turev Sarikurt, TUBITAK MAM

15:00-15:30 Coffee Break
15:30-17:00 Session-II

Session Chair: C. Ozgur Colpan
• Analysis and Selection of Effective Battery Management System Architectures for 

Safety – Melih Yildiz (Atilim University), T. Hikmet Karakoc (Anadolu University)
• Electric Mobility and Li Ion Based BMS Adaptation in Bozankaya Buses – Emrah Dal 

(Bozankaya), Dursun Cicek (Bozankaya)
• Electrification Options in Aviation Systems –Nader Javani (Yildiz Tech. University)
• Maintainability and Safety Parameters for Battery Design –Melih Yildiz (Atilim 

University), T. Hikmet Karakoc (Anadolu University)

HALL - C
13:30-15:00 Session 1C: Renewable Hydrogen Production 

Chair: Hadi Ganjehsarabi ̇
13:30-13:45 (0192) Integrating of PEM Electrolyzer for Hydrogen Production in a Kalina Cycle 

Driven by Low-Grade Geothermal Energy
Hadi Ganjehsarabı ̇

13:45-14:00 (0097) Performance of Ni Incorporated Silica and Alumina Based Catalysts in 
Hydrogen Production from Biomass
Birce Pekmezci Karaman, Nurbanu Çakiryilmaz, Huseyin Arbag, Nuray Oktar, Gülşen 
Dogu, Timur Dogu

14:00-14:15 (0030) Investigation of a Solar Driven Integrated TEG with PEM Electrolyzer 
System for Hydrogen Production
Murat Emre Demir, Ibrahim Dincer

14:15-14:30 (0060) Hydrogen Production from Water as Photoelectrochemical by using Solar 
Light Irradiation
Rana Muhammad Zunain Ayaz, Duygu Akyüz, Özlem Uğuz, Irem Tanışık, Cevat 
Sarıoğlu, Fatma Karaca Albayrak, Ali Rıza Özkaya, Atıf Koca

14:30-14:45 (0202) A Parametric Study on Exergetic Performance of Hydropower Integrated 
Hydrogen Production: A Case Study for East Black-Sea Region of Turkey
Adnan Midilli and Mert Ozsaban

15:00-15:30 Coffee Break
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SCIENTIFIC PROGRAM

HALL - A

15:30-17:15 Session 2A: Pyrolysis, Gasification and Plasma Hydrogen production
Chair: Inci Eroglu

15:30-15:45 (0027) In–situ and Downstream Desulfurization Ability of PbO and ZnO During 
Pyrolysis and Hydrogenation of a High–sulfur Lignite
Arzu Kanca, Deniz Uner

15:45-16:00 (0089) Ni Catalyzed Methane Pyrolysis for H2 Generation under Concentrated 
Solar Irradiation
Celal Guvenç Ogulgonen, Atalay Çalışan, Deniz Uner, Serkan Kıncal

16:00-16:15 (0068) Energy and Exergy Analyses of an Integrated Solar and Coal Gasification 
Combined Cycle for Hydrogen and Ammonia Production
Ahmed Hasan, Ibrahim Dincer

16:15-16:30 (0098) Gasification of Sewage Sludge Enriched with Virginia Mallow for Higher 
Hydrogen Content in Syngas
Anna Poskart, Monika Zajemska, Stanisław Szwaja

16:30-16:45 (0021) The Effects of Equivalence Ratio on a Downdraft Plasma Coal Gasifier
Zeki Yilmazoglu, Beycan Ibrahimoglu, Onurhan Gokalp

16:45-17:00 (0155) Electrochemical Characterization of Carbon-Supported Bimetalic Pd-Zn 
Nanoparticles as Anode Catalyst for Direct Borohydride Fuel Cells
Ramiz Gultekin Akay, Merve Dogan Ozcan, Cenk Celik, Ayse Nilgün Akın

17:00-17:15 (0222) Biohydrogen Production From Fruit And Vegetable Wastes Through Dark 
Dry Anaerobic Fermentation Under Thermophilic Condition
Haris Nalakath Abubackar, Okyanus Yazgın, Bensu Gunay, Kubra Arslan, Tugba 
Keskin Gundogdu, Nuri Azbar

17:15-17:30 Coffee Break
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SCIENTIFIC PROGRAM

HALL - C

15:30-17:15 Session 2C: Hydrogen Fuel Cells
Chair: Mehmet Suha Yazici

15:30-15:45 (0014) Microwave Assisted Synthesis of Pt/MWCNT Catalyst for High 
Temperature PEM Fuel Cell
Elif Damla Arica, Yılser Devrim

15:45-16:00 (0085) Performance of CVD Graphene Supported PtxCoy Electrocatalysts for PEM 
Fuel Cell
Fatma Gül Boyacı San, Mehmet Suha Yazıcı

16:00-16:15 (0005) A Field Application of a Fuel Cell Microcogeneration Unit
Cigdem Iyigün Karadag, Atilla Ersöz, Fatma Gül Boyacı San, Betül Erdör Türk, Emin 
Okumuş, Murat Kılıç, Egemen Akar, Nilüfer Topuz, Salih Obut, Özgür Can Korkmaz, 
Derya Aydemir

16:15-16:30 (0153) A Labview-FPGA Based Process Control and Power Conditioning 
Prototype Application of a Fuel Cell Powered Range Extender for Unmanned 
Aerial Vehicles
Betul Erdor Turk, Mustafa Hadi Sarul

16:30-16:45 (0174) System Design and Optimization of a Hydrogen Fuel Cell Vehicle in the 
Different Road Models
Yakup Hames, Kemal Kaya

16:45-17:00 (0016) Development of Effective Cooling System for High Temperature PEM Fuel 
Cell
Yilser Devrim, Kubra Pehlivanoglu, Omer Erdemir, Celal Yılmaz, Huseyin Devrim

17:00-17:15 (0181) The Impact of Boron Nitride Nanoparticles on Hydrogen Uptake Capacity 
over MWCNTs
Songul Kaskun, Muhammet Kayfeci

17:15-17:30 Coffee Break
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SCIENTIFIC PROGRAM

17:45-18:30 POSTER Session 1
Chair: Ugur Akbulut

0055 Modeling of Syngas Production from Biogas via Tri-reforming Process
Reiyu Chein, Wen Hwai Hsu

0058 Active Photocatalysts Designed by Sulphurization Method for Hydrogen Production
Irem Tanışık, Duygu Akyüz, Rana Muhammad Zunain Ayaz, Özlem Uğuz, Cevat Sarıoğlu, Fatma 
Karaca Albayrak, Ali Rıza Özkaya, Atıf Koca

0093 Comparison of LFS of H2, CH4 at Elevated Temperatures 
Karol Grab Rogalinski, Stanislaw Szwaja, Michal Pyrc, Michal Gruca

0095 A Low Cost, Continuous H2-CH4 Sensor Assembly
Celal Güvenç Oğulgönen, Atalay Çalışan, Deniz Üner, Serkan Kıncal

0099 Optimization of hydrogen release from anaerobic thermal processing of Virginia Mallow
Anna Poskart, Monika Zajemska, Stanisław Szwaja, Aneta Magdziarz, Dorota Musiał

0103 Influence of Hydrogen Addition to Diesel Fuel on Smoke and Combustion Phases in a Compression 
Ignition Engine
Stanislaw Szwaja, Romualdas Juknelevicius, Michal Gruca, Michal Pyrc

0105 A Comparative Thermodynamic Analysis of Alternatively Proposed Different Fuel System Models 
using Jet A Fuel 
Muhammet Yilanli, Önder Altuntaş, Emin Açıkalp

0107 The Effect of Support Material on the Hydrogen Adsorption-Desorption Characteristics of Ru/SiO2 
and Ru/Vulcan Catalysts 
Mustafa Yasin Aslan, Deniz Üner

0110 Metal-Organic Frameworks as Hydrogen Evolution Catalysts
Selçuk Demir, Emine Ülker

0112 Empirical Models for the Energy Consumption of Oil-in- Water Emulsion Treatment by Electro-
coagulation Process
Mohamed Tir

0115 Management of Hybrid System Operating in Grid–connected and Standalone Mode
Houria Boumaaraf, Billel Boumaaraf, Abdelaziz Talha, Omar Bouhali

0117 Power Generation System Control of a Hybrid Renewable System PVT-diesel with Storage
Billel Boumaaraf, Houria Boumaaraf, Abdelaziz Talha, Mohamed Salah Ait Cheikh

0119 The Relationship Between Fuel Flow Rate and Pressure Drop in a Direct Methanol Fuel Cell with 
Parallel Channels 
Anil Can Turkmen, Didem Demirtas, Hatice Esen, Cenk Celik

0122 Hydrogen Permeation Characteristics Through Palladium Membrane with/without Vacuume
Shang Wei Lin, Wei Hsin Chen

0069 Heat Transfer and Pressure Drop Characteristics of Different Structured Micro-Pin-Fin Reactors
Evren Yilmaz Yakin, Sinan Eren Yalcin, Tahir Hikmet Karakoc

0190 The Role of Temperature on Aluminium Oxide Embedded MWCNTs for Hydrogen Adsorption
Songül Kaskun, Muhammet Kayfeci
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SCIENTIFIC PROGRAM

March 16, 2018
HALL - A

09:30-10:15 Keynote Speaker: Bruno G. Pollet
Current Status of Hydrogen and Fuel Cells in Norway
Chair: Richard Baker

10:15-10:30 Coffee Break
10:30-12:00 Session 3A: Thermodynamic Analysis of Hydrogen Technologies

Chair: Güngör Tuncer

10:30-10:45
(0044) Thermodynamic and Economic Analyses of a Renewable Energy Based 
Hydrogen Production System
Fatih Sorgulu, Ibrahim Dincer

10:45-11:00
(0047) Thermodynamic Performance Assessment of Integrated Solar Energy 
System with Hydrogen Production
Fatih Yilmaz, Murat Ozturk, Resat Selbas

11:15-11:30
(0064) Geothermal and Solar Driven Multigeneration System for Sustainable 
Buildings: A Thermodynamic Analysis
Tahir Abdul Hussain Ratlamwala, Hamed Alimoradiyan

11:30-11:45
(0184) Thermodynamic Analysis of a New Solar Power Tower Based Integrated 
System for Hydrogen Production and Liquefaction
Yunus Emre Yuksel, Murat Ozturk, Ibrahim Dincer

11:45-12:00
(0221) Thermodynamic Analysis of a Unique Integrated Photoelectrochemical 
System for Multigeneration Purposes
Canan Acar, Ibrahim Dincer

12:00-13:30 LUNCH

HALL - B
10:30-12:00 Session 1B: Exergy Analysis of Hydrogen Energy Systems

Chair: Hikmet Karakoc

10:30-10:45
(0096) Diagnosis and Improvement of Hydrogen Demand/Supply Processes using 
Combined Pinch and Exergy Analysis
Fatma Alyer, Zehra Özçelik

10:45-11:00
(0023) Optimum Energy and Life Cycle Cost Evalautaion of an Advanced Hydrogen 
Liquefaction Cycle Using Geothermal Power
Ceyhun Yılmaz

11:00-11:15
(0065) Energy and Exergy Analyses of a Novel Ammonia Combined Power Plant 
Operating with a Gas Turbine and a Solid Oxide Fuel Cell
Muhammad Ezzat, Ibrahim Dincer

11:15-11:30
(0079) A Parametric Study of the Performance of a Polymer Electrolyte 
Membrane Electrolyzer: Energy and Exergy Analyses
Ehsan Baniasadi, Ebrahim Afshari, Faeze Moradi Nafchi, Nader Javani

11:30-11:45
(0041) Exergoeconomic Analysis and Optimization of a Concentrated Sunlight-
based Integrated Photoelectrochemical Hydrogen and Ammonia Production 
System
Yusuf Bicer, Ibrahim Dincer

12:00-13:30 LUNCH
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SCIENTIFIC PROGRAM

 HALL - C
10:30-12:00 Session 3C: Hydrogen Fuel Combustion 

Chair: Stanislaw Szwaja

10:30-10:45
(0092) Analysis of the Turbocharged Internal Combustion Engine with Over-
expanded Cycle Fueled with CNG and Hydrogen
Karol Grab Rogalinski, Stanislaw Szwaja

10:45-11:00
(0102) Dilution of Fresh Charge for Reducing Combustion Knock in the Internal 
Combustion Engine Fuelled with Hydrogen Rich Gases
Stanislaw Szwaja

11:00-11:15
(0147) Simulation of a Novel Alternative Fueled Hybrid Electric Vehicle (AF-HEV) 
with Hydrogen Enriched Internal Combustion Engine
Hüseyin Turan Arat

11:15-11:30
(0196) A Numerical Study of Mild Flameless Combustion of Methane/hydrogen 
Mixtures in a Furnace
Mehmet Salih Cellek

11:30-11:45
(0150) Colloidal Synthesis and Characterization of CuInS2 Nanoparticle for Solar 
Hydrogen Production
Cigdem Tuc Altaf, Nurdan Demirci Sankır

11:45-12:00 (0131) Catalytic and Non-Catalytic Hydrogen Generation from Chemical Hydrides
Mehmet Sankir, Nazrin Abdullayeva

12:00-13:30 LUNCH

HALL - A
13:30-15:00 Session 4A: Borohydride Fuel Cells

Chair: Ramazan Solmaz
13:30-13:45 (0215) Langmuir–Hinshelwood Kinetic Model to Capture the Manganese(0) 

Nanoparticles Supported on Ceria-catalyzed Hydrolysis of Sodium Borohydride
Sibel Duman, Saim Özkar

13:45-14:00 (0148) Preparation And Characterization of Polyvinyl Alcohol/Chitosan Blended 
Anion Exchange Membranes for Direct Borohydride Fuel Cells
Tuncay Kadıoglu, Ramiz Gultekin Akay, Kursat Can Ata, Cenk Celik

14:00-14:15 (0151) Novel Pd-Co/C Bimetallic Alloy Electrocatalyst for Direct Borohydride Fuel 
Cell Anode
Cem Gozlu, Cenk Celik, Ayse Nilgun Akın, Ramiz Gultekin Akay

14:15-14:30 (0152) A Comparative Study on the Determination of Borohydride Permeability 
of Cation Exchange Membranes for DBFC
Kursat Can Ata, Tuncay Kadıoglu, Ramiz Gultekin Akay, Cenk Celik

14:30-14:45 (0241) Effect of Inlet Air Temperature on Exergetic Performance of Hydrogen 
Production from Car Tires via Plasma Gasification
Handan Demirçay, Merve Mehan, Muhammed Emin Topal, Yildiz Kalinci, Senol 
Bayraktar, Ugur Akbulut, Haydar Kucuk, Hayati Olgun, Adnan Midilli, Ibrahim 
Dincer

15:00-15:30 Coffee Break
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SCIENTIFIC PROGRAM

HALL - B

13:30-18:20 Workshop – C. Ozgur Colpan 
Session Chair: İnci Eroğlu

13:30-13:35 Welcoming Remarks / C. Özgür Çolpan
13:35-13:55 Overview of Hydrogen and Fuel Cell Related Research at CERL in UOIT / Ibrahim 

Dincer
13:55-14:15 The Development and Production of Fuel Cell from TEKSIS’s Point of View / 

Hüseyin Devrim
14:15-14:35 PEM Type Fuel Cell Research at TOBB ETU / Mehmet Sankir
14:35-14:55 Advances in the Fuel Cell Research in Dokuz Eylul University / C. Özgür Çolpan
14:55-15:15 Hydrogen & Fuel Cell Research in Atılım University / Yilser Devrim
15:15-15:35 Advances in the Fuel Cell Research in Sen Research Group (SRG), Dumlupinar 

University / Fatih Şen
15:35-16:00 Coffee Break

Session Chair: T. Hikmet Karakoç
16:00-16:20 Fuel Cell Research in Atatürk University / Ayşe Bayrakçeken Yurtcan
16:20-16:40 Hydrogen & Fuel Cell Research and Demonstration Activities at MAM Energy 

Institute / Suha Yazici
16:40-17:00 Studies on the Development of Directly Fed Fuel Cell Catalysts at Van YYU / Hilal 

Demir Kivrak
17:00-17:20 PEMFC Studies in Recep Tayyip Erdogan University / Adnan Midilli
17:20-17:40 Advances in the Fuel Cell Research in Çukurova University  

Ebru Erünal
17:40-18:00 Direct Borohydride Fuel Cell Studies in Kocaeli University  

Cenk Çelik and R. Gültekin Akay
18:00-18:20 Research and Development of Microbial Fuel Cell Technology at Yildiz Technical 

University / Bestami Özkaya
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SCIENTIFIC PROGRAM

 HALL - C

13:30-15:00 Session 4C: Material Applications for Hydrogen Energy Technologies
Chair: Emmanuel Iheanyichukwu Iwuoha

13:30-13:45 (0091) Wireless High-Speed Continuous Sensing of Hydrogen Leak by a Quadro-
tor Drone
Kazuo Matsuura, Masahiro Inoue, Yuta Segawa, Takaya Kimura

13:45-14:00 (0216) Green Dehydrogenation of Dimethylamine Borane Catalyzed by Nickel(0) 
and Copper (0) Nanoparticles
Hakan Demir, Ali Ozdemiṙ, Sibel Duman

14:00-14:15 (0229) Graphene Oxide/Metal Organic Framework Nanocomposite with 
Improved Electrocatalytic Activity for Hydrogen Evolution Reaction
Emmanuel Iheanyichukwu Iwuoha, Mogwasha Daphney Makhafola, Kabelo 
Edmond Ramohlola, Thabang Ronny Somo, Gobeng Release Monama, Mpitloane 
Joseph Hato, Kerileng Midred Molapo, Kwena Desmond Modibane

14:15-14:30 (0228) Copper(II) Phthalocyanine/Metal Organic Frameworks (Cupc/MOF) 
Composite with Improved Electrocatalytic Efficiency for Hydrogen Production
Emmanuel Iheanyichukwu Iwuoha, Gobeng Release Monama, Kwena Desmond 
Modibane, Kabelo Edmond Ramohlola, Kerileng Mildred Molapo, Mpitloane 
Joseph Hato, Mogwasha Daphney Makhafola, Gloria Mashao Mashao Mashao, 
Siyabonga Beizel Mdluli

14:30-14:45 (0218) Highly Effective PVP-stabilized Rh-Ru Bimetallic Nanoparticles for the 
Dehydrogenation of Methylamine-borane in Water
Mehmet Gulcan, Yaşar Karatas

14:45-15:00 (0128) Investigation of Hydrogen Fuel Usage Affects On Exergetic and Exergeeco-
nomic Performances of a Turbojet Engine
Ozgur Balli, Yasin Şöhret, T. Hikmet Karakoc

15:00-15:30 Coffee Break
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SCIENTIFIC PROGRAM

HALL - A
15:30-17:00 Session 5A: Modelling and Analysis of Hydrogen Energy Technologies

Chair: Canan Acar
15:30-15:45 (0070) Kinetic and Electrochemical Analyses of a CuCl/HCl Electrolyzer

Reza Soltani, Ibrahim Dincer, Marc A. Rosen
15:45-16:00 (0119) The Relationship Between Fuel Flow Rate and Pressure Drop in a Direct 

Methanol Fuel Cell with Parallel Channels
Anil Can Turkmen, Didem Demirtas, Hatice Esen, Cenk Celik

16:00-16:15 (0088) Exergetic and Sustainability Analyses of Ammonia Usage in a Gas Turbine
Suleyman Kagan Ayaz, Onder Altuntas

16:15-16:30 (0188) Thrust Modelling for a Solid Oxide Fuel Cell and Gas Turbine (SOFC/GT) 
Hybrid Propulsion System
Yasin Sohret, Arif Hepbasli, T. Hikmet Karakoc

16:30-16:45 (0124) Exergetic Comparison of Various Flow Patterns in PEMFCs
Suha Orcun Mert, Muhammed Mucahit Toprak

17:00-17:15 Coffee Break

 HALL - C

15:30-17:00 Session 5C: Hydrogen Production-1
Chair: Figen Kadirgan

15:30-15:45 (0028) Maturity Impact on Hydrogen Production from Natural Gas and Coal: 
Examples from Dadaş Shale and Zonguldak Coals
Samil Sen, Huseyin Kozlu, Ilyas Erdal Kerey, Gungor Celik

15:45-16:00 (0031) Investigation of Hydrogen Production through Thermochemical Cycles
Fatih Yilmaz, Resat Selbas, Murat Oztruk

16:00-16:15 (0062) Photoelectrochemical Hydrogen Production Using cd(1-x)znxs and Its 
Modifications with Graphene Derivatives
Ozlem Uguz, Duygu Akyuz, Rana Muhammad Zunain Ayaz, Irem Tanısık, Cevat 
Sarıoglu, Fatma Karaca Albayrak, Ali Rıza Ozkaya, Atıf Koca

16:15-16:30 (0073) Hydrogen Production from Melon and Watermelon Mixture by Dark 
Fermentation
Savas Turhal, Mansurali Turanbaev, Hidayet Argun

16:30-16:45 (0166) Photocatalytic Hydrogen Production with Metal Oxide Bulk Structures
Gizem Yanalak, Abdalaziz Aljabour, Emre Aslan, Faruk Ozel, Imren Hatay Patir

16:45-17:00 (0211) Hydrogen Gas Production from Wastewater by Electro-hydrolysis
Serkan Eker, Fikret Kargi

17:00-17:15 Coffee Break
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17:00-18:00 POSTER Session 2
Chair: Suha Orcun Mert 

0145 Ordered Mesoporous Carbons (OMC) Synthesized by Self-assembly Method and the Effects of 
Acidity and Carbon Source to Surfactant Ratio
Silver Güneş, Fatma Çiğdem Güldür

0159 Bio-ethanol Reforming for Hydrogen and Methane Production
Yuji Ando

0168 Electricity Generation and Wastewater Treatment with Microbial Fuel Cells Using Homemade Beer 
Wastewater 
Ömer Faruk Coşkun, Kürşat Can Ata, Ramiz Gültekin Akay

0182 Synthesis of Active and Reusable Nano Catalyst from Graphene Oxide (GO) Stabilized Pt-Ir 
Nanoclusters for DMAB Dehydrogenation Reaction at Room Temperature
Fatih Sen, Esra Kuyuldar, Betül Sen

0183 Synthesis of Highly Active Pt-Rh Nanoclusters Stabilized on Graphene Oxide for Hydrogen 
Evolution Reaction
Fatih Sen, Esra Kuyuldar, Betül Sen

0187 Energy and Exergy Analyses of an Integrated Hydrogen Production and Liquefaction System with 
Waste Material Gasification
Yunus Emre Yüksel, Murat Öztürk, Ibrahim Dinçer

0191 A Comparative Study of Control Strategies for Vehicles with Hydrogen Fuel Cell/Battery/
Supercapacitor in the Electrical Grid-Independent Applications
Yakup Hameş, Kemal Kaya

0200 Wood Char - Active Carbon Production for H2 Adsorption and Storage
Yıldırım Tosun

0209 Biohydrogen Upgrading Towards a Cleaner Energy Production
Emre Oguz Koroglu, Bestami Ozkaya, Ahmet Demir

0217 Hydrogen Generation from the Hydrolysis of Dimethylamine-borane at Room Conditions by Using 
Polyvidone Protected Ruthenium Nanocatalyst 
Mehmet Gülcan, Yaşar Karataş

0224 Optimization of Thermal Pre-treatment Conditions By Box-Wilson Method For Dark Fermentative 
Biohydrogen Production From Fruit and Vegetable Wastes
Bensu Günay, Okyanus Yazgın, Kubra Arslan, Haris Nalakath, Tugba Keskin, Nuri Azbar

0225 Analysis of Biohydrogen Production via Dry Anaerobic Digestion of Fruit and Vegetable Waste
Okyanus Yazgın, Bensu Günay, Haris Nalakath Abubackar, Tuğba Keskin Gündoğdu, Nuri Azbar

0230 Phase Transition and Photoelectrochemical Properties of Copper Oxide Photoelectrodes 
Fabricated by Electrodeposition
İbrahim Y Erdoğan, Meral Balık, Veysel Bulut

0231 Enhanced Photoelectrocatalytic Performance of ZnO/Cu2O Photoelectrodes
İbrahim Y Erdoğan, Ako Mahmood Qadir

0239 The Investigation of Three-dimensional Copper Nanodomes as Anode Materials for Direct Methanol Fuel 
Cells
Fatih Baştürk, Handan Yüksel, Ramazan Solmaz

0240 Pt, Pd and Ag Modified NiCuZn Raney Electrodes for Alkaline Water Electrolysis
Ramazan Solmaz, Ayşe Ongun Yüce, Ali Döner, Ibrahim Şahin, Gülfeza Kardaş

0104 Energy and Exergy Analysis of 1 kW Self-humidified PEM Fuel Cell
Tayfun Özgür, Ali Cem Yakaryılmaz, Erdi Tosun, Mustafa Atakan Akar, Mustafa Özcanlı

0244 Mg60Ni40 Alloy Synthesis and Investigation of Hydrogen Storage Properties 
Gözde Bayazıt, Sefa Emre Sünbül, Sultan Öztürk, Kürşat Icin, Şadan Özcan
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HALL - A

09:00-10:30 Session 6A: Hydrogen Energy Applications-1
Chair: Can Ozgur Colpan

09:00-09:15 (0007) H2 Adsorption on Cu(I)-ZSM-5: Exploration of Cu(I)-exchange in Solution
Ismihan Altıparmak, Busra Karakaya, Bahar Ipek

09:15-09:30 (0082) Coke Minimization over Mesoporous Alumina Supported Ni Catalyst in 
Dry Reforming of Methane
Huseyin Arbag

09:30-09:45 (0212) Electrohydrolysis Application on Metal Plating Wastewater to Produce 
Hydrogen Gas
Ebru Çokay, Yasin Gürler

09:45-10:00 (0040) Bimetallic Particles for Ethanol Electro-oxidation
Hilal Demir Kivrak, Ebru Ozkan, Burak Yapıcı, Sumeyye Dogan, Shekiba 
Muhammady, Ozlem Sahin

10:00-10:15 (0134) Synthesis and Characterization of Electrocatalyst with Graphene and 
Multi-Walled Carbon Nanotube Support Material
Guvenc Umur Alpaydin, Elif Damla Arica, Yilser Devrim, Can Ozgur Colpan

10:15-10:30 (0108) SnS Photo-electrodes Produced by Sulfurization of Electrodeposited Sn 
Films for Photo-electrochemical Water Splitting
Sercan Soyoz, Bulut Sahin, Selim Demirci, Cevat Sarıoglu

10:30-10:45 Coffee Break

HALL - B
09:00-10:30 Session 2B:  Hydrogen Evolution

Chair: Kazuro Matsuura
09:00-09:15 (0057) The Effect of Co-catalyst and Novel Heterogeneous Active Photocatalysts 

for Hydrogen Evolution under Solar Energy
Duygu Akyuz, Ozlem Uguz, Irem Tanısık, Rana Muhammad Zunain Ayaz, Cevat 
Sarıoglu, Fatma Karaca Albayrak, Ali Rıza Ozkaya, Atıf Koca

09:15-09:30 (0094) Water Splitting through the Pb/PbO Cycle
Atalay Calısan, Celal Guvenc Ogulgonen, Deniz Uner, Serkan Kıncal

09:30-09:45 (0037) Comparison of Alcohol Electro-oxidation in Alkaline Medium
Ozlem Sahin, Ebru Ozkan, Hilal Demir Kivrak

09:45-10:00 (0109) Zirconium Metal-Organic Framework Platform as a Heterogeneous 
Catalysts for Electrochemical Hydrogen Evolution
Emine Ulker, Selcuk Demir

10:00-10:15 (0170) Hydrogen Evolution at the Water/DCE Interface Catalyzed by Cu2WS4
Faruk Ozel, Emre Aslan, Adem Sarilmaz, Imren Hatay Patir

10:15-10:30 (0171) The Hydrogen Evolution Reaction Catalyzed by Metal Oxide and Metal 
Sulfide Catalysts at Soft Interfaces
Emre Aslan, Gizem Yanalak, Imren Hatay Patir

10:30-10:45 Coffee Break
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09:00-10:30 Session 6C: Hydrogen Energy and Technologies-1
Chair: Tanay Sidki Uyar

09:00-09:15 (0038) Electrocatalytic Performance of Pd Based Bimetallic Catalysts for 
Methanol Oxidation Reaction
Özlem Şahin, Ebru Özkan, Rabia Esra Takır,Abdullah Nadeesh, Hilal Demir Kıvrak

09:15-09:30 (0039) Structure Sensitivity of Direct Alcohol Electro-oxidation Reaction Catalysts
Hilal Demir Kivrak, Ebru Ozkan, Ozlem Sahin

09:30-09:45 (0013) Effect of Bipolar Plate Gas Flow Channel Pattern on Proton Exchange 
Membrane Fuel Cells Performance
Celal Yılmaz, Muhittin Bilgili, Yılser Devrim

09:45-10:00 (0136) Performance Analysis of Compressor Assisted Single Effect Absorption 
Refrigeration Cycle Coupled with Heliostat Field
Chinedu Frank Okwose

10:00-10:15 (0175) Integration of Renewable Energy Systems with Hydrogen Technologies
Alper Saydam, Tanay Sıdkı Uyar

10:15-10:30 (0243) Design of Thin Film Membranes for Intermediate-Temperature Hydrogen 
Separation
Fatih Pişkin, Tayfur Öztürk

10:30-10:45 Coffee Break

HALL - A

10:45-12:00 Session 7A: Hydrogen Energy Policies and Strategies
Chair: Sudi Apak

10:45-11:00 (0075) A Renewable Pathway Towards Increased Utilization of H2 in Diesel 
Engines
Saket Verma, Abhishek Suman, Lalit M Das, Shubhash C Kaushik, Sudhir K Tyagi

11:00-11:15 (0015) Turkey’s Hydrogen Scenario and Hydrogen Production in the Thrace Basin 
versus Hydrogen Regulations and Standards
Erhan Atay, Sudi Apak

11:15-11:30 (0090) Recent Trends of Hydrogen Utilization in Transportation
Kadir Aydın

11:30-11:45 (0087) Maritime Industry and Future Hydrogen Production
Preeti Parikh, Yaqub Amani, Charles Munsch

12:00-13:30 LUNCH
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10:45-12:00 Session 3B:  Hydrogen Production-2
Chair: Yilser Devrim

10:45-11:00 (0071) Steam Methane Reforming in Micro-reactors under Concentrated Solar 
Irradiation
Atalay Çalısan, Celal Guvenc Ogulgonen, Deniz Uner, Serkan Kincal

11:00-11:15 (0081) Hydrogen Generation from Solid State NaBH4 by Using FeCl3 Catalyst for 
Portable PEMFC Applications
Inci Eroglu, Aslı Boran, Serdar Erkan

11:15-11:30 (0100) Improvement of Operational Characteristics of Sesame Oil in a 
Compression Ignition Engine with Small Fraction of Hydrogen Enrichment
Tayfun Ozgur, Safak Yildizhan, Ceyla Ozgur, Kadir Aydın, Hasan Serin

11:30-11:45 (0177) Effective TiO2 Supported Cu-Complex Catalyst in NaBH4 Hydrolysis 
Reaction to Hydrogen Generation
Dilek Kilinc

11:45-12:00 (0195) Investigation of Hydrogen Generation from Sodium Borohydride 
Hydrolysis Reaction with Different Catalyst
Arife Saglam, Elif Damla Arıca, Yılser Devrim

12:00-13:30 LUNCH

 HALL - C

10:45-12:00 Session 7C: Hydrogen Energy and Technologies-2
Chair:  Nader Javani

10:45-11:00 (0074) Electrochemical Impedance Modelling of a SOFC Button Cell and 
Parametric Analysis of the Cell Electrical / Electrochemical Performance
Yaser Mollaei Barzi, Rafat Mohammadi

11:00-11:15 (0078) Experimental Characterization of Thin Electrolyte for Intermediate 
Temperature Solid Oxide Electrolysis Cell
Abdullah A. Alzahrani, Ibrahim Dincer

11:15-11:30 (0084) Investigation of the Effect of Single Stage and Four-stage Clamping 
Pressure on Electrical Resistance of GDL
Mert Taş, Gülşah Elden

11:30-11:45 (0083) Preparation of Nanostructured α-Fe2O3 Films from Electrodeposited Fe 
Films for Photoelectrochemical Water Splitting Performance
Selim Demirci, Cevat Sarıoğlu

12:00-13:30 LUNCH

13:30- 18:00 SOCIAL PROGRAME (Damlataş Cave, Telpher Trip, Alanya Castle)
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09:00-11:00 Session 8A: Hydrogen Energy and Technologies-3
Chair: Kadir Aydin

09:00-09:15 (0061) Hydrogen Storage Capacity Investigations of Pd Loading Ratio on MW-
CNTs via Supercritical Fluid Deposition Method
Ebru Erunal, Fatma Ulusal, Sinan Büyükbayram, Selda Odabaşı, Bilgehan Güzel, 
Deniz Üner

09:15-09:30 (0113) Enhancement of Hydrogen Charging in Metal Hydride-Based Storage 
Systems by Using Heat Pipe
Muhammet Kayfeci, Fawzi Elhamshri

09:30-09:45 (0132) Artificial Neural Network Modelling of Hydrogen Storage Properties of 
LaNi4.75Al0.25 alloys based metal hydride vessels
Muhammet Kayfeci, Fevzi Bedir, Umran Elmas

09:45-10:00 (0130) Gas (H2 and O2) Sensing Performance of ZnGa2O4 Thin Films Depending 
on Active Deep Energy Levels
Musa Mutlu Can, Shalima Shawuti, Namık Akçay, Gokhan Algun

10:00-10:15 (0135) Axane Commitment for a Sustainable, Reliable, and Field Proven Power 
Source though Partnership with Laboratories and Design Efforts
Johan Andre, Marian Chatenet, Frédéric Maillard, Laetitia Dubau, Lionel Flandin, 
Corine Bas, Gilles De Moor, Olivier Lottin, Eric Claude, Elisabeth Rossinot, Nicolas 
Caqué

10:15-10:30 (0160) A Design of Automated HHO System for Optimum Volumetric Efficiency
Mustafa Kaan Baltacioglu, Raif Kenanoglu, Kemal Kaya, Yakup Hames, Ertugrul 
Baltacioglu

10:30-10:45 (0172) Effect of Channel Bend in Serpentine Flow Field Design Pattern for PEMFC
Mohammad Ziauddin Chowdhury, Yahya Erkan Akansu, Omer Genc, Serkan Toros, 
Yusuf Sahin

10:45-11:00 (0234) Effects of Rice Husk Particle Size on Biohydrogen Production under Solid 
State Fermentation
Serpil Özmıhçı, Zülfiye Velioğlu Tosuner

11:00-12:00 World Hydrogen Day and Closing Ceremony
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09:00-11:00 Session 4B: Applications on Hydrogen Energy and Technologies

Chair: Johan Andre
09:00-09:15 (0197) An Investigation of the Mild Flameless Combustion Behaviour of Methane 

and Hydrogen Fuels under the Various Preheating Levels in a Furnace
Mehmet Salih Cellek

09:15-09:30 (0173) Numerical Investigation of Conventional Flow Field Patterns in Proton 
Exchange Membrane Fuel Cell
Mohammad Ziauddin Chowdhury

09:30-09:45 (0205) Metal-Schiff Base Complex Catalyst in KBH4 Hydrolysis Reaction for 
Hydrogen Generation
Dilek Kılınc, Ömer Şahin

09:45-10:00 (0233) Bio-Hydrogen Production from Waste Rice Husk Using Co-Culture
Serpil Özmıhçı, Gülsün Gizem Taylan

10:00-10:15 (0199) Mathematical Modeling of a Flowing Electrolyte-Direct Methanol Fuel Cell 
Using Comsol Multiphysics
Omer Faruk Atacan, David Ouellette, Deniz Yımaz, Pasa Yaman, Can Ozgur Colpan

10:15-10:30 (0042) Development of a Mathematical Model for a HT-PEMFC Stack Based 
Cogeneration System
Yagmur Nalbant, Can Ozgur Colpan, Yilser Devrim

10:30-10:45 (0125) Quasistatic Model Based Analysis of Direct Methanol Fuel Cell System for 
Hybrid Vehicular Applications
Mustafa Umut Karaoğlan, Alper Can Ince, Can Özgür Çolpan, Nusret Sefa Kuralay

10:45-11:00 (0232) Turkey’s Hydrogen Scenario and Hydrogen Production in the Thrace Basin 
versus Hydrogen Regulations and Standards
Sudi Apak

11:00-12:00 World Hydrogen Day and Closing Ceremony in Hall A
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Substituted Ceria-based Materials for Applications in Solid Oxide Fuel 
Cell Electrolytes and Electrodes

Richard Baker

School of Chemistry, University of St Andrews

Partially substituted (or ‘doped’) cerium oxide materials are of great interest for applications in SOFC 
components. By the careful choice of dopant identity and quantity, doped cerias can be endowed with 
very high oxygen ion conductivity, electronic conductivity, catalytic activity for reduction-oxidation and 
reforming reactions, or a combination of all three. We have developed methods for the preparation of 
high purity doped cerias with nanoscale particles. Impurities – even a few ppm of Si – have a strongly 
deleterious effect on ionic conductivity at grain boundaries while high surface area nanoparticles are 
desirable for applications in SOFC anodes where the material must catalyse the fuel oxidation, or re-
forming, reaction. This presentation will review our very recent work in which two sets of ceria-based 
materials were prepared for application either as electrolytes or as anode materials in SOFCs. First, 
the effect of multiple doping of ceria with combinations of Gd, Nd and Sm on oxygen ion conductivity, 
materials microstructure and, therefore, suitability for use in SOFC electrolytes will be described. A 
composition was found which shows better performance at intermediate temperatures than singly Gd- 
or Sm-doped cerias. Second, the use of nanostructured doped cerias, with and without addition of an 
active metal function, as anode catalysts will be covered and the important effect of preparation method 
on ultimate performance will be highlighted.
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Recent Development in Hydrogen Separation and Purification through 
Pd-based Membrane Systems

Wei Hsin Chen

National Cheng Kung University, Distinguished Professor, Department of Aeronautics and Astronautics

Global climate change and fossil fuel depletion have driven the need to shift energy use from the con-
ventional carbon cycle to hydrogen cycle. One of the prime advantages of consuming hydrogen as a 
fuel is zero emissions of carbon dioxide and other pollutants. Hydrogen can be produced from fossil 
fuels, biomass, and hydrocarbons. However, in most conversion processes, hydrogen-rich gases rather 
than pure hydrogen are produced. When hydrogen is separated from hydrogen-rich gases using mem-
branes, palladium (Pd) has demonstrated its excellent features of high hydrogen permeability and se-
lectivity. In addition to hydrogen separation and purification, Pd-based membranes can also be thought 
of as a potential tool to fulfill CO2 capture. In this talk, recent development in hydrogen separation and 
purification in Pd-based membrane systems such as hydrogen permeation, concentration polarization, 
and membrane permeance measurement will be introduced. The interfacial and bulk mass transfer 
phenomena of hydrogen in Pd-based membrane system will be underlined. The presentation will also 
show hydrogen permeation in Pd membrane tube systems approached by computational fluid dynam-
ics (CFD), demonstrating the potential of simulations as a tool to aid in membrane system designs. 
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Current status of hydrogen and fuel cells in Norway
Bruno G. Pollet

Norwegian University of Science and Technology (NTNU)

Norway’s strategy is structured around five closely interrelated themes addressing: (i) energy supply 
security, (ii) a fully-integrated energy market, (iii) energy efficiency, (iv) decarbonising the economy and 
(v) research, innovation and competitiveness.  Climate change is one of the policy priorities of Norway.  
The country is a heavy producer of renewable energy and electricity generation that originate almost 
entirely from hydroelectric power plants (over 99%).  There is also a large potential in wind power, off-
shore wind power and wave power, as well as the production of bio-energy from biomass.  Although, 
Norway has limited resources in solar energy, it is one of the world’s largest producers of solar grade 
silicon and silicon solar cells.  Hydrogen Energy has been identified by Norway as an alternative fuel 
with the potential for a substantial contribution to reduce petroleum dependence and greenhouse gases 
emissions in the long term.  The Norwegian government supports the potential role of hydrogen for Nor-
way in the transition to a zero-emission society [1,2].  In line with the EU, Hydrogen and Fuel Cell Tech-
nologies (HFCTs) have been identified as a key area of research priority for Norway [1-3]. For example, 
the White Paper on Norway’s energy policy [2] explicitly describes the national hydrogen priorities, 
which focus on research and development within production, storage and use of hydrogen.  Indeed, 
among the renewable energy sources, HFCTs are considered as a key technology of the 21st century, 
not only because of its high efficiency in heat and electricity generation, but also because of its potential 
role in attaining sustainable energy system.  It is also envisaged that HFCT will be integrated into “in-
telligent” energy networks, with conventional and distributed renewable electricity systems.  Also, they 
enable flexible and adaptable fueling strategies, according to local resources, with fossil, bio-fuels or 
synthetic fuels to reduce impact on air pollution and climate change.  For a few years, Norway has put 
significant effort in HFCT R&D through national and international projects as well as in implementing a 
hydrogen infrastructure.  This presentation will highlight the main HFCT projects in Norway.
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Hydrogen production by agar-immobilized R. capsulatus in panel photobioreactor 
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Abstract 
Biological hydrogen production is attractive since biological methods can use cheap and renewable resources for 
hydrogen production. In this study, a novel panel photobioreactor (1.4 L) was constructed from Plexiglas with a 
network of nylon fabric support for agar immobilized bacteria complex. Two strains of Rhodobacter capsulatus 
DSM 1710 wild-type strain and R. capsulatus YO3 (uptake hydrogenase deleted mutant) with cell concentrations of 
2.5 and 5.0 mg dcw/mL agar, respectively were entrapped by 4% (w/v) of agar. The system was operated for 72 to 
82 days in a sequential batch mode utilizing acetate as substrate at 30 0C under continuous illumination in indoor 
conditions. The pH was between 6.7 and 7.9 during the sequential hydrogen production. The highest hydrogen 
productivities of 0.68 mmol H2/L/h and 0.96 mmol H2/L/h were obtained by R. capsulatus DSM 1710 and R. 
capsulatus YO3 respectively. 
 
Keywords: Rhodobacter capsulatus, biological hydrogen production, immobilized bacteria, photobioreactor, 
sequential batch process 
 
I. Introduction 
Hydrogen presents itself as an ideal alternative energy carrier that can meet all the conditions for a clean, 
renewable and, locally produced energy resource. Hydrogen is a clean and promising energy carrier. Biological 
hydrogen production presents an environmentally friendly option by utilizing renewables and consuming less 
energy compared to thermochemical and electrochemical production pathways (Meher Kotay and Das, 2008). 
Although a variety of processes are available for hydrogen production, a sustainable, long-term, cost-effective and 
commercial production system is still required to be developed for the energy demand in the world (IEA, 2015). 

Purple non-sulfur bacteria (PNSB) are a versatile group capable of producing hydrogen under various growth 
conditions (Basak et al. (2014)). They have the ability to grow under anaerobic and light conditions to produce 
molecular hydrogen (Koku et al. 2002). PNSB has been widely used in hydrogen production studies on various 
substrates including organic acids and sugars so far (Kars and Gunduz, 2010).  
Immobilization of cells offers many advantages over suspended culture systems such as providing higher cell 
concentrations and stability, eliminating cell washout problems, protecting against shear damage, and allow 
working with smaller reactor volumes compared to suspension cultures (Elkahlout, 2011). Amongst the various 
immobilization methods, cell entrapment is a promising method to immobilize the cells. Agar is considered as 
suitable for this purpose as it is durable, cheap, biodegradable material for entrapment (Xie et al. 2012, Sagir et al. 
2017).  

This study demonstrates indoor photofermentative hydrogen production by agar-immobilized Rhodobacter 
capsulatus DSM 1710 wild type strain and R. capsulatus YO3 in a panel photobioreactor. Acetate was used as the 
sole carbon source for the immobilized culture with a two-sided continuous tungsten illumination system. 
Biohydrogen production was carried out in the sequential batch mode including consecutive 5-7 rounds throughout 
72-82 days.  
 
II. Experimental Set-up and Procedure 
Two strains of Rhodobacter capsulatus the DSM 1710 wild-type strain and the YO3 uptake hydrogenase deleted 
mutant, (Ozturk etal. 2006),   were used in this study. Activated suspended cultures (50 mL, OD660: 2.0) were 
transferred to a 500 mL transparent screwed bottle containing 450 mL of 20/10 mM (acetate/glutamate) growth 
medium. Growth temperature and illumination intensity were 300C and 200 W/m2, respectively. The pellets were 
collected after 2-3 days by centrifugation at 10000 g for 20 min and they were re-suspended in 10 mL of basal 
medium (Biebl and Pfennig, 1981). Agar (4% w/v) was used to entrap and immobilize the bacteria. The effect of 
acetate concentration (60 mM, 80 mM, and 100 mM) on hydrogen productivity has been investigated in agar 
entrapted small scale photobioreactors previously by Elkahlout et al. (2016), and optimal acetate concentration 
was found as 60 mM. Glutamate (4 mM) was used as nitrogen source for the culture.  

The frame parts sandwiched a network cloth made of nylon. The aim of using the cloth network was to provide 
a supporting medium for agar gel. The frame was put horizontally on a glass panel and then 200 mL of the 
bacteria-agar complex was poured into the inner part of the frame to fill completely. Another glass panel was used 
to cover the molten agar inside the frame to prevent flooding out while passing the frame for cooling in the 
refrigerator (4 0C). The reactors were then closed and filled with hydrogen production medium and then the reactor 
was flushed with argon for 15 minutes. The outer dimensions of the panel reactor were 29 cm x 29 cm x 4 cm. The 
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employed panel reactor (1.4 L empty volume) was made of two Plexiglass panels which sandwiched a frame made 
from PVC (Fig. 1). The frame and the two panels are fitted together as one piece by metal screws which were 
positioned in from each other by regular distances. Each round (R) was a sequential batch and the spent effluent 
was discarded at the end of the batch. Then, the reactor was washed with basal medium and the new fresh 
medium was supplied. For each round, 1 L hydrogen production medium (Acetate/Glutamate, 60 mM/4 mM) was 
added to the reactor. 
 

 
 
Fig. 1: A photograph of the experimental setup 
 
III. Analysis 
Daily 2 mL hydrogen production medium was taken and used for analysis of organic acids. The HPLC instrument 
was Varian Prostar type provided with the computerized system using prostar workstation software. For analysis of 
acetate,100 µl of the sample was injected automatically to the injection port. Analysis process was operated at 0.3 
mL/min flow rate by using sulfuric acid (0.008 N) as the mobile phase. The run time was adjusted at 25 minutes 
while the temperature was 35°C. The system used MetaCarb 87H column, 300x7.8 mm. For detection, PDA 
detector was employed at 210 nm wavelength. The evolved gas was collected by water displacement method 
using glass graduated cylinders. Gas composition analysis was done by using Agilent type GC system, 6890N 
version N.05.06100 provided with computerizing system and network analysis software. For analysis of gas 
composition, 100 µl was aspirated from the gas collection bottles and then injected into the injection port specified 
for gas analysis. The instrument was operated at 140°C oven temperature for 9 minutes run time and flow rate at 
22.3 mL/min. The GC system was equipped with a packed column of the type Supelco 12390U, Carboxen 1000. 
The inert gas argon was used as the carrier gas. The evolved gas was composed of 99% H2 and 1% CO2. Four 
separate reactors (D1, D2, Y1, Y2) were operated (two for each strain). 
 
IV. Results and discussions 
Reactor D1 (Rhodobacter capsulatus DSM 1710) was operated for four sequential batches designated as R1-R4 
for 67 days. Throughout all rounds, illumination was applied on both sides of the reactor. Table 1 lists total 
hydrogen production of photobioreactors in each round. During the first round R-1, 3.9 L hydrogen was produced, it 
decreased to 2.15 L in the second round (R-2). Hydrogen production increased in the third round (R-3) to 3.64 L 
and then decreased to 1.47 L in the 4th round. The values of pH during operation of this reactor exhibited an 
increase over 7.6 and even more than 7.8, especially during R-2 and R-4 operations. During R-1 and R-3, pH was 
tending to be stable between 6.7 and 7.9 (Fig. 2).  
 

 
 

Fig. 2: pH change of Rhodobacter capsulatus DSM 1710 (Reactor D1) during the sequential hydrogen production. R-1, R-2, R-3 
and R-4 indicate the consecutive rounds. 
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Reactor D2 (Rhodobacter capsulatus DSM 1710) was operated for 82 days. Hydrogen production increased 
from the first round (2.6 L) to round 4 (3.25 L). The maximum hydrogen productivity of 0.96 mmol H2/L/h was 
achieved by Rhodobacter capsulatus DSM 1710. These results correlate well with previously reported values 
(0.54-2.0 mmol H2/L/h) in small-scale studies by Elkahlout et al. (2016).  

 
Tab. 1: Total hydrogen production of photobioreactors in each round.   
 

Reactors-strains Round 1 
H2 (L) 

Round 2 
H2 (L) 

Round 3 
H2 (L) 

Round 4 
H2 (L) 

Round 5 
H2 (L) 

Round 6 
H2 (L) 

Round 7 
H2 (L) 

Cumulative 
H2 (L) 

D1-DSM1710  3.9 2.15 3.64 1.47 - - - 11.2 
D2-DSM1710 2.6 1.65 1.7 3.25 3.0 - - 12.2 

Y1- YO3 4.4 3.85 4.6 4.2 4.0 1.2 - 22.3 
Y2- YO3 5.0 4.0 5.2 5.0 4.9 4.5 4.4 33.0 

 
 
Reactor Y2 (R. capsulatus YO3) was operated for seven sequential batches designated as R1-R7 for 72 days. 

The reactor produced 33.0 L of hydrogen with an average of total hydrogen produced per round per reactor as 4.72 
L of hydrogen. The maximum hydrogen productivity of 0.68 mmol H2/L/h was obtained by R. capsulatus YO3. 
 

Reactor Y1 (R. capsulatus YO3) was operated for seven sequential batches designated as R1-R7 for 69 days. 
By the end of sixth round (R-6) black precipitation started to form in the reactor with an uncharacteristic odor, 
suggesting contamination a rotten-egg smell. Total hydrogen gas produced was 22.3 L, considering the operation 
period of R-1 to R-6 that corresponded to average hydrogen produced per round per reactor as 4.15 L of hydrogen. 
During the last round the immobilized bacteria showed very low activity and produced only 1.22 L of hydrogen. The 
values of pH during operation of this reactor ranged between 6.7 and 8.0 (Fig. 3). 
 
 
 

 
 

Fig. 3: pH change of Rhodobacter capsulatus YO3 (Reactor Y1) during the sequential hydrogen production. R-1, R-2, R-3, R-4, 
R-5, R-6 and R-7 indicate the consecutive rounds. 

 
 

 
 

V. Conclusions 
 
Biohydrogen production was realized through photofermentation by agar-immobilized Rhodobacter capsulatus on 
acetate. The scaling up of the agar immobilized system improved the stability and long-term hydrogen production. 
The range of pH change was between 6.7 and 7.9 throughout the overall processes, thereby indicating pH stability 
of the system. This work demonstrated that this system was reproducible and stable for long-term large-scale 
operations. The maximum hydrogen productivity of 0.96 mmol H2/L/h was achieved by Rhodobacter capsulatus 
YO3. The highest hydrogen yields of 2.68 and 3.3 mol H2/mol acetate were obtained by Rhodobacter capsulatus 
DSM 1710 and YO3, respectively. 
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Abstract 
In this study, the production process of hydrogen rich gas using natural gas as a feedstock has been investigated 
for a fuel processing system including autothermal reformer, water gas shift (WGS) (high and low temperature) and 
preferential oxidation reactors. The resulting gas stream has been introduced to a low temperature fuel cell unit. 
These two main process parts have been integrated as a 2 kWe micro cogeneration unit as a whole. In the process, 
the raw natural gas is cleaned, its hydrocarbon content is reformed, CO content is shifted (via WGS reactor) and 
finally H2 rich stream is fed to a low temperature PEM fuel cell unit. The conceptual design of the fuel cell stack 
components (bipolar plate and membrane electrode assembly) has been performed. The bipolar plates with a 
novel flow field design have been produced. The preliminary single cell performance tests have been performed for 
225 cm2 active area. 2 kWe fuel cell system has been integrated and performance tests have been performed.  
Keywords: “Reforming, hydrogen, fuel cell, PEM, microcogeneration” 
 
I. Introduction 
Cogeneration (or Combined Heat and Power (CHP)) is seen to have the potential to primary energy savings and 
greenhouse gas emissions reduction when compared with large power stations. Cogeneration is the combined 
production of electrical and thermal energy from a single primary energy source. In residential applications, 
cogeneration provides electricity and heat (for hot water and space heating) for the household (Ellamla, 2015; 
Staffel, 2013). Fuel cells are energy conversion devices capable to convert the chemical energy of hydrogen into 
electricity, while a fraction of the unused energy becomes available as heat. In a fuel cell, electricity is produced 
from the electrochemical reaction of fuel on the anode side and an oxidant on the cathode side, with the 
concomitant flow of ions through the electrolyte and electronic current in an external circuit. A fuel processing unit 
converts hydrocarbon to hydrogen for use in a fuel cell. Fuel cells, specifically the polymer electrolyte membrane 
(PEM) fuel cell and the solid oxide fuel cell (SOFC), are considered as an alternative to combustion based 
technologies utilized to meet heating requirements. This is because they exhibit high efficiencies, low emissions 
and noise levels, modularity, and a low heat-to-power ratio (Murugan, 2016, Milcarek, 2017).  

In this study, the production process of hydrogen rich gas using natural gas as a feedstock has been 
investigated for a fuel processing system and the resulting gas stream has been introduced to a low temperature 
fuel cell unit. These two main process parts have been integrated as a 2 kWe micro cogeneration unit as a whole. A 
fuel cell based cogeneration system requires power conditioning and control units which are responsible for power 
DC to AC power conversion and chemical process management. This study also focuses on a real time embedded 
control system unit which is designed for both hydrogen reformer/fuel cell and data acquisition of the power 
converter. An embedded data acquisition and control system has been designed to provide a self-regulated 
process of the hydrogen reformer unit. This work is a part of a national project entitled “A Field Application of a Fuel 
Cell Microcogeneration Unit” supported by Republic of Turkey Ministry of Energy and Natural Resources General 
Directorate of Renewable Energy.  

 
II. Experimental Set-up and Procedure 
The simplified block diagram of the microcogeneration system is given in Figure 1. Natural gas is used as a 
feedstock and reformed into hydrogen rich gas. Autothermal reforming is used as an efficient and cheaper 
technique. The fuel processing system includes several reactors like autothermal reformer (ATR), water-gas shift 
(WGS) and preferential oxidation (PROX). In ATR, natural gas is converted into hydrogen rich gas composition. 
However, the hydrogen rich gas consists of carbon monoxide (CO) that is very harmful for anode catalysts in the 
fuel cell. Therefore, CO is decreased below %1 with WGS reactors, than to ppm levels with PROX reactors.  
Fuel cell consists of bipolar plates, membrane electrode assembly including membrane and catalyst, and fuel cell 
hardware. Polymer composite bipolar plates are produced and flow channels are processed. Nafion XL 
membranes are pretreated before use. Catalyst slurry is applied on gas diffusion layers through ultrasonic spray 
technique. The PEM fuel cell system includes the fuel cell module, blower and humidifier. There are power 
conditioning and control units which are responsible for power DC to AC power conversion and chemical process 
management.  

 
Fig.1: Simplified block diagram of the microcogeneration system 
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III. Analysis 
 
The ASPEN-HYSIS Version 9 software has been utilized for the simulations and calculations of the fuel processing 
reactions.  

The catalytic properties limit applicable operational parameter ranges such as S/C, O2/C and operation 
temperatures and pressures. The durability of the ATR membrane reformer is governed by the thermal durability of 
the catalysts by coke formation.The main process variables are investigated using equilibrium reactor conditions. 
The thermodynamic equilibrium system calculations are based on minimizing the Gibbs free energy. The overall 
process is modeled using ASPEN-HYSYS. The equilibrium temperature and outlet compositions of the reformer are 
calculated with simulation studies. For all cases, reactor simulation calculations are performed under adiabatic 
conditions. 
 
IV. Results and discussions 
The design of fuel processing system consists of several studies: 

 The construction of the process flow diagram including all instruments, 
 Determination of the design parameters for fuel processing system, 
 Process simulation studies, 
 Construction of process flow diagram (PFD),  
 Recognition of technical needs and process restricts. 
 

The process flow diagram of the whole system is given in Figure 2. Requirements of main and sub-units are 
determined by process simulations. The most critical parameters for catalytic reactors are studied. Design and 
construction of reactors are realized according to the optimum operating conditions. Finally, reactors and sub-units 
will be integrated to obtain a prototype unit.  
 

 
Fig. 2: Process flow diagram of the microcogeneration system 

 
The fuel cell stack consists of bipolar plates, membrane electrode assembly, gaskets, current collectors and fuel 
cell hardware. Bipolar plates are prepared in house, and different designs are proposed for anode, cathode and 
cooling plates. The flow channel designs and channel depths are different for anode and cathode plates due to 
different reaction dynamics, stoichiometric ratio and water accumulation reasons. Anode part consists of 15 
channels where cathode side has 25 channels. Channel depth of anode plates is 0.55 mm, where 0.65 mm 
channel depth is designed for the cathode side. Symmetric cooling plates are designed for both anode and 
cathode.  

Membrane electrode assembly (MEA), which is the heart of the fuel cell consists of catalysts, membrane and 
gas diffusion layers. All of the electrochemical reactions are performed on MEA. The characteristics of membrane 
electrode assembly is summarized in Table 1.  

 
Tab. 1: Characteristics of fuel cell MEA 
Membrane Nafion XL 
Gas diffusion layer Sigracet 29 BC 
Anode catalyst %60 PtRu/C 
Cathode catalyst %20 Pt/C 
Anode catalyst loading 2 mg/cm2  
Cathode catalyst loading 0.5 mg/cm2 

 
Before system integration, single cell tests are performed at 25 cm2 active area. At 0.6 V, 350 mW/cm2 power 
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density is achieved with pure hydrogen and oxygen; 220 mW/cm2 with hydrogen and air. 225 cm2 active area is 
proposed for the fuel cell system, therefore the bipolar plates and MEA area produced in this dimension. Produced 
fuel cell module is seen in Figure 3. The module consists of 30 cells with 350 mm height, 400 mm length and 190 
mm width.  
 

 
Fig.3: Fuel cell module 

 
The preliminary results of the fuel cell performance tests are summarized in Table 1. The tests are carried under 
1.2:2 stoichiometry of simulated reformate gas composition (45%H2 and 55% N2) and air. 
 
Tab. 2: Preliminary fuel cell performance data 

Voltage (V) Current (A) Power (W) 
16.99 100.0 1699 
15.94 120.0 1912 
15.26 130.0 1984 
15.05 135.0 2032 
15.04 135.0 2031 

 
V. Conclusions  
Fuel cell microcogeneration systems are energy efficient systems that are used worldwide. It is possible to 
increase total energy efficiency up to 90%. By the increase in the system efficiency, the electrical and heating costs 
for the households can decrease up to 30%.  All countries have programmes to increase the awareness of fuel 
cells. Fuel cell microcogeneration systems are manufactured by several companies, however, technology is still 
developing towards full commercialisation. Financial incentives are also important to bring it within the reach of an 
average household. 

In conclusion, fuel cell based microcogeneration system with a natural gas fuel processor is designed for this 
study.  Process simulation and designs are performed. 2 kWe fuel cell stack is integrated and tested. This study 
also focuses on a real time embedded control system unit which is designed for both hydrogen reformer/fuel cell 
and data acquisition of the power converter. An embedded data acquisition and control system is designed to 
provide a self-regulated process of the hydrogen reformer unit. The integration of all the systems and field tests are 
the future work.  
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Abstract 
Lightweight and economical onboard H2 storage systems are long sought for efficient utilization of H2 in fuel-cell 
vehicles. Cu(I)-exchanged zeolites have high potential as adsorbents since they show much higher H2 binding 
energies and higher storage capacities than other adsorbents at ambient temperature. Here we show a new Cu(I)-
exchange method in liquid media that proves to be successful especially for mesoporous zeolites with easier Cu(I) 
diffusion. With this new exchange method, H2 storage capacities as high as 0.03 wt% at 50 °C and 300 mmHg were 
achieved on [Al] and [B]-ZSM-5 with initial heats of H2 adsorption as high as 95 kJ/mol and average heat of 
adsorption values of 20 kJ/mol. 
 
Keywords: Zeolite, H2 storage, acetonitrile, Cu(I)-exchange 
 
I. Introduction 
H2 production from renewable sources enables zero-carbon emissions via H2 fueled fuel-cell vehicles. Among 
hydrogen storage systems including liquid H2 storage (~30 K) and compressed gas storage (at pressures up to 70 
MPa), use of nanoporous adsorbents are known to be advantageous with operating temperatures near ambient 
temperature and pressures below 10 MPa (Broom et al., 2016). To reach the 2020 Department of Energy H2 storage 
capacity target of 5.5 wt.% using nanoporous adsorbents, these materials should have relatively high H2 adsorption 
enthalpies and high pore volumes. For instance, metal organic frameworks (MOFs) with surface areas reaching 
6240m2/g (with a pore volume of 3.6 cm3/g) are reported to achieve H2 storage capacity values as high as 8.6 wt.% 
at -196 °C (at a pressure of 120 bar) (Furukawa et al., 2010). Despite the high H2 storage capacity at -196 °C, MOFs 
show 1.5 wt.% H2 storage at ambient temperature (at 100 bar) (Kaye et al., 2007). These low H2 capacity values at 
ambient temperature is related to the low H2 binding energies (the highest for MOFs reported to be 12.3 kJ/mol for 
Co2-mdobdc (Kapelewski et al., 2014)) observed on MOFs, and an optimum H2 binding energy of 20 kJ/mol is 
suggested for maximum H2 delivery (Bae and Snurr, 2010). 

Cu(I)-exchanged zeolites were reported to result in respectively higher H2 binding energies reaching 73– 39 
kJ/mol values resulting in a H2 adsorption capacity of 0.045 wt.% at 1 bar and 298 K (Cu-ZSM-5, Georgiev et al. 
2007). This unusual strong interaction between the Cu(I) adsorption sites and H2 has been explained by increased 
cation (3dπ)→H2 (σ*) back donation specific to zeolites, rendering Cu(I)-exchanged zeolites potential adsorbents 
for H2 (Kozyra and Piskorz, 2016). 

Cu(I)-exchange of the zeolites are conventionally performed using either solid-state (Drake et al., 2006) or 
vapor-phase (Turnes Palomino et al., 2000; Sen et al., 2014) exchange of CuCl with NH4+ or H+-form of zeolites. 
These methods are known to result in Cl residuals on zeolites with Cl/Al ratios as high as 0.48 (Zhang et al. 2006), 
which is undesirable since pure monoatomic Cu(I) cations are expected for a successful Cu(I) exchange. An 
alternative solid-state ion-exchange has also been reported by Shwan et al., which includes physical mixing of the 
zeolite with CuO or Cu2O salts followed by heat treatment with NH3 (Shwan et al., 2015). Even though this method 
proves to be a Cl free method, presence of unreacted Cu2O and CuO islands on the zeolite crystals indicate 
formation of heterogeneous Cu species in/or zeolite particles.  

Here, we report a new method to exchange Cu(I) in liquid CuCl/acetonitrile solution, which enables 
homogeneous contact of soluble Cu(I) cations with zeolite crystals. H2 storage capacities at 50 °C and differential 
heat of H2 adsorption values of Cu(I)-exchanged [Al]-ZSM-5, [B]-ZSM-5 and mesoporous [B]-ZSM-5 were also 
investigated. 
 
II. Experimental Set-up and Procedure 
Aluminum ([Al]-ZSM-5) and Boron ([B]-ZSM-5) containing ZSM-5 were used for H2 storage in this work. 

[Al]-ZSM-5 was synthesized hydrothermally using a procedure similar to that reported by Zhang et al. 2017. 
Firstly, 0.05 g NaAlO2 (Riedel-de Haen, 44% Na2O, 55% Al2O3, 1%H2O) and 0.6 g NaOH (Merck, 99%) were 
dissolved in 101.25 mL H2O and stirred at room temperature for 12 h. Afterwards, 6.425 g tetraethyl orthosilicate 
(TEOS, Merck, 98%) was added drop wise under agitation. Then 2.1 g tetrapropylammonium bromide (TPABr, 
Merck, >99%) was added and stirred for additional 12 h. All the prepared gels were transferred into Teflon-lined 35 
mL autoclaves and heated under static conditions at 175 °C for 3 days. Synthesized zeolite was separated by 
vacuum filtration, washed with de-ionized water, dried at 100 °C and calcined at 550 oC (heating rate 1 °C/min) for 
5 h. 

[B]-ZSM-5 was synthesized hydrothermally following the procedure reported by Sanhoob et al., (2017) with a 
gel formula of 1.0SiO2:0.1TPAOH:35.5 H2O: 0.1B(OH)3. After the hydrothermal zeolite was calcined at 550 °C 
(heating rate 2 °C/min) for 5 h. 

Mesoporous [B]-ZSM-5 was synthesized following a modified version of a procedure reported by Xue et al., 
2017. A gel having molar composition of 1SiO2:0.128H3BO3:0.13Na2O:0.14HDA:0.1CTABr:60H2O. Firstly, 1.04 g 
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NaOH (Merck) and 0.792 g H3BO3 were dissolved in 108 g de-ionized water. Then, 3.72 g cetyltrimethylammonium 
bromide (CTABr, Sigma Aldrich, 98%) and 1.66 g 1,6-diaminohexane (HDA, Sigma Aldrich, 98%) were added and 
dissolved. After that 6.01 g fumed silica (Sigma Aldrich, 99.8%) was added. After obtained mixture was stirred for 
6 h at room temperature, it was transferred into Teflon-lined autoclaves and heated under static conditions at 150 
°C for 14 days. The product was recovered by vacuum filtration and washed with de-ionized water, dried in air, and 
calcined at 580 oC (heating rate 1 oC/min) for 10 h to remove CTABr and HDA. 

NH4+-form of the zeolites were obtained by exchanging >1 g of calcined zeolites in 500 mL of 0.2 M (M = mol/L) 
NH4NO3 (Merck, 95%) aqueous solution (500 mL DI water and 8 g NH4NO3). The solution was stirred for 3 hours 
at 80 °C for ion-exchange, and then the zeolite was filtered, washed with 250 mL de-ionized water and dried at 80 
°C. This exchange procedure was repeated three times. Finally, exchanged zeolite was treated at 550 °C (heating 
rate 1 oC/min) for 5 h to obtain H+-form of the zeolites. 

500 mg of H+-[Al]-ZSM-5, H+-[B]-ZSM-5 and mesoporous H+-[B]-ZSM-5 were exchanged with Cu(I) in 250 mL 
of 0.01 M CuCl/acetonitrile solution at room temperature for 6 hours to obtain Cu(I)-ZSM-5. Acetonitrile/CuCl 
solution is purged with N2 (Oksan, 99.99%) for 10 minutes before introducing H+-zeolites that were dehydrated at 
150 °C for 6 hours to minimize the water content of the zeolites. After 6 hours of exchange, the zeolites were filtered, 
washed with 250 mL acetonitrile and dried at a temperature of 80 °C in air. Cu(I)-exchanged zeolites were treated 
in air at 400 °C (heating rate of 2 °C/min) for 3 h to remove remaining acetonitrile from the crystals. 

The characterization of the prepared samples were performed using X-ray diffraction (Rigaku Ultima-IV 
diffractometer, =1.5418 Å), surface area and pore volume analyzer (Micromeritics Tristar II 3020) and a scanning 
electron microscope (QUANTA 400F Field Emission SEM). 

H2 Adsorption isotherms and differential heat of adsorption measurements were conducted on a Seteram C-
80 Tian-Calvet calorimeter coupled to a multiport high-vacuum Pyrex glass manifold backed by a turbo molecular 
pump (Varian, Minitask, Uner and Uner, 2005). Approximately 220 mg of air exposed Cu(I)-exchanged samples 
was loaded into the sample port and treated at 250 °C, 200 °C, 150 °C, 100 °C each for 2 h under vacuum (for auto-
reduction of Cu(II) to Cu(I)) before cooling to 50 °C. At 50 °C, the free space of the sample cell was calculated by 
dosing 100 mmHg of He (Oksan, >99.9%) inside a known volume, then expanding it into the sample cell. After the 
sample was degassed at 50 °C for 1 h, the H2 adsorption isotherms and differential heats of adsorption values were 
obtained by introducing 5-400 mmHg of H2 into the sorption chamber at 50 °C. 

III. Results and discussions 
X-ray diffraction of synthesized zeolites showed pure MFI patterns with high crystallinity (Figure 1). 

 
Fig. 1: XRD patterns of prepared zeolites (=1.5418 Å) 

Morphologies of the Cu(I)-exchanged zeolites can be seen in Figure 2. [Al]-ZSM-5 and [B]-ZSM-5 particle sizes 
were observed to be around 2–5 µm; whereas, mesoporous [B]-ZSM-5 crystals are composed of adjoined small 
crystals forming a bigger crystal of 10 µm. Pore volumes of the calcined samples and elemental analysis of Cu(I)-
exchanged samples are given in Table 1. [B]-ZSM-5 prepared using CTABr resulted in mesopores ranging from 2 
nm to 50 nm and a mesopore volume of 0.14 cm3/g. 

 

 
 

Fig. 2: SEM micrographs of Cu(I)-exchanged zeolites. From left to right: Cu(I)-[Al]-ZSM-5, Cu(I)-[B]-ZSM-5 and mesoporous 
Cu(I)-[B]-ZSM-5 
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Cu(I)-exchange of [Al]-ZSM-5, [B]-ZSM-5 and mesoporous [B]-ZSM-5 using a 0.01 M CuCl/acetonitrile solution 

was achieved successfully with Cu/Al or Cu/B ratios between 0.52 and 0.78. For Cu(I)-[B]-ZSM-5 and mesoporous 
Cu(I)-[B]-ZSM-5, similar Cu/B ratios obtained by EDX and ICP-OES method (0.66 versus 0.51 for Cu(I)-[B]-ZSM-5 
and 0.78 versus 0.79 for mesoporous Cu(I)-[B]-ZSM-5) indicate homogeneous Cu(I) exchange of the zeolite 
crystals. Cl content of the zeolites observed with the EDX method was lower than 0.1 mol %, resulting in Cl/Al or 
Cl/B ratios reported in Table 1. Higher Cu content of the mesoporous [B]-ZSM-5 when compared to [B]-ZSM-5 
sample at the same conditions indicates easier diffusion of Cu(I) cations inside the zeolite pores. 
 
Tab. 1: Micropore and mesopore volumes of the calcined samples and elemental analysis of Cu(I)-exchanged [Al]-ZSM-5, [B]-
ZSM-5, mesoporous [B]-ZSM-5. 

Samples Vmic 
(cm3/g)a 

Vmes 
(cm3/g)b 

Si/Al or 
Si/Bc 

Cu/Al or 
Cu/B 

Cl/Al or 
Cl/B 

Cu content 
(mol Cu/g) 

[Al]-ZSM-5 0.134 0.020     
[B]-ZSM-5 0.126 0.052     

Mes-[B]-ZSM-5 0.093 0.143     
Cu-[Al]-ZSM-5   40±5 0.55±0.12 0.05±0.05 221 
Cu-[B]-ZSM-5   54.7 0.66±0.04 0.12±0.04 196 

Mes-Cu-[B]-ZSM-5   101 0.78±0.08 0.08±0.08 127 
a: Micropore volume was calculated using t-plot method from N2 adsorption data at -196 C. 
b: Meseopore volume was calculated by subtracting the micropore volume from single point pore volume obtained at P/P0=0.98 
c: Elemental analysis was obtained by EDX at 20 keV 
 

H2 adsorption isotherms obtained at 50 C showed similar H2 storage capacities on a per gram of zeolite basis 
(150 (0.030), 103 (0.020) and 130 (0.026) mol H2/g (wt. %) at 300 mmHg H2 pressure for Cu(I)-[Al]-ZSM-5, Cu(I)-
[B]-ZSM-5 and mesoporous Cu(I)-[B]-ZSM-5 respectively, see Figure 3.a). When the H2 storage capacities were 
reported on a mol H2/ mol Cu basis at the same conditions, it was observed that capacity of Cu(I)-[B]-ZSM-5 was 
similar to Cu(I)-[Al]-ZSM-5 (0.53 versus 0.68), which were lower than that of mesoporous Cu(I)-[B]-ZSM-5 (1.03) at 
300 mmHg H2 pressure. 

 

 
 

Fig. 3: a.H2 adsorption isotherms, b. Differential heat of H2 adsorption values obtained at 50 C for Cu(I)-[Al]-ZSM-5, Cu(I)-[B]-
ZSM-5 and mesoporous Cu(I)-[B]-ZSM-5 

 
Differential heat of H2 adsorption values on Cu(I)-exchanged samples for 10–400 mmHg H2 pressure range 

can be seen in Figure 3.b. The initial heat of adsorption values observed on Cu(I)-[Al]-ZSM-5, Cu(I)-[B]-ZSM-5 and 
mesoporous Cu(I)-[B]-ZSM-5 were: 52, 95 and 76 kJ/mol H2 respectively, which are consistent with reported 
isosteric heat of adsorption values of 73– 39 kJ/mol for Cu(I)-[Al]-ZSM-5 (Georgiev, Albinati and Eckert, 2007). 
Differential heat of adsorption values ranged between 20 and 30 kJ/mol up to H2 pressures of 30 mmHg, and stayed 
constant near 10 kJ/mol for a significant portion of the pressure range (30–240 mmHg). Similar trends for H2-Cu(I) 
interaction strength on [Al]-ZSM-5 and [B]-ZSM-5 samples indicate similar Cu(I) locations on MFI framework 
showing a range of H2 adsorption heats between ~-50 and -10 kJ/mol and explain similar H2 storage capacities (on 
a per Cu basis) on these samples. On mesoporous Cu(I)-[B]-ZSM-5, higher differential heat of adsorption values 
(higher than 10 kJ/mol) observed for H2/Cu values between 0 and 0.2, consistent with the observed higher H2 
adsorption capacity of mesoporous Cu(I)-[B]-ZSM-5 on a per Cu basis. 
 
IV. Conclusions 
Cu(I)-exchanged [Al]- and [B]-ZSM-5 showed promising H2 storage capacity values reaching 0.03 wt.% at 50 °C 
and 300 mmHg pressure and initial heats of adsorption as high as 95 kJ/mol. Cu(I)-[B]-ZSM-5 showed similar H2 
binding energies to those of Cu(I)-[Al]-ZSM-5, resulting in similar H2 storage capacities on a per Cu basis. 
Mesoporous-microporous [B]-ZSM-5 was successfully synthesized and Cu(I) exchanged in CuCl/Acetonitrile liquid 
solution with remaining trace amounts of Cl in the crystals. Mesoporous Cu(I)-[B]-ZSM-5 showed higher differential 
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heats of H2 adsorption (80–20 kJ/mol) resulting in higher H2/Cu ratios at similar conditions when compared to 
microporous [Al]- and [B]-ZSM-5, which is related to better diffusion of Cu(I) cations through the mesopores during 
the exchange. 
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Abstract 
Fuel cell technology is used in many industries because it is long lasting, quiet, wide application area, zero 
emission and high efficiency. In this study, the bipolar plate gas flow channel pattern that influence the fuel cell 
performance curve was investigated. The effect of fuel cell performance was investigated by using 
three-dimensional computational fluid dynamics (CFD). Three different gas flow channel patterns (parallel type, 
parallel in serpentine type (PIS) and custom type (CU)) have been designed. Bipolar plate anode and cathode flow 
channel models on 5cm2 active area were modeled and single cell solutions were made with Ansys Fluent fuel cell 
module. In the numerical simulations, reactant feed pressure, humidification level, operating temperature, channel 
width, height dimensions were kept constant, and the effect of different gas flow channel designs on performance 
was investigated. In these analyses, temperature distribution, pressure drop, distributions of reactant 
concentrations and polarization curves were determined numerically. Experimental study was conducted to verify 
numerical results. In the experiment, hydrogen and air were used as the reactant gas. Fuel cell experiments on 
5cm2 active area were made with test station. Polarization curves were plotted using values of current and voltage 
data. The physical validity of the computational fluid dynamics model was compared with the experimental results 
conducted. Based on the simulation results, a custom gas flow pattern design showed the best performance curve. 
 
Keywords: Flow Channel Design, Fluent Fuel Cell, Bipolar Plate, Channel Geometry, CFD 
 
I. Introduction  
The bipolar plate flow channel patterns have a significant effect on fuel cell performance. There are many different 
flow channel patterns in the literature. The features of these patterns are different from each other. The flow 
channel patterns with 5cm2 active area of three different geometries were investigated. As a result of the literature 
research, it has been determined that as the number of flow channels decreases, the performance of the cell 
increases and the number of flow channels affects the performance more than the flow channel geometry by 
Limjeerajarus (2015). The flow field is a tree-shaped geometry that connects the central nozzle to the periphery of 
the bipolar plate. The results show that the tree-shaped flow models provide a relatively low-pressure drop and at 
the same time provide equal flow distribution by Gutierrez (2013). At an experimental study of the flow field of fuel 
cells, the pin-type flow field showed the worst performance and the serpentine type flow channel pattern gave the 
best performance by Liu (2014). Um and Wang (2004) studied the gas transport and electrochemical phenomena 
in the channel geometry. They has shown that the model with segmented type channel exhibits better results. 
Alvarado (2011) et al. investigated three structural flow channel patterns of fuel cell. Each pattern created is a 
fractal extension of the original pattern. As a result, the structural flow channel pattern has shown a low-pressure 
drop. Kloess (2009) et al. offered new flow channel designs for bipolar plates on fuel cell. These designs combined 
the advantages of serpentine and interdigitated models of bipolar plate flow channel. The results, the leaf and lung 
design had a lower pressure drop than the serpentine and interdigitated flow models. 

The purpose of this work is to contribute to the new patterns and improve the performance of the bipolar plate 
gas flow channel. In addition, the study highlights the flooding phenomenon and performance losses on the fuel 
cell. 

II. Experimental Set-up and Procedure 
Membrane electrode assemblies (MEAs) based of Nafion 212 membrane (Ion Power, Inc., USA) were fabricated 
by Ultrasonic Coating Technique by Devrim (2015). 35 BC gas diffusion layers (SGL Technologies GmbH, 
Germany) were used for gas diffusion electrode (GDE) preparation. Catalyst inks were coated onto GDL by using 
Sono-Tek ultrasonic coating instrument (Exacta Coat, Sono-Tek Corporation, USA) operating at 120 kHz. Coating 
inks were comprised of 70 wt.% Pt/C catalyst in a mixture of water/isopropyl alcohol. The Pt loading of anode and 
cathode electrodes was kept 0.4 mg Pt/cm2.  

Performances of fabricated MEA’s were measured via the fuel cell test station (TECHYS HYGO FCTS-H2ME 
500). The MEAs were tested in a single cell (Model: FC05-01 SP REF, ElectroChem Inc., USA) with a 5 cm2 active 
area which have same pattern and dimensions of PIS model type. Fuel cell was operated at atmospheric pressure 
and cell temperature was set to 65oC. Atmospheric air and pure hydrogen (99.99%) were used as reactant gases. 
 
III. Numerical Analysis 
The cross sections of the channel patterns were designed as a square profile with constant dimension for each 
channel patterns. The geometric shapes of the patterns are given in Figure 1 and Figure 2. And the geometric 
dimensions of the flow channel patterns are given in Table 1. 
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Fig. 1: The flow channel patterns of 2D view a) Parallel type, b) PIS type, c) CU type 

 
Fig. 2: The flow channel patterns of the bipolar plate a) Parallel type, b) PIS type, c) CU type 

 
Tab. 1: Fuel cell bipolar plate geometric dimensions 
Physical Dimensions Parallel PIS CU Units 
Channel Height 0,75 0,75 0,75 mm 
Channel Width 0,75 0,75 0,75 mm 
Flow Channel Cross Section 0,5625 0,5625 0,5625 mm2 
The fuel cell Active Area 5 5 5 cm2 
Current Collector Thickness 2 2 2 mm 
Diffusion Layer Thickness 0,325 0,325 0,325 mm 
Catalyst Layer Thickness 0,015 0,015 0,015 mm 
Membrane Thickness 0,05 0,05 0,05 mm 
 
In order to solve problem, the following assumptions accepted. 

• The geometric model is modelled in 3D, steady state and multi-phase. 
• The gas continuous flow in the channel and fully developed flow is acceptable. 
• Membrane is assumed to be a homogeneous structure and no gas pass. 
• The reactants species assumed as ideal gas. 
• Gas diffusion layers and catalyst layers are isotropic. 
• The flow is incompressible by Bilgili (2011). 
 

Tab. 2: Physical parameters of fuel cell models. 
Parameters Values Units 
Anode/Cathode of Porosity GDL 0.75 - 
Anode/Cathode of Porosity CL 0.50 - 
Anode/Cathode Contact Angle  165 o 
Anode/Cathode Surface-volume ratio  350000 (1 / m) 
Membrane Equivalent weight  1100 (kg kmol-1) 
Inlet temperature  338 K 
Operation pressure  1 bar 
Anode/Cathode Relative Humidity  100 % 
Stoichiometry of Anode  1.2 - 
Stoichiometry of Cathode  2.5 - 
 
IV. Results and discussions 
The purpose of this study is to investigate the infulence of flow channel patterns on the performance of fuel cell. 
The fuel cell experimental study was performed by using PIS flow channel pattern. Numerical analysis of model 
was verified by the experimental results, which is the case of PIS channel pattern. The numerical analysis of the 
PIS type model and experimental method that has the same physical parameters and geometric dimensions are 
given in Table 1 and Table 2. Polarization curves were obtained for both the experimental results and the 
numerical solutions as seen on Figure 3. A small deviation at the values of current densities had occurred with 
expiremantal result of PIS type. According to numerical study, the best performance curve was obtained for the 
CU type and differences of that with the other models had occured at some potential value about 11%. 
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Fig. 3: Polarization curves of different types of flow channel models 

The results show that the differences on the polarization curves are dominant in low potential region. The CU type 
channel pattern have given the best result among three different channel patterns. The parallel type flow channel 
pattern have given the worst polarization curve as seen in Figure 3. This difference is generally due to flood 
phenomena at the low potential region. PIS type and CU type flow patterns show quite close performance curves 
according to numerical analysis results. 

 
Fig. 4: O2 mass fraction cathode channel at 0.6V cell voltage a) Parallel type, b) PIS type, c) CU type 

 
The flow rate of the reactants must be equal or greater than the rate of consumption of the electrochemical 
reactions in the cell. Reactants can not supply adequately and distributed in the channel pattern, resulting in 
devastating effect on the fuel cell. Because of this, the negative cell voltage appears at the regions that the 
reactants cannot reach. This causes membrane disruption on fuel cell. In order to cope with such problems, 
adequate gas flow quantity and appropriate gas flow channel patterns are required by Zhang (2008). As we 
expected, while the distribution of PIS and CU type was more uniform, it was determined that the concentrations 
of the reactants in the parallel pattern were uneven in some regions as seen in Figure 4.  

 
Fig. 5: H2O mass fraction cathode channel at 0.6V cell voltage a) Parallel type, b) PIS type, c) CU type 
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The PIS and CU type models have better performance than parallel models because these have more uniform 
water production. The parellel type, in some zone electrochemical reaction is slow as seen Figure 5. Also, water 
cannot be removed from the flow channels because of the reactant distribution. These zones are saying in 
stagnant areas. As seen from Figure 5, the parallel type pattern has more than stagnant regions than the other. 

 
Fig. 6: Temperature cathode cl/memb.interface at 0.6V cell voltage a) Parallel type, b) PIS type, c) CU type 

 
The fuel cell non-homogeneous temperature distribution can cause a decrease of fuel cell performance (Barbir, 
2005). The PIS type model has the most uniform temperature distribution at the catalyst a membrane interface. 
The parallel and CU patterns have some zone dominant temperature distribution. In the fuel cell excessive 
temperature gradient, above 80 degree, on the membrane can cause increase mechanical stresses, the local 
overheating. Eventually, the life of fuel cell reduces. In order to guarantee long cycle membrane life, the 
temperature differences are acceptable on the membrane to be 5oC (Pasaogulları, 2009). The parellel and PIS 
type of pattern, the temperature gradient on the membrane surface appears to be around 7oC.  

 
Fig. 7: Pressure drop of different channel patterns 

The high-pressure drop can remove accumulated water in the channel of cell, but increases the auxiliary power 
loading of fuel cell. The ideal flow channel shape is expected to overcome the flooding phenomenon with 
low-pressure drop (Chao, 2017). Pressure drop in the parallel flow field is low, but water accumulate in the 
channels due to channel pattern design. As seen in Figure 5, causing high-pressure losses, the flooding and 
stagnant region in the channel leads to many problems like the reactants cannot transmitted to the catalyst 
surface. Especially in the fuel cell with large active area, pressure drop can reach great values. The difference of 
the pressure drop between the CU type and the PIS type patterns are about 95% (Figure 7). 

V. Conclusions 
Polarization curves were obtained for three different flow patterns by using numerical analyses. The numerical 
analysis was verified with the experimental results of PIS channel pattern. As a result, flow channel patterns can 
influence the cell performance as negatively or positively. Therefore, the researchers need to be careful in 
choosing flow channel patterns of the fuel cell. The PIS and CU channel patterns showed the best performance 
curve and the parallel type of flow channel showed the worst performance curve. However, the PIS flow channel 
pattern had the highest-pressure drop value. By taking into account the pressure drop and polarization curves, the 
CU model is recommended for application. 
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Abstract 
In this study, the preparation of Platinum (Pt) catalyst on Multi Walled Carbon Nanotube (MWCNT) support 
material was prepared by Microwave Synthesis Method for high temperature proton exchange membrane fue cell 
(HT-PEMFC) applications. Prepared catalyst was analyzed with X-Ray Diffraction (XRD), Transmission Electron 
Microscopy (TEM), BET surface area analysis and corrosion tests. 20-40% Pt loading was observed on the 
MWCNT support material at different microwave conditions. Gas diffusion electrodes (GDE) were fabricated by an 
ultrasonic coating technique with Pt/MWCNT catalyst. Polybenzimidazole (PBI) membrane based Membrane 
Electrode Assembly (MEA) was prepared for observe the HT-PEMFC performance of the Pt/MWCNT catalyst. 
The MEA was tested in a single HT-PEMFC with a 5 cm2 active area at 160oC without humidification. A 
comparison of their performance with the commercial Pt/C catalyst is also presented. The experimental results 
suggested that the Pt/MWCNT catalyst is promising catalyst options for HT-PEMFC applications. 
 

Keywords: PEM, Fuel Cell, High Temperature PEMFC, Multi Walled Carbon Nanotube (MWCNT), Catalyst, 
Microwave 

I. Introduction 
Fuel cell is an electrochemical device that produces electricity by using fuel in one step and by nature of one step 
process provides high efficiency when compared with multi-step processes. In other words fuel cells are 
electrochemical devices that have capacity to produce electricity when it is fed.  

PEM fuel cells can be examined in two subtitles with regard to its working temperatures: Low Temperature 
PEMFC (LT-PEMFC) and High Temperature PEMFC (HT-PEMFC). LT-PEMFCs have widespread use however, 
for PEM fuel cells working at high temperature increased the performance of fuel cells because of increasing the 
kinetic and water transport capacity also decreasing the liquid water saturation (Xing et al, 2014). 

In many studies, new membranes, catalysts, electrochemical reaction mechanisms and kinetic and electrode 
materials and preparation for PEMFC technologies are discussed. On the other hand, it is a significant 
disadvantage for PEMFCs that catalysts and membranes are easily poisoned and costly (Ehsai et al, 2010). The 
use of noble metals (usually platinum) as catalysts and the financial consequences of the quantities of these 
noble metals create a significant problem for using. Consequently, the catalyst should be providing to use small 
amount platinum and high surface area as long term targets (Zhang et al, 2015). Support materials are an 
important ingredient in corrosion and Pt dissolution/consolidation. Some carbon support materials can increase 
the electrochemical use of Pt metal, thereby reducing the amount of Pt required. According to studies done on 
MWCNTs are widely used as support materials because of their structural properties, homogeneously dispersed 
catalyst precipitates and high conductivity, high corrosion resistance, etc. (Mikhaylova et al, 2011). 

In this paper, Pt supported MWCNT catalysts were synthesized by microwave-assisted synthesis. Pt loading 
of the prepared Pt/MWCNT catalysts was successfully achieved between 20 and 40%. The microwave condition 
of was used with different powers and different durations, and the effect was also observed at the same time. 

II. Experimental Set-up and Procedure 
Pt/MWCNT catalysts were prepared by microwave assisted method. The main materials used for synthesis 
Pt/MWCNT were Chloroplatinic acid hydrate (99.9%, Sigma-Aldrich, USA) and MWCNT (outer diameter: 48-78 
nm, Nanografi, Turkey), CH3CH(OH)CH3 (IPA, Merck, Germany), EG (99%, Sigma-Aldrich,USA) and nitrogen gas 
(>99.98%, Linde). The pH adjustment was done with NaOH (98-100.5%, Sigma-Aldrich, USA) and HNO3 (65%, 
Sigma-Aldrich, USA). Finally, acetone was used in washing process.  

Briefly, required amount of MWCNT was dispersed into 24 mL EG and 6 mL IPA (v/v 4:1) under ultrasonic 
mixing for 1 hour. At the end of 1 hour Chloroplatinic acid hydrate was added to the mixture and ultrasonic 
treatment continues for 10 minutes. After mixing Pt and MWCNT in the solution of EG and IPA, the pH of the 
mixture was adjusted to 12 with 1 M NaOH in EG (Bharti et al, 2017), the alkaline mixture was stirred under N2 
atmosphere for 30 minutes in ultrasonic mixing. Then the mixture placed into microwave oven and five different 
catalysts were prepared by operating the microwave at different power values at different times. Five different 
syntheses were named Pt/MWCNT-1 (600W, 60sec), Pt/MWCNT-2 (600W, 80sec), Pt/MWCNT-3 (800W, 40sec), 
Pt/MWCNT-4 (800W, 60sec) and Pt/MWCNT-5 (800W, 80sec).  After the mixture reaches room temperature the 
required amount of acidic solution of 0.2 M HNO3 was added to the solution to lower the pH value between 2 to 4. 
Finally, the catalyst stirring for 12 hours and washed with acetone then the catalyst solution dried at 80 °C. 

Cyclic voltammeter test is used for electrochemical surface area calculations. The CV tests were done with 
potentiostat (Wonatech ZIVE-SP2 Potentiostat/Galvanostat/FRA). Detailed information for the calculations is 
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explained in next chapter. The cyclic voltammetry tests were done with HClO4 solution (70-72%, Sigma-Aldrich, 
USA) and the preparation process of catalyst was done with IPA and deionized water (Sigma-Aldrich, USA) as 
solvents and Nafion 15% dispersion (Ion Power, Inc, USA). The cyclic voltammetry tests were compared with 
commercial Pt/C catalyst.  

III.Analysis 
First of all the Pt loading characterization of Pt/MWCNT catalyst was determined by TGA analysis. The test was 
done between room temperature to 900°C in air atmosphere. The weight lost together with the change in 
temperature is recorded and consequently the percentage of Pt in the catalyst is determined. Results of the test 
for Pt/MWCNT-1, Pt/MWCNT-2, Pt/MWCNT-3, Pt/MWCNT-4 ve Pt/MWCNT-5 microwave conditions and 
percentages are given in Tab.1. 

 
Tab. 1: Microwave condition and % Loading of Pt for catalysts 

Catalyst Power (W) Time (s) % of Pt Loading 
Pt/MWCNT-1 600 60 29.16 

Pt/MWCNT-2 600 80 40.12 

    

Pt/MWCNT-3 800 40 4.18 

Pt/MWCNT-4 800 60 24.05 
Pt/MWCNT-5 800 80 29.23 

 
IV.Results and discussions 
XRD analysis is used to determine the size of the Pt nanoparticle. Fig. 1. gives the Pt characteristic diffraction 
corresponding to Pt (111), Pt (200), Pt (220) and Pt (311) peaks for Pt / MWCNT-4 catalyst. 

 
Fig. 1: XRD graph of Pt/MWCNT-4 catalyst. 

 
The Sherer equation (equation 1) is used to calculate the mean Pt particle size using the XRD graph 

(Heydari and Gharini, 2016). The equation was given in below; 
 

𝑑𝑑 =  0.89 × 𝜆𝜆
𝐵𝐵2𝜃𝜃×cos(𝜃𝜃)                    (1)  

In the equation d is the average particle size in nm, λ is the wavelength of the X-Ray used in diffraction and 
which equal to 1.5406 A, B is the maximum peak in the diffraction pattern peak width in half max (radian) and 
finally θ is the angle of maximum peak. The average particle size of Pt in Pt/MWCNT-4 catalyst was estimated to 
be 2.8 nm. Finally, homogenous distribution of Pt particle in support material is another important factor to 
increase the efficiency of electrochemical activity of catalyst (Wang et al, 2005). TEM image of the synthesis 
Pt/MWCNT catalyst was given in Fig. 2. Homogenous distribution of the Pt particles were observed on MWCNT: 
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Fig. 2: TEM image of Pt/MWCNT-4 catalyst. 

CV tests were done to evaluate electrochemical surface area (ECSA) of catalysts. The tests were done in 
0.1 M HClO4 aqueous solution with 0.1 V/s scan rate at room temperature and it is aimed to calculate 
corrosion amounts for after 1000 cycles. ECSA formula is given in equation 2. 

𝐸𝐸𝐸𝐸𝑆𝑆𝑆𝑆 (𝑐𝑐𝑚𝑚2

𝑔𝑔  𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃) =  
𝑄𝑄𝐻𝐻( 𝜇𝜇𝜇𝜇

𝑐𝑐𝑚𝑚2)

𝐾𝐾( 𝜇𝜇𝜇𝜇
𝑐𝑐𝑚𝑚2)×𝐿𝐿 (𝑔𝑔 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑚𝑚2)

                  (2)

             
The maximum peak value for all samples was obtained at cycle 20 for this reason the peak values of all 
catalysts samples were compared for cycle 20 in the Fig. 3. 

 

 
Fig. 3: CV graph for all samples at cycle 20. 

Comparison of all sample’s ECSA value for cycle 20 given in Tab.2. As we mentioned earlier, the 
comparisons for all samples are made in cycle 20 because the catalysts show the highest peak values at 
the 20th cycle. Pt/MWCNT-1 gives the highest ECSA value (50.06 cm2/g). In addition, when we compare all 
samples, the Pt/MWCNT-1 has the lowest loss at the end of 1000 cycles. Commercial Pt/C catalyst has 
higher ECSA value (197.57 cm2/g) than other samples at the end of 20th cycle but we can say that the 
Pt/MWCNT-1 sample performs better result in terms of % Pt loss at the end of 1000 cycle. Pt/MWCNT-1 
sample is selected for comparison because in the CV test we can get most stable result from this sample. 
According to Bharti and Cheruvally, Pt use of MWCNT supported catalyst is more efficient than carbon and 
grapheme support catalyst (Bharti et al, 2017). Our test result does not support their idea which may be 
due to the fact that the Pt nanoparticle of the Pt/C commercial catalyst is quite large. On the other hand, the 
smaller size of the Pt nanoparticle in the catalyst leads to a better catalytic activity (Li et al, 2010). For this 
reason, it may be possible for the Pt/C commercial catalyst to provide a better catalytic result. Mirzaei and 
his friends have encountered a similar result when comparing carbon and carbon nanotube sample in their 
work, and they have concluded that this result may be due to the particles size of the Pt nanoparticle in the 
carbon support (Mirzai et al, 2017). 
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Fig. 4: Voltage vs current density graph for HT-PEMFC. 

 
Performance tests were done dry H2/Dry air (1.5/2.5), Tcell =160°C condition on 5 cm2 active area HT-
PEMFC the curve of voltage vs current density was given in Fig. 4. The power densities obtained for 
Pt/MWCNT catalysts (0.35 W/cm2) in this study are higher than the values of Pt/C catalysts (0.31 W/cm2). 

 
V. Conclusions 
In this study synthesis of Pt/MWCNT catalyst were prepared by microwave assisted synthesis at different 
microwave conditions for HT-PEMFC application. The best ECSA value was obtained from the Pt/MWCNT-
1 sample. The loading of Pt on support material was changed between % valueof 20-40 and the most 
effective result was obtained in Pt/MWCNT-4 catalyst therefore, the Pt/MWCNT-4 catalyst was sent to XRD 
analysis and the particle size was measured as 2.8 nm. It was found that smaller and well dispersed Pt 
particles were deposited onto the MWCNT surface through MW method. Finally, catalyst was tested with 
HT-PEMFC an active area of 5 cm2 and maximum power density measured 0.35 W/cm2 and current 
density at 0.6 V was found to be 0.315 A/cm2. 
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Turkey’s hydrogen scenario and Hydrogen production in the Thrace Basin 
versus hydrogen regulations and standards
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Access to cheap energy is vital to economic growth. It is well known that energy will be a blade runner issue for the 
2050s world. The idea of renewable energy has been a hot topic in recent years, as it has been heavily debated in both 
the business and investing world. But, today technological race is between volatile fossil fuels such as natural gas and 
renewable energy sources. Nowadays, an attractive environmental framework has been established in Turkey for the 
development of renewable energy. This has resulted in a strong increase of investors’ interest, especially in the Thrace 
Basin mainly due to their renewable energy potential related to recently natural gas discovery at the Black sea region.♀

The paper aims to estimate the market share of hydrogen energy products in the economy considering the financial 
introducing of hydrogen energy investments at Thrace Basin-Istranca area in Turkey. Therefore, hydrogen energy and 
hydrogen products markets are growing rapidly. Turkey should support investments in the areas of hydrogen energy 
and technologies that have been developing all over the world. Thus, this research aims to analysis a comprehensive 
evaluation of the renewable energy in reducing CO2 emissions to environmental protection for the Thrace Basin local 
area in Turkey. 

Renewable energy in the Thrace basin which is a risk-mitigation measure against oil price volatility by replacing conven-
tional generation with arguments in favor of hydrogen energy applications to the local environment commonly framed 
in terms of economic development and energy security.

Keywords: Thrace basin, The EU, Black sea, hydrogen energy, Agriculture in Thrace.
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Abstract 
High-temperature Proton Exchange Membrane Fuel cell (HT-PEMFC) has gained a lot of attention in recent years. 
It is due to a number of its unique features, such as higher CO tolerance, faster kinetics and simpler balance-of-
plant design as compared to their traditional and low-temperature PEMFC (LT-PEMFC). One of the most common 
problems in HT-PEMFC systems is to be able to produce a system that has the gas and cooling liquid leak-tightness.  
Effective cooling system is critical for safe and efficient operation of HT-PEMFC stacks with high power. The present 
work is aimed at promoting the development of more effective encapsulated liquid cooling strategies for HT-PEMFC 
stack. Special liquid cooling system was designed to safely circulate this liquid in the system without any leakage. 
The stack temperature was effectively regulated by the liquid cooling system based on on-off control system. The 
use of a 10 cell HT-PEMFC is demonstrated, with a nominal power of ≈400 W at 0.5 A/cm2. A maximum power of 
500 W was obtained from the stack.  
 
Keywords: PEM, fuel cell, high temperature, PBI, stack cooling, PEMFC. 
 
I. Introduction 
Fuel cell systems have gained attention in recent years and seem to be one of the most suitable alternatives for 
especially fossil fuel based power generation systems (Budak, 2018). Among different types of fuel cells, proton 
exchange membrane fuel cell (PEMFC) is considered to be the most promising candidate for the next generation 
power source for transportation, stationary, auxiliary and portable applications (Wang, 2011). High temperature 
proton exchange membrane fuel cells (HT-PEMFC) can be operated in the temperature range between 120°C and 
200°C and have a number of potential advantages compared to low temperature PEMFC (LT- PEMFC), e.g., no 
need for humidification, high CO tolerance, and simplified heat management of the PEMFC system (Zhang, 2006; 
Song, 2011). Polybenzimidazole (PBI) membranes with doping some strong acids are used in HT-PEMFC because 
of their high thermal chemical stability. Base PBI membrane has low proton conductivity and when doped with strong 
acid it provided high proton conductivity. 

Effective cooling is critical for safe and efficient operation of HT-PEMFC stacks for high power. The generated 
heat must be effectively removed to avoid overheating of the stack components. The cooling methods and cooling 
system designs also influence the power consumption, volume and mass of the HT-PEMFC stack. The cooling 
system design has a direct impact in meeting the durability, cost, and performance targets for commercialization 
(Zhang, 2012). Liquid coolant is the most common method of removing waste heat from higher power HT-PEMFC 
stacks (Larminie, 2006). Waste heat is transferred from the cells with the bipolar plates and into the liquid coolant 
which flows through separate cooling channels between selected cells. Heated coolant is then pumped to a separate 
heat exchanger where it is either rejected to ambient or used for alternative purposes such as heating (Fly, 2016). 

This study concentrates on the investigation of different cooling strategies regarding the HT-PEMFC stack. 
Two cooling methods to maintain operating temperature in stacks with large active areas were analyzed. In the first 
cooling system the thermo oil flows through capsuled cooling cells, which are arranged between every fifth 
electrochemical cell. In the second method heat transfer oil flows through the HT-PEMFC stack in internal cooling 
channels used insulated copper pipes that are located on the backside of the cathode-side bipolar plate. In this 
study effect of cooling system on HT-PEMFC application was studied at 160oC. Polarization curves were measured 
in order to quantify the cell performance for all conditions. The results from this work can provide better 
understanding on liquid based cooling strategies of HT-PEMFC systems. 
 
II. Experimental Set-up and Procedure 
The HT-PEMFC stack consists of ten cells, each with an active area of 163.5 cm2. Graphite bipolar plates with 
custom designed prepared by CNC machining. Current collectors were made up gold coated copper plates to 
improve electrical conductivity and corrosion resistant. Tab.1 summarizes the HT-PEMFC stack components and 
design parameters. 

The HT-PEMFC stack temperature was controlled by the two different thermo oil based cooling&heating system 
based on on-off control system. In the first method, HT-PEMFC stack with thermo oil based liquid cooling have been 
designed and demonstrated with additional inserted cooling plates (Fig. 1a). The oil flows through capsuled cooling 
cells, which are arranged between every fifth cell. A five port cooling channel was used in cooling plates. In the 
second method heat transfer oil flows through the HT-PEMFC stack in internal channels that are located on the 
backside of the cathode-side bipolar plate (Fig. 1b). Insulated Copper pipes were used in these channels to separate 
thermo oil and prevent liquid leakage. Heat is removed from the liquid cooled stack via circular cooling channels in 
the bi-polar plates between cells. 
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Tab. 1:HT-PEMFC stack components and design parameters 

Design Parameters 
Active Area 163.5 cm2 
Membrane H3PO4 doped PBI  
Catalyst loading 1 mg/cm2 
Flow pattern Serpentine 
Bipolar plate Graphite 
Current collectors Gold coated copper 
End Plates Aluminium 
Panode=Pcathode 1.2 atm 
anode=cathode  1.2/2.5 
Cell Number 10 
Cooling liquid Thermo-oil 
Humidification Dry anode & cathode 

 
 

  
Fig. 1: a) Capsulated cooling plate b) New-cooling design c) HT-PEMFC stack with new cooling design 

 
III. HT-PEMFC Performance Tests 
High temperature performance tests were performed by the HT-PEMFC test station. The test station equipped with 
a reactant gas supply unit, electronic load, data logger computer, was used to performance test of the stack. The 
current and voltage of the cellswere monitored and logged throughout the operation by the test software. When the 
outlet temperature of the coolant has reached 120°C, air and H2 were fed to the stack. Dry N2 was used to verify 
that there were no leaks of reactant gases. Anode side gas stream from high-pressure tank was fed to the test cell 
via electronic mass flow controllers. After compressor, air was fed to dryer to supply dry air. The dry air was fed to 
the cell by using compressor and controlled via another mass flow controller. All tests were run with a stoichiometric 
ratio of 1.2 at the anode using H2 and 2.5 using dry air at the cathode. 
 
IV. Results and discussions 
In the first cooling method the thermo oil flows through capsuled cooling cells, which are arranged between every 
fifth electrochemical cell. The capsuled stainless steel cooling cells showed no sealing problems during operation. 
The temperature difference was distributed sufficiently homogeneous over the stack. However, due to the different 
expansion properties of the graphite and metal bipolar plates, the graphite plates were broken during the cooling of 
the stack. 

Generally, for internal cooling, thermo oil flows through the HT-PEMFC stack in internal channels that are 
located on the backside of the cathode-side bipolar plate. A penetration of termo oil into the MEA can be observed, 
which will lead to non-reversible MEA degradation up to the total failure of the stack for internal cooling. Due to the 
sealing problem of the internal oil cooling method, new desing was used with copper wire cooling pipes inserted the 
internal cooling channels and thermo oil was used in these pipes. The copper pipes placed to the cooling channels 
are insulated with a special material to electrically isolate. By means of new design the very small temperature 
differences within the active area and each cells of the stack were obtained.   

The HT-PEMFC performance results of 10 cells stack at 160oC are shown in Fig.2. The termo oil was was fed 
to the system using the circulator. A temperature difference of ± 5°C was also determined on the bipolar plates of 
the HT-PEMFC stack. The low temperature difference between the bipolar plates indicates that efficient cooling was 
achieved new cooling system. 
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Fig. 2: HT-PEMFC stack performance at 160oC using dry H2 and air for new design cooling system. 

 
V. Conclusions 
In this work, the effect of cooling system on HT-PEMFC stack was studied at 160oC using dry H2 and air. Thermo-
oil based cooling has proven very suitable because of the high heat transport capacity of the oil. Two different 
cooling system were investigated to balance the temperature and the homogenous temperature gradients within 
the stack. The internal oil cooling of every f cell with capsuled stainless steel cooling cells showed no sealing 
problems but it has caused to crack of bipolar plates during cooling period due to the differenr thermal expansion 
of the graphite and steel. HT-PEMFC stack temperature was efficiently regulated by the new designed on-off liquid 
cooling system without any leakage and bpola plate crack during cooling. A maximum power of 500 W was obtained 
from the HT–PEMFC stack.  
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Abstract 
This study addresses in–situ and downstream sulfur capture ability of lead oxide (PbO) in comparison to zinc 
oxide (ZnO) during the pyrolysis and hydrogenation of high–sulfur Tuncbilek lignite. Sulfidation reaction 
thermodynamics of these two compounds was compared to most commonly used metal oxides i.e., FeO, MnO, 
and CaO. The equilibrium conversions indicated superior performance of PbO and ZnO towards sulfidation 
reactions at high temperatures. The final compounds formed after each process were observed by X-ray 
diffractometer (XRD) and Diffuse Reflectance Infrared Fourier Transformation Spectroscopy (DRIFTS). XRD 
analyses results revealed that PbO can be used as hot gas sulfur trap during pyrolysis and hydrogenation 
processes, while ZnO can hold up sulfur only in the presence of hydrogen.  Furthermore, both PbO and ZnO 
show the superior sulfur capture performance in the presence of hydrogen when they were used as adsorbents 
located after the reactor (downstream) at ambient conditions. 
 
Keywords: Pyrolysis, hydrogenation, sulfidation of PbO and ZnO 
 
I. Introduction 
Hydrogen sulfide (H2S) removal is one of the major problems resulting from high sulfur containing coal. In addition 
to the positive effects on environmental waste minimization and hydrogen and sulfur recovery, high temperature 
desulfurization process prevents the decrease in overall efficiency of the power generation systems. As a result, 
hot gas desulfurization process is a special research interest. For most of these metal oxides, the sulfidation 
reactions are favorable thermodynamically at relatively low temperatures, requiring cooling of the hot gas 
(Westmoreland and Harrison 1976, Vamvuka, Arvanitidis et al. 2004, Yi 2004). 

Meng et al. (Meng, de Jong et al. 2010) summarized the desulfurization studies in a comprehensive review 
paper. According to the review study, sulfur adsorbents should have high sulfur capture capacity, fast kinetics, easy 
regenaration ability, and mechanical and thermal stability as main features.  They classified the desulfurization as 
in–situ desulfurization produced by Ca based sorbents and downstream desulfurization performed by metal oxides, 
supported metal oxides, and mixed metal oxides. The sulfur capturing performance of CaO, ZnO, FeO, CuO, and 
MnO were also critically evaluated in their article (Meng, de Jong et al. 2010).  

The oxides of Ca, Zn, Mn, and Fe are some of the sulfur sorbents and the several combinations of these metals 
may increase the sulfur removal efficiency.  Despite the disadvantages of a toxic compound such as Pb, very high 
free energies of formation of PbS from PbO and the utilization of PbO as an efficient sulfur adsorbent/absorbent 
merits investigation. Lamoreaux et al. (Lamoreaux, Hildenbrand et al. 1987) compiled the thermodynamic and 
experimental studies in literature on the high temperature vaporization behavior of several metal oxides including 
PbOx. According to thermodynamic calculations, condensed phase PbO is stable at above 527ºC under reducing 
(10-15 bar), oxidizing (0.2 bar) and neutral conditions. PbO polymers (Pb2O2, Pb3O3, Pb4O4, Pb5O5, Pb6O6) were 
found as the primary species in the vapor phase under neutral and oxidizing media, while atomic Pb was the main 
species under reducing condition (Lamoreaux, Hildenbrand et al. 1987). 
 
II. Experimental Set-up and Procedure 

The pyrolysis and hydrogenation reactions were conducted in a home built reactor system equipped with a 
home built furnace with temperature control ranging from 40ºC to 800ºC under a temperature ramp of 5ºC/min. 
Approximately 500 mg of sample was placed in a quartz reactor fastened by quartz wool at both ends. Pyrolysis 
was conducted under 200 cc/min N2 flow.  Hydrogenation reactions were conducted under a hydrogen flow rate of 
50 cc/min.  

In order to follow the sulfur capture ability of PbO and ZnO at reaction conditions mentioned above, lignite 
samples were mixed with MeO (commercial PbO and ZnO) in the MeO to coal weight ratio of 2 to 1. The downstream 
sulfidation performance of these materials were also tested by using a fixed bed of glass fragments coated with 
either ZnO or PbO. 
 
III. Analysis 

The extent of the sulfidation reactions were followed by XRD and DRIFTS. The XRD experiment was performed 
using a Rigaku-Miniflex diffractometer using Cu Ka-ray radiation (l=1.5405 Aº) operating at 30 kV and 15 mA. 
DRIFTS measurements were conducted using a Perkin Elmer Spectrum 100 FTIR spectrometry in diffuse 
reflectance mode. After the sample was diluted with a non-absorbing material (KBr), the mixture was placed in a 
sample holder. 16 scans were collected with 4 cm-1 resolution in the range of 4000 cm-1–450 cm-1. 
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IV. Results and discussions 
Sulfidation thermodynamics 

The equilibrium conversions of sulfidation reactions of CaO, FeO, MnO, ZnO and PbO based on the data 
collected from (Barin 1989) were presented in Figure 1. It is clear from the results presented in Figure 1 that 
sulfidation reactions of all of these oxides are favorable especially at temperatures less than 227ºC. However, 
equilibrium conversion values decrease with increasing temperature for CaO, FeO, MnO, and ZnO. Due to high 
free energies of formation of the sulfide, PbO sulfidation reaction is the most favorable at high temperatures.  
 

 
 

Fig. 1: Equilibrium conversions of CaO, MnO, PbO, ZnO, and FeO reduction with H2S. 
 

MeS formation 
After the pyrolysis and hydrogenation processes was presented in the absence of MeO, the structural changes 

during the pyrolysis and hydrogenation processes tested in the presence of PbO and ZnO were investigated. The 
XRD patterns of unprocessed lignite (Figure 2a), the pyrolysis and hydrogenation residues of lignite–PbO mixtures 
(Figure 2b and 2c), and commercial PbO (Figure 2d) as a reference compound are presented in Figure 2. As seen 
in the figure, XRD pattern of unprocessed lignite (Figure 2a) is different from XRD patterns of pyrolysis (Figure 2b) 
and hydrogenation residues (Figure 2c), while XRD patterns of residues are similar to each other. This finding 
justifies that coal crystalline structure has changed during pyrolysis and hydrogenation. 

 

 
 

Fig. 2: XRD patterns of (a) unprocessed lignite, (b) PbO/coal=2 after pyrolysis, (c) PbO/coal=2 after hydrogenation, and (d) 
commercial PbO. 

 
The XRD patterns of unprocessed lignite (Figure 3a), pyrolysis and hydrogenation residues of ZnO/coal=2 

samples (Figure 3b and 3c), and commercial ZnO (Figure 3d) are shown in Figure 3. The first observation is the 
change in coal crystalline structure after pyrolysis process in the presence of ZnO (Figure 3a and 3b). Furthermore, 
XRD patterns of pyrolysis (Figure 3b) and hydrogenation (Figure 3c) residues are different from each other. As seen 
in Figure 3b, there is no change observed in XRD pattern of ZnO/ coal=2 pyrolysis residue and commercial ZnO.  
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Fig. 3: XRD pattern of (a) pure coal, (b) ZnO/coal=2 after pyrolysis, and (c) ZnO/coal=2 after hydrogenation, and (d) 

commercial ZnO. 
 

Although XRD pattern of ZnO/coal=2 sample after hydrogenation (Figure 3c) shows that characteristic ZnO 
peaks are still present in the ZnO hydrogenation residue, the new peaks at 27º, 29º, 45º, 60º, and 66º were also 
formed during hydrogenation. The specific Bragg angle values of ZnS were reported as 29º, 48º, and 56º (Balaz, 
Balintova et al. 1997, Nanda, Sapra et al. 2000, Li and Tang 2007, Ashwini, Pandurangappa et al. 2012). As a result, 
these new peaks can indicate the formation of ZnS and sulfur capture ability of ZnO in the temperature range of 
40ºC to 800ºC under 50 cc/min H2 flow. 

As mentioned in experimental part, in addition to in–situ sulfur capture behaviors of PbO and ZnO tested at 
reaction conditions, the downstream sulfidation reaction of these oxides were examined under ambient conditions 
only during hydrogenation. XRD patterns of PbO and ZnO coated glass fragments after hydrogenation are illustrated 
in Figure 4. The Bragg angle values of PbO doped glass fractures are observed at 31º, 30º, 53º, 63º, 45º, 50º, 61º, 
and 69º, while in the presence of ZnO coated glass fractures, these values are 36º, 56º, 63º, 68º, 31º, 47º, 34º, and 
69º.  

 
 

Figure 6. XRD results of downstream part of PbO and ZnO after hydrogenation process. 
 

The possible sulfur containing Zn and Pb compounds and their Bragg angle values were collected in Table 1. 
The peaks at 30º, 63º, and 69º were found to be related to sulfur containing Pb. Similarly, the peaks at 36º, 47º, and 
56º can be considered as the possible sulfidation products of Zn. 
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Tab. 1: XRD databank for Pb and Zn based compounds. 

 
 

V. Conclusions 
In conclusion, thermodynamic calculations indicated the superior hot gas desulfurization performance of PbO 

during the pyrolysis and hydrogenation processes. The comparison of PbO with respect to ZnO indicated that PbO 
can capture sulfur during both pyrolysis and hydrogenation while ZnO sulfidation was found to be possible only for 
hydrogenation process at reaction conditions. The favorable downstream sulfur hold up performance of these two 
compounds were also reported during hydrogenation process. Further studies are in progress to justify the PbS and 
ZnS formation during pyrolysis and hydrogenation processes of high sulphur lignites. 
 
Acknowledgements 
The authors are grateful for Turkish Coal Enterprises for coal samples and partial financial support for this project. 
One of the authors (A.K.) is supported by the State Planning Organization under the auspices of OYP program.  
 
References 
Barin I., Ed., Thermochemical data of pure substances, New York : VCH, (1989). 
 
Lamoreaux R. H., Hildenbrand D. L., and Brewer L., High-temperature vaporization behavior of oxides. 2: Oxides of Be, Mg, Ca, 
Sr, Ba, B, Al, Ga, In, Tl, Si, Ge, Sn, Pb, Zn, Cd, And Hg, Journal of Physical and Chemical Reference Data, 16(3), 419-443, 
(1987). 
 
Meng X. M., de Jong W., Pal R., and Verkooijen A. H. M., In bed and downstream hot gas desulphurization during solid fuel 
gasification: A review, Fuel Processing Technology, 91(8), 964-981, (2010). 
 
Vamvuka D., Arvanitidis C., and Zachariadis D., Flue gas desulfurization at high temperatures: A review, Environmental 
Engineering Science, 21(4), 525-547, (2004). 
 
Westmoreland, P. R. and Harrison D. P., Evaluation of candidate solids for high-temperature desulfurization of low-btu gases, 
Environmental Science & Technology, 10(7), 659-661, (1976). 
 
 



57

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Maturity Impact on Hydrogen Production from Natural Gas and Coal: Examples 
from Dadaş Shale and Zonguldak Coals

Şamil Şen1, Hüseyin Kozlu2, Ilyas Erdal Kerey3, Güngör Çelik4

1Geology Department, Istanbul University, Istanbul, Turkey
2Turkish Petroleum, Exploration Group, Ankara, Turkey

3Civil Engineering Department, Istanbul Rumeli University, Silivri, Turkey
4Mining Department, Istanbul University, Istanbul, Turkey

98% of the hydrogen production is made by natural gas reforming and coal gasification. Simplifed formules are CH4 + 
½O2 → CO + 2H2 (+ heat), CH0.8 + O2 + H2O → CO + CO2 + H2 and CO + H2O → CO2 + H2 (+heat). Thus, carbon 
and hydrogen contents of the natural gas and coals are very important to hydrogen production and low carbon dioxide 
gas emission. According to organic geochemical studies, increase in the maturity of shale (gas source rock) and coal 
with Time-Temperuture Index cause to decrase of Total Organic Carbon (TOC) and Hydrogene Index (HI). For example, 
maturity increase in the Dadaş shale and Zonguldak coals were caused to decrease in the TOC and HI. In addition, HI 
has recently been used to maturity indicator of oil and gas (biogenic gas, wet gas-condensate and dry gas) generation 
from shale and coals.

Keywords: Maturity, Hydrogen Production, Natural Gas, Coal
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Abstract 
In this study, an integrated solar thermal driven system is conceptually developed for hydrogen, electricity and hot water 
production and thermodynamically analyzed. The proposed system consists of a solar dish collector, latent heat storage 
subsystem, proton exchange membrane (PEM) electrolyzer, thermoelectric generator (TEG) and hydrogen storage 
medium. The TEG unit is sandwiched between the latent heat storage and the heat exchanger. The water is pumped 
from a reservoir to a heat exchanger where it is heated before electrolysis to improve the overall system performance 
with a novel configuration, consisting a solar dish collector and a thermoelectric generator embedded with a heat 
exchanger. After the water leaves the heat exchanger, it enters the PEM electrolyzer for water splitting. The electricity 
needed for the PEM electrolyzer is supplied by the TEG. While the produced hydrogen is sent to a storage medium, 
unreacted excessive hot water is sent to the residential heating subsystem. NaOH is selected as the phase change 
substance and Bi2Te3 is chosen for the TEG. The COMSOL Multiphysics software package is used for the numerical 
modelling of the thermoelectric generator. The remaining elements of the integrated system are analyzed in Engineering 
Equation Solver (EES). The overall energy and exergy efficiencies are determined to be 6.5% and 6.4%, and H2, hot 
water and electric power generation capacity of the system are then calculated.  

Keywords: Hydrogen production; power production; solar energy; thermoelectric generator; thermal energy storage; 
energy; exergy; efficiency 

I. Introduction 
Energy is one of the significant factor for industrial developments, human welfare, global politics and the environment. 
To maintain our daily works, we are dependent on ample and continuous energy supply is. The World Bank data of 
energy consumption indicates that, 78% of global demand is met by fossil fuels. Furthermore, utilization of carbon-
based fuels pollutes the environment in crucial levels. Fossil fuels are responsible for 87% of the carbon emissions 
caused by humans (World Bank, 2016). Thus, seeking for an alternative is not only reasonable, but it is now obligatory. 
It is of importance to focus renewables as a clean energy source. However, renewables are not reliable source without 
hybrid systems or energy storage options. Hydrogen (H2) is a promising candidate to address these issues and can be 
utilized as an energy carrier due to its features such as having better conversion efficiency, being able to be yielded 
from water without carbon emissions, abundant presence in nature (Acar, Dincer, and Naterer 2016). Solar energy can 
be used in various H2 generating applications including, artificial photosynthesis, photo-fermentation, PV-electrolysis, 
photo-electrolysis and thermochemical water splitting processes. The H2 production via water electrolysis is one of the 
practical approaches without consumption of fossil. 

The suggested system is presented in Fig. 1. The system consists of a solar dish collector, latent heat storage 
subsystem, proton exchange membrane (PEM) electrolyzer and thermoelectric generator (TEG), water and hydrogen 
storage mediums. First, the water is pumped from the reservoir to the heat exchanger where it is heated before 
electrolysis. The group of devices consisted of solar dish collector, thermoelectric generator embedded with a heat 
exchanger enhances the overall system performance in 5 ways. First, as the water passes through a heat exchanger 
and is heated the electrolysis efficiency increases and results in high yield hydrogen. Secondly, the TES system stores 
and provides the energy for the system when the solar irradiance is unavailable which allows the system being operated 
without interruption. Thirdly, as the thermoelectric generator rejects its heat to the water from TEG`s top side, a high-
temperature gradient is formed between the bottom and the top side of the TEG which results in an increase of the 
induced thermoelectricity and heat to electricity efficiency.  The fourth benefit of the solar subsystem is the availability 
of adjusting the system`s working range. Since the solar illumination is not directly focused on the TEG but the latent 
heat storage system, the thermoelectric device is prevented from overheated which may lead burning and 
malfunctioning of the device. By arranging the type and amount of phase change material in the thermal storage system, 
it is possible to adjust the operation range of the thermoelectric generator. Finally, the last main advantage of the solar 
subsystem is it eliminates the requirement of a voltage regulator. To maintain a constant thermoelectric output, it is of 
importance to keep the temperature difference between hot and cold sides of the TEG. Since the phase change of 
material occurs under constant temperature, the temperature fluctuations due to the variation of solar irradiance can be 
avoided by the presence of PCM. Hence voltage variations generated by the TEG is also avoided. After the water leaves 
the heat exchanger, it enters the proton exchange membrane electrolyser for water splitting. The TEG supplies the 
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electricity for the PEM electrolyser. While the produced hydrogen is sent to a storage medium, unreacted hot water is 
sent to the residential heating subsystem. 

The COMSOL Multiphysics software package is utilized for the numerical modeling of the thermoelectric generator 
(COMSOL Inc n.d.). The remaining elements of the integrated system are analyzed in the Engineering Equation Solver 
(EES). The overall energy and exergy efficiencies of each system component are determined, and H2, hot water, electric 
power generation capacity of the system is then calculated. 
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Fig.1. Layout of the proposed system. 

 
II. Thermodynamic analyses 
The thermodynamic analysis of the suggested system is carried out for four subsystems including solar dish collector, 
latent heat storage subsystem, thermoelectric generator unit and PEM electrolyser. All the system elements are 
explained in detail in this section. Firstly, the theoretical maximum reflected solar irradiance by the solar dish is obtained. 
By taking into account losses due to solar dish`s formation and material (reflectivity, the cosine effect, the shades and 
blocking effect) and heat losses through the surface of the receiver by convection and radiation actual captured solar 
heat is obtained. Then the transferred heat from PCM-TEG unit to water is obtained numerically by COMSOL. The 
numerical model also gives the temperature distribution on the legs of TEG and generated electricity by the TEG unit. 
PCM storage tank`s storage capacity and heat losses then calculated. A mathematical model (Demir and Dincer 2017) 
is built for the PEM electrolyser to estimate the produced hydrogen and system efficiency. The overall exergy losses for 
all components and their exergy efficiencies are tabulated in Table1. To assess the performance and behavior of the 
integrated system the following assumptions are made. 
 The only chemical reaction takes place in the PEM electrolyser. 
 The changes in the kinetic and potential energies are negligible. 

In this study, PCM and water stream is utilized as the heat source and heat sink for the thermoelectric generator. 
To examine the performance and behavior of the TEG, modeling the heat transfer on the TEG has a vital significance. 
COMSOL Multiphysics software package is utilized to model and simulate the non-isothermal and turbulent fluid flow 
in the heat exchanger. k-ϵ model is selected in order to model the turbulent flow through the thermoelectric generator 
module. The continuity and momentum relations of the fluid flow is performed under steady-state conditions. 

The outputs of the numerical solution are used in EES to obtain overall energy and exergy efficiencies of the 
system. The mesh structure and dimensions of the TEG module are presented in Fig. 2. A rectangular cross-sectional 
channel is placed at the top of the TEG unit and the bottom part of the TEG unit is connected to the PCM tanks surface 
to create and maintain the temperature difference between the sides of the TEG. In the numerical model, it is assumed 
that the hot side temperature of the thermoelectric leg is equal to the melting temperature of the selected PCM. 
Thermoelectric properties of the thermoelectric materials used in this study are tabulated in Table 2. Hydrogen, 
electricity and hot water production capacities are also determined.  
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Tab. 1: Exergy efficiency and exergy destruction rate definitions for the system components. 

Component Exergy Destruction Plus Loss Rate Definition Exergy Efficiency Definition 

PCM Eẋd,PCM = Eẋ6 − Eẋ5 − Q̇out (1 − T0
Tmelt

) + Q̇in (1 − T0
Tmelt

) ψ PCM = 1 − Eẋd,PCM

Q̇in (1 − T0
Tmelt

)
 

HEX Eẋd,HEX = ṁ2ex2 − ṁ1ex1 − Q̇HEX (1 − T0
TTEG,cold

) ψ HEX = ṁ2ex2 − ṁ1ex1

Q̇HEX (1 − T0
TTEG,cold

)
 

Thermoelectric 
Generator 

Eẋd,TEG = ṁ1ex1 − ṁ2ex2 − Ẇout,TEG ψTEG = Ẇout,TEG
(ṁ1ex1 − ṁ2ex2) 

Solar Receiver Eẋd,SR     = ṁ6ex6 − ṁ5ex5 + Q̇SR (1 − T0
Tsun

) ψSR    = (ṁ6ex6 − ṁ5ex5)
Q̇SR (1 − T0

Tsun
)

 

PEM Electrolyzer Eẋd,El = Ẇe + ṁH2OexH2O − ṁH2exH2 ψEl =
ṁH2exH2

Ẇe + ṁH2OexH2O
 

 
Tab. 2: Properties of the thermoelectric materials(COMSOL Inc n.d.). 

Thermoelectric Material k (W/m K) σ (S/m) μS (V/K) 
n & p type Bi2Te3 1.9 111,110  ± 192 (negative value for n, positive value for p type)  

 
The PEM electrolyser considered in this study is driven by the induced thermoelectricity. The heated water stream 
enters the electrolyser for decomposition. While the produced hydrogen is sent to the storage for later usage, unreacted 
water is utilized for domestic heating. The energy efficiency of the reactor is defined as the ratio between the energy 
input to the electrolyser and theoretical maximum amount of heat released by combustion of the yielded hydrogen. By 
taking into account all the system inputs and outputs, the overall energy and exergy efficiencies of the system are 
defined as follows: 
 

ηov =
ṁH2HHVH2 + Ẇnet,e + ṁH2O(Δh)

Q̇solar
 ,    ψov =

ṁH2HHVH2 + Ẇnet,e + Ėx4
ĖxQsolar                                                                                    (1) 

As the water input to the PEM electrolyser is relatively high compare to the produced hydrogen, its effect dominates the 
efficiency definition. In order to better understand the system performance another efficiency definition is used in which 
exludes the water flow energy for space heating is 

ηov,2 =
ṁH2HHVH2 + Ẇnet,e + ṁH2O(Δh)

Q̇solar
 ,    ψov,2 =

ṁH2HHVH2 + Ẇnet,e + Ėx4
ĖxQsolar                                                                               (2) 

Water inlet

TEG hot side
           TEG modules

                 TEG cold side

T= constant = PCM`s Melting 
Temp 

Water exit

Copper walls60 mm
30 mm  

Fig. 2: TEG unit used in the study. 
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III. Results and discussions 
The thermodynamic calculations of the system components are performed by both EES and COMSOL Multiphysics 
software. The overall energy and exergy efficiencies of the system overall system for the cases where unreacted water 
is sent for space heating applications are calculated as 93.7% and 9.3% respectively. As the most of the heat is utilized 
for district heating and solar heat used as heat in the final product, the energy efficiency is obtained considerably high. 
On the other hand, the quality of the energy is drastically drop in the heat exchanger part. PCM at 323°C is used for 
heating water from about 25°C to 44°C which results in a massive entropy generation and exergy destruction for that 
part. Hence energy efficiency is found high where the exergy efficiency is obtained relatively low. In order to better 
understand the system performance another efficiency definition is used which excludes the space heating load on the 
overall system (ηov,2 and ψov,2). These energy and exergy efficiencies are found to be 6.5% and 6.4%. The overall 
exergy losses calculated as 779 kW for the combined system.  

The Bi2Te3 based TEG produces 67.4 kW electricity with a heat to electricity efficiency of 8.5%. 33.7 kW of the 
thermoelectric power is utilized for electrolysis process. Based on the developed mathematical model, the electrolyser 
is producing 12.32 kg H2/day with a 77.4% energy efficiency. It is obtained that by increasing the water`s temperature 
from 25°C to 44.2°C it is possible to enhance electrolyser efficiency by 4.7%. Which also means by rejecting heat from 
the TEG to the water stream, 1.1 kg more hydrogen can be manufactured, besides the induced thermoelectric power. 

 
IV. Conclusions 
In this study, a solar-driven system including TEG, PEM electrolyzer and latent heat storage system, for electricity, 
hydrogen (H2) production and space heating is proposed and analyzed thermodynamically. The concluding remarks 
are stated as follows: 
 The overall energy efficiency of the system is calculated as be 6.5% (93.7% if the water stream is utilized in district 

heating). 
 The overall exergy efficiency of the system is calculated as 6.4%(9.3% if the water stream is utilized in district 

heating). 
 The electrical energy output of the system is 33.71 kW. 
 The heating capacity of hot water is calculated as 724.6 kW. 
 The total hydrogen production capacity per day is 12.32 kg. 
 The hydrogen production is improved by 1.1 kg/day by increasing the operating temperature of PEM with from 25oC 

to 44.4oC.  
 The PCMs lead less temperature fluctuation for the TEG, which provides a constant rate of power.  
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Abstract: 
Hydrogen is one of the most promising fuel options for the future, and it is considered as a green energy carrier. 
Clean and sustainable hydrogen production pathways have become very important nowadays. Thus, 
thermochemical or hybrid cycles, one of the sustainable hydrogen production methods, has begun to gain 
importance in recent years. In this study, we investigated the hydrogen production ways with sustainable chemical 
methods. In this regard, the most commonly worked cycles in literature, which are the magnesium chlorine (Mg-Cl), 
copper chlorine (Cu-Cl) and sulfur iodine (S-I) thermochemical cycles, have been reviewed for hydrogen production. 
The general energy and exergy efficiencies of these cycles are presented as in the form of tables. Also, hydrogen 
production performance with these cycles are discussed and presented in terms of the pros and cons. 
 
I. Introduction  
A sustainable production and use of energy sources are one of the challenges faced by in today’s society. Therefore, 
practical studies in improving of new methods, and also the reasonable use of energy sources are the critical 
important issues. For these mitigations, hydrogen energy has been become attractive in the recent years. The 
hydrogen economy presents a compelling vision of an energy future for the nation and world, which is, in the large 
quantities, clean, flexible and secure (Argonne National Laboratory, 2003). However, nowadays about 95% of 
hydrogen production is from fossil fuel sources, such as coal, oil and natural gas (Ewan and Allen, 2005). So, the 
negativity effect of hydrogen energy production and consumption continues. Therefore, for a sustainable and more 
environmentally friendly world, it is necessary to address the environmentally friendly hydrogen production methods 
such as thermochemical cycles. In this regard, many researchers, in recent years they have been working on the 
subject of hydrogen production, economy etc. (Balta et al. 2016). 

Orhan et al. (2008), have presented a cost analysis of thermochemical cupper chlorine (Cu-Cl) cycle for nuclear 
based hydrogen generation. They have studied that various types of cost such as operation, maintenance, capital 
invest and fixed charges etc.  Lewis and Masin (2009), have proposed alternative thermochemical cycles. They 
have defined nine cycles. Balta et al. (2016), have investigated a comparative assessment of chlorine family 
thermochemical cycles for hydrogen generation. They have examined that copper chlorine (Cu-Cl), magnesium 
chlorine (Mg-Cl), iron chlorine (Fe-Cl) and vanadium chlorine (V-Cl) cycles, which are driven by heat and/or 
electricity. Balta et al. (2012), carried out energy and exergy analyses of Mg-Cl thermochemical cycle for hydrogen 
generation. According to results of their study, the energy and exergy efficiency of this cycle have been calculated 
as 63.63% and 34.86%, respectively. Ozcan and Dicer (2014), have performed that performance evaluations of 
Mg-Cl hybrid thermochemical cycle for hydrogen generation. As can be understand from their study, the Mg-Cl 
cycle can compete with other lower temperatures of thermochemical water splitting cycles. Some of researcher 
(Carty et al., 1981; Beghi, 1986; Balte et al., 2010; Ozcan and Dincer, 201; Yilmaz and Selbas, 2017) published 
several studies on the various thermochemical cycles for hydrogen production over the last 40 years. 

In this study, hydrogen production with Mg-Cl, Cu-Cl and S-I by thermochemical cycle was examined. In this 
regard, the energy and exergy efficiencies of these cycles were compared according to these studies in the 
literature.  In this paper, these cycles are discussed and compared in terms of their pros and cons. 

 
II. Thermochemical cycles 
Thermochemical cycles are a good candidate, in which water splits into hydrogen and oxygen using a series of 
chemical reactions. All chemical intermediates are recycled internally within the process so that water is the only 
raw material and hydrogen and oxygen are the only products (Yildiz et al. 2006). Thermochemical processes include 
a thermal disassociation of water into hydrogen and oxygen through a series of thermally driven chemical reactions. 
The general schematic diagram of hybrid and thermochemical cycle is presented in Fig. 1.  
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Fig. 1: The schematic diagram of thermochemical (i) and hybrid (ii) cycle  

Mg-Cl Thermochemical cycle 
In this study, three-step Mg-Cl thermochemical cycle is considered, and thermochemical cycles are given in 

Table 1. This cycle consists of three step that are step I, occurs at about 450 °C, step II is occurs 500 oC and the 
last step of Mg-Cl cycle is hydrogen production step occurs. The electrochemical reaction takes place in the last 
step at 80°. 
 
Tab.1: The steps of the Mg-Cl cycle and temperatures 

MgCl2 + H2O = 2 HCl + MgO 
MgO + Cl2 = MgCl2 + ½ O2 
2 HCl = Cl2 + H2 

450 °C 
500 °C 
80   °C 

 

Cu-Cl Thermochemical cycle; 
In the literature, there are different configurations of Cu-Cl cycle. But, the most common investigated is four-

step of Cu-Cl cycle. The Cu-Cl thermochemical cycle steps are given in Table 2. The maximum temperature 
requirement in this cycle is calculated approximately 500 °C. In additional, the electrochemical reaction takes place 
in the third step at 1000 oC. 

 
Tab. 2: The steps of the Mg-Cl cycle and temperatures 

2CuCl2+H2O=2CuCl+2HCl+½O2 

4CuCl+H2O=2CuCl2+2Cu 

CuCl2(aq)=CuCl2(s) 

2Cu+2HCl=2CuCl+H2 

400-500  oC 

25-80       oC 

>100        oC 

430-475   oC 

 
S-I Thermochemical cycle; 

The S-I cycle is usage of the both heat and electricity to produce hydrogen from water at a maximum process 
temperature of 850 oC. As given in Table 3, the S-I cycle consists of the following three chemical reactions (Ozturk 
et al., 1994, 1995): 

 
Table 3: The steps of the Mg-Cl cycle and temperatures 

H2SO4→H2O+SO2+ ½ O2 
I2+SO2+2H2O→2HI+H2SO4 

2HI→H2+I2 

850 oC 
120 oC 
450 oC 

 
III. Analysis 
The mass balance equations for steady state flow can be written as below; 
∑�̇�𝐦𝐢𝐢𝐢𝐢 = ∑�̇�𝐦𝐨𝐨𝐨𝐨𝐨𝐨                                                                                                                                                      (1a) 
or  
∑�̇�𝐦𝐑𝐑 = ∑�̇�𝐦𝐏𝐏                                                                                                                                                          (1b) 
where ṁ is the mass flow rate, and the subscript in stands for inlet and out for outlet and also subscript R stands 
for reactants and P for products. The general energy balance can be expressed in the rate form as; 
�̇�𝐄𝐢𝐢𝐢𝐢 − �̇�𝐄𝐨𝐨𝐨𝐨𝐨𝐨 = ∆�̇�𝐄𝐬𝐬                                                                                                                                                    (2) 
which becomes ; 
Q̇ − Ẇ = ∑ ṁouthout − ∑ ṁinhin                                                                                                                               (3) 
where Q̇ and Ẇ denote heat and work, respectively. The heat transfer for a chemical process involving no work is 
determined from the energy balance. For a steady-state reaction process, the energy balance reduces to; 
Q̇ − Ẇ =    ∑ nP(h̅f° + h̅ − h̅°)P − ∑ nR(h̅f° + h̅ − h̅°)R                                                                                                  (4) 

where h̅f° is specific enthalpy of formation, h̅° is specific enthalpy at reference state and h̅ is specific enthalpy in 
kJ/kmol, n stands for number of moles  and subscripts R and P represents reactants and products, respectively. 
The last step of S-I cycle reaction III, involves electrolysis, the amount of electrical energy demand is calculated 
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using the Nernst equation in a given state, depending on the change in Gibbs free energy, ∆G, as shown by [14]. 
∆G = −nFE                                                                                                                                                                 (5) 
where F denotes Faraday’s constant, which is taken as 96485 C/mol, E is the cell potential of the cells and n is the 
number of moles of electrons exchanged in an electrochemical reaction. Electrical energy demand is determined 
by; 
Wel = −∆G                                                                                                                                                                (6)                                               
After writing mass, energy and exergy balances for the system, the enthalpy and entropy values of each compound 
and elements of thermochemical cycles are evaluated with Shomate equations.  

h̅ − h̅0 = AT + B T2

2 + C T3

3 + D T4

4 − E 1
T + F − H                                                                                                          (7) 

s̅ = Aln(T) + BT + C T2

2 + D T3

3 − E 1
2T2 + G                                                          (8)                                                                      

ηoverall = LHVH2
∑ Q̇ +Wel

                                                                                                                                                      (9) 

𝜓𝜓overall = 𝐸𝐸𝐸𝐸H2
∑𝐸𝐸𝐸𝐸𝑄𝑄̇  +Wel

                                                                                                                                                     (10) 

where Q̇ is the heat supplied to the cycle, as the lower heating value of hydrogen which is taken as 239.92 kJ/mol. 
Wel is the electrical energy demand for the electrolysis step in the thermochemical reaction. 
 
4. Results and discussions 
In this study, a performance assessment of three steps Mg-Cl cycle, four steps Cu-Cl cycle and three steps S-I 
cycle, which are commonly used in literature for hydrogen production, are investigated. Shomate equations are 
used for thermodynamic calculations of these cycles. Energy and exergy efficiencies of these cycles are presented 
in Table 4. 
 
Tab. 4: Energy and exergy efficiencies of some thermochemical cycles in literature 

Cycle Type Required max. 
temperature 

Energy 
efficiency 

Exergy 
efficiency 

References 

Mg-Cl Hybrid 550 oC 43.7 52 Ozcan and Dincer (2016) 
18.8 19.9 Ozcan and Dincer (2014a) 
18.18 19.5 Balta et al. (2014) 
37.4 71 Ozcan and Dincer (2014b) 
16.31 17 Ozcan and Dincer (2017) 
63.63 34.86 Balta et al. (2012) 

Cu-Cl Hybrid 500-550 oC 66.92 72.06 Ratlamwala and Dincer (2012) 
21.67 19.35 Balta et al. (2010) 
40.2 48.2 Ratlamwala and Dincer (2013) 
55.4 66 Ozbilen et al. (2014) 
45 10 Orhan et al. (2009) 
43 70 Orhan et al. (2012) 

S-I Hybrid 850 oC 43.85 62.39 Yilmaz and Selbas (2017) 
40.86 - Zhang et al. (2013) 
66.3 - Zhou et al. (2007) 

Many researchers have evaluated the performance of hydrogen production through thermochemical or hybrid 
cycles in the literature with energy efficiency. Mg-Cl and Cu-Cl thermochemical cycles are more prominent in these 
studies. The energy efficiency for hydrogen production range between 18-65% for Mg-Cl cycle and 15-66% for Cu-
Cl cycle according to previous studies. However, these values vary according to the heat source of the system. As 
a source of heat, it is usually studied with solar, geothermal and nuclear energies sources. 

5. Conclusions 
In this paper, we performed a reviewed of Mg-Cl, Cu-Cl and S-I cycles for hydrogen production. Moreover, the 
energy and exergy efficiencies of these cycles are compared and presented.  As a result, Mg-Cl and cu-Cl cycles 
are generally studied in the literature because of the good potential in low temperature cycles. Nevertheless, the 
work on the S-I cycle is scarce. The S-I cycle must be further developed to compete with the Mg-Cl and Cu-Cl 
cycles. 
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Comparison of Alcohol Electro-oxidation in Alkaline Medium
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Direct alcohol fuel cells (DAFCs) are most promising renewable and clean energy devices for portable applications due 
to numerous advantages over similar devices fed with hydrogen. Alcohols, such as methanol, ethanol, and ethylene 
glycol exhibit high volumetric energy density, and their storage and transport are much easier than hydrogen. However, 
the oxidation kinetics of the alcohols is much slower than hydrogen fueled polymer electrolyte fuel cells. Therefore, 
remarkable efforts have been made to discover more effective electrocatalysts for DAFCs. In this case, numerous work 
has been done to study the electrooxidation of alcohol on Pt-based catalysts in alkaline medium. Palladium could be a 
good candidate as catalyst due to many advantages such as, less expensive, higher activity and more resistant to poi-
soning species than Pt. Pd-based catalysts with different structures have been investigated by many research groups 
to improve the activity and stability towards alcohol oxidation. These researches have shown that bimetallic catalysts 
could be preferred with improved electrocatalytic activies than monometallic catalysts. Moreover, core-shell structures 
with noble metal shells are of great importance in chemical catalysis due to their enhancing properties to substrate 
oxidation. In the present study, the oxidation reaction was investigated in order to compare the activity of catalysts for 
different alcohols. The electrocatalytic activity of the both core –shell and bulk alloy palladium-based catalysts toward 
oxidation reaction has been examined by electrochemical techniques such as cyclic voltammetry, chronoamperometry, 
electrochemical impedance spectroscopy.

Keywords: Alcohol electro-oxidation, methanol, ethanol, ethylene glycol
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Oxidation Reaction
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Nanotechnology can offer clean solutions about generation, storage and utilization of energy. Nanomaterials are utilized 
as catalysts in fuel cells being favorable sources of direct electricity generation for electronic devices and transportation. 
Direct methanol fuel cells (DMFCs) have the advantageous to convert chemical fuels to electricity with high efficiency. 
Methanol oxidation reaction is the main reaction occurring in the anode of a DMFC. It is well known that Pt is considered 
as the most efficient catalysts for the electro-oxidation of methanol. However, the main problem encountered in DMFCs 
is the loss of active sites due to CO poisoning of the catalysts and high cost of Pt would restrict their applications. Thus, 
development of more efficient and durable nanocatalysts is required. Therefore, a great deal of research has been fo-
cused on improving the catalyst performance for methanol electro-oxidation.  Different methods have been adopted to 
increase the catalysts activity and reduce the Pt loadings in DMFC. Also, several non-platinum catalysts have recently 
been synthesized to overcome the above problems. For this aim, palladium could be utilized as electrocatalyst with 
significant electrocatalytic activity.  Bimetallic catalysts could be preferred with enhanced electrocatalytic activies than 
monometallic ones. The activity of catalysts could be also improved by the core-shell structures. Moreover, core-shell 
nanoparticles with thin noble metal shells are of great importance in chemical catalysis due to their enhancing prop-
erties to substrate oxidation. In this study, the electrocatalytic activity of the both core-shell and alloy palladium-based 
catalysts toward the methanol oxidation reaction has been examined by electrochemical techniques. 

Keywords: Bimetallic catalysts, methanol electro-oxidation, fuel cells
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Over the last few decades, advanced catalysts have been extensively studied to increase the catalyst activity in fuel 
cell applications. Especially, bimetallic nanoparticles with core-shell structures composed of two distinct metal elements 
display enhanced catalytic properties due to the lattice strain formed between the core and shell regions. By changing 
their components and morphologies, their relevant physical, electrical, or chemical performances can be modified. 
Nanoparticles with different shapes and structures usually display differ¬ent activity and selectivity. Generally, these 
structures can improve the activity of the catalysts. Core-shell structures exhibit properties distinct from their alloy struc-
tures. Different analytical techniques can be employed to characterize the nanostructure of the core–shell particles. 
Comparison of different techniques is necessary in order to determine the overall structure. In this study, the structural 
characterization of Pd and Pt based bimetallic and trimetallic catalysts evaluated by BET, SAXS, XRD, SEM-EDS, TEM, 
and chemisorption analysis. Surface morphologies and particle size of these catalysts were determined and related the 
electrocatalytic activities. In conclusion, one could note that there is strong structure sensitivity for alcohol electrooxi-
dation reaction for these catalysts.

Keywords: alcohol oxidation, structure sensitivity, fuel cells
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Bimetallic Particles for Ethanol Electro-oxidation
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Electrocatalytic energy conversion plays an important role in the development of sustainable energy technologies for 
decreasing consumption of fossil fuels. The development of alternative power sources is an important issue at pres-
ent. In this case, direct alcohol fuel cells (DAFCs) have attracted considerable interest for mobile applications such as 
electric vehicles and other portable devices. Among several fuels which can be used in DAFCs, ethanol is the most 
promising fuel due to its safety and high energy density. Moreover, it can be produced from agricultural products and 
fermentation of biomass. 

Platinum (Pt) based catalysts can be utilized for electro-oxidation of ethanol due to its high activity and stability. How-
ever, it is required to develop better catalysts for ethanol oxidation due to the slow reaction kinetics and electrode 
poisoning. In this case, palladium (Pd) has better electrocatalytic activity than Pt. Although Pd has been known to be a 
suitable catalyst for electrooxidation of ethanol in alkaline media, it is required to improve the catalytic activities of the 
catalyst to form alloy structures. In this study, the electrocatalytic activity of the different bimetallic nanoparticles toward 
the ethanol oxidation reaction has been investigated by cyclic voltammetry, chronoamperometry, electrochemical im-
pedance spectroscopy techniques in alkaline media.
Keywords: Bimetallic nanoparticles, ethanol electro-oxidation, fuel cells.
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Abstract 
This work presents a comprehensive study undertaken to cover exergoeconomic analysis and optimization 
of an integrated system for photoelectrochemical (PEC) hydrogen and electrochemical ammonia 
production. The integrated system consists of a solar concentrator, spectrum splitting mirrors, a 
photoelectrochemical (PEC) hydrogen reactor, a photovoltaic (PV) module, an electrochemical ammonia 
reactor and support mechanisms. Thermodynamic and exergoeconomic analyses are initially conducted to 
determine the performance of the integrated system namely; efficiency and total cost rate. The obtained 
performance parameters are then optimized to yield the minimum cost rate and maximum efficiency under 
given constraints of the experimental system. The highest capital costs are observed in 
photoelectrochemical hydrogen and electrochemical ammonia reactors because of high procurement costs 
and electricity inputs. The optimized values for exergy efficiency of the integrated system range from 5% to 
9.6%. The overall efficiencies are mainly affected by the photovoltaic (PV) and photoelectrochemical (PEC) 
cell areas and solar light illumination. The optimum efficiencies are found to be 8.7% and 5% for the multi-
objective optimization of hydrogen production and integrated ammonia production systems, respectively. 
When the exergy efficiency of the integrated system is maximized and total cost rate is minimized, the total 
cost rate of the system is calculated to be about 0.2 $/h.  
 
Keywords: Hydrogen; ammonia; photoelectrochemical; solar energy, exergoeconomics; optimization. 
  
 
I. Introduction 
As the energy consumption of mankind increases, seeking for various power generation and storage 
alternatives emerges. Rather than conventional sources, renewable energy resources are main solution for 
a cleaner and sustainable world. Extensive utilization of solar energy-based hydrogen and ammonia 
production systems will be extremely important for achieving global sustainability in both developing and 
industrialized countries. Two of the major uses of hydrogen are for methanol and ammonia production. 
These chemicals are crucial for the world economy because they are the feedstock for many other major 
products. Since their production is heavily dependent on natural gas at the moment, alternative (clean, 
sustainable, cost-effective) hydrogen and ammonia production techniques are currently being investigated.  

A solar energy-driven process, photoelectrochemical water splitting for hydrogen generation, has 
numerous benefits over other methods mainly; avoiding safety concerns, reducing energy necessities, and 
improving system control by selecting a low temperature process instead of the high temperature 
techniques. On the other hand, Haber-Bosch ammonia synthesis is an energy intensive technique having 
high temperature and pressure levels. Alternatively, electrochemical routes can be employed to reduce the 
temperature and pressure level of the ammonia formation reaction.  

Previously, we have reported experimental studies of photoelectrochemical hydrogen production 
(Bicer and Dincer, 2017a, 2017b, 2017c), electrochemical ammonia synthesis (Bicer and Dincer, 2017d) 
and integrated hydrogen and ammonia production system (Bicer and Dincer, 2017e, 2017f). Those studies 
contained mostly experimental results where economic considerations were not included. This study, 
however, presents exergoeconomic analysis of producing hydrogen and ammonia in an integrated fashion 
via cleaner techniques namely; photoelectrochemical hydrogen production and electrochemical ammonia 
production. The experimental system for which the exergoeconomic analysis is conducted, can be found in 
our previous research (Bicer and Dincer, 2017e, 2017f).  
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II. Analysis 
The exergoeconomic analysis in this study is mostly based on the actual experimental system and 
components. The equipment costs of the experimental system are first introduced to be used in the capital 
cost factors. The experimental systems are divided into three main sub-systems; (i) Photoelectrochemical 
hydrogen production reactor, (ii) Electrochemical ammonia production reactor and (iii) Integrated system 
comprising of solar light concentrator and spectrum splitter, PV cell and support mechanism.  

The PEC hydrogen production reactor is used under concentrated and split spectrum. Therefore, the 
solar concentrator, dielectric mirrors and PVs are included in the integrated system costs. These two sub-
systems for hydrogen and ammonia production are integrated in the experimental setup which yield the 
total system capital cost. The support mechanism used in the integrated system consists of wood and metal 
parts. The highest cost is for the PEC hydrogen production reactor which corresponds to about 68% of total 
capital cost. 

The exergoeconomic analyses are performed for the experimental integrated system. Exergy cost for 
the streams in any cost rate balance is given as follows (Bejan et al., 1996; Lazzaretto and Tsatsaronis, 
2006): 
Ċ = c Eẋ            (1) 
Here, c is in given in $/kWh and Eẋ is given in W. The capital costs of the components is given as Ż in $/h. 
Typical cost rate balance for a component is given below (Bejan et al., 1996; Lazzaretto and Tsatsaronis, 
2006): 
∑ Ċin + Ẇ cin + Ż = ∑ Ċout + Ẇ cout         (2) 
CRF refers to capital recovery factor and depends on the interest rate and equipment life time, and is 
determined here as follows: 

CRF = i (1+i)n
(1+i)n−1            (3) 

Here, i denotes the interest rate and n the total operating period of the system in years. Total costs for each 
of the components in the system are needed in $/h in order to use them in cost rate balance equations. The 
capital cost and the operating and maintenance costs are added. The total costs are then divided by the 
number of hours in a year to get a cost in $/h. Operating and maintenance costs are assumed to be a ratio 
of the capital costs as follows: 
OM = CC  OMratio           (4) 
where OMratio  depends on the type of application and material. 
The capital costs of the equipment are calculated based on the experimental setup costs. The total cost 
balance is written as follows: 
TCC = CRF (CC + OM)           (5) 
The annual investment cost rate of any component, Ż is calculated for the components of the experimental 
integrated system. It is the summation of the annual capital investment cost rate and the annual O&M cost 
rate and defined as follows: 
Ż = TCC

toperation
            (6) 

where toperation is the total operational hours in a year. 
The cost rate of exergy destruction for each component is expressed as follows (Bejan et al., 1996; 
Lazzaretto and Tsatsaronis, 2006): 
ĊD =  c Ėxd            (7) 
Summation of additional cost caused by exergy destruction, ĊD and final capital and operating cost rate Ż 
gives a critical parameter named as total cost rate ĊD + Ż: 
Ċtotal = ĊD + Ż            (8) 
Total cost rates of the system consists of the total investment cost and cost of exergy destruction. In general, 
the smaller the sum of this parameter, it means that the component is more cost effective. Therefore, this 
parameters is taken as optimization function in the optimization analyses. 
 The exergoeconomic factor, which is a measure of system effectiveness in terms of cost, obtained 
through exergoeconomic analysis is given as follows (Bejan et al., 1996; Lazzaretto and Tsatsaronis, 2006): 

f = Ż
 Ż+ĊD

            (9) 
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The exergoeconomic variables  Ż and  ĊD provide the significance of component in the system optimization, 
whereas the variable f exergoeconomic factor is a relative measure of the component cost effectiveness. 
 The following financial parameters shown in Table 1 are used in the exergoeconomic analysis. 
 
Tab.1: The financial and operational cost parameters used in the exergoeconomic analyses. 

Parameter Value 
Interest rate 7% 
Lifetime of all components 10 years 
Calculated capital recovery factor 0.1424 
Calculated hydrogen cost 3.24 $/kg 
Calculated ammonia cost 0.84 $/kg 
Cost of electricity 0.06 $/kWh 
Cost of thermal energy 0.02 $/kWh 
O&M percentage of capital cost 2.2% 
System annual operation hours 2500 hours 

  
The exergy cost rates balance of the components in the integrated system are written below: 
Fresnel lens: 
Eẋ1 c1 + ŻFRESNEL = Eẋ2 c2 + ĖxdFRESNEL cExdFRESNEL       (10) 

The inlet and outlet streams (#1 and #2) of the Fresnel lens are sunlight. Therefore, the cost of light is taken 
as zero for c1 and c2. The final capital and operating cost rate of the components are calculated using the 
purchased equipment costs and O&M ratios. 
 
Dielectric mirror: 
Eẋ2 c2 + ŻMIRROR = Ex3̇  c3 + Ex4̇  c4 + ĖxdMIRROR cExdMIRROR

      (11) 

The inlet and outlet streams (#2 and #4) of the dielectric mirror are sunlight. Therefore, the cost of light is 
taken zero for c2, c3 and c4. 
 
PV: 
Ex3̇  c3 + ŻPV = EẋElectricity cElectricity + EẋHeat cHeat + ĖxdPV cExdPV      (12) 

The inlet stream (#3) of the PV is sunlight. Therefore, the cost of light is taken zero for c3. EẋHeat is the 
exergy rate of calculated heat dissipation from the PV. 
 
PEC: 
EẋH2O cH2O + EẋElectricity cElectricity+Eẋ 4 c4 + ŻPEC = EẋO2  cO2 + EẋH2 cH2 + ĖxdPEC cExdPEC   (13) 

One of the inlet stream (#4) of the PEC reactor is sunlight. Therefore, the cost of light is taken zero for c4. 
 
Ammonia Reactor (AR): 
EẋH2cH2 + EẋN2cN2 + EẋElectricitycElectricity + ŻAR = EẋNH3cNH3 + ĖxdARcExdAR   (14) 

The cost rate of water and nitrogen are taken as zero in the calculations. 
 
III. Optimization Study 
Engineering Equation Solver (EES) is used for optimization purposes. EES requires lower and upper 
bounds to be set for each independent variable. Careful selection of the bounds and the guess value(s) of 
the independent variables improves the likelihood of finding an optimum. The main performance parameters 
in the integrated system including the constraints are given in Table 2. The constraints of the decision 
variables in this study are selected as listed in Table 2.  
 
Tab. 2: The selected decision variables and constraints in the integrated system. 

Variable Lower Upper Unit 
APV 0.03 0.05 m2 

Acell,PEC 0.025 0.093 m2 
i (interest rate) 1 10 % 

I3 1500 3000 W/m2 
I4 1500 3000 W/m2 



73

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Lifetime 5 40 years 
To 290 310 K 

 Most of the constraints are defined based on the experimental measurements and component 
specifications. Interest rate and lifetime of the system are defined within actual limits observed in the 
practice. 
 Three objective functions are considered here for optimization: (i) exergy efficiency maximization 
of hydrogen production, (ii) exergy efficiency maximization of ammonia production and (iii) total cost rate 
minimization for the complete system based on the following formulas: 
 
Exergy efficiency (Hydrogen production): 

ηex,integrated system,H2 = (ṁH2 exH2+ẆPV−Ẇin,PEC)
ExIr3  APV+ExIr4  APEC,cell 

        (15) 

 
Exergy efficiency (Ammonia production): 

ηex,integrated system,NH3 = ṁNH3 exNH3+ẆPV−Ẇin,PEC−Ẇin,NH3
ExIr3  APV+ExIr4  APEC,cell+ṁN2  exN2         (16) 

 
The total cost rate of the system is minimized using the following cost function obtained from the 
exergoeconomic analysis. 
 
Total cost flow rate: 
Ċtotal = ĊD,total + Żtotal = ĊD.FRESNEL + ĊD,MIRROR + ĊD,PEC + ĊD,PV + ĊD,AR + ŻFRESNEL + ŻMIRROR + ŻPEC +
ŻPV + ŻAR             (17) 
 
Optimum values are obtained for minimized cost and maximized exergy efficiency. The objective functions 
are initially optimized with single-objective and then combined for multi-objective optimization purposes by 
giving equal weighting factors. 
 
IV. Results and discussions 
The main findings of the exergoeconomic assessment is based on stream exergy rates and corresponding 
exergy destruction ratios. The cost rates and costs of exergy destructions for each component are tabulated 
in Table 3. The highest capital cost is observed in PEC reactor because of high purchased cost and 
electricity input. Secondly, ammonia reactor has highest cost rate. These two reactors are the only 
electricity consuming devices resulting in a larger cost rates. Furthermore, since PV generates electricity, 
the total cost rate is quite lower than other components. 
 
Tab. 3:The exergoeconomic results of the components in the integrated system 

Component Cost Rate of Exergy 
Destruction -  �̇�𝑪𝑫𝑫 ($/h) 

Exergoeconomic 
Factor - f (%) 

Total Cost Rate - 
�̇�𝑪𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 ($/h) 

Annual Investment 
Cost Rate - �̇�𝒁 ($/h) 

Ammonia reactor 0.07295 42.46 0.1268 0.05384 
Fresnel Lens 0.004365 50 0.008731 0.004365 
Dielectric Mirror 0.03911 50 0.07823 0.03911 
PEC 0.1596 59.27 0.3918 0.2322 
PV 0.003902 54.4 0.008559 0.004656 
TOTAL 0.2799 54.42 0.6141 0.3342 

 
Since the PEC reactor capital cost is the highest contributor to the system cost, a parametric study is 

conducted to investigate the effect on the total cost rates as shown in Fig 1a. In case the PEC reactor can 
be built in a more cost effective way corresponding to about 2000 US$, the total exergy destruction cost 
rate decreases to 0.1641 US$/h whereas total exergoeconomic factor increases to 57.1%. Also, the 
exergoeconomic factor of PEC reactor component increases to 72.7% from 54.41%. 
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(a)                                                                                              (b) 

Fig.  1: (a) The effects of PEC reactor capital cost on the system cost rates and exergoeconomic factors and (b) the 
effects of system total lifetime on the system cost rates. 

 
The lifetime of the system and components has also important role in the total cost rate as shown in 

Fig. 1b. Each component can have different lifetime periods. For example, the PEC electrodes may need 
to be replaced in two years whereas the solar concentrator may have up to ten years operation. In the base 
case, the system lifetime is taken to be 10 years for the experimental system that corresponds to about 
0.6141 $/h total cost rate. However, in case the lifetime can be increased up to 40 years, the total cost rate 
can be decreased down to 0.3233 $/h. 

The exergy efficiencies of the integrated hydrogen and ammonia production systems are maximized 
whereas the total cost rates are minimized using the optimization toolbox of Engineering Equation Solver. 
The genetic algorithm optimization is performed for 64 generations where the maximum mutation rate is 
0.2625 and number of individuals (populations) is 16. Larger values for the maximum mutation rate cause 
the algorithm to search more aggressively for an optimum at locations distant from the current optimum. 
Smaller values focus the search more around the current optimum. 

At first, the exergy efficiencies for hydrogen and ammonia production systems are individually 
optimized to be maximized. The total cost rate obtained from the exergoeconomic analyses is then 
optimized to be minimized. Finally, the exergy efficiency of integrated ammonia production system (since it 
is the complete process) and total cost rate are combined in an optimization function having same weighting 
factors of 0.5. 

In the single objective optimization, the optimum efficiency for the integrated ammonia production 
system is found to be 6.96%. The optimum PEC cell area is very close to lower bound. However, the 
optimum PV cell area is very close to upper bound due to higher power generation. The system 
performance is mostly affected by the ambient temperature and irradiation on the PV cell. Similarly, in the 
single objective optimization results for the hydrogen production, the optimum efficiency is calculated as 
9.69%. The optimum PEC cell area is equal to lower bound. However, the optimum PV cell area is very 
close to upper bound due to higher power production. On the other hand, in the single objective optimization 
results for the total cost rate of the overall system, the optimum total cost flow rate is found to be 0.131 $/h. 
The irradiances on the PEC cell and PV cell are desired to be higher in this case to lower the unit cost for 
energy production. Furthermore, the area of the PEC cell is close to upper bound and PV cell area is close 
to lower bound implying the higher efficiency for power production. The total cost rate of the system is 
mostly affected by the interest rate and lifetime of the system.  

Table 4 shows the summary of the optimization results for each objective function. The obtained values 
are optimum for the specific objective whereas the in the last two columns, the optimum parameters for the 
multi-objective function are presented combining the exergy efficiency of the ammonia and hydrogen 
production system and total cost rate of the overall system. 
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Tab. 4: Comparison of optimized values and base case values for design parameters of the integrated system. 

Decision 
Parameter 

Base 
Case 

Best 
Exergy 
Efficiency 
(Ammonia) 

Best 
Exergy 
Efficiency 
( Hydrogen) 

Best 
Total 
Cost 
Rate 

Multi-Objective 
Best Exergy Efficiency 
(Ammonia) and  
Best Total Cost Rate 

Multi-Objective  
Best Exergy Efficiency 
(Hydrogen) and  
Best Total Cost Rate 

APEC (m2) 0.025 0.02542 0.025 0.08435 0.02609 0.02554 
APV (m2) 0.040 0.04991 0.04991 0.03585 0.04971 0.04572 
Interest rate (-) 0.07 0.04231 0.09077 0.01 0.01046 0.01652 
Irradiation on 
PV (W/m2) 2238 2828 2847 2640 2018 2103 

Irradiation on 
PEC (W/m2) 2102 1523 1500 2750 1516 1542 

Lifetime (year) 10 31.6 27.99 40 24.56 27.95 
Ambient 
temperature (K) 298 290.8 290.9 290.3 299.7 300.7 

 
The irradiance levels on the PEC cell and PV cell are in the range of 1500 W/m2 to 3000 W/m2. The 

overall efficiencies are mainly affected by the PV and PEC cell areas and solar light illumination. The lower 
area of the PEC cell results in higher efficiencies because the increasing the cell area alone does not 
increase the hydrogen production significantly (there is a limitation on the concentrated sunlight area). On 
the other hand, less Fresnel lens area is favored because the illuminated area on the dielectric mirrors 
remain similar to the base case. This is due to the distance of the mirror from the focal area of the Fresnel 
lens. In this way, there is less power input to the system, however, the amount of generated useful products 
remain constant or slightly decrease. 
 
V. Conclusions 
Based on the conducted exergoeconomic analyses, the following conclusions and future study 
recommendations are noted: 
 The system capital cost is mainly dominated by the photoelectrochemical reactor and electrodes. 
 In case the system lifetime is taken to be 10 years for the experimental system, the total calculated cost 

rate is about 0.6141 $/h. However, in case the lifetime can be increased up to 40 years, the total cost 
rate can be decreased down to 0.3233 $/h. 

 The developed system for ammonia production can be applied in various sectors ranging from solar 
fields to remote communities for producing multiple commodities such as heating, cooling, power 
generation, energy storage, etc.  

 Other renewable energy options can be easily integrated to this system to produce clean ammonia. 
Any type of renewable electricity would make the process environmentally friendly. Therefore, there is 
a high potential for utilization of renewable energy in electrochemical ammonia synthesis applications 
for energy conversion and storage.  
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Abstract 
High temperature-proton exchange membrane fuel cells (HT-PEMFC) operating between 160°C and 200°C are 
suitable for cogeneration applications in which electricity and hot water are produced. In this study, a mathematical 
model of a cogeneration system, which includes an ethylene glycol cooled HT-PEMFC stack, a heat exchanger, 
and a pump, is developed. The stack is fed with pure hydrogen at the anode side and air at the cathode side. This 
model is based on a one-dimensional and semi-empirical fuel cell model and simple thermodynamic model for the 
heat exchanger. This model is validated using in-house experimental data. The effect of anode stoichiometry ratio 
on the electrical and fuel utilization efficiencies are examined. In addition, the average temperature of hot water is 
calculated for each month for a case study. 
 
Keywords: High temperature-proton exchange membrane fuel cell, semi-empirical, cogeneration, mathematical 
model. 
 
I. Introduction 
Proton exchange membrane fuel cells have already commercialized in portable, stationary, and vehicle applications. 
These fuel cells can be classified into two according to their operating cell temperature: low temperature-proton 
exchange membrane fuel cell (LT-PEMFC) and high temperature-proton exchange membrane fuel cell (HT-PEMFC). 
LT-PEMFCs and HT-PEMFCs generally operate at cell temperatures of 60-80°C and 120-200°C, respectively (Rosli 
et al., 2016). LT-PEMFC and HT-PEMFC use Nafion® membrane and phosphoric acid (PA) doped 
polybenzimidazole (PBI) membrane, respectively. PBI membrane is generally preferred for higher temperature 
operation as they have high proton conductivity and high thermal and chemical stabilities at these conditions 
(Nalbant et al., 2017). HT-PEMFCs are more advantageous than LT-PEMFCs in terms of their water and thermal 
management and carbon monoxide (CO) poisoning tolerance. Main advantages of HT-PEMFCs can be given as (i) 
faster electrochemical reaction rate, (ii) simpler water and thermal management, and (iii) higher CO poisoning 
tolerance. In addition, waste heat produced from HT-PEMFCs can be used to generate other beneficial forms of 
energy (e.g. hot water and space heating). Aside from their advantages, HT-PEMFCs have some disadvantages 
such as slow start up, higher material degradation rate, and difficulty in thermal insulation (Rosli et al., 2016). 

In the literature, several studies on HT-PEMFC based CHP (combined heat and power) systems have been 
conducted. For example, Supra et al. (2013) designed a HT-PEMFC stack including encapsulated cooling cells that 
use heat transfer oil and experimentally investigated the temperature distribution in the HT-PEMFC. They applied 
energy balance for HT-PEMFC stack, and found the temperature and voltage differences between each cell as 8.3 
K and 0.047 V, respectively. Arsalis et al. (2011) developed the model of a micro-CHP residential system based on 
HT-PEMFC using the Engineering Equation Solver (EES) software. Four parameters (fuel cell operating 
temperature, steam-to-carbon ratio, combustor temperature, and hydrogen stoichiometry) were studied to 
determine the effect of these parameters on the overall performance. The highest efficiency of the cogeneration 
system was found as 83.08%. In another study, Arsalis et al. (2015) developed the model of a HT-PEMFC based 
micro-CHP system, which includes heat pump instead of thermal storage tank for residential demands. This system 
was optimized through genetic algorithm using thermophysical parameters for different loads. The efficiency of the 
total system was found as 81.5%. Jannelli et al. (2013) compared the performance of integrated cogeneration 
systems based on three different PEMFCs through numerical models, which were validated using experimental 
data. The maximum electric and cogeneration efficiencies for HT-PEMFC based system were found as 40% and 
79%, respectively; while the highest cogeneration efficiency was found as 80% for LT-PEMFC based system. This 
study showed that HT-PEMFC has higher electric efficiency and lower cogeneration efficiency than those of LT-
PEMFC. 

According to the findings of the literature survey, there are no studies on modeling of HT-PEMFC based 
cogeneration systems that use semi-empirical fuel cell model. The aim of this study is to develop a mathematical 
model for a HT-PEMFC stack based cogeneration system to investigate the effect of anode stoichiometry ratio on 
the electrical and cogeneration efficiencies and to obtain the average temperature of hot water calculated for each 
month. 
 
II. Experimental  
Experiments which were carried out with different operating temperatures and Pt loadings, were used to calibrate 
thin film thicknesses of anode and cathode for semi empirical model of HT-PEMFC. The details of the experiments 
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including the materials, the preparation of the MEA, and the performance tests were explained in Nalbant et al 
(2017). High temperature performance tests were obtained using the HT-PEMFC (TECHYS HYGO FCTS-H2ME 
500) test station. The test station equipped with a gas handling unit, an electronic load (BK Precision, USA), a 
control and data logger computer, was used to test the HT-PEMFC. A computer-based control and data acquisition 
system of test station collected and multiplexed the respective signals and fed them into the PC for the overall 
system control. The current and voltage of the cell were monitored and logged throughout the operation by the test 
software. Non-humidified H2/Air was fed in co-flow to the HT-PEMFC without any applied back pressure. After 
compressor, air was fed to dryer to supply dry air. Constant stoichiometry values were chosen for all performance 
tests. The reactant gases were supplied by mass-flow controllers at constant stoichiometry of 1.2 for anode side 
and 2.5 for cathode side. After steady state was achieved, starting with the OCV value, the current-voltage data 
was logged by changing the load. The polarization curves were obtained by measuring the current density with the 
stepwise decrement of voltage from OCV to 0.3 V, with an interval of 0.05 V. 
 
III. Model Description 
A mathematical model for a HT-PEMFC stack based cogeneration system is developed. HT-PEMFC stack is fed 
with pure hydrogen at the anode side and with air at the cathode side. In this section, the modeling of the main 
components (HT-PEMFC stack and heat exchanger (HEX)) in the cogeneration system is presented. The schematic 
diagram of the cogeneration system and the control volume used in the energy balance for the HT-PEMFC stack 
are shown in Fig. 1, and the working parameters are tabulated in Tab. 1. 

 
Fig. 1. (a) Schematic diagram of the cogeneration system and (b) the control volume used in the energy balance of the HT-

PEMFC stack. 
 
Tab. 1: Operating parameters of the cogeneration system. 

Parameters Value 
Current density (i) at 0.6 V  0.42 A/cm2 
Active Area (𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 150 cm2 
Number of cells (𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 13 
Mass flow rate of coolant (�̇�𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 0.019 kg/s 
Specific heat capacity of coolant (𝑐𝑐𝑝𝑝,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 2.84 kJ/kg-K 
Anode and cathode temperatures (𝑇𝑇𝑐𝑐,𝑇𝑇𝑐𝑐) 160 °C 
Inlet temperature of coolant (𝑇𝑇1,𝐸𝐸𝐸𝐸) 95 °C 

 
III.1. Fuel cell stack 
The details of the one dimensional and semi-empirical model for a HT-PEMFC is given in Nalbant et al. (2017). Only 
hydrogen and oxygen are the reactant gases, and N2 is the inert gas. The single cell voltage (𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) can be calculated 
as follows; 
 
Vcell = Vrev − ηact,a − |ηact,c| − ηohm                       (1) 
 
where, Vrev is the reversible cell voltage, ηact,a and ηact,c are the activation losses at the anode and cathode, 
respectively, and ηohm is the ohmic loss. 

The activation losses for the anode and cathode are shown in Eqs. (2) and (3), respectively. The total ohmic 
losses for both proton and electron transfer are calculated as shown in Eq. (4).  
 

ηact,a = R̅∙Tcell
αa∙F

 sinh−1 ( i
2∙i0,a

)                          (2) 

ηact,c = R̅∙Tcell
αc∙F

 · sinh−1 ( i
2∙i0,c

)               (3) 
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ηohm = i ∙ ASRohmic                     (4) 
 
where, R̅, F, α, i, i0, Tcell, and ASRohmic are universal gas constant, Faraday’s constant, charge transfer coefficient, 
current density, exchange current density, cell temperature, and area specific resistance, respectively.  

It is assumed that each cell in the stack has the same performance. Thus, the stack voltage (Vstack) can be 
obtained multiplying the cell voltage with the number of cells (Ncell); and the power density (ẆFC

" ) of the stack can 
be found multiplying the current density with stack voltage. 
 
Vstack = Ncell ∙ Vcell  and ẆFC

" = i ∙ Vstack             (5) 

An energy balance around the control volume of the fuel cell stack (Eq. (6)) is applied to find the outlet temperature 
of coolant. Here, HT-PEMFC stack is assumed as adiabatic. The control volume for energy balance is given in Fig. 
1 (b). Molar flow rates of species, which are required to solve Eq. (5), are given in Tab. 2. 
 
0 = ∑(ṅi"h̅i)in − ∑(ṅi"h̅i)out − ẆFC

"                      (6)  
 
Tab. 2: Molar flow rate of chemical species. 

Inlet molar flow rates of species Outlet molar flow rates of species 
ṅH2,in

" = λH2 ∙
i
2∙F ∙ Ncell  ṅH2,out

" = (λH2 − 1) ∙ i
2∙F ∙ Ncell  

ṅO2,in
" = λO2 ∙

i
4∙F ∙ Ncell    ṅO2,in

" = (λO2 − 1) ∙ i
4∙F ∙ Ncell    

ṅN2,in
" = XN2

XO2
ṅO2,in

"    ṅN2,out
" = ṅN2,in

"   

ṅH2O,in
" = 0     ṅH2O,out

" = ṅH2O,gen
" = i

2∙F ∙ Ncell  

 
To calculate the outlet temperature of coolant (T2,EG), Eq. (6) can be rewritten as shown in Eq. (7). 
 

0 = (ṅH2,in
" h̅H2 + ṅO2,in

" h̅O2 + ṅN2,in
" h̅N2) − (ṅH2,out

" h̅H2 + ṅO2,out
" h̅O2 + ṅN2,out

" h̅N2 + ṅH2O,out
" h̅H2O) +

ṅcoolant" cp̅coolant∆TEG − ẆFC
"                  (7) 

 
III.2. Heat exchanger 
The heat exchanger in the system is used to cool the fuel cell stack and to heat the tap water. According to the 
calculations, the temperature of the coolant increases 10°C while it cools HT-PEMFC stack. The outlet temperature 
of hot water can be calculated using the energy balance shown in Eq. (8). 
 

TW,out = TW,in + ṅcoolant" cp̅̅̅̅ coolant(T2,EG−T1,EG)
ṅwater

" cp̅̅̅̅ water
             (8) 

 
III.3. System modeling 
To asssess the performance of the HT-PEMFC stack based cogeneration system, the electrical efficiency and the 
fuel utilization efficiency are selected. The electrical efficiency (𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) is calculated by dividing the fuel cell power 
output to the chemical energy of hydrogen supplied to the cogeneration system. The fuel utilization efficiency (𝐹𝐹𝐹𝐹𝐹𝐹) 
is defined as the ratio between the total amount of useful energy to the chemical energy of hydrogen. 
 

ηelectrical = ẆFC
ṅH2,in

" ∙LHV̅̅ ̅̅ ̅̅ H2
                       (9) 

FUE = ẆFC + ṅ water
" cp̅̅̅̅ water(TW,out−TW,in)

ṅH2,in
" ∙LHV̅̅ ̅̅ ̅̅ H2

                 (10) 

 
IV. Results and discussions 
IV.1. The effect of anode stoichiometry ratio 
Fig. 2 shows the effect of anode stoichiometry ratio on the electrical efficiency. Anode stoichiometry ratio mainly 
affects the molar flow rate of hydrogen as shown in Tab. 2. According to Fig. 2, it is found that when the anode 
stoichiometry ratio increases, the molar flow rate of hydrogen increases, and the electrical efficiency for the system 
decreases. The electrical efficiencies at 0.42 A/cm2 for 1.2, 2.0, and 2.5 stoichiometries were calculated as 40%, 
25%, and 18%, respectively. Fuel utilization efficiencies for 1.2, 2.0, and 2.5 stoichiometries were calculated 85%, 
52%, and 39%, respectively. The decrease of fuel utilization efficiency at this current density is found to be 54% 
when the anode stoichiometry ratio increases from 1.2 to 2.5. 
 



80

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

 
Fig. 2. The effect of anode stoichiometry ratio on the electrical efficiency. 

 
IV.2. The average temperature of hot water for each month 
In houses, the ideal temperature for taking shower is between 33°C and 38°C. The temperatures of pre-wash, wash, 
and rinsing in a dishwasher are 30-35°C, 50-60°C, and 80-90°C, respectively. The average temperature of water in 
a washing machine is 20-90°C for different program levels. Fig. 3 shows that the temperature increases at 0.42 
A/cm2 and 1.61 A/cm2 were found as 2.62 °C and 13.30 °C, respectively. In addition, the temperature increases at 
1.61 A/cm2 for 13 and 26 cells were found as 13.30°C and 26.60°C, respectively. The results show that this 
cogeneration system is suitable for the house needs discussed above. 

 
Fig. 3. The average temperature of hot water for each month at (a) 0.42 A/cm2 for 13 cells, (b) 1.61 A/cm2 for 13 cells, and (c) 
1.61 A/cm2 for 26 cells. 
 
V. Conclusions 
A mathematical model of a cogeneration system, which includes a semi-empirical modeled HT-PEMFC stack, a 
heat exchanger, and a pump, is developed. This model is validated using the experimental results such as the 
temperature difference between the inlet and outlet coolant streams and the fuel utilization efficiency. The effect of 
anode stoichiometry ratio on the electrical and fuel utilization efficiencies were investigated. Morever, the 
temperature of hot water used for the household needs was calculated for different current densities and number 
of cells in the stack. The main findings derived from this study are as follows. 
 When the anode stoichiometry ratio increases, the electrical and fuel utilization efficiencies decrease. The 

decrease of fuel utilization efficiency at 0.42 A/cm2 is found to be 54% when the anode stoichiometry ratio 
increases from 1.2 to 2.5. 

 When both the current density and number of cells increase, the hot water temperature increases. 
 HT-PEMFC stack based cogeneration system is suitable for the fundamental needs in the house. 
 
Acknowledgements 
This study is supported by The Scientific and Technological Research Council of Turkey (TUBITAK) 1001 (Grant 
number: 214M301) Project. 
 
References 
Arsalis, A., Nielsen, M. P., & Kær, S. K., Modeling and parametric study of a 1kW e HT-PEMFC-based residential micro-CHP 
system. International Journal of Hydrogen Energy, 36(8), 5010-5020, (2011). 
 
Arsalis, A., Kær, S. K., & Nielsen, M. P., Modeling and optimization of a heat-pump-assisted high temperature proton exchange 
membrane fuel cell micro-combined-heat-and-power system for residential applications. Applied Energy, 147, 569-581, (2015). 
 
Jannelli, E., Minutillo, M., & Perna, A., Analyzing microcogeneration systems based on LT-PEMFC and HT-PEMFC by energy 
balances. Applied Energy, 108, 82-91, (2013). 
 
Nalbant, Y., Colpan, C. O., & Devrim, Y., Development of a one-dimensional and semi-empirical model for a high temperature 
proton exchange membrane fuel cell. International Journal of Hydrogen Energy, in-press (2017). 
 
Rosli, R. E., Sulong, A. B., Daud, W. R. W., Zulkifley, M. A., Husaini, T., Rosli, M. I., ... & Haque, M. A., A review of high-

 (a)
  

 (b)
  

 (c)
  



81

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

temperature proton exchange membrane fuel cell (HT-PEMFC) system. International Journal of Hydrogen Energy, 42(14), 9293-
9314, (2017). 
 
Supra, J., Janßen, H., Lehnert, W., & Stolten, D., Temperature distribution in a liquid-cooled HT-PEFC stack. International journal 
of hydrogen energy, 38(4), 1943-1951, (2013). 



82

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Thermodynamic and Economic Analyses of a Renewable Energy Based Hydrogen 
Production System 

 
1,2*Fatih Sorgulu and 1,3Ibrahim Dincer 

1 Faculty of Mechanical Engineering, Yildiz Technical University, Besiktas, Istanbul, Turkey 
2 Faculty of Technology, Kahramanmaras Sutcu Imam University, Elbistan, Kahramanmaras, Turkey 

3 Faculty of Engineering and Applied Science, University of Ontario Institute of Technology, Oshawa, Ontario, Canada 
 

* E-mail: fatihs@yildiz.edu.tr 
 

Abstract 
We have been facing drastic issues as a result of conventional energy sources and their ultimate environmental 
impacts. Renewable energy sources with hydrogen as an energy carrier are considered promising alternatives to 
overcome such issues. Integrating hydrogen energy systems with renewable energy sources is a rational way to 
supply energy demand and therefore to vanquish environmental issues, such as global warming and increased CO2 
emissions. In the current study, both solar and wind energies are employed to provide the required electric power 
for a university campus, as included, and an electrolyzer system in order to produce hydrogen. The hydrogen 
produced by the electrolyzer is utilized as fuel in stationary cogeneration units and fuel cell vehicles. In this way, a 
renewable energy based university campus is established. Furthermore, hydrogen energy carriers such as 
methylcyclohexane, ammonia, and formic acid, which are proposed among promising solutions to store hydrogen 
are evaluated and compared technically and economically. The current integrated system is analyzed 
thermodynamically and economically to assess its performance. It is aimed to compare the results with the 
conventional systems to show its advantages through calculation of electricity cost per kWh and hydrogen cost per 
liter. The results show how to establish a smart university campus where the energy is provided by renewable 
sources in a more efficient and sustainable way. 
 
Keywords: Electrolyzer, Fuel cell, Hydrogen Production, Solar energy, Wind energy 
 
I. Introduction  
Global energy demand is supplied mainly by fossil fuel resources. However, energy demand has been increasing 
drastically, particularly in developing and developed countries. According to the Ministry of Energy and Resources 
(2017), electricity consumption increased up to 4.8% and exceeded to 278.4 billion kWh in Turkey in 2016. Also, in 
2017 (January to July), 35% of electricity consumption is provided by renewable energies and hydropower. Based 
on 2023 plan, this rate should be improved to meet the requirements.  

Renewable energy source based electricity production has numerous advantages particularly in terms of 
environmental impact. Renewable energy based power plants such as wind turbines, solar PV panels, biomass and 
geothermal have zero or low CO2, NOx and SO2 emissions. Furthermore, electricity cost through renewable energy 
source is decreasing rapidly. However, fluctuation of particularly wind and sunshine is one of the limitations of these 
power plants. Thus, a storage system is require to overcome this problem. Considering hydrogen as a promising 
energy carrier to provide sustainability, they are more focused for the storage purpose. Excess electricity can be 
utilized for the water electrolysis and produced hydrogen can be stored for the intermittent situations.  

Ozlu etal. (2012) evaluated the electricity, heating and cooling demands by determining various systems such 
as ground and air source heat pump, photovoltaic panel, wind turbine and fuel cell systems. Authors also assessed 
the renewable energy based integrated systems with the fuel cell systems and carried out thermodynamic, 
economic and environmentally studies by considering weather conditions, electricity cost and loads in Ontario, 
Canada. 

Biniwale etal. (2008) reviewed the dehydrogenation of cycloalkanes such as methylcyclohexane, cyclohexane 
and decalin as useful reaction for storage of hydrogen in chemical hydrides. They evaluated liquid organic hydrides 
using catalytic reaction pair of dehydrogenation of cycloalkanes.  

In the current study, a renewable energy based integrated system is thermodynamically analyzed in order to 
evaluate its performance. Furthermore, proposed system is compared with conventional systems economically and 
thermodynamically to prove its superiority. 
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Fig. 1: A schematic diagram of the proposed system 
 
II. System Description 
As shown in Fig. 1, proposed system represents how to supply energy demand for Yıldız Technical University 
Campus located in Istanbul. Solar PV panels and wind turbines are determined as the main sources to provide the 
required energy. Previous study by Advanced Industrial Science and Technology (2017) have been considered. As 
shown below, Hydrogen is stored by converting into methylcyclohexane (C6H11CH3), ammonia (NH3) and formic 
acid (HCO2H). Eventually, stored hydrogen carrier products are utilized to produce electricity when wind speed and 
solar radiation intensity is not enough to meet energy demand.  
3H2+C6H5CH3  ↔  C6H11CH3;  N2+3H2 ↔ 2NH3; H2+CO2 ↔ HCO2H 

 
III. Analysis  
Note that Electricity and fuel demand are supplied by solar energy and wind energy. Hydrogen is produced by using 
excess electricity. Produced hydrogen is utilized to meet both electricity and fuel demands. Tab. 1 shows the solar 
parameters for the Istanbul, Turkey. According to Turkish State Meteorological Service, hours of sunshine change 
between 2.96 to 11.17 hours in a day. Tab. 2 tabulates the wind parameters for Istanbul. 
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Tab. 1: Solar Parameters for Istanbul by Turkish State Meteorological Service (2017) 

Month Sunshine hours 
(h) 

Average solar intensity 
(kWh/m2×day) 

Average solar flux 
(W/m2) 

Monthly production 
(MWh) 

January 3.46 2.00 578.03 210.00 

February 4.43 2.57 580.14 269.85 

March 5.32 4.20 789.47 441.00 

April 6.85 5.28 770.80 554.40 

May 8.61 6.30 731.71 661.50 

June 10.51 6.79 646.05 712.95 

July 11.17 6.79 607.88 712.95 

August 10.14 6.07 598.62 637.35 

September 7.83 5.09 650.06 534.45 

October 5.22 3.74 716.48 392.70 

November 3.85 2.37 615.58 248.85 

December 2.96 1.80 608.11 189.00 

Mean 6.70 4.42 657.74 462.44 

Total 80.35 53.00 7892.93 5565.00 

 
Tab. 2: Wind Parameters for Istanbul by Kayaci and Demir (2018) and Turkish State Meteorological Service (2011) 

Month Average wind 
speed (m/s) 

Average wind speed at 
100 m (m/s) 

Power (kW) Power density 
(kW/m2) 

Monthly 
electricity 
production 
(MWh) 

January 2.60 5.02 608.00 0.076 153.22 
February 2.70 5.21 680.89 0.086 171.58 
March 2.70 5.21 680.89 0.086 171.58 
April 2.40 4.63 478.21 0.060 120.51 
May 2.40 4.63 478.21 0.060 120.51 
June 2.40 4.63 478.21 0.060 120.51 
July 3.10 5.99 1030.55 0.129 259.70 
August 3.00 5.79 934.00 0.117 235.37 
September 2.40 4.63 478.21 0.060 120.51 
October 2.40 4.63 478.21 0.060 120.51 
November 2.40 4.63 478.21 0.060 120.51 
December 2.90 5.60 843.68 0.106 212.61 
Mean 2.616667 5.05 637.27 0.08 160.59 
Total - - 7647.26 0.96 1927.11 

 
 
IV. Results and discussions 
In this study, an integrated system is modified to meet required electricity for a university campus by renewable 
energy. Hydrogen is utilized to provide sustainability. Alkaline water electrolyzer is utilized to produce hydrogen. 
Furthermore, hydrogen is stored through converting into hydrogen carrier products. 5565 MWh electricity production 
is gained by solar PV panels. Solar PV area is calculated to be 10000 m2 (100m×100m). Six wind turbines are 
selected to utilize to produce 1927.11 MWh electricity power in each of the turbines. 

The necessary electricity and renewable electricity production can be seen in Fig. 2. Both wind and solar 
energies are intermittent sources of energy. This leads to fluctuations in the daily generated electricity, even hourly. 
Excess electricity is utilized to produce hydrogen by water electrolyzer. Thereafter, when the wind and solar 
energies are not enough, electricity would be generated by employing the hydrogen by advanced cogeneration 
engine.  
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Fig. 2: Energy Demand and Supply  

 
Fig. 3 shows the change in wind speed and power production by attitude. The wind speed increases with 

an increase in attitude as follows: 
  
V1
V2
= (H1H2)

n
          (1) 

 
Here, 𝐻𝐻, 𝑉𝑉 and 𝑛𝑛 represent the attitude (m), velocity (m/s) and environmental factor, respectively. 

  

 
Fig. 3: Change in wind speed and power production by attitude  
 
Fig. 4 also shows the change in amount of hydrogen generation by various wind speed and solar radiation intensity. 
By increasing wind speed, solar radiation and also hours of sunshine, excess electricity increase. So, available 
electricity for electrolyzer increase.  
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Fig. 4: Change in hydrogen production by various wind speed and solar radiation intensity.  

 
V. Conclusions  
In this study, an integrated system is modified in order to provide electricity and fuel consumptions in a university 
campus by renewable energy. Hydrogen is selected to achieve sustainability. The main findings of this study are 
given as follows: 
 Electricity consumption of the university is determined as 15,523 MWh in 2016. 
 5565 MWh electricity production is gained by solar PV panels. 
 Six wind turbines is selected to utilize to gain 1927.11 MWh electricity power each of turbine. 
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Abstract 
In this paper, the thermodynamic performance analysis of solar energy based integrated system with hydrogen 
production is investigated. This multigeneration system is consisted of seven main sub-systems, such as i-) 
parabolic collector system, ii-) Rankine cycle with two turbines, iii-) ORC with two turbines, iv-) hydrogen production 
and storage system, v-) drying process, vi-) heat pump process, and vii-) double effect absorption cooling system, 
for power, hydrogen, heating, cooling, drying and hot water production. In addition to that, the effects of some design 
parameters and reference temperature on the exergetic performance and exergy destruction rate for solar energy 
based integrated system with hydrogen production are investigated. The energy and exergy efficiencies of 
multigeneration system are calculated as 54.87% and 48.24%, respectively. 
 
Keywords: Solar energy, hydrogen, integrated system, thermodynamic analysis, design parameters.  
 
I. Introduction  
Since the industrial revolution, the use of fossil-based fuels continues to increase in order to meet the world's need 
for energy consumption. In parallel to the energy demand is increasing (Ozturk and Dincer, 2013).  Because of the 
use of fossil fuels, the environmental problems have arisen such as global warming acid rain, climate change etc..  
So it has become important to logically use of energy sources. In this regard, the renewable energy based 
multigeneration power production system offers many advantages. These system consists of many processes using 
single energy input to the system (El-Emam and Dincer 2018). 

When the literature is examined, there is a lot of work related to the solar energy assisted multigeneration 
power production system. Bicer and Dincer (2016), have proposed a performance assessment and analyses of 
renewable energy based multigeneration system. They conducted an energy and exergy efficiencies analyses of 
solar PV/T and geothermal based multigeneration system. Also, the energy and exergy efficiencies of they 
suggested study calculated as 11% and 28%, respectively. Khalid et al. (2015) suggested a solar and geothermal 
based multigeneration system. In their study, the total exergy efficiency of the system calculated as 39.7%. Yüksel 
et al. (2016), have examined a thermodynamic performance assessment of a new solar based multigeneration 
system. According to their study, the exergy efficiency of parabolic through solar collector is 43.14%. Some studies 
in the literature are presented as follows (Al-Sulaiman et al. 2011; Ezzat and Dincer, 2016; Balta et al. 2016; Leiva-
Illanes et al. 2017). 

In this study, the thermodynamic performance analysis of solar energy based integrated system with hydrogen 
production is investigated. In addition to that, the effects of some design parameters and reference temperature on 
the exergetic performance and exergy destruction rate for solar energy based integrated system with hydrogen 
production are investigated. 

II. System Description and Analyses 
The schematic diagram of solar energy based integrated system with hydrogen production is illustrated in Fig. 1. 
As seen from this figure, the parabolic dish collector (PDC) working fluid (molten salt that consists of 60% NaNO3, 
40% KNO3 by weight) is pumped from cold storage tank (CST) to the PDC, where it is heated up to 580°C. Then, 
the hot working fluid is pumped from the collector to the hot storage tank (HST), where it is stored and pumped as 
a continuous flow. The leaving hot working fluid supplies heat to drive a steam Rankine cycle with two turbines, 
such as high-pressure turbine (HPT) and low-pressure turbine. To give heat power at the maximum allowable 
temperature, the heat transfer fluid of Rankine process can be selected with a high critical temperature range. To 
produce hydrogen, the PEM electrolyzer sub-system is utilized. Furthermore, to recover heat power more efficiently, 
turbine-I and turbine-II in the organic Rankine cycle (ORC) are combined because the temperature range of these 
turbines is convenient for extra power production. R245fa is chosen as a working fluid for ORC-sub-system. The 
rejected heat energy from ORC can be transferred to the double effect absorption cooling system (DEACS) to 
produce cooling. After heating the DEACS working fluid in the generator-I, the waste heat of dish collector working 
fluid is extracted through HEX-II by blowing air across it. The produced hot air in HEX-II is passed through the wet 
products for the drying aims. The hot working fluid coming from the HEX-II at point 6 is passed through the heat 
pump evaporator between points states 6 and 7 where the heat pump working fluid absorbs its heat. Then, heat 
pump working fluid rejects its heat between points states 19 and 16 to keep the high temperature of heated area. 
Then, the cold working fluid of PDC goes to the CST at point 7. 
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Fig. 1: Schematic diagram of solar energy based integrated system with hydrogen production 
 

III. Thermodynamic analysis 
In this section, the general mass, energy, entropy and exergy balance equalities for steady-state and steady-flow 
conditions are given based on the thermodynamic laws and operating conditions of integrated system for multi-
generation to develop a clear understanding of systematic approach. The general mass, energy, entropy and exergy 
balance equations can be defined as follows, respectively ( Dincer and Rosen, 2012)  

∑ ṁi = ∑ ṁe                                              (1) 
∑ ṁihi + ∑ Q̇i + ∑ Ẇi = ∑ ṁehe + ∑ Q̇e + ∑ Ẇe                                                             (2)  

∑ ṁi si + ∑ Q̇cv
To

+ Ṡgen = ∑ ṁe se                                                           (3) 

∑ ṁi exi + ∑ Ėxi
Q + ∑ ĖxiW = ∑ ṁeexe + ∑ ĖxeQ + ∑ ĖxeW + ĖxD                                                                  (4) 

where ṁ is the mass flow rate, the subscripts i and e are the inlet and outlet conditions, Q̇ and Ẇ are the heat flow 
and power rates, s is the specific entropy, Ṡgen is the entropy generation rate, ĖxQ and ĖxW indicate the exergy 
transfer rates associated with heat and boundary or shaft work, respectively. 

ĖxQ = (1 − To
T ) Q̇                                            (5) 

ĖxW = Ẇ                                             (6) 
The flow associated specific exergy of a system part (i) can be defined as follows; 

exi = exph,i + exch,i + exke,i + expe,i =                                                      (7) 
The kinetic, potential and chemical parts of exergy appear in the above equation are assumed to be negligible 

during the course of this paper as the changes in velocities, within the process parts are unimportant compared to 
the contributions of other indicators, and also there is no chemical reaction. The specific physical exergy parts can 
be written as follows; 
exph = h − ho − To(s − so)                                         (8)    
where h and ho are specific enthalpies, and s and so are the specific entropies at the real case and the reference 
environment states, respectively. The energy and exergy efficiency equations can be defined as follows; 
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η = ∑ useful output energy 
∑ input energy = 1 − ∑ energy loss

∑ input energy                                                    (9)   

ψ = ∑ useful output exergy 
∑ input exergy = 1 − ∑ exergy loss

∑ input exergy                                       (10)   

 

IV. Results and discussions 
The exergy destruction rate, exergy destruction ratio and exergy efficiency of solar energy based integrated 
system and its sub-systems are illustrated in Table 1. As seen from this table, the PDC and Rankine cycle have 
the maximum exergy destruction rate among the other sub-systems. Also, the dryer sub-system has the 
maximum exergy efficiency, and DEAC sub-system has the lowest exergy efficiency.  
  
Tab. 1: Thermodynamic analysis outputs of integrated system and its sub-components 

Sub-systems Exergy destruction 
rate (kW) 

Exergy destruction 
ratio (%) 

Exergy 
efficiency (%) 

Parabolic Dish collector 24,750 33.70 42.14 
Rankine cycle 18,400 25.06 41.86 
PEM-electrolyzer 7,840 10.68 33.67 
Double effect absorption cooling  8,780 11.96 15.07 
Dryer 5,745 7.82 67.85 
Heat pump 7,920 10.78 26.97 
Whole system 73,435 100 43.57 

 

The effect of ambient temperature on the exergy destruction rate and exergy efficiency of solar based integrated 
system is shown in Fig. 2. As ambient temperature changes from 0°C to 40°C, the exergy destruction rate of 
integrated system decreases from 78,435 kW to 70,398 kW, while exergy efficiency of integrated system increases 
from 38.55% to 46.57%.  

 
 

Fig. 2: Effect of ambient temperature on the integrated system exergy destruction rate and exergy efficiency 
 

Fig. 3 shows that the changes of exergy destruction rate and exergy efficiency with respect to solar radiation flux. 
As solar radiation flux increases from 500 W/m2 to 1000 W/m2, the exergy destruction rate increases from 70,650 
kW to about 75,510 kW, and also the exergy efficiency of whole system increases from nearly 40% to 45.24%.  
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Fig. 3: Effect of solar radiation on the integrated system exergy destruction rate and exergy efficiency 

 
Fig. 4 shows how solar radiation flux effects the total power and hydrogen production rate from whole system. As 
solar radiation flux increases from 500 W/m2 to 1000 W/m2, both of the power and hydrogen production rate increase 
because rising solar radiation flux has positive effect on the integrated system performance.  

 
Fig. 4: Effect of solar radiation on the total power and hydrogen production rate  
The impact of absorption chiller evaporator temperature both the on energetic coefficient of performance (𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 
and exergetic coefficient of performance (𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) is shown in Fig. 5. Based on the analysis outputs, as the absorption 
chiller evaporator temperature increases from 5°C to 20°C, the COPen increases from about 0.76 to 0.85. On the 
other hand, with the same temperature change, the COPex decreases from about 0.26 to 0.14.  
 

 
Fig. 5: Effect of absorption chiller evaporator temperature on 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 and 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 

 
V. Conclusions 

In this study, the thermodynamic analysis of PDC based integrated system for hydrogen production is analyzed. 
The exergy destruction rate, exergy destruction ratio and exergy efficiency of integrated system and its sub-systems 
are presented. The parametric analysis is performed in order to see how some variables effect the integrated system 
performance. The parametric variables of this study are the reference temperature and solar radiation flux. Some 
concluding outputs are given as   
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 The parameters, namely reference temperature and solar radiation flux, have great influence on the 
multigeneration system efficiency.   

 Also, the multigeneration energy production system has much higher exergy rate than the other production 
systems such as trigeneration, cogeneration or single generation.  
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Modeling of Syngas Production from Biogas via Tri-reforming Process
Reiyu Chein, Wen Hwai Hsu

Dept. of mechanical engineering, National Chung Hsing University, Taiwan

The tri-reforming (TR) process was employed for syngas production from biogas at elevated pressures in this study. In 
the TR process air and H2O were added simultaneously as the reactants in addition to the main biogas components. 
The effects of various operating parameters such as pressure, temperature, and reactant composition on the reaction 
performance were studied numerically. From the simulated results it was found that CH4 and CO2 conversions can be 
enhanced and higher H2/CO ratio can be obtained by increasing the amount of air. However, decreased H2 yield could 
result due to the reverse water-gas shift (WGS) reaction. Higher CH4 conversion and H2/CO ratio can be obtained 
with the increased H2O addition. However, negative CO2 conversion could result due to WGS and reverse CO2 met-
hanation reactions. The dry reforming reaction resulting in positive CO2 conversion can only be found at high reaction 
temperature. For all cases studied, low or negative CO2 conversion was found because of CO2 production from met-
hane oxidation, water-gas shift, and reverse CO2 methanation reactions. It was found that the CO2 conversion can be 
enhanced in the TR process by a small amount of added H2O. It was also found that the first-law efficiency increases 
with the increased reaction temperature because of higher H2 and CO yields. The second-law efficiency was found to 
decrease with increased temperature because of higher exergy destruction due to more complete chemical reaction at 
high temperatures.
Keywords: Biogas, tri-reforming process, CH4/CO2 conversion, H2/CO ratio, first-law/second-law efficiency.
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In recent years, heterogeneous photocatalysts has received much research interest because of its powerful potential 
applications in clean energy production and environmental remediation. The heterogeneous photocatalysts for hydro-
gen evolution from water by using solar energy need to decrease active and stable co-catalysts using of expensive 
and rare elements.Transition metals including chalcogenides (CdS, ZnS etc.) have long time been one of the most 
promising inorganic photocatalysts for hydrogen production[1, 2]. However, the photo-corrosion, recombination rates 
and efficient charge transfers of these photocatalysts are the most serious problems which constrains its develop-
ment. Here, we report the design and fabrication of reduced graphene oxide (RGO) doped-cadmiumzincsulfide (RGO-
Cd0.6Zn0.4S) nanocomposite by using solvothermal method. Synthesized nanocomposite loaded with different noble 
metals (Ru, Rh, Pt) as co-catalyst via photodeposition. The heterogeneous photocatalysts were characterized with 
SEM, TEM, XRD and UV-Vis diffuse reflectance spectroscopy. The obtained photocatalyst were tested in photocatalytic 
reactor for photocatalytic hydrogen production and investigated effect of co-catalyst on photoactivity.

Acknowledgement: We thank to The Scientific and Technological Research Council of Turkey (TUBITAK, Project Num-
ber: 116M567) for its financial support.

Keywords: Heterogeneous photocatalyst, Hydrogen production, Solar energy, Reduced graphene oxide.
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Fatma Karaca Albayrak1, Ali Rıza Özkaya2, Atıf Koca1
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Hydrogen is the most abundant element in the nature. Since hydrogen can be transported into a renewable and 
non-polluting energy resource, it is considered as the future energy. Hydrogen is produced mostly from the fossil 
fuels. Since the sun is primary and renewable energy source, photocatalytic hydrogen production becomes a current 
issue[1, 2]. For photocatalytic hydrogen production from water, several photocatalysts have been tested. In order to 
increase hydrogen energy efficiency, it is known that CdxZn(1-x)S is an efficient photocatalyst for hydrogen production. 
Therefore, in here, we synthesised CdxZn(1-x)S nanoparticles on graphene derivatives by using thermal sulphuriza-
tion method by using elemental sulphur as the sulphur source. Then, characterization of compounds for determining 
crystal systems, lattice parameters, band gap and surface morphologies, was done by various techniques including 
X- Ray diffractometer, scanning electron microscopy and UV-VIS-NIR spectrophotometer. Finally the GO/ CdxZn(1-x)
S and RGO/ CdxZn(1-x)S composites were tested as active photocatalysts for hydrogen evolution reactions and basic 
photocatalytic parameters were analysed. 
Acknowledgement: We thank to The Scientific and Technological Research Council of Turkey (TUBITAK, Project Num-
ber: 116M567) for its financial support.
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Irradiation
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The ever increasing population and growing demand of energy, we cannot rely on exhaustible energy resources any-
more. Introducing Hydrogen as a sustainable, and trustworthy energy carrier and its production through Photoelec-
trochemical (PEC) reactions, was an important development. The reported in literature, doping of ZnS with transition 
metal cations improves the absorbance of ZnS in visible region of light. Cd1−xZnxS, which is the solid solution of CdS 
and ZnS, has controllable band structure and excellent performance under visible light irradiation [1, 2]. But desired 
efficiency of Cd1−xZnxS is still a milestone to reach. On contrary, a strictly two-dimensional material, graphene oxide, 
possesses exceptionally high crystal and electronic quality, improved effective electron transfers and exhibits enhance-
ment of specific surface area. We synthesized, which Cd1−xZnxS photocatalysts supported GO and/or rGO by sulphur-
ization method for obtain photo-electrodes possess higher photoelectrochemical responses such as a higher anodic 
photo-current density, and a higher solar to hydrogen conversion efficiency under visible light irradiation. Obtained 
photo-electrodes were tested for hydrogen production from water as photoelectrochemical under solar light irradiation 
and photoelectrochemical hydrogen production system was optimized with respect to all system components. 

Acknowledgement: We thank to The Scientific and Technological Research Council of Turkey (TUBITAK, Project Num-
ber: 116M567) for its financial support.

Keywords: Photocatalyst, Hydrogen production, Solar energy, photo-electrodes, photoelectrochemistry.
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Abstract 
 
A new bipyridyl precursor that provides reduction at moderate conditions was employed for scCO2 deposition to 
prepare 1% and 4% Pd doped multi walled carbon nanotube (CNT) materials for hydrogen storage. Temperature 
programmed desorption (TPD) and reduction (TPR) performance as a function of Pd loading on these materials 
were compared together with pristine carbon nanotubes. The BET surface areas were determined for pristine CNT 
as 176 m2/g with a pore size of 17.6 nm, for %1 Pd/CNT 199.62 m2/g with a pore size of 21.82 nm and for %4 
Pd/CNT 205.22 m2/g with a pore size of 19.36 nm. TPR measurements revealed a Pd hydride formation on the 
doped materials since hydrogen decomposition peaks for both doped materials were observed while no 
decomposition was observed for pristine CNT. Pd loading ratio was found to have a strong effect on PdHx formation 
due to the estimated hydrogen decomposition from these sites as 118 µmole/g sample for 4% Pd doped CNT and 
8.38 µmole/g sample for 1% Pd doped.  
 
Keywords: Hydrogen storage, multi-walled carbon nanotubes, temperature programmed reduction, temperature 
programmed desorption, supercritical fluid deposition 
 
I. Introduction 
The decrease in fossil energy sources and other long-term environmental problems caused by fossil fuel usage 
lead to the development of alternative technologies that utilize hydrogen which is considered as one of the 
promising renewable and clean energy sources. Safe storage of hydrogen at ambient temperatures and moderate 
pressures is one of the important issues that should be overcome in order to be able to use hydrogen energy in 
daily life applications (Schapplach and Züttel ,2001; Jena, 2011). Carbon nanotubes (CNTs) which are doped with 
transition metals are attractive hydrogen storage materials due to their low mass density, high surface area, narrow 
and nanometer pore size distribution (Sakintuna et al. 2007). Palladium (Pd) shows a strong hydrogen adsorption 
performance when dispersed on CNTs because of the spillover process resulting in migration of hydrogen atoms 
through the metal particles and diffusion into the CNT supports (Zacharia et al., 2005). The dispersion of Pd atoms 
on CNTs, which directly depends on the synthesis method, is very effective on the spillover mechanism. Among 
different synthesizing routes by which it is harder to control the nanoscale particle shape and size with desirable 
dispersion, supercritical carbon dioxide (scCO2) deposition is a powerful method to prepare well-dispersed 
nanoparticles among these techniques dependent on the deposition method. Generally precursors of 
acetylacetonate derivatives like Pd(acac)2 or hexafluoroacetylacetonate (Pd(hfa)2) which require high temperature 
or pressure conditions during reduction phase of scCO2 deposition are used. In this study, new bipyridyl derivative 
precursors that enable reduction at moderate conditions are synthesized and exploited to prepare Pd doped CNTs 
via scCO2 deposition method in order to have a good dispersed material. The hydrogen storage performance at 
moderate pressure and ambient temperature as a function of Pd loading ratio was tracked via temperature 
programmed desorption (TPD) and reduction (TPR) analysis.    
 
II. Experimental Set-up and Procedure 
All materials were used without further purification. Multiwall Carbon Nanotube (CNT) was purchased from 
Sigma-Aldrich with a purity of ≥95%. The nanotubes have an outer mean diameter of 6–9 nm with a diameter 
distribution of 5.5–6.6 nm and the average length was reported as 5 μm in product specifications sheet. Palladium 
chloride and 2,2’bipyridyl materials were purchased from ABCR GmbH (both with a purity of 99%). For adsorption 
experiments, ultrahigh pure grade (99.999%) of Hydrogen (H2), Argon (Ar) and Helium (He) gases (purchased from 
Linde) were used. Details of precursor synthesizing and scCO2 deposition are given in Erünal et al. (2017). The 
deposition conditions were 2500 psi CO2 and 80°C while reduction was carried out with 10.3 bar H2. The 
experimental setup is shown in Fig.1. 

Temperature Programmed Reduction (TPR) and Temperature Programmed Desorption (TPD) analysis of 
CNT and Pd/CNT were carried out on Micromeritics 2720 Instrument. H2-TPR experiments (ca. 20 mg) were 
performed in the presence of 25 ml/min, 10% H2 balance Ar flow up to 800°C with a temperature ramp of 5°C/min. 
After H2-TPR profiles were obtained, the samples were cooled down to room temperature with a flow of 10% H2 
balance Ar. TPD experiments were performed immediately after cooling of the samples up to room temperature. 
TPD profiles of the samples were recorded in the presence of He flow up to 800°C with a temperature ramp of 
5°C/min. 
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Fig. 1: Supercritical CO2 deposition reactor system 

 
III. Analysis 

The quantitative analysis of palladium was done by ICP-OES (Perkin Elmer 2100 DV). The surface 
morphology was analyzed with XRD (Rigaku Miniflex CuKα, λ=0.154nm). BET analyses were recorded at 77.4 K. 
XRD spectra can be seen in Fig. 2. Similar peaks were observed for both samples while Pd peaks are sharper and 
more distinct on 4%Pd doped material as expected. Besides, the broader peak between 67-70° designates PdHx 
which can be better observed on other support materials like γ-Al2O3 as shown in Ulusal et al. (2017) but with CNT 
supports, they can’t be distinguished well from XRD spectrum. Addition to XRD analyses, the surfaces were 
characterized with BET measurements as 176 m2/g with a pore size of 17.6 nm for pristine CNT, 199.62 m2/g with a 
pore size of 21.82 nm for % 1 Pd/CNT and 205.22 m2/g with a pore size of 19.36 nm for % 4 Pd/CNT. The doping 
enhances surface area of pristine CNT. Hence, as Pd loading ratio increases, the increase in surface area has not 
changed drastically. This can be attributed to the slight decrease in pore volume of higher Pd loaded material.   
 

 
 

Fig. 2: XRD Spectra of a) 1%Pd doped CNT b) 4%Pd doped CNT  
 

IV. Results and discussions 
Hyrdogen uptake capacity was tracked according to temperature programmed reduction (TPR) and desorption 
(TPD) performances as a function of Pd loading and compared together with pristine CNTs in Fig. 3.a&b. Both 
doped samples show a hydrogen decomposition peak during TPR experiments around 60°C. This sharp 
decomposition peak show PdHx sites that can not be easily detected with XRD due to the strong Pd(220) site peak 
as seen in Fig. 2. Hence, a recent study by Ulusal et al. (2017) showed that PdHx sites can be easily detected for 
different supports with XRD. The initial hydrogen decomposition of 4% Pd/CNT was calculated approximately 118 
µmole/g sample while for 1% Pd/CNT, it was found around 8.38 µmole/g sample. It is understood that hydrogen 
occupies these cites not linearly as a function of Pd ratio. This phenomenon can be attributed to the relation 
between Pd loading ratio and applied pressure during reduction under scCO2 conditions together. Therefore, this 
decomposed hydrogen is a result of reduction during sample preparation and shouldn’t be considered as the 
stored hydrogen within the materials. Still TPR esperimetns showed that at moderate temperatures below 70°C, 
this hydrogen emanating from PdHx sites within the material can still be utilized. On the other hand, as temperature 
increased, the increase in hydrogen uptake capacities for both Pd doped materials can be tracked in Fig. 3.a. This 
is due to the spillover mechanism which was discussed extensively in literature by Yoo et al. (2004), Zacharia et al. 
(2005) and Prins (2012). Temperature programmed desorption (TPD) results under He flow can be seen in Fig. 
3.(b). For pristine CNT, an intense peak around 40°C tailing until 100°C corresponds to hydrogen desorption at 
moderate temperatures. This phenomenon can not be seen on doped materials. Apart from that peak both 
Pd/CNTs and pristine CNT exhibit similar desorption behaviour at higher temperatures around 600°C with 1% Pd 
doped material has the highest intensity.  The hydrogen desorption at these high temperatures is associated with 
the aromatization of C-C bonds saturated during hydrogen storage period as explained by Erünal et al. (2017). 
Similar to these findings, Yamanaka et al. (2004) also reported the decrease of hydrogen desorption temperature 
of CNTs when coated with metals which act as a catalyst. This was related to the nature of strong C–H bonds 
during adsorption on pristine CNTs. The whole hydrogen uptake as a function of temperature between 100-600°C 
was calculated as 8.7 µmole/ g sample, 5.9 µmole/ g sample for 4% Pd/CNT and 1% PdCNT while for pristine CNT 
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hydrogen uptake between room temperature and 760°C was calculated as 1.3 µmole per g sample.  
 
 

 
(a) 

 
 

(b) 
Fig. 3. a) Temperature Programmed Reduction (TPR) b) Temperature Programmed Desorption (TPD) of Pristine CNT (dashed 

black lines), 1% Pd/CNT(solid red lines) and 4% Pd/CNT materials (Blue solid lines) 
 

V. Conclusions 
Pd was successfully loaded in different amount on CNTs through scCO2 deposition with new bipyridyl 

precursors that provide reduction at moderate conditions. The enhancement of hydrogen uptake as a function of 
increased Pd loading was oberserved together with the enhancement of surface areas. According to TPR 
experiments PdHx formation on both of the doped materials was verified. Hyrdogen amounts on these sites were 
estimated approximately as 118 µmole/g sample for 4% Pd doped CNT while for 1% Pd doped it was around 8.38 
µmole/g sample. Moreover, TPR experiments around showed spillover effect in means of hydrogen dissociation by 
Pd atoms. It is predicted that these atoms can be used to saturate the C-C double bonds in CNT structure. 
Consequently, the peaks obtained during TPD experiments around 600°C for both doped and undoped materials 
was attributed to the decomposition of these cyclic saturated compounds to aromatics.   
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Photoelectrochemical hydrogen production is one of the most trending approaches to generate renewable energy 
source having no hazard on the environment. In this concept, the use of semiconductors is of great importance to de-
termine the efficiency of the overall process. To capture a large share of the solar spectrum and obtain a better output 
from the hydrogen production process, narrow bandgap energy, proper conduction band position, slow recombination 
rate and high stability are the most important characteristics to consider. Composites such as TiO2, CdS, WO3, ZnO, 
ZnS, and GaAs, etc. are the most commonly used materials for photoelectrochemical hydrogen production studies. 
Nevertheless, the efficiencies which can be obtained by utilizing these materials as semiconductors are low because of 
their limitations, such as stability, efficiency, electron-hole recombination and etc. Thus, different strategies are devel-
oped to achieve better efficiencies, slow recombination rate and high stability. In this regard, utilization of Cd1-xZnxS 
type photocatalysts can be thought to be a good solution to provide a semiconductor material with a controllable band 
structure by causing a higher electron mobility, and electrochemical stability [1,2].

In this study, Cd(1-x)ZnxS composites having different ratios of graphene derivatives (graphene oxide, and/or reduced 
graphene oxide GO/rGO) were synthesized by solvethermal methods. Prepared samples were coated on the indium 
tin oxide (ITO) electrodes with different coating techniques. After the samples were characterized by both structurally 
and morphogically by SEM, FTIR, XRD, UV-vis diffuse reflectance spectroscopy analyses, photoelectrochemical hy-
drogen production by water splitting were conducted under simulated solar light irradiation. The results obtained from 
the required analyses and hydrogen production experiments were discussed with respect to types, compositions and 
morphology of the semiconductor composites, electrolyte system, and electrode modification techniques. And finally 
the results were compared with the literate to predict technological feasibility of the active structures.

Acknowledgement: We thank to The Scientific and Technological Research Council of Turkey (TUBITAK, Project Num-
ber: 116M567) for its financial support.
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oxide.
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Abstract 
This study deals with a new combined power plant that is using only ammonia as a fuel for trigeneration purpose. 
The system comprises two main powering sources, a gas turbine running on ammonia and using hydrogen as a 
promoter, and an ammonia fed solid oxide fuel cell. The waste heat from the gas turbine exhaust gases will be 
reovered using rankine cycle to generate an additional electric power, the residual thermal energy from the exhaust 
gases will be used to operate an absorption chiller to provide refrigeration for the industry. The electricity generated 
from the rankine cycle will be supplied to an ammonia electrolyzer to produce hydrogen, which can be stored for 
other application use and supplied to the gas turbine to function as a combustion promoter. The system is analysed 
thermodynamically using the first and second law of thermodynamics. Moreover, Exergy destruction of the different 
combined power plant units is determined. Furthermore, a comprehensive parametric study has been carried out 
to investigate the effect of varying ambient conditions, operating and design parameters on the overall performance 
of the combined system and subsystems. 
 
Keywords: Ammonia; Hydrogen; Solid oxide fuel cell; Gas turbine; Energy; Exergy; Efficiency 
 
I. Introduction 
The concept of integrating gas turbine (GT) with solid oxide fuel cell (SOFC) in power plants is introduced and 
analysed many years ago. Ide et al. (1989) compare the overall efficiencies of three different fuel cell power 
generation systems. One of the systems comprises SOFC unit, natural gas reformer and a power recovery gas 
turbine. Massardo and Lubelli (2000) examined the performance via the theoretical simulation of a combined cycle 
consists of internal reforming solid oxide fuel cell (IRSOFC) and GT. Granovskii et al. (2007) carried out second law 
analyses for two SOFC–gas turbine systems to identify their efficiencies and abilities to produce power at various 
rates of oxygen transport via the SOFC electrolyte. Haseli et al. (2008) studied the exergetic performance of a high-
temperature solid oxide fuel cell (SOFC) combined with a conventional recuperative gas turbine (GT) plant. They 
determined the exergy efficiency of the overall plant and the exergy destruction rate of each component in the 
system. It is also found that augmenting the turbine inlet temperature (TIT) leads to a mitigation in the energetic and 
exergetic efficiencies of the cycle and enhanced the total specific power output of the system. Moreover, increasing 
compressor pressure ratio results in an upsurge in the exergy destruction rate of the system. Ishak et al. (2012) 
integrated direct ammonia solid oxide fuel cell with a gas turbine (DA-SOFC/GT) in a novel combined cooling, 
heating and power (CHCP) cycle. The integration strategy is compared for oxygen ion-conducting solid oxide fuel 
cells (SOFC-O) and hydrogen proton-conducting solid oxide fuel cells (SOFC-H). The results show that SOFC-H 
integrated system provides better performance compared to SOFC-O option. For instance, SOFC-H based 
integrated system achieved an energetic and exergetic efficiencies of 81.1% and 74.3% respectively, while the 
SOFC-O based integrated system reaches an energetic and exergetic efficiencies of 76.7% and 69.9% respectively. 
The systems are more evaluated via a comprehensive parametric study to study the influence of changing the 
operating conditions and parameters on the overall energetic and exergetic performance of the systems. 

Fossil fuels account for 78% of the world final energy consumption in 2014 (REN21 2016), which results in the 
release of huge amounts of greenhouse gases emissions. Therefore, replacing fossil fuels with clean and carbon 
free fuels would result in a significant reduction in these harmful emissions. One good option is to use ammonia as 
a fuel. Ammonia has the potential to replace fossil fuels in power production applications. Particularly, that ammonia 
can be combusted in an environmentally benign way producing nitrogen and water, Moreover, ammonia-specific 
energetic cost is around 13.3$ for every GJ which way less than other fossil fuels such as gasoline and compressed 
natural gas, which have the specific energetic cost of 29.1$/GJ and 38.3$/GJ respectively as asserted by 
Zamfirescu and Dincer (2008). Ammonia is also categorized as a sustainable fuel, and it can be easily manufactured 
utilizing the process of Haber-Bosh as stated by Dincer and Zamfirescu (2011). Integrating the energy systems for 
producing multiple useful outputs has proven to enhance the energy system performance and increase its efficiency 
(Dincer and Rosen 2013). Furthermore, the multigeneration approach can provide better cost effectiveness, and 
make the energy systems more sustainable with less environmental impact (I. Dincer and Zamfirescu 2012). For 
instance, Ezzat and Dincer (2016) proposed an integrated system for multigeneration purpose. They exploited 
geothermal energy (single flash stage power plant) and solar energy to produce various valuable outputs such as 
space heating, electricity, hot water, and refrigeration for the industry for residential applications. The energetic and 
exergetic efficiencies are found to be 69.6% and 42.8%, respectively.  

Siddiqui and Dincer (2017) developed a novel solar-based multigeneration system integrated with an ammonia 
fuel cell and solid oxide fuel cell-gas turbine combined cycle to generate electric power, hydrogen, cooling and hot 
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water. The results showed that the overall multigeneration system energetic and exergetic efficiencies are found to 
be 39.1% and 38.7%, respectively. In this paper ammonia gas turbine and ammonia fed SOFC are combined to 
produce electric power. The non-utilized hydrogen and ammonia leaving the solid oxide fuel system are supplied to 
the combustor along with ammonia from the liquid ammonia tank to produce more power from GT system, at which 
hydrogen can enhance and increase the temperature of the combustion inside the combustor. Moreover, the 
exhaust released from the gas turbine is used to run Rankine cycle to produce additional electricity that can be used 
to operate ammonia electrolyte cell to produce hydrogen. The remaining heat in the exhaust gases is used to run 
an ammonia absorption chiller to produce cooling for industrial application.  
 
II. System description 
Fig.1 shows the proposed combined SOFC-GT system. The system comprises liquid ammonia tank, SOFC, 
compressor, combustor, gas turbine, Rankine cycle, Absorption chiller system (ACS), Ammonia electrolyte cell 
(AEC), two electric generators and an inverter to change the DC current obtained from the SOFC to AC current. As 
shown from the figure, the pressurized ammonia at 11 bar enters the SOFC at state point 1 at which it will be 
decomposed thermally into hydrogen and nitrogen using the heat generated from the SOFC due to thermodynamic 
irreversibilities. Air enters the compressor at state 4 and divided into two streams. The first stream leaves the 
compressor from state 5 and will be supplied to the SOFC, while the compressed air, which leaves the compressor 
from state 6 will be supplied to the combustor. Electrochemical reaction occurs in the SOFC between the supplied 
air and the decomposed hydrogen leading to the production of an electric power from state 8 which will be supplied 
for residential application after its current is changed from DC to AC. The remaining hydrogen and ammonia 
released from the anode of the SOFC at state 7 and will be supplied to the combustor along with an additional 
amount of liquid ammonia from ammonia tank. The combustion occurs in the combustor resulting in the release of 
high temperature exhaust gases, which will be used to run the gas turbine that is coupled with an electric motor to 
generate additional electric power from the system. The generated power supplies the compressor with the required 
electricity and any additional electricity will be directed to the residential use. The remaining thermal energy in the 
exhaust gases will be used to operate the RC to produce electricity that can be supplied to the AEC for hydrogen 
production and to run an ammonia ABS to produce cooling for industrial application. The electricity generated from 
the RC generator supplies the AEC at state 19, while liquid ammonia supplies the AEC at state 2. The provided 
electricity will decompose ammonia electrochemically into hydrogen, which leaves the AEC at state 20, and nitrogen, 
which leaves the AEC at state 21 as shown in the figure. 
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Fig. 1: Schematic of the combined SOFC-H-GT power plant 

 
III. System analysis 
The introduced integrated system is analyzed thermodynamically, and all the enthalpies, mass flow rates, pressures, 
exergies, and temperatures of the flows entering and leaving the system are identified and determined. Exergy 
destruction rates of the main components are also calculated to allocate the irreversible system losses. The 
mathematical modeling is executed utilizing the Engineering Equation Solver (EES) software. The following 
assumptions are taken into consideration in the system modelling: 
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 The reference temperature T0 = 298 K and reference pressure P0 = 101.325 kPa. 
 The variations in the kinetic and the potential energies and exergies are ignored. 
 The pressure losses are negligible. The pressure loss in pressure regulators are only considered. 
 The combustion occurs completely in the combustor.  
 
III. 1. Thermodynamic analysis 
This section will include thermodynamic analysis for the main component of the system along with the energy and 
exergy efficiencies definition for the primary units in the system and the overall system. 
The specific total exergy of flow can be written as follows: 
exflow = exph + exch + exke + expe               (1) 
The physical exergy can be expressed by the following equation: 
exph = (h − h0) − T0(s − s0)               (2) 
The chemical exergy for any gaseous mixture can be expressed as: 
exmix

ch = ∑ yiexich + RT0 ∑ yi ln yi               (3) 
 
III.1.1 Ammonia electrolyte cell 
The molar flow rate of the hydrogen that can be obtained from the AEC unit can be calculated by:  
ṄH2,out = 

JAEC
3F                                                                                       (4) 

The theoretical electrolysis voltage of liquid NH3 at any temperature can be calculated using Nernst's equation 
(Dong et al. 2016): 

ErAEC  =  −ΔGo

3F +  RTAEC 
3F ln( PN2

0.5 PH2
1.5)                                                              (5)  

  
where PH2 is the partial pressure of 𝐻𝐻2, and  PN2 is the partial pressure of 𝑁𝑁2  
  
The required electrolysis voltage can be calculated by adding all the AEC resistances (activation, concentration and 
ohmic) to reversible cell voltage as expressed in the following equation: 
EAEC = ErAEC + EactAEC + EohmAEC + EconcAEC                                                            (6)   
The power required by the AEC for the electrolysis process unit can be determined as follows: 
PAEC  =   JAEC  EAEC Acell ncells                                                                     (7) 
 
III.1.2 Solid oxide fuel cell 
The cell actual potential can be calculated as follows 
ESOFC = Er,SOFC − Eact − Econ − Eohm                       (8) 
where ESOFC  is the cell practical voltage, Er,SOFC  is the cell reversible voltage, Eact  represents the activation 
polarization, Econ refers to the concentration polarization and Eohm denotes the ohmic polarization.  
The reversible cell voltage can be calculated using Nernst equation as follows: 

Er,SOFC(T, Pi) =  Er,SOFC(T, P) + RT
2F ln(

 PH2  PO2
1
2

PH2o
)              (9) 

The amount of power that can be produced by every single cell can be obtained from the following equation: 
Ẇcell = ESOFC × JSOFC × Acell              (10)                                                                                            
Here,  JSOFC is the fuel cell current density and Acell is the geometric cell area.The overall stack power can be 
calculated by the equation below:  
̇Ẇstack = nfc × Ẇcell               (11)                                                                                                                               
where nfc is the number of cells in the fuel cell stack. 
    
III.1.3 Combustor 
The combustor is feed by two streams, the non-utilized fuel from the SOFC and fuel supplied from liquid ammonia 
tank, energy and exergy balance equations on a rate basis for the combustor can be written as follows: 
Ṅ7 h7 + Ṅ3 h3 + Ṅ6 h6 = Ṅ10 h10 + Q̇loss             (12) 
Ṅ7 ex7 + Ṅ3 ex3 + Ṅ6 ex6 = Ṅ10 ex10 + ĖxQloss + Ėxdc            (13) 
 
III.1.4 Absorption chiller system 
The heat supplied to the generator in the absorption chiller is defined as: 
Q̇Gen = ṁ13(h13 − h14)               (14) 
The outlet condition of the generator can be obtained by applying the following energy and exergy balance 
equations: 
Q̇Gen + ṁ28 h28  = ṁ29 h29 + ṁ22h22            (15)  
Q̇Gen (1 − T0

TsGen
) + ṁ28 ex28  = ṁ29 ex29 + ṁ22ex22 +  Exḋ Gen          (16) 

The cooling effect which takes place in the evaporator of absorption chiller cycle can be obtained using the following 
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equations: 
Q̇ABS,eva = ṁ25(h25 − h24)               (17)  

Q̇ABS,eva (1 − T0
Tseva2

) + ṁ24 ex24 =  ṁ25ex25 + Exḋ eva2            (18) 

 
III.1.5 Energy efficiencies 
The energy efficiency of the SOFC system can be determined as follows: 

ηsys,Fc = ẆFc
(Ṅ1 h1−Ṅ7 h7)              (19) 

The energy efficiency of the AEC unit can be defined as follows: 

ηAEC =   Ṅ20 h20
Ṅ2 h2 + ẆRC               (20) 

The energetic COP of the absorption cooling system can be expressed as follows: 

COPen,ABS = Q̇ABS,eva
Ṅ13 h13+Ṅ14 h14

               (21) 

 
The energy efficiency of the overall system can be calculated as follows: 

ηsys = ẆSOFC+Ẇturb−Ẇcomp + Ṅ20 h20+Q̇ABS,eva 
Ṅ1 h1

            (22) 

 
III.1.6 Exergy efficiencies  
The exergy efficiency of the SOFC system can be determined as follows: 

ψsys,Fc = ẆFc
(Ṅ1 ex1−Ṅ7 ex7)              (23) 

The exergy efficiency of the AEC unit can be defined as follows: 

ψAEC =   Ṅ20 ex20
Ṅ2 ex2 + ẆRC               (24) 

The exergetic COP of the absorption cooling system can be expressed as follows: 

COPex,ABS =
Q̇ABS,eva(1−

T0
Tseva2

)

Ṅ13 ex13+Ṅ14 ex14
               (25) 

 
The exergy efficiency of the overall system can be calculated as follows: 

ψsys =
ẆSOFC+Ẇturb−Ẇcomp + Ṅ20 h20+Q̇ABS,eva(1−

T0
Tseva2

) 

Ṅ1 ex1
            (26) 

 
IV. Results and discussions 
A parametric study is carried out on the proposed combined system for comprehensive performance evaluation. 
The analysis and assessment considered both, first and second law of thermodynamics. Fig.2 shows the variation 
of the fuel cell and overall system energy and exergy efficiencies with the fuel cell current density. Increasing the 
fuel cell current density from 100 to 1500 𝑚𝑚𝑚𝑚/𝑐𝑐𝑚𝑚2 results in a decrease in the overall system energy and exergy 
efficiencies from 51.8 to 46.25% and from 43.84 to 42.8% respectively. Moreover, the same increase in the current 
density leads to a decrease in the fuel cell energy and exergy efficiencies from 71.6 to 42% and from 73 to 42.9% 
respectively. Furthermore, increasing the fuel cell current density from 100 to 1500 𝑚𝑚𝑚𝑚/𝑐𝑐𝑚𝑚2 leads to an increase 
in the fuel cell and overall system exergy destruction rate from 356.4 to 11360 kW and from 2685 to 16184 kW 
respectively. The declination behaviour in the fuel cell and overall system energetic and exergetic efficiencies and 
the upsurge in the exergy destruction rate of the fuel cell and overall system can be interpreted by the fact that 
increasing the fuel cell current density leads to an upsurge in the overpotential losses of the fuel cell represented in 
ohmic, concentration and activation polarization. The increase in these loses reduces the fuel cell practical voltage 
and consequently reduce the power output and the overall efficiency of the fuel cell system. However, for the same 
power output, increasing the fuel cell current density will reduce the number of the required cells and consequently 
will reduce the cost of the fuel system. Fig.3 displays the variation of the fuel cell, RC and gas turbine output power, 
the fuel cell and overall system exergy destruction rate, and the energetic and exergetic efficiencies of the overall 
system with the molar flow rate of the ammonia entering the SOFC. Increasing the ammonia molar flow rate from 7 
to 140 𝑘𝑘𝑚𝑚𝑘𝑘𝑘𝑘/ℎ results in an increase in the fuel cell, RC and gas turbine output power from 339 to 6781 kW and 
from 95.33 to 297.5 kW and from 790 to 1364 kW respectively. Moreover, the augmentation of the ammonia molar 
flow rate from 7 to 140 𝑘𝑘𝑚𝑚𝑘𝑘𝑘𝑘/ℎ leads to an increase in the exergy destruction rate of the fuel cell and overall system 
from 231.5 to 4271 kW and from 2441 to 7883 kW. Furthermore, the overall energetic and exergetic efficiencies of 
the overall system increased from 44.73 to 58.61% and from 35.75 to 54% respectively with the increase of the 
ammonia molar flow rate from 7 to 140𝑘𝑘𝑚𝑚𝑘𝑘𝑘𝑘/ℎ. The increase in the overall energy and exergy efficiencies can be 
interpret by the tremendous increase in the output power from the fuel cell compared to the increase in the gas 
turbine output power, which improves the system performance. 
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Fig. 2: Variation of the SOFC and overall energy and exergy efficiencies and exergy destruction rate of the fuel cell and the 

overall system with the solid oxide fuel cell current density. 
 

 
Fig. 3: Variation of the SOFC, RC and gas turbine output power, overall energy and exergy efficiencies and exergy destruction 

rate of the fuel cell and the overall system with the ammonia molar flow rate entering SOFC. 
 
V. Conclusions 
A novel combined cycle comprises ammonia fed SOFC and ammonia gas turbine is developed and analysed using 
energy and exergy approaches. The present system is able to produce hydrogen, provide electric power for 
residential application and cooling for industrial application. The purpose of the introduced integrated energy system 
is to provide an alternative environmental clean options via the utilization of sustainable and carbon free fuels in 
power plants. Energy and exergy efficiencies and exergy destruction rate of all system main units are evaluated 
and determined. In this regard, the following findings are summarized from the current study: 
 
 The overall energy and exergy efficiencies of the system are found to be 56.7% and 51.5% respectively. 
 The overall energy and exergy efficiencies of the SOFC system are found to be 60% and 61.4% respectively. 
 The overall energy and exergy efficiencies of the AEC unit are found to be 81.3% and 79.7% respectively. 
 The energetic and exergetic COPs of the absorption chiller cycle are obtained as 0.73 and 0.43 respectively. 
 The SOFC and gas turbine output power are found to be 4069 and 1127 kW respectively. 
 The maximum exergy destruction rate is found in the SOFC with 2563 kW followed by the combustor with 2122 

kW, and the exergy destruction in the AEC is found to be 120.8 kW. 
 The system can provide cooling output of 252.9 kW and is able to produce 36.75 kg of hydrogen per hour with 

electrolysis power of 212 kW.  
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Nomenclature  
𝐴𝐴   Area, 𝑚𝑚2 
𝐸𝐸   Cell voltage, 𝑉𝑉 
Er Reversible cell voltage, V 
𝐸𝐸�̇�𝐸   Exergy rate, 𝑘𝑘𝑘𝑘 
𝑒𝑒𝐸𝐸   Specific exergy, 𝑘𝑘𝑘𝑘/𝑘𝑘𝑚𝑚𝑘𝑘𝑘𝑘 
𝐹𝐹    Faraday constant, C/mol 
𝐺𝐺 Gibbs free energy, 𝑘𝑘𝑘𝑘/𝑘𝑘𝑚𝑚𝑘𝑘𝑘𝑘 
ℎ    Specific enthalpy, kJ/kmol 
𝑘𝑘   Current density, 𝐴𝐴/𝑐𝑐𝑚𝑚2 
�̇�𝑁  Molar flow rate, 𝑚𝑚𝑘𝑘𝑘𝑘𝑒𝑒/𝑚𝑚𝑚𝑚𝑚𝑚 
𝑚𝑚  Number of moles 
𝑃𝑃  Pressure, bar 
PEl Electrolysis power, kW 
�̇�𝑄 Heat rate, kW 
𝑅𝑅  Gas constant, 𝑘𝑘𝑘𝑘/𝑘𝑘𝑚𝑚𝑘𝑘𝑘𝑘.𝐾𝐾 
𝑇𝑇  Temperature, °𝐶𝐶 𝑘𝑘𝑜𝑜 𝐾𝐾 
�̇�𝑘  Power, 𝑘𝑘𝑘𝑘 
𝑌𝑌  Molar fraction 
 
Greek Letters 
𝜂𝜂  Energy efficiency 
𝜓𝜓  Exergy efficiency 
 
Subscripts 
0  Ambient conditions 
1,2, … . 𝑚𝑚  State Points and numbers 
Act Activation 
𝐶𝐶ℎ Chemical 
Conc Concentration 
𝑐𝑐𝑘𝑘𝑘𝑘𝑘𝑘 Cooling 
𝐾𝐾𝑒𝑒  Kinetic  
𝑘𝑘ℎ𝑚𝑚 Ohmic 
𝑃𝑃𝑒𝑒  Potential  
𝑃𝑃ℎ Physical 
𝑠𝑠𝑠𝑠𝑠𝑠 System 
𝑡𝑡𝑡𝑡𝑜𝑜𝑡𝑡 Turbine 
 
Acronyms  
𝐴𝐴𝐴𝐴𝐴𝐴 Absorption chiller system 
𝐴𝐴𝐸𝐸𝐶𝐶 Ammonia electrolyte cell  
𝑐𝑐𝑘𝑘𝑚𝑚𝑐𝑐  Condenser 
𝐸𝐸𝐸𝐸𝐸𝐸 Evaporator 
𝐺𝐺𝑇𝑇 Gas turbine 
𝐻𝐻𝐸𝐸 Heat exchanger 
𝑃𝑃𝑜𝑜 Pressure regulator 
𝑅𝑅𝐶𝐶 Rankine cycle 
𝐴𝐴𝑆𝑆𝐹𝐹𝐶𝐶  Solid oxide fuel cell 
 
References  
Dincer I., Zamfirescu C., Renewable-Energy-Based Multigeneration Systems, International Journal of Energy 
Research, 36 (15), 1403-1415, (2012). 
 
Dincer I., Rosen M., A., Chapter 14 - Exergy Analysis of Integrated Trigeneration and Multigeneration Systems, In 
Exergy (Second Edition), 303–317, (2013).  
 
Dincer I., Zamfirescu C., Ammonia as a Potential Substance, In Sustainable Energy Systems and Applications, 
203–232, (2011).  
 
Dong B., X., Tian H., Wu Y., C., Bu F., Y., Liu W., L., Teng Y., L., Guo-Wang Diao, G., W., Improved Electrolysis of 
Liquid Ammonia for Hydrogen Generation via Ammonium Salt Electrolyte and Pt/Rh/Ir Electrocatalysts, International 



106

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Journal of Hydrogen, 41 (33), 14507-1518, (2016)  
 
Ezzat M. F., Dincer I., Energy and Exergy Analyses of a New Geothermal-Solar Energy Based System, Solar Energy, 
134, 95–106, (2016). 
 
Granovskii M., Dincer I., Rosen M., A., Performance Comparison of Two Combined SOFC-Gas Turbine Systems, 
Journal of Power Sources, 165 (1), 307–314, (2007). 
 
Haseli Y., Dincer I., Naterer G., F., Thermodynamic Analysis of a Combined Gas Turbine Power System with a Solid 
Oxide Fuel Cell through Exergy, Thermochimica Acta, 480 (1–2), 1–9, (2008). 
 
Ide H., Yoshida T., Ueda H., Horiuchi N., Natural Gas Reformed Fuel Cell Power Generation Systems-a Comparison 
of Three System Efficiencies, In Proceedings of the 24th Intersociety Energy Conversion Engineering Conference, 
1517–1522, (1989). 
 
Ishak F., Dincer I.,. Zamfirescu C., Energy and Exergy Analyses of Direct Ammonia Solid Oxide Fuel Cell Integrated 
with Gas Turbine Power Cycle, Journal of Power Sources, 212, 73–85, (2012). 
 
Massardo A., F., Lubelli F., Internal Reforming Solid Oxide Fuel Cell-Gas Turbine Combined Cycles (IRSOFC-GT): 
Part A—Cell Model and Cycle Thermodynamic Analysis,  Journal of Engineering for Gas Turbines and Power, 122 
(1), 27-35, (2000). 
 
REN21. 2016. Renewables 2016 Global Status Report. 
 
Siddiqui O., Dincer I., Analysis and Performance Assessment of a New Solar-Based Multigeneration System 
Integrated with Ammonia Fuel Cell and Solid Oxide Fuel Cell-Gas Turbine Combined Cycle, Journal of Power 
Sources, 370, 138–154, (2017). 
 
Zamfirescu C., Dincer I., Using Ammonia as a Sustainable Fuel, Journal of Power Sources 185 (1), 459–465, (2008). 
 



107

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Modelling and assessment of an integrated gasification combined cycle using waste 
tires for hydrogen production  

 
Ahmed Hasan, and Ibrahim Dincer 

Clean Energy Research Laboratory, Faculty of Engineering and Applied Science, University of Ontario Institute of Technology 

2000 Simcoe Street North, Oshawa, Ontario L1H 7K4, Canada 
 

E-mails: ahmed.hasan@uoit.ca, ibrahim.dincer@uoit.ca 
 

Abstract 
In this paper, waste tires as a feedstock for an Integrated Gasification Combined Cycle (IGCC) are modeled and 
assessed thermodynamically. Tire gasification is found to be a viable solution for leftover tire waste in the world. 
The hydrogen production to feed rate ratio is found to be 0.154, which is competitive to high-quality coals, such as 
Illinois No.6, that had a ratio of 0.157(Al-Zareer et al. 2016), making tires an excellent feedstock to produce 
hydrogen. The net power output from the Brayton and Rankine cycle are found to be as follows: 7,602 kW and 
6,899 kW. The systems energy and exergy efficiencies obtained are 34.1% and 32.9%. 
 
Keywords: Hydrogen production, Energy, Exergy, Efficiency, Tires, Gasification  
 
I. Introduction 
As the use of vehicles increases around the world, due to more developing countries becoming developed, tire 
disposal is becoming a large problem around the world. Many tires are disposed of in landfills, leaving them to 
slowly decompose or even burned, which implicates serious environmental problems/hazards. There have been 
initiatives to recycle and re-purpose tires, about thirty-five percent of tires on average get recycled, and fifty percent 
is used to produce Tire Derived Fuel (TDF) in the U.S according to the EPA. However, this leaves about fifteen 
percent of the tires to decompose in landfills in the U.S... In 2003, approximately 290 million tires were disposed of 
in the U.S (EPA). Using tires as a fuel is very feasible, as studies have shown by the EPA that tires have up to 
twenty-five percent more energy than coal. 

According to a comparative study (Atal and Levendis, 1995) between coal and waste tires, combustion 
behavior were analyzed. The study was conducted on tires and pulverized bituminous coal particle sizes that 
included 75-90 µm and 180-212 µm particles. The combustion was conducted at a gas temperature of 1450K in air; 
it was found that during pyrolysis coal experienced swelling, melting and large blowholes, which the tires did not 
experience. During the char combustion phase, the peak flame temperatures for tires were in the range of 2000-
2100K in comparison, the coals chars temperature was burning with a flame temperature of 1850 -2000K. However, 
the char burnout time was significantly shorter than that of tires. 

A study (Leung and Wang 2003) was conducted with a laboratory scale fluidized bed gasifier to study the 
gasification characteristics of tire powder. The granulated tires were gasified in air at a temperature ranging from 
350-900ºC. The results have shown that both equivalence ratio (ER), tire feed rate and particle size have a large 
impact on the outcomes of their gasification, specifically bed temperature, gas yield, gas heating value, the gas 
product composition, the volatile release ratio, and secondary reaction temperature. The char and oil yields were 
found to be within the following ranges 24-37% and 0-37%. Furthermore, over 90% of volatile release and 18% 
fixed carbon conversion. The energy recovery was also found to be within the range of 15%-38%.                        .......... 
 
II. System Description and Simulation 
 

Gasifier 
The simulation is based on the Gibbs free energy model, as it can be used with various carbonaceous materials 
such as tires in Aspen. According to Al-Zareer et al., the Gibbs free energy minimization approach model had slightly 
larger error values than that of the kinetics-based model on Aspen Plus, where the error range was found to be 
4.1%-6.55%. In this study, the pyrolysis reaction is conducted by using a yield reactor, which decomposes the tires 
based on the proximate and ultimate analysis (Ismail et al. 2017) to their primary elements. After pyrolysis in the 
Ryeild reactor in the Aspen flow sheet, the RGibbs reactor is used for the following reactions associated with 
gasification, where the syngas is produced. The gasifiers operating temperature and temperature are as follows 
1460ºC and 2400 kPa. The tires are fed to the gasifier at ambient conditions (𝑇𝑇0 = 298𝐾𝐾, 𝑃𝑃0 = 101.325 𝑘𝑘𝑃𝑃𝑘𝑘).  

 
Water Gas Shift Membrane Reactor (WGSMR) 

Following the gasification of the tires, the syngas leaves the gasifier, and the flow expands in a turbine where the 
syngas pressure and temperature decrease to meet the Water Gas Shift Membrane Reactors (WGSMR) operating 
conditions. The operating conditions for the WGSR are obtained from Augustine et al., and are stated as follows: 
𝑇𝑇 = 723𝐾𝐾, 𝑃𝑃 = 1400𝑘𝑘𝑃𝑃𝑘𝑘 and a conversion rate to hydrogen of 98%.The excess heat from the syngas is then used 
to power an integrated combined cycle. The thermal energy from the syngas to the combined cycle is done using a 
counter flow heat exchanger.  Apart from the syngas, the WGSR is supplied with steam to complete the shift reaction 
(1). The WGSR includes a membrane that separates hydrogen from the flow.  
CO + H2O ↔ CO2 + H2                                                                                                                                                                                 (1) 
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Combined Cycle 
The combined cycle in this system consists of a simple Rankine and Brayton cycle as a proof of concept. The 
operating conditions of the Brayton cycle are as follows 𝑟𝑟 = 8.08, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1297𝐾𝐾, 𝑇𝑇0 = 298𝐾𝐾. The turbine and 
compressor isentropic efficiency are taken as follows: 92.2% and 59.4%. The operating conditions for the Rankine 
cycle were as follow: 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 723𝐾𝐾, 𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝑑𝑑𝑇𝑇𝑇𝑇𝑑𝑑𝐶𝐶𝑇𝑇 = 291𝐾𝐾, 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 5𝑀𝑀𝑃𝑃𝑀𝑀, 𝑀𝑀𝑎𝑎𝑎𝑎 𝑃𝑃𝐶𝐶𝐶𝐶𝑇𝑇𝑑𝑑𝑇𝑇𝑇𝑇𝑑𝑑𝐶𝐶𝑇𝑇 = 10𝑘𝑘𝑃𝑃𝑀𝑀. The turbine and 
pump isentropic efficiencies are taken as follows: 72% and 90%. Figure 1 displays the Aspen flowchart of the 
system. 
 

 
Fig. 1: Aspen flow chart for the proposed system 

III. Analysis  
The physical exergy of the tires is considered to be zero as it enters the system, at ambient temperature and 
pressure conditions. As estimates for the chemical exergy are lacking in the literature, an estimate using a 
correlation factor for solid biomass where O/C<2 is used eq.1 [Cohce 2010]. The tires composition based on the 
oxygen to carbon ratio is within this relation. 

β =
1.044 + 0.0160 H

C − 0.3493 O
C (1 + 0.0531 H

C) + 0.0493 N
C

1 − 0.4124 O
C

                                                                                                     (1) 

The chemical exergy of the tires can then be estimated by using the tires lower heating value. 
exch = βLHVtires.                                                                                                                                                                                            (2) 
Table 1 summarises the compositions values of the tires as well as other types of coals used around the world. The 
ultimate and proximate analysis of the tires were based on a study conducted by Ismail et al.. As for the lower 
heating value of tires, it is estimated through a tool provided by deltawayenergy.  
 
Tab. 1: Proximate and ultimate analysis of waste tires and various coal types 

 Illinois (Wen, 1968) Elibistan  
(El-Emam et al. ,2012) 

Waste Tires 
(Ismail et al. 2016) 
 

Proximate analysis  Moisture  0.20 16.30 1.5 
Fixed Crabon  58.01 35.73 30 
Volatile matter 26.46 35.03 55 
Ash 15.53 12.93 13.5 

Ultimate analysis  C 73.90 48.76 75 
H 6.24 3.25 7 
N 0.71 1.27 0.3 
Cl 0.37 0.00 0 
S 1.77 3.67 1.5 
O 1.32 13.79 2.7 
Ash 15.53 12.93 13.5 

Heating Values  HHV(MJ/kg) 28.1 18.6 36.5 (dai et al.,2001) 
LHV (MJ/kg) 24.1 17.8 19.9 

 
The energy and exergy analyses of the overall system take into account the power produced from the combined 
cycle, the hydrogen produced and the feedstock for the gasifier, which in this case are tires. The overall energy and 
exergy efficiencies of the systems are written as follows:  

ηOverall,sys =
ṁ ∗ LHVH2 + ∑ Ẇturbine

ṁ ∗ LHVtires
                                                                                                                                                     (3)  

 

Gasifier 

Combined Cycle Water Gas Membrane Shift Reactor  

Separator, Expander (Turbine), and Heat exchanger  
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ψOverall,sys =
ṁ ∗ LHVH2 + ∑ Ẇturbine

ṁ ∗ Extires
                                                                                                                                                    (4) 

 
4. Results and discussion 
After the simulations were performed on the IGCC plant, it was found that the optimal conversion rate in the gasifier 
would produce syngas with a composition of 65% carbon monoxide and 3.6% hydrogen. To achieve that conversion 
rate it was found that ideally, the oxygen and steam supply rate should be 40% and 18% of the feed composition. 
Figure 2 represents the CO production rate from the gasifier relative to the varying oxygen and steam mass flow 
rates with a constant tire feed rate held at 12kg/s. 

 
Fig. 2: Carbon monoxide production rate with oxygen and steam feed rates 

As seen in figure 3 the WGSR achieves peak conversion when the steam mass flow rate reached 8.28kg/s. The 
peak hydrogen production was 1.85 kg/s, and the lowest carbon monoxide mass flow rate was 0.36kg/s. It should 
be noted that the steam mass flow rate increase after it reached 8.23 kg/s did not affect the CO and H2 conversion 
rate.  

 
Fig. 3: Hydrogen production rate and carbon monoxide conversion rate in the WGSR with various steam feed rates 

The syngas’s excess thermal energy exiting the gasifier was used to provide thermal energy to the combined cycle 
via a heat exchanger. The net power output from the Brayton and Rankine cycle were as follows: 7,602 kW and 
6,899 kW. The expanding turbine used to reduce the pressure of the syngas as its entering the WGSR was 
producing 1209 kW. The energy and exergy efficiency of the overall system was found to be 34.1% and 32.9%.The 
hydrogen production rate to feed rate ratio was compared to other studies that used coal to justify waste tires as a 
feedstock. The current hydrogen to fuel ratio of this system was found to be 0.154, compared to Al-Zareer et al. 
study it was found that the ratio for Elbistan and Illinois No.6 coal were as follows 0.132 and 0.157 making tires a 
viable feedstock for gasifiers.  
 
V. Conclusions 
The integrated tire gasification combined cycle system proposed in this paper is a viable solution for left over tire 
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waste in the world. The systems energy and exergy efficiencies obtained were 34.1% and 32.9% respectively, which 
is competitive with coal gasification. The hydrogen production to feedstock rate ratio was 0.154, which is also 
competitive to one of the higher quality coals available, such as Illinois No.6, which had a ratio of 0.157, making 
tires a good source to produce hydrogen. To conclude this study, tire waste is a rising problem and using it as a 
feedstock for gasifiers is more environmentally benign than simply piling tires in a landfill.   
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Proton Exchange Membrane Fuel Cells (PEMFC) are potential power sources when compared with internal combustion 
engines and conventional batteries due to several reasons such as low emissions, low costs, low operating tempera-
tures, high efficiency, high energy density, quick start up, and compactness. Without any combustion, electricity can be 
generated, and water and heat can be the only products. However the need for hydrogen supply is a critical factor for 
reliable operation of the PEMFC. One of the most attractive approach is to overcome the hydrogen production limitation 
is to use microstructured reactors. Thus the optimal design of the micro reactor is a key factor for PEMFC development. 

Although significant improvements have been made in the microreactor flow systems, its thermal management still 
remains the challenge. Its cooling rate can be improved by increasing coolant flow rate and surface heat transfer area, 
but this also increases the pumping power. Recently, micro structured reactors have gained an increasing interest due 
to its large surface area, energy density, high heat and mass transfer, and short reaction time. 

Here in this study, we aim to perform several numerical experiments to study the heat transfer and pressure drop rates 
of different micro pin fin structured reactor configurations. Based on the results, the pin-fin structures’ thermofluidic 
characteristics will be obtained and a better one will be proposed.

Keywords: micro-pin-fin reactor, pressure drop, heat transfer, optimal design



112

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Kinetic and electrochemical analyses of a CuCl/HCl electrolyzer 

Reza Soltani, Ibrahim Dincer and Marc A. Rosen 
Faculty of Engineering and Applied Science, University of Ontario Institute of Technology (UOIT), 2000 Simcoe St. North, Oshawa, 

ON L1H 7K4, Canada 
 

E-mails: reza.soltani1@uoit.net, ibrahim.dincer@uoit.ca, marc.rosen@uoit.ca 

Abstract 

The CuCl/HCl electrolyzer is the electrochemical step of the CuCl thermochemical water splitting process for hydrogen 
production. In this study an electrochemical analysis is carried out on the electrolysis cell from a kinetic electrochemistry 
perspective. At 25℃ the activation overpotential of the anode half-reaction is found to be around 53 mV for a current 
density of 0.5 A. cm−2 while the activation overpotential of the cathode half-reaction for the same condition is about 87 
mV. An increase in working temperature decreases the overpotential of the anode half-reaction and increases the 
magnitude of the cathode half-reaction activation overpotential. The value of the Ohmic overpotential of the cell 
membrane is almost 1000 times smaller than the activation overpotentials of the electrode half-reactions for the same 
temperature and current density. A higher working temperature results in a lower membrane ohmic overpotential. The 
required voltage to trigger electrolysis for a current density of 0.5 A. cm−2 is found to be 0.53 V at 25℃, and it increases 
to 0.59 V at 80℃. However, a higher temperature results in a better electrochemical efficiency for the electrolysis 
process examined.  

Keywords: Hydrogen production, electrolysis, electrochemical analysis, kinetic analysis, efficiency. 

I. Introduction 
A Canadian team of researchers, led by University of Ontario Institute of Technology (UOIT), has been extensively 
involved in Cu-Cl cycle research, including effort to develop an integrated lab-scale demonstration (Naterer et al., 2013). 
Regarding the electrochemical step (electrolysis) of the CuCl cycle, as well as other steps, much research has been 
carried out. Atomic Energy of Canada Limited (AECL) demonstrated hydrogen production by a CuCl electrolyser 
continuously for several days (Sadhankar et al., 2006). They reported that electrolysis is feasible at considerably low 
potentials (0.6-0.7 V) at a current density of 0.1 A. cm−2 using inexpensive materials (Naterer et al., 2011). The 
Pennsylvania State University (PSU) has published extensive results on the cycle through comprehensive experiments 
and theoretical development (Naterer et al., 2010). Data regarding kinetics of the anode half-reaction such as transfer 
coefficient, exchange current density and symmetry factor of reaction have been determined by Hall et al. (2014). These 
data are used in this study to develop the overpotential model of the cell. Furthermore, a kinetic study on the hydrogen 
evolution reaction (HER) at the cathode was conducted by Hall et al. (2015) in concentrated HCl(aq) that released some 
useful kinetic parameters for this study. In this study a CuCl/HCl cell is studied in a non-equilibrium state through a 
kinetic analysis. The activation overpotentials of the anode and cathode half-reactions as well as the Ohmic 
overpotential of the cell membrane are modelled.  
 
II. CuCl/HCl Electrolysis 
In the CuCl/HCl electrolyzer cell the intake streams are HCl(aq) and CuCl(aq), which are generated from hydrolysis and 
thermolysis steps of a four-step copper-chlorine cycle, respectively and the outlet streams are hydrogen gas and 
CuCl2(aq). The anode and cathode half-reactions, respectively, follow:  

Anode half − reaction: CuCl(aq) + HCl(aq) ⟶ CuCl2(aq) + H+(aq) + e−   (1) 

Cathode half − reaction: H+(aq) + e− ⟶ 0.5H2(g)                     (2) 

In this study results regarding the equilibrium electrochemistry are used from our previous work (Soltani et al., 2016), 
which show that the following reaction is the dominant electrolysis reaction occurring for the selected anolyte 
concentration of 2 mol. l−1 CuCl(aq) and 10 mol. l−1 HCl(aq): 

CuCl32−(aq) + H+(aq) ⟶ CuCl3−(aq) + 0.5H2(g)                      (3) 

Therefore this reaction is used for the kinetic analysis in this study. In addition in this study the catholyte concentration 
is taken to be 11 mol. l−1 HCl(aq). The favourable effect of the presence of HCl(aq) stops the copper species from 
migrating into the catholyte from the anolyte. The presence of HCl(aq), especially at high concentrations, strongly affects 
the equilibrium potential of the HER. 
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III. Kinetic Analysis 
The kinetic analysis is carried out in this study to develop polarization curves for half-cell and full-cell reactions of the 
CuCl/HCl electrolyser. In other words, the activation and Ohmic overpotentials within the cell are calculated. Then, the 
required potential for operating the electrolysis unit can be determined: 
Ecell = −(|ED,cell| + |ηanode| + |ηcathode| + |ηohmic|)                      (4) 

Subsequently the voltage and current efficiency of the cell as well as its overall electrochemical efficiency can be 
determined. The total activation overpotential of a single electrode is due to the contribution of charge transfer (electron 
transfer) overpotential and mass transfer overpotential: 

ηelectrode = ηet + ηmt = ηemt                      (5) 

where ηet denotes the imperfection corresponding to the electron transfer process and ηmt the overpotential 
corresponding to the mass transfer process, and ηemt is the total overpotential of each half-reaction. The anodic and 
cathodic currents of each electrode half-reaction can be determined as follows: 

ielectrode = ianodic + icathodic 

ianodic = i°,electrode  [1 − ielectrode
ilim,anodic

] exp {(1−α)zrFηelectrode
RT }                      (6) 

icathodic = −i°,electrode [1 −
ielectrode

ilim,cathodic
]  exp {−αzrFηelectrodeRT }                      (7) 

where i°,electrode is the exchange current density of the electrode, which is called the dynamic equilibrium current of the 
electrode. The assumption of zero current leakage in the examined cell is invoked, so the cathode receives the same 
amount of current as the anode provides: 

icathode = −ianode 

In order to determine the resistance of the proton exchange membrane (PEM) to hydrogen ion transport, which is 
referred to as the Ohmic overpotential of the cell, the same procedure is employed as used for a water electrolyzer 
membrane. Overall, the Ohmic overpotential is a function of the humidification, thickness and temperature of the 
membrane, which is assumed to be the same as the temperature of the anolyte and catholyte. The cell Ohmic 
overpotential as follows: 

ηohmic = RPEM × icell                        (8) 

where RPEM denotes Ohmic resistance of PEM, and icell represents the overall cell current. 

IV. Results and discussions 
Figure 1(a) shows that considering only electron transfer (dashed line) for activation overpotential leads to an incorrect 
result, as the solid line can be validated by experimental released reports. Therefore, both electron and mass transfer 
effects should be taken into account to obtain adequately accurate and realistic results. At a 0.5 A. cm−2 current density, 
the anode activation overpotential is observed to be -0.053 V. In addition, as Figure 1(b) shows, at a conversion degree 
other than 5%, the overpotential results are not observed to be on a proper trend, which is simply due to the fact that 
the kinetic parameters used are from references corresponding a 5% conversion degree. Since in the literature, a 
logarithmic presentation of current and activation overpotential is reported for the HER, the logarithmic graph is initially 
obtained to assess if the developed model is valid compared to the relevant studies. Figure 2(a) shows a proper trend 
and shape of the overpotential for the HER of the studied cell. The activation overpotential of the HER is calculated to 
be 0.083 V to obtain the desired current density of 0.5 A. cm−2 (Figure 2(b)). Note that Figure 2(a) is developed only to 
compare the trend of results with those of other reports in the literature. Otherwise, Figure 2(b) is used in this study to 
determine the corresponding overpotential.  

As other results, The exchange current density of the anode half-reaction increases with temperature that is a 
better (higher) current density is reported for a higher temperature at constant applied potential. The activation 
overpotential of the anode half-reaction decreases as exchange current density rises. The activation overpotential of 
the anode decreases dramatically as temperature rises from room temperature and then plateaus at around 0.030 V. 
In addition, the magnitude of the activation overpotential of the HER increases as temperature increases; here, the 
exchange current density of the HER is assumed constant.  

The Ohmic overpotential of the PEM is found to have values on the order of microvolts, which is almost 1000 times 
smaller than activation overpotentials. For a specific membrane thickness, the temperature rise decreases the Ohmic 
overpotential steadily, while for a certain temperature membrane thickness the temperature rise linearly increases the 
value of Ohmic overpotential. 
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Fig. 1: Activation overpotential of dominant anode half-reaction: (a) 5% Cu(I)→Cu(II) conversion degree. Red dot presents 
corresponding overpotential at cell current density of 0.5 A.cm-2; (b) various Cu(I)→Cu(II) conversion degrees. 

 

Fig. 2: Current-activation overpotential of HER: (a) Logarithmic; (b) non-logarithmic and red dot presents corresponding 
overpotential at cell current density of 0.5 A.cm-2. Kinetic data are used considering Pt cathode electrode; data from (Hall et al., 

2015). 

V. Conclusions 
The main findings the present kinetic analysis are as follows: 

 At a 5% anolyte conversion degree and 25 ℃, the anode half-reaction activation overpotential is 53 mV. This 
value decreases to around 30 mV with an increase of temperature to 80 ℃. 

 In term of voltage efficiency, 60℃ is the most suitable working temperature for the electrolyzer. 
 The electrochemical efficiency of CuCl/HCl electrolysis ranges from 10% to 70% for a temperature range of 

25℃ to 80℃. 
 The magnitude of the overall required potential for electrolysis at a 5% anolyte conversion is between 0.53 V 

and 0.59 V as temperature rises from 25℃ to 80℃. 

It is believed that in future studies on CuCl/HCl electrolysis it would be worthwhile to determine experimentally the 
precise kinetic parameters of the anode and cathode half-reactions for various concentrations and temperatures. 
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Abstract 
In this work, steam methane reforming is carried out on 200CPSI mullite monoliths, loaded with Ni or Pd catalysts 
encapsulated in a 200mm long 316 grade stainless-steel reactor placed in front of a 70 cm diameter parabolic 
mirror with a 30x30mm focal area. The reactor-dish assembly was mounted on a dual axis solar tracker. Measured 
reaction temperatures varied significantly due to weather conditions, enabling the characterization of the 
relationship between conversion, temperature and extent of reaction. Peak H2 yields of ~99% were demonstrated 
on both materials, with the average in the range of 50-70%. The discontinuities in the water supply in the feed 
prevented sustainable >90% yields. Hourly production rates were between 0.05-0.10 moles of H2. Differences 
between the two catalysts and the advantages of running multiple micro reactors will be discussed along with the 
possibilities of improving the average yield levels by a more efficiently designed water feeding strategy.     
 
Keywords: SMR, Concentrated Solar Irradiation 
 
I. Introduction 
Methane steam reforming is the most common industrial process used for almost the 50% of the world’s hydrogen 
production (Lulianelli, Liguori, Wilcox, & Basile, 2016) On paper, the reaction simply produces H2, CO, CO2, and 
CH4 in various proportions depending on the reaction conditions dictated by the end use of the gas mixture desired 
(Van Hook,1980). 

CH4 + H2O → CO + 3H2 ∆H298K
0 = 206 kj/mol 

CO + H2O → CO2 + H2      ∆H298K
0 = 165 kj/mol 

CH4 + 2H2O → CO2 + 4H2   ∆H298K
0 = −41 kj/mol 

 
The computed equilibrium compositions of the system at 1 atm as a function of temperature show that the 
equilibrium conversions of methane for reforming reactions exceed 90% at 1000 K, making the reaction system a 
good candidate for solar heating to high temperatures (Kodama, 2003). Solar reforming of methane with steam has 
been studied over 20 years using both indirect and direct heating of the catalyst for the efficient absorption of 
concentrated solar energy (Levitan, Rosin, & Levy, 1980) (Böhmer, Langnickel, & Sanchez, 1991) (Muir, Hogan, 
Skocypec, & Buck, 1994) (Kodama et al., 2000) (Tamme, Buck, Epstein, Fisher, & Sugarmen, 2001). In direct 
heating systems, the reactant gas mixture and/or the catalyst are heated directly by the solar radiation using a 
reactor with a quartz windows as aperture to run the endothermic reforming reaction (Kodama, 2003). The 
advantages of this reactor / receiver system are listed as low heat losses due to high solar flux capability, fast 
response to thermal transients due to compact, low mass receiver – reactors and improved overall efficiency (Buck, 
Muir, & Hogan, 1991). 

Ni is the commercially preferred SMR catalyst due to its optimal stability and cost.  On the other hand, Pd 
offers high rates and selectivities due to the facile oxygen transfer between Pd and the supporting oxide.  The 
facile oxygen transfer at the Pd/CeO2 interface results in rapid removal of coke deposited during methane 
decomposition, and inhibits coke build up during the reaction (Farrauto et al., 1992).  
 
II. Experimental Set-up and Procedure 

The reaction was studied on 30x30x10mm, 200CPSI mullite monoliths coated respectively with: 
1. 13.6 wt% Ni  
2. 1.0 wt% Pd in CeO2   
The monoliths were loaded into the solar reactor with the 30x30 facing the focused solar irradiation, as seen in 

Figure 1(c). In this same image the blue tubing providing the feed gases to the front face of the monolith can be 
seen on the left side. The white tubing towards the back collects the effluent gases and delivers them to the gas 
analysis unit, while monitoring the temperature of the effluent by a J-type thermocouple. The window facing the 
focused solar rays is a 3mm thick, 96mm diameter quartz piece. A side-view of the reactor chamber is shown in 
Figure 1(b), the K-type thermocoulple leads can be seen extending out from the back of the reactor (top of the 
picture). This thermocouple is embedded into the monolith and holds the monolith in place while monitoring its 
internal temperature. The parabolic dishes used for concentration are 70cm in diameter and are shown in Fig. 1(a). 
The effluent gases are analyzed with an array of 3 solid state (SnO based) sensors that have varying levels of 
sensitivity towards CH4 and H2 and allow for real time monitoring of the gas composition (more specifically MQ4, 
MQ6 and MQ8 by Hanwei Electronics, China). They also pass through a more sensitive total combustible gas 
analyzer (namely a Honeywell XCD) for validation. Two O2 sensors (sensitive ppm and percentage levels by the 
Southland Sensing Ltd) connected to two EMD-485 sensor board are used to track O2 levels. The O2 levels are 
monitored prior to experimentation to confirm purging of all O2 from the system. The entire set-up is automated 
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through a Lab-VIEW interface complemented with a NI USB-6343 A/D converter with digital I/O capabilities.  
 

   
(a) 2x2 array of 70cm parabolic dishes mounted on a 

dual axis solar tracker with 4 reactors installed.  
(b) Close-up of the reactor – 

face down 
(c) Reactor mounted at focus – 
monolith inside, facing mirror  

Fig. 1 – Pictures of the solar-thermal reactor set-up - the solar tracker is installed at METU, Ankara campus 
 
Continuous SMR reactions took place on 19th and 20th of August using the Ni loaded monolith. CH4 is fed to the 
reactor, diluted to 4% in Ar, at a total gas flowrate of 200sccm. Due to the limited in-house capabilities and the long 
distance between the utilities and the reactor-dish assembly, water had to be fed through a peristaltic pump with a 
long feeding line (>10m). Water is fed “in excess” however takes time to reach saturation due to transport 
limitations and the way water is fed to the reactor. Once saturation happens, spikes of high conversion are 
observed when liquid droplets reach the reactor and evaporate instantaneously. Figure 2(a) shows the Ni monolith 
after 2 days of SMR reaction. Significant coking can be seen around the 30x30mm focal area. 
 

  
(a) Ni Loaded Monolith 
After two days of SMR 

(b) Pd Loaded Monolith 
After three days of SMR 

Fig. 2 – Monolith pictures after the continuous SMR experiments 

Continuous SMR reactions on the Pd loaded monolith took place during August 22th to 24th, 2017. The feeding 
strategy is exactly the same as Ni coated monolith experiments; hence the same initially rising and the subsequent 
spiky periods are observed. Significant coking is apparent at the end of the 3 days but this is a gradual build-up. 
What is also unique about this particular monolith is the regions of molten mullite (MP ~1700°C), Fig. 2(b). This is 
attributed to the catalytic combustion of CH4 prior to cracking/SMR reactions, with trace amounts of residual O2 in 
the system, taking localized temperatures to very high levels (Farrauto et al., 1992). Also note that this melting has 
happened in different locations. These likely correspond to the different focal points at the beginning of the 
experiment each day. 
 
III. Results and discussions 
Fig. 3 and Fig. 4 show the monolith temperature and total irradiation (same inclination as the mirrors) 
measurements of the Ni and Pd monoliths during the day. In this, and all the following plots, RED, BLUE and 
GREEN colors refer to day 1, 2 and 3 testing respectively. For the Ni coated monolith, these were August 19th and 
20th, 2017. The three days of testing for the Pd coated monolith were the 22nd through the 24th of August, 2017. The 
main conclusion here is that the solar irradiation directly drives the reaction temperature and eventually the extent 
of reaction, an expected result.    
For the Ni monolith, Day 1 was a sunny day with cloudy patches, particularly later in the day, resulting in a shorter 
run. Day 2 was a more consistent day averaging monolith temperatures of 330°C. The dip in the temperature at 
~140min is due to the cell phone tower shadow located 10 m away from the reactor-dish assembly. 
For Pd coated monolith, Day 3 has the highest achieved monolith temperatures followed by Days 2 and 1. All three 
days contain intermittent cloud coverages where as only day 2 and 3 attained the completion of the experimental 
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procedure. Day 1 had to be stopped early due to complete and consistent cloud presence, eliminating any 
possibility of the reactions going forward.  
 

  
(a) Ni loaded monolith (b) Pd loaded monolith 

Fig. 3: Temperature trends for the monoliths during the SMR reactions 
 

  
(a) Ni loaded monolith (b) Pd loaded monolith 

Fig. 4: Solar Irradiation trends for the monoliths during the SMR reactions 
 

In Fig. 5 and Fig. 6, the reaction characteristics are captured, first in terms of instantenous CH4 conversion and 
then for overall H2 production. For the Ni coated monolith, the 40-50°C temperature difference between the two 
days manifests itself in the conversion levels as well. There is an initial period of around 60min of consistently rising 
conversion levels, likely the amount of time it takes for water to saturate the entire system. The water is fed by 
injection in liquid from at a distance approximately 12m away from the reactor itself. 
Once saturation conditions are reached, liquid water also reaches the reactor and then there are spikes in 
conversion, corresponding to the instances in time where droplets reach the reactor enclosure and instantaneously 
evaporate, saturating the entire enclosure with excess water. These events are accompanied by small temperature 
drops as well since the latent heat is required to evaporate the liquid water. 
Pd catalyst does not show the slow increase in conversion climbing to its eventual level much more rapidly. It too 
shows spikes later in operation once liquid water makes its way onto the monolith. Note that CH4 conversion does 
not necessarilty imply full SMR reaction completion. In fact there is strong evidence in Fig. 2 that both monoliths 
also facilitate the thermal cracking of CH4, depositing C on the surfaces as indicated by the black color. One might 
qualitatively argue that there is more coke deposition on the Pd coated monolith. So in the first stages of operation, 
before H2O is available on the monolith surface to facilitate the SMR reaction sequence, the Pd coated monolith 
may be more effective in CH4 cracking. Unfortunately the effluent gases were not analyzed for the intermediate 
products of the SMR reaction sequence, so this argument cannot be supported qualitatively.  
Another possible explanation could be provided by the observation of the molten regions on the Pd coated 
monolith. These regions suggest that at some point in the reaction sequence, the temperatures exceeded the 
melting point of mullite – which is around 1700°C. There is no evidence of this on the monitoring thermocouple but 
this thermocouple is actually 15mm away from the surface of the monolith that receives the concentrated 
irradiation. So the very high local temperatures at the surface could have enhanced the activation of the catalyst or 
elevated the reaction rates simply due to reaction kinetics. However this does not sound very plausible since it is 
clear that this temperature spike was instantenous and short-lived, as is not detected by the monitoring 
thermocouple.    
For the Ni coated monolith, Day 1 produces 0.11 moles of H2 in about 110mins with another 0.28 moles in 165mins 
in Day 2. Difference is driven by temperature and the associated lower conversion levels. For the Pd loaded 
monolith, the first day production is very low – only around 0.05 moles in 125mins due to the failing sun-light. The 
latter two days are somewhat similar, around 0.20 moles with the final day producing slightly less than the first day. 
This is interesting because the final day irradiation and temperature levels were better. This might be the result of a 
predominant coking mechanism.   
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(a) Ni loaded monolith (b) Pd loaded monolith 
Fig. 5: CH4 conversion for Ni (left) and Pd (right) coated monoliths 

 

  
(a) Ni loaded monolith (b) Pd loaded monolith 

Fig. 6: H2 produced on Ni (left) and Pd (right) coated monoliths 
 
V. Conclusions 
This work demonstrates the feasibility of carrying out SMR reactions on a micro-reactor scale on Ni and Pd coated 
catalysts. It is seen that production on Pd catalyst is slightly less than the Ni catalyst, however, the weight based 
loading of Pd is 1% while that of Ni is 13.6%. In other words, very comparable activities were monitored despite 
almost 15 fold lower Pd loading in comparison to Ni. This indicates superior activity of Pd/CeO2 catalysts. Coking 
seems to be a pre-dominant mechanism of catalyst poisoning, which can be mitigated by more consistent water 
vapor delivery.   
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Abstract 
One of the main constraints in batch operated dark fermentative hydrogen production is the sharp decrease of the 
pH due to the fast formation of volatile fatty acids. Therefore pH is generally adjusted to neutral levels using 
alkaline solutions. However, alkaline addition results in salt accumulation in the media limiting microbial activity. In 
this study, DC was applied to the dark fermentation media to control the pH as an alternative to alkaline addition. 
Acid hydrolysed waste paper towel was used as substrate and electrical current was only applied to raise acidic pH 
to the neutral level. In this context, the effects of applied voltage (0.25-3 V), substrate concentration (5-40 g/L at 1 
V) and electrode distance (0.3-1.3 cm at 1 V) on pH regulation and hydrogen production performance were 
assessed. Most convenient conditions resulting most efficient hydrogen production and pH control were obtained 
at 1 V, 20 g glucose/L and 0.5 cm electrode distance. 
 
Keywords: Dark fermentation, bio-hydrogen, waste paper towel, direct current 
 
I. Introduction 
 
Bio-hydrogen is expected to be an ideal fuel in the future due to its promising properties such as high energy 
content, renewable production way and environmental friendly usage (Paramesh et al., 2017). Among different 
bio-hydrogen production methods dark fermentation (DF) is an emerging process that enables the use of 
carbohydrate containing wastes as substrate (Argun et al., 2017). Spore forming Clostridia species are the most 
known bacteria able to convert carbohydrates into H2, CO2 and volatile fatty acids (VFA) at anaerobic conditions 
(Argun and Kargi, 2011). However, DF requires the strict control of operation conditions to maintain effective H2 
production (Argun and Kargi, 2011). One of the most important operating parameter to be controlled in DF is the pH. 
The pH in DF usually decreases due to VFA formation and drops sometimes to 3-4 which steers microorganisms to 
shift towards solvent production such as acetone, butanol and ethanol (Valdez-Vazquez and Poggi-Varaldo, 2009). 
Therefore sharp pH drops are not desired and the pH is kept at 5.5-6. pH control is accomplished manually or 
automatically and the most common alkalines used for neutratlization are NaOH, KOH and different buffers. 
However, the use of those alkalines triggers the increase of the conductivity and salt formation to levels haltering 
microbial activity. In this context the use of milder pH regulation methods are essential for more effective DF. In this 
study H2 was produced from acid hydrolysed waste paper (WPT) towel by DF and the pH was controlled by 
applying DC current to the media only when required and the conditions resulting most effective H2 production with 
DC current assistance were determined accordingly.  
 
II. Experimental Set-up and Procedure 
DF experiments were carried out in 300 mL gas tight serum bottles at 36 oC in an incubator. The substrate was 
waste paper towel (WPT) hydrolysate which was obtained by autoclaving 50 (w/v) dried WPT at 130 oC, pH: 1 for 
15 min. The WPT was collected from the toilet paper bins at the Engineering Faculty of Pamukkale University. The 
inoculum was obtained from the anaerobic wastewater treatment plant of MONDİ paper factory that is located in 
the city of İzmir-Turkey. The seed sludge was boiled for one hour at pH: 5.9 to eliminate any methanogenic activity 
and was grown on a synthetic growth media whose C/N/P/Fe ratio was adjusted to 100/2/0.2/0.125 with NH4Cl, 
KH2PO4 ve FeSO4.7H2O. The carbon source was 10 g/L glucose that was obtained by autoclaving 20 (w/v) WPT at 
135 oC, pH: 1 for 15 min. The growth media was also supplemented with 0.2 g/L MgSO4.7H20 and 0.1 g/L 
L.cysteine.HCl. Inoculum addition was carried out by transferring the tenth the working volume and the C/N/P/Fe 
ratio was adjusted to 100/5/9/0.28 (Argun and Onaran, 2017). Additionally bottles were supplemented with 0.2 g/L 
MgSO4.7H20 and 0.1 g/L L.cysteine.HCl. Bromothymol blue (BB) was used as pH indicator during fermentation and 
DC current was instantly applied to only adjust the color. The color of BB turns from blue to yellow when the pH 
decreases below 6 (Argun and Dao, 2017).  

Three sets of experiments were carried out to investigate the effects pH adjustment with DC-current 
application. In the first set of experiments the effects of applied voltage were studied by varying the DC voltage 
between 0.25-3.0 V. All other conditions (Glucoseo: 5.1 g/L, CODo: 5.73 g/L, Vo: 140 mL, conductivity: 5 ms/cm, 
distance between electrodes: 0.5 cm) were kept constatnt except the applied voltage (0.25-3.0 V). In the second 
step of experiments only the initial glucose concentration was varied between 5.0-40.0 g/L and all other parameters 
were kept constant (Voltage: 1.0 V, pH: 6.8, Vo: 100 mL, distance between electrodes: 0.5 cm). Aluminium 
electrodes were used in the experiments and DC current was obtained from a power supply (TT-T-ECHNI-C 
MCH-303T). During the third step of experiments the distance between the electrodes was varied between 0.3-1.3 
cm and other parameters were the same (Voltage: 1.0 V, pH: 6.5, Glucoseo: 21.44 g/L). 
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Liquid and gas samples were subjected to analytical measurements to follow the performance of the fermentations. 
The hydrogen percentage of the gas samples were determined using a gas chromatogram (GC-Agilent 7820) 
equipped with Supelco, CarboxenTM 1010 PLOT Fused Silica Capillary Column, 30m x 0.53 mm (U.S. Patents 
5-549-445 ve 5-607-580). Nitrogen was used as carrier gas (8 mL/min). The oven, inlet, detector temperatures of 
the GC were 110oC, 230oC and 250oC, respectively. Total gas measuement was carried out using the water 
displacement method and the cumulative hydrogen volume was calculated using the following equation (Logan et 
al., 2002):  
VH2, i = VH2,i -1 + VW  CH2,i  + VG,i CH2,i – VG,i-1 CH2, i-1 (1) 
The meanings of the letters in Eq.(1) are as following: 
VH2,i -1 and VH2, i :Cumulative H2 volumes (mL) calculated for (i-1) th and (ith) condition, 
VW  :Total amount of gas (mL) that was measured with water displacement  
CH2,i  and CH2, i-1 : Measured H2 percentage at (ith) and (i-1) th condition, 
VG,i and VG,i-1 : Headspace volume at (ith) and (i-1) th condition 
 
The cumulative H2 volumes and time data were correlated with the Gompertz equation (Eq. 2) as shown below 
(Lee et al. 2008) and the constants were determined by regression analysis with the software Statistica (trial 
version).   
 

  












  1tλ 

P
e R

expexp PH(t)
m  (2) 

where P is the maximum H2 production potential (mL), Rm is the maximum rate of H2 production (mL/h), λ is the 
Lag time (h) and e is 2.718. 
 
Liquid analyses were carried out after centrifuging the sample at 5000 rpm for five minutes. Liquid samles were 
subjected to  
Glucose (DuBois et al., 1956), total volatile fatty acid (TVFA) (TVFA kit of Merck Spectroquant, 1.01763. 0001), 
suspended solid and chemical oxygen demand (COD) concentrations (APHA, 2012).  
The hydrogen yield (HY) was calculated by dividing the total cumulative H2 volume to the consumed amount of 
substrate. 
 
III. Results and discussions 
The results for DC current assisted DF experiment is presented in Table 1. HY and Rm values increased by 
increasing the voltage from 0.25 to 1.5 V and then decreased at 3.0 V. Lowest and highest yield values were 
obtained at 0.25 V (49.05 mLH2/gCOD and 0.237 molH2/mol glucose) and 1.50 V (192.77 mLH2/gCOD and 0.516 
molH2/mol glucose), respectively. As can be seen the highest yield is lower than the theoretical maximum yield 
which is 4 molH2/mol glucose or 550 mLH2/gCOD when glucose is the sole carbon source in DF for hydrogen 
production. The reason for lower yield were probably due to high sulphate concentration and high conductivity level 
as a result of acid hydrolysis inhibiting microbial activity. Or the possibility of the presence of hydrogen consuming 
microorganisms originating from the inoculum might have caused hydrogen consumption which eventually 
decreased the yield. The hydrogen formation rate showed a similar trend as the HY with the variation of the voltage. 
The Rm values increased from 0.354 to 1.270 mLH2/h by increasing the voltage from 0.25 to 1.50 and then 
decreased to 0.844 mLH2/h at 3.0 V. Low HY and Rm values at voltages higher than 1.50 migth be a result of 
aluminium inhibition on microbial activity. Since the aluminium release is proportional with the increase of the 
applied voltage. The maximum hydrogen percentage increased from 8.4 to 31.1% by increasing the voltage from 
0.25 to 1.0 V and then decreased at higher voltages.  
 
Tab. 1: Comparison of the hydrogen production performance at different voltages. 

Voltage 
Cumulative 

H2 (mL) 
Yield 

(mLH2/gCOD) 

Yield 
(molH2/mol 

glucose) 
Rm 

(mLH2/h) 
Max. 

H2 (%) 
0.25 10.714 49.05 0.237 0.354 8.4 
0.50 18.179 75.49 0.309 0.592 18.21 
1.00 32.431 142.11 0.511 0.899 31.12 
1.50 42.102 192.77 0.516 1.270 23.94 
3.00 21.967 72.64 0.280 0.844 12.58 

 
IV. Conclusions 
pH control was investigated by DC in dark fermentative hydrogen production from WPT hydrolysate. In this context 
effects of voltage, substrate concentration and electrode distance on hydrogen yield and rate were evaluated and 
most convenient conditions were determined at 1 V, 20 g glucose/L and 0.5 cm electrode distance. pH was 
effectively controlled using DC current, however more efficient results could be obtained with an automatically 
controlled DC supply. Moreover, dark fermentative hydrogen production performance can be enhanced by treating 
the hydrolysate for sulphate, 5-HMF and salt removal which are forming during acid hydrolysis.  
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Abstract 
Fruit wastes offer a potential substrate and inoculum source for dark fermentative hydrogen gas production. 
Moreover, the utilization of fruit waste in dark fermentation enables waste reduction beside fuel production. In this 
context melon and watermelon mixture was selected as a source for hydrogen production and the effects of initial 
fruit mixture concentration (0.74-37 g TS/L) on hydrogen production yield and rate was studied using natural 
microflora and heat treated anaerobic sludge in batch experiments. Hydrogen was effectively produced by the 
natural microflora at 37 gTS/L (3.95 mLH2/mLreactor, 6.45 mLH2/h). However, hydrogen yield and rate increased 
significantly by inoculating the fruit mixture with heat treated anaerobic sludge at the same substrate concentration 
(4.84 mLH2/mLreactor, 28.09 mLH2/h). Inoculated melon and watermelon mixture was found to be a potential source 
for hydrogen production however the initial substrate concentration needs to be adjusted properly for efficient 
productivity. 
 
Keywords: Bio-hydrogen, dark fermentation, natural microflora, melon, watermelon 
 
I. Introduction 
The extensive consumption of fossil fuels led to the investigation for alternative clean and sustainable energy 
sources (Sinha and Pandey, 2011). In this context hydrogen gas (H2) is considerd as one of the potential fuels due 
to its superior properties such as high energy content and environmental friendly usage (Hallenbeck et al., 2012). 
However, H2 is not readily available and is usually produced by conventional high energy demanding complex 
processes such as steam reforming, electrolysis and pyrolysis (Dincer and Acar, 2014). Alternatively H2 can be 
produced by a biological process called dark fermentation (DF) where bacteria convert carbohydrates into volatile 
fatty acids, H2 and CO2 at mild conditions (Levin et al., 2004). Carbohydrates can be found in different types of 
wastes such as agricultural, industrial and municipal wastes whose disposal account for huge amount of efforts 
and energy. Moreover, regulations restrict the direct disposal of those wastes in landfills and require a certain 
reduction in the total carbon content. Therefore H2 production from carbohydrate containing wastes offer distinct 
advantages such as waste disposal beside H2 production. The maximum H2 formation yield in DF can be 
calculated as 525 mL H2/ g COD when glucose is used as the carbon source in the substrate (35 oC, 1 atm) (Singh, 
2013). However, obtained yields in real applications are lower because of microbial constrictions (Argun et al., n.d.). 
In this study, H2 was produced from melon and watermelon mixture by DF under different inoculation conditions. 
Both melon and watermelon are rich in carbohydrates and may account for a significant portion in municpal and 
agricultural wastes escpecially during the summer times. The aim was to compare the H2 production performance 
of inoculated and not inoculated waste mixtures.  
 
II. Experimental Set-up and Procedure 
Substrate 
The melon and watermelon waste used in this study was obtained from a local market in the city of Denizli-Turkey. 
The wastes were mixed with same amount after knife chopping and passing through a blender. This mixture was 
stored in a deep refrigerator at -18 oC and used when needed. The composition of the waste mixture used in this 
study is presented in Table 1.  
 
Tab. 1: The composition of waste mixture used in this study. 

Parameter Content 
COD 96.59 g/L 

Total sugar 83.84 g/L 
Total phosphorous 5.55 gDW/kg 

Total nitrogen 0.098 % 
Total solids 7.4% 

Volatile solids 94% 
Ash 0.39% 

Water content 92.6% 
Lignin 10.29% 

Total organic carbon 55.33% 
 
 
Inoculum 
The inocula used in this study was anaerobic sludge (ANS) obtained from Pakmaya Baker’s Yeast Company 
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located in İzmir-Turkey. The sludge was boiled for one hour (pH: 5.5) in order to eliminate methane forming 
microorganisms then it was grown on molasses for 20 h prior inoculation. The total sugar concentration of the 
growth media was 20 g/L and the C/N/P/Fe ratio was adjusted to 100/2/0.5/0.125 by using NH4Cl, KH2PO4 and 
FeSO4.7H2O. Additionaly the media was supplemented with 0.2 g/L MgSO4.7H2O and 0.1 g/L L.cysteine-HCl.  
 
Experimental procedure 
Experiments were done in serum bottles (310 mL) at 36 oC, pH: 5.5-6.0 and the working volume was 80 mL. Two 
sets of experiments were done to understand the effects of inoculation. The TS concentration (0.74-37 g TS/L) was 
varied within the same range during the experiments with and without inoculation. The pH of the media was kept 
between 5.5-6.0 manually using 5 M NaOH solution. 
 
Analytical methods and calculations 
A gas chromatograph (GC-Agilent 7820A) was used to determine the hydrogen percentage in the biogas. The 
oven, back inlet and back detector (TCD) temperatures of the GC were 110°C, 230°C, 250°C, respectively. Liquid 
samples were subjected to TS, VS, ash, water content, TOC, TKN, TP, glucose and volatile fatty acid (VFA) 
analyses. TS, VS, ash, water content and glucose concentrations were determined according to the standard 
methods (Eugene W. Rice, Rodger B. Baird, Andrew D. Eaton, 2012) and phenol-acid method (DuBois et al., 1956), 
respectively. All other analyses were done as described in our previous study (Argun and Dao, 2016). The 
hydrogen yield (HY) was calculated by dividing the cumulative hydrogen volume to the working volume of the 
reactor. Cumulative H2 and time data were correlated with the Gompertz (Lee et al., 2008) (Eq. 2) equation and the 
coefficients were determined using the regression analysis tool of the software Statistica (trial version):  
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where; P is the maximum hydrogen production potential in (mL), R is the hydrogen production rate in (mL H2/h) and 
λ is the lag phase (h). 
 
III. Results and discussions 
Fig.1 presents the variation of HY and the final TVFA concentration with TS concentration when no inoculation was 
applied to the waste mixture. Both HY and TVFA concentrations increased by increasing the TS of the waste which 
was probably a reason for the increase in the sugar concentration. The sugar concentration increased from 1 to 10 
g/L by increasing the TS from 0.74 to 37 g/L. TVFA formation showed a similar trend with the HY and the TVFA 
concentration increased from 0.44 to 5.49 g/L by increasing the TS from 0.74 to 37 g/L. Maximum HY and TVFA 
concentration were obtained at 37 gTS/L as 3.95 mLH2/mLreactor and 5.49 gTVFA/L, respectively. 
 

 
Fig. 1: Variation of HY (⧫) and final TVFA concentration (■) with the TS concentration of the waste without inoculation. 

 
 

A similar trend was observed for HY and TVFA concentration as in Fig. 1 when inoculation was applied. However, 
obtained HY and final TVFA concentrations were higher compared with the results presented in Fig. 1 indicating 
that inoculation contributed to some extend for hydrogen and TVFA formation. The maximum HY and TVFA 
concentration were obtained at 37 gTS/L as 4.84 mLH2/mLreactor and 11.15 gTVFA/L, respectively when inoculation 
was used. The maximum hydrogen formation rates for non-inoculated and inoculated cultures were obtained at 37 
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gTS/L and 11.1 g/L as 6.47 and 42.90 mLH2/h, respectively.   
 

IV. Conclusions 
Hydrogen gas production from melon and watermelon mixture by dark fermentation was studied at different TS 
concentrations with and without inoculation. The natural microflora in the waste was capable of producing effective 
H2. However, inoculation increased the H2 formation rate significantly. When the waste mixture was directly 
subjected to fermentation then HY decreased both for inoculated and non-inoculated conditions probably due to 
high sugar input and formation of high TVFA resulting in product inhibition. Finally it can be concluded that 
inoculation of melon and watermelon mixture at proper sugar concentration can significantly enhance the H2 
production performance compared with non-inoculated DF. 
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Abstract 
High temperature solid oxide electrolysis is an important pathway to efficient and sustainable hydrogen production 
from water. However, a major limitation of this technology is the high operating temperature that increases 
degradation, particularly at high steam intake concentrations. This paper reports an experimental performance and 
characterization results of a thin electrolyte-supported solid oxide cell operating in fuel/electrolysis cell modes at 
temperatures of 750℃, and 850℃. The experiment examines the impact of high steam to hydrogen ratios up to 
95/5, in addition, the cell performance at compositions of 50/50 and 90/10 are reported. Therefore, the performance 
parameters such as the open circuit potential and J–V curves are measured and compared with theoretical values 
and relevant literature. Furthermore, the electrochemical impedance spectroscopy (EIS) is performed at both 
operating modes electrolysis and fuel cell. 
 
Keywords: Solid oxide fuel cell, electrolysis, hydrogen production. 
 
I. Introduction 
High temperature solid oxide electrolysis is a promising technology with various hydrogen production applications. 
The deployment of this technology can revolutionize hydrogen storage and subsequently the use of hydrogen as a 
renewable energy carrier which perceived as one of the key success of renewables. Furthermore, hydrogen demand 
in many industries has been relying on conventional hydrogen production methods that have significant 
disadvantage of emitting carbon dioxide. 

Hydrogen production through high temperature solid oxide electrolysis has one of the highest conversion 
efficiencies (Annabelle Brisse, Schefold, and Zahid 2008), compared with other sustainable methods hydrogen 
production technologies such as low temperature electrolysis and thermochemical cycles (Dincer 2012). 
Experimental investigations showed a maximum efficiency of 52.7% achieved by a 30-cell solid oxide electrolysis 
stack (Q. Li et al. 2014). The fact that Solid Oxide Electrolysis Cells (SOECs) are made of all solid components and 
requires no catalysts are other advantages that reflect on the design flexibility and the cost of the cell components 
(X. Li 2005). Though SOCs are produced in several designs such as tubular, monolithic, and planar, the planar cell 
design is currently being extensively pursued, due to the simple manufacturing and installation procedures, and the 
high volumetric power density. 

Solid oxide electrolysis takes place at high temperatures in the range of 500–1000℃. A high temperature is 
required for the oxygen ion electrolyte to reach a practical conductivity. The solid oxide cell electrolyte is made of a 
dense ceramic layer fabricated of materials such as the commonly used yttria-stabilized zirconia (YSZ). The 
electrolyte is positioned between two electrodes: an oxygen electrode, which is the anode electrode with respect to 
the electrolysis process, and a hydrogen electrode, which is the cathode electrode. The typical material used for 
SOCs electrolyte is YSZ, usually composed of zirconium oxide (ZrO2) doped with 8–0 mol% yttrium oxide (Y2O3). 
The conventional oxygen electrode is fabricated from strontium-doped lanthanum (LSM) while the cathode is made 
of nickel/yttria-stabilized zirconia (Ni/YSZ) cermet. 

The electrolyte conductivity depends on operating temperature and significantly reduces at low operating 
temperatures, i.e., below 600℃ (AlZahrani and Dincer 2015). Nevertheless, YSZ, a widely accepted electrolyte 
material, has a higher ohmic resistance (~30 Ω.cm) than both an alkaline solution and proton exchange membrane 
even at as high a temperature as 900–1000℃ (Dincer and AlZahrani 2018). The high operating temperature of the 
SOECs reduces the electric power required for the electrolysis process while increasing the heat demand. It also 
enhances electrochemical reaction kinetics. However, several disadvantages arise with increasing the operating 
temperatures such as limiting material options for cells manufacturing and increasing degradation rate. Therefore, 
and in an effort to reduce the electrolysis cell operating temperature, a thin electrolyte layer (as low as 10–50 μm) 
has been fabricated to optimize the tradeoff between cell performance and operating temperature.  

Ebbesen et al. tested a hydrogen electrode (Ni/YSZ) supported planar cell in an electrolysis mode for synthetic 
fuel production from steam and carbon dioxide (Ebbesen, Graves, and Mogensen 2009). Different ratio 
combinations of a mixture of H2O, H2, and CO2 were supplied to a Ni/YSZ electrode active area of 16 cm2 at 
temperatures between 750–850℃. The current density-voltage (J-V) curves were then measured, in addition to the 
durability and characterization tests that were performed. The reported results showed a feasible operation of a 
Ni/YSZ electrode with these mixtures and also indicated a long-term degradation of 0.003–0.006 mV/h, detected 
while operating at -0.25 A/cm2. Moreover, Brisse et al. experimentally measured the performance of a SOEC 
consisting of Ni/YSZ as a hydrogen electrode, YSZ as an electrolyte, and LSM as an oxygen electrolyte (A Brisse, 
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Schefold, and Zahid 2008). This study revealed a considerable influence in the change in absolute humidity, which 
may be attributed to the steam diffusion at the hydrogen electrode. The degradation rate over 160 hours of 
continuous operation was observed to be minimal. Laguna-Bercero et al. (Laguna-Bercero, Skinner, and Kilner 
2009) measured the performance of a SOEC with electrodes of LSM/YSZ and LSCF. They also used the EIS method 
to characterize electrodes. The ASR is evaluated for LSM/YSZ and LSFC/YSZ while operating at 800℃ and 70% 
steam concentration; the ARS values are 0.93 and 0.79 Ω cm2, respectively.  
The literature covers various aspects of SOECs testing and characterization, however, few studies considered the 
SOECs testing under high steam to hydrogen feed. The impact of operating under high steam to hydrogen ratio is 
significant as the designers may not choose such operating conditions, but due flow arrangement or reactant 
distribution such high steam concentration may develop. Therefore, it of great importance to examine operating in 
such conditions. The current paper presents a thin-electrolyte supported cell performance under steam to hydrogen 
composition ratios of 50/50, 90/10, and 95/5. In these cases, the open cell potential (OCV), current density-potential 
(J-V) curves, and electrochemical impedance spectroscopy EIS are measured and reported. 
 
II. Experimental Set-up and Procedure 
The cell used for testing is a planar SOC, usually called a button cell. The NextCell 2.5 provided by NexTech 
Materials is used in the current experimental work. This cell is an electrolyte-supported cell, the design of which is 
advantageous for sealed operations. The cell specifications are listed in Table 1. 
 
Tab: 1. Material and dimensions of the NextCell 2.5 (data from (fuelcellmaterial 2008)). 

Component  Diameter  Thickness  Material  
Electrolyte  25 mm 0.13-0.17 mm YSZ 
Hydrogen electrode 12.5 mm ~50 μm NiO-GDC/NiO-YSZ 
Oxygen electrode  12.5 mm ~50 μm LSM/LSM-GDC 

 
The installation of the cell within the casing is shown in Fig. 1. The cell is sandwiched between two meshes to allow 
for uniform gas distribution over the electrodes active area. At the oxygen electrode, precious metals (commonly 
Pt) are used for current collection; the selection usually depends on the operating temperature as well as the desired 
conductivity. Ni mesh can be used for current collection at the hydrogen electrode. Platinum wires are preferred for 
current transmission and voltage measurements, but also nickel wire can be used. In addition to the exploded 
schematic view shown in Fig. 1 presents the main components arrangement in the cell fixture, high temperate 
gaskets are used to reduce or eliminate gas leakage from the cell fixture. The testing gas compositions and testing 
procedure is given in Table 1. 
 

Pt mesh 
(Hydrogen electrode-Ni/YSZ)

(Oxygen electrode-LSM)
Au mesh

Thin electrolyte SOC

H2 + H2O channel

O2 channel

Potentiostat 

 
Fig. 1: The layout of the button cell installation in the testing fixture. 

 
Tab. 2: The combination of tests performed on SOC cells. 

Cell No. Temperature Fuel gas compositions (vol.%) 
out of 200 ±1.6 sccm  

Oxygen gas compositions (vol.%) 
out of 200 ±1.6 sccm 

Operating mode 

1 750 ± 5 ℃ 100 H2 100 Air FC 
50 H2/50 H2O 100 Air FC/EC 
10 H2/90 H2O 100 Air FC/EC 
05 H2/95 H2O 100 Air FC/EC 

850 ± 5 ℃ 50 H2/50 H2O 100 Air FC/EC 
10 H2/90 H2O 100 Air FC/EC 
05 H2/95 H2O 100 Air FC/EC 

 
III. Analysis 
By supplying a DC power to the solid oxide electrode terminals, the water vapor, fed to the cathode side, is reduced 
to hydrogen and oxygen ion by electron consumption, as shown in the following half-cell reaction: 
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H2O + 2e− → H2 + O2−  (1) 

The oxygen ions O2−, produced at the cathode side, migrate through the electrolyte to the anode side, creating an 
internal balancing ion current whereas, at the anode, oxygen ions are oxidized, releasing electrons and forming 
oxygen, as shown in the following half-cell reaction: 

2O2− − 2e− → O2  (2) 

These reactions, at the microscopic level, occur at the triple phase boundary (TPB), which is where electrons, ions, 
and reactant gas intersect.  
The reversible cell potential is then determined at standard T and P conditions as 

Er = −Δg
nF (3) 

At any operating pressure or temperature, the SOEC reversible cell potential at equilibrium is given by Nernest 
equation as 

Er(T, Pi) = Er −
RT
nF ln(

PH2PO2
1/2

PH2O
) (4) 

The power density required by each cell is calculated as 

P = J E (5) 

The area specific resistance (ASR) of the cell is determined as 

ASR = ΔV
ΔJ  (6) 

 
IV. Results and discussions 
In Fig. 2, summarizes the measurements of the OCV at five different reactant gas compositions and at operating 
different temperatures. This figure also illustrates the stability of the cell performance before other measurements 
can be taken. At a temperature of 750℃ and 100% volumetric hydrogen feed to the fuel electrode compartment, 
the cell shows an OCV of 1.293 V. Now, calculating the Nernst potential based on the equation (4) reveals a 
theoretical OCV value of 1.294 V which is in close agreement with the measured value. The discrepancy between 
the measured and calculated OCV is 1 mV that represents an error of 0.07%. While this minor drop in voltage may 
be attributed to wiring and other leakage losses, the close match between the two values can be related to the pure 
reactants used and the good conductivity of the wiring and current collection system. When the hydrogen gas 
concentration reduced to 50% and the steam increased to 50%, the corresponding cell measured OCV is 0.9628 V. 
The calculated Nernst potential is 0.9895 V. The difference in potential, in this case, increases to 26.65 mV. Further 
reduction in the hydrogen concentration to 10% while increasing the steam concentration to 90% led to an OCV of 
0.8632 V. Compared with the theoretical value at the same condition of 0.8926 V; the discrepancy increases more 
than the double to 29.39 mV. Lastly, the OCV measurement made at fuel electrode gas compositions of 5% 
hydrogen and 95% steam is 0.823 V. The corresponding Nernst potential calculated to be 0.8597 V. While the 
difference is 36.65 mV. 

 
Fig. 2: The OCV measurements at stable conditions of different reactant gas compositions. 
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The performance of the cell operating in fuel cell mode under three different reactant gas compositions is 

presented in Fig. 3 through the J–V curve measurements. The operation at a hydrogen to steam volumetric 
composition of 1:1 shows an OCV of about 0.9601 V, and with increasing the current density the cell potential 
reduces to reach a voltage of 0.5 V at a current density of 0.356 A/cm2. This corresponds to a power density of 
0.178 W/cm2. A more practical voltage in the range of 0.7–0.6 V is achieved while drawing a current density in the 
range of 0.179–0.2536 A/cm2, at this range the calculated ASR is about 1.34 Ω cm2. 
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Fig. 3: The J–V curve measurements at a temperature of 750℃ reactants compositions of 50% H2 + 50% H2O, 10% H2 + 90% 
H2O, and 5% H2 + 95% H2O for (a) a SOFC mode, and (b) SOEC mode. 

 
As a response to the reduction in the hydrogen concentration from 50% to 10%, the cell potential reduces and 

the recorded OCV at 10% hydrogen and 90% steam is 0.8608 V. The minimum measured of 0.5 V is at a current 
density of 0.2461 A/cm2. At such low hydrogen concentration, the cell shows a higher ASR calculated to be about 
1.5 Ω cm2. For the research curiosity, the hydrogen concentration is further reduced to 5% while the remaining 95% 
is water. While it is unlikely such condition would be the desired valued set by an operator for a fuel cell, but it might 
be the case in some localized area within the cell/stack due to geometrical limitation or high current density operating. 
Therefore, it worth examination. In this case, the cell OCV is about 0.82 V and the cell potential reduces to 0.5 V 
while operating at a current density of 0.1862 A/cm2. The calculated ASR is about 1.751 V. 

The impedance spectra of the SOC are presented in Fig. 4(a), and 4(b) for the temperature of 750℃ and 850℃, 
and gas compositions of 50%, 90%, and 95% steam concentrations. The Figures show further increase in the cell 
resistance at higher steam concentrations. In the case of 750℃, the concentrations of 50% and 90% showing 
reasonable performance but at 95% the cell may encounter considerable performance degradation. Similarly, In Fig. 
4(b), the high steam concentration led to significant reduction in the cell performance and thus damage in the cell 
structure. This is due to the increased concentration and temperature of 850℃. Further analysis using Figs. 4(a), 
and 4(b), will include equivalent circuit analysis and the complex impedance analysis. 
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Fig. 4: The electrochemical impedance spectra at different reactant concentrations while operating at temperature of (a) 750℃. 

and (b) 850℃. 
 
V. Conclusions 
An electrolyte supported solid oxide button cell was tested in fuel cell and electrolysis cell mode at various 
steam/hydrogen compositions. The cell has an electrolyte of about 130–170 µm thickness, while the electrodes 
were 50 µm each. Two operating temperatures considered 750℃ and 850℃, while the fuel electrode was tested at 
steam to hydrogen volume compositions of 50/50, 90/10, and 95/5. The test examines the impact of high 
steam/hydrogen ratio of 95/5 on the cell performance, namely the cell potential and resistances compared with low 
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ratios, i.e., 50/50 and 90/10. By fixing the gas composition at the oxygen electrode, the influence of increasing the 
steam concentration in the fuel electrode on the electrode polarization can be identified. The results show significant 
effect of high steam concentration on the electrode resistance. In particular, at high operating temperature of 850℃ 
the fuel electrode performance degraded at a higher rate and the polarization resistance increased from Rp=0.2847 
Ω cm2 at 95/5 at 50/50 to Rp=0.4014 Ω cm2 at 95/5. Therefore, such high steam concentration should be avoided 
to maintain low degradation rate and extend the cell lifetime. 
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In this paper, an analytical model is developed to study the performance of a PEM electrolyzer. The concentration over-poten-
tial as well as resistance losses of other electrolyzer components are modeled and the effect of different parameters including 
temperature, pressure, membrane thickness, the width and height of channel, electro-osmotic drag coefficient and current 
density on the performance of the electrolyzer are investigated. In addition, the effect of these parameters on the energy and 
exergy efficiency of PEM electrolyzer are studied. The results indicate that by increasing current density, the voltage of the 
electrolyzer increases and energy and exergy efficiencies decrease. Increase of temperature, decrease of pressure, decrease 
of membrane thickness and increase of current density of the anode and cathode electrodes lead to decrease of voltage of 
the electrolyzer and increase of energy and exergy efficiencies. The results indicate that the electrolyzer voltage increases by 
increasing the dimensions of the channel due to increase of the ohmic over potential. Moreover, it is concluded that electro-os-
motic drag coefficient has not a considerable effect on the performance of the electrolyzer.

Keywords: PEM electrolyzer, Exergy, Membrane thickness, Channel geometry, Electro-osmotic drag coefficient
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Abstract 
Being boron based compound, sodium borohydride, NaBH4, is a convenient hydrogen storage material for 
applications like unmanned air vehicles. There are several issues behind commercialization of hydrogen gas 
generator by NaBH4 hydrolysis systems. This study aims to find solution to the problems of NaBH4 hydrolysis 
system by highlighting three main contributions. First, the usage of solid state NaBH4 enables to increase the 
durability and the gravimetric H2 storage capacity of the system in order to meet US DOE targets. Second, solid 
NaBH4 usage decreases the system’s weight since it does not require a separate fuel storage tank, which is very 
important for portable, on demand applications. Finally, the system’s cost is decreased by using accessible and 
effective non precious catalyst such as ferric chloride, FeCl3, The maximum hydrogen generation rate obtained was 
2.6 L/min and the yield was 2 L H2/g NaBH4 with an efficiency of 76% at the most promising condition. Moreover, 
the novel solid NaBH4 hydrogen gas generator developed in the present work was integrated to a PEM fuel cell 
and tested at the optimum operating conditions.    
 
Keywords: Sodium Borohydride, Hydrogen Generation, PEM Fuel Cell, Portable Application   
 
I. Introduction 
There is no doubt that the world needs a renewable, sustainable energy source to maintain the existence of human 
kind. Today’s economy based on fossil fuels may replace itself by named “hydrogen based economy” due to the 
depletion of fossil fuel reserves and negative impact on nature.  
There are several technical barriers in front of the hydrogen infrastructure that must be addressed before 
commercialization. One of the most crucial obstacles behind hydrogen economy is the hydrogen storage. This 
present work will focus on hydrolysis of solid NaBH4 for hydrogen generation in order to be a solution of “hydrogen 
storage”. 

The stoichiometric hydrolysis reaction can be written as follows:  

heatHNaBOOHNaBH  2224 42              (1) 
The reaction is highly exothermic with a heat of reaction of -217kJ/mol. The reaction rate is strongly dependent on 
initial NaBH4 concentration (Wang et al., 2017). 

If water is in excess, the reaction is expressed as in Equation 2. 

heatHOxHNaBOOHxNaBH catalyst   22224 4.)2(           (2) 
where, x is called “hydration factor”.  
In literature, throughout all studies, the main idea is to design a sodium borohydride hydrolysis reactor system 
together with fuel cell for commercial applications. Most of the continuous hydrolysis reactor systems in literature 
uses stabilized NaBH4 solution as a fuel and solid catalyst which was placed in a reactor. Kim et al. (2007) worked 
with 20% NaBH4, 1% NaOH and Co-B/Ni foam as catalyst obtained 76% yield. They also noted that as NaBH4 
concentration increases, the yield decreases. Oronzio et al. (2009) used 20% NaBH4, 10% NaOH and Ru catalyst. 
They obtained 90% efficiency but, they found that NaBO2 separation was needed. 
Within the scope of this work, solid NaBH4 was mixed with different amounts of water and H2 generation kinetics 
has been determined by using FeCl3 as catalyst. The optimum condition of the hydrogen generator was integrated 
with a single PEMFC and the performance of the system was tested.   
 
II. Experimental Set-up and Procedure 
As a hydrogen generation reactor, a reactor made from tempered glass which had an internal volume of 290 mL 
and cover diameter of 7.5cm was used. 
Iron (III) chloride hexahydrate (FeCl3) supplied from MERCK® and solid state sodium borohydride (NaBH4) (was 
supplied from National Reasearch Institute of Boron (BOREN) with a purity of ≥96) was used in experiments.  
Water having a pH of 7.39 and conductivity of 37.1 μs/cm was used as reactant in the experiments. Figure 1 shows 
the experimental setup for kinetic experiments.  
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Fig. 1: Photograph of experimental setup of kinetic experiments for hydrolysis of NaBH4 (b)  

As can be seen from Figure 1, experimental setup is composed of 4 main parts which are; a glass hydrolysis 
reactor, a gas-liquid separator , a mist eliminator in order to prevent the liquid drops coming from reactor and  a 
mass flow meter (Bürkert®, Model No: 8705). The mass flow meter is connected to the computer with RS485. So, 
H2 generation flow rate was directly measured and monitored online by using Reliance 5.0 program. H2 generation 
rate was recorded in every 1 second. 

Two different procedures were applied for start-up of hydrogen generation from hydrolysis of NaBH4 

experiments. In the first case, Case 1, desired amount of solid NaBH4 and solid catalyst were placed in the reactor. 
Required quantity of water at room temperature was injected directly into the reactor with a syringe (100mL) in 
order to start the hydrolysis reaction. In the second case, Case 2, only the solid NaBH4 was placed in the reactor. 
The solid catalyst was dissolved in the desired amount of water and catalyst solution was obtained. This catalyst 
solution at room temperature was injected with a syringe (100mL) into the reactor which contains only solid NaBH4. 
H2 generation rate was monitored starting with the injection of catalyst solution.  
The developed solid NaBH4 hydrolysis system is integrated to a single Polymer Electrolyte Membrane Fuel Cell, 
PEMFC having an active area of 100 cm2. Fuel Cell performance was measured and recorded by test station. 
Figure 2 shows the picture of integrated system.  

The Membrane Elactrode Assembly (MEA) of the PEMFC was   prepared by the ultrasonic coating 
manufacturing procedure given previously by Erkan (2011) and Erkan and Eroglu (2015).  For the preparation of 
MEA’s first catalyst ink solution was prepared and then coated on gas diffusion layer (GDL) by using SONOTEK 
Exacta Coat equipment.   
  

 
Fig 2: Integrated NaBH4 hydrolysis reactor with a single PEMFC. 

 
  



134

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

III. Analysis 
“H2 Generation Yield” was defined as liter of H2 produced per grams of NaBH4 according to the Equation 3.  

)(NaBH of 
)(  

4

2

gAmount
LproducedHTotalYield 

            (3)

 

“Efficiency %” was defined according to Equation 4.  
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LHTotalEfficiency
          (4)

 

Mean H2 generation rate was calculated from Equation 5 as follows where t1 is duration: 
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IV. Results and discussions 
Case 1 and Case 2 procedure that was explained in Section II was followed in kinetic experiments and compared 
with each other. Table 1 shows the results of kinetic experiments.  

 
Tab. 1: Results of the kinetic experiments conducted at different hydration factors by using FeCl3 catalyst  
NaBH4 
amount 

(g) 

H2O amount, 
Hydration 
Factor x 

 FeCl3 
amount  (g) 

Total H2 
Generated 

(L) 

Duration 
(min) 

Mean H2 
generation 
rate (L/min) 

Yield       
(L H2/g 
NaBH4) 

Efficiency
 % 

5.0 4.8g, x=0 0.5 (Case 1) 0.72 9 0.08 0.14 6 

5.0 
14.3g, x=4 

0.5 (Case 1) 7.49 8 0.95 
1.5 

58 

5.0 33.3g, x=12 0.5 (Case 1) 8.22 11 0.71 1.6 64 

5.0 52.3g, x=20 0.5 (Case 1) 7.30 17 0.42 1.5 56 
5.0 

4.8g, x=0 
0.5 (Case 2) 0.88 

3 0.26 0.18 
7 

5.0 14.3g, x=4 0.5 (Case 2) 7.33 12 0.59 1.5 57 

5.0 33.3g, x=12 0.5 (Case 2) 8.03 16 0.49 1.6 62 
5.0 52.3g, x=20 0.5 (Case 2) 7.84 20 0.38 1.6 61 

10.0 9.50g, x=0 1.0 (Case 2) 6.25 5 1.11 0.63 24 
10.0 47.6g, x=8 1.0 (Case 2) 19.34 17 1.07 1.9 74 
10.0 66.6g, x=12 1.0 (Case 2) 19.72 17 1.17 2.0 76 

 
As can be seen from Table 1, the maximum H2 generation efficiency (76%) is obtained with 10g NaBH4, 

hydration factor of x=12 when 1.0g of FeCl3 catalyst was dissolved in water and injected to the reactor (Case 2). 
This condition is found to be promising to be tested in prototype reactor for fuel cell applications.  

The performance of the integrated system is recorded by the test station. Figure 3 shows the picture of 
integrated PEMFC system. For performance tests, the fuel cell voltage was kept constant at 0.55V and air flow rate 
of 0.56 L/min for all experiments. Before solid NaBH4 system integrated to the PEM fuel cell, fuel cell was tested 
with pure hydrogen and compared with the hydrogen supply coming from developed solid NaBH4 hydrolysis 
system. Figure 3 shows the fuel cell operation data with pure H2. Figure 4 shows the fuel cell operation with 
integrated NaBH4 hydrolysis system that is composed of fresh catalyst and NaBH4. Fuel cell temperature was 40℃ 
for both experiments. One can compare the fuel cell performance with pure hydrogen and solid NaBH4 system 
from Figures 3 and 4.  The maximum power achieved by pure hydrogen was 20W with a current of 35A. The 
slightly higher performance was obtained by developed solid NaBH4 hydrolysis system. This is because of 
generated hydrogen coming from hydrolysis reaction contains some humidity that enhances the fuel cell 
performance.  
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Fig. 3: Fuel cell performance for pure H2 at constant cell voltage of 0.55V  

 
Fig. 4: Fuel cell performance of integrated NaBH4 hydrolysis system at 0.55V  

 
V. Conclusions 
In the present work an original, portable solid NaBH4 hydrolysis system has been developed for hydrogen 
generation. This system has been successfully integrated to a PEM fuel cell. This system can be stored for a long 
time and it can be used in demand. 
Hydration factor is found to be one of the most critical parameter for solid state NaBH4 hydrolysis reaction. When 
stoichiometric amount of water was used, H2 generation occurs at a very slow rate and efficiency. So, excess water 
is needed for solid state H2 generation from NaBH4. As a result of kinetic experiments, the optimum H2 generation 
conditions was obtained with 10g NaBH4, hydration factor of x=12 and 1.0g of FeCl3 catalyst as in Case 2.The 
developed system that runs with NaBH4 under optimum conditions can supply 20W and 35A for 18 minutes that is 
enough to charge the battery of a notebook. 
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Coke Minimization over Mesoporous Alumina Supported Ni Catalyst in Dry 
Reforming of Methane

Hüseyin Arbağ
Chemical Engineering Department, Gazi University, Ankara, Turkey

Biogas can be converted to hydrogen rich syngas by dry reforming of methane. In fact, CO2 reforming of methane can be con-
sidered as one of the important steps of production of valuable chemicals from biogas. Syngas with a H2/CO molar ratio of one 
is suitable to produce liquid hydrocarbons via Fischer-Tropsch synthesis and/or direct synthesis of dimethyl ether. In the pres-
ent study, activity of mesoporous alumina supported nickel catalysts was tested in dry reforming of methane. Mesoporous alu-
mina was synthesized following a hydrothermal route. Ni was incorporated into the structure of alumina materials by impreg-
nation method. Mg was co-impregnated or sequentially impregnated into the Ni based catalyst. The synthesized catalysts were 
characterized by XRD, N2 adsorption/desorption, TPR, SEM-EDX, CO2-TPD and TG techniques. Nitrogen adsorption/desorption 
analysis showed that these catalysts had uniform mesoporous size distribution. The TPR analysis of the catalysts showed that 
Mg incorporation changed the reduction temperature of the Ni catalysts. All catalysts showed stable activity during 4 h activity 
test. Mg impregnation decreased the activity of the Ni based catalyst in terms of methane and carbon dioxide conversion. The 
result of TG analysis showed that impregnation Mg onto the Ni based catalyst did not help to decrease the coke deposition 
over Ni catalyst. However, co-impregnation of Mg and Ni decreased the coke deposition significantly due to the formation of 
a Ni and Mg mixed oxide.

Acknowledgements: Gazi University Research Fund (06/2016-12 and 06/2017-03) grants are acknowledged

Keywords: Hydrogen, Mesoporous Alumina, Ni, dry reforming
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Preparation of Nanostructured α-Fe2O3 Films from Electrodeposited Fe Films 
for Photoelectrochemical Water Splitting Performance

Selim Demirci, Cevat Sarıoğlu

Department of Metallurgical and Materials Engineering, Marmara University, Istanbul, Turkey

Hematite (α-Fe₂O₃) has been extensively studied for photoelectrochemical (PEC) water splitting. The aim of this study is the 
fabrication of α-Fe₂O₃ photoanodes in order to apply in the hydrogen production area. In this study, nanostructured α-Fe₂O₃ 
photoanodes structures were prepared on indium-doped tin oxide (ITO) coated glass by thermal oxidation of electrodeposit-
ed Fe films at different temperature in the air atmosphere. The effect of electrodeposition parameters of Fe such as duration, 
current etc. on photoelectrochemical water splitting was investigated. The crystal phase structure, surface morphology, and 
optical properties of the α-Fe₂O₃ photoanodes were characterized using an X-ray diffractometer (XRD), scanning electron mi-
croscopy (SEM) and UV–VIS spectrophotometer, respectively. PEC performances of the α-Fe₂O₃ photoanodes were determined 
in the 0.1 M NaOH electrolyte solution. The results showed that electrodeposition parameters influenced the PEC performances 
of α-Fe₂O₃ photoanodes. Electrodeposition method could be good candidate for production of efficient α-Fe₂O₃ photoanodes 
for enhancement of PEC performance.

Keywords: Electrodeposition, Fe film, Hematite, Hydrogen generation, thermal oxidation, Photoelectrochemical Properties 
(PEC)
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Abstract 
Polymer electrolyte membrane fuel cells which generate power have a very wide application area such as portable, 
transport and stationary systems. The generating power with electrochemical reactions by fuel cell is directly 
related to the cell performance that changing with the properties of cell components. Gas diffusion layer (GDL) 
which is one of the cell components provides electron, water, fuel and oxidant transport with anisotropic porous 
structure. The anisotropic electrical resistances occurring due to structure of GDL can cause low cell performance. 
The purpose of this study is to investigate experimentally the effects of single stage (8 bar) and four-stage (2,4,6 
and 8 bars) clamping pressure on the electrical conductivity of GDL. To achieve this purpose, the anisotropic 
electrical resistances were separately measured for gas diffusion layer and its with microporous layer using four 
probe conductivity measurement system. The electrical conductivities were calculated from the obtained values 
and these conductivities were integrated into three dimensional numerical models to analyse fuel cell performance 
and the distribution of electrical current density over GDL. It was observed that the electrical resistance values 
under gradual clamping pressure were mode stable than directly one.  
 
Keywords: PEM fuel cell, Micro-porous and porous gas diffusion layer, Electrical resistance measurement, 3D 
anisotropic modelling 
 
I. Introduction 
Polymer electrolyte membrane (PEM) fuel cells which are scalability and eco-friendly are energy conversion 
systems. Although ohmic, kinetic and mass transport loses are observed in PEM fuel cell, these systems have high 
efficiency. These loses adversely affect fuel cell performance and decrease PEM fuel cell efficiency. Operating 
conditions and material structures cause of ohmic loses which one of the types of loses occured in PEM fuel 
components.  

A study that measure of anisotropic gas diffusion layer resistance has been conducted by Todd et al (2015). To 
analyze anisotropic electrical resistance using four point probe method, samples are prepared as a square form. 
According to results, in-plane electrical resistance increases with increasing strain. However through-plane 
resistance decreases with increasing strain. Wilde et al. has been conducted an experimental study which is about 
structural and physical properties on GDL. They used commercial GDL and tried to find out the effect of clamping 
pressure on GDL properties. As a result, clamping pressure affect the resistance up to spesific point sharply but the 
higher pressure has less effect on through-plane resistance (Wilde, 2004). Mason et al has studied that effect of 
clamping pressure on through-plane resistance and fibres structure for commercial GDL (Mason, 2012). They 
investigate that GDL thickness and through-plane resistance decreases while clamping pressure increasing. The 
anisotropic conductivity effect on 3D PEM fuel cell computational modelling has been conducted by Zhou et al 
(2006). They set up a model by parametric in-plane and through-plane conductivity and tried to find out current 
density distribution and performance of PEM fuel cell. The effect of anisotropic conductivity on PEM fuel cell has 
been analysed using parametric conductivity values by Ismail et al. (2012).  

This paper is targeted to find out single-stage and four-stage clamping pressure effect on anisotropic porous 
and micro-porous GDL resistance and PEM fuel cell performance. In-plane and through plane resistances are 
measured single stage and four-stage clamping pressure using four point probe conductivity measurement system. 
To analyse the effect of anisotropic electrical conductivity on performance, PEM fuel cell model which is single 
phase, 3D were established.  

 
II. Experimental Set-up and Procedure 
Commercially available porous and micro-porous gas diffusion layers (Sigracet SGL 34 BA and 34 BC respectively) 
are examined. Gas diffusion layer samples are prepared as square formation (3cm x 3cm) and assembled to 
conductivity cell according to directions that X and Y represent in-plane and z direction represents through-plane. 

Experiments are performed using designed system that combined pneumatic compression unit, compressor, 
conductivity measurement cell and four point probe resistance measurement system. Fig 1.a. illustrates the front 
view of the conductivity measurement cell plate. This cell has two plates which have gold-plated pins placed 
square formation. Also, these plates were producted by material which has electrical insulation. Compression is 
controlled by compressor regulation for single stage (8bar) and four stage compression (2, 4, 6 and 8 bar). Single 
stage resistance measurement is conducted after single-stage compression to 8 bars for 60 minutes. For 
four-stage compression, the sample is compressed for 60 minutes every stage.  

To measure of anisotropic electrical resistance, four point probe technique is used (Versastat 3). While DC 
current is supplied by two probe, voltage is measured by other two probe. The resistance of current axis is 
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calculated by Ohm’s Law. Fig 1.b and Fig 1.c. illustrate to through-plane resistance measuring configurement and 
in-plane measuring configurements, respectively.  

 
Fig.1: Conductivity measurement cell a) Front view of measurement cell, b) Through-plane resistance measurement 

configuration, c) In-plane resistance measurement configuration 
  
III. Computational Model       
The aim of this paper is to investigate the effect of anisotropic conductivity on performance and current density 
distribution of PEM fuel cell. Single phase, 3D PEM fuel cell model established by using COMSOL Multiphysics 
4.2a software. The model consists of components which are anode and cathode channel, anode and cathode gas 
diffusion layer, anode and cathode catalyst layer and membrane. Figure 2 demonstrates fuel cell components, 
mesh construction and interface measuring potentials of PEM fuel cell (Elden and Tas, 2018).  
 
 

 
 

Fig.2: PEM fuel cell model a) PEM fuel cell components, b) mesh construction, c) Interface that measuring current density 
distribution and potentials (Elden and Tas, 2018). 

 
Used assumptions in this model listed below and conservation equations listed in Table 1. Also, source terms 

and boundry conditions are listed in Table 2.  
 Flow is in steady state. 
 Cell temperature is constant.  
 Hydrogen, oxygen and water are in gas phase and all gases are assumed in ideal gas. 
 Contact resistances are ignored. 

 
Tab. 1: Conservation equations. 

Continuity equation 𝛻𝛻(ε𝜌𝜌�⃗�𝑢 ) = 0 

Navier Stokes Equation ∇(ερu⃗ u⃗ )=-ε∇P+∇*(εµeff∇u)+Su 

Darcy Law u=-
kp

μ  

Stephan-Maxwell equation 

 

ρu⃗ ∇mi=∇ [ρεmi ∑ Dij {
M
Mi

(∇mi+mi
∇M
M )}

N

j=i

] 

Charge conservation equation                                                 ∇.(𝑘𝑘𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒∇Φe)+SΦ=0 

 
 
 
 
 
 
 

a) 

(a) 

b) c) 

(b) (c) 
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Tab. 2: Source terms using equations and boundary conditions 
Equations Flow 

Channels 
GDL Catalyst Layer Membrane 

Momentum Su=0 Su=-∇P kp

μ
  u⃗ =0 u⃗ =0 

Species Sk=0 Sk=0 Sk=-∇ndFIe-skjnF Sk=-∇ndFIe 
Charge SΦ=0 SΦ=0 SΦ=j SΦ=0 

Boundary Conditions 
Uin,anode= Ua,in, Uin,cathode= Uc,in 

cH2,anode=cH2,a; cO2,cathode=cO2,c; cH2O,anode=cH2O,a; cH2O,cathode=cH2O,c 

 
IV. Results and discussions 
IV.I. Results of experiments 
Fig. 3. shows validation of the through-plane resistance of porous and micro-porous GDL with SGL Sigracet GDL 
datasheet. As is shown in Fig. 3, measurement results are less than maximum resistance of GDL’s in datasheet. 
Furthermore, the resistance values of single stage compression have higher resistance than four stage 
compression.     

 
Fig 3. Validation of experiments with datasheets a) Porous GDL (34 BA) b) Micro-porous GDL (34 BC) 

 
Electrical conductivity were calculated from the measured electrical resistance via equation (1) where 

transport resistance to conductivity; ρ is conductivity, R is resistance, A is sample area, l is the length of sample. 
  

ρ = 𝑅𝑅𝑅𝑅
𝑙𝑙                      (1)  

 
Fig 4. illustrates conductivity values of four-stage compression for porous and micro-porous GDL. As clamping 

pressure is increased from 2 bar to 8 bar, in-plane conductivities (XX,XY and YY directions) are linearly decreased 
for both porous and micro-porous GDL. Deformations can be occured on these fibre directions with the increase of 
clamping pressure and this can be reason of the decreasing in-plane conductivity. Fig 4.d illustrates through-plane 
conductivity of porous and micro-porous GDL. Conductivity is almost linearly increased by increasing clamping 
pressure. Clamping pressure reduces the distance between fibres ,therefore, through plane conductivity is 
increased.  
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Fig.4: The variation of GDL conductivity depending on four-stage clamping pressure a) X direction, b) XY direction, 

c) YY direction, d) ZZ direction. 
 
IV.II. Results of computational model 
The computational model is established using Comsol software and the model was validated with experimental 
and numerical study of Ismail et al (2012). When the model results and reference study values are compered in Fig. 
5, these results be in similarity each other. 

 
Fig. 5: Validation of numerical model 

 
V. Conclusions 
In this paper, the effects of single-stage and four-stage compression on porous and micro-porous gas diffusion 
layer conductivity are investigated. As the clamping pressure increases, in-plane conductivities are decreased. But, 
as increasing clamping pressure, through-plane conductivity increased. Consequently, when four-stage 
compression conductivity results were compered with single-stage compression, four-stage compression ensures 
higher through-plane conductivity. Thus PEM fuel cell performance and current density distribution are positively 
affected by the four-stage compression.  
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Abstract 
Graphene is an attractive support material for fuel cell catalysts and electrodes due to good electronic conductivity, 
high durability, mechanical and chemical stabilities. Platinum/cobalt (Pt/Co) nanoparticles have emerged as one of 
the most promising electrocatalyst in polymer electrolyte membrane (PEM) fuel cell. In this study, graphene grown 
by chemical vapor deposition (CVD) is utilized as catalyst support after nickel foam is removed and transferred onto 
the membrane. Graphene supported PtxCoy electrocatalysts (Pt3Co, Pt2Co, PtCo, PtCo2, PtCo3) are prepared by 
sodium borohydride reduction method at room temperature. Unit cell of anode (CVD graphene supported 
PtxCoy)//membrane (nafion)//cathode (Vulcan XC-72 supported Pt) is compressed to prepare membrane electrode 
assembly (MEA). Fuel cell performance tests indicate activity increase in the following trend: Pt3Co < Pt2Co < PtCo 
< PtCo2 ≤ PtCo3. The PtCo3 electrocatalyst has shown 2 times higher performance than that of Pt3Co electrocatalyst 
at 0.55V. 

Keywords: catalyst, fuel cell, Pt/Co, graphene 

I. Introduction 
Carbon supported platinum (Pt) is still the most used electrocatalyst in polymer electrolyte membrane fuel cells 
(PEMFCs).  On the other hand, it has problems due to the overpotential for the oxygen reduction reaction (ORR) 
in the excess of 300 mV.  In PEMFCs, Pt-alloys with various transition metals such as Co, Cr, Ni, etc. have been 
studied and shown superior electrocatalytic activity for the ORR, when compared to pure Pt (Jung et al 2015). 
Amongst the Pt based electrocatalysts (alloy or bimetallic), the PtCo catalyst has attracted much attention due to 
its high activity and stability in acidic environment. The enhancement in measured activity over Pt by modification 
Pt with transition metals is due to various factors including reduction of the Pt oxidation state, changing of surface 
composition, suppression of Pt oxide formation, formation of a new electronic structure with higher Pt 5d orbital 
vacancies and decrease in the Pt–Pt bond distance (Özaslan 2012, Jung et al 2015, Jung and Popov 2017, Baronia 
et al 2017). On the other hand, under the fuel cell operating conditions the transition metals can dissolve and not 
only cause decreasing of electrocatalyitc activity but also degradation of membrane due to migration of the metal 
into the ionomer (Cai et al 2015).  

The durability of carbon supported PtCo catalysts is studied by several authors. Yu et al found that the cell 
performance enhancement by PtCo/C over Pt/C catalyst was sustained over 2400 cycles and the overall 
performance loss of the PtCo/C MEAs was less than that of the Pt/C MEA. Arico et al. reported that the potential 
cycling test at 130°C in a pressurized PEMFC showed a better stability for the PtCo alloy than pure Pt/C (Jung et 
al 2015). Rao et al (2011) studied synthesis and electrocatalytic oxygen reduction activity of graphene supported 
Pt3Co nanoparticles which are prepared by ethylene glycol reduction method. Maximum power densities of 790 and 
875 mW/cm2 were obtained with graphene supported Pt and Pt3Co, respectively.   

Catalyst support material plays an important role to enhance the fuel cell performance. Carbon based materials 
such as carbon black, carbon fiber, carbon nanotube, fullerene and graphene are potential materials as a support 
for PEMFC. On the other hand, the oxidation of carbon black support hinders its use for electrode applications. 
Graphene is attractive candidate due to superior properties such as good electronic conductivity, large surface area, 
mechanical and chemical stabilities. The 2-D planar structure of the carbon sheet allows both the edge planes and 
basal planes to interact with the catalyst nanoparticles.  This results with enhanced electrocatalytic activity and 
durability of graphene supported metal electrodes compared to amorphous carbon supported electrodes [Rao et al 
2011, Sharma and Pollet 2012]. 

Aim of this study is to better understand the effect of CVD graphene supported PtxCoy catalyst on fuel cell 
performance. PtxCoy electrocatalysts having Pt:Co atomic ratio of 3:1, 2:1, 1:1, 1:2, 1:3 are prepared on CVD 
graphene, using sodium borohydride reduction method at room temperature. The effect of the composition on the 
fuel cell performance is investigated.  
 
II. Experimental 
Chloroplatinic acid (H2PtCl6·6H2O, Alfa Aesar) and cobalt chloride (CoCl2, Alfa Aesar) sulfuric acid (H2SO4, Merck), 
hydrogen peroxide (H2O2, Alfa Aesar, 30% in water) and sodium borohydride (NaBH4, Merck) are used to prepare 
the electrocatalysts. Nafion XL membrane and Sigracet 29BC are used as electrolyte and gas diffusion layer (GDL).  
CVD process is utilized to grow graphene on metal structures that are processed at 850-1035 oC.  Metal support 
is etched away to obtain self-supporting continuous-phase graphene structure.  Electrode prpeparation is 
schematically shown in Figure 1.  First, graphene structures (5cm2) are transferred onto pretreated Nafion XL 
membrane. Second, desired amounts of chloroplatinic acid and cobalt chloride are dropwise added onto CVD 
graphene to prepare PtCo electrocatalysts having Pt:Co atomic ratio of 3:1, 2:1, 1:1, 1:2, 1:3 (named as Pt3Co/G, 
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Pt3Co/G,Pt2Co/G, PtCo/G,PtCo2/G and PtCo3/G) at room temperature. Then freshly prepared NaBH4 is added 
dropwise to the metal precursor loaded graphene. Finally, resulted structure is washed with ultrapure water to 
remove undesired contaminants and treated using 0.5 M H2SO4.  For the cathode electrode, conventional 
electrocatalyst ink is prepared and painted on carbon paper (Sigracet 29BC) with Pt loading of 0.1 mg cm-2.  

Unit cell of anode (graphene supported PtxCoy)/membrane (nafion)/cathode (Vulcan XC-72 supported Pt) is 
hot pressed at 100 °C using a pressure of 30 kg/cm2 for 5 min to prepare MEA. Schematic diagram for preparation 
steps of MEA is given in Fig.1b.  Performance tests are carried out in a 5 cm2 active area cell hardware.  MEA is 
placed between two graphite plates with a single serpentine flow field with rectangular channels of 1 mm width and 
1 mm depth. Silicon gaskets are used for sealing between the electrode and the bipolar plate. The humidified 
hydrogen and oxygen are supplied to anode and cathode side at the constant stoichiometry of 1.5 and 2, 
respectively. 

  

(a )       (b) 

Fig.1: Schematic of graphene/PtxCoy electrode preparation steps (a) and MEA formation (b) 

Single fuel cell performance is investigated by polarization measurements at the cell temperature of 60oC and 
atmospheric pressure. Voltage versus current density data are collected for each graphene supported PtxCoy 
electrocatalysts.  

III. Results and Discussion 
It is difficult to load catalyst onto continuous phase CVD grown graphene by conventional approaches.  Graphene 
is highly hydrophobic and very sensitive to water and hydrophobic surfaces.  This newly developed approach to 
put graphene first onto membrane prevents agglomeration and reduced surface area during catalyst loading. 

The single cell performance curves of MEAs (Pt3Co/G, Pt2Co/G and PtCo/G) are presented in Fig. 2a. PtCo 
catalyst gives relatively better performance. The performance of the fuel cell decreases with increasing Pt amount.  
The maximum power densities of 634, 700, and 822 mW/cm2 are obtained for the CVD graphene supported Pt3Co, 
Pt2Co and PtCo anode, respectively at the same operating conditions. At the next step, the electrocatalytic 
properties of PtCo/G, PtCo2/G and PtCo3/G for anode are investigated by increasing cobalt amount (Fig. 2b).  
Electrocatalytic performance increases with increasing the Co content of the electrocatalysts. The highest power 
density of 1200 mW/cm2 is obtained for the CVD graphene supported PtCo3 catalyst. In addition, it can be seen 
from Fig. 2b that activation and ohmic losses at low current region are significantly reduced with increasing Co 
content. The enhancement of the fuel cell performance can attributed to the increased d-electron vacancy and 
increased oxygen adsorption as well as weakened O-O bonds (Rao et al (2011), Jung et al (2016), Lohrasbi et al 
(2016)).  Cell resistivities are also monitored during the fuel cell tests.  The highest membrane resistivity is 
obtained for CVD graphene supported Pt3Co. However, resistivity increases at high current densities. This may 
have to do with water management and drying of the membrane at high current densities.  For Pt3Co/G and 
Pt2Co/G, higher resistivity is observed at low current density.  This response may be due to Co(OH)2 precipitation 
in membrane.  
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Fig.2: Single cell performance of MEA with CVD graphene supported Pt3Co, Pt2Co,PtCo (a), PtCo, PtCo2,PtCo3 (b). 

In another approach, PtCo electrocatalyst is precipitated on the graphene and transferred onto gas diffusion layer 
(GDL). As seen in Fig. 3, maximum power density obtained at 0,5 V is 525 mW/cm2.  Performance of the fuel cell 
is lower with this approach compare to the one step process on the membrane as seen in Fig. 2.  The decrease in 
the MEA performance is attributed to the catalyst losses in the separation step. After measurements, MEA is treated 
with H2SO4 and tested again at the same conditions. After the pretreatment of MEA, the performance is increased 
by 48 %. 
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Fig. 3: The effect of the acid treatment of MEA on PEMFC performance. 

IV. Conclusions 
CVD supported PtxCoy nanoparticles are prepared on membrane by sodium borohydride reduction method. Thus, 
the agglomeration and decreasing the surface area of graphene sheets are prevented. The results shows that 
PtCo3/G electrocatalyst exhibits 2 times higher performance than that of Pt3Co/G under same fuel cell conditions. 
The electrocatalytic enhancement for PtCo3/G has been attributed to the Pt electronic structure change due to the 
presence of metal, Pt-Pt distance and d-electron density in Pt.  Post-test acid tratement seems to be a valuable 
option to enhance performance. 
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Abstract 
The impact of global warming is clear from the unfolding events witnessed worldwide. The world needs a new accelerated 
approach to meet the energy demand and reverse the processes that causes further instability in earth atmosphere. The 
objective of this paper is to introduce a novice idea for production of hydrogen. Maritime administration commissioned 
NS Savanah in 1962.  The nuclear-powered cargo ship was by with a total power generating capacity of seventy-five 
megawatts. The international ports did not allow the ship to dock due to fears that radiation from nuclear powered ship 
may cause problems related to human health. Recognizing this fact, we offer to utilize this class of vessels for production 
of hydrogen, provided all safety measures regarding this class of ships are strictly applied and the ship operates faraway 
from population centers. The proposed scenario for such a scheme, based on the newest technological advances made 
in the fields of hydrogen production and autonomous cargo ships for hydrogen transfer to designated platforms.  The 
economic viability of this process, comparative emission of greenhouse gases and production capacity of a platform 
similar to NS Savanah are topics addressed in this paper.  
Keywords: hydrogen, power generation, shipping, maritime, climate change, energy 

I. Introduction 
The new discoveries in hydrogen storage technologies and methods make it possible to accelerate the transition from 
fossil fuel to hydrogen fuel. The latest developments in Liquid Organic Hydrogen Carrier (LOHC) enables efficient and 
safe storage of hydrogen through binding hydrogen to Dibenzyltoluene C21H20. This biodegradable chemical is nontoxic, 
non-mutagenic, non-carcinogenic, recyclable and noncombustible. It has high volumetric energy density. Storage density 
of LOHC is 21 times that of compressed hydrogen gas at 70 bar and 8.5 times that of a Lithium-ion battery (G. D0 etal. 
2016). This process is simple catalytic hydrogenation and dehydrogenation of C21H20. Hydrogenation process is an 
exothermic reaction and the reaction parameters are 50-bar at 150C. The hydrogenation process is an endothermic and 
the reaction parameters are 1-bar and 300C. Furthermore, the logistic performance of LOHC (Bérubé, etal, 2007) 
compared to compressed hydrogen gas at 250 bar is impressive. A typical 40-ft truck will carry five times amount of 
hydrogen in kilograms than in compressed form. These facts establish safe and efficient means for hydrogen 
transportation by ships and trucks for power production. The introduction of this high energy density liquid and its safe 
transportation to local power generating stations will shorten the time to implement a decentralized power distribution 
system. Since hydrogen fuel cell produces DC power, it eliminates power conversion to AC and eases the path to 
implementation of DC micro-grids (H. Technologies 2017]). The only way to accelerate the implementation of micro-grids 
and guarantee a sustainable future is to make hydrogen available at lower price than fossil fuels. This can be achieved 
by conversion of all offshore wind, distant solar, wave and tidal electric power outputs to hydrogen. Utilizing these 
resources for hydrogen production will not be sufficient if not augmented by nuclear power. The choices are: 

a. To continue using fossil fuel for 81% of electric power generation and let the majority of world population live 
without the privileges of modern technologies. 

b. Using vast world oceans to augment hydrogen production by deploying nuclear powered ships. 
c. Designing oceangoing vessels with extendable solar and wind turbines, to harvest the solar and wind energies 

for onboard hydrogen generation. 
d.  Delivery produced hydrogen, to shore side power generating platforms.  
e. Utilizing nuclear power by removing the power plants to safe distances from population centers and using modern 

reactors to produce hydrogen.  

II. Methodology 
To demonstrate the logistics of using nuclear power for hydrogen production, data from NS Savanah is used. The future 
design of ocean going vessels to produce hydrogen utilizing atomic power will be simpler and more efficient than results 
presented.  

The following data, related to NS Savanah, obtained from The American Society of Mechanical Engineers (Scott 1963): 

Engine power: 16.42 MW 

Reactor Capacity: 75 MW 
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Length: 182 m 

Width: 23.8m  

Gross Tonnage: 15,868 tons.   

 

Fig.1:  Side view of NS Savanah. 

Only 60% of total onboard electric power generated used to calculate amount of hydrogen production.  Commercially 
available hydrogen generating stations designed for indoor applications and rated at 3000 cubic meter per hour of 
hydrogen is used (Scott 1963) Each unit consumes 15 MW, thus three units will be installed on board of this ship. Each 
unit has 600 m2 of footprint and all three will occupy 43.5% of total area of one of the upper decks. Deploying 
hydrogenation units, with capacity to absorb 100m3 of hydrogen per hour in form of hydrogenated LOHC requires 160 
l/hr. of C21H20 per unit.  Ninety hydrogenation units or equivalent capacity needed for infusion of hundred percent 
hydrogen generated on board. The footprint for hydrogenation units is about 112m2. Fig. (2), depicts scheme of hydrogen 
production for any platform. The two arrows at right and left of drawing points loading and unloading of recyclable LOHC 
to possible transfer modes.  LOHC storage size for hydrogenated and dehydrogenated depends on how frequent it is 
recycled. The assumption for analysis presented in figure (3), is that every twenty-four hours autonomous tanker ships 
recycle LOHC transfer the sored content for use on marine hydrogen power generating platforms.  

.   

Fig. 2: The scheme of hydrogen production for any platform 

III. Analysis 
The use of nuclear energy to produce hydrogen away from population centers reduces cost for transmission of power to 
distant location. Although this paper will not discuss design of ships to augment hydrogen production, it is possible to use 
existing nuclear power generating facilities and convert them for hydrogen production to meet the needs of decentralized 
grid. Under these conditions, the reactor will operate under optimum conditions without load changes and make the 
operation of nuclear power generating plants more efficient than operating as a part of centralized distribution systems.  

Figure (3) presents percentage storage size for LOHC relative to total cargo space available for cargo in NS Savanah 
for twenty-four hour continuous operation of hydrogen generators as function of total reactor power output.  The medium 
for hydrogen storage is only for conveying the concept of pure hydrogen economy. As it previously mentioned, there are 
other possibilities that may arise as result of wide spectrum of materials with higher hydrogen to carrier storage capacity. 
The weight percentage of hydrogen for LOHC is 6.32% and some researchers show 7.2% in solids. 

Using the promenade deck for electrolysis and lower deck for hydrogenation units. Hydrogenation units are twenty 
feet trailers each requiring 160 l/hr. of dehydrogenated LOHC.  Cargo holds space can serve to store equal amount of 
C21H20 for hydrogenation for transport and recycled dehydrogenated C21H20.   
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Fig.3: The percentage storage size for LOHC 

A plot of monthly hydrogen production versus reactor power depicted in Figure (4). This demonstrates the significant 
economic benefits of hydrogen production by this method using 60% of reactor power. Notice that the monthly income 
for ships like NS Savanah is close to five million US dollars, assuming average price is $4 per kilogram of hydrogen. We 
recognize that a more detailed economic analysis of hydrogen production by the methodology proposed in this paper is 
required. These analysis, include nuclear fuel prices, maintenance and other related costs, which can be modeled on 
existing nuclear power plants. A more practical way for future of this technique for hydrogen generation is to put more 
research funds on small molten-salt Thorium reactors, which has les radioactivity and decay time. This will serve two 
purposes: 

1. Provides world with low cost hydrogen and helps transition to distributed power generation a reality. 
2. The small reactors can serve as powerhouse for cargo ships and eliminates vast amounts of Carbon dioxide, 

Nitro oxides and Sulphur oxides from current combustion engine ships.  

                                            

 

 

Fig. 4: Monthly economic benefits of hydrogen production 

IV. Conclusions 
There is an urgent need to reduce fossil fuel consumption for electric power generation. The investment per kilowatt on 
fuel cell are very close to combustible fuels and every year falling at rates that makes future of hydrogen as main fuel for 
electricity production hopeful. Hydrogen prices and means of production are the only obstacle to an accelerated transition 
to zero emission stationary power generation. The transportation industry, both marine and on land, can benefit, if the 
scheme for hydrogen production is feasible.  A feasibility study addressing the following items is necessary to come to a 
consensus regarding production by this method. 
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 A comparative economic study of nuclear powered ships, reactor construction, installation and fuel costs with 
equivalent power generated by other means. 

 Hydrogen storage current and future technologies and ease of transferring hydrogen from hydrogen production 
sites to electric power generation platforms. 

 Environmental effects of using nuclear power to produce hydrogen away from population centers verses 
producing electric power by other means. 

 The effects of low price hydrogen on implementation of micro-grids. 
 The new wideband semiconductors switches at power transfer junctions and distribution center are promising 

and will reduce the cost and losses incurred in such processes. 
 Cost analysis of transporting hydrogen from remote nuclear-powered hydrogen production facilities to local area 

electric power providers, versus construction of transmission lines and including the losses in transmission 
lines. 

 Using remote nuclear power to switch to zero emission electric power generation technique reduces health care 
costs incurred due to emissions form fossil fuels. 

These studies will give us a more detailed analysis, advantages and disadvantages of hydrogen 
production using nuclear technology. Given the advancements in hydrogenation units and liquid hydrogen 
carriers, hydrogen production can lead to large economic benefits in the supply of energy to general population.  
However, the more important advantage of using nuclear power to produce hydrogen energy lies in the 
possibility to initiate reversal of climate change from the adverse effects of fossil fuel emission.  As the safety 
of nuclear reactors are advancing, it is time for humanity to decide to use nuclear power or not to use it at all.  
We propose that all industry and world leaders should compromise to use nuclear power for peaceful purposes, 
as opposed to using it for other means and to develop safeguards to protect humanity from its harmful effects. 
There is no doubt that the climate change is already causing economic stress in developed countries and more 
hardship in underdeveloped countries. There are two pathways for future of humanity. Continue accepting the 
slow pace of renewable energy entry to market and let the planet experience violent climate change, or to find 
similar and better methods for a fast transition to zero emission.  
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The world surface temperature increased by 0.6 °C in the 20th century and in the literature, there is a wide consensus that the 
temperature increase of 2 °C is an irreversible point. Low carbon economy is of great importance in decreasing global warming 
effects of energy systems. Ammonia, if produced in a sustainable way, can be used in energy systems in an environmentally 
benign way, producing only water vapour and nitrogen. This carbon free fuel can be stored and transported more easily than 
hydrogen or methanol and can be found easily since it is extensively used in agricultural industry. This study focuses on effects 
of using ammonia in a general gas turbine engine used for ground operations. The gas turbine model have been developed us-
ing the sotware EBSILON® Professional. Effects of ammonia fraction in compared to other fuels such as methane, hydrogen and 
kerosene is the main concern of this paper. Energetic, exergetic and sustainability analyses have been carried out for optimising 
power generation utilising ammonia fuel blends.

Keywords: Ammonia, gas turbine, exergy analysis, sustainability
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Abstract 
Solar thermal methane pyrolysis over nickel in a pilot scale solar reactor is reported. The 316 SS reactor with a 
quartz window on one end allowed effective energy collection from a 70cm diameter parabolic mirror, such that 
solar irradiation was focused on the 30x30mm face of the 30x30x10mm, 200CPSI mullite monolith. Blank and 
1.645g Ni monoliths were tested. Inlet flow stream during pyrolysis with 4% CH4 or during regeneration with 4.2% 
O2 mixture was fed to the irradiated side of the monolith. The pyrolysis and de-coking reactions were implemented 
in sequence. The effect of the ambient weather conditions on the relationship between conversion, temperature 
and the extent of coking was monitored. Repeatable, peak H2 yields of ~95% were demonstrated at 100 mmol/h 
peak production rates. Pyrolysis and and regeneration cycles were complete within one hours each. Blank 
monoliths yield two orders of magnitude lower conversions under the same conditions.  
 
Keywords: Methane Pyrolysis, Concentrated Solar Irradiation, Ni /mullite 
 
I. Introduction 
Hydrogen production by methane cracking is emerging as an efficient method of producing CO free hydrogen 
(Weger, Abanades, and Butler 2017). The reaction proceeds by depositing coke over a surface that can activate 
C-H bonds with subsequent hydrogen evolution. The challenge of the present day technologies is to manage the 
carbon deposited on the catalytically active surface.  
The existing bottlenecks of the process can be shortlisted as managing the deactivation by coke deposition, and a 
potential CO2 footprint problem at the end of the full cycle.  If the thermal energy needed to drive this mildly 
endothermic reaction can be provided by concentrated solar energy a step forward will be taken for a CO free 
hydrogen generation for fuel cell applications(Rodat, Abanades, and Flamant 2011; Abanades, Kimura, and 
Otsuka 2014; Pregger et al. 2009).  

The process is inherently unsteadystate due to the carbon buildup step. The major drawback of the carbon 
build up is the catalyst deactivation. The buildup carbon can inhibit the reaction by blocking the active sites over 
metal and carbon based catalyts (Serrano, Botas, and Guil-Lopez 2009; Snoeck, Froment, and Fowles 1997; 
Hazra et al. 2009).  Eventually, the built up carbon fills the micro and macropores, and can congest the flow.  The 
steady operation of such systems require periodic regeneration without a major damage to the catalytic activity. If 
the coke build-up involves carbon filament (CF) or carbon nanotube (CNT) formation, the metallic catalysts are 
usually lifted off from the support to the tip of the nanotubes.  The reneneration by oxidation can lead to the loss of 
the active metal by volatilaziation, or sintering. Alternative solutions to catalytic systems have also been proposed, 
such as using a molten metal reactor where the carbon can be retrieved as a commercial product (Geissler et al. 
2016).  

Conducting chemical conversions using solar radiation is a challenging problem, due to the intermittent nature 
of solar radiation.  In addition, temporal fluctuations in the incident radiation are reflected in the productivity, and 
yields. The commercial success of any process utilizing solar radiation depends strongly on the engineering ability 
to assess and circumvent the problems associated with the temporal fluctuations of the solar energy and inherently 
couple endotherms and exotherms of cyclic processes to the solar influx cycles.  In this paper, we report the 
results obtained on solar thermal methane cracking conducted on Ni coated on a mullite monolith.  The temporal 
and day to day variations of the process are reported.   
 
II. Experimental Set-up and Procedure 
The 30x30x10mm, 200 cpsi mullite monoliths used in this work were coated with Ni by a modified incipient wetness 
procedure, without any wascoat layer. In order to ensure the surface cleanliness and also introduce additional 
surface roughness, the monoliths were first etched in 2 M HCl solution in an ultrasonic bath, followed by hot water 
elutriation of the residual chlorine. Hot water elutriation was repeated with fresh water until there was no sign of 
residual chlorine elutriated in the water as tested by AgNO3 (Merck CAS # 7761-88-8) additon.The monoliths were 
subsequently dried at 80 C overnight and calcined at 500 C for 3 hours. An appropriate amount of  Ni(NO3)2∙6H2O 
( Merck CAS# 13478-00-7) salt was dissolved in deionized water, stirred for 30 min at room temperature. A known 
amount of this solution was carefully drop coated with the help of a pastor pipet on both sides of the monolith. The 
monolith was dried at 80 C and the coating procedure was repeated until the desired metal loading was achieved. 
After the final layer was coated, the monolith was calcined in air at 600C for 5 hours. The calcined sample had a 
loading of 12.8 wt% Ni/mullite. 

The monoliths were loaded onto the solar reactor with the 30x30 facing the focused solar irradiation, as seen 
in Figure 1(c). In this same image the blue tubing providing the feed gases to the front face of the monolith can be 
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seen on the left side. The white tubing towards the back collects the effluent gases and delivers them to the gas 
analysis unit, while monitoring the temperature of the effluent by a J-type thermocouple. The window facing the 
focused solar rays is a 3mm thick, 96mm diameter quartz piece. A side-view of the reactor chamber is shown in 
Figure 1(b), the K-type thermocoulple leads can be seen extending out from the back of the reactor (top of the 
picture). This thermocouple is embedded into the monolith and holds the monolith in place while monitoring its 
internal temperature. The parabolic dishes used for concentration are 70cm in diameter and are shown in Figure 
1(a). This 2x2 array of mirrors used in the study is mounted on a dual axis solar tracker that tracks the position of 
the sun based on the latitude of the installation and the solar time. On the picture, the mirrors are covered with their 
protective covers.    

The effluent gases are analyzed with an array of 3 solid state (SnO based) sensors that have varying levels of 
sensitivity towards CH4 and H2 and allow for real time monitoring of the gas composition (more specifically MQ4, 
MQ6 and MQ8 by Hanwei Electronics, China). They also pass through a more sensitive total combustible gas 
analyzer (namely a Honeywell XCD) for validation. During the coke burning stages, two O2 sensors (sensitive ppm 
and percentage levels by the Southland Sensing Ltd) connected to two EMD-485 sensor board are used to track 
O2 levels. The O2 levels are also monitored prior to experimentation to confirm purging of all O2 from the system. 
The entire set-up is automated through a Lab-VIEW interface complemented with a NI USB-6343 A/D converter 
with digital I/O capabilities.  
 

   
(a) 2x2 array of 70cm parabolic dishes mounted on a 

dual axis solar tracker with 4 reactors installed.  
(b) Close-up of the reactor – 

face down 
(c) Reactor mounted at focus – 
monolith inside, facing mirror  

Fig. 1: Pictures of the solar-thermal reactor set-up - the solar tracker is installed at METU, Ankara campus 
 
The experiments whose results are reported in this paper were conducted between August 11th and 17th, 2017. The 
total gas flow was 200sccm for all cases, with Ar as balance.    

Day 1. Methane cracking on Ni with 4% Methane, followed by coke burning with 4.2% O2. – Full Sun 
Day 2. Methane cracking on Ni with 4% Methane all day – cloudy conditions, variable temperature 
Day 3. Coke burning on Ni with 4.2% O2 – clouds were present towards the end  
Day 4. Control run methane cracking on blank monolith with 4% Methane.  

Once the monoliths were loaded in the reactor, the reactor volume was purged with 200sccm Ar overnight, during 
which time the O2 concentration was monitored to ensure the completion of purging. The Ar flow was continued 
until the monolith was at focus and attained the reaction temperature before either CH4 or O2 was introduced.    
 
III. Results and Discussion 
The results of experiments detailed above will be reported and evaluated here. The first reaction conducted on the 
monolith was methane cracking using 4% CH4 in Ar with 200sccm total flow rate under bright solar radiation. The 
monoliths were placed in the reactor shown in Figure 1 b and c without any further treatment and installaed in the 
focal point of the solar collector. The time dependent effluent hydrogen yields are shown in Figure 2(a) and (b), 
where the instantaneous and cumulative amounts are indicated, respectively. The time variation of the 
temperatures, driven by solar irradiation conditions, are also shown in Figure 2(c). Note that these temperatures 
are monitored by a thermocouple that is embedded about 15mm into the 30mm thick monolith, it is only a proxy for 
the reaction temperature. Higher temperatures exist particularly on the front face, as a function of the exact location 
of the point of focus. The reaction sequences were such that the experiment continued for either 60 or 180 minutes. 
On the same figure the results of two subsequent measurements on the same monolith are also reported. Data in 
Figure 1 a clearly show the fluctuations in the hydrogen effluent amounts, especially in coherence with the 
fluctuations in temperature during the extended perios of operation. The limited size of the solar collector would 
maintain a high temperature and sustain these temperatures at the relatively warm external conditions. However, 
the sensitivity of the system performance to the external temperatures is explicitly demonstrated by the data 
presented in this figure.   
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(a) Instantaneous H2 flowrate (b) Cumulative hydrogen production (c) Measured monolith temperatures 

Fig.2: Hydrogen yields on three different sequences of methane cracking. RED line is the first CH4 cracking cycle (60min), 
GREEN is the second cycle (180min), BLUE is the third cycle (60min)  

  
The oxidation of the deposited coke was also carried out under solar irraditation. The flow was switched to 4.2% O2 
in Ar, and the effluent O2 was monitored to account for the burning of coke. These runs were continued until the 
effulent O2 was stabilized near the inlet values, indicating that there was no longer any C left to burn. The resulting 
instantaneous and cumulative de-coking results for all three sequences of coke regeneration are reported in Figure 
3. The results also include the temperature trends, in very similar fashion to the CH4 cracking results for Figure 2. 
The same color coding is used to refer to the sequences. Finally, Table 1 summarizes the total H2 production and 
de-coking amounts along with an efficiency calculation, capturing the effectiveness of the de-coking step. The blue 
trace in Figure 2 also demonstrated the thermal sensitivity of the process.  Ar around 20 min. the a quench in the 
system temperature (Figure 2c) resulted in a sharp decrease in ethe effluent carbon amounts (Figure 2a).  
 

   
(a) Instantenous de-coking rate (b) Cumulative carbon burnt (c) Measured monolith temperatures 

Fig. 3: The de-coking rates and totals during regeneration, along with the temperature profiles. RED line is the first cycle 
(60min), GREEN is the second cycle (180min) and BLUE is the third cycle (60min) 

 
Table 1.  Quantitative summary of hydrogen production during methane cracking and carbon burning during regeneration. 

Cycle 
No 

H2 
produced 
(moles) 

C 
produced 
(moles) 

C from 
before 
(moles) 

C burned 
(moles) 

Efficiency 

Daily Cumulative 

1 54.5 27.25 0 24.9 91.4% N/A 

2 64.4 32.2 2.35 31.2 96.9% 90.3% 

3 42.7 21.35 3.35 20.7 97.0% 83.8% 

   
At the end of each day, the visual inspection and recording of the monoliths were also performed. The pictures of 
the monoliths at the end of Day 1, 2 and 3 are shown in Figure 4. Included here is the picture of the reference, 
blank monolith that went through the same methane cracking cycle as the GREEN line in Figure 2. The pictures in 
Figure 4 a and c clearly show that the color is non uniform. This is probably due to the loss of Ni metal during coke 
regeneration. Coking over nickel catalysts is a well known process/artefact of the reforming reactions. The 
generally agreed mechanism of carbon growth is the dissolution of carbon in Ni followed by carbon growth with the 
catalyst on the tip of the carbon fibers or nanotubes. Under these conditions, during regeneration by combustion, 
Ni metal is removed from the surface by the gas flow also.  The lighter color of Figure 4 c in comparison to figure 4 
a indicates the loss of metas in peripheral regions. This color change is also indicative of the temperature 
nonuniformity in the monoliths, as can be inferred by the different rates of carbob build up, and Ni metal elimination.   
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(a) (b) (c) (d) 

Fig. 4: Monoliths after the reactions (a) end of day 1 – 1hr cracking followed by 1hr de-coking; (b) end of day 2 – 3hrs of 
cracking only; (c) end of day 3 – 3hrs of de-coking only; (d) blank monolith after 3hrs of cracking. 

 
IV. Conclusions 
In this paper, we summarized the results of hydrogen production by methane cracking over Ni coalted monoliths 
using a solar collector of 80 cm diameter and a home built solar thermal reactor.  Systematic measuements 
revealed reproducible results in terms of hydrogen production rates followed by consistent carbon removal rates.  
The temperature sensitivity of the process to the external conditions and the ability to follow the reaction effluents in 
tandem with temperature fluctuations revealed that the process time constants are inherent to the reactor and the 
peripheral transfer lines do not contribute too much dead volume especially fro the concentration measurements.  
In the absence of Ni, monoliths were inactive for methane cracking.  Coke regeneration have deactivated the 
catalyst, most probably due to the loss of Ni during regeneration excursions. The catalyst loss was attributed to the 
color change of the monoliths. Despite the bottlenecks indicated, the feasibility of the presented process lies in the 
small scale solar concentrator design.      
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Abstract 
Today’s transportation sector depends almost entirely on fossil fuels, emits more than 20% of all CO2 emissions – 
and is almost certain to grow significantly in the years ahead. Latest predictions show that CO2 emissions will 
increase by about 35% by 2050. Hydrogen usage is one of the solutions for the reducing of the emissions created 
by transportation. In the transport sector hydrogen is now used almost exclusively in fuel cells. Hydrogen fuel cell 
systems are suitable for virtually all means of transport. Passenger cars, buses and material handling vehicles 
have technically reached series-production readiness, are not far off that point, or are already in the early stages of 
commercialisation. Fuel cell passenger cars now offer the same features as those powered by internal combustion 
engines. Buses have undergone more intensive testing with hydrogen and fuel cells than any other form of 
transport. Light rail and road vehicles for the transport of goods may benefit from bus technology. Of all modes of 
transport, industrial trucks have the largest numbers of fuel cell electric vehicles. Commercial aircraft and merchant 
ships can use fuel cells as an efficient and clean energy provider for auxiliary power units. 
 
Keywords: Hydrogen, fuel cell, transportation, renewable energy, ammonia. 
 
I. Introduction 

Environmental stress to planet earth has stimulated a quest for innovation in the energy system on a global 
scale. There is profound interest in fostering a cleaner future for present and future generations, evidenced by the 
148 nations who ratified the 2015 Paris Climate Accord. These nations agree that the remedy for environmental 
stress requires capping greenhouse gas (carbon) emissions as soon as possible, and holding global temperature 
rise this century to 2°C at a minimum and 1.5°C ideally. Achieving this target requires reducing emissions minimum 
by 40% until 2050. Average emissions per kilometer need to decrease by more than 70%, despite an increase in 
more carbon-intensive freight and air traffic. Hydrogen offers an elegant solution to this environmental crucible. As 
a highly flexible energy carrier, hydrogen can deliver a holistic – clean, integrated and multi sector ̶ systems 
approach to energy that will contribute decisively to solving the environmental problem and securing earth’s energy 
future De Valladares (2017). 

Hydrogen’s relationship to renewables cannot be overemphasized. Hydrogen with a low-carbon footprint has 
the potential to facilitate significant reductions in energy-related CO2 emissions. Thus, use of renewable feedstocks 
for hydrogen production is very attractive from the environmental perspective. Today, the world is witnessing 
significant growth in the installed capacity of renewables (primarily wind and solar). Onshore wind is the leader, 
accounting for over one-third of the renewable capacity and generation increase. Solar PV follows, accounting for 
another third of deployment. Hydropower is also growing and accounts for one-fifth of new renewable additions, 
and over a quarter of the growth in renewable energy electricity generation Japanese Member update (2017). As a 
result of this growth, the electricity grid must sometimes restrict uptake of renewable electricity when the grid is full 
(saturated) in order to balance electricity supply and demand. Consequently, renewable electricity production is 
curtailed. However, use of hydrogen for storage of renewable electricity (converted via water electrolysis) is a 
game changer. Hydrogen and electricity are in fact complementary energy carriers: hydrogen can be converted to 
electricity, and electricity can be converted to hydrogen.  

Hydrogen is the most abundant and lightest of the elements. It is odorless and nontoxic. It has the highest 
energy content of common fuels by weight -- nearly three times that of gasoline. Hydrogen is not found free in 
nature and must be “extracted” from diverse sources: fossil energy, renewable energy, nuclear energy and the 
electrolysis of water. A separate energy source (electricity, heat or light) is required to “produce” (extract or reform) 
the hydrogen. Today, most hydrogen is made from fossil energy using steam methane reforming (SMR) of natural 
gas, followed by partial oxidation (POX) and autothermal reforming (ATR), which combines SMR and POX 
processes De Valladares (2017). Hydrogen generated by electrolysis from renewable energies produces the 
lowest greenhouse gas emissions. The primary energy input for electrolysis based on conventional electricity is 
high, whereas that for natural gas and biogas reforming and for renewable electrolysis is low. However, electrolysis 
from renewable electricity uses a high proportion of renewable primary energy and only small amounts of fossil 
primary energy. As an “industrial gas,” hydrogen is already a big global business with strong fundamentals. The 
hydrogen generation market is expected to be valued at $115.25 billion USD in 2017 and grow to $154.74 billion 
USD in 2022. This market comprises two segments: “merchant” hydrogen - i.e., hydrogen generated on site or in a 
central production facility and sold to a consumer by pipeline, bulk tank or cylinder truck delivery; and “captive” 
hydrogen - hydrogen produced by the consumer for internal use and consumed at the point of usage.  

Like electricity, hydrogen is an “energy carrier”. It can be used in a full range of applications in all sectors of 
the economy: transportation, power, industry, and buildings. Since fuel cell electric vehicles (FCEVs) are 
emission-free at the tailpipe, use of hydrogen in the transport sector positively impacts urban air quality, whether or 
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not the hydrogen feedstock is produced from a renewable source. Hydrogen can be used for difficult to electrify 
applications or applications that currently use diesel. Electrification via the grid or with batteries is not an inherently 
superior or even viable solution for some applications. Heavy duty-transport, non-electrified trains, and maritime 
transport are examples of applications that are battery-challenged. Hydrogen can be used as a substitute for 
diesel, e.g., to power non-electrified trains. Germany alone has some 4,000 diesel powered train cars De 
Valladares (2017). 

The efficient storage of hydrogen is regarded as an important precondition for the spread of fuel cell 
technology in the transport sector. Since hydrogen has a low volumetric energy density, in motor vehicles it is 
usually carried in compressed form in pressurised cylinders. 700 bar is now the established storage pressure for 
passenger cars. By contrast, the storage space in buses (on the roof) is less constrained than in passenger cars. 
Therefore, buses can use high-pressure storage tanks at 350 bar. Fuel cell passenger cars currently have a range 
of around 500 km. With the current vehicle technology, this requires around 4 to 6 kg of hydrogen, depending on 
the vehicle, driving style and driving conditions. A passenger car needs a tank capacity of around 100 to 150 litres 
to store 4 to 6 kg of hydrogen at 700 bar. The petrol tanks on modern compact and mid-size cars have a capacity of 
50 to 60 litres, while executive cars and light commercial vehicles carry 70 to 80 litres of fuel. In addition to the 
volume and weight of the fuel, the weight of the tank system is relevant, since heavy tank systems increase rolling, 
grade and acceleration resistance and hence the fuel and energy consumption of a vehicle. Vehicle tanks for liquid 
fuels have a very favourable ratio of transported energy content to overall mass of tank system plus content. 
Similar to batteries in a hybrid gasoline vehicle, fuel cell vehicles also need a (smaller) traction battery. Depending 
on the drivetrain configuration, the battery adds additional weight. Nevertheless, fuel cell vehicles achieve ranges 
comparable to those of internal combustion engine cars because of their higher drive efficiency. Finally, the 
gravimetric storage density of hydrogen tank systems is significantly higher than that of battery electric vehicles. 
Current battery technology achieves storage densities of 0.3 MJ/kg, and 1.116 MJ/kg is considered achievable in 
the medium to long term. As a consequence, battery electric vehicles have much shorter ranges and the vehicle 
weight is greater. 

The most important advantages of hydrogen and fuel cells in road transport are the higher efficiency of the 
energy converter, zero-pollutant operation (in fuel cells) and functionality comparable to established IC engined 
vehicles. For automotive applications, low-temperature polymer electrolyte membrane fuel cells are now used 
almost exclusively. In the PEM fuel cell, hydrogen is converted with oxygen to water. The technology has a high 
degree of maturity and is characterised by a simple setup, fast response to load changes, good cold start properties 
and a high power density.  

Fuel cells achieve their highest efficiency under low loads. At part load they can achieve efficiencies roughly 
twice those of heat engines. In addition, if the passenger compartment needs to be heated, vehicles with fuel cells 
can draw heat from the fuel cell stack’s coolant circuit, thereby avoiding power losses for auxiliary air heaters of up 
to around 5 kW as compared with battery electric vehicles. However, as the PEM fuel cell operating temperature of 
80 to 85°C cannot be exceeded significantly, additional electrical power for cooling the stack is needed. Moreover, 
operation in extremely hot regions represents a technical challenge. In addition to the fuel cell stack, a fuel cell 
vehicle also has a traction battery (usually lithium-ion or nickel-metal hydride rechargeable batteries). Electrical 
energy from the fuel cell or from regenerative operation of the powertrain (recuperation) can be temporarily stored 
in this battery. The traction battery also serves to cover short-term power peaks. The traction battery is operated at 
a much higher voltage than the current vehicle electrical system (12 V).  

The electric powertrain of fuel cell electric vehicles, i.e. electric motors and power electronics, is no different 
from the drive for battery electric vehicles. If the fuel cell stacks feed electrical energy directly into the electric motor 
as and when required, this is described as a fuel cell-dominant system. If the fuel cell stack only supplies the traction 
battery, which in turn is the sole energy supply for the electric motor, this type of vehicle is referred to as a battery 
electric vehicle with range extender. 

 
II. Results and discussions 
At today’s cost structures fuel cell passenger cars are not yet competitive. But in an ambitious climate scenario 
involving rapid technological advances and market development, automotive fuel cell technology would quickly 
become much more cost-effective. In addition, production costs for hydrogen (from renewables) could fall in the 
medium to long-term, and – with lower hydrogen infrastructure costs – it could be distributed more cheaply as a 
fuel. At the same time, internal combustion drive systems are becoming more expensive, and in urban and 
metropolitan areas they are often subject to local usage restrictions as a result of stricter air quality regulations. As 
a consequence, (locally) emission-free fuel cell electric vehicles powered by hydrogen are becoming increasingly 
attractive in comparison to cars with an internal combustion engine, and not on cost grounds alone. If the gap 
between the purchase costs of fuel cell cars and battery electric cars can be closed as production numbers 
increase, fuel cell cars can also offer an alternative to (locally) emission-free battery electric vehicles. That is 
because, with comparable ownership costs, fuel cell electric vehicles offer further advantages over battery electric 
vehicles, such as greater comfort, longer range and shorter charging times. By contrast, if battery electric vehicles 
are improved in terms of comfort, range or charging time, they will become more expensive and will lose any 
economic advantages they may have over fuel cell electric vehicles. 

As of the beginning of 2017, there are 281 hydrogen refuelling stations and more than 4,000 
hydrogen-powered vehicles worldwide. Hydrogen refuelling stations and fuel cell vehicle fleets are concentrated in 
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the USA, Western Europe and Asia/Japan. The infrastructure of hydrogen refuelling stations and the number of 
hydrogen-powered vehicle in the world has to grove very fast to achieve the climate action goal of limiting the 
global temperature rise to 2°C. Achieving the Paris Climate Accord target, the number of fuel cell vehicles in three 
key markets (USA, selected European passenger car markets and Japan) will increase to some 113 mln units by 
2050. This is based on new FCEV registrations rising to 1 mln each in the EU and USA in 2030 and to around 10 
mln in all the regions in question in 2050. Based on these FCEV fleet scenarios, a hydrogen consumption of 
around 10 mln t of hydrogen (per year) has been estimated for the 113 mln FCEVs in 2050. If efficient petrol cars 
are superseded by FCEVs, this will lead to savings – depending on the petrol vehicle type (hybrid or petrol only) – 
of 38 to 68 mln t of petrol and over 190 mln t of traffic-related CO2 emissions in 2050 Shell (2017). 

 
III. Conclusions 

Liquid ammonia contains more hydrogen by volume than compressed hydrogen or liquid 
hydrogen.  Ammonia could be stored on-board a motor vehicle where the elemental hydrogen and nitrogen are 
separated just before the hydrogen is fed into the fuel cell or internal combustion engines. Ammonia cracking 
reaction requires less energy cost compared to alternative hydrogen carriers. Renewable energy based hydrogen 
and ammonia production arises as one of the most sustainable solutions of today’s critical energy, environmental 
and sustainability issues. Since solar and wind energy cannot be directly stored or continuously supplied, it is 
required to convert solar and wind energy to a storable type of energy. Ammonia is a significant candidate as a 
sustainable energy carrier. Hydrogen can be produced from electrolysis of water and nitrogen can be produced 
from air to form green ammonia using renewable energy like solar and wind energy. Oxygen which is released 
during the water electrolysis and air separation processes can be converted to ozone, which has high commercial 
value, using plasma energy. Green ammonia is the ideal energy currency because it can be efficiently 
manufactured from green electricity, easily transported to where it is needed, and then converted back into 
electricity Aydin and Un (2017).  
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Abstract 
Continuous hydrogen sensing by a quadrotor drone is presented. The present system consists of a drone, 
semiconductor-type hydrogen sensor, wireless microcontroller module, boot converter and batteries. After 
investigating the relationship between leak amount and the spatial distribution of hydrogen concentration in the 
absence of the drone, sensing experiments are conducted with the drone hung above the leak source. The 
rotational speeds of the blades are also varied. The results show that the present system can successfully detect 
leaked hydrogen in spite of the downwash of the quadrotor drone. 
 
Keywords: hydrogen safety, hydrogen sensor, drone, wireless, continuous sensing 
 
I. Introduction 
The usage of hydrogen has been growing in our daily lives. Hydrogen leakage is anticipated in various occasions 
ranging from production to consumption. Because system degradation and human error are inevitable and also 
hydrogen can be easily ignited even by weak magnitude of static electricity, quick, flexible and reliable sensing 
techniques of leaked hydrogen are required. Broadly speaking, current methods of hydrogen sensing can be 
categorized into stationary measurement, portable probing and laser measurement. In the stationary measurement, 
because the location of a hydrogen sensor is fixed, some time is required until hydrogen reaches the location from 
the leak source. In the portable probing, measurement becomes difficult when human access is difficult. In the 
laser measurement such as Raman scattering method based on ultraviolet raysa), an optical system is not 
necessarily cheap. On the other hand, if we can develop a system such that an inexpensive hydrogen sensor is 
attached on a rapidly-flying vehicle and hydrogen is measured within an acceptable accuracy, we can realize a new 
quick, flexible and reliable method.  

In this study, we present a new wireless high-speed continuous sensing system with a semiconductor-type 
hydrogen sensor installed on a quadrotor drone. Its system operation and ability to measure leaked hydrogen with 
and without rotor blade rotation are investigated. 
 
II. Experimental Set-up and Procedure 
II.A Drone with hydrogen sensor 
A MQ-8 gas sensor of Zhengzhou Winsen Electronics Technology Co., Ltd.b) is used. This sensor is of 
semiconductor-type, and its detection range is around 0-1000 ppm. The input voltage is 5 V, and the output voltage 
is around 1-4 V for the range. The 5 V input is supplied from batteries through a boost converter. In order to send 
the signals of the output voltage to PC wirelessly in real-time, a wireless microcontroller module named TWELITE 
DIPc) of MONO WIRELESS Inc. is used. The input voltage of TWELITE DIP is 2.3-3.6 V. The range of voltage 
represented on PC is around 0-2 V. 

As shown in Fig. 1, the wireless hydrogen sensor system is installed on a quadrotor drone RC Logger, RC 
EYE One Xtreme of CEI Conrad Electronic International (HK) Ltd.d). The total length of the drone is 225 mm, and 
the rotor diameter is 138 mm. The maximum loading weight excluding the main LiPo battery is 100 g. The total 
weight of the present sensor system is 38 g, so the drone can easily lift the system without losing maneuverability. 
 
II.B Hydrogen leakge 
100% hydrogen is relased from the leak source, which is a rectangular slot with the size of 1cm×1cm. Leak flow 
rates of 5 and 10 L/min are considered. The spatial distribution of hydrogen concentration above the leak source is 
confirmed also by Raman scattering measurement conducted separately.  
 
II.C Experimental condition 
Experimental conditions are summerized in Table 1. The appearance of the measurement with and without the 
drone is shown in Fig. 2. To gain an insight into the spatial distribution of leaked hydrogen, Case 1 is conducted. In 
Cases 2-6, the leak flow rate is set 5 L/min and the leak is continued for 10 sec. The location of the hydrogen 
sensor is about 50 cm above the leak source. The speed of blade rotation is varied in these cases by inclining the 
throttle lever of the transmitter. In particular, Case 2 is the case without rotation, and Case 3 is the state of stand-by 
with blade rotation.  
 
III. Results and Discussion 
Experimental results are summarized in Table. 1. In Case 1, hydrogen concentration is about 0.5% at the height of 
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20 cm above the leak source. Therefore, an atmosphere of hydrogen is successfully created by the present  
 
Tab.1: Experimental conditions for the hydrogen sensing 
Case H2 leak flow rates, duration Blade rotation H2 signal (Experimental results) 

1 10L/min, 10 sec No drone H2 conc. is approx. 0.5% at the height of 
20 cm above the leak source 

2 5 L/min, 10 sec No Over Range of TWELITE DIP within zero 
point a few seconds since the leak start 

3 ditto Yes, Stand-by condition The voltage rised up to 1600 mV 
4 ditto Yes, 25% Full Throttle(FT) The voltage rised up to 1400 mV 
5 ditto Yes, 50% FT The voltage rised up to 2000 mV 
6 ditto Yes, 100% FT The voltage rised up to 2000 mV 
 

  
(a) View from the top side (b) View from the bottom side 

Fig. 1: Wireless hydrogen sensing system by a quadrotor drone 

  
(a) Without the drone (b) With the drone 

Fig. 2: Measurement of the spatial distribution of H2 with and without the drone 
 
experimental system. In Cases 2-6, evident hydrogen signals are captured in spite of the downwash of the 
quadrotor. It is therefore confirmed that the present system can detect hydrogen leak successfully. 
 
IV. Conclusions 
By installing wireless hydrogen sensor system on a drone, high-speed-flying continuous hydrogen sensing system 
is developed. Sensing tests were conducted with and without blade rotation. It is confirmed that the present system 
works successfully, and also that the present system can detect leaked hydrogen in spite of the downwash from the 
quadrotor drone. 
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Analysis of the Turbocharged Internal Combustion Engine with  
Over-expanded Cycle Fueled with CNG and Hydrogen
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Nowadays one of the major challenges regarding internal combustion (IC) engine operation is to reduce exhaust toxic emission 
at higher engine loads. There are several technologies and methods as eg. exhaust gases after-treatment systems, applying 
alternative fuels and modifications to engine combustion systems by applying an over-expanded cycle system, that was under 
investigation and results are presented in this paper. It is especially important in high power stationary gas fueled engines 
working for heat and power generation (CHP). Hydrogen is crucial component in syngas and hythane (H2-CH4) is considered 
as a component which significantly reduces CO2, THC and CO in exhaust gases from the IC engine. However, on the other hand, 
hydrogen as secondary fuel blended primary gas is willing to generate engine knock, that might lead to damage the engine 
in short-term future. Knock combustion affects not only for engine reliability but also emissions, efficiency and performance, 
what can be observed in analysis of the combustion parameters. In this work results from investigation on knock intensity in the 
IC engine with the over-expanded cycle system and fueled with hydrogen rich gases is presented. The test engine used for in-
vestigation worked as a classical Otto cycle based engine and after modifications, it worked with over-expanded cycle system. 
In these both cases two fuels were used: CNG (Compressed Natural Gas) and hydrogen. Moreover, the engine was equipped 
with charging system to increase its performance as well as to compensate losses caused by use of the over-expanded cycle. 
The over-expanded cycle in this case was done through applying early intake valve closure before BDC (Bottom Dead Centre). 
The boost positive pressure was varied from 0 to 0.6 bar. On the basis of the performed tests parameters as follows: IMEP, COVI-
MEP, knock intensity and engine efficiency were obtained. The results confirmed that running the engine with over-expanded 
cycle makes it possible to reduce intensity of the knock from both these fuels by approximately 50% with increase in engine 
efficiency of nearly 1.5%.

Keywords: gas engine, hydrogen, over-expanded cycle, knock combustion
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The paper presents results of case studies on laminar flame speed (LFS) of different gaseous fuels such as hydrogen, 
methane and mixture of hydrogen and methane in percentage share by volume 20%/80% (hydrogen/methane). LFS 
is one of the parameters which describes properties of flame propagation during combustion process. On the basis of 
the LFS analysis at various temperatures the conclusions of the behavior for the tested fuel can be stated, what in con-
sequence can be used to explain phenomenon called combustion knock which might occur during combustion in the 
spark ignited reciprocating piston engine. The experiment was performed at temperature range from 25 to 100°C, as it 
is typical for fresh air-gas mixture in the intake manifold of both a naturally aspirated and a boosted engines. The test 
stand used for the experiment consists of the following: a one side open tube equipped with a spark plug which initiates 
combustion, a mixing system for feeding the tube with homogeneous air-fuel mixture and measuring system which 
allows to measure LFS of the flame along the tube. Modeling LFS was done with aid of Chemkin program. Results from 
both experiment and computer calculations were used to present LFS vs. temperature and tube length. As observed, 
hydrogen addition to methane dramatically shorten ignition delay, what contributes to faster flame development and 
increases LFS. These properties are used in methods for knock prediction in the piston engine fueled with hydrogen 
rich gases.

Keywords: laminar flame speed, hydrogen, knock prediction



163

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

 
Water Splitting Through the Pb/PbO cycle  

 
1Atalay Calisan, 2Celal Guvenc Ogulgonen, 3Deniz Uner, 4*Serkan Kincal  

1 Middle East Technical University, Department of Chemical Engineering, Universiteler Mahallesi Dumlupinar Bulvari No:1, 
Çankaya, Ankara, 06800, Turkey 

 
 * E-mail: skincal@metu.edu.tr  

 

Abstract 
 
This work reports the studies conducted on the feasibility of the Pb/PbO cycle for the splitting of H2O for H2 
production. The reaction cycle (Pb + H2O → PbO + H2 and PbO → Pb + O2) was first studied by flowing moist Ar 
gas over a small molten Pb surface, demonstrating the feasibility of reaction kinetics. Bench-scale experiments 
showed that conversions up to ~35% can be reached at 950 °C. The water splitting performance of Pb was also 
tested in pilot scale test system by doping Pb on mullite. High solar flux leads to vaporization of Pb resulting activity 
loss. Despite its relatively high vapor pressure and toxic nature, Pb was found as a good candidate for this cycle, 
owing to the thermodynamic feasibility of the Pb/PbO cycle and cost – compared to other possible metals.   
 
Keywords: Water splitting, thermochemical, Pb/PbOx couple  
 
I. Introduction  
The worldwide energy demand together with the environmental concerns has boosted the research on the 
utilization of renewable energy sources. Hydrogen as a critical energy carrier can be a solution for future energy 
demand and economy. Among the candidate process, two-step thermochemical process by using solar power is an 
emerging technology. In this process, a redox pair is cycled through two distinct steps such as thermal 
decomposition/reduction and oxidation. Metal oxides are heated to high temperatures to thermally desorb its 
oxygen so that vacancies are formed in the first step. The reduced metal oxides are oxidized under H2O atmosphere 
so that one oxygen atom fills the formed vacancy. The overall process can be described by the following steps: 

Thermal Decomposition/Reduction Step: 𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥
ℎ𝑣𝑣
→ 𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥−1 + 1 2⁄ 𝑀𝑀2  

Oxidation Step: 𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥−1 + 𝐻𝐻2𝑀𝑀 → 𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥 + 𝐻𝐻2 
The redox pairs for solar thermochemical processes are expected to have moderate or low operational 
temperatures, high thermal stability, and good cyclic performance and high overall efficiencies. Some examples for 
such materials such as 1700oC for ZnO (Schunk et al. 2008), 1500oC for SnO2 (Abanades et al. 2008), 2000oC for 
CeO2 (Chueh et al. 2010) and 1200oC for Fe3O4 (Roeb et al. 2009) were investigated during two-step solar 
thermochemical water splitting cycles. Operation of such materials requires high-temperature operation during 
thermal decomposition step. Therefore, mixed metal oxides such as spinel oxides (Kostoglou, Lorentzou, and 
Konstandopoulos 2014) and perovskites (Jiang et al. 2014) were investigated to increase oxygen evolution rate at 
lower temperatures and to improve structural stability. Nevertheless, the temperature needed for the O2-releasing 
step is still higher than 1200 °C.  

Lead, as a potential redox material, offers a wide range of oxidation state depending on the temperature and 
oxygen concentration.  Buttler and Copp (1956) studied the intermediate crystal structures of lead oxides during 
the thermal decomposition of PbO2 in the air.  The change in oxidation state of lead follows the following 

decomposition pathway 𝑃𝑃𝑃𝑃𝑀𝑀2
150 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.98

200 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.965

270 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.952

293 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.74

343 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.568

384 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.34 . 

Otto (1966) showed the similar decomposition steps as 𝑃𝑃𝑃𝑃𝑀𝑀2
270 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.56

345 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.44

367 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀1.33

570 °𝐶𝐶
→   𝑃𝑃𝑃𝑃𝑀𝑀 The 

involvement of PbO2 and PbO determines the x value in PbOx such  as 5𝑃𝑃𝑃𝑃𝑀𝑀2 ∙ 4𝑃𝑃𝑃𝑃𝑀𝑀, 4𝑃𝑃𝑃𝑃𝑀𝑀2 ∙ 5𝑃𝑃𝑃𝑃𝑀𝑀, and 3𝑃𝑃𝑃𝑃𝑀𝑀2 ∙
6𝑃𝑃𝑃𝑃𝑀𝑀.  
 
II. Experimental Set-up and Procedure  
Water splitting experiments were conducted in two different lab-scale experimental setups. In the first part, the lead 
rod was put into 316-stainless steel boat. This boat was inserted into 25mm OD quartz reactor and supported by 
quartz wool from both sides. Prior to water splitting, the lead was heated to 950°C with a heating rate of 10°C/min 
under 100cm3/min Ar flow for removal of any residual oxygen. Then, the reactor was cooled down to room 
temperature under same flow. Water was supplied to the reactor by passing the 100 cm3/min Ar through the 
bubbler. The excess water at the reactor exists trapped in the condenser held at liquid nitrogen bath. The reactor 
was heated up to 800°C at a rate of 10°C/min. The product gas was analyzed by Teledyne XTC-2000 Hydrogen 
Transducer. 

In the second part, 5.6cm ID, ~30cm tall reactor equipped with a thermocouple and a bubbler (~3mm ID SS 
tube) dipped into molten lead inside a homemade furnace. The reactor was loaded with ~2kg of lead (7.6 to 8.1cm 
height in the operating temperature range). Ar was used as carrier gas (200cm3/min), a peristaltic pump was used 
to supply liquid H2O which vaporized inside the reactor and reacted with Pb. Honeywell XCD sensor was used to 
track combustibles (H2 in the case) after the reactor effluent was diluted by 500 cm3/min air and passed through 
silica gel to remove excess water vapor. After Pb oxidation at various temperature levels between 600-950°C, the 
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bath was heated to 1000°C, and pure Ar was flown through – very little O2 was measured – higher temperatures 
could not be explored due to material limitations and Pb evaporation.     
Water splitting performance of lead was also tested in pilot scale solar reactor system. Prior o the experiment lead 
doped monolith was prepared by impregnating the lead acetate to the mullite monolith. Lead doped monolith was 
calcined at 500°C for 3 hours. After the calcination, it was calculated that approximately1.65gr Pb was doped on 
mullite. The pilot scale experiments were performed in the solar thermal reaction set up shown in Figure 1.   
 
 

   
(a) 2x2 array of 70cm parabolic dishes mounted on a 

dual axis solar tracker with 4 reactors installed. 
(b) Close-up of the reactor – 

face down 
(c) Reactor mounted at focus – 
monolith inside, facing mirror 

Fig. 1: Pictures of the solar-thermal reactor set-up - the solar tracker is installed at METU, Ankara campus 

III. Thermodynamic Analysis 
Thermodynamic evaluation of a two-step thermochemical water splitting process was carried out to find out the 
limits of the favorability of Pb oxidation by H2O, temperature, pressure and the gas compositions. Based on the 
thermodynamic calculations, lead oxidation by utilization the oxygen of H2O is possible at high H2O and low H2 
partial pressures. The favorability increases as temperature increases since the potential area of PbO shifts to 
higher H2 content. The temperature has a particular drawback due to a loss of oxidation steps such as Pb3O4 and 
Pb2O3.  

Thermodynamic driving force towards thermal decomposition was shown in Fig. 2. Starting from the highest 
oxidation state, the decomposition of PbO2 follows the reaction pathway of 12PbO2 ⇌ Pb12O19 + 5 2⁄ O2 ⇌
6Pb2O3 + 1 2⁄ O2 ⇌ Pb12O17 ⇌ Pb12O17 + 1 2⁄ O2 ⇌ 4Pb3O4 + 1 2⁄ O2 ⇌ 12PbO + 2O2 ⇌ 12Pb + 6O2 . The oxide 
forms other than PbO can decompose at a relatively high oxygen environment. The decomposition reaction of 
2PbO ⇌ 2Pb + O2 needs high temperature and low O2 content in the atmosphere.  

Equilibrium calculations were conducted by Gibbs free energy minimization method. The equilibrium 
concentration of water splitting by lead and thermal decomposition of lead monoxide was calculated under the 
assumption of 1 mol Pb and 1 mol PbO was heated under 1 mol of water and 1 mol of Ar environment respectively. 
The equilibrium compositions during water splitting and thermal decomposition were given in Fig. 3. Lead oxidation 
by water starts at 200 °C. The rate of hydrogen production increases as a function temperature. Overall hydrogen 
production reaches to 0.0004 mol (conversion 0.0004%) which is relatively low. Higher oxidation states of Pb are 
not observed since these oxides (Pb3O4, PbO2, etc.) are stable at high temperature and low oxygen environment. 
During the regeneration step of lead, PbO starts to decompose by following 𝑃𝑃𝑃𝑃𝑃𝑃 ⇌ 𝑃𝑃𝑃𝑃 + 𝑃𝑃2 reaction after the 
melting point of PbO which is around 900 °C. 
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Fig.2: Predominance diagram of Pb-O system (left) and Pb-H-O system (right) 

IV. Experimental Results and Discussions  
Water splitting performance of molten lead media was tested in several different experimental setups as explained 
in the methods section. Lead can react with quartz and replace silicon atoms in glass at high temperatures.  
Therefore, a stainless steel reactor has to be used.   
 

 
Fig. 3: Hydrogen production profile during TPWS 

Lead was placed into a small stainless steel boat and placed in the quartz reactor. Prior to the experiment, any 
oxide scale existed on the lead surface was removed by heating under inert Ar atmosphere. The oxygen-free 
surface was then heated under argon+H2O mixture flow for water splitting experiment as shown in Hata! Başvuru 
kaynağı bulunamadı.. Water splitting by molten lead started after 400°C. The rate of hydrogen production 
increased with temperature. The hydrogen production rate reached to its maxima around 600°C. Thereafter, the 
water splitting reaction started to slow down. The fluctuations around 660°C was due to flow problems observed in 
the condenser. The overall hydrogen production was calculated as 0.12mmol H2/g Pb. 

In the second experimental part, the approximately 2kg lead was loaded into cylindrical stainless steel reactor. 
Argon+H2O mixture was bubbled through the bottom of the reactor. The conversion was summarized in Table 1 
with respect to the lower and upper 10% percentiles and the median as a function of temperature. Due to the 
excess amount of lead, the decline in hydrogen production rate seen in Hata! Başvuru kaynağı bulunamadı. was 
not observed in the large scale measurement reported in Table 1. The deviation in the conversion was probably 
due to the problems related to feeding efficiency of the water pump.  

Water splitting performance of lead-doped monolith was also tested in the pilot-scale solar reactor setup. Lead 
doped monolith was heated under direct solar irradiation in the pilot-scale solar reactor. The Pb-monolith was 
thermally decomposed for removing oxygen in the first heat-up cycle. After the thermal decomposition, water 
splitting experiment was performed, but hydrogen could not be detected. Post experiment monolith photo (Hata! 
Başvuru kaynağı bulunamadı.) shows that due to control issues on solar irradiation, the temperature could not be 
regulated so that all Pb vaporized during the first thermal decomposition experiment.  
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Table 1 Conversion of hydrogen depending on the reaction 
temperature 
Temperature 

(°C) 
Conversion 

(mean) 
Conversion 

 (max) 
Conversion 

 (min) 
600 2.29% 6.41% 0.95% 
650 2.38% 6.40% 0.95% 
700 4.61% 8.67% 0.99% 
750 9.40% 13.48% 5.68% 
800 13.97% 19.00% 8.82% 
850 18.87% 24.81% 12.63% 
900 29.29% 35.33% 23.97% 
950 34.96% 35.71% 34.40% 

 

 
  

 
Fig. 4: The picture of monolith after the experiment 

 
V. Conclusions  
 
The technical feasibility of Pb/PbO cycle on water splitting was demonstrated in a molten metal bath reactor. The 
attraction of oxygen to Pb was thermodynamically favorable at the studied temperature range. Water splitting on 
Pb needs high PH2O/PH2 ratio. The oxidized lead can decompose at 900 °C under an inert environment. 
Experiments were conducted at several experimental setups under constant heating conditions. The maximum 
hydrogen yield was obtained as 34.96% at 950 °C. Despite the toxicity of lead, Pb/PbO cycle was found as a 
suitable candidate for thermochemical water splitting reaction.  
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Abstract 
This work reports on a low cost sensor assembly that is capable of monitoring H2 and CH4 mixtures diluted in inert 
gases on a real time basis. The sensors are SnO based solid state technology, demonstrating different levels of 
sensitivity to H2 and CH4 as well as higher hydrocarbon gases. These sensors are built into a custom made 
sampling chamber, with a reduced volume so as to improve response times. This sequence of solid state sensors 
is complemented by an industrial grade flammable gas sensor that generates a separate reading for total 
combustible gases to be used as an additional confirmation. The technique is based on the theoretical response 
curves of the sensors with calibration sequences implemented to ensure accuracy of response curve parameters. 
The lowest detection limit for H2 and CH4 is on the order of a few 100ppm, and maximum levels in the 10000ppm 
range are possible. The confirmation sensor kicks in at around 4000ppm of total combustibles. The sample gas 
also needs some injection of dry air to ensure proper sensor functionality – the ratio of the sample gas to air can be 
tuned to ensure confirmation to the sensitivity range, in case the sample gas is too concentrated. Calibration and 
confirmation sequences are reported in detail.  
 
Keywords: gas sensor, H2 and CH4 
 
I. Introduction  
 
A very significant cost item for studying reaction pathways for H2 production from hydrocarbons, mainly but not 
limited to CH4, is the capability to monitor the composition of the effluent gases to keep track of conversion and 
yield as a function of reaction conditions.   
A widespread approach is gas-chromatography (GC) equipment installed with multiple sensors, does not provide 
the capability for real time analysis as the separation of the gas mixture takes in the order of tens of minutes – in 
addition to the cost on the order of a few $10K. Particularly when one desires the capability to take the equipment 
to the field in order to study pilot scale reactors, the costs climb even higher. 
Another approach is to use field tested standalone sensors, widely implemented in the petroleum refining industry. 
Unfortunately, relatively low cost such sensors operate based on the combustion of the sample gas and cannot 
differentiate between the different species of the flammable components in the mixture. Modifying this approach a 
little further, one may implement a flammable gas sensor along with an IR sensor and perhaps a standalone 
thermal conductivity detector – providing for different sensitivity levels for the various gas components. However, 
the combined cost of such a system easily runs into the same level as a GC.   
The approach detailed and demonstrated in this study takes this idea of using multiple sensors of varying 
sensitivity levels and implements it using solid-state (SnO) based detectors. 3 different such sensors, namely the 
MQ-4 (methane), MQ-6 (propane) and MQ-8 (hydrogen) models manufactured by Hanwei Electronics, China – the 
gas in parenthesis referring to the highest but not exclusive sensitivity.      
The sensors were imbedded into a gas flow chamber constructed from a block of polyimide, the gas flow volume 
was minimized to ensure fast response. Sensors were supplied by a 5V signal from an independent power supply 
and the response was monitored by Arduino boards, digitizing the analog sensor response into a USB port on a 
control PC. The sensor assembly was placed on a portable frame that allowed for easy transportation for field 
measurements.      
The whole sensor assembly along with the data acquisition hardware is below $100. The limitations and 
capabilities of the set-up are reported with extensive calibration experiments. Sensor signals are a strong function 
of total gas flowrate – as there is no internal temperature control capabilities integrated into the sensors. There is 
good repeatability for individual sensors but a large sensor to sensor variation. The sensing circuit can be modified 
by different load resistors to adjust the sensitivity range. The approach can potentially sense as many different 
gases as there are sensors.       
 
II. Sensor Set-up Description  
The specific sensors used in the sensor array is listed in Table 1. The total cost of the sensors are around $1300. 
The supporting infrastructure, that includes the hardware components to house the sensors and provide power as 
well as digitizing the signals to be tracked by a PC are pictured in Figure 1. The costs of this infrastructure is 
around $200, keeping the total cost slightly below $1500.    
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Tab. 1:List of sensors used and vendor information 
Sensor Vendor Cost Specifications 

Sensepoint XCD(1) Honeywell Analytics, ABD  $980 4000-40000ppm total combustibles 
MQ-4(2) Zhengzhou Winsen 

Electronics Technology Co. 
Ltd., China  

$6 300-10000ppm CH4 
MQ-6(3) $6 300-10000ppm C2H6 
MQ-8(4) $6 100-1000ppm H2 

                           (1) http://www.honeywellanalytics.com/en/products/Sensepoint-XCD 
(2) http://www.winsen-sensor.com/products/semiconductor-gas-sensor/mq-4.html 
(3) http://www.winsen-sensor.com/products/semiconductor-gas-sensor/mq-6.html 
(4) http://www.winsen-sensor.com/products/semiconductor-gas-sensor/mq-8.html 

 

 
Fig. 1: The integrated sensor assembly 

 
III. Theory and Basis of Operation 
According to the specification sheets of the MQ-X series of sensors, their response to different gases is given by an 
exponential relationship best represented by  

𝑅𝑅𝑠𝑠 = 𝐴𝐴 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝐵𝐵  

Where Rs is the sensor resistance, ppm is the concentration in ppm and the coefficients of A and B take on a set of 
different values for each gas-sensor pair. The circuit schematic that is used to carry out measurements on a single 
gas is shown in Fig. 2(a). In this view, the sensors is simply a variable resistor so one can easily derive the VL vs 
concentration relationship based on the Ohm’s law and re-arrange into a format that is convenient for performing 
calibrations to extract the sensor coefficients A and B: 

𝑙𝑙𝑙𝑙 (𝑉𝑉𝑜𝑜 + 𝑉𝑉𝐿𝐿
𝑉𝑉𝐿𝐿

𝑅𝑅𝐿𝐿) = 𝐵𝐵 ∙ 𝑙𝑙𝑙𝑙(𝑝𝑝𝑝𝑝𝑝𝑝) + 𝑙𝑙𝑙𝑙(𝐴𝐴) 

a sequence of voltage measurements, VL, are taken at known concentration levels followed by appropriate scaling 
to generate a linear relationship whose slope gives B and intercepts yields A. In this way the constants for each 
sensor-gas pair can be generated.    

  
(a) Single gas (b) Mixture of gases 

Fig. 2: Sensor electrical schematics 
 
If these sensors are then subjected to multiple gases, they behave as parallel variable resistors as depicted in Fig. 
2 (b). The individual sensor response to each gas can then be written in the form  

𝑅𝑅𝑠𝑠,𝑖𝑖𝑗𝑗 = 𝐴𝐴𝑖𝑖𝑗𝑗 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑗𝑗
𝐵𝐵𝑖𝑖𝑖𝑖  

Where the subscripts i denote the sensor and j denotes the gas, with ij referring to the gas-sensor pair for which the 
coefficients were derived from individual calibrations. The combined resistance of each sensor to a mixture of tow 
gases can be written as 

1
𝑅𝑅𝑠𝑠,𝑖𝑖

= 𝑉𝑉𝑜𝑜 + 𝑉𝑉𝐿𝐿,1
𝑉𝑉𝐿𝐿,1

𝑅𝑅𝐿𝐿 =
1

𝐴𝐴𝑖𝑖1 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝1
𝐵𝐵𝑖𝑖1 +

1
𝐴𝐴𝑖𝑖2 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝2

𝐵𝐵𝑖𝑖2  

in which the left side is measured and all Aij, Bij values have been generated through calibrations. There are two 
unknowns here, ppm1 and ppm2, so an additional equation is needed. This equation is generated by the second 
sensor that has different levels of sensitivity to the gas pair being analyzed – resulting the in the following pair of 
coupled non-linear equations 

1
𝑅𝑅𝑠𝑠,1

= 𝑉𝑉𝑜𝑜 + 𝑉𝑉𝐿𝐿,1
𝑉𝑉𝐿𝐿,1

𝑅𝑅𝐿𝐿 =
1

𝐴𝐴11 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝1
𝐵𝐵11 +

1
𝐴𝐴12 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝2

𝐵𝐵12 
1
𝑅𝑅𝑠𝑠,2

= 𝑉𝑉𝑜𝑜 + 𝑉𝑉𝐿𝐿,2
𝑉𝑉𝐿𝐿,2

𝑅𝑅𝐿𝐿 =
1

𝐴𝐴21 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝1
𝐵𝐵21 +

1
𝐴𝐴22 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝2

𝐵𝐵22 
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In principle, this approach can be extended into a mixture of n gases, provided that there are at least n sensors with 
varying sensitivity levels to the different gas species, in order to generate the required relationships. 
 
III. Calibration Results and Discussions  
The calibration results for H2 and CH4, separately diluted in Ar, are shown in Fig. 3 below. The resulting fits to the 
expected exponential sensor behavior are confirmed with all correlation coefficients on the order of 0.99. The load 
resistance for these tests were 9600 ohm for both sensors and a supply voltage of 5V is used.   

  
Fig. 3: Calibration Curves for H2 (left) and CH4 (right) diluted in Ar  

The calibrated sensors are then subjected to the known binary mixtures listed in Table 2 for confirmation of the 
assumed independent reaction of individual gases in a gas mixture.   

Table 2: Tests with known binary mixtures of H2 and CH4 
CH4 (ppm) H2 (ppm) MQ-8 (V) MQ-4 (V) 

2500 2500 4.23 3.87 

2000 3000 4.25 3.87 

500 4500 4.06 3.77 

4500 500 4.31 3.71 
 

These measured responses are compared to the predicted voltage based on the theory outlined in the previous 
section in Fig. 4 – where the correlation between the measured and predicted values is quite reasonable. The 
actual concentrations are predicted within a 10% error margin.  
 

 
Fig. 4: Correlation of measured and predicted 
values for the binary gas mixtures  

 
IV. Conclusions  
The simple and cost effective sensor array assembly has been proven to be able to predict binary gas mixture 
compositions to within 10%. This is a very powerful finding, particularly for applications where real time monitoring 
of gas compositions is required. Real time monitoring requirements are particularly important for monitoring 
reactions under solar irradiation where reaction conditions are subject to fluctuations on the order of seconds for 
which more established methods that depend on separation of the species, such as GC, is simply not capable of 
delivering a signal. Furthermore, the small footprint allows one to be able to set-up measurements in the field, 
where it is difficult to transport and set-up bulky equipment. The set-up however is sensitive to total gas flow as well 
as gas temperature since no active temperature control is provided for the sensor housing. This shortcoming is 
addressed through performing multiple calibrations for different total gas temperature and flow conditions. 
Furthermore, the sensors are also sensitive to moisture content and hence the gas mixture to be analyzed needs 
to be free of water – easily achievable by passing the gas through a desiccant at the inlet.     
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One of the most promising alternative fuel is hydrogen because of its high energy content and reduced greenhouse 
gas emissions as compared to fossil fuels. Biomass-based hydrogen production is recognized as promising resources 
for hydrogen production. In this study, steam reforming of acetic acid, as a model compound of biomass source, was 
performed over silica and alumina based mesoporous materials. Silicate structured mesoporous SBA-15 was synthe-
sized following a hydrothermal procedure and mesoporous alumina (MA) catalyst was prepared by using EISA method. 
Nickel was incorporated into the structure of catalysts by impregnation method. The physical and structural properties 
of these catalysts were investigated by characterization methods such as X-ray diffraction (XRD), N2 adsorption-de-
sorption, Transmission electron microscopy (TEM) and thermal analysis (TGA-DTA) techniques. Multipoint BET surface 
area values of SBA-15 and mesoporous alumina were 652 and 229 m²/g, respectively. TEM images of the 5Ni@SBA-15 
catalyst are consistent with the nitrogen adsorption/desorption analysis and proved the presence of ordered cylindrical 
mesopores. XRD pattern of silica and alumina based catalysts showed that Ni particles were rather well dispersed on 
catalysts structure. The performances of the SBA-15 and MA supported Ni based catalysts were highly stable and 
highly active in steam reforming of acetic acid. Both 5Ni@MA and 5Ni@SBA-15 catalysts showed complete acetic acid 
conversion with a similar hydrogen selectivity (% 58) values. However, TGA result of the spent catalysts showed that 
coke deposition over the 5Ni@MA catalyst (% 46 ) was higher than the 5Ni@SBA-15 catalyst (% 8). 
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The article presents results from investigation of gasification of sewage sludge enriched with biomass from Virginia Mal-
low in order to obtain a hydrogen-rich syngas. In the analysis, the content of hydrogen in the syngas produced during 
gasification of dried sewage sludge and Virginia Mallow in a mass ratio of 50/50% was determined. Sewage sludge 
contains about 50% organic compounds, however, it is a substance difficult to further energy utilization. The dried 
sludge can be subjected to thermal processing of gasification at temperature above 800°C. However, there are some 
difficulties in obtaining this temperature due to high content of mineral substances transforming into large amounts 
of ash during gasification. Thus, it has been proposed a solution based on mixing a high energy component with the 
sewage sludge in order to improve the gasification parameters. Due to the restrictions on the use of fossil fuels, it was 
decided to apply for this purpose a dried Virginia Mallow, which is considered as an energy plant with fast and high an-
nual weight gain. The analysis was carried out as an experiment and also as modeling using the Chemkin program. The 
analysis was based on a 0-dimensional simulation model. A detailed chemical mechanism developed by the CRECK 
Modeling Group, "Biomass mechanism", has been implemented for the calculations. The mechanism is dedicated to 
the chemical analysis of processes occurring during thermal biomass conversion. The calculations were carried out 
for a gasification temperature of 850°C. Obtained results showed that hydrogen content in syngas can increase up 
to approximately 12%. Furthermore, calculations performed for the case of gasification of the sewage sludge without 
biomass enrichment showed a three times smaller content of hydrogen than in syngas produced from gasification of 
sewage sludge with Virginia Mallow.

Keywords: syngas, hydrogen, gasification, Virginia Mallow, sewage sludge, modeling
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This article presents investigation of the temperature and residence time influence on hydrogen content in processing 
gas (torgas, pyrolysis gas and syngas) obtained from the thermal processing of Virginia Mallow heated from ambient 
temperature to 800°C with temperature rise rate of approximately 40°C/min along the tube length of 1 m. The thermog-
ravimetric tests were carried out in order to determine parameters of torrefaction and pyrolysis processes. As part of 
the TGA analysis, the weight loss over time was determined. Based on the designated data, computer simulations were 
carried out using the CHEMKIN-PRO computer software. A detailed chemical mechanism including 137 compounds 
and 4533 chemical reactions was implemented for the calculations. The hydrogen content in the torgas was analyzed 
for a variable temperature range between 200÷325°C and residence time from 1 to 60 minutes. Hydrogen content in 
the pyrolysis gas was analyzed for a temperature profile up to 800°C and a residence time of up to 60 minutes. Results 
from simulations have shown that the content of hydrogen increased with increasing either residence time in the reactor 
or the torrefaction temperature. The highest value equaled 0.6% was recorded for a residence time of approx. 19 mi-
nutes and a temperature of 250°C. The further increase in temperature and extension of residence time of the sample 
in the reactor leads to a decrease in the hydrogen content in torgas below 0.1%. This is because significant hydrogen 
amounts were released during torrefaction in which hydrogen appeared in PAH compounds.

Keywords: hydrogen, thermal processing, Virginia Mallow, torrefaction, pyrolysis, TGA analysis
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Ignition Engine with Small Fraction Of Hydrogen Enrichment
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Department of Automotive Engineering, Çukurova University, Adana, Turkey

Methods of the improvement of performance and emission characteristics of the internal combustion engines such 
as biodiesel and hydrogen (H2) usage particularly for compression ignition engines are widely investigated by many 
researchers all over the world with the awareness of depletion of fossil sources and environmental issues. Also, to 
eliminate the drawbacks of biodiesel usage such as lower performance and higher carbon dioxide (CO2) and oxides of 
nitrogen (NOx) is one of the most important popular studies recently. Hydrogen enrichment to biodiesel is a promising 
alternative method since H2 molecules do not contain carbon atoms. Also the high energy content of H2 (120 Mj/kg) 
makes it a signifant candidate for the enriching the bio-based renewable fuels. This study explores the effect of small 
fraction of H2 (5 litre per minute) enrichment to sesame oil biodiesel (SOB) on the performance and emission character-
istics of an unmodified compression ignition engine. In the study, fatty acid composition of sesame oil was determined 
by using gas chromatography (GC) prior to convert it to biodiesel by two stage transesterification. GC measurement 
results showed that sesame oil has Palmitic acid (C16:0), Stearic acid (C18:0), Oleic acid (C18:1), Linoleic acid (C18:2), 
Linolenic acid (C18:3), Eicosenoic acid (C20:1), 12.54, 6.09, 44.10, 35.11, 1.02, 1.14 by wt%, in its composition, re-
spectively. The most significant property of SOB was its pour point and measured as -15 oC. Also, calorific value of 
SOB was 9.71% lower than conventional diesel fuel. The engine experiments showed that operating engine with SOB 
(100%) increased brake specific fuel consumption (BSFC), CO2 and NOx emissions. But enriching the SOB with H2 
gas improved BSFC up to 8.34% while decreasing CO2 emissions up to 16.29%.

Keywords: Hydrogen, Biodiesel, Sesame, Compression ignition engine
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Abstract 
Although, trend for pure hydrogen use as the only fuel for internal combustion (IC) engines in vehicles is decreasing, 
but hydrogen is commonly burnt in high power stationary engines for heat and power generation. Hydrogen can 
appear either as a single gas or as a component in processing gases eg. syngas, hythane and coke gas. Hence, 
problems concerning effective hydrogen combustion in the IC engines is still current. The most crucial is problem 
with so-called hydrogen combustion knock, which is harmful to the engine. Paper presents results from experimental 
investigation focused on dilution of air-fuel mixture for reducing the combustion knock. Dilution can be realized by 
both exhaust gas recirculation (EGR) and making the combustible mixture lean. It is known that both lean mixtures 
and EGR can be successfully applied not only for reducing NOx content in exhaust gases but also for reduction of 
combustion knock in SI engines. From this point of view, both these techniques can be also effective for knock 
elimination in the internal combustion engine fueled with hydrogen rich gases. Results from this investigation show 
that applying EGR is more effective than making combustible air-gas mixture lean. Comparison between EGR and 
lean mixture impact on knock intensity was possible after recalculating these parameters from mass percentage to 
molar percentage of diluent. Then, it was found that EGR is approximately twice more effective in knock reduction 
than lean mixtures. 
 
Keywords: hydrogen, combustion, engine, EGR, lean mixture 
 
I. Introduction 
Combustion knock occurring in the internal combustion (IC) spark ignited (SI) engine is a phenomenon, which is 
sensitive to several quantities. They can influence on knock intensity at various impacts. They can be distinguished 
as follows: 
• Temperature of preignition gases – it has significant impact on an induction time (preignition reactions) and 
strongly impacts on combustion knock as stated by d'Adamo etal. (2017), and Jamrozik and Tutak (2010). Compression 
ratio is the most crucial parameter influencing on the preignition temperature as observed by Szwaja and Naber 
(2013). 
• O-H ratio, which, among others, depends on either exhaust gas recirculation (EGR) or lambda – relative 
equivalence ratio – from investigation by Merola etal. (2007). 
• Oxygen dilution in the intake charge – provided by EGR. 
• Presence of hot spots and exhaust residuals – they can work as extra sources for uncontrolled air-fuel self-
ignition. 
• Engine load – higher engine load requires higher amounts of fuel, hence, energy releasing during combustion 
also influences knock intensity - by Merola etal. (2009). 
In practice, knock can be reduced by either applying exhaust gases recirculation (EGR) or fueling the engine with 
lean air-fuel mixture. In these both measures additional agent is present in the combustible mixture: exhaust gases 
from EGR or extra air in lean mixtures. Hence, these agents can be considered as diluents, which contribute to 
knock reduction as stated among others, by Nande etal. (2008) for EGR gases and by Szwaja and Naber (2008) 
for air-gas lean mixtures. 

As mentioned, impact of EGR and lean mixture on knock is known, but there is no knowledge in the available 
literature on their effectiveness in comparison to each other. Hence, there is no information presenting which 
measure is more effective for knock reduction. This paper presents results from engine tests focused on knock 
reduction by applying both EGR and lean mixtures. The fuel used for tests is coke gas and hydrogen. Numerous 
works on applying hydrogen rich gases as fuel to the SI engine was conducted by Szwaja (2017). Investigation 
presented in this paper concerns impact of these both measures on reducing combustion knock intensity in the 
spark ignited (SI) reciprocating engine fueled with hydrogen rich gases. Investigation involves hydrogen and coke 
gas as fuels to the internal combustion (IC) engine. Coke gas is a by-product from gasification of pit coal associated 
with water-gas reforming process. In general, it consists of 50-70% hydrogen, hence, it is high-value fuel for effective 
power generation. 
 
II. Experimental Set-up and Procedure 
Fundamental tests were conducted on the research engine and then the results were used for verification and 
calibration of a model of high power output gas fuelled engine. The engine used for this research is the 1HC102 
single cylinder 4 -stroke, water cooled, spark ignition engine. The engine was chosen for its versatility and 
robustness of construction which is important because of the intended study of combustion knock. Characteristics 
of the test bed and engine are shown in Figure 1. A dynamometer applied was a 3x400V, 20 kVA synchronous 
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generator. Both oxygen concentrations are measured by wide-band (UEGO) electrochemical lambda sensors 
(Figure 1). In – cylinder pressure measured with Kistler 6055, intake pressure - MPX 4250, fresh charge temperature 
- DS 18B20, crank angle - encoder with resolution 1024 pulses/rev, respectively. Both air and gaseous fuel 
consumption by the engine were measured by rotor flow meters. Oxygen content in the exhaust and further lambda 
ratio was measured with the wide-band oxygen sensor NGK/NTK with the controller UEGO TC 6300A. 
 

 
 
Fig. 1: Diagram of the CFR engine test bed, a – dust filter, b – MAF, c – surge tank, d – throttle, e – MAP, f, o – UEGO sensors, 
g – gasoline and hydrogen injectors, h – pressure transducer, j – accelerometer, k – ignition system, m – EGR valve, n – catalytic 
converter, p – gate valve, r – dynamometer, s – crank angle encoder, u – workstation, ECU – electronic control unit 

 
Engine specifications are as follows: bore = 102 mm, stroke = 120 mm, swept volume = 980 cm3. 
Sensors monitored required for further analysis the following: flowrates, pressure and temperatures. Sensors 

included MAF, manifold pressure (MAP), UEGO, and crank position sensor. Electronic actuators included a digital 
ignition coil, throttle, EGR valve, and port fuel injectors for gaseous fuels. 

Data from the in-cylinder pressure and engine mounted piezoelectric accelerometer along with an engine 
position sensor were acquired with the analog to digital converter. All voltage signals from sensors were collected 
on a PC computer with aid of the LabVIEW software and the data acquisition system NI USB 6251. Data for 300 
engine cycles at 100 kSamples/second-channel was acquired. 

Investigation was focused on finding impact of dilution effect caused by either EGR or leaning on knock 
intensity in the hydrogen rich gas fuelled engine. 

The tests were realized at the following parameters: 
• Fuel: coke gas (65% hydrogen, 35% methane) and hydrogen with purity of 99.99%, 
• EGR varied from 0 to 30%, 
• Lambda - relative equivalence ratio for the in-cylinder mixture varied from 1.0 to 1.5, 
• Spark timing fixed at 5 CA deg before top-dead-centre (BTDC), 
• Compression ratio (CR) of 9.7:1, 
• Engine speed 1500 rpm. 

 
III. Methodology 
Combustion knock intensity is expressed by filtered pressure pulsations from the in-cylinder combustion pressure. 
Pressure pulsations from each combustion event were obtained from high-pass filtering using Butterworth filter of 
4 order with cut-off frequency of 3.5 kHz. The knock intensity for the single combustion event is defined as maximal 
amplitude (PP - Peak Pressure) in the pressure pulsations and denoted as PPind (Figure 2). Next, knock intensity is 
calculated for the entire combustion test series consisted of 300 combustion events. The averaged knock intensity 
is denoted as PPav. This methodology was successively used by Naber etal. (2007). 
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a) 

 

b) 

 
 

Fig. 2: In-cylinder pressure history from hydrogen fuelled engine (lambda=1, ST=0 deg) (a), pressure pulsations filtered from the 
in-cylinder pressure (b) 
 

Among others there are works (Nande etal. 2008, Szwaja and Naber, 2008) showing that knock intensity 
expressed by PPav is in negative correlation with both EGR percentage and relative equivalence ratio – lambda. 

As mentioned, the main target of this research was to answer which measure (EGR or lean mixture) for air-
fuel mixture dilution with respect to reducing combustion knock is more effective. To solve this problem, the dilution 
ratio χ was introduced follow the equation (1). This dilution ratio makes it possible to compare knock reduction by 
EGR with knock reduction by lean mixture. 
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n                (1) 

Where, nst – number of moles (including fuel and oxidizer) of the stoichiometric air-gas mixture; ndil – number of 
moles of additional gas working as a diluent; χ - dilution ratio in percentage. 
 

This dilution ratio χ equals 100% for stoichiometric mixture, in which there is no dilution agents (ndil=0). In case 
the diluent is air, then dilution ratio defined with the equation 1 depends on relative air-fuel equivalence ratio - 
lambda. Hence, following the equation (1) a lean combustible mixture can be treated as the stoichiometric mixture 
diluted in extra amounts of air. If EGR is applied for diluting the combustible mixture, then the dilution ratio χ is a 
function of the EGR ratio. 

For example, dilution ratio for the lean air-hydrogen mixture which is treated as stoichiometric mixture diluted 
in additional air can be expressed with the equation (2). As seen, the dilution ratio is strictly associated with the 
lambda. 
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In case of applying the EGR as diluent, then the dilution ratio can be expressed as follows (3): 
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Where, nEGR – number of moles of exhaust gases recirculating to the engine intake port. 
 

Number of moles ni of each gas can be easily calculated from the equation (4): 
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Where, mi – mass of the i agent; MWi – molar weight of the i agent. 
 

Finally, correlations between knock intensity PPav vs. dilution ratio χ for both EGR and lean mixtures were 
worked out. 
 
IV. Results and discussions 
As shown in Figure 3, knock intensity decreases with decrease in dilution ratio for both the fuels under investigation: 
hydrogen and coke gas. Worth of noticing is the knock intensity is more sensitive to applying EGR as diluent rather 
than to making the combustible mixture lean. For example, for hydrogen only fuel knock intensity at the same dilution 
ratio is approximately twice lower for EGR in comparison to lean mixture at the same dilution. Moreover, as observed, 
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this correlation between knock intensity and dilution ratio is almost linear. 
 

 
Fig. 3: Knock intensity vs. molar concentration of the combustible mixture 

 
V. Conclusions 
The maximal peak in high frequency in-cylinder pressure pulsations were used to evaluate engine knock intensity. 
As concluded, engine combustion knock can be reduced more effectively by applying EGR rather than applying 
lean mixture. This EGR impact on knock is approximately twice stronger if compared to lean mixture. The correlation 
between dilution ratio and knock intensity is almost linear. Hydrogen in comparison to coke gas is more willing to 
generate knock. It is caused by methane in coke gas, which strongly slows down overall reaction rate for combustion 
of hydrogen-methane mixture. 
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Abstract 
Paper presents results from analysis of combustion progress in the internal combustion engine fueled with diesel 
fuel and hydrogen. Hydrogen was used in amounts up 40% by energy share. The main objective of this study was 
to examine impact of hydrogen on combustion phases and ignition delay in the diesel engine as well as smoke in 
the exhaust gases. Literature review shows in general hydrogen in those cases is used in small amounts below 
lower flammability limits. In this study, the test bench consisted of a single cylinder diesel fueled engine with common 
rail injection system. Hydrogen was injected into the intake manifold, where it created homogeneous mixture with 
air. Tests were performed at both fixed and optimal injection timings at full engine load. Results from experiments 
show that increasing amounts of hydrogen into the engine contribute to shorten ignition delay time that also affect 
main combustion phase. Complete analysis for heat release rate was presented in the paper. Moreover, decrease 
in smoke (mainly soot) in the exhaust gases was observed with increase of hydrogen amounts to the engine. 
 
Keywords: Hydrogen, diesel fuel, IC engine, combustion, emission 
I. Introduction  
The road transport of the World contributes 5.4·109 t of CO2 to the greenhouse effect, due to consumption of fossils 
fuel containing carbon. EU introduced CO2 emission regulation of 95 g/km for cars and 820 g/kWh for trucks. 
Decrease of CO2 emission could be achieved by use other fuels characterizing with higher H/C ratio (Grab-
Rogalinski, 2017). The biodiesel can be considered as substitute of fossil fuels as recommended by Grab-Rogalinski 
et al. (2016). In combination with hydrogen, it has potential to positively contribute well-to-wheel and reduce the 
greenhouse effect. One of the possible measures is to use hydrogen as secondary fuel injected to the intake port 
in the diesel fueled compression ignition (CI) engine. Hydrogen addition below 5% shortens the ignition lag as 
described by Szwaja and Grab-Rogalinski (2009). They also found that hydrogen energy share (HES) of 5 – 15% 
does not change combustion duration, but with HES of 15% pmax increased. At HES higher than 17%, the mixture 
got stoichiometric leading to faster combustion and generating combustion knock. Research on the CI engine 
operated with 20% HES (Gomes Antunes et al. 2009) showed decrease in NOx emissions by 20% at low loads, 
however, NOx increased with increase of engine load. Investigation conducted by Rocha (2017) on biodiesel 
showed that increase of HES decreases brake specific fuel consumption (BSFC), CO2, CO and HC, but the NOX 
increases. The study by Barrios et al. (2017) on biodiesel with hydrogen addition to 25% in the CI engine with EGR 
revealed that PM (particle matter) decreased below 63% at engine specific working conditions. As reviewed, there 
are some gaps in knowledge dealing with hydrogen assisted combustion of various fuels in the CI engine. Results 
of studies presented in this paper present impact of hydrogen co-combusted with commercial diesel and pure RME 
(Rapeseed Methyl Ester) on both performance, combustion phases and toxic exhaust emissions from the CI engine. 
It was observed, that emissions and engine performance are dependent on the following: HES, injection parameters 
as timing and duration and equivalence ratio.  

 
II. Experimental Set-up and Procedure  
Tests were performed on a single cylinder, research CI engine S320, modified to work with dual fuel mode: liquid 
and gaseous fuels. It was equipped with a high pressure Bosch common rail fuel pump, driven by an electric motor 
(Fig. 1). Displacement of the engine – 1810 cm3, compression ratio – 17. The engine was set to operate at the 
constant speed.  
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Fig. 1: Test bed. 1 – Diesel Fuel (DF) pump, 2 – CI engine, 3 – Generator, 4 – Smoke analyzer, 5 – Exhaust gas emission 
analyzer, 6 – Exhaust pipe, 7 – electric motor, 8 – Data acquisition system, 9 – DF pressure sensor, 10 – DF flow meter, 11 – 
Engine temp. sensor, 12 – Inlet air temp. sensor, 13 – PC with SAWIR software, 14 – DF common rail injector, 15 – Crank angle 
encoder, 16 – Drive belt, 17 – DF tank, 18 – In-cylinder pressure sensor, 19 – DF injection controller, 20 – Amplifiers & A/D 
converters, 21 – Hydrogen flow meter, 22 – Air intake pipe, 23 – Hydrogen high-pressure tank, 24 – Hydrogen one-stage pressure 
controller, 25 – Hydrogen firebreak arrestor, 26 – Exhaust gas temperature sensor, 27 - DF temperature sensor. 

 
The tests were conducted as follows: at various loads (expressed by indicated mean effective pressure – 

IMEP), various HES, various liquid fuel injection timings and durations. Exhaust gases content was analyzed with 
aid of the Bosch and the Maha (smoke) analyzers. In-cylinder pressure (p) was measured by the piezo sensor 
Kistler 6061B. The crank angle (CA) was detected by the encoder Kistler type 2612C. The data acquisition system 
Measurement Computing Corporation PCI-DAS 6036 was used in line with PC software SAWIR (System of the 
Indicator Chart on Real Time Analysis). The software SAWIR was used to control and calculate IMEP and 
combustion phases online. Two types of liquid fuels were tested for this experimental study: Euro diesel fuel (DF) 
and pure Rapeseed Methyl Ester (RME) biodiesel. Lower Heating Value of DF is 42.5 MJ/kg, RME – 37.4, while H2 
– 120, respectively. The test parameters are shown at Tab.1. 
 
Tab. 1. Injection timings and loads at various composition of combustible mixtures. 

Test 
No. 

Composition of combustible 
mixture 

Injection timing φ, deg before 
the top dead center (BTDC) 

Loads 

1. DF + H2 0% 18° Low Load 
2. DF + H2 (16 – 43%) 16° 
3. DF + H2 0% 24° Medium Load 
4. DF + H2 (15 – 41%) 20° 
5. DF + H2 0% 30° Nominal Load 
6. DF + H2 (14 – 33%) 26° 
7. RME + H2 0% 16° Low Load 
8. RME + H2 (19 – 44%) 14° 
9. RME + H2 0% 22° Medium Load 

10. RME + H2 (16 – 42%) 20° 
11. RME + H2 0% 28° Nominal Load 
12. RME + H2 (16 – 36%) 26° 

 
III. Analysis and discussions 
The main objective of the presented research, was to examine impact of HES on combustion properties and 
combustion duration in the CI engine working at the constant speed of 965 rpm and under fixed injection timing with 
IMEP of low (260 – 298 kPa), medium (380 – 508 kPa) and nominal (520 – 661 kPa) loads. As presence of hydrogen 
affects the combustion duration, start of diesel injection timing φ, during tests of hydrogen – diesel mixture was set 
at fixed position, enabling to compare and analyze several MFB profiles at various HES. Experiments revealed that 
the hydrogen – diesel mixture operation achieve the higher in-cylinder pressure than a conventional DF operation, 
with HES higher than 20%. BSFC decreases with increase of HES. RME at medium and nominal loads has the 
highest decrease of BSFC by 23.3% in compare to 19.8% of DF (Fig. 2b). Hydrogen due to high flame speed and 
short quenching distance extends the flammability range of RME – hydrogen mixture, ensure RME combusted 
completely under especially higher load conditions which provides reduced BSFC (Baltacioglu 2016). The engine 
limited performance was achieved as the abnormal combustion (knocking) appeared at the nominal loads and HES 
more than 35%, as the injection timing was fixed. The hydrogen induction up to 15% decreased the NO levels, 
however increased the NO levels, with HES of more than 15% (Fig. 3b). NOx reduction at the low HES of 5% was 
observed by Senthil Kumar 2003 and Bika et al. 2008. This NO reduction is due to the slower combustion caused 
by a shorter ignition lag that contributes to advanced ignition, which decreases the combustion rate just after start 
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of combustion (Szwaja 2009). At higher hydrogen rates of the test, NO pollutants increased. The highest increase 
rate of NO was at the nominal load at the top HES of experiment. However, the increase of HES, led to a reduction 
of smokiness (Fig. 3a).  

a)                                                                                  b) 

  
Fig. 2: In-cylinder pressure at Medium Load (a). BSFC at Low, Medium and Nominal Loads and HES (b) 

a)                                                                                                 b) 

   

Fig. 3: The dependence of smokiness (a) and NO (b) on fuel used, IMEP and HES. 

a)                                                                                                 b) 

  
Fig. 4: The combustion delay 0 – 10% MFB at tested HES of DF (a) and RME (b). 

The increase of HES shortens the ignition delay (lag) expressed by the initial combustion duration of CA0–10 
(Fig. 4 and 5) due to the high premixed combustion rate and impact of higher laminar speed of hydrogen flame. 
Increase of hydrogen fraction also reduces the main combustion duration CA10–90 which was accelerated by the 
first combustion phase CA0–10. 

 

 

a)                                                                        b) 
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Fig. 5: The main combustion duration 10 – 90% MFB at tested HES of DF (a) and RME (b). 

IV. Conclusions  
The combustion duration CA0–10 (considered as ignition lag) and CA10–90 (main combustion phase) shorten with 
increase of HES. Presence of hydrogen also contributes to decrease in BSFC what causes increase in brake 
thermal engine efficiency. HES of less than 15% decreases the NO emissions, but higher hydrogen fraction 
increases it significantly at nominal load. The trend of smokiness decreased steadily with increase of HES. Amounts 
of hydrogen addition by energy share were limited with combustion knock occurring at HES over 35% at nominal 
load. 
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Energy and Exergy Analysis of 1 kW Self-humidified PEM Fuel Cell
Tayfun Özgür1, Ali Cem Yakaryılmaz1, Erdi Tosun2, Mustafa Atakan Akar1, Mustafa Özcanlı1
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Fuel cells are new power generation systems that convert chemical energy into electrical energy. A proton exchange 
membrane (PEM) fuel cell promises clean energy conversion with nearly zero emission. Since PEM fuel cells have 
high efficiency and zero emissions levels, many researchers make a lot of investigations on them. PEM fuel cell uses 
hydrogen as a fuel and oxygen that is generally taken from air. Then, converts these reactants to water and electricity. 
In this study thermodynamic analysis of a 1 kW self-humidified PEM fuel cell which was produced by Horizon Fuel 
Cell Technologies was experimentally investigated. The aim of this study is to obtain better performance and better 
efficiency from the PEM Fuel Cell. A testing apparatus was established to analyze the system efficiencies based on first 
and second laws of thermodynamics. In this system, pure hydrogen was directly used as a fuel from compressed gas 
storage tank. Purity of hydrogen was 99.99% and operating pressure was set to 0.5 bar. The effects of different dead 
state temperature values on system performance were observed at constant operating pressure.

Keywords: PEM fuel cell, dead state, efficiency, energy, exergy.



183

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress
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Abstract 
As a baseline model an aircraft fuel system and alternatively proposed different type of aircraft fuel system models 
analysed in order to assess energy and exergy interactions between fuel system components using Jet A fuel as a 
working fluid. The aim of this study is to examine and compare energy and exergy changes of four different fuel 
systems and its components, which are considered to be related to the departure, acceleration, horizontal cruising 
and landing phases of the aircraft under the different day conditions. 
 
Keywords: Aircarft fuel system, energy, exergy, diffirent type of aircraft fuel systems 
 
I. Introduction 
Aircraft technology needs demand that hydrocarbon fuels play dual roles of fuel and coolant over wide ranges 
between fuel feed system and combustion chamber conditions considering temperature and pressure. 
Improvements in the performance of advanced gas turbine engines and pulse-detonation engines require a high-
heat-sink, thermally stable fuel that can be used to cool hot engine components. So it is necessary to stabilize 
engine heat load input to fuel through fuel system components (Bruening and Chang, 1999). The use aviation fuel 
as coolant to remove waste heat loads produced by the turbine engines, is a technological goal of great interest for 
the aircraft industry. However, kerosene-type aviation fuels, have the tendency to degrade at high temperatures and 
form solid deposits. Such phenomena are generally referred to as thermal stability of the fuel and is one of the 
specification required for commercial aviation fuel and one of the most critical fuel properties (Hazlett, 1991).  

Because of the importance of fuel temperature limits in the fuel tanks, many researchers studied about fuel 
temperature prediction and its limits during flight. To determine whether a proposed vehicle design will likely be 
restricted in operational performance by tank temperature limits, a model (German, 2012) that integrates heat 
transfer during mission segments to determine the thermal endurance of an aircraft in terms of fuel tank temperature 
rise developments in cases with and without tank-wall heat transfer presented. Numerical prediction of fuel 
temperature in the fuel tanks of unmanned air vehicles for both ground static, non-operating and in flight transient 
conditions (Baek, 2011) calculated by using a modified Dufort-Frankel scheme. 

The use of exergy analysis might provide new information in which a comparative study could rely on, since 
trade-off studies are faulty in evaluating new systems, as they present lack of information (Bejan, 2001; Tona et al., 
2008). At this point, thermal engineering, commonly referred to energy engineering, plays a vital role. Exergy in 
particular, is a prominent tool in this field of engineering, providing benefits, such as the evaluation and optimization 
of energy systems. Exergy analysis comprises the first and second laws of thermodynamics. Exergy analysis, which 
benefits from both the first and second laws of thermodynamics, pays attention to the quality of energy consumption 
and conversion within a system in addition to the quantity. Therefore, it leads us to understand the irreversibility and 
loss within the examined System (Dinçer and Çengel, 2001; Rocco et al., 2014; Pavelka et al., 2015) 
 
II. Experimental Set-up and Procedure 
The main functions of engine fuel system on the aircraft are to safely supply, pressure and heat the fuel to the 
combustion chamber. Baseline engine fuel system is shown schematically in the Figure 1a. Gear pumps receives 
fuel from the aircraft fuel tank and delivers fuel to the HX. The fuel then passes through Main Engine Control unit 
(MEC) to Fuel HX and then it is sent to the fuel injectors in the engine combustors. (Versaw, 1983; Rolls Royce, 
1996). The alternatively supposed fuel systems are shown in Figure 1. MEC controls amount of fuel transferred to 
the combustion chamber by recirculation or by-pass of fuel. 
To direct the study following assumptions were made 
• All processes are assumed steady-state and steady-flow. 
• Potential and kinetic effects are negligible. 
• The variation of specific heats with temperature is to be considered. 
• By-pass flow of fuel between system components are ignored.  
• Fuel filter in the system doesn’t taken into consideration.  
• Energy losses due to mechanical friction and pressure losses in the components are negligible. 
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Fig. 1: (a) DC-10-30 baseline fuel system and alternative fuel systems, (b) system a, (c) system b, (d) system c 

 
Reference Aircraft DC-10-30 commercial transport aircraft was selected to serve as the baseline vehicle for 
evaluating energy and exergy analyses of the fuel system. In the hot day mission, less than one hour, a flight profile 
containing only one cruise segment is used. However, in the cold day mission, more than 9 hours and two cruise 
segment is used.  The aircraft climbs to the cruise altitude, cruises, and descends to the destination for both flight 
profile Table 1. For the purpose of exergy analyses the reference temperature (T0) selected as the ambient 
temperature profile. 
 
Tab. 1: Cold day 8000 km and hot day 450 km flight mission’s flight profile parameters of fuel system models 
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Idle 5.0 0.0 15.0 265.2 255.2 252.2 255.2 341.2 263.2 341.2 323.2 345.2 272.2 343.2 326.2 349.2 299.2 348.2 338.2
Climb 25.0 0-11000 88.0 255.2 254.7 251.2 256.2 325.2 270.2 314.2 306.2 323.8 291.2 322.2 318.2 341.2 291.2 321.2 321.2

Cruise 450.0 11000.0 38.0 237.2 245.2 239.2 234.2 311.2 269.2 316.2 302.7 320.7 277.2 317.2 313.2 331.2 276.2 325.2 317.2
Climb 5.0 11000-12000 60.0 233.2 249.2 235.2 231.7 312.2 264.2 315.2 303.2 321.2 283.2 321.2 315.2 332.2 278.2 319.2 319.2
Cruise 75.0 12000.0 50.0 232.2 253.2 235.2 231.7 316.2 266.2 312.2 312.2 303.2 286.2 322.7 322.7 334.2 291.2 317.2 358.4

Descent 25.0 12000-0 20.0 243.2 259.2 247.2 244.2 345.2 270.2 336.2 321.2 342.2 275.2 339.2 331.2 353.2 294.2 344.2 329.2
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Climb 5.0 0-6200 95.0 310.2 308.2 311.2 309.2 351.2 327.2 352.2 343.2 291.2 314.2 321.2 304.2 355.2 335.2 352.7 385.2

Cruise 18.0 6200.0 42.0 309.2 305.2 309.2 306.2 367.2 320.2 357.2 347.2 282.9 292.2 283.2 291.2 379.2 337.7 357.4 375.2
Descent 14.0 6200-0 15.0 311.2 306.2 307.7 308.2 376.2 312.2 376.2 363.2 287.2 297.2 298.9 291.7 389.2 338.2 377.2 388.2
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III. Analysis 
An evaluation of any thermal system or process in the framework of the first law provides insight into how energy is 
consumed or morphed into another form (Bejan et al. (1985); Çengel et al., 2002). In this framework, fundamental 
equations should be written to perform exergy analysis of any system. Therefore, for any steady state system, mass 
and energy conservation equations are written respectively as follows:  

             (1) 
The work required by the pumps, specific flow exergy of the fuel and Second Law efficiency of fuel pump is evaluated 
in sequence:  

                                      (2) 

                      (3) 

                           (4) 
 
Heat absorption rate equation of fuel at heat exchangers, entropy generation rate during heat transferred from heat 
exchanger to fuel and the rate of exergy destruction during heat transfer to fuel through heat exchanger respectively 
as follows: 

              (5) 

,                   (6) 

               (7) 
 
To calculate enthalpy of Jet-A fuel at any temperature, the chemical formula C12H23 and universal gas constant 

Ru = 8.31447 kJ/kmolK with a molecular weight of 167.3, thermodynamic functions of specific heat Cpo, enthalpy 
HTo and entropy STo, need to be expressed as functions of temperature in the form of a fourth order polynomial 
function (Gracia-Salcedo et al., 1970).  

 
IV. Results and discussions 
The 2nd Law efficiency of the fuel pump, HX and Fuel HX, for cold and hot day flight mission, are shown in Figures 
2. The 2nd Law efficiency of fuel system’s pump component, at the cold day fligt mission, from idle flight stage to the 
end of first stage of cruise gradually decrease, by climbing phase increase a significient magnitude except baseline 
model, with the cruise stage tend to decrease and with the landing stage indicate an augment similar to the climbing 
stage. As for The 2nd Law efficiency of heat exchanger, for the cold day fligt mission, both of them (HX and Fuel HX) 
have similarity in position of corresponding parts through flight; furthermore, efficiency of 2nd Law going to 
downwards consequently baseline, system b, system c and system a models.  

The flight under hot weather condition flight, the 2nd Law efficiency of fuel pumps which is gradually decreasing 
in the fuel system tend to increase counting from the end of the cruise phase. The increase in 2nd Law efficiency is 
sharp for the system a fuel pump component. The 2nd Law efficiency of fuel pumps under cold day condition flight 
indicate a parallel change in value through the flight stages. At the idle stages 2nd Law efficiency of the fuel pumps 
indicate remarkable difference in value. 

In the case of heat exchangers, the 2nd law is decreasing towards the descent flight after increasing the 
efficiency on cruise stage. At the both flights and for all the system models, the system a shows the lowest 2nd Law 
efficiency value, on the other hand the system c nearly indicates the highest 2nd Law efficiency value at all stages. 
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Fig. 2: Second Law Efficiency of fuel system components for both cold and hot day flight mission 

 
V. Conclusions 
In this study, aircraft fuel systems have been investigated with energy and exergy analysis. The main conclusions 
drawn from the results of the present study can be listed as follows:  

• For the heat exchangers, the best exergy efficiency was found at the cruise phase for all components. Some 
improvements could be made at other phases. In addition, fuel pump section, because of the higher exergy 
destructions and work loads, should be developed with additional equipment.  

• The maximum exergy destruction rate was calculated at idle stage for both flight mission. Along with the 
increase in altitude, according to the reduction of work and heat loads, the destruction of the exergy can be 
reduced.  

• The highest and lowest the exergy destruction rate during the flight has occurred at idle and cruise stage, 
consequently. 

• Exergy destruction rate in the system and system components decreases along with the increase of altitude. 
• Most effective system among fuel system models, in term of fuel pump work load, is system c in the hot day 

flight mission. Furthermore, at the cold day flight mission too, for the fuel pump efficiency, most effective fuel 
system model is system c.  

• In terms of heating fuel, the most effective work condition of heat exchangers occurred with the baseline 
model at cold day flight mission and with the system c model at the hot day flight mission. 
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The Effect of Support Material on the Hydrogen Adsorption-Desorption 
Characteristics of Ru/SiO2 and Ru/Vulcan Catalysts

Mustafa Yasin Aslan, Deniz Üner
Department of Chemical Engineering, Middle East Technical University, Ankara, Turkey

The role of support material on the adsorption-desorption characteristics of hydrogen over Ru/SiO₂ and Ru/Vulcan 
catalysts were investigated. 1 wt% Ru loaded Ru/SiO₂ and Ru/Vulcan catalysts were prepared using incipient wetness 
impregnation method. The metal dispersions of the catalysts were determined via volumetric H₂-chemisorption tech-
nique. In order to analyze the adsorption-desorption characteristics of the catalysts, temperature programmed analysis 
techniques (H₂-TPR, Cooling in H₂, He-TPD) were applied. The fresh catalysts were reduced in the flow of H₂ in Ar up 
to 650 °C with a temperature ramp of 5 °C/min. After reduction, the catalysts were cooled down to room temperature in 
the flow of H₂ in Ar and then immediately He-TPD analysis up to 650 °C with a temperature ramp of 5 °C was performed. 
According to the results of “Cooling in H₂” analysis of 1 wt% Ru/SiO₂ and 1 wt% Ru/Vulcan catalysts, H/Ru ratios were 
calculated as 11.35 and 22.97, respectively. When He-TPD profile of the catalysts were examined, while 1 wt% Ru/SiO₂ 
had two desorption peaks at 185 °C and 685 °C, 1 wt% Ru/Vulcan had three desorption peaks at 100 °C, 395 °C, 660 
°C. In addition to this, H/Ru ratio of 1 wt% Ru/SiO₂ and 1 wt% Ru/Vulcan were determined as 0.59 and 1.96, respecti-
vely. The experimental results showed that the hydrogen uptake amount of 1 wt% Ru/Vulcan is higher than 1 wt% Ru/
SiO₂ in both Cooling in H₂ and He-TPD. The effect of surface and structural characteristics of support materials on the 
hydrogen adsorption-desorption behavior over Ru/SiO₂ and Ru/Vulcan catalysts will be discussed in the framework of 
relationship between Ru nanoparticles and support materials.

Keywords: Ruthenium, Hydrogen Adsorption-Desorption, Spillover
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SnS Photo-electrodes Produced by Sulfurization of Electrodeposited  
Sn Films for Photo-electrochemical Water Splitting
Sercan Soyöz1, Bulut Şahin2, Selim Demirci2, Cevat Sarıoğlu1
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Recently SnS has become attractive for photovoltaic absorber as well as photo electrodes for solar water splitting 
because of their promising high electron (2.37x104cm2V-1s-1) and holes (7.35x104cm2V-1s-1) mobility and suitable 
band gap (Eg: 1.2-1.7 eV). In this work,SnS photo-electrodes were investigated for photo-electrochemical splitting of 
water. They were prepared on indium-doped tin oxide (ITO) coated glass by sulfurization of electrodeposited Sn films at 
different temperature (300-500oC) in the sulfur vapor atmosphere The effect of electrodeposition parameter (thickness 
of the film) and sulfurization temperature on photo-electrochemical (PEC) water splitting were investigated. The crystal 
structure, surface morphology and optical properties of the SnS photo-electrodes were characterized using an X-ray 
diffractometer (XRD), scanning electron microscopy (SEM) and UV–VIS spectrophotometer, respectively. PEC perfor-
mances of the SnS photo-electrodes were determined in the 0.1 M NaOH electrolyte solution. The results showed that 
electrodeposition parameter (thickness of the Sn films) and sulfurization temperature influenced the PEC performance 
of SnS photo-electrodes. The photo current and efficiency increased as the SnS became the major phase with decreas-
ing temperature and the thickness of the SnS layer decreased. 

Keywords: “SnS, Photo-electrode, Electrodeposition, Sulfurization, Hydrogen generation, Water splitting”
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Abstract 
Large-scale hydrogen production requires development of alternative low-cost electrocatalysts to be used instead 
of platinum for hydrogen evolution reaction (HER). Metal-organic frameworks (MOFs) have been attracting great 
attention because of their porosity, high surface area and modular structural properties. Herein, we prepared a 
zirconium MOF (MOF-653) which has high chemical and thermal stability that allows post metalation with cobalt 
acetate to obtain MOF-653@Co via solvothermal deposition method. MOF-653@Co thin film has been used as a 
scaffold for the deposition of sulphur. HER activity of the prepared MOF-653@Co_S hybrid material was 
investigated on GC working electrodes in acidic solution. To improve the catalytic activity of GCE_ MOF-
653@Co_S electrode, cathodic treatment was performed for two hours. Consequently, two hours cathodic 
treatment significantly increased the catalytic activity of GCE_Zr-TBA@Co_S hybrid materials according to the as-
prepared electrode with an onset potential of 171 mV (vs RHE) and 347 mV for current density of 10 mA cm-2.  
 
Keywords: Hydrogen evolution reaction, Metal-organic frameworks, Heterogeneous electrocatalysis   

I. Introduction 
The rapid growth of global energy consumption and the associated environmental issues such as greenhouse 
effect, air pollution and water pollution increased the demand of clean and sustainable alternative energy sources 
(Wang, 2017; Wu, 2015). Hydrogen is a clean and flexible energy carrier since it does not constitute harmful 
chemical products. Thus, electrochemical reactions, such as the hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER) are the most effective ways to produce hydrogen and oxygen by electrocatalytic water 
splitting. 

However, development of catalysts for hydrogen evolution from water, which is one of the most challenging 
steps, are needed. Platinum (Pt) and Pt-based materials are the most effective electrocatalysts for hydrogen 
evolution reaction (HER). However, because it is the most precious and rarest metal on the earth, large scale 
applications of Pt are unfeasible. Thus, to find a non-noble hybrid material with high activity and low cost as 
efficient hydrogen evolution catalyst is very challenging.  

One of the recent alternatives of hybrid materials as electrocatalysts is metal-organic frameworks (MOFs). 
MOFs have been attracting great attention because of their superior porosity, high surface areas and tunable 
properties. Among other applications such as hydrogen storage, separation, solar cell, and biomedical, MOFs are 
alternative materials for clean energy applications as hydrogen evolution (Furukawa 2017; Nevruzoglu 2016; 
Tokalioglu 2017; Demir 2017).  

 
II. Experimental Section 
Electrochemical experiments, including linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were 
performed at room temperature using Gamry Instruments Interface 1000 Potentiostat / Galvanostat. A 
conventional three-electrode electrochemical cell was used with Ag/AgCl electrode (sat. KCl) as the reference 
electrode, Pt plate as a counter electrode, and catalyst coated glassy carbon electrode (GCE, 3 mm in diameter) 
as a working electrode. All potentials were measured versus Ag/AgCl reference electrode and were reported 
versus the reversible hydrogen electrode (RHE) by adding a value of (0.197 + 0.059 pH) V. Electrochemical 
experiments were performed in 0.1 M HCl (pH 1). All experiments were carried out under a nitrogen atmosphere. 

Preparation of MOF-653@Co and MOF-653@Co_S coated GCE 

The GCE were polished prior to catalyst deposition by 1 μm, 0.3 μm and 0.04 μm alumina powder and rinsed by 
sonication in deionized water and ethanol, respectively. The working electrode was prepared as follows: 2 mg of 
catalyst and 500 µL ethanol were sonicated for 60 min to make a stable suspension. Then, 7.5 µL of the 
sonicated suspension of the catalyst was dropped onto a clean GCE and electrode was dried in room-
temperature, followed by dropping 2 µL of 5 wt % Nafion solution as a binder. CoS was prepared from 
electrochemically sulfurization of cobalt in structure of MOF-653@Co by CV in 0.5 M of thiourea solution from -1.2 
V to 0.2 V versus Ag/AgCl at a scan rate of 5 mV s-1 for 5 cycles (Sun, 2013). 

III. Results and descussions 
Electrocatalytic activity of GCE_MOF-653@Co and GCE_MOF-653@Co_S for H2 evolution were investigated 
with a typical three-electrode setup in acidic media (0.1 M HCl). Fig. 1a shows the polarization curve of 
GCE_MOF-653@Co and GCE_MOF-653@Co_S as compared with blank GCE at a scan rate of 5 mV s-1. As 
expected, blank GCE is inactive toward hydrogen evolution, also, GCE_MOF-653@Co electrode shows similar 
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catalytic activity with GCE. Furthermore, GCE_MOF-653@Co_S is able to electrocatalytically generate hydrogen, 
with an onset overpotential (about 271 mV) and a low cathodic current density. These electrodes were 
electrochemically treated by cathodic polarization for two hours to improve the catalytic activity (Dekanski, 2001). 
Electrode found that the catalyst was not good for HER at the beginning, however, the activity significant 
increased a lot during cathodic polarization, as observed by the onset overpotential shift from 271 mV to 171 mV 
for a current density of 55 μA cm−2 and 505 mV to 347 mV for current density of 10 mA cm-2 for GCE_MOF-
653@Co_S. 

Fig. 1b shows Tafel slope of the preparedelectrodes obtained from LSV at a scan rate of 5 mV s-1. Tafel 
slopes are 176 and 84 mV dec-1 for GCE_MOF-653@Co and GCE_MOF-653@Co_S, respectively before the 
cathodic polarization. However, Tafel slope decreased for both electrodes after the cathodic polarization as 103 
and 67 mV dec-1 for GCE_MOF-653@Co and GCE_MOF-653@Co_S, respectively. A smaller Tafel slope shows 
the faster HER rate with increasing overpotential, which is provided by the electrode surface changes after the 
electrochemical treatment. Tafel slope of 67 mV dec-1 for GCE_MOF-653@Co_S is smaller than the reported 
value of CoSe2 nanoparticles embedded in defective carbon nanotubes (CoSe2@DC) from selenization of pre-
oxidized MOF-Co (82 mV dec-1) at pH 0 (Zhou, 2016), Cobalt-Boride (Co-B) catalyst (102 mV dec-1) at pH 1 
(Gupta, 2015). This slope (67 mV dec-1) shows Volmer–Heyrovsky mechanism for HER and electrochemical 
desorption process as rate-limiting step. 

 

Fig. 1. a) LSV b) Tafel slope of blank GCE (black), GCE_MOF-653@Co before (red) and after cathodic treatment (blue), 
GCE_MOF-653@Co_S before (green) and after cathodic treatment (purple) in 0.1 M HCl. 

 

IV.Conclusions  
In summary, heterogeneous electrocatalyst including of electrodeposited sulphur on a zirconium MOF metalated 
with cobalt was developed. Also, to improve the catalytic activity of GCE_MOF-653@Co_S towards HER, 
cathodic treatment was performed for two hours. The prepared GCE_MOF-653@Co_S catalyst after the cathodic 
treatment shows catalytic activity for HER with an onset potential of 171 mV (vs RHE) in acidic media, which is 
100 mV lower than as-prepared GCE_MOF-653@Co_S. In aqueous HCl at pH 1, the catalyst can deliver a 
catalytic current of 10 mAcm-2 at 347mV. Tafel slope of 67 mV dec-1 for GCE_MOF-653@Co_S shows that 
Volmer–Heyrovsky mechanism works for HER. This study indicates that MOF can be used as a suitable support 
material for further investigations of non-noble-metal sulfide films in the field of HER application. 
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Abstract 
Platinum (Pt) and Pt-based materials are the most effective electrocatalysts for hydrogen evolution reaction 
(HER). However, because it is the most precious and rarest metal on the earth, large scale applications of Pt are 
unfeasible. Thus, to find a non-noble hybrid material with high activity and low cost as efficient hydrogen evolution 
catalyst is very challenging. One of the recent alternatives of hybrid materials as electrocatalysts is metal-organic 
frameworks (MOFs). MOFs have been attracting great attention because of their superior porosity, high surface 
areas and tunable properties. Among other applications such as hydrogen storage, separation, solar cell, and 
biomedical, MOFs are alternative materials for clean energy applications as hydrogen evolution. Herein, we 
summarized recent developments on HER using MOFs as heterogeneous catalyst.  

 
Keywords: Hydrogen evolution reaction, Metal-organic frameworks, Heterogeneous electrocatalysis   

I. Introduction 
Metal-organic frameworks (MOFs), the new family of porous materials, have been attracting considerable 
attention because of their high surface area, chemical and thermal stabilities and structural properties which 
enable us to tune their structures for desired applications. MOFs are hybrid porous materials and consist of 
organic and inorganic building units. Thus their properties such as surface area, pore apertures, active sites, can 
be tuned while keeping their structures same. This tailorability allows us to conduct targeted applications such as 
gas storage, selective separation, solar cells, and catalytic applications (Suh, 2011; Furukawa, 2013; Nevruzoğlu, 
2016). Also, it is a great challenge to increase the stability of MOFs in order to increase their application areas 
(Demir, 2017; Morris, 2012). Since global warming is one of major issues of modern age, hydrogen production as 
an energy carrier is a promising way to overcome environmental problems. As a raw material water is common 
and cheaper alternative to produce hydrogen via electrocatalytic process.  
Electrocatalytic hydrogen evolution reaction (HER) takes place via electrochemical reduction of protons in acid 
solutions : 2H+ +2e- H2 . Catalysts are needed for this reaction to occur at suitably high current densities (Hod, 
2015). Platinum with its high price is a good candidate for HER. However, realization of large-scale hydrogen 
production requires the development of alternative low-cost electrocatalysts with earth abundant elements.  

Efficient heterogeneous catalytic materials derived from MOF precursor as sacrificial templates have been 
used as electrocatalysts for HER (Zhao, 2017), but employing MOF as support materials for HER reaction is in its 
early stage (Figure 1) (Nohra, 2011; Qin, 2015; Dai, 2016). Nohra et al. directly used polyoxometalate-based 
MOFs (POMOFs) as electrocatalysts briefly for the HER in 2011 (Nohra, 2011) and a detailed investigation of 
POMOFs reported by Qin et al. on 2015 (Qin, 2015). The overpotential of the most active POMOF is 237 mV at a 
benchmark current density of 10 mA·cm−2 with a Tafel slope of 96 mV·dec−1 in acidic media. This highest HER 
activity is attributed to the both presence of POM units and porosity of the MOF (Qin, 2015). Because metal 
sulfides and selenides containing Co, Fe, molybdenum polysulfide (MoSx) (Dai, 2016) and Ni display promising 
catalytic behaviour for the HER, MoSx appended on a Zr-MOF, (UiO-66-NH2) by Dai et al. very recently. Prepared 
composite which is durable in acid medium, showed remarkable electrochemical HER activity with a Tafel slope of 
59 mV·dec−1, and a cathode current of 10 mA·cm−2 at an overpotential of 200 mV (Dai, 2016). Additionally, Hupp 
et al. showed that NU-1000 which used as support materials for the deposition of a Ni-S electrocatalyst, exhibits 
significantly enhanced performance for HER at pH 1, with an overpotential of 238 mV at 10 mAcm2 and a Tafel 
slope of 120 mV·dec−1 (Hod, 2015). 
 



193

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

 
Fig. 1: Utilization of MOFs for hydrogen evolution reactions. 

 
II. Conclusions 
Because MOFs are rarely used for hydrogen evolution reaction from water which is a crucial research domain of 
hydrogen economy, preparation of water stable MOF to be employed as a HER catalyst are highly demanded. 
The pores of MOFs facilitate the diffusion of the reactants and improve the interaction and efficiency of the 
catalyst. Additionally robust structure of MOFs prevents the changes on the active sites. Consequently recent 
literature survey represents that MOFs are very promising materials with their designable structures and 
properties. 
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Abstract  
Heat transfer in metal hydride bed is an important factor affecting the performance of metal hydride reactors (MHRs 
for short). In this study, the hydrogen storage in MHRs is investigated experimentally under various hydrogen supply 
pressures, e.g. (2 -10 bars) in order to explain the influence of heat pipe and fins in the hydriding process. Three 
different reactor configurations, consisted of a tubular cylinder with same base dimensions. Reactor 1 is a closed 
cylinder that exchanges heat through its lateral and base surfaces by cool with natural convection. Heat pipe is 
made of copper–ethanol combination and situated along the axis of reactor 2. Reactor 3 is a similar to reactor 2 
with additional aluminum circulated fins are manufactured around the heat pipe in order to enhance heat transfer 
with the environmental field. The temperature evolution data for the cylindrical LaNi5 reactors at several locations 
are recorded under all the certain values of hydrogen charging pressure. The experimental results showed that the 
use of heat pipe could be a good choice to improve hydrogen storing performance. The finned heat pipe 
configuration confirms the less temperature increased in the fastest charging time. The charging time was reduced 
approximately 75% with 10 bar hydrogen supply pressure.  

Keywords: Hydrogen storage, Heat transfer, charging pressure, Heat pipe, finned heat pipe. 

I. Introduction 
Hydrogen as an energy has come to the forefront within the scope of new energy technologies as being a storable 
and transportable energy with high calorific value and environmental friendliness. Hydrogen is a new clean energy 
and the best alternative to fossil fuels (Askri et al., 2009; Kaplan, 2009; Kayfeci et al., 2014; Boo et al., 2009; Chung 
et al., 2013). Several challenges remain to store and to use hydrogen efficiently. However, the problem of storage 
for hydrogen reduces its use and marketing. A metal hydride is a useful method in the hydrogen storage, because 
it has features such; generating a large amount of heat with hydrogen absorbing and storing compactly. The MHRs 
which can store large amounts of hydrogen in small volumes have attracted attention. However, heat management 
in MHRs is the main concern as a result of kinetic, heat and mass reactions, which are the key factors in the 
charging/discharging process.   

There are many experiments and theoretical studies on several aspects of MHRs to optimize the best reactor 
performance. Heat exchangers are used in hydrogen storage to accelerate the heat transfer rate in the metal hydride 
(Askri et al., 2009; Kaplan, 2009; Kayfeci et al., 2014). Askri et al., (2009) indicated that approximately 80% 
improvement of hydrogen charging time with a concentric heat exchanger tube reactor equipped with fins. Kaplan 
et al., (2009) confirmed that, the hydrogen storage in MHRs is principally heated transfer dependent, and the tank 
configuration which has a better cooling system exhibits the fastest charging characteristics. Kayfeci, (2014) 
investigated the heat transfer mechanism on MHRs under different hydrogen supply pressure. The results showed 
that, the using of MHRs with fins confirms the less charging time. A heat pipe is a device with high thermal 
conductance. Recently, Boo and Chung (Boo et al., 2009; Chung et al., 2013) employed the heat pipe in MHRs 
design. Boo et al., (2009) showed by simulation that, the use of heat pipes in MHRs provided a good enhancement 
of heat transfer with comparison to heat exchangers. Chung et al., (2013) experimentally showed a good 
improvement in hydrogen storage capacity by use of a heat pipe. More than half time reduced for absorption 
process.  However, the heat pipe applications in MHRs remain limited. This study presents a pilot design of MHRs 
equipped with a heat pipe and fins. In experimental studies, 2-10 bars of hydrogen supply pressures are adjusted, 
and temperature distributions are measured at several points in MHRs. In additional, the stored hydrogen mass is 
determined.   

II. Experimental Set-up and Procedure  
Three configurations of MHRs are designed and constructed as shown in (Fig. 1). They are made of St52 steel, 
and have the same inner and outer diameters of 26 mm and 35 mm, respectively, and the same inner height of 60 
mm. A heat pipe made of copper–ethanol combination is situated along the axis of reactor 2. The heat pipe outer 
diameter and thickness are 6 mm and 1 mm, respectively, with 250 mm length. Aluminum sleeve is made with inner 
diameter and thickness of 6 mm and 1 mm, respectively, and attached with 30 aluminum fins. The sleeve is situated 
along the axis of reactor 3 to insert the heat pipe inside the reactor. The fins have a diameter and thickness of 20 
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mm and 1 mm, respectively, and the spacing between adjacent fins was 3 mm. The temperatures in the hydride 
beds are monitored by 4 thermocouple probes (P1, P2, P3,  and P4) in each reactor with additional 2 thermocouple 
probes (P5 and P6) attached to the heat pipe section outside the reactor as shown in (Fig. 1). A 0.5 µm grade tubular 
filter is fixed on the inlet/outlet tubing to prevent metal powders from being drawn out during the discharging process. 
Each reactor contains 120 g of LaNi5 metal powder. 

                             
Fig. 1: MHRs a) w/o heat pipe b) with heat pipe c) with finned heat pipe d) photograph of the MHRs 

 

Fig. 2: Schematic of the experimental set-up 

Fig. 2  shows the schematic of the experimental setup. In the assembly; a design reactor, a vacuum pump to 
removing the moisture and the air inside the reactor, temperature thermocouples to measure the temperature during 
the hydriding process, a regulator for adjusting the hydrogen pressure, data collecting system, a computer laptop, 
Hydrogen cylinder with 99.999 % of purity.  

LaNi5 material is grinded for 2 hours with 600 rpm speed of mechanical grinder machine associated with steel 
ball at the rate of 1/10 to produce a powder size in between 10 and 50 µm. 120 grams of LaNi5 powders are filled 
in each reactor at the rate of 60% as a reaction volume. 35% free volume and 5% the volume occupied by internal 
heat pipe section. The reactor is settled in ceramic resistance by being assembled to the vacuum pump at a low 
pressure (≈0.01 bar), and assembled to the hydrogen tank with 10 bar pressure to start the activation process. The 
tank heated to approximately 350-450 °C and vacuumed for 15 minutes under low pressure. Activation consists in 
executing repeated charging/discharging process more than (20 cycles) until the maximum hydrogen storage 
reached (⁓1.3 wt%). When the activation process is completed, the reactor cooled to room temperature and the 
experimental operations take place by charge the hydrogen for 5000 s duration.   

III. Results and Discussion 
The experiments in this study were carried out to evaluate the hydrogen reactor by adding a heat pipe and fins. The 
analysis results are given below for all reactor configurations. The maximum temperature values inside the reactor, 
the time duration values at which the amount of hydrogen mass is achieved, as well as the absorbed amount of 
hydrogen mass are all analyzed and discussed.  
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Fig. 3. Temperature profiles of metal hydride bed during the hydriding process for the MHRs under 4 bar pressure 

a) w/o heat pipe b) with heat pipe c) with finned heat pipe 

Fig. 3 shows the temperature variation of metal hydride bed under 4 bar supply pressure during the hydriding 
process for all MHRs. It is clearly seen a higher temperature was recorded in P2 position at (z= 20 mm) for all 
configurations. The P1 and P2 presented close temperature because they are located in a reaction volume for metal 
hydride bed. P1 is relatively measuring a smaller than the P2 because the P1 position is located near the tank bottom 
through which cooling from bottom side is controlled by convection.  Based on the same reason, the P3 and P4 
presented a smaller temperature than the P2. They are located out of the reaction volume in the free space 
(expansion volume), where the heat transfer by convection is playing a role. Accordingly, It is seen the region close 
to the reactor inlet towards the pores media of the metal hydride powder has the highest temperature in all 
configurations. These temperature differences involve the absorption process would occur first close to the reactor 
inlet in the metal regions near the tank wall and then regularly moved toward the central region of the storage tank. 
Also, ,the heat released during charging process has been removed quickly in case of the reactor with finned heat 
pipe 62 ºC, and heat pipe reactor 67 ºC, with a comparison to the reactor without heat pipe 77 ºC.  

  

Fig. 4: Time history of the hydrogen stored in the metal hydride bed under 10 bar pressure supply. a) wt%, b) g/g alloy . 

The hydryding process was tested at10 bar supply pressure for a duration of 5000 s. The hydrogen storage 
rates showed in (Fig. 4). The capacity of hydrogen absorbed was approximately 1.3 wt% in all configurations as 
shown in Fig, 4a. Fig. 4b shows the amount of hydrogen stored by g/g alloy within first 900 s for all MHRs for 
comparison. For reactor without heat pipe, at 100 s, 200 s, 300 s, 400s, 500 s, 600 s, 700 s, 800 s, and 900s, the 
storage capacity was: 0.36 g, 0.48 g, 0.60 g, 0.72 g, 0.84 g, 0.94 g, 1.02 g, 1.11 g, and 1.16 g  respectively. For 
heat reactor, at 100 s, 200 s, 300 s, 400 s, 500 s, 600s, 700s, 800s, and 900s, the storage capacity was: 0.46 g, 
0.66 g, 0.84 g, 1.03 g, 1.20g, 1.32 g, 1.44 g, 1.5 g, and 1.54 g respectively. And for the finned heat pipe reactor, at 
100 s, 200 s, 300 s, 400 s, 500 s, 600 s, 700 s, 800 s, and 900 s, the storage capacity was: 0.54 g, 0.84 g, 1.14 g, 
1.32 g, 1.44 g, 1.50 g, 1.54 g, 1.55 g, 1.56 g respectively. It is observed that, the significant improvement of storage 
performance of the finned heat pipe reactor. For example, the storage duration of 0.84g is required 200s for finned 
heat pipe reactor, whereas it needs 300 s in the case of the heat pipe reactor, and 500s in the reactor without heat 
pipe. Furthermore, the time required for the reactor without heat pipe to reach 1.3 wt% was 3600s, whereas in the 
reactor with heat pipe was 1100 s, and for that one equipped with a finned heat pipe was 900s as shown in Fig. 4a. 
Thus, the charging time was reduced approximately 75% by using finned heat pipe and 70% by using a heat pipe, 
this reduction in time shows a development in hydrogen charge by using the heat pipe and fins. 

The temperature distribution in the MHRs provides information explaining the improvement in hydiyding 
process. The hydrogen supply pressure is responsible for enhancing the mass transfer reaction. Therefore, the 
increased initial hydrogen pressure, simultaneously, raising the absorption reaction speed and charge rates in 
LaNi5. The temperature profiles on the MHRs at various hydrogen supply pressures, e.g. (2 -10 bars) are shown in 
(Fig. 5). It is seen that, the reactor temperature increases as the hydrogen inlet pressure increases due to the 
enhancement of kinetic reaction by development the exothermic absorption reaction between the hydrogen and 
metal hydride. Accordingly, the maximum temperature was recorded at 10 bar for all MHRs, e.g. 101 ºC (reactor 
without heat pipe), 93 ºC (reactor with heat pipe), and 83 ºC (finned heat pipe reactor). Comparisons of the 
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temperature profiles for MHRs during the hydriding process under different pressure are shown in (Fig. 6). It is seen 
that the device temperature increases as the pressure increases, and the amount of hydrogen stored also 
increased. The configuration with finned heat pipe shows the most fast charging time and less temperature 
confirming better heat removal at any pressure value. However, this can be attributed to enhanced heat transfer by 
utilized a heat pipe and fins in hydriding process. Accordingly, the hydrogen absorption kinetic is improved by 
helping of the heat pipe and fins.   

 

Fig. 5:  Effect of the initial hydrogen supply pressure on the average bed temperature at the P2 position (Z= 20 mm), 
a) w/o heat pipe, b) with heat pipe, c) with finned heat pipe 

 
Fig. 6: Comparison of the temperature profiles of the metal hydride bed during the hydriding process for the MHRs 

w/o heat pipe, with heat pipe and with finned heat pipe a) 4 bar b) 10 bar  

IV. Conclusion 
This study showed the pilot design of MHRs using LaNi5 material as the storage media to explain the influence of 
the heat pipe and fins in the hydriding process. Different experiments were done on three reactor configurations, 
which are manufactured in a laboratory as; a) reactor without heat pipe, b) reactor with a heat pipe, and c) reactor 
with a finned heat pipe. The study also presents comparisons of the results obtained concerning the hydrogen mass 
stored and the hydride bed temperature between the reactor configurations. In addition, the effect of the applied 
hydrogen pressure on the storage time of the proposed configurations was experimentally investigated. The results 
showed that, the charging of hydride reactors is mainly heat transfer management and the better performance of 
reactor can be achieved by the configuration which provides successful heat removal.  Thus,  a significant 
improvement of storage performance was established by use the finned heat pipe reactor. Consequently, the use 
of heat pipe could be a good choice to increase hydrogen storage reactor performance. The finned heat pipe 
configuration confirms the less temperature increased and the fastest charging time. The charging time was reduced 
approximately 75% with 10 bar hydrogen supply pressure.    
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In this study, the relationship between the pressure drop on the channels due to the methanol flow and the geometry 
of the flow channels on the anode side of a direct methanol fuel cell has been investigated. Parallel type channels are 
used as flow channels. The active area of the fuel cell is 5x5 cm². The system consists of channels that are optimally 
placed in the active area, with channel widths and distance of the channels kept constant. Combinations of 1, 1.5, 2, 
2.5, 3 mm measurements were used for flow channel width and distance between channels. The ratio of the area cre-
ated by the prepared geometries to the active area (percentage of contact area) is defined as a new parameter. There 
was a statistically significant difference between the flow channel widths and the distance between the channels and 
the pressure.

Keywords: methanol fuel cell, flow channel geometry, pressure drop
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Abstract 
A vacuum pump is being applied on the outlet sector of a typical membrane system. Same pressure differences is 
being controlled with/without vacuum. The permeances and the flow rate of two palladium (Pd) membranes under 
same pressure difference in pure H2, binary gas mixtures are investigated experimentally. With binary gas condition 
of 10% impurities (N2, CO2, or CO) in H2, the result shows that under same pressure difference, the one with vacuum 
on the outlet sector performs better regardless of gas types. The flow rate for pure H2 increased by 5% to 17% with 
vacuum and increased by 15% to 136% for binary gas. The profiles shows that the reduction by the gas impurities 
is ranked as CO>CO2>N2 and the effect of vacuum indicates that the worse permeance for the impurities it is, the 
more it can be improved by vacuum, the improvement is also ranked as. CO>CO2>N2. 

Keywords: Pd-memebrane, vacuum, binary gas, same pressure difference. 
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Abstract 
Energy need of the civilized world is ever increasing, and as such, the subject of energy production from renewable 
energy sources is gaining popularity in scientific studies. Amongst these studies are the researches on fuel cell 
systems. In this study, the flow channels of the “proton exchange membrane” (PEM) type fuel cell were designed, 
modelled, and studies were conducted on three-dimensional channels of various designs via Comsol Multiphysics 
simulation software, with hopes to contribute to the renewable energy solutions. Proposed fuel cell designs and 
geometries of flow channels were compared to existing fuel cells’ with exergetically efficient designs, in terms of 
total exergy efficiency. Exergy efficiency analysis was conducted on the membrane surfaces of the proposed flow 
channels. Anode and cathode side exergy analyses, polarization curve of the system, voltage, current and produced 
power parameter results were also inspected.  
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I. Introduction 
Fuel cells, having both portable and embedded applications, are becoming increasingly significant alternative 
energy production systems. In parallel with the developments in nano-technology, PEM fuel cells have drawn the 
attention of researchers throughout the world with a growing momentum, mostly due to their ability to use various 
components like hydrogen, methanol and formic acid as fuel. As evidenced by scientific and industrial efforts 
focused on them, number of fuel cells and related applications are increasing, perhaps affected by advances in 
nano-technology.  

Inspection of literature reveals a substantial amount of research on fuel cell systems. These studies mostly 
focus on catalyst and membrane improvements, performance analyses for various cell systems, exergy-energy 
analyses and storage of hydrogen fuel. 

One study has used COMSOL software to observe potential improvements in a mobile PEM fuel cell by altering 
cathode channel geometry (Henriques, César, and Branco 2010). Another study inspected and compared thee 
different geometric collector designs in a Proton Exchange Membrane fuel cell (PEMFC), while keeping fluid 
dynamics in mind. The geometries inspected were serpentine, parallel and square layouts (Zahi, Rossi, and 
Faucheux 2011). One study had designed flow channels for a fuel cell in a planar space by transforming 3D 
mathematical space into a 2D model, running simulations in this environment (Hamilton and Pollet 2010). In another 
study a derived mathematical model was used to gather detailed results for  for a mechanical fuel cell’s parallel flow 
channels (Ly, Birgersson, and Vynnycky 2012). In one study, two versions of a flow channel plate for PEM fuel cell 
was inspected under high voltage and current in terms of reactants’ spread over catalyst surface (Mehta and Cooper 
2003; Springer, Zawodzinski, and Gottesfeld 1991). Another study has inspected three variations of a flow plate 
(straight, serpentine and mixed) and simulated spread properties, discussing the results (Jithesh et al. 2012; 
Karthikeyan et al. 2013). 

This study however, inspects six types of flow channel designs through COMSOL Multiphysics software 
modeling and simulation, compares them in terms of exergy and performance analyses, and discusses the reasons 
behind the most efficient design. 

I.1. Fuel Cell 
A fuel cell is a system that generates electrical energy as a result of an electrochemical reaction between an 

oxidant and a suitable fuel. After the fuel cell reaction -which can be described as the reverse of electrolysis 
reaction- electricity is produced, in the form of direct current (DC). Fuel cells are akin to batteries in terms of their 
working principles. Traditional batteries also convert energy which has been stored in them into electrical energy 
through an electrochemical reaction. The energy supplied by batteries and accumulators, however, is limited by 
their internal energy (EG&G Technical Services, Inc. and EG&G Technical Services 2004; Gregor Hoogers and 
Hoogers 2003).  Fuel cells, on the other hand, produce energy continuously and endlessly, as long as fuel and air 
are supplied into them.  

Basically, a fuel cell is composed of the electrolyte, and electrodes which are in contact with a surface of the 
electrolyte each; the anode on one side and the cathode on the other. 

 
I.2. PEM (Proton Exchange Membrane) Fuel Cell 

The cost of energy keeps increasing, perhaps tied to the ever increasing energy demand. The standards set 
by civil demands in developed countries also affect trend on developing countries, which lead the world towards 
new, innovative and green energy sources. One of the few technologies that can answer such demands is the fuel 
cell systems. In terms of thermal cycles, fuel cell systems are capable of producing electrical energy from the 
chemical energy stored within the fuel with efficiencies of up to 80%, and without energy transformation. Due to the 
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nature of PEM fuel cells, the only waste produced are usable water and heat, which makes PEM’s quite compatible 
with nature.  

Proton Exchange Membrane fuel cells have a relatively simple design and operation process. PEMs also have 
a higher power density, and lower volume and weight compared to other fuel cells. All fuel cells contain a thin, 
polymer membrane. Sized in micron levels, this membrane is proton permeable in PEM type cells, which gives them 
their name. PEMs work under 100°C, usually at the levels of 60-80°C. 

As long as hydrogen fuel is fed towards the anode side, it gets decomposed into its ions here. Meanwhile, 
protons reach cathode through the proton-permeable membrane, and electrons arrive to the cathode through 
another circuit. As the oxygen dissipates into its protons and reacts with the H2 ions over the electrodes, the reaction 
is completed. This reaction produces water and heat. Since the solid membrane’s ion permeability -which is directly 
affected by the moisture of membrane- is a major factor in these events, humidity of the membrane is a major 
performance factor. This requires management of moisture levels of the membrane, which usually is handled by an 
additional water management unit in the cell, tasked with keeping the humidity steadily at optimum levels (Broka 
and Ekdunge 1997; Karthikeyan et al. 2013). 

I.3. Fuel Cell Performance. 
Fuel cell performance is generally seen as the sum of performances of its components. These performances are 
tightly coupled to the reaction’s occurrence on the catalyst, generation of current by collection of electrons, transfer 
of hydrogen ions through membrane, water production as a result of the combustion reaction, and finally, electrical 
resistances of intracellular components. This is a complex process composed of many chemical thermodynamic 
processes. As is the case in many thermal systems, operating conditions have strong influences on these 
processes. The main operating conditions which affect fuel cell performance are temperature, pressure, membrane 
thickness, humidity and current density. A uniform reaction with constant speed along the catalyst surface depends 
on optimal distribution of temperature, humidity and concentration. Such a distribution can only be achieved by an 
optimum distribution of content over the flow plates. In this study, simulation and modeling of alternative flow plate 
geometries were inspected with an exergetic aspect in search for the most effective distribution pattern as being a 
frontier study in this respect. As a result, a homogeneous distribution of the performance-affecting criteria of the fuel 
cell -like the temperature, concentration, and humidity- has been achieved over the cell surface and the results were 
examined and interpreted. 
 
II. Material and Methods 
II.1. Simulation with COMSOL Multiphysics  
As the first stage of the study, the proposed fuel cells and their flow channels were designed using Comsol 
Multiphysics program. This software has an integrated multi-physics infrastructure for various engineering 
endeavors. It includes various equipment in the simulation environment already modeled (Dickinson, Ekström, and 
Fontes 2014). The software also gives quick results as the physical interfaces of many theoretical processes are 
pre-modelled within it. It has a wide coverage of applications from to the fluid flow problems to transport of heat, 
and from structural mechanics to electromagnetic analyses (Karthikeyan et al. 2013) (Comsol 2010) (COMSOL Inc. 
2013).  

Figure 1 displays the required parameters to model a fuel cell in a visual overlay. All the proposed designs in 
this study were based on this model. The anode and cathode flow channels, gas diffusion layers (GDL), the 
membrane and the porous electrodes are the primary constituents of a fuel cell model. 

 

Fig. 1:  COMSOL Multiphysics Model View (Water and This 2010) 

A total of 6 alternate fuel cell designs were analyzed exergetically in these simulations, and the results were 
discussed and interpreted afterwards. The modeling of the fuel cell includes modeling of electrochemical currents, 
mass transfer and momentum transfer. 

The electrochemical current modeling is done by using Reacting flow in porous media and current distribution 
interfaces in Comsol. The models based on Ohms law and solving for these considering the cell GDLs, and in the 
porous electrodes, and in the electrolyte membrane. These are dependent to the concentration of the species and 
ionic and electronic potentials.  
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The current density of the anode of the fuel cell is calculated depending on the following formula locally that 
is basically based on Butler-Volmer expression  

H2 → 2H+ + 2e−                                           (1)     

 

ia = i0,a (
cH2

cH2,ref
)
0.5

(αa,a+αc,aRT ) Fηa                                                                                                                 (2)     

where cH2 is the local hydrogen concentration and cH2,ref a hydrogen reference concentration  

Cathode reaction is as follows in a PEM fuel cell 

O2 + 4H+ + 4e− → 2H2O                                                                                                                          (3)    
  
for the oxygen reduction reaction the following current density equation is used that is a version of Tafel-equation 
which is derived to implement the effect of concentration. 

 ic = −i0,a (
cO2

cO2,ref
) exp (− αc,c

RT ) Fηc                                                                                                                 (4)     

The mass transfer phenomena in the fuel cell is solved using Transport of Concentrated Species interfaces 
of the Comsol. This interface depends on the Maxwell-Stefan equations and these are used for both flow channels, 
GDL and electrodes. The mass fractions of the species are set at the inlets and the remaining concentrations are 
calculated dynamically. 

The momentum transfer based on the Navier-Stokes equations in flow channels and Brinkman equations for 
the porous gas diffusion layers (GDLs) and electrodes.  

There are some general assumptions are made regarding the cell geometry. That are 

 Boundaries at the anode side are assumed as to have zero electronic potential, 
 The boundaries at the cathode side are assumed to be at the cell potential.  
 Remaining boundaries are assumed as electrically isolated, and has zero flux for mass transfer 
 

II.2. Proposed flow channel geometries for PEM 
Figure 2 displays geometrical views of six proposed fuel cell designs in 3D. The geometries are developed regarding 
the currently used geometries and the geometries that are thought to be good candidates of having a high and 
homogen distributed fuel cell exergetic efficiency 
 

 
Model 1 

 
Model 2 

 
Model 3 

 
Model 4 

 
Model 5 

 
Model 6 

Fig. 2: 3D Geometry of a proposed geometries 

The 3D Mesh (Meshwork) for the geometries are developed using physics oriented mesh algorithm of the 
Comsol with fine meshes in order to have a better results structure. Figure 3 display meshwork for the Model 6 
geometric design. The solution based on this meshwork took approximately 8 to 12 hours for each model with the 
RenderBox Pro workstation (Dual Intel Xeon Processor E5-2620, 32 GB DDR4-1333MHz). 
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Fig. 3: 3D Mesh view of the 7 Inlet-Outlet Fuel Cell Design 

III. Exergy Analysis 
Compared to thermodynamics’ first law which focuses on the quantity of the energy in a system, exergy analyses 
utilizes the second law to also inspect the energy’s quality (Dincer 2002; Tsatsaronis 2007) . This makes it a very 
good tool to compare energy systems with similar sizes in terms of work they can produce.  

Since the quality of the energy is also evaluated along with quantity, exergy analysis is useful in figuring out 
the real work-related value of a given system, which in turn helps locating the sources of inefficiencies, energy 
losses, and thermo-dynamic inadequacies within it. 

Considering all these, exergy analysis becomes an unavoidable method if accurate and consistent evaluations 
and calculations are strived for in determining a system’s true potential (Dincer and Cengel 2001; M. Rosen and 
Dincer 1997).  

There are various components of the total of exergy in a system and since other forms except physical and 
chemical exergies are in extremely small amounts in PEM fuel cells, they are ignored during this study. This means 
the total exergy in the system can be defined as (Mert, Dincer, and Ozcelik 2012): 

E = EChem + EPhy                                     (5)     

Physical exergy is the definition of work performed by the energy that forms as a result of thermal processes 
between the initial thermal state of the system and the final, dead state (in which the system is in complete thermal 
balance with its environment), and is calculated with the below formulae (Mert et al. 2007; Mert, Dincer, and Ozcelik 
2012): 

EPhy = (E − U0) + P0(V − V0) − T0(S − S0)                     (6)    
  

 EPhy = (H − H0) + T0(S − S0)                                         (7)     

where 0 (reference) indicates the dead state. 
The amount of work performed by the energy produced in system until it reaches chemical balance with the 

environment is called chemical exergy. For pure substances, the work produced until they reach the reference 
condition concentrations is calculated with the below formula (Mert et al., 2007, 2012). 

EChem = RT0ln (
P
P0
)                                                                                                                                   (8)    

  

This means substances in the system that contain materials other than reference materials must first be 
reduced to their components defined in the reference conditions and stabilized. Formula 5 given below is used for 
this purpose. 

 EChem = ∆G − ∑ ϑjj E0,che,j                                                                                                 (9)     

G indicates free Gibbs energy, v indicates stoichiometric coefficient, while E0,che,jdenotes standard 
chemical exergy value. After all of these, chemical exergy of the system can be calculated using standard 
chemical exergy table and equation 6 below (M. A. Rosen and Dincer 2003). 

EChem = E0,Chem,j + ∑(xln(x))                                (10)     

where x denotes the molar fraction. 

Fuel cell voltage and power, and the current feed will also be added to the aforementioned equations in order 
to analyze the exergy within the system of the fuel cell, with the formula given below. 
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IFC = ∑ Ėmass,i − Ėmass,o − Ėheat − Ėwork
̇                                   (11)     

System efficiency is calculated based on the energy and exergy analyzes and is achieved with the below 
equations: 

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠,𝑒𝑒𝑒𝑒 =
�̇�𝑊𝑛𝑛𝑛𝑛𝑛𝑛

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2∙𝐹𝐹𝐻𝐻2,𝑖𝑖𝑛𝑛
                                (12)    

  

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠,𝑒𝑒𝑒𝑒 =
�̇�𝑊𝑛𝑛𝑛𝑛𝑛𝑛
�̇�𝐸𝑖𝑖𝑛𝑛

                                                                  (13)    

  

The derived exergy equations are implemented to the Comsol and the 3d flow of the exergy in the fuel cell 
is simulated. 

III.1. Exergy Analysis Results on Proposed Fuel Cell Designs and Discussion 

The results of the analyses on the 6 proposed flow plate designs in this study will be given below. Hydrogen and 
Oxygen exergies will be indicated on x-y axis, while exergy efficiency, polarization curve, power and current values 
based on current density will be indicated with graphs. Active membrane surface area was kept the same between 
all the proposed designs, and channels were designed with the same total area and dispersed on the plate surface 
as homogenously as possible. Voltages were also kept fixed (0.5V – 0.7V)In order to have consistently accurate 
comparisons between alternative geometries, channel width and height was fixed, causing the same amount of 
pressure loss per unit distance travelled in all models. 

III.1.1. Exergy Analysis Results for Design 1 

 
Fig.4: Hydrogen exergy x-y axis for Design 1 

x-y axis for the hydrogen within the fuel cell anode side is given in Figure 4. It is evident that towards the +x 
direction, hydrogen exergy dissipates rather steadily, due to consistent reduction of hydrogen over the channel as 
it travels on the anode side. 

 
Fig.5: Oxygen exergy x-y axis for Design 1 

As can be seen in Figure 5, oxygen exergy in the cathode side drops steadily as it moves in the channel, similar 
to the hydrogen in the anode side given in Figure 4. As the amount of water produced in the cathode side, the effect 
of oxygen increases. 



205

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

 
Fig.6: Exergy efficiency for Design 1 

Figure 6 displays the exergy efficiency of the system. As evident in the figure, the efficiency is high in the 
entrance area of the plate where reaction speed and current density is high, while efficiency is comparatively low in 
the other areas. This is caused by the build-up in the entrance area, which also causes more strain on the 
membrane. 

III.1.2. Exergy Analysis Results for Design 2 

 
Fig.7:  Hydrogen exergy x-y axis for Design2 

x-y axis for the hydrogen within the proposed fuel cell’s anode side is given in Figure 7. Considering the sudden 
drop of hydrogen amount towards the middle in +y direction, hydrogen exergy could evaluated to be low.  

Oxygen exergy for this design can be seen in Figure 8 x-y axis. Oxygen exergy is relatively lower to hydrogen 
exergy given in Figure 7 due to the water production.  

 
Fig.8: Oxygen exergy x-y axis for Design 2 
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Fig.9:  Exergy efficiency for Design 2 

Figure 9 displays the total exergy derived from Hydrogen and Oxygen exergies, indicating the exergy efficiency 
of the system. As evident in the figure, there is a significant build-up towards the middle. Membrane activity is rather 
high up to this point, but drops suddenly henceforth, plummeting the efficiency. Furthermore, the unused space in 
the corners of the design effects overall efficiency adversely. All these considered, it is safe to say Design 2 has 
lower exergy efficiency compared to Design 1.  

III.1.3. Exergy Analysis Results for Design 3 
Hydrogen exergy x-y values for Design 3 are displayed in Figure 10, while oxygen exergy x-y values are given in 
Figure 11. As can be seen in these figures, gasses fed to the system have a homogenous distribution on the surface. 
This is a good indication in terms of operation costs.  

 

 
Fig.10: Hydrogen exergy x-y axis for Design 3 

 
Fig.11:  Oxygen exergy x-y axis for Design 3 
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Fig.12:  Exergy efficiency for Design 3 

Total exergy efficiency for Design 3 can is displayed in Figure 12. The fuel and the oxygen clearly disperses 
homogenously on the plate, creating a positive impact on the longevity and thus running costs for the system. 
Moreover, the achievement of a current of 0.4A/cm2 on the polarization curve further contributes to the cost 
efficiency.  

III.1.4. Exergy Analysis Results for Design 4 

 
Fig.13:  Hydrogen exergy x-y axis for Design 4 

 
Fig.14:  Oxygen exergy x-y axis for Design 4 

Hydrogen exergy x-y values for Design 4 are displayed in Figure 13, while oxygen exergy x-y values are 
given in Figure 14. As can be seen in these figures, the performances are quite similar to that of Design 3. 
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Fig.15:  Exergy efficiency for Design 4 

Total exergy efficiency for Design 4 fuel cell is given in Figure 15. When exergy values over the active surface 
are evaluated, the homogenous distribution is clearly evident again, like in the Design 3, which indicates the change 
in geometry direction of the hydrogen flow of the design did not have much of an effect of efficiency.  

 

III.1.5. Exergy Analysis Results for Design 5 

 
Fig.16: Hydrogen exergy x-y axis for Design 5 

 
Fig.17:  Hydrogen exergy x-y axis for Design 5 

Hydrogen exergy x-y values for Design 5 are displayed in Figure 16, while oxygen exergy x-y values are given 
in Figure 17. As evident in these figures, there is a fall in concentration for both the hydrogen on cathode side and 
oxygen on anode side in +y direction, towards the middle regions. This situation effects exergy efficiency of the 
design adversely. 
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Fig.18:  Exergy efficiency for Design 5 

Total exergy efficiency for this design is displayed in Figure 18. Due to having more unused space compared 
to other flow plate designs, Design 5 suffers a lowered exergy efficiency. This situation arises due to the wavy 
geometrical design of the plate. It causes a lower flow density, which, combined with the unused spaces, ruin the 
homogeneity of the distribution.  

III.1.6. Exergy Analysis Results for Design 6 

 
Fig.19: Hydrogen exergy x-y axis for Design 6 

 
Fig.20:  Oxygen exergy x-y axis for Design 6 

Hydrogen exergy x-y values for Design 6 are displayed in Figure 19, while oxygen exergy x-y values are given 
in Figure 20.  Both figures indicate their respective gasses are dispersed along the whole channel quite smoothly.  
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Fig.21:  Exergy efficiency for Design 6 

Total exergy efficiency for the system proposed in Design 6 is displayed in Figure 21. The high efficiency is 
clearly visible, and it’s due to the uniform distribution of both the air and the fuel over the membrane. Even though 
there seem to be some spots where the efficiency seems to have gone down a little bit, overall efficiency is still 
higher than all the other designs’. 

IV. Conclusions  

In this study, 6 alternative versions of flow channel plate designs were proposed, all of which were modeled in 
COMSOL Multiphysics software and analyzed under simulation. Exergy changes on the hydrogen and the oxygen, 
total exergy efficiency, along with polarization curve voltage, power and current values were evaluated. In the end, 
multiple inlet designs were found have some of an advantage in distributing the fuel over the plate uniformly, 
enabling them to reach higher efficiency levels. Cross-channel designs were found to have positive effect in case 
of short channeled designs, while they were found to have negative effects in case of long channel designs. When 
the fuel cell surface area is utilized homogenously, hydrogen and air reaction inside the system takes place in higher 
speeds, and the strain of the reaction is distributed evenly along the plate, preventing any over-worn spots that 
could cause physical damage to the plate. Modeling and simulating various flow plate designs reduce the otherwise 
expensive actual tests and reduce the time needed to get results, they are henceforth valuable tools for researchers 
working of fuel cell design. 
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Abstract 
Different operating scenarios can be used in a hybrid system based on a direct methanol fuel cell (DMFC) and a 
battery. In this paper, a DMFC system model is integrated into a model formed for a hybrid vehicular system which 
consists of a battery, a DMFC stack and its auxiliary equipments, and the model is simulated in Matlab/Simulink 
environment using quasistatic approach. An algorithm for the energy management of the system is also developed 
considering the state of charge (SOC) of the battery. In the DMFC system model, DMFC current and empirical data 
for the polarization curves, and methanol crossover and water crossover rates are taken as the input parameter; 
whereas the stack voltage, the remaining methanol in the fuel tank and the power demand of auxiliary equipments 
are taken as the output parameters. In this model, the methanol consumption, and the water and CO2 production 
are found applying mass balances for each component of the system. The results of the simulations helped to give 
more insights in the operation of both DMFC system and hybrid system.    
 
Keywords: DMFC, fuel cell system, quasistatic model, vehicular application  
 
I. Introduction 

Direct methanol fuel cells can be considered to be a source of power and energy conversion device for 
vehicular system. Pure methanol (CH3OH) and recycling water (generated at the cathode compartment) are used 
as fuel in DMFC systems while carbon dioxide (CO2) occurs as product. Therefore, the balance of fuel concentration 
and amount of products play a significant role in a DMFC system.  

Several studies on DMFC are carried out in the literature at cell and stack level. However, studies that focused 
on the integration of DMFC model into any system model, are not sufficient. One of the earliest steady-state studies 
on simulation of the DMFC systems was published by Von Andrian and Meusinger (2000), who examined the effects 
of operating conditions such as temperature, pressure, air to fuel ratio and methanol permeation on the fuel cell 
system performance. They calculated the electrical system efficiency and heat balance with varying the selected 
parameters. They found that reducing the air to fuel ratio leads to a higher system efficiency. In addition, the amount 
of permeating mathanol was found to reduce the system efficiency dramatically. Heat and power management of a 
DMFC system was described by Dohle et al. (2002) through modelling and experimental investigation of this system. 
They presented the modeling equations including mass, energy and heat balances. According to the results of their 
study, the system pressure and the air flow rate have an important impact on both the system power and efficiency. 
An alternative approach for modeling a DMFC system was developed by Zeneith et al. (2017). They focused on 
reducing the high methanol loss by evaporation in the separator and mixer. Therefore, they modified their previous 
system which they called mingled outlet system to the so-called highly integrated system and both were compared. 
In addition, they found the amount of methanol crossover and evaporation using simulations.  

In this study, the amount of the methanol consumption, water production and consumption, CO2 production 
and required air are found for each component of fuel cell by simulation of DMFC in Matlab/Simulink with using 
experimentally obtained water crossover rate, methanol permeation rate and current density data for various 
methanol concentrations.  

 
II. System Modeling  

A fuel cell hybrid vehicle system contains electric motor, battery, and fuel cell for the power arragenments and 
DC/DC converters for the voltage arragenments. Apart from those main powertrain elements, power requirement 
on the electric motor of a vehicular system can be calculated by speed profile of the vehicle, which depends on the 
selected driving cycle. Power requirement in the electric motor is determined by using longitudinal motion equations 
with small sized vehicle parameters and a proper drive cycle. In this study, drive cycle profile consists of three 
acceleration and two deceleration sections in a cycle which consists of 70 seconds and the vehicle (approximately 
120 kg with the driver) reaches 12 km/h top speed. Hybrid powertrain model is designed in Simulink environment 
according to the power requirement on the tire-road surface.   

The quasistatic method is similar to the method applied by Guzzella et al. (2005) in which the power outputs 
and performances of each complex powertrain structures were investigated. This approach offers design flexibly 
control of each subsystem to optimize the power flows in the powertrain system. Each powertrain element illustrated 
with its input and output parameters as the basic blocks is shown in Fig. 1. Electric motor block (EM) calculates the 
current requirement (IEM) of the electric motor by using the operating voltage (UEM) and power (PEM). If the SOC of 
battery is higher than 85%, operation algorithm block (OA) does not allow fuel cell (FC) operation and power input 
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to auxiliary units, and current (IFC) and voltage (UFC) of FC have zero values. Battery is the only current source to 
response the demand of EM when FC is in the off mode. When the SOC is under the 85% level, FC operates from 
0.05 A/cm2 to 0.4 A/cm2 current density which changes linearly, between 85% and 0% SOC. State of charge control 
block (SC), which is integrated into battery block (BT), uses energy consumption (EB) as input and calculates 
remaining battery capacity (QB) to determine SOC and voltage drops (UD) as output parameters. Methanol fuel 
control (MC) works inside FC block to calculate the state of fullness of methanol in storage tank (SOFMeOH) as output 
parameter depending on the methanol consumption rate (ṁ); and the information about methanol state in the tank 
is transmitted to the OA block to control FC operation.         

 
 
Fig. 1: Parameters of main blocks by quasistatic approach of the system simulation. EM=Electric Motor, BT=Battery, FC=Fuel 

Cell, OS=Operation Strategy, SC=State of Charge Control, MC=Methanol Fuel Control 
 
The DMFC system consists of a DMFC stack, a condenser, an anode mixing vessel, a circulating pump, a 

condensate pump, a methanol pump, an air blower, and a methanol tank as shown in Fig. 2. In this system, moist 
air reaches to the cathode side after passing through an air blower and an air filter, respectively. At the cathode side, 
water is generated by the oxygen reduction reaction and the reaction of crossed-over methanol with oxygen. Some 
amount of water also exists at the cathode side because of the water crossover from the anode to the cathode. In 
addition, CO2 is produced a result of methanol reaction with oxygen. The fluid mixture consisting of H2O, CO2, N2, 
and O2 leaving the stack is cooled down and water is separated to liquid and gas phases after passing through a 
condenser. Then, liquid water is recycled to the anode mixing vessel and methanol reaches to anode mixing vessel 
from the methanol tank. These diluted methanol solution is sent to the anode side. Unreacted methanol, CO2 and 
water formed in the stack return to the anode mixing vessel and CO2 is released to the atmosphere from the top of 
the vessel. 

 
Fig. 2: Layout of DMFC system 

 
In the DMFC sytem, five different fluids exists: methanol, water, oxygen, carbon dioxide, and nitrogen. 

Calculating the mass flow rate of these fluids at each point of the system is required in the system analysis. 
According to the Faraday’s law, the overall methanol consumption rate [kg/h] in the stack can be expressed as:   

 

�̇�𝑚𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻,𝑠𝑠 =
(𝑖𝑖𝑒𝑒𝑒𝑒+𝑖𝑖𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝)×𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒

6×𝐹𝐹 × 𝑛𝑛 × 𝜆𝜆𝑎𝑎 ×𝑀𝑀𝑀𝑀𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 × 3.6                   (1) 

 
Where iel and iperm are the current density of the cell and the corresponding crossover current density, 

respectively. In this study, the value of iperm was taken from experimental data. Acell is the superficial electrode area 
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of the cell, n is the number of cell, MW represents the moleculer weight of the species and Faraday’s constant F 
represents the charge per mole of equivalent electrons. The Faradic efficiency is a measure of the percent utilization 
of reactant in a galvanic process. The term stoichiometry (λ) is defined as the inverse of the Faradic efficiency. Its 
value is taken as constant for both anode and cathode in this study. 

The net water production in the cathode is made up of four different sources: i) electrochemical reactions that 
produce two molecules of water per molecule of methanol, ii) methanol crossoverreaction at the cathode to produce 
two molecules of water per molecule of methanol, iii) the water crossed over from the anode, and iv) water vapor in 
the air inlet. Total water generation rate at the cathode [kg/h]  by electrochemical reaction is:  
   

�̇�𝑚𝑤𝑤,𝑒𝑒𝑒𝑒 = 𝑖𝑖𝑒𝑒𝑒𝑒×𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒
2×𝐹𝐹 × 𝑛𝑛 × 𝑀𝑀𝑀𝑀𝐻𝐻2𝑂𝑂 × 3.6                 (2) 

 
 Methanol permeation which is defined as the transport of methanol from anode to cathode is a major problem 
as it decreases the cell voltage. When methanol reaches the cathode, the methanol is oxidized and water is 
generated (�̇�𝑚𝑤𝑤,𝑚𝑚𝑚𝑚) [kg/h] as expressed in Eq. (3)  
 

�̇�𝑚𝑤𝑤,𝑚𝑚𝑚𝑚 = 𝑖𝑖𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝×𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒
3×𝐹𝐹 × 𝑛𝑛 × 𝑀𝑀𝑀𝑀𝐻𝐻2𝑂𝑂 × 3.6                   (3) 

 
As mentioned before, the moist air enters the cathode. The flow rate of water found in the moist air [kg/h] can 

be found by Eq. (4). In this equation, yi is the mole fraction of gas in air, Psat which is a function of temperature, is 
the saturation pressure of water at a given temperature. Relative humidity ratio (φ) is defined as the ratio of partial 
pressure of water vapor to the saturation pressure. 
            

�̇�𝑚𝑤𝑤,𝑎𝑎 = (𝑖𝑖𝑒𝑒𝑒𝑒+𝑖𝑖𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝)×𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒
4×𝐹𝐹 × 𝑛𝑛 × 𝜆𝜆𝑚𝑚

𝑦𝑦𝑂𝑂2
× (∑ 𝑦𝑦𝑖𝑖 × 𝑀𝑀𝑀𝑀) × 3.6 × 0.622 × 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠∙𝜑𝜑𝑖𝑖𝑖𝑖

𝑃𝑃−𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠∙𝜑𝜑𝑖𝑖𝑖𝑖
        (4) 

 
The cathodic CO2 production rate [kg/h] is:   
 

�̇�𝑚𝐶𝐶𝑂𝑂2 = 𝑖𝑖𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑥𝑥𝐴𝐴𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒
6×𝐹𝐹  𝑥𝑥 𝑛𝑛 𝑥𝑥 𝑀𝑀𝑀𝑀𝐶𝐶𝑂𝑂2𝑥𝑥 3.6             (5) 

 
III. Analysis of DMFC Hybrid System  

System structure for the simulation of DMFC hybrid vehicular applications is shown in Fig. 3. Main system 
components and connections among them are represented by voltage (U), current (I) power (P), SOC and state of 
fullness (SOF) of methanol with the subscript i (in), a (out), B (battery) and FC (fuel cell) as input and output 
parameters.   

 
Fig. 3: Simulation structure of the fuel cell hybrid vehicle system 

 
DMFC system model calculates the methanol consumption rate, and water and CO2 production rates solving 

mass balance equations for the components of the system. Methanol crossover rate, water crossover rate and cell 
voltage of the single cell, which are measured experimentally for different methanol concentrations and various 
current densities, are integrated into Simulink model by surface block that creates a polynomial surface from the 
data. Power management of the DMFC system is determined by operation algorithms which is discussed in the 
previous section.    

 
IV. Results and discussion 

Required power on electric motor is produced along 70 seconds in the drive cycle time. DMFC hybrid system 
simulation is performed in Simulink environment for 20 drive cycle time and 3x10-4 maximum step size, 3x10-4 
relative tolerance and Ordinary Differential Equation (ODE 45) solver type was used as the simulation configuration 
parameters. SOC of the battery reached 85% level and FC started to operate 12 W power output just before the 
300th second of the simulation time. Additionally, SOC level dropped to 70% and power output of FC is about 25 W 
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at the end of the time.  
Fig. 4 presents water production rate in DMFC because of electrochemical reactions, methanol crossover, 

water crossover and humidity of cathode air during the simulation time. After the FC started the operation, water 
production rate by electrochemical reactions which is shown in the Fig. 4(a), is increasing due to the current demand 
of FC. However, changes on water production rate by methanol crossover, water crossover and air humidity are 
negligible as shown in Fig. 4(a). Methanol consumption and CO2 production rates of DMFC are calculated using 
Eqs. 1 and 5, respectively. Fig. 4(b) shows the summation of methanol consumption and CO2 production rates for 
the simulation time. Methanol is consumed about 5 g and CO2 is produced about 4 g at the end of the simulation.  

 

 
 

 
Fig. 4: Water production of DMFC stack during simulation time (a) and methanol consumption and CO2 production of DMFC 

stack during simulation time (b) 
 
V. Conclusions 
System simulation for DMFC hybrid vehicular applications was performed by quasistatic approach in Simulink 
environment based on mass balance of FC system and the equations discussed in Section 2. Starting time and 
current demand of DMFC are determined by the operation algorithm for the hybrid system. The simulations give the 
methanol consumption, water production and CO2 emission amounts during the simulation time. Additionally, power 
demand of auxiliary units of FC system are calculated in the DMFC block. In a future study, the effect of the operation 
of DMFC in the hybrid powertrain will be shown in battery SOC history and power demand. The contribution of 
DMFC system for vehicle range will be expressed and the results will be compared with pure electric drive system.    
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Investigation of Hydrogen Fuel Usage Affects On Exergetic and 
Exergeeconomic Performances of a Turbojet Engine
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In the present paper a comprehensive exergetic and exergoeconomic analyses of a turbojet engine is performed to 
determine how the hydrogen fuel usage affects the exergetic and exergoeconomic performances of the engine. Ac-
cording to this study, by hydrogen fuel burnt in the turbojet engine, the product exergy rate decreases from 4.06 GJ/h 
to 4.02 GJ/h because the exhaust gases mass flow rate decreses from 9.21 kg/s to 9.108 kg/s. The exergy efficiency 
of the engine deduces from 15.40% to 14.33% while the waste exergy rate increases from 22.31GJ/h to 24.01 GJ/h. 
Hovewer, the fuel cost rate increases from 264.38 US$/h to 1143.72 US$/h while the specific fuel exergy cost rises 
dramatically from 10.03 US$/GJ to 40.81 US$/GJ. The high increase in the fuel cost rate and specific fuel exergy cost 
with the hydrogen fuel causes that the specific product exergy cost rises up from 134.69 US$/GJ to 355.11 US$/GJ.

Keywords: turbojet engine, exergetic analysis, exergoeconomic analysis, hydrogen fuel, aircraft
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Abstract 
Catalytic and non-catalytic methods of hydrogen generation from chemical hydrides have been studied due to their 
promising performances. For catalytic method, alloys containing precious and nonprecious metals have been 
simultaneously cosputterred forming catalysts in film and particle forms, which are further dealloyed. At the dealloying 
step, the nonprecious metal is etched from the surface leaving behind the precious metal as nanoporous catalyst with 
larger surface area and higher potential for hydrogen generation. Different combinations of Ru-Al, Pt-Al, Ru-Cu were 
tested at various process conditions. The highest amount of hydrogen generated by particulate catalysts of Ru-Al 
alloys was found as 110 L min-1gcatalyst-1. Catalyst free systems, in comparison, consist of directly disulfonated 
copolymers at various degrees of disulfonation. The highest hydrogen generation rate observed with the catalyst free 
system was 235 mL min-1 for BPSH 45 evaluated in a two-compartment reactor containing acid and NaBH4 solutions 
separated via proton exchange membranes. 

Keywords: Hydrogen generation, catalysts, catalyst morphologies, catalyst free hydrogen generation 

I. Introduction 
Hydrogen generation is one of the most extensively studied topics in renewable energy field due to its being a clean 
energy carrier and providing zero-emission energy Sankir (2015).  Several limitations related to its on-board storage 
and generation in high volumetric capacities creates challenges in hydrogen utilization Sankir (2015). In this regard, 
chemical hydrides such as NaBH4, NH3BH3, LiH, NaAlH4, are highly promising due to their energy densities and high 
volumetric hydrogen capacities as solids Diwan (2009). So far, two major hydrogen generation methods using 
chemical hydrides have been developed which are, thermolysis and hydrolysis Oh and Kwon (2013). Hydrolysis itself 
has a very slow kinetics which is why catalytic hydrolysis processes that can be used for higher hydrogen production 
rates were developed Sankir (2015). However, previously reported systems are highly small and generate a limited 
amount of hydrogen Sankir (2015). In order to achieve an effective hydrolysis reaction, chemical hydrides should get 
in contact with a certain catalyst. Ruthenium (Ru), platinum (Pt), nickel (Ni), palladium (Pd), cobalt (Co), Ni-B, Co-B, 
Co-P, Ni-Co-B can be given as examples to these catalysts Sankir (2015). Utilizing precious metals as catalysts is 
highly expensive. Metal and alloy catalysts from nickel, iron and cobalt, in comparison to precious metal catalysts, are 
more inexpensive, yet they are usually not stable in long-term operations Dai and Wang (2013). This means that the 
catalytic activities of catalysts decay over time Dai and Wang (2013). On the other hand, catalyst free methods for 
hydrogen generation from chemical hydrides have also been developed, recently Sankir (2015). For instance, 
hydrogen generation is achieved via liquid acids reacting with chemical hydrides. However, these systems are not so 
effective due to the continuous fluctuations in hydrogen generation rates Sankir (2015). Alongside liquid acids, the 
utilization of solid acid membranes containing –SO3H groups has also been reported Sankir (2015). Yet, these 
systems have suffered from the poor hydrogen generation since the reaction only occured on the membrane surface 
Sankir (2015). In this study, three different methods of hydrogen generation are discussed of which two contain 
particle and film forms of catalysts as well as a catalyst free method. 
 
II. Experimental Set-Up and Procedure 
Platinum (Pt) and Ruthenium (Ru) nanoporous catalysts have been used as catalysts in particle forms to investigate 
their effect on hydrogen generation rates. The experiments were performed by cosputtering precious metal target (Pt 
or Ru) with Al target used as nonprecious metal. The sputtering power of precious metal has been kept constant at 
50W, while it has been varied from 200 to 400W for Al. Chemical etching has been applied in order to remove Al from 
the alloy for 24 hours by using HCl acid. The remaining Pt (or Ru) nanoparticles have been filtered and washed with 
deionized water in order to discard acid residues. Catalysts in film forms have been prepared by coating Ruthenium 
(Ru) and Copper (Cu) simultaneously with sputtering power of Ru at 50W and varying Cu power values (30, 50, 100, 
200 and 300W). Deposited Cu-Ru alloys have been dealloyed by using sulfuric acid as etching agent. Similar catalyst 
of Pt-Al in film forms have also been sputtered in similar conditions with TeflonTM or asymmetric membranes being 
used as backing layers. Catalyst free hydrogen generation has been achieved via directly disulfonated poly(arylene 
ether sulfone) (BPSH) copolymers with 25, 35 and 45 molar percent of disulfonation. The prepared membrane 
solutions described in our previous studies have been dried on flat ordinary glass and allowed to dry under IR lamp at 
approximately 60 0C for 12 hours McGrath (2007). After this casting step, membranes have been boiled in 0.5 M 
sulfuric acid and reboiled again in deionized water McGrath (2005). Hydrogen generation measurements for catalyst 



218

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

containing systems have been performed in a three-necked, round bottom flask placed in a water bath and equipped 
with mass flow meter, silica dryer and thermocouple. The flask is connected to drained water containing cylindrical 
tube, thus, produced hydrogen volume is detected via measuring the change of water level in the gas burette. For 
catalyst free system two-compartment reactors, with acid and NaBH4 solutions being separated via proton exchange 
membranes, are used. Protons from acid travel through the NaBH4 half-cell via proton exchange membrane and 
reacts with NaBH4 to generate hydrogen.  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1: Experimental set-up for (a) catalytic and (b) catalyst free hydrogen generation 
 
III. Results and discussions 
Sputtering power plays a crucial role in determination of the amount of generated hydrogen for particulate and film 
catalysts. The main purpose is to minimize the amount of precious metal by decreasing the sputtering power of it in 
order to make the systems cost-effective Sankir (2018). Therefore, sputtering power of precious metals was kept 
constant while the overall composition has been varied by changing the sputtering power of nonprecious metals. For 
particulate catalysts, Pt metal has been sputtered at 50W, while sputtering power for Al varied from 200 to 400W 
Semiz (2016). At 200W the alloy composition before dealloying consisted of 74 and 26 percent of Pt and Al, 
respectively Semiz (2016). The weight ratio of Pt to Al has changed to unity when sputtering power of Al has 
increased to 400W causing a noticeable change in particle sizes which is reduced from 900 to 90nm Sankir (2018). 
Similarly, this was true for the catalysts in the film form. In this case, along with sputtering power, sputtering and 
dealloying periods can also be considered as two parameters having an effect on overall hydrogen generation Sankir 
(2017). By keeping the sputtering power constant at 50W for precious metals, the power for non-precious Cu has 
been altered from 30 to 300W Sankir (2017) and Serin (2014). The highest hydrogen generation has been achieved 
at sputtering power of 200W Sankir (2017) and Serin (2014). By taking these power values as reference, the 
cosputtering time has been altered from 15 to 60 minutes Sankir (2017) and Serin (2014). It can be easily concluded 
that the film thickness is directly proportional with sputtering time.  The optimum thickness of 1.5 m preventing 
surface delamination is achieved after 60 minutes of cosputtering. Dealloying time being another variable affecting the 
hydrogen generation performance has been varied from 15 to 120 minutes Sankir (2017). Here the key parameter 
influencing the rate of hydrogen generation is the ratio of precious to nonprecious metal. At this point, the highest 
hydrogen generation rate has been observed with 90 minute dealloying period. The further dealloying causes 
delamination of film from surface and results in lower performances Sankir (2017). On the other hand, catalyst free 
hydrogen generation via copolymer membranes have been performed in two compartment reactors in which one of 
the compartments contained acid and the other contained sodium borohydride solutions Sankir (2015). Rate of 
hydrogen generation was controlled by tailoring the proton conductivities of membranes by changing their degrees of 
disulfonation (25, 35 and 45 molar percent). The results obtained from BPSH membranes have been compared with 
the ones obtained from NafionTM Sankir (2015). Another variable affecting hydrogen generation rate in these 
experiments was temperature. This experiment has shown that at temperatures higher than 800C Nafion212 
membranes deteriorate losing their proton conductivity Sankir (2015). Below given table summarizes all the hydrogen 
generation values obtained from three different methods described above.  
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Table 1: Summary of hydrogen generation performances obtained from catalytic and non-catalytic methods 

Type of Catalyst Experimental Parameters H2 Generation Rate Reference 

Pa
rt

ic
ul

at
e 

Fo
rm

 

Pt - Al 

 
o 50 W Pt – 400 W Al 
o Cosputtering time – 5 min. 
o Etchant HCl; Etching time – 24 hours 

At T = 20 0C 
90 L min-1 gcatalyst-1 

 

At T = 70 0C 
460 L min-1 gcatalyst-1 

 

Sankir 
(2018) 

Ru - Al 

 
o 50 W Ru – 400 W Al 
o Cosputtering time – 5 min. 
o Etchant HCl; Etching time – 24 hours 

At T = 20 0C 
110 L min-1 gcatalyst-1 

 

At T = 70 0C 
590 L min-1 gcatalyst-1 

 

Sankir 
(2018) 

Fi
lm

 F
or

m
 

Ru - Cu 

 
o 50 W Ru – 200 W Cu 
o Cosputtering time – 60 min. 
o Etchant H2SO4; Etching time – 90 min. 

35 mL min-1 

 
Sankir 
(2017) 

N
o 

C
at

al
ys

t 

- 

o BPSH Copolymer membranes at 25, 
35, and 45 molar percent disulfonation 
and Nafion 212 

o H2SO4 concentration 18 M 
o Temperature ranging from 15 to 80 0C 

 
The Highest H2 generation 

rate: 
BPSH 45  At T = 90 0C 

900 mL min-1 
 

Nafion 212 At the same 
conditions: 

780 mL min-1 
 

 

Sankir 
(2015) 

 
 
IV Conclusions 
In summary, we report three different ways of hydrogen generation by using particle form, film form catalysts and 
catalyst free systems. For catalyst containing systems, optimum preparation methods resulting in the highest possible 
hydrogen generation rates have been stated. The effects of sputtering power and time, dealloying time, reaction 
temperature have been investigated in order to bring out the most beneficial outcome. For catalyst free systems, 
parameters such as degree of sulfonation of membranes and reaction temperature have been varied. The obtained 
results were compared with the ones achieved by using commercial Nafion 212 membrane. 
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Abstract- Heat transfer is an important factor affecting the performance of metal hydride based hydrogen storage 
vessels. In the present work an artificial neural network (ANN) model has been created for prediction of the hydrogen 
storage capacity in finned and non-finned vessels. The ANN was trained and tested by using MATLAB toolbox on 
a personal computer. As ANN input parameters, time, temperature and hydrogen charge pressure were used, while 
absorbed hydrogen mass was the output parameter. The model was used to study their influence on the 
performance of the reactor geometry and hydrogen charging parameters in hydride vessels using LaNi4.75Al0.25 as 
the storage media and comparing vessels with and without fins as named Vessel 1 and Vessel 2. It was found that 
the maximum mean absolute percentage error (MRE, %) is less than 7.658%. R2 (%) values for testing were found 
99.90 and 99.99 in Vessel 1 and Vessel 2 respectively. The predicted results agreed well with experimental values, 
verified the applicability of the network model in the estimation of hydrogen storage capacity of non-finned and 
finned vessels. And also results show that this ANNA models more useful for Vessel 2.  
 
Keywords: Hydrogen storage, metal hydride, ANN, vessel design. 
 
1. Introduction 

Modern industrialized societies which their economic growth have been based on the utilization of energy 
locked in fossil fuels no more pretending not to see effects of the fossil fuels such as global warming, climate 
changes, natural disasters. It is known that reserves of fossil fuels will be exhausted in a few decades, particularly 
those of oil and natural gas. On the other hand, the demand for energy continues to rapidly rise because on the 
continuing increase in world population and because of the growing demand by the developing countries in order 
to improve their living standards. The solution of this global energy problem must be found with clean energy 
technologies (Nalbant, 2008). Hydrogen is the ideal candidate to replace fossil fuels in the near future. Considering 
its massive usage, some technical problems appear in relation to its physical properties. To store it as a gas, high 
pressures must be achieved due to its low density (0.086 kgm-3 at normal conditions), and as a liquid, it requires 
the use of cryogenic technologies due to its low boiling point (20.4 K). These problems might be addressed by the 
use of metal hydrides since they offer high hydrogen storage capacity, cycling stability and safety. However, the 
usage of hydrides as hydrogen storage media has been precluded by the complexity of the heat and mass transfer 
phenomena, fluid flow and chemical reaction involved during the charge–discharge of hydrogen (Melnichuk et al., 
2009). 

Jemni et al., (1999) conducted an experimental and numerical study in order to determine the effective thermal 
conductivity, the equilibrium pressure, and the reaction kinetics of a metal-hydrogen reactor. An analytic expression 
of the equilibrium pressure and the reaction kinetics have been obtained and presented in good agreement with 
experimental data under different conditions. Mat et al., (2001) and Aldaş et al., (2002) studied numerically three-
dimensional heat and mass transfer in a metal hydride bed during absorption. Spiral type heat exchanger for an 
MHT is developed. The experimental results showed that when a heat exchanger is used, the charge/discharge 
times of the tank are considerably reduced. Moreover, the effects of different parameters such as cooling fluid 
temperature and mass flow, tank volume and operation pressure were investigated and it was concluded that a 
good choice of these parameters is necessary (Mellouli et al., 2007). The optimization of hydrogen storage in metal 
hydride beds was investigated (Eustathios et al., 2006). Two novel cooling design options are investigated by 
introducing additional heat exchangers at a concentric inner tube and an annular ring inside the tank. Effects of heat 
transfer mechanisms on the charging process in metal hydride reactors under various charging pressures were 
studied. Three different cylindrical reactors with the same base dimensions are designed and manufactured. The 
experimental results showed that the charging of MHTs is mainly heat transfer-dependent and the reactor with 
better cooling exhibits the fastest charging characteristics (Kaplan, 2009). Mellouli et al., (2007) predicted two-
dimensional mathematical model to evaluate transient heat and mass transfer in a metal hydride tank with metal 
foam heat exchanger. The model is validated by comparison with experimental data. A good agreement is obtained. 
The effect of metal foam exchangers on the charging process is evaluated. The impacts of the foam properties on 
heat transfer rate and hydrogen storage time are studied. Furthermore, novel cooling design options are 
investigated by introducing a concentric heat exchanger tube equipped with aluminum foam and filled with flowing 
cooling fluid. Dhaou et al., (2010) studied an experimental of the geometric and the operating parameter of a finned 
spiral heat exchanger has been carried out to identify their influence on the performance of the charging process of 
the MHV. The experimental results show that the charge time of the reactor is considerably reduced, when finned 
spiral heat exchanger is used. Askri et al., (2009) studied a two-dimensional mathematical model is developed and 
validated against experimental results. This model is used, first, to evaluate the impact of the tank wall thermal mass 
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on the hydriding process. Walls in steel and in brass are tested and the obtained results show that there is no 
significant effect on hydrogen storage time. 

In this work presents a study on the effect of hydrogen absorption cycling on hydrogen storage properties, such 
as storage capacity, charging  pressures, metal hydride reactor geometry and particle size distribution, of an 
annealed LaNi4.25Al0.75 alloy. In addition an ANN model has been developed describe hydrogen storage in metal 
hydride reactors and compared with experimental results.   
 
II. Experimental 

Two different reactors designed and manufactured for this study without and with finned vessels, denoted 
Vessel 1 and Vessel 2, were as shown in Fig.1 to determine the effect of heat transfer between hydride vessel and 
environment, which is one of the process parameters that affect hydrogen charge/discharge procedures on 
hydrogen storage (hydrogen pressure and metal hydride reactor geometry). Both of the vessels were made of St 
42 steel. Vessel 1 is the base case having 20 mm inner diameter, 125 mm outer length and 2 mm thickness. Vessel 
2 has the same dimensions as Vessel 1 but have 23 circular fins spaced by 4 mm with 40 mm outer diameter and 
1 mm thickness to obtain a better heat removal from the vessel. 

Experimental setup for hydrogen absorption is schematically shown in Fig. 2. 
Setup mainly consists of a metal hydride vessels, a vacuum pump to evacuate the 
vessels before, absorption experiments, manometers, thermocouples, a data 
acquisition system, a tank of containing 99.999% pure hydrogen gas. The vessel 
contained 135 g of LaNi4.75Al0.25. Before the hydriding test LaNi4.75Al0.25 powder is 
grounded for 4 hours. Grinding procedure is conducted by a ball mill which is located 
in a glow box of 60 mm diameter and 80 mm height. Nitrogen gas is used during the 
process to prevent possible oxidation. Grinding speed is set at 515 rpm. 
LaNi4.75Al0.25 material is used in the vessels. After milling, the powders were put in 
to the storage vessel. The packing fraction was approximately 75% of the internal 
volume. Activation a very important problem for practical applications of metal 
hydrides is the fact that the surfaces of metals are usually covered with oxide of 
various thicknesses, depending on the formation process of each process of each 
particular metal. After grounding, the first hydrogenation is preformed at 220 °C in 
furnace for 2 h under low pressure. The metal powders were activated by repeatedly 
evacuating and filling the storage tank with high pressure hydrogen (10 bars) for 2 
h at room temperature. After the activation, the hydrogen storage capacity reached 
a saturated value of approximately 1.12 wt%. The experimental part of the study 
started after the activation process is fully completed. Vessels are then charged with hydrogen at the range of 2–
10 bar pressure, where the pressure is continuously maintained. The hydriding process is monitored by temperature 
measurements obtained at four locations r=0 and z=5–60 mm from the bottom of the vessels for the first 4000 s of 
the absorption period. The temperature and storage hydrogen mass variation are recorded on a computer for further 
processes and for determine of storage rate and the interpretation of hydriding behavior. 

Some of procedure is followed during the experimental study as; LaNi4.75Al0.25 material is grounded for 4 hours. 
Grinding procedure is conducted by a ball mill which is located in a glow box of 60 mm diameter and 80 mm height. 
Nitrogen gas is used during the process to prevent possible oxidation. Grinding speed is set 515 rpm. LaNi4.75Al0.25 
material is used in the reactors. Grounded material is transferred into the reactor in a glove box. The density of the 
powder is 75% volume of the reactor and is kept constant in all experiments. This process was carried out in a 
nitrogen atmosphere unless otherwise noted. The reactor is heated to almost 220 °C in furnace for 2 h under low 
pressure. After the heating process the reactor is cooled down to near room temperature and then hydrogen is 
charged to the reactor under 10 bar pressure. This heating and cooling process is repeated ten times for complete 
activation of LaNi4.75Al0.25 alloys. The experimental part started after the activation process is completed. Vessels 
are then charged with hydrogen at a range of pressure 2–8 bar and the pressure is continuously maintained. The 
hydriding process is monitored with temperature measurements obtained at four locations r=0 and z=5–60 mm from 
the bottom of the reactors for the first 4000 s of the absorption period. The temperature and mass variation readings 
are recorded on a computer for further processing, storage rate and interpretation of hydriding behavior. The 
hydriding and dehydriding processes are monitored with temperature and pressure measurement via three 
thermocouples positioned at three locations within the hydride bed and with a pressure sensor installed between 
the reference cylinders and the hydride reactor. The temperature and the pressure readings are recorded on a 
computer for further processing and interpretation. An ANN with back-propagation algorithm learns by changing the 
weights, these changes are stored as knowledge. Here ANNs are used for modeling the stored hydrogen mass in 
metal hydride reactors. Inputs for the network are hydrogen charging pressure, temperature and time: the output is 
the stored hydrogen mass. Here 98 data points are generated by the simulation of industrial hydrogen plant. Data 
set was divided in the training, validation, and test subsets in the proportion of 60%, 20% and 20%, respectively. 

 

Fig. 1 - Metal hydride 
vessels cross section, a) 
Vessel 1 and b) Vessel 2 
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Fig. 2 - Schematic of the experimental set-up 

 
The mean value based on the performance criterion was then considered as the predicting ability of the 

corresponding model. In each system training network was trained for 1000 epochs as the stopping parameter. For 
the normalization step, the following function was applied. 

𝑋𝑋𝑛𝑛 =
𝑋𝑋𝑟𝑟 − 𝑋𝑋𝑟𝑟,𝑚𝑚𝑚𝑚𝑛𝑛

𝑋𝑋𝑟𝑟,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑋𝑋𝑟𝑟,𝑚𝑚𝑚𝑚𝑛𝑛
× (𝑋𝑋ℎ − 𝑋𝑋𝑙𝑙) + 𝑋𝑋𝑙𝑙 

where Xn denotes normalized input variable, Xr is raw input variable, and Xr,min and Xr,max denote minimum and 
maximum of input variable. Moreover, Xh and Xl are set to be 0 and 1. An error during the learning is the root-mean-
squared (RMSE) one and defined as follows: 
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 In addition, the absolute fraction of variance (R2) and the mean absolute percentage error (MAPE) are 
defined as follows respectively: 

 
i

i
i

ii ootR 222 )(/)(1          (2) 

2/1
2

1 )(1




    ii

n
i

ot
n

RMSE          (3) 

The FERMI transfer function has been used.  
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where z is the weighted sum of the input.  
Input and output layers are normalized in the (-1, 1) or (0, 1) range.  
 
III. Results and discussions 
In this study, two different geometries hydrogen storage vessel are design and manufactured, defined as Vessel 1 
and Vessel 2. Input parameters t= 0 to 2400 s; T=36 to 128 and P=4 to 8 bars in Vessel 1, t=0 to 2400; T=37 to 120 
and P=4 to 8 bar in Vessel 2. The output parameter is determined via LM algorithm. The experimentally obtained 
absorbed hydrogen mass results have been compared with ANN predicted absorbed hydrogen mass results. As 
shown in Fig.3 a and b, increasing of the hydrogen charging pressure was increased absorbed hydrogen mass for 
both vessels. The performance of the neural network model for prediction of absorbed hydrogen mass in Vessel 1 
and Vessel 2 are shown respectively Fig.4 a and b.  As can be seen from the figures, the prediction data has a good 
compatibility with the corresponding experimental data. Therefore, the model can be used to predict the stored 
hydrogen mass for both hydride reactors. The statistical values such as RMS, R2 and MRE are also given in Tab. 
1 for training and test. The values in the table are for LM and for the hidden layer with 4 to 16 neurons. The values 
of RMS are 4.2x10-6-1.5 x10-3% for training and 7.5 x10-5-1.2x10-3% for test in Vessel 1, and 5.8x10-4-7.4x10-6% for 
training and 1.8x10-3-3.4x10-5% for test in Vessel 2. The maximum and minimum MRE are 0.801% and 0.014% for 
training and the maximum and minimum MRE are 7.658% and 0.957% for test. On the other hand values of R2 are 
99.68 to 99.98% for training and 97.55 to 99.96% for tests. From a comparison of the actual results with the results 
of the ANN study, one can see that the results are quite compatible. There is no significant difference between 
experimental and ANN results. Matching experimental values and predicted values by ANN for testing sets of the 
absorbed hydrogen for the finned and non-finned reactors are shown in Figs. 4 and 5 respectively; the predictive 
ability of the network for hydrogen storage capacity of MHVs was very satisfactory. 
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Tab. 1: The statistical values for absorbed hydrogen mass 
  Vessel 1 Vessel 2 
Neuron  R2 RMS MRE R2 RMS MRE 

8 Training 99.96 5.7 x10-5  99.95 8.4x10-5  
8 Test 99.96 4.2 x10-5 0.0110 99.95 1.0x10-4 0.0108 
10 Training 99.14 1.5 x10-3  99.86 2.3x10-4  
10 Test 99.72 3.8x10-4 0.0061 99.85 3.6x10-4 0.0112 
12 Training 99.99 4.2x10-6  99.99 1.5x10-5  
12 Test 99.90 3.3x10-4 0.0130 99.98 2.9x10-5 0.0119 
14 Training 99.99 1.3x10-5  99.85 5.8x10-4  
14 Test 99.72 6.1x10-4 0.0112 99.88 2.8x10-4 0.0055 
16 Training 99.98 2.3x10-5  99.99 7.4x10-6  
16 Test 99.97 5.8x10-5 0.0132 99.17 1.8x10-3 0.0139 

The performance of the trained neural network was tested by comparing the predicted normalized storage 
capacities (for each inlet charging pressures and vessel type) of LaNi4.75Al0.25 metal hydride alloys with the 
experimental data. As noticed above, the number of neurons in the output layer were adjusted accordingly because 
the different inlet pressure of the hydrogen were improved greatly compared with those in the training sets. Among 
these pressures and stored hydrogen capacity, were adjusted best result adjusted with 12 neurons for neural 
network. Which is rather longer than that of the training data sets. Fig.6 and Fig.7 gives the comparison of the 
prediction results and the experimental data for the normalized storage capacities of each vessels. It can be seen 
from figure that there is good agreement between the results of the predicted and experimental data in the test data 
sets. 

  
Fig. 3: Absorbed hydrogen mass versus time and hydrogen supply pressure for a) Vessel 1 b) Vessel 2 

 
IV.Conclusions 
In this study an ANN has been developed describe hydrogen storage in LaNi4.75Al0.25 metal hydride with finned and 
non-finned reactors. Results for the hydrogen charging process have been obtained and compared to experimental 
data; the good accord between ANN and experimental values shows that the proposed model is able to predict 
correctly storage systems. The developed ANN model with an accuracy of about 99%. In ANN model R2, RMSE 
and MAPE values for Vessel 1 were found as 0.999, 0.00006 and 0.0214 respectively while for the Vessel 2 these 
values were found as 0.998, 0.01258 and 0.0042 respectively. Beside this absorption times of the metal hydride 
reactors are considerably reduced use to the finned reactor. Valuable developments were also observed at reaction 
kinetics and thermodynamic characteristics by grinding alloys in grinder and activation process. While the hydrogen 
is charged, an exothermic reaction occurs. For different pressure values, 2, 6 and 10 bar, the temperature increased 
rapidly during the first 400 s at the vessels. Maximum temperature values for both vessels were reached vary points, 
depending on the hydrogen charge pressure and depend on the vessel. However, it is possible to say that as 
pressure increases maximum temperature values increase, too. In addition, depending on the heat transfer, 
temperature values for the finned vessel were lower than for the un-finned vessel. As the hydrogen charge pressure 
increases, exothermic reaction also increases and therefore the mass of stored hydrogen rises. Mass of stored 
hydrogen essentially depends on the cooling of the vessel. Finned vessel stored more hydrogen compared to un-
finned vessel, because of the faster heat transfer rate. 
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Fig. 4: Comparison of the experimental data and the results obtained from developed ANN model for a)Vessel 1 

b) Vessel 2 
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Abstract 
The aim of this study is to investigate the effect of graphene nano pellets (GNP) and multi-walled carbon nanotubes 
(MWCNT) based carbon supports on PBI based HT-PEMFC under simulated reformate gases. Pt-Ru/GNP-MWCNT 
(50:50 wt/wt) was synthesized by microwave (MW) irradiation method. Thermogravimetric analysis (TGA), X-ray 
diffraction (XRD) and were used to investigate the microstructure and morphology of the as-prepared catalysts. 
Electrochemical characterization of the catalysts were carried out by cyclic voltammetry (CV) analysis using a 
conventional three electrode electrochemical cell connected to a potentiostat. The corresponding electrochemical 
surface area (ECSA) of the catalyst layers are 55 m2/g and 47.7 m2/g for Pt-Ru/GNP-MWCNT and commercial Pt-
Ru/CB catalysts, respectively. Pt-Ru/GNP-MWCNT has a larger ECSA which was directly related to the number of 
available catalytic sites. A comparison of the standard, commercial Pt-Ru/CB and Pt-Ru/GNP-MWCNT catalyst is 
also presented.  
 
Keywords: fuel cell, cyclic voltammetry studies, carbon nanotubes, graphene 
 
I. Introduction 
The use of support materials in catalysts is quite common because it is known that supported metal catalysts have 
improved stability and higher activity compared to unsupported bulk metal catalysts. In addition, each support 
material has different effects on the reaction occurring on a catalyst. A good support material should provide good 
electrical conductivity, good catalyst-support interaction, large surface area, easy handling of catalyst nanoparticles 
of ionomer and polymer electrolyte, and good corrosion resistance. The choice of support material is vital and 
extremely effective in determining the behaviour, performance, longevity and cost-effectiveness of the catalyst and 
the fuel cell because a good interaction between catalyst and support not only improves catalyst efficiency but also 
reduces catalyst losses and improves catalyst performance and durability (Sharma and Pollet, 2012). 

Among the fuel cell electrocatalysts, the most common commercial support material is carbon black (CB). CB 
has some advantages such as large surface area and high electrical conductivity. However, using CB increases the 
rate of corrosion in the fuel cell environment (Olivera et al., 2013). This will cause the fuel cell to fail to operate 
stably. Therefore, new support materials have been investigated to increase the durability and performance of the 
catalysts. In general, the support materials can be carbon based (e.g. activated carbon, graphene nano pellets 
(GNP), and multi-walled carbon nanotubes (MWCNT)) or non-carbon based (conductive polymers, titanium, indium 
oxide, alumina, silicon tungsten oxide nanostructures) (Daş et al., 2016). Because of the high thermal and electrical 
conductivity, chemical stability, surface area, and mechanical durability of MWCNT and, GNP, which are carbon-
based support materials, their usage is widespread. 

In recent years, CNTs, which can fill and absorb particulate matter due to its pipe-like structure, have attracted 
great attention as a new support material. Furthermore, CNTs have high electrical conductivity, large surface area, 
and good thermal and chemical stability. CNTs are more stable in many cases than CBs (Yu et al., 2017). Rahsepar 
et al. (2013) applied a microwave assisted impregnation method to prepare a Pt/MWCNT as a catalyst. This catalyst 
exhibited high electrochemical activity in the electrochemical semi-cell characterization. The effects of diameter and 
length of MWNCTs on the electrocatalytic performance of Pt-Ru/MWCNT catalysts for methanol oxidation were 
investigated by Li et al. (2007). It has been shown that PtRu nanoparticles supported on MWCNT with large tube 
diameter exhibit a higher specific activity in the methanol oxidation reaction, while the length of MWCNTs has little 
effect on the specific activity of the Pt-Ru/MWCNT catalyst. This demonstrated that MWCNTs with larger tube 
diameters provide higher electrical conductivity.  

Graphene, a two-dimensional monolayer of carbon atoms, has excellent electrical conductivity, high specific 
surface area, high stability, and a large surface to volume ratio. These features have led researchers to believe that 
graphene may be suitable catalyst support (Daş et al., 2016). Huang et al. (2012) observed that the graphene 
structure in the Pt/G hybrid is hardly degraded, which significantly increases the electrocatalytic activity of Pt 
nanoparticles and reduces catalyst poisoning. Lee et al. (2011) synthesized Pt-Ru/G and Pt-Ru/MWCNTs catalysts 
using the hydrothermal synthesis method. The characterization results showed that the PtRu nanoparticles are 
better distributed in the Pt-Ru/G catalyst. As a result, Pt-Ru/G catalyst showed a higher mass activity and better 
long-term performance for the methanol electrooxidation reaction.  

In this study, GNP and MWCNT supported Pt-Ru catalysts were synthesized by microwave irradiation method. 
The microstructure and morphology of the samples were characterized by Thermogravimetric analysis (TGA) and 
X-ray diffraction (XRD). Electrochemical properties of the catalysts were investigated by cyclic voltammetry (CV) 
method using a three-electrode electrochemical cell. The synthesized Pt-Ru/GNP-MWCNT (50:50 wt.%) catalyst 
was compared with commercial (Pt-Ru/CB) catalyst in terms of electrochemical surface area (ECSA). In addition, 
the potential use of Pt-Ru/GNP-MWCNT based catalyst was demonstrated. 
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II. Experimental 
  
Synthesis of Pt-Ru/GNP-MWCNT catalyst 
The Pt-Ru/GNP-MWCNT catalyst was prepared by the microwave irradiation method. Dihydrogen 
hexachloroplatinate (IV) hexahydrate (Alfa Aesar) and ruthenium (III) chloride hydrate (Aldrich) were used as metal 
precursors. MWCNT and GNP were first dispersed to ethylene glycol (EG) and isopropyl alcohol (IPA) mixture 
(volume ratio of 4:1) under ultrasonic mixing for 1 hour. Then, Pt and Ru metal precursors were added to this mixture 
and it was again ultrasonically mixed for 10 minutes. After mixing, the pH of the mixture was adjusted to 12 and the 
ultrasonic mixing continued for another 30 minutes under N2 gas environment. Then, the mixture was placed in a 
microwave oven and the catalyst was heated for 40 seconds taking the microwave power as 800 W. After the 
heating process finished, the mixture was kept in room temperature its temperature reaches to the room 
temperature. Then, the pH of the mixture was reduced to 2. Finally, the catalyst was stirred for 12 hours and the 
catalyst solution was put in an oven at 80°C for 1 day. 
  
Characterization of Pt-Ru/GNP-MWCNT nanoparticles 
The X-ray diffraction (XRD) was used for identification of the crystal structure of the Pt-Ru/MWCNT nanoparticles. 
XRD patterns were recorded on Ultima IV X-ray diffractometer using Cu at 40 kV and 30 mA. Electrochemical 
properties of the catalysts were investigated by cyclic voltammetry (CV) method using three-electrode 
electrochemical cell, which are the reference electrode (RE), the counter electrode (CE) and the working electrode 
(WE). TGA was performed on a Perkin Elmer Pyris 1 /TGA instrument. The samples were heated from 25 to 950 °C 
with a heating rate of 10°C/min. 

 
III. Results and discussions  
 
Characterization of Pt-Ru/GNP-MWCNT nanoparticles 
The XRD analysis was performed to identify the crystal structure of the Pt-Ru/GNP-MWCNT electrocatalyst. The 
XRD patterns of the Pt-Ru/GNP-MWCNT and commercial Pt-Ru/CB are shown in Fig. 1. 

 
 

 
Fig. 1: X-ray diffraction patterns of (a) prepared Pt-Ru/GNP-MWCNT and (b) commercial Pt-Ru/CB samples 

 
 As shown in Fig. 1, the diffraction peaks were observed at 26.5° and 42.4°, which corresponds to the (0 0 2) 

and (1 0 0) crystal planes of graphitic carbon, respectively. These results are consistent with Gopiraman et al. (2014) 
The XRD results demonstrated that the basic structure of graphitic carbon was maintained during the procedure. In 
addition, it shows the (1 1 1), (2 0 0), and (2 2 0) reflections of the Pt-patterned face-centred cubic (fcc) crystal 
structure. On the XRD graph, the peaks for ruthenium do not bounce since in alloys containing about 50% Ru, the 
reflection causes a slight shift in the peak points. The peak points indicate the characteristic reflections of Pt (Chu 
and Gilman, 1996). As a result, it can be concluded that the microwave method is suitable for Pt-Ru/GNP-MWCNT 
catalyst preparation and catalyst has a high alloy phase formation between Pt and Ru. 

TGA curves of Pt-Ru/GNP-MWCNT and Pt-Ru/CB are shown in Fig. 2. Weight loss of Pt-Ru/GNP-MWCNT 
and Pt-Ru/CB catalysts were observed as 75 wt.% and 39 wt.% at 900 °C, respectively. The TGA results showed 
that the Pt loading over for Pt-Ru/GNP-MWCNT was 25% 
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Fig. 2: TGA curves of (a) prepared Pt-Ru/GNP-MWCNT and (b) commercial Pt-Ru/CB (heating rate of 10°C min-1) 

 
Electrochemical properties of Pt-Ru/GNP-MWCNT nanoparticles 
Figure 3 shows the results of the cyclic voltammetry analysis of the Pt-Ru/GNP-MWCNT and Pt-Ru/CB 

catalysts over the -0.25-1.2 V potential range. 
 

 
Fig. 3: Cyclic voltammetry results of prepared Pt-Ru/MWCNT-GNP and commercial Pt-Ru/CB 

 
The electrochemical surface area (ECSA) values calculated as shown in Eq. (1) are calculated for every 

hundred cycles, 
 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 [𝑐𝑐𝑚𝑚2/𝑔𝑔] = 𝑄𝑄𝐻𝐻, [𝜇𝜇𝜇𝜇/𝑐𝑐𝑚𝑚2]
Г [𝜇𝜇𝜇𝜇/𝑐𝑐𝑚𝑚2]∙ 𝐿𝐿 [𝑔𝑔/𝑐𝑐𝑚𝑚2]  

         (1) 

 
where ECSA is the electrochemical surface area of the catalyst, QH (µC/cm2) is charge density, L is the metallic 

content in the electrode (g/cm2), Γ (µC/cm2) is the charge required to reduce a monolayer of protons on metallic 
content of catalyst. 
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Fig. 4: ECSA loss for (a) prepared Pt-Ru/GNP-MWCNT and (b) commercial Pt-Ru/CB 

 
As shown in Figure 4, both catalysts showed a decrease in ECSA with an increasing number of cycles. For 

both catalysts, there was about 10% loss of ECSA in the first 500 cycles. After 500 cycles, there was no significant 
loss of ESCA in the Pt-Ru/GNP catalyst. The Pt-Ru/GNP-MWCNT catalyst continued to decline. At 1000 cycles, the 
reduction in Pt-Ru/CB catalyst was about 10 percent while the Pt-Ru/GNP-MWCNT catalyst was 20 percent. 
However, the Pt-Ru/MWCNT-GNP catalyst always has higher ECSA value than Pt-Ru/CB.  
 
IV. Conclusions 
Pt-Ru nanoparticles have been successfully attached on MWCNT and GNP supports by using microwave irradiation 
method. While TGA and XRD analyses demonstrated that the microwave irradiation method is an efficient method 
for Pt-Ru/GNP-MWCNT catalyst synthesis, the CV results demonstrated that the MWCNT and GNP-supported Pt-
Ru catalyst exhibited a larger electrochemical surface area than the CB-supported Pt-Ru. The ECSA values of the 
Pt-Ru/GNP-MWCNT catalyst ranged from 54 to 45, while for Pt-Ru/CB this change was between 47 and 44. These 
results are caused by high carbon corrosion in the CB. This situation led to the reduction of the active surface area 
due to the Pt agglomeration, the collapse of the carbon support, the loss of porous pores, and the clogging of the 
mass transfer path. Therefore, GNP-MWCNT support material is more suitable than CB. Consequently, the results 
showed that the GNP-MWCNT is a better support material than CB. These results have encouraged PEMFC 
performance testing for a future study. 
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Axane is a fuel cell system supplier of the Air Liquide group, located in Sassenage. Through the development of sys-
tems dedicated to niche markerts and powering of telecom antennas on remote sites, Axane had to cope with technical 
hurdles to reach ambitious targets in terms of performance, lifetime, availability and system cost. Thanks to a 3-year 
project dedicated to a better understanding of MEA degradation mechanisms and a 7-year project promoting new tech-
nologies for stationary applications and forklift markets, Axane has developed close relations with expertise laboratories 
to address lifetime and performance issues.

A better understanding of MEA degradation appeared as a priority for the PEMFC industry in order to develop more 
resistant materials and efficient mitigation strategies. Furthermore, degradations mechanisms are closely linked to 
operating conditions and as a consequence some damages are specific to the systems in which the MEAs are used. 

In this work, detailed post-mortem analyses of different commercial MEAs aged in test benches as well as commercial 
systems have been carried out. Most of the ageing has been realised in Axane’s commercial hardware in order to 
observe the corresponding specific degradation mechanisms. Multi-scale techniques were involved, giving complemen-
tary RESULTS: leak detection with infra-red camera, physic-chemical characterisation of catalyst layers, local perfor-
mance measurement. This showed that degradations were heterogeneous on the active area: membranes appeared 
more damaged near the air channels outlet while the cathodic active layers underwent faster degradation in the outlet 
region of the H2 channels.

The results of this work have been helpful to select MEAs, adapt operating parameters, then optimise hardware geom-
etry (flow-field). Following presentation will detail the key features and benefits of this special partnership, from experi-
ence feedback from the field to local analyses and new cell design.

Keywords: fuel cell, lifetime, MEA, degradation, ageing
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Abstract 
Hydrogen molecule adsorption was investigated on additional framework of Mg atom in OFF type zeolite by way of 
Density Functional Theory. The electronegativity, HOMO and LUMO energy, chemical hardness, chemical potential, 
adsorption enthalpy and adsorption energy values have been calculated on a 8T zeolite cluster model and 
compared with those of Mg exchanged ERI, LTL and DFT zeolite structures. Hydrogen adsorption enthalpy value 
was computed as -17 kJ/mol. This value is meaningfully larger than the hydrogen molecule’s liquefaction enthalpy 
value. This accordingly specifies that Mg-OFF zeolite structure appears to be an encouraging candidate 
cryoadsorbent for hydrogen storage. 
  
Keywords: Hydrogen adsorption, DFT, Mg atom, OFF zeolite, Offretite  
 
I. Introduction 
The idea of consuming hydrogen as an energy carrier of the future was important over the past three decades due 
to limited hydrocarbon resources. Large-scale storage of hydrogen safely should be developed in order to make it 
economically probable. Cryogenically cooled, pressure and containers covering an appropriate adsorbent material 
are methods known as hydrogen storage. Among the adsorbents for the hydrogen adsorption; zeolites, activated 
carbon and metal alloys are the most important candidates. Several research groups studied the hydrogen 
adsorption on exchanged Mg atom site in zeolites such as zeolite X (Song, 2007), zeolite Y and FAU (Otero Areán 
etal, 2007), zeolites ERI, LTL and DFT (Fellah, 2017a, b and c). There is no study concerning adsorption of 
hydrogen on Mg metal atom exchanged OFF type zeolite in either theoretical or experimental open literature. The 
aim of this study is to examine the activity of Mg2+ site in OFF (Offretite) type zeolite for the hydrogen molecule 
adsorption. 
 
II. Model and Method 
The theoretical calculations employed were based on Density Functional Theory (DFT) (Kohn, 1965) used in 
Gaussian 09 software (Frisch etal, 2009) with the B3LYP-Hybrid formalism method in present work. It has been 
known that one of the DFT methods for high-quality procedure of theoretical calculations for organic chemistry is 
the B3LYP method. For all atoms 6-31G(d,p) basis set was utilized in calculations.  
 
The lattice constants values of the OFF type zeolite are a = 13.0630 Å, b = 13.0630 Å and c = 7.5650 Å and angles 
of α = β = 90o and γ = 120o with P6/m2 space group. In current study the cluster utilized for theoretical calculations 
has been cut from the channel of OFF type zeolite (See Figure 1). The model of 8T OFF zeolite cluster (where T is 
called as SiO4 tetrahedral structure) has 24 O and 8 Si atoms. Two Si atoms were replaced by two Al atoms in the 
ring of 8T cluster model ([Si6Al2O24H16]2-). The part b of Figure 1 shows the final cluster model. The cluster’s 
negative charge (2-) was saturated by the additional framework of [Mg]2+. Free bonds of the Si and Al atoms have 
been terminated by hydrogen (H) atoms in order to neutralize the charge of the cluster. In this work terminating 
hydrogen atoms are kept fixed and all other atoms were relaxed during all theoretical calculations. Moreover, 
additional hydrogen atoms were kept to be fixed in order to direct the next Si site in the tetrahedral direction in OFF 
type zeolite structure.  
 

(a) (b) 

 
 

Fig. 1: a) OFF type zeolite structure with crystallographic position of the cluster, b) 8T OFF cluster 
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Geometries have been optimized by Equilibrium Geometry (EG) calculations. In this study, values of energy 

difference consist of the zero-point energy (ZPE) corrections which have been calculated by using vibrational 
frequency calculations through Single Point Energy (SPE) calculations. Additionally, the thermal energy and 
thermal enthalpy were computed by frequency calculations at 298 K because either theoretical or experimental 
literature has no thermochemistry data for hydrogen adsorption on Mg-OFF zeolite. These energy values have 
been computed as follows in Gaussuan.  

 
E = Eelectronic + ZPE + Evibrational + Erotational + Etranslational                       (1) 

H = E + RT                       (2)  

The chemical potential, electronegativity and chemical hardness values were computed by using below 
equations. Energy of the highest occupied molecular orbital (ЄHOMO) and energy of the lowest unoccupied 
molecular orbital (ЄLUMO) have been utilized in order to these equations based on the approximation of Koopmans 
(Parr and Yang, 1989). 
Chemical Hardness (η) ≅  I−A2                        (3) 

Chemical Potential (μ) ≅  − I+A
2                        (4) 

Electronegativity (χ) ≅ − Chemical Potential (μ)                             (5)  

where   I ≅ −ϵHOMO and A ≅ −ϵLUMO  
 
The theoretical method in this study is the same with the method of our previous studies. In this study the 

relative energy values for theoretical calculations have been obtained by following equation. 
 

∆(E/H) =  (E/H)System − (E/H)Adsortive − (E/H)Cluster                                         (6) 

 
 Here, (E/H)System is the energy/enthalpy for the optimized adsorbing molecule-cluster system, (E/H)Adsorbtive is 

the energy/enthalpy for the adsorbing molecule, and (E/H)Cluster is the energy/enthalpy for the cluster.  
 

III. Results and discussions 
Firstly Mg-OFF cluster was optimized by EG calculation with neutral charge and the singlet Spin Multiplicty (SM). 
Moreover singlet SM was established for the cluster-hydrogen molecule system. EG of 8T Mg-OFF cluster is 
shown in Figure 2a. Charge and SM determined for the calculation of obtaining EG of adsorbing molecule as 
hydrogen molecule was neutral charge and singlet state. After the optimization of adsorbing molecule (H2) and 
cluster, hydrogen molecule adsorption was examined on Mg-OFF cluster by EG calculation. Optimized geometry of 
the hydrogen adsorbed 8T Mg-OFF cluster structure is represented in Figure 2b. 
 

(a) (b) 

  
Fig. 2: a) a) Optimized 8T Mg-OFF zeolite cluster, b) Optimized hydrogen adsorbed 8T Mg-OFF cluster 

 
The HOMO and LUMO energy values, chemical potential (μ), chemical hardness (η) and electronegativity (χ) 

values and the energy change values (ΔE and ΔH) for hydrogen adsorption on M-OFF, Mg-DFT, Mg-ERI and 
Mg-LTL clusters have been presented in Table 1. Based on the LUMO energies, the LUMO energy changes to 
more negative values when Lewis acidity increases for Mg-DFT zeolite, Mg-OFF zeolite, Mg-LTL zeolite and 
Mg-ERI zeolite respectively, that correspondingly parallels for decreasing of adsorption strength (Fellah, 
2017a,b,c). 

Chemical potential (μ), chemical hardness (η) and electronegativity (χ) values were calculated by using both 
the HOMO/LUMO values based on the values of free H2 molecule and model cluster and the HOMO/LUMO values 
based on the values of cluster with the optimized adsorbed H2 molecule (Parr and Yang, 1989).The chemical 
hardness values decreases in the order of Mg-ERI > Mg-LTL > Mg-OFF > Mg-DFT. It should be noted that the 
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chemical potential values are strongly related with the energy issue of adsorption during a reaction. The lower 
chemical potential values indicate that during the hydrogen adsorption on cluster the adsorption energies on these 
clusters should be much lower with respect to the other Mg exchanged zeolite clusters (Parr and Yang, 
1989).According to Table 1, chemical potential values, electronegativity values and adsorption energy values are in 
the order of Mg-DFT > Mg-OFF > Mg-LTL > Mg-ERI. Besides, lower chemical hardness value of Mg–OFF cluster 
designates that this cluster is softer than other clusters for hydrogen adsorption.  
Tab. 1: Comparison of energy values for hydrogen adsorption (Values are in units of kJ/mol). 
 Zeolite ERIa Zeolite LTLb Zeolite OFFc Zeolite DFTd 

Cluster 
Cluster with 
adsorbed H2 Cluster 

Cluster with 
adsorbed H2 Cluster 

Cluster with 
adsorbed H2 Cluster 

Cluster with 
adsorbed H2 

HOMO Energy -733.0 -731.4 -715.1 -716.8 -731.8 -728.1 -737.9 -727.9 
LUMO Energy -103.6 -71.6 -131.4 -70.1 -223.9 -96.0 -266.6 -195.2 
Chemical Hardness 314.7 329.9 291.8 323.4 253.9 316.1 235.6 266.3 
Chemical Potential -418.3 -401.5 -423.3 -393.5 -477.8 -412.0 -502.3 -461.5 
Electronegativity 418.3 401.5 423.3 393.5 477.8 412.0 502.3 461.5 
Adsorption Energy 
(ΔE) 

 -1.2  -13.0  -14.6  -23.8 

Adsorption Entalphy  
(ΔH) 

 -3.6  -14.7  -17.0  -26.2 

a Fellah, 2017a; b Fellah, 2017b; c This study; d Fellah, 2017c  
 
Adsorption enthalpy values on Mg exchange zeolites were described in the range of -13 to -18 kJ/mol 
experimentally (zeolite X and zeolite Y) and in the range of -3.6-(-26.2) kJ/mol theoretically (zeolite X, zeolite CHA, 
zeolite ERI, zeolite LTL and zeolite DFT) in literature. Adsorption enthalpy of hydrogen has been computed as -17 
kJ/mol Mg-OFF zeolite cluster model in this study. In order to be able to remark that a material can be a possible 
applicant cryoadsorbent material for storage of hydrogen the enthalpy value for hydrogen adsorption on that 
material should be larger than the liquefaction enthalpy of hydrogen molecule. In view of that, if adsorption enthalpy 
value for hydrogen on Mg–OFF cluster is compared to the hydrogen molecule’s liquefaction enthalpy (0.9 kJ/mol, 
Perry and Green, 1997) and the available literature data, it can be seen that the enthalpy values of hydrogen 
adsorption involved for Mg–OFF structure is substantially larger than the liquefaction enthalpy of hydrogen and the 
literature values. Consequently, based on these data, Mg-OFF zeolite structure seems to be talented candidate 
cryoadsorbent material for hydrogen storage. 

 
IV. Conclusions 
For the adsorption of hydrogen molecule DFT calculations with B3LYP method have been utilized on Mg-OFF type 
zeolite cluster. Adsorption enthalpy value for hydrogen adosorption was computed as -17 kJ/mol, which is 
principally greater than the hydrogen molecule’s liquefaction enthalpy value. This indicates that Mg-OFF zeolite 
structure looks to be a talented candidate cryoadsorbent for storage of hydrogen molecule. 
 
References 
Fellah M.F., A DFT Study of Hydrogen Adsorption on Be, Mg and Ca Frameworks in Erionite Zeolite, Appl. Surf. Sci., 394, 9-15, 
(2017a). 
 
Fellah M.F., Hydrogen Adsorption: A DFT Study on Be, Mg and Ca Frameworks in LTL Zeolite Cluster, J Mol. Model., 23, 
184-202, (2017b). 
 
Fellah M.F., Hydrogen Adsorption on Mg-DFT Zeolite Cluster: A Density Functional Theory Study, J Inno. Sci. Eng., 1, 1-5, 
(2017c). 
 
Frisch M.F., et al., Gaussian 09. Gaussian Inc.: Wallingford, CT, (2009).  
 
Kohn W., Sham, L.J., Self-consistent equations including exchange and correlation effects, Phys. Rev., 140, A1133-A1138, 
(1965). 
 
Otero Areán C., Turnes Palomino, G., Llop Carayol, M.R, Variable temperature FT-IR studies on hydrogen adsorption on the 
zeolite (Mg,Na)-Y, Appl. Surf. Sci., 253, 5701-5704, (2007). 
 
Parr R.G., Yang, W., Density Functional Theory of Atoms and Molecules. New York, Oxford University Press, (1989). 
 
Perry R.H., Green, D.W., Perry’s Chemical Engineers Handbook, Seventh Edition (McGraw-Hill International Editors, Sydney, 
Section 2, (1997).  
 
Song M.K., No KT, Molecular simulation of hydrogen adsorption in organic zeolite, Catal. Today, 120, 374-382, (2007) 



234

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Simulation of a novel Alternative Fuelled Hybrid Electric Vehicle (AF-HEV) with Hydrogen 
Enriched Internal Combustion Engine  

 
1*Hüseyin Turan ARAT 

1 İskenderun Technical University, Faculty of Engineering and Natural Sciences, Department of Mechatronics Engineering, 
İskenderun Campus, Hatay, 31200, TURKEY 

 
 * E-mail:hturan.arat@iste.edu.tr 

 

Abstract 
There are new issues with very little research on the usage of alternative fuels on internal combustion engines 
(ICE) used in hybrid electric vehicles (HEV). The use of hydrogen, which has perfect combustion and engineering 
properties gas fuel, as an additional/enriched fuel on an ICE that used for HEV will be investigated in this 
simulation study for the first time. In this work, the performance and emission values of the internal combustion 
engine of a hybrid electric vehicle resulting from hydrogen enrichment are simulated. In the simulation, the energy, 
performance and emission values are given comparatively in comparison with a driving cycle of model vehicle 
realized with AVL Cruise and AVL Boost programs. The ICE’s experimental results used in this study were 
compiled from authors' other publications for validating the modelled ICE which was computed with AVL Boost. 
Then it is placed as ICE of HEV in AVL Cruise. The electric machine, battery and transmission of parallel 
configuration HEV modelled, determined and compared with the basic model. Increasing performance gained with 
hydrogen enrichment, beside ICE has become more environmentally friendly with hybrid mode. The Model HEV 
has delivered promising results both as performance and emission values. Addition of hydrogen showed 3,56 % 
improvement in ICE torque and 2,37% ICE power. Sum of the total fuel consumption and emission pollutions 
decreased by 12,6% and 27% respectively with hybrid mode.  
 
Keywords: Alternative fuelled Hybrid Electric Vehicles, Hydrogen Enrichment, Emissions, AVL Cruise & Boost. 
 
I. Introduction 
Emission pollution is increasingly threatening the environmental balance of our earth every day. The surplus of 
vehicles produced against decreasing petroleum reserves and other exhaust emission pollutant applications have 
created a driving force for researchers to work intensively on alternative fuels and alternative energy sources. In 
terms of production diversity, availability on the earth and physicochemical properties, hydrogen is the first element 
that comes to mind when it comes to alternative energy and fuel. It can be reached on the basis of known technical 
characteristics of hydrogen, production steps, advantages and disadvantages, use as fuel, applications, chemical 
phases, thermodynamic and energetic properties, cost analysis, etc. can be reachable on Dinçer (2007)’s studies. 
In the use of hydrogen as a fuel in ICE, the common opinion of many researchers in the literature is that this fuel, 
which has the highest heating values and very good flammability limit; has side effects such as explosion and 
knocking. In addition, although improves the energy performance of the engine in the end result of good 
combustion, it is prevalent in some studies it increases NOx. In addition to storing the liquid and gas phase in 
cryogenic tanks, hydrogen is the most important fuel source for fuel cells. Because of its electrochemical structure, 
it can be obtained by electrolysis of water as it is in fuel cells. With all these advantages, hydrogen, so to say the 
number one of fuel world has become impossible to escape from the markings of automotive manufacturers. 

Nowadays, hydrogen can be applied for transport as a main fuel (or supplement fuel) for ICEs and for fuel cell; 
and most of the hydrogen stations on over the world are attending to fuel cell vehicles. Hydrogen internal 
combustion engines have the potential for high power because of more energy per unit mass and high flame speed, 
high efficiency because of high flame speed that causes high rate of pressure rise in the cylinder and hence near 
constant-volume combustion and they also have near-zero emissions, except NOx at higher loads, because of the 
absence of carbon in the fuel molecular structure. Whit this situations, hydrogen can be used as an additional fuel 
for clean combustion and less pollution for ICEs. This can be performed by three ways for entrance the engine. 
First one is intake manifold entrance; that can be useful for both SI (spark ignition) and CI (compression ignition) 
engines. Hydrogen mixed with air before the cylinders which provide the lean burning situation that it minimized the 
emissions and fuel consumption. Second one is port injected hydrogen situation, which can be preferable for SI 
engines that needs an additional injector for mixing the fuel and air components with hydrogen in cylinders. Third 
one is using directly hydrogen ICE. Although H2 has clean and superior combustion characteristics, it’s the most 
important handicaps; storage, infrastructural difficulties and security are not solved even with today's technology. 

Automotive practitioners used in addition to alternative fuels, they have also been used in alternative 
propulsion systems for the last 30 years. Basically if a vehicle chooses two or more traction devices for energy 
source to drive, this vehicle called hybrid vehicle. If the secondary energy source used as electric and aimed to 
good driving dynamics and comfort while reducing fuel consumption and emissions, these vehicles are called 
hybrid electric vehicles (HEV). Last three decades, HEVs are playing a critical position for integration the last 
technologies uses and placed an important bridge role between the ICEs and fully electrical vehicles (EV). 
Especially dividing the energy requirement of full vehicle, ICE and electrical assisted (simply consists of electric 
motor, battery, generators, energy management systems, inverters and converters, power electronics, etc. (Hameş 
et al (2017, 2018)) HEV is giving an energy efficient and cleaner strategy when compared conventional ICEs. 
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Classifications, topology architectures and hybridization ratios of HEVs are the first crucial subjects on 
manufacturing. Generally, HEV topology divided into 3 groups as serial, parallel and combined power split 
(serial-parallel). In terms of hybridization characteristics, micro HEV (used EM >5 kW), mild HEV (used EM >5-20 
kW) and full HEV or plug-in HEV (used EM>40 kW) can be classified. The degree of hybridizations and more 
important information on HEV system modelling and control is complied by Liu (2017). All the researches related to 
HEVs focused on the electrification components of the vehicle. System identification, modelling, control strategies, 
management systems (both battery and thermal), power transmission organs, etc. By the way the ICE is selected 
according to the hybridization rate. In HEVs the purpose of electrical apparatus usage, while minimized working of 
ICE under certain conditions, aiming for fuel economy, greener emissions and energy efficiency. With this 
perspective only two mentioned study welcomed us. He (2006) studied the development and validation of a HEV 
with hydrogen internal combustion engine. And by Grabowski (2006) patented Hydrogen fuelled hybrid powertrain 
and vehicle, that returned by a concept car for Ford company with the named H2RV. Differed from this study, both 
of them used directly hydrogen ICE. The use of alternative fuel in the ICE of HEVs is more attractively usage has 
become one of the possible ideas to be considered in the future for the support of the main goal of the electrical 
part. In this simulation study, an ICE is enriched with hydrogen for coupled on HEVs. AVL Boost and AVL Cruise 
tools simulated the model engine and model HEV, respectively. In terms of being a guide for this study, author’s 
previous studies Arat et al (2016, 2016) and Kenanoğlu et al (2016) study are used for the modelling the similarly 
ICE in AVL boost in light of with their experimental results. Then modelled ICE is imported the AVL Cruise for 
modelling the HEV with appropriate electrical devices. In this manner, hydrogen enriched ICE is used on HEV 
application for the first time.  

    
II. Simulation Procedure and Numerical Approach  
Simulation studies are important steps that researchers can take to optimize their consumption of time and costs 
prior to prototype production. In this simulation study, AVL simulation tools (Boost and Cruise) are used for 
validating and modelling an HEV which include hydrogen enriched ICE. Figure 1 illustrated the schematics of 
study’s simulation procedure steps. Modelled HEV specifications are shown in Table 1. 
 

 
Fig. 1: Schematics of study’s simulation procedure steps 

 
Tab. 1: Model Vehicle Specifications 

Vehicle Parallel configuration HEV, Mass: 1310/1620 kg, Frontal area: 2,15 m2 ,Wheel base: 2690 mm 

Engine 
Boost modelled H2 enrichment 4-cylinders gasoline engine, Displacement: 1490 cm3 , Maximum 
Power: 88 kW, Peek torque: 134 Nm @ 3550 rpm, Aerodynamic drag coefficient.: 0.3, Vehicle frontal 
area (m2): 2.15, Rolling friction coefficient: 0.015, Wheel radius (m): 0.289 

Battery Maximum charge: 6.8 Ah, Nominal voltage: 160 V, SOC=70-90 
Electric  
Machine Type: ASM, Power Capacity: 10 kW, Maximum Power Torque: 65 Nm, Maximum Speed: 8000 rpm. 

CVT Min/Max Ratio: 0,5 / 2,8726 

 
Understanding the basic principles of HEV is depended on auxiliary numerical analyses. Especially preparing a 
simulation model, the components formulations and identifications are very important variables. When modelling 
and control designed of HEV, basic formulations of traction, vehicle torque, total vehicle mass, break mean 
effective pressure on ICE, fuel consumption, energy losses, engine drag torque, electric motor power, battery 
model and formulas with SOC are reachable from Liu (2017). [Related formulas are not written due to the limited 
number of pages, but they cited with reference]. Control strategies need to be developed to ensure that all these 
complex and instantaneous variables work together in highly efficient manner with an optimal situation. The 
simulation model used in this study is a dynamic, modular, forward-type simulation. That is the model consists of a 
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driver sub-model trying to follow a predetermined velocity profile, a dynamic vehicle model, and a parallel hybrid 
vehicle control module that essentially acts as the interface between the driver and vehicle models with the base 
structures of AVL Cruise and its MATLAB-Simulink interface indices.  
 
III. Results and discussions 
The main purpose of this study is to simulate the effects of fumigation/enrichment for ICE with alternative fuel 
(hydrogen), which is used in modelled HEV. As an another goal for this study, in addition to  achieving the lower 
fuel consumption and emission minimization with electrical apparatuses, it was desired to achieve better 
performance and lower emission values in the ICE with the use of hydrogen that at the top of alternative fuels. 
General literature showed that, hydrogen enrichment give promising results on thermal efficiency and reduction of 
emissions. Notwithstanding it is an important demerit alerted with the importance of knock (especially SI engines) 
and volumetric ratios of mixtures with air when used in intake manifold fumigation. For this reasons, in this study, SI 
ICE is operated under lean burning conditions and with the helped of literature in intake manifold, hydrogen 
enrichment into air is stated with the 8% volumetric mixture ratio. After ICE was decided and modelled, HEV model 
was created with AVL Cruise. Thank for the connections between each other’s of AVL tools, the ICE modelled on 
Boost is simulated with Cruise for use in HEVs. Results are given into two parts which is suitable for easy 
understanding. Driving circles are used for the integrity of the experimental parameters of the HEVs. In this study, 
780 sec UDC test cycle was used. 

Figure 2 illustrated the ICE effects part of HEV. As seen from fig. 2, the stock SI ICE and hydrogen enrichment 
ICE is compared each other with the graphs of Brake power and torque, fuel consumption, HC, CO2 and NOx 
emissions. In figure 2, H2 enrichment is playing important improvements on brake torque and brake power. The 
main reason of this phenomenon is thermal behaviour and fast flammability aspects of hydrogen. Break Specific 
Fuel Consumption given a cumulative and calculated version. In simulation tool, system programming for analyzed 
under selected driving cycles. Such ICE engine stock state and hydrogen enriched ICE is simulated with Boost and 
HEV with H2 enriched ICE is analyzed with the calculation of Cruise data. For assumed lean burning conditions and 
partially lower volumetric ratio of hydrogen addition; the H2 enriched ICE is improved the fuel economy with 5.5%. 
But when compared between HEV with H2 enriched ICE to stock ICE, the fuel economy is effected a level that can 
be counted as much better, achieved the purpose with 12.6%. When it comes to emission perspective; totally HEV 
with H2 enriched ICE reached an exceptional goal with the interspaced of approximately 12-28%. Figure 3 showed 
the electric devices of HEV analyses. Electric machines efficiency maps, transmission’s desired ratios and battery 
parameters are given in related fig.  

 
Fig. 2: Stock ICE and H2 enriched ICE effects of HEV in terms of fuel consumption and emissions  
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Fig. 3: Modelled HEV with H2 enriched ICE electrical devices maps and parameters 

 
IV. Conclusions 
In this simulation study, a SI ICE is enriched with hydrogen via intake manifold (8% vol.) for master driver on 
parallel architecture HEV. AVL Boost and Cruise tools were used for simulation. Hydrogen enriched ICE is used on 
HEV application simulated for the first time with this study. Simulation steps, selected driving cycle (UDC) and 
vehicles specifications were given detailed with tables and figures. Simulation results showed very promising 
outputs in the terms of reduction of fuel consumption and emissions while improvement of performance.  
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Development of liquid based fuel cells for particularly portable applications which are the clean and efficient substitutes for the 
batteries such as li-ion became more important in the recent years. Direct borohydride fuel cells (DBFC) is a promising sub- 
class of fuel cells because an alkaline solution of sodium borohydride (NaBH4) as fuel offers the ease of storage and 
transportation and oxygen, air or hydrogen peroxide as oxidant could be used. DBFCs have the advantages of having a higher 
theoretical open circuit voltage (OCV), higher energy density (theoretical energy density for a DBFC using oxygen is 9.3 kW h 
kg-1) and safety compared to proton exhange membrane fuel cells (PEMFC) and direct methanol fuel cells (DMFC). Since 
sodium borohydride doesn’t have any carbon in it CO can not be formed in the cell preventing CO poisioning occuring in cell’s 
anode. Anode, cathode and overall reactions and the potentials (in strongly alkaline media) are as follows: 

 
Anode (Oxidation): BH4- +8OH− → BO2-+ 6H2O+8e− E0=1.24 V (1) 
Cathode (Reduction): O2 +2H2O + 4e− → 4OH− E0=0.40 V (2) 
Overall Cell Rxn: NaBH4 + 2O2 → NaBO2 + 2H2O E0CELL=1.64V (3) 

 
As in other types of fuel cells, electrolyte membrane is one of the most important component for the commercialization of 
DBFCs. Both anion-exchange membranes (AEMs) and cation-exchange membranes (CEMs) can be used for DBFCs. AEMs 
can transport OH- from cathode to anode side with efficient way and naturally suitable for an alkaline FC but BH4- crossover is 
higher than that of CEM. Alkaline stability of AEMs is limiting their use for long-term operation in DBFCs. The fuel-cell 
operation conditions, temperature, basicity of environment directly effect stability. Another factor is the ion exchange capacity 
(IEC) which depends on the degree of swelling ratio and water uptake, or number of the cationic sites of the membrane. 

 
In this study, PVA/CS AEMs were prepared by a modified solution casting method and glutaraldehyde is used as a cross- 
linking agent. The amount of glutaraldehyde was inestigated on the membrane performances. Another investigated parameter 
is the preparation METHOD: AEMs were prepared by direct and indirect chemical cross-linking. The membranes were studies 
in their OH- forms and characterized for their ion conductivity with electrochemical impedance spectroscopy (EIS), ion 
exchange capacity (IEC) with titration, mechanical stability by tensile tests, chemical stability with fenton's tests, water uptake, 
chemical characterization by FTIR. The permeability tests were also performed in a lab made permeability cell with a 
potentiometric electrochemical method. Results showed that these membranes have a potential if the balance between the 
crosslinking and the other needed properties could be balanced. Further single fuel cell tests will be performed in the near 
future. 

 
Keywords: direct borohydride fuel cell, anion exchange membrane, polyvinyl alcohol, chitosan 
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Abstract 
The renewable energy sources, including solar cells have been growing interest since they are perfect alternatives 
for fossil fuels which cause serious enviromental problems. The major problems of solar energy are the low 
efficiency and high cost. Thin film CuInS2 solar cells are being under investigation as their primary advantage is low 
cost. The aim of this research is to develop low cost CuInS2 thin films for solar cells by practical solution based 
techniques on FTO coated glass substrate. For this purpose, chalcopyrite, zincblende and wurtzite crystal types of 
nanoparticles were prepared via facile hot-injection process and they have been characterized by XRD, EDS and 
TEM. The as-synthesized nanoparticles were redispersed in N,N-dimethylformamide which would faciliate the 
practical application of these nanoinks. The photoelectrochemical performance (PEC) study has been performed 
under the condition of 1-sun illumination. 6.72% and 0.91% of the illumination and photo-conversion efficiencies 
have been evaluated, respectively. 
 
Keywords: Copper indium sulfide; nanoink; hydrogen; thin film solar cells 
 
I. Introduction 
Photoelectrochemical solar cells (PEC-cells) are known for their ability to split water into hydrogen and oxygen 
gases by utilizing solar energy. Thus, hydrogen generation by PEC-cells draws great attention for being one of the 
most attractive chemical methods for renewable energy conversion. Along with increasing demand in finding low 
cost routes for the production of photoelectrodes for PEC-cells, I-III-VI ternary nanocrystals have been suggested 
as promising materials for solar hydrogen production. Among these materials, CuInS2 nanocrystals have gained a 
great influence in this field due to its large absorption coefficient (α = 5×105 cm− 1) in the visible spectral range, which 
makes it an attractive material for the applications in solar energy conversion, photodetectors, light-emitting devices, 
photocatalysis, and biolabelling as previously reported by Kolny-Olesiak (2013). In addition, CuInS2 exhibit a suitable 
direct band gap of ~1.5 eV. Solvent based synthetic routes leading to stable CuInS2 nanoparticles are additionally 
attractive since they avoid high cost and energy intensive vacuum techniques for the production of active materials. 
CuInS2 nanoparticles have been prepared by various solution based routes by Rosenthal (2012). CuInS2 exists in 
three polymorphs: a stable phase with a tetragonal chalcopyrite structure, metastable phases with a cubic zinc-
blende and a hexagonal wurtzite structures depending on temperatures. The metastable phase exhibits more 
flexibility of stoichiometry as compared to chalcopyrite structure. Consequently, the disordered structure and the 
potential application in solar cells have been investigated in the controlable synthesis of metastable CuInS2 by Cui 
(2009). More recently, the formation of two crystal phases in single nanocrystals with various shapes has gained 
interest due to their ability of providing new possibilities to enhance the optoelectronic properties Liu (2013). The 
heterocrystalline polytypic CuInS2 with zinc-blende or chalcopyrite structure growing on wurtzite structure have been 
reported by Yu (2016). CuInS2 are dispersed in various solvents to form ‘‘nanoinks’’ which was applied on glass 
substrates by Chen (2015). In this manuscript, we present the detailed process for the synthesis of CuInS2 by hot 
injection method. The as-prepared nanoparticles are re-dispersed in N,N-dimethyl formamide to form stable nanoink 
paste which can easily be applied on glass to fabricate PEC-cells for solar hydrogen generation.  
 
II. Experimental Set-up and Procedure 
Synthesis of CuInS2 Nanoparticles. All the synthesis procedure has been carried out through sthandard Schlenk 
system under N2 gas atmosphere. A 15 ml oleylamine (OLA) solution of 1.5 mmol CuCl2, 1.5 mmol InCl3 was heated 
to 130 °C in a three-neck flask to dissolve completely. Then, the temperature has been raised to 225°C. 20 ml of 
freshly prepared OLA solution of thiourea (3.0 mmol) was rapidly added to previous solution at this temperature and 
the reaction was refluxed for additional 1 h under N2 gas circulation and then cooled down to room temperature 
(RT). The obtained CuInS2 nanoparticles were precipitated by addition of 5.0 ml of toluene and 10.0 ml of ethanol 
and centrifuged. Decantate was discarted and the black powder was washed with ethanol for three times. Same 
procedure was applied for other CuInS2 nanoparticles by changing precursors, solvent and temperature (Table 1). 
 
PEC-Cell Fabrication. Prior to use, FTO coated glass substrates were cleaned by ultrasonic bath in acetone for 
10 min, in Alconox® for 10 min, washed with distilled water and dried. CuInS2 nanoink were applied a by doctor 
blade technique. Typically, a concentrated N,N dimethyl formamide (NMF) solution of nanoink (30.0 mg/ml) was 
dropped at one edge of glass substrate and heated at 300 °C for 3 min to remove organics.  
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Fig. 1: Experimental set-up 

 
III. Analysis 
The crystal structure of the films was confirmed by using Panalytical X’pert Pro MPD X-Ray diffractometer (CuKα, 
λ=1.5405 A). CuInS2 nanoparticles were dispersed in ethanol and dropped on Mo grid for HRTEM anaylsis which 
were performed by Jeol 2100F 200kV RTEM instrument. Energy dispersive spectrometry (EDS) was carried on FEI, 
Quanta 200 FEG. The photoelectrochemical (PEC) performance of the samples (area=1cm2) was examined by 
using the conventional three-electrode cell with an aqueous 0.05 M Na2S and 0.95 M Na2SO3 electrolyte solution 
(pH 12.5). For electrode connections copper wires have been attached on glass contacts by silver paste. Silver 
contact and back contact of the photoanodes was isolated by epoxy resin. Current density of the photoanodes as 
a function of applied potential versus the Ag/AgCl reference electrode was analyzed using Gamry 750 
Potentiostat/Galvanostat/ZRA system in the range of -1 to 0 V. Platinum sheet was used as a counter electrode. All 
measurements were carried out at room temperature. Illuminated measurements were performed with back light 
illumination of photoanodes using Lot Oriel low cost solar simulator with 150 W Xenon Lamp.  
 
IV. Results and discussions 
The CuInS2 nanoparticles synthesized by hot-injection process have been characterized by XRD spectroscopy to 
determine crystal structures. The corresponding XRD patterns of the CuInS2 synthesized from either oleylamine 
(OLA) or diethylene glycol (DEG) solution of Cu/In/S precursors in 1:1:2 ratio at 225 °C are displayed in Figure 2. 
The XRD pattern belonging on sample (1) (Fig. 1a) exhibited a small peak indexed as (200) at 33° as a good match 
with previously reported zincblende crystal structure [JCPDS No. 75-0106]. The pattern exhibits well indexed 
diffraction peaks (110) and (102) of the standard wurtzite structure (Fig. 2b) maching well with the bulk wurtzite 
CuInS2 peaks. In addition, the peak position and relative peak intensities identical with the powder diffraction data 
reported for wurtzite CuInS2 by Wang (2014). Although the difference in XRD patterns between chalcopyrite and 
zincblende is very small, the low intensity characteristic peak of chalcopyrite structure (101) appears at 15.4°, and 
zincblende characteristic peak (200) disappears at 32.6° indicating that the sample (3) possesses a chalcopyrite 
structure (Fig. 2c) (JCPDS card file no. 85-1575). The diffraction peaks of the product are sharp and intense 
indicating that the as-synthesized CuInS2 nanoparticles have an excellent crystallinity or large crystal size.  The 
absence of diffraction peaks from other species, indicating that as-prepared sample is pure CuInS2 crystals without 
any binary sulfides of Cu2S, CuS, or In2S3. 

 
Tab. 1: List of the prepared CIS NCs. 

 
 
Sample 

 
Cu  

 
In  

 
S  

 
Solvent 

 
Crystal Form Cu/In/S ratio by EDS 

(1) CuCl InCl3 
Elemental 

Sulfur 
OLA Zb 1.00/1.00/1.86 

(2) CuCl2 InCl3 Thiourea OLA Wz 1.03/1.00/1.99 

(3) CuCl InCl3 Thiourea DEG Ch 1.00/1.13/1.80 

(4) Cu(acac)2 In(acac)3 Thiourea OLA Poyltypic 1.00/1.13/1.90 
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Figure 2. XRD pattern of the syhthesized CuInS2 nanoparticles in (a) zincblende (b) wurtzite (c) chalcopyrite (d) polytypic 
structures 

The stoichiometric compositions of CuInS2 could be analyzed by using energy dispersive spectrometric (EDS) data. 
Based on these data, the Cu/In/S atomic ratio is found very close to the theoretical stoichiometric composition for 
each sample indicating the high purity and good crystallinity corroborating the XRD results. The absence of oxygen 
peaks in the given spectra also approves the formation of CuInS2 free of undesired metal oxides. HRTEM images 
of Ch-CuInS2 exhibited large crystal size (~120 nm) formation but highly aggregated.  

  

Figure 3. TEM and HRTEM images of Chalcopyrite CIS NCs 

Photoelectrochemical Measurement of prepared thin films. In order to demonstrate the potential applications 
of chalcopyrite CuInS2 nanoink in solar harvesting, a device structure of FTO coated glass/ CuInS2 has been 
prepared and the photocurrent density–voltage (J – V) characteristics of thin film was invested in a PEC cell 
containing 0.95M Na2SO3-0.05M Na2S electrolyte solution (Fig 4). The applied bias photon-to-current efficiency, 
which is also called ABPE, of the photoelectrodes has been calculated by using the following equation: 

                          𝜂𝜂𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜(%) = 𝐽𝐽𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜(1.23−𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)
𝑃𝑃𝑙𝑙𝑏𝑏𝑙𝑙ℎ𝑜𝑜

𝑥𝑥100                     (1) 

where the Jphoto is the difference between the illuminated and dark current densities, 1.23 is the redox potential for 
water, and Plight is the illumination power density, which equals to the 100 mW/cm2 for the 1 sun condition on the 
surface of the earth. For the three-electrode configuration, Vbias should be converted into the potential vs. RHE 
according to: 

    (2) 

when Ag/AgCl acts as a reference electrode and Pt as cathode electrode.  

The photocurrent value at 0V vs RHE was observed as 14.8 mA cm-2 for prepared thin film. In order to estimate 
solar-to-hydrogen conversion efficiency (STH) we calculated ηphoto as 0.91% (equation 1). We found a comparable 
result to that reported by Gunawan (2017). The PEC efficiency for the fabricated thin film is aimed to be improved 
by the insertion of In2S or CdS layers into the system in further study. 
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Figure 4 (a) J-V characteristics of the resulting thin film solar cells; (b) PEC efficiency vs VrHE graph under both illumination 
and in the dark  

V. Conclusions 
We have demonstrated a facile colloidal synthesis for the selective CuInS2 nanoparticles growth as well as polytypic 
crystal formation. Later on, a practical thin film fabrication was performed to investigate the photoelectrochemical 
performance for hydrogen generation. The major problem on non-vacuum techniques is the adhesion of nanoink to 
the substrate during the fabrication process. It is observed that the use of N,N-DMF solvent improved the adhesion 
of the ink to glass substrate resulting in a crack free and uniform thin film formation. As prepared thin films were 
applied in water reduction to generate hydrogen gas and thus, 0.91% photo-conversion efficiency was observed 
during PEC study.  
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Abstract 
A novel Pd-Co/C electrocatalyst was prepared via modified polyol method to be used in direct borohydride fuel 
cell anode. The structural characterization was done by XRD, ICP-OES, TEM, EDX and XPS analysis. XRD 
results showed no oxidation peaks for Co and Pd oxides. The calculated particle size was 3,0 nm. ICP-OES 
results showed the metal loading of the catalyst was %12 by weight and the ratio of Pd:Co by weight is 1:1. CV 
results showed a good selectivity towards BOR and ECSA value calculated was 71,0 cm²/mg. According to 
chronoamperomety study, compared to Pd/C prepared via the same method under same conditions Pd-Co/C 
catalyst showed more current density and stability. 
    
 
Keywords: Direct Borohydride Fuel Cells, Pd-Co Nanoparticles, Anode Catalyst 
 
I. Introduction 
In the recent decades, with the increase in the number and variety of portable electronic devices demand in power 
for these has also increased. Fuel cells and particularly liquid fuel based ones are becoming alternatives of 
conventional batteries with being clean, their high efficiency and energy/power density promises. H₂-O₂ polymer 
electrolyte membrane fuel cells (PEMFC) and direct methanol fuel cells (DMFC) are vastly studied. But, fuel cells 
such as direct borohydride fuel cells (DBFC) are also very good candidates and needs more improvements. Also, 
they have some advantages over PEMFC and DMFC. Since sodium borohydride doesn't have any carbon in it CO 
can not be formed in the cell preventing CO poisioning occuring in cell's anode. Also, DBFC uses borohydride ion 
directly as fuel, meaning no H₂ is formed, removing the need of a reformer and the problem of H₂ storage. Since 
there is no H2 production in DBFC the efficiency of the fuel cell is lower than Indirect borohydride fuel cell so DBFC 
can be used in military devices with low power need.  

The anode and cathode reactions and overall reaction is shown in Eq 1 to Eq 3. Anode reaction is called 
borohydride oxidation reaction (BOR) and cathode reaction is called oxygen reduction reaction (ORR). In theory 8 
electrons can be produced by BOR in alkaline media but because of the hydrolysis of borohydride this amount of 
electron production can not be achieved.  

 
Anode: NaBH4 + 8OH-          NaBO2 + 6H2O + 8e- (E0 = -1,24V)          (1) 
Cathode: 2O2 + 4H2O          8OH- (E0 = +0,4V)            (2) 
Overall: NaBH4 + 2O2          NaBO2 + 2H2O + 8e- (E0 = 1,64V)                                        (3)  
 

Behmenyar (2015) and Merino - Jiménez etal (2012) reported that commonly studied catalysts for BOR is 
noble metals such as Pt, Pd, Au; transion metals such as Ni and Cu and the alloys of these metals. Hydrogen 
storage alloys were also studied for DBFC anodes. Lam (2012) reported that gold is the most studied metal as BOR 
because it is not active towards borohydride hydrolysis so 8 electrons can be produced as the result of BOR. 
Chatenet etal (2006) studied the activity of carbon supported pt towards BOR and reported that 4 electrons can be 
produced because of borohydride hydrolysis. Pt alloys such as Pt-Cu, Pt-Zn, Pt-Au and Pt-Ni can produce higher 
electrons as the result of BOR. Ag is another metal studied for BOR. Molina Concha and Chatenet (2009) reported 
that Ag alloy of Pt shows higher activity than Pt or Ag. Atwan etal (2007) prepared different Ag alloys and reported 
Ag-Ir and Ag-Pt shows highest activities. Liu etal (2004) and Dong etal (2005) reported that Ni produces 4 electron 
rather than theoretic 8 electrons. The reason is basically the formation of Ni oxides in the alklyne medium. Even 
though Co is highly active towards borohydride hydrolysis its alloys were studied for BOR. Li etal (2013) used Co-
W-B as anode and the single cell tests reveals higher power densities than Au/C and Pt/C. Pd is another metal 
studied for DBFC anode. Çelikkan etal (2006) reported that Pd, like Pt, shows activity towards borohydride 
hydrolysis and produces less electrons than 8. Behmenyar and Akın (2014) studied Pd-Cu/C for DBFC anode and 
reported that Pd-Cu produces more power density than Pd/C which was prepared by the same method.  
 
I. Experimental Set-up and Procedure 
Pd-Co/C bimetallic alloy electrocatalyst was prepared by a modified polyol method. Calculated amounts of palladium 
acetate and cobalt acetate which were used as precursor salts were dissolved in 1,4 Dioxane and ethylene glycol 
respectively. Vulcan XC-72 which was used as carbon catalyst support was mixed with ethylene glycol. Precursor 
solutions were kept in the ultrasonic bath for 15 minutes and then mixed with carbon and ethylene glycol. The 
mixture was set to pH value of 10 using 1M NaOH solution. A PARR pressured reactor, shown in Fig. 1, was used 
to prepare the electrocatalyst. Nitrogen gas was used to create oxygen-free media and pressuring agent. The 
pressure of the reactor was 20 bars. The catalyst preparation reaction lasts 2 hours. After the reaction the catalyst 
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was kept in ice bath overnight. Then, the solvent was filtered using 50 m filter and the cake was washed with 
distilled water and acetone for one time. Then the catalyst was filtered again and dried at 105 C at 24 hours in a 
Nüve EV018 vacuum oven. 
 

 
 

Fig. 1: Experimental installation: PARR/USA 4525 pressured reactor system 
 
 
III. Analysis 
XRD, ICP-OES, TEM, EDX and XPS analyses were used to determine the structural characterization of Pd-Co/C. 
XRD analysis was performed using Rigaku Miniflex II X-ray diffractometer, between 2 values of 10 and 80 with 
the rate of 1/minute and 0,02 step length. ICP-OES analysis was performed using Perkin Elmer Optime 4300 DV. 
The solvent used to dissolve the catalyst contains 3:1 by volume of HNO3:HCl.  
 

CV and chronoamperometry analyses were used for electrocharacterization of Pd-Co/C and LSV was used to 
determine the number of electrons produced as the result of BOR. CV was used to determine the selectivity of the 
catalyst towards BOR and the ECSA of Pd-Co/C. Chronoamperometry was used to determine the stability of the 
catalyst. CV and LSV analysis were carried out between -1V vs Ag/AgCl and 0,5V vs Ag/AgCl with 20 mV/s scanning 
speed and 1mV step length. Chronoamperometry analysis was performed for 60 seconds. The step change was 
from -0,2V vs Ag/AgCl to -1,2V vs Ag/AgCl. These analyses were performed using Gamry Reference 3000 
Potensiostat, RDE360 rotating disk electrode system and Dr. Bob’s Cell. Glassy carbon RDE (R = 5mm) was used 
as working electrode, a graphite rod was used as counter electrode and Ag/AgCl electrode containing 3M KCl 
solution was used as reference electrode.  

 
The ink preparation and catalyst coating on RDE method fallows as: 10 mg catalyst and 1 mL ethanol was 

mixed in ultrasonic bath for 30 minutes. 5 µL Nafion solution (%15 Nafion w/w) was dripped on RDE then 10 µL 
catalyst ink was dripped and dried at 80 C for 30 minutes. 
 
IV. Results and discussions 
XRD patterns of Pd-Co/C and commercial Pd/C was shown in Fig. 2. The shifts to the right at Pd peaks suggests 
the formation of Pd-Co alloys and 2 values of the peaks were consisted with studies made by Liu etal. (2014) on 
Pd-Co/C. The particle size calculated from Debye – Scherrer Equation was found 3,0 nm.   
 

 
Fig. 2: XRD patterns of commercial Pd/C and Pd-Co/C 

 
Table 1 shows the ICP-OES results of Pd-Co/C. The desired amounts of Pd and Co can not be achieved. It is 

thought that the reaction of Pd and Co reduction in ethylene glycol is not efficient enough to get desired results.  
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Tab. 1: ICP-OES results of Pd-Co/C 
 %Pd %Co 

Pd-Co/C 6,2 6,0 
 
 

Fig. 3 shows CV voltammograms of Pd-Co/C in different electrolytes. First voltammogram which was obtained 
in %20 NaOH by weight and 1M NaBH4 could not be analysed because the NaBH4 concentration was too high to 
get a clear voltammogram. The more NaBH4 concentration reduces the more voltammogram became clear. In 3M 
NaOH and 0,05M NaBH4 medium the voltammogram was clear enough to analyse so this electrolyte concentration 
was used in other analyses. 

 
Fig. 3: CV voltammograms of Pd-Co/C using different electrolytes. (1) %20 NaOH by weight + 1M NaBH4 (2) 3M NaOH + 0,2M 
NaBH4 (3) 3M NaOH + 0,1M NaBH4 (4) 3M NaOH + 0,05M NaBH4 
 

Fig 4 shows the CV voltammogram of Pd-Co/C which was used to analyse the selectivity of the catalyst towards 
BOR. Behmenyar and Akın (2014) and Liu etal (2015) performed the same analysis with Pd-Cu/C and Pd-
Zn/Nanoporous Carbon and obtained the same peaks. According to their studies peak a1 which was obtained 
between -0,8V vs Ag/AgCl and -0,7V vs Ag/AgCl represents H2 electrooxidation which is the product of borohydride 
hydrolysis. a2 peak which was obtained nearly at 0V vs Ag/AgCl represents direch BH4- electrooxidation. c1 peak 
obtained at approximately -0,1V vs Ag/AgCl represents BH3OH- electrooxidation which was adsorbed on catalyst. 
Since the c1 peak is too big the catalyst shows high activity towards BH3OH- adsorbtion. 

 

 
Fig. 4: CV voltammogram of Pd-Co/C (Electrolyte: 3M NaOH + 0,05M NaBH4) 

 
Fig. 5 shows the CV voltammogram used to determine the ECSA value of Pd-Co/C catalyst. ECSA was 

calculated from the area of single-layer Pd oxidation peak which is obtained at approximately -0,3V vs Ag/AgCl at 
backward sweep. The calculated ECSA value is 71.0 cm2/mg which is lower than Pd-Cu/C and Pd-Zn/Nanoporous 
Carbon calculated by Bahmenyar and Akın (2014) and Liu etal (2015) respectively.                          
 

 
Fig 5: CV voltammogram of Pd-Co/C (Electrolyte: 3M NaOH) 

 
Fig. 6 shows the chronoamperometry result for Pd-Co/C. After 60 seconds of the voltage drop from -0,2V vs 

Ag/AgCl to -1,2V vs Ag/AgCl Pd-Co/C catalyst remained stable. The current density value showed no change which 
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indicates the raction rates of the reactions occurring at the anode was stabled. This can be explained by the stability 
of the Pd-Co/C.  
 
 

 
Fig 6: Chronoamperometry result of Pd/C and Pd-Co/C 

 
V. Conclusions 
Carbon supported Pd-Co nanoalloy catalyst was prepared via a modified polyol method. XRD pattern of the 
catalyst revealed Pd-Co structure formation and particle size of the alloy was calculated to be 3,0 nm which 
showed polyol method is an efficient method to prepare nano-sized alloy particles. CV analyses showed high 
selectivity towards BOR. Chronoamperometric study revealed Pd-Co/C is a stable catalyst. 
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Direct borohydride fuel cell technology is a promising technology for especially protable applications because of the 
high theoretical energy density and for the advantageous liquid fuel. For Turkey in particular, technologies utilizing bo-
ron containing compounds are important since a vast share of world boron sources are located in the country. However, 
there are a number of technical obstacles to be solved. One of them is the borohydride crossover to the cathode which 
will cause a mixed potential as a result of the oxidation at the cathode part.

Similar to the other classes of fuel cells, membrane is one of the key components to the commercialization of DBFCs. 
A good polymer electrolyte membrane must have the impermeability for the reactant and oxidant used (problem in par-
ticular for liquid reactant systems). Membrane properties affects all the system performance and electro-catalyst choice 
and preparation method at first. Nafion® still seems to be the membrane used mostly for DBFCs also because of its tef-
lon like fluorinated backbone and related high chemical-mechanical- thermal stabilities for both PEMFCs and DMFCs. 
But Nafion® has also well-known drawbacks such as being very expensive (an important barrier for commercializaton), 
being dependent on full hydration (sharp decrease at temperatures over 80 °C) and high permeability to reactants 
especially methanol because of its well separated channels and the dependence of water. One of the difficulties in the 
research on borohydride-based systems is related to the determination of the borohydride concentration particularly for 
permeability determination.

For this purpose, there are a number of methods are avaliable but it must be fast, non-destructive and should not 
change the concentration. Therefore, a potentiometric electrochemical method seems to be a good choice. When 
immersed in sodium borohydride alkaline solutions, different electrode materials give very different responses to the 
borohydride presence. So the choice and comparison of the electrode materials are very important.

Another technique that we choose includes the combined usage of the acid-base and iodometric titration methods. 
The acid-base titration method, which simultaneously uses the technique of differentiation and computer simulation 
of titration curves, allows one to determine the contents of hydroxide and total “borate +borohydride” content. The 
iodometric titration method allows one to selectively determine borohydride. The average determination error depends 
on the number and ratio of compounds in a mixture. In this study both the gold and platinum electrode responses for 
portentometric measurements were investigated and the results are compared with combined acid-base and iodometric 
method. The two membranes fort he comparison of permeability results are CEM membranes which are commercial 
Nafion 117 and sulfonated polyether ether ketone (SPEEK) produced in laboratory. Specific details of the both analysis’ 
of two different techniques will be discussed.

Keywords: dbfc, crossover, permeability, borohydride, ocp, titration
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Abstract 
This paper will focus on an embedded Labview-FPGA based data acquisition and control system, which was 
designed to provide a self-regulated process of the hydrogen generation and power conditioning systems of a fuel 
cell powered small unmanned aerial vehicle. The hydrogen generation system utilizing sodium borohydride 
solution is able to produce 4 L/min of hydrogen with the aim of extending the range of the UAV. The critical 
parameters for on-site hydrogen production like temperature, pressure, mass flow, chemical sensor's output 
signals and voltage were monitored in real time via the NI sbRIO-9626 control card and Labview FPGA toolkit 
software. On the power conditioning side, according to the real time output values of the sensors; the required 
analog and digital signals were evaluated to actuate valves and drive the brushless DC motor and the MOSFETs to 
manage the power properly. In this study, the combined hardware-software implementation of the experimental and 
prototype control set-ups will be introduced and performance test results will be given as well.  
 
Keywords: Fuel cell, embedded process control, power conditioning, range extender, UAV, sodium borohydride  
 
I. Introduction 
Unmanned air vehicles (UAVs) have many fields of use such as discoveries, observations, target 
detection/follow-up, determining damage in battlefields, electronic war, physical attack and damage, detecting and 
eliminating mines, detecting and follow-up of fires, atmospheric observations, search&rescue operations, civil 
security, using agricultural pesticides, and scientific research.  
The most important development in UAVs is the range extension; in other words, the extension of the flight 
distance or flight time. Many UAVs use batteries because other power supplies have lower efficiencies. However, 
battery ensures that unmanned air vehicles stay in air for 60-90 minutes, which is a relatively short duration. When 
the fact that lithium-based batteries have 200 Wh/kg energy density is considered, it is clear that other energy 
systems with more energy densities are needed. There are several publications reporting application of fuel cells to 
power UAVs (Bradley, 2009 and Okumus, 2016).  

Right at this point, fuel cells are among the important alternative technologies for batteries with their high 
energy density (pressurized gas hydrogen:1000 Wh/kg, liquid hydrogen:10.000 Wh/kg). The most important 
problem in fuel cells is the storage and distribution of the hydrogen. Hydrogen may be stored as gas or liquid in 
pure form. It may also be stored physically in nano-tubes and chemically in the form of hydride. Sodium 
Borohydride (NaBH4) may be used directly in Fuel Cells; or may be used in Polymer Electrolyte Membrane Fuel 
Cells (PEMFC) with catalysts after hydrogen is produced by using sodium borohydride as the source of hydrogen 
(Kim 2011). This process eliminates all the risks and difficulties of storing hydrogen. As a result of the hydrolysis of 
NaBH4 solution, which is not flammable or explosive and which does not have the risk of exploding even in 
accumulation in the reactor, with a proper catalyst, H2 gas is obtained. By feeding this hydrogen to the fuel cell 
stack, the fuel cell system (FCS) is obtained. 

In such a system, accurate reading and processing of the process data and management of the input-output 
signals that are needed by the power conditioning system are of great importance. A real-time data acquisition and 
control system must be created for these purposes. In this study, the combined hardware and software 
implementation of the experimental and prototype control set-ups will be introduced and performance test results 
will be given as well. 
 
II. Experimental Control Set-up  
Experimental studies conducted so far show that it is possible to examine the system under two main headings, 
which are; the process control of the hydrogen generation system (HGS) and power conditioning unit of the FCS. 
In the context of the present study, the primary target is to establish a process system that produces min. 4 liters of 
hydrogen per minute to feed the 200 W fuel cell stack that will be used as the main power unit of the mini type UAV 
that has a wing opening of 2.5 m. The basic process variables in the system have been defined as temperature 
(below and upper part of the reactor), flow (the mass flow of the hydrogen), pressure (the pressure in the tank 
where the hydrogen is stored) and the control system has been designed in terms of its hardware requirements 
(Erdör Türk, 2014). In addition, an engine controlled drainage system was developed to eliminate the chemicals 
that are produced as a result of the reaction and that have to be removed from the system via the control 
equipment. 
     In terms of the control and data acquisition studies, the c-dAQ 9178 control chassis, NI 9211 differential 
thermocouple input module, NI 9474 24 V digital output module, NI 9207 voltage/current combined analog input 
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module, which are the products of National Instruments (NI) were used as the hardware in the experimental design 
(Fig.1a). The Labview 2015 version and the Real Time Software Module were used as software. It is desired that 
the system control has a user friendly interface as much as possible especially in the experimental stage, because 
the variables in the process must be monitored as real time and necessary changes must be made in the interface 
without interfering to the background of the software (Fig.1b, 1c).  
 

 
 
Fig. 1: (a) Experimental set-up of HGS (b)Flow rate chart (c)Labview user interface of the HGS process  
 

As it was foreseen that the UAV would stay in air for approximately 2 hours with the support of the fuel cell, the 
HGS was run for 2 hours. The hydrogen production graphic of the experiment is given in Figure 1b. 

After the design experiments of HGS were completed successfully, the next stage was the transfer of the 
process control software codes into the Field Programmable Gate Array (FPGA) processor in an embedded form. 
The FPGA means programmable gate index that is programmable in the field and consists of programmable logic 
blocks and the inter-connections among these blocks. It is a digital integrated circuit and has a wide application 
area. Such integrated circuits are produced to perform the logical functions needed by the designer and the 
function of each logic gate may be designed by the user. In order to create the FPGA design, either the Very 
High-Speed Hardware Description Language (VHDL) or the schematic design must be created by the user.  

In the context of the study, the Labview Program, which is a graphic programming language for software and 
the FPGA card was programmed by using the VHDL Compiler feature of the program. Since the same 
programming language was used in the experimental design, it became easy in terms of adaptation to embedded 
software. In terms of the working principle of the Labview based FPGA software, the task of the FPGA module in 
the software is to compile the VI file created in the Labview for the FPGA hardware. In the background, the graphic 
code written is converted into text-based VHDL code. Then, the Xilinx ISE compiler synthesizes how the hardware 
is synthesized and performed the compilation work to the VHDL code. This process also applies time limitations to 
the design and makes the design become suitable for low-level hardware sources of the FPGA. The sb-RIO 9626 
control card of NI was used in the study as the FPGA Card by considering the hardware requirements of the 
system. This card has Xilinx-Spartan-6 LX45 FPGA processor, 16-channel Analog 16-bit input, 4-channel Analog 
16-bit Output, and 4-channel Digital Input/Output.  
 
III. Control System Procedure 
The basic working principle of the control system is as follows; the process data in the fuel cell stack and the HGS 
are collected via the real time operated system. Main process variables are; temperature, voltage, current, level of 
the chemicals, pump speed, fan speed, mass flow and pressure. Depending on the structures of the sensors and 
the levels of the signals, the relevant data may be read by the FPGA card directly or may be sent to the FPGA card 
by processing or amplifying via the analog card. According to the real time output values of the sensors, the 
required analog and digital signals were evaluated to actuate valves and drive the brushless DC motor and the 
MOSFETs to manage the power properly. 
     The complete system diagram which includes the fuel cell stack, HGS and the power conditioning unit is 
shown in Fig. 2. As seen in this figure, while fuel is fed to the HGS and hydrogen is generated, a solid chemical is 
also produced as waste. 
     Fuel cell stack generates DC power with hydrogen produced by the HGS and with air through the fans on the 
air breathing fuel cell stack. The FPGA based control card NI-sbRIO 9626, controls the HGS, fuel cell and an 
analog card in the system. A DC/DC converter on the analogue card provides the internal power requirement of the 
peripheral circuits and the FPGA platform. 
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Fig. 2: Complete system diagram 
 

Output terminals of the stack are connected to the Li-ion battery group (22.2 V, 5Ah) over the U1 and U3 
circuits on the analog card. The aim of the U1circuit is protecting the fuel cell stack from the reverse current flow. 
This function could be performed by using a power diode; however, in order to reduce the power losses that would 
occur in the diode, a power MOSFET was used. The power MOSFET is controlled with an integrated “diode-OR” 
control circuit and it allows only for a unidirectional power flow as power diodes. As seen in the same figure, if the 
load requires more power input than that produced by the fuel cell, the fuel cell stack charges the battery. U2 circuit 
is an excessive charge protection circuit that avoids that the battery is charged over 25 VDC.  

NI sb-Rio 9626 card manages online data acquisition and signal generation processes that are needed for the 
control of the FCS and HGS. Although the U3 circuit block on the analog card produces the signals that sense the 
chemical waste and water levels of the reactor and collector tanks on the HGS. U3 also consists of temperature 
and pressure sensing circuits on the required points and MOSFET drivers. 

The control algorithms of the whole system were compiled with Labview-FPGA tool and an embedded system 
control structure was performed. In this way, a self-regulated control system was created that was enabled to run 
on its own without the support of a PC when it was energized. The system software algorithm consists of 27 
cyclical blocks nested within each other.  
 
IV. Flight scenario test and results 
All the systems produced in the context and the Amrel 1.5K-120-300 DC electronic load were integrated in the 
inner design of the UAV and the flight test was performed in laboratory conditions (Fig. 3) 
 

 
Fig. 3: Flight scenario test of the integrated UAV system  
 

When this test was performed, according to the data received from the UAV producer company, the flight 
scenario was accepted as follows: 

1- Along the first 15 seconds, the system will be loaded with 50 A and the UAV will accelerate and take off   
2- Along 3 minutes, the system will be loaded with 25 A and the UAV will climb  
3- The system will be loaded with 5-8 A during the stall condition and the range extension period will be 

measured 

Performance tests with/ without fuel cell system are made according to the loading conditions and results are 
given in Table 1. 
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Tab. 1: Performance test results 
Load 50 A (take off)  25 A (climb) 5A (stall) 

Flight period 
without FCS 

15 sec. 3 min. 21.75 min. 

Flight period 
with FCS 

15 sec. 3 min. 46.75 min. 

 
    As it may be observed in the relevant performance results, the system was targeted to extend the distance 
with a fuel cell and the system reached a flight duration that was doubled under the existing test conditions.  

 
V. Conclusions 
The combined hardware-software implementation of the experimental and prototype control set-ups are introduced 
and performance test results are given in this study. The transition from the experimental data monitoring chassis 
to the embedded system was performed succesfully in terms of both software and hardware. This yields a 
significant advantage of time consumption in design projects that usually require intense experimental works. 

The performance results also approve that fuel cell based hybrid power conditioning systems are capable of 
powering UAVs during diffent phases of flight with longer duration. 
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Abstract 
In this work, Pd and PdZn supported on Vulcan XC-72 carbon catalysts have been prepared by NaBH4 

impregnation-reduction technique with ultrasound irradiation method. The physical properties of the electrocatalysts 
are identified by X-ray diffraction (XRD). Successful PdZn alloy formation was observed in the XRD patterns. The 
electrochemical properties of catalysts were detected by cyclic voltammetry (CV) and chronoamperometry (CA) 
techniques. The electrochemical surface areas (ECSA) were determined from the areas of the peaks in 
voltammograms obtained by cyclic voltammetry. The first set of results show that the Pd2Zn/C catalyst can be a 
promising catalyst for the direct borohydride fuel cells (DBFC) according to electrochemical characterization results 
and low-cost. 
 
Keywords: Anode electrocatalyst, Direct borohydride fuel cell, PdZn nanoparticles   
 
I. Introduction 
The demand for new and clean energy production sources is increasing due to the increasing environmental 
concern of emissions derived from the use of fossil fuels. Hydrogen based fuel cells are one of the alternative 
technologies providing highly efficient energy conversion systems, in which electrical energy is produced directly 
from the chemical energy of hydrogen. However, hydrogen storage and handling problems must be resolved for 
successful commercialization of fuel cells (Liu et al. 2015). Direct borohydride fuel cells differ from conventional fuel 
cells as aqueous solution of sodium borohydride is fed to DBFC. Moreover, DBFC has many advantages such as 
high energy density (9300 Wh kg-1), high theoretical open cell voltage (1.64 V), easy start-up and low toxicity. 
Therefore, one approach for solving the problem of hydrogen production and storage by using high-pressure 
cylinders is the use of DBFC for portable applications (Li et al. 2013). 
The following reactions are involved in the DBFC (Behmenyar et al. 2014); 
 

 - - - - 0
4 2 2Anode: BH  + 8OH BO  + 6H O + 8e                  E = -1.24V                                                                 (1)                                      

- - - 0
2 2 2 2Cathode: 2O  + 4H O + 8e BO + 6H O + 8e         E = -0.4V                                                                   (2)                                                                                    

- - - 0
4 2 2 2Overall: BH  + 2H O BO  + 2H O + 8e                  E = -1.64V                                                                 (3)

 

               

The DBFC applications are believed to be more favorable then other fuel cells. However, because of the 
limitations like high cost of electrocatalyst and expensive fuel the commercialisation of DBFC technologies are not 
in the desired level. Therefore, careful selection of the anode catalyst is very important to decrease the 
electrocatalyst cost and increase the fuel utilization in DBFC. In the past decades, many researches have been 
studied on transition metals (Zn, Co, Ni) and precious metals (Ag, Pt, Pd, Au) as anode catalysts. Although they 
have high cost and limited storage, Pd and Pt are the most favored precious metals due to fast electrode kinetics. 
Nowadays, Pd-based bimetallic alloy catalysts have been mostly investigated due to reduce the use of the precious 
metals (Fathirat et al. 2016). 

In this study, Pd/C and bimetallic PdZn/C nanoparticles catalysts with a fixed molar ratio of Pd:Zn (2:1) were 
prepared by NaBH4 impregnation-reduction technique with ultrasound irradiation. Physical properties of the 
catalysts were described by using X-ray diffraction technology. The electrochemical properties and performance of 
electrocatalysts were evaluated by cyclic voltammetry and chronoamperometry techniques. The results show that 
the Pd2Zn/C bimetallic catalyst could be utilized for the DBFC application. 
 
II. Experimental Set-up and Procedure 
Pd/C and Pd2Zn/C electrocatalysts with fixed Pd/Zn (2:1) molar ratio were prepared by NaBH4 impregnation-
reduction technique with ultrasound irradiation. PdCl2 (Merck) and ZnCl2 (Merck) metal salts were used as received 
for Pd and Zn sources respectively. Prior to experiments, successfully preparation of H2PdCl4 solution was achieved 
at 60 °C for 1h. Catalysts were prepared with 20 wt% metal loading on Vulcan XC-72 carbon support. The Pd2Zn/C 
electrocatalyst with a Pd/Zn molar ratios of 2:1 was prepared as follows: 8.98 mL of H2PdCl4 solution, 2.24 mL of 
0.2 M ZnCl2 and 0.5 g of Vulcan XC were added into 100 mL deionized water and mixtured with magnetic stirring 
for 30 min. The Ph value of the solution was slowly adjusted to 12.70 prior to NaBH4 addition. The solution was 
irradiated with ultrasonic wave (200 W, 45% amplitude) for 30 min at room temperature while 5 ml of NaBH4 solution 
was dropped continuously to solution.The precipitate was filtered, washed with deionized water, and dried at 80 oC 
under vacuum overnight. 
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III. Analysis          
The X-ray Diffraction (XRD) analysis of the prepared catalysts was conducted to examine the crystallinity by using 
a Rigaku Miniflexs II diffractometer equipped with a CuKα (λ = 0.154 nm) radiation source. The diffractograms were 
recorded between 2θ = 10-80o scanning angles with a scanning speed of 2o/sec. Electrochemical tests of catalysts 
were performed on a GAMRY Reference 3000 Potentiostat/Galvanostat by using rotating disc electrode (RDE710) 
system. The rotating disc glassy carbon (GC, 5 mm in diameter) electrode coated with electrocatalyst ink was used 
as working electrode, Ag/AgCl (saturated KCl) electrode was used as reference electrode and a graphite road was 
used as a counter electrode. The electrolyte was 0.05 M NaBH4 + 3.0 M NaOH. The CV curves of the catalysts 
recorded from -0.1 V to 0.5 V with a scan rate of 20 mV/s. The working electrode was prepared as follows: the 
catalyst (10 mg) is added to Nafion-water solutions. The catalyst ink was mixed for 2 h to obtain homogeneity. Then 
10 µl of the ink was dropped onto the glasy carbon electrode. The electrode was dried at 40o for 30 min. After drying, 
applied 5µl Nafion solution (wt%5) onto the electrode and dried again for 30 min at 40oC. 
 
IV. Results and discussions 
The crystalline structure of catalyst determined by XRD analysis, and the results are shown in Fig. 1. In the XRD 
pattern, the first broad diffraction peak at 2θ=24o is related with the carbon (002) crystal face. For Pd/C catalyst 
2θ=40o, 47o and 68o that are assigned to the (111), (200) and (220) planes of face-centered cubic Pd (Liu et al. 
2016). The location of (111) peak of PdZn/C are softly moved to higher values of 2θ with the addition of Zn, which 
demonstrates the formation of alloy. The peak of metallic Zn or ZnO wasn’t detected in the XRD pattern. The 
average particle size for the catalyst is calculated by Scherrer equation (Eg. 4) (Behmenyar et al. 2014).  
 

λ/Bcosθ                                                                                                                                                    D =   0.9  (4)
 
 
Where D is the average particle size (nm), λ is the X-ray wavelength (1.54056 Å), B is the full width at half maximum 
in radians (FWHM) and θ is the angle of (111) peak. The average particle size of PdZn nanoparticle is around 3.4 
nm. 
 
 

 
Fig.1: XRD patterns of catalysts 

 
Electrochemical characterization of PdZn nanoparticle catalyst was performed by cyclic voltammetry (CV), 
chronoamperometry (CA). The catalytic activity of the Pd2Zn/C catalyst for borohydride electrooxidation was 
investigated by CV and the results are shown in Fig. 2. As shown in Fig.2, Hydrogen oxidation (Eqs. 5 and 6) peak 
a1 and direct oxidation of borohydride peak a2 (Eq. 7) are observed in the positive-going sweep In the reverse 
potential sweep, the oxidation peak c1 is attributed to the electrooxidation of absorbed BH3OH- formed as a 
byproduct in the process of the BH4- electrooxidation (Eq. 8) In Fig.2.a, The peak current density of direct oxidation 
of borohydride is 21.5 mA/cm2. Hydrogen oxidation peak (a1) is obtained 8 mA/cm2 from the cyclic voltammogram. 
For Pd/C catalyst, direct oxidation of borohydride (a2) and Hydrogen oxidation peak (a1) current density was 
obtained 20 mA/cm2 and 20 mA/cm2 respectively. Evidently, the catalytic activity of Pd2Zn/C electrocatalyst is 
enhanced for borohydride electrooxidation while hydrogen oxidation reaction is eliminated by the addition of Zn to 
Pd/C catalyst.   

- -
4 2 3 2BH  + H O BH (OH)  + H                                                                                                                            (5)

 
- -

2 2H  + 2OH  2H O + 2e                                                                                                                                  (6)   
- - - -

4 2 2BH  + 8OH BO  + 6H O + 8e                                                                                                                     (7)    
- - - -

3 2 2 2BH OH  + 3OH  BO  + 3/2 H  + 2H O + 3e                                                                                                (8)   
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Fig.2:Cyclic voltammograms of Pd2Zn/C and Pd/C electrodes in 3 M NaOH+0.05 M NaBH4 solution at a scan rate of 20 mV s-1 

 
The electrochemical surface areas (ECSA) of the catalysts were determined from cyclic voltammograms obtained 
by CV. The results are shown in Fig. 3. The ECSA of the catalysts are calculated by using Eq. 9.  
 

Q
ECSA =                                                                                                                                           (9)

0.424 x mcat
  

 
Where Q is the coulombic charge (mC) found by integrating peak area of the reduction of PdO (peak a), mcat is the 
catalyst loading amount on the electrode (mg), 0.424 represents the charge required for the reduction of PdO 
monolayer (mC/cm2) (Duan et al. 2015). The calculated ECSA of Pd2Zn/C and Pd/C catalysts are 658 cm2/mg and 
617 cm2/mg respectively.   
 
 

 
Fig.3: Cyclic voltammograms of Pd2Zn/C and Pd/C electrodes in 3 M NaOH solution at a scan rate of 20 mV s-1 

 
Chronoamperometry is an important method to determine the electrochemical activity and stability in fuel cells. 

Chronoamperometric measurement is performed in 3 M NaOH + 0.05 M NaBH4 solution for 1000 s with a potential 
step from -1.2 to - 0.2 V. As shown in Fig. 4, the current density of catalyst dropped fastly at the initial stage and 
the pseudo-steady state condition was attained. This result indicate that the Pd2Zn/C catalyst has stability for the 
BH4 electrooxidation. 
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Fig.4: Chronoamperometric curve of Pd2Zn/C in 3 M NaOH + 0.05 M NaOH solution at a scan rate of 20 mV s-1 

 
V. Conclusions 
In this study, Vulcan XC-72 carbon-supported Pd and Pd2Zn bimetallic nanoparticles were prepared by a NaBH4 
impregnation reduction method with ultrasound irradiation method. The average size of Pd2Zn/C nanoparticles was 
about 3.4 nm. It was shown that the Pd2Zn/C bimetallic nanoparticles shows the same catalytic behavior like Pd/C. 
Solely, the Pd2Zn/C catalyst becames not only a economical but also presents higher electrochemical catalytic 
activity for the electrooxidation of BH4− when compared to Pd/C. The addition of Zn to Pd/C catalyst was indicated 
to improve the catalytic activity toward BH4- electrooxidation and decrease the hydrogen oxidation reaction owing 
to the synergistic effect between Pd and Zn. Therefore, the results show that the Pd2Zn/C catalyst could be a good 
alternative for low cost catalyst choice for DBFC applications. Further research especially on single cell performance 
tests should be planned and conducted. 
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Abstract 
One of the primary aims of this experimental investigation is to examine hydroxy-gas enrichment effects on 
environmentally friendly but performance-reducing alternative fuels such as ethanol and biodiesel. Entire HHO 
system has integrated into engine test rig for this purpose. Two different fuel mixtures were prepared and named by 
their volumetric compositions which are Biodiesohol (10/5/85) and Biodiesohol (15/5/80). Biodiesohol was used to 
describe biodiesel, ethanol and standard diesel blends. Specific fuel properties are measured and ensured to be in 
EN590 and EN 14214 standards. Experiments were conducted on a single cylinder diesel engine which was 
fuelled with diesel-biodiesel-ethanol fuel blends those enriched by 1 liter per minute HHO gas fuel during the entire 
tests. All the experiments were performed under full load condition within the range of 1200 to 3200 rpm and 
graphical points were selected at intervals of 100 rpm. From the view of performance; brake power, brake specific 
fuel consumption and thermal efficiency results were discussed; additionally carbon monoxide and nitrogen oxides 
as exhaust emission results were also measured and presented. Standard diesel fuel outputs were determined as 
the reference line to compare experimental results. A number of studies have been conducted with fuels used in 
this experimental study and their mixture in different ratios as well, but an examination of the HHO addition to 
biodisohol is performed for the first time in this research area of the literature. 
 
Keywords: Hydroxy gas enrichment, single cylinder diesel engine, ethanol, biodiesel, performance, emission 
 
I. Introduction 
The number of internal combustion engine vehicles will decrease in the next decades and will be out of use in the 
mid-term, but research and developments will continue in the meantime to make those vehicles more economical 
and environmentally friendly. Harmful environmental impact of greenhouse gas emissions and dependency on 
fossil fuels has been expecting to be reduced from existing and close future vehicles. Nowadays, scientists who 
investigate the use of alternative fuels in internal combustion engines have used the hydrogen as supplementary 
fuel and referred as secondary fuel. Most common way to bring together hydrogen and ICEs is electrolysis of water 
by an HHO system. Some of the main reasons for using HHO system in ICEs have been summarized by Suleman, 
F et al (2015) and Baltacioglu, M. K et al (2016) as below:  

 Easy installation and no need expensive maintenance, 
 Hydrogen is a high quality energy carrier, 
 33% oxygen presence that provides enhanced combustion, 
 Technically proven that hydrogen can be used for transportation, 
 Hydrogen offers the highest heating value per mass among all chemical fuels.  
 Additionally, it is regenerative and environmentally friendly 
 Reduces exhaust emissions and improves performance rates by increasing efficiency of the fuel 

combustion. 
On the other hand sole usage of hydrogen in ICEs is not suitable without any modification. To be more independent 
of fossil fuel, also some alternative and renewable fuels are blending into the standard diesel fuel is necessary. 
These criteria have been supported by government obligatory and laws. Fuel suppliers are obliged to achieve a 
certain biofuel share. In 2016, the blending of bioethanol and biodiesel in transport fuels was reported at European 
Union Biofuel Annual (2017) respectively 3.3% and 5.8% (energy basis), and thus well below the 10 percent target 
for 2020. Renewable Energy Directive (RED) which announced by European Commission (EC) deals with biofuels 
in several ways, of which the most important was the mandatory target which states that 10 % of final energy 
consumption in transport should be met by renewable energy by 2020 (Shahir, S. A. et al.,2014, Amezaga, J. M. et 
al, 2010). As a result of these, biodiesel and ethanol consumptions are increasing annually to achieve greenhouse 
gas targets according to the declaration of energy associations and commissions. The continuing examinations 
and the already reported results about the volumetric replacement of standard diesel fuel with the combination of 
biodiesel and ethanol in compression ignition engines found to be relevant.  Because these blends have the 
similar fuel properties as the commercial diesel fuel even at high biofuel content (Shahir, S. A. et al., 2014, Barabás, 
I., & Todoruț, I. A, 2011, Zoeldy, M, 2011). Some of the fuel specifications are important to prescience the 
combustion, such as density, viscosity, cetane number and calorific value to which are represented and explained 
with details in materials and method section. Among them, the calorific value is that most affect the combustion 
result. The calorific value of the aforementioned ternary blend fuel is much lower than the fossil diesel. Biodiesel 
and ethanol can cause the engine performance to decline while improving the exhaust emission. HHO enrichment 
can be the key solution to prevent performance losses while keeping emissions improvements. The hydrogen used 
in this study constitutes 66% of the HHO gas obtained by electrolysis and also has the highest heating value per 
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mass among all chemical fuels (Suleman, F et al, 2015).  
Thus, the aim of this experimental study is to investigate the effects of HHO gas usage on performance and 

emissions with two different ternary biodiesehol fuel blends. Diesel fuel results will be the reference point to 
compare and interpret combustion results. Citrus sinensis oil was preferred as biodiesel raw metarial. Citrus 
sinensis oil can be produced from the waste and rotten peel of the orange fruit which has no market value. Since 
peel of the orange is non-edible except used as animal feedstuffs in our country. With these common issues, 
Tüccar, G. et al (2014) mentioned that conversion of citrus sinensis oil into biodiesel will be reasonable. 
 
II. Experimental Set-up and Analysis 
Ternary liquid fuel blends which contain the various combinations of biodiesel, anhydrous ethanol and diesel were 
enriched by hydroxy gas (HHO) to compare with the diesel fuel base condition. Two different abbreviations were 
used during the test fuels definitions to avoid ambiguity which is BED (10/5/85) + HHO (1L/min) and BED (5/15/80) 
+ HHO (1L/min). Fuel blends named by their volumetric composition of the new fuel contents; As an example, the 
mixture BED (10/5/85) + HHO (1L/min) describes the proportions in the fuel mixture: 10 % biodiesel + 5 % ethanol 
+ 85 % diesel fuel blend with hydrogenated gas enrichment with 1 liter per minute volumetric flow rate. HHO gas 
was inducted into the combustion chamber via intake manifold of the test engine and kept constant during the 
entire tests with a needle vane and Allicat flow meter. The single cylinder test engine was coupled to hydrolic 
dynamometer in order to load the engine. Shematic view of the test rig is presented in figure 1. Engine 
specifications are shown in table 1.  
 

 
Fig. 1: Experimental Set-up 

 
The oil required for the citrus biodiesel used in this study was first extracted from the shell of citrus fruits 

supplied from the regional producer. The orange fruit (citrus sinensis) is crushed and distillation method is applied 
to recover the oils through evaporation. However, since the efficiency of the method was very low (0,003 ml/kg) 
with the existing equipment, it was necessary to produce bio-oil in some accomplished laboratories. Therefore, 
commercial orange fruit oil was purchased and citrus sinensis biodiesel (CSB) is produced by transesterification 
method. Volumetric proportions of CSB in test fuel blends were 10% and 15%, respectively. Fuel analyzes were 
carried out and the specific fuel properties of diesel, 100% CSB, ethanol, and experimental fuel mixtures are 
presented in Table 2 and compared. The ethanol mixture ratio was set at 5% for both fuel blends in this study 
because the ethanol is not completely miscible in diesel fuel and concluded by Pidol, L. et al (2012) that anhydrous 
ethanol shows complete miscibility up to 5% by volume.  
 
Tab. 1:Test engine specifications 

Type 4 stroke, single cylinder, diesel engine   

Swept volume (cc) 219 cc 

Bore/stroke (mm) 70mm /57mm 

Compression Ratio 17:1 

Rated power 2.5 kW @ 3600 rpm 
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Tab. 2. Specific fuel properties and European fuel standards 
 Measurement 

Device Diesel EN590 
Standard CSB100 EN 14214 

Standard 
Anhydrous 

ethanol 
BED 

(10/5/85) 
BED 

(15/5/80) 
Viscosity 

(cSt) 
Tanaka 

AKV-202 
3.10 2-4.5 3.223 3.5 - 5.0 1.074 3.011 3.017 

Density 
(g/cm3) 

Kyoto 
Electronics 

DA-130 

0.841 0.820-0.8
45 0.868 0.86-0.90 0.789 0.8411 0.842 

Cetan 
Number Zeltex ZX440 55.2  Min. 51 45.2  Min. 51 10,1 51,945 51,445 

LHV (kJ/kg) IKA Werke 
C2000 

43200 - 38257 - 27000 41896 41649 

Flash Point 
(°C) 

Tanaka 
Automated 

Pensky-Marte
ns 

76 Min. 55 79.1 Min. 101 12.23 73.12 73.28 

Pour Point 
(°C) 

Tanaka 
MPC-102 

-16 - -11 
Sum< 4.0 
Win<-1.0 - -26.9 -25,8 

 
Carbon monoxide and nitrogen oxide as exhaust emission results were obtained by MRU Delta 1600 V gas 

analyzer during the experiments and data were transferred to host computer which has measuring ranges for CO 
and NOx emissions 0-10% and 0-4000 ppm, respectively. 
 
IV. Results and discussions 
The brake power – engine speed graph is given in figure 2.a. The overall results showed that BED (10/5/85) + HHO 
fuel blend had the best improvement with 11.33 % while BED (15/5/80) + HHO blend had 8.65 % with respect to 
neat diesel operation. These improvements can be explained with positive effects of HHO enrichments on heating 
values and also combustion characteristics. The hydrogen usage affects volumetric efficiency adversely at lower 
engine speed (<1800 rpm) and it causes to obtain more improvement at middle and higher engine speed in internal 
combustion engines as seen from the figure 2.  
 

 
Fig.2. Engine performance results versus engine speed 

 
Figure 2.b. represents Brake specific fuel consumption-engine speed graph. When overall fuel consumption 

regarded (include hydrogen as calculated equivalent to liquid diesel) the BED (10/5/85) + HHO fuel blend achieved 
minimum fuel consumption when compared to BED (15/5/80) + HHO blend and neat diesel operations. The 
improvements ratios of fuel blends, BED (10/5/85) + HHO and BED (15/5/80) + HHO, were 8.3% and 5.5%, 
respectively. Figure 2.c. represents the thermal efficiency versus engine speed graph. The thermal efficiency is 
measured by the ratio of the heating value of the overall fuel sent to the cylinder to the work output obtained from 
this fuel. Hydrogen enrichment caused increasing heating value of the fuel blends. Therefore, as it is seen from 
figure, BED (10/5/85) + HHO and BED (15/5/80) + HHO improved thermal efficiency thanks to their extra hydrogen 
contents when compared to the standard diesel operations. The overall improvements were obtained 2.82% and 
1.76% by using BED (10/5/85) + HHO and BED (15/5/80) + HHO blends, respectively. 
The CO emission versus engine speed graph is given in figure 3.a. It is obviously seen that the fuel mixtures usage 
caused the CO values to decrease. Due to improvement of the combustion at mid and high engine speed and 
lower carbon content of fuel mixtures, the amounts of CO values were further reduced. BED (10/5/85) + HHO and 
BED (15/5/80) + HHO were reduced 8.39% and 12.20 % in average, respectively. 
 



260

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

 
Fig.3. Engine emission results versus engine speed 

The NOx – engine speed graph is shown in figure 3.b. When the overall results were investigated, NOx values 
were increased, due to the formation of NOx depends on combustion temperature. Both the HHO enrichment of the 
fuel blends and extra oxygen content of biodiesel were increased combustion temperature in cylinder. Because of 
the higher combustion temperature, BED (10/5/85) + HHO and BED (15/5/80) + HHO increased NOx formation 
with 8.57% and 9.47% in average, respectively. 
 
V. Conclusions 
Performance and emission changes of HHO (1 L/min) enrichment to citrus sinensis biodiesel (10% - 15%), 
anhydrous ethanol (5%) and standard diesel (80% - 85%) ternary blends performed for the first time successfully. 
Results showed that hydrogenated oxygen addition prevents the power reductions resulting from the use of 
biofuels, additionally, 11.33% maximum overall improvement is obtained by BED (10/5/85) + HHO fuel blend with 
respect to base diesel fuel brake power results. From the view of exhaust emission; carbon monoxide formation 
was reduced around 8 to 10 % significantly while NOx formation was increased at similar percentages as carbon 
monoxide. 
 
References 
Amezaga, J. M., Boyes, S. L., & Harrison, J. A. Biofuels policy in the European Union. In 7th international biofuels conference, 
New Delhi (pp. 1-12) (2010). 
 
Baltacioglu, M. K., Arat, H. T., Özcanli, M. & Aydin, K. Experimental comparison of pure hydrogen and HHO (hydroxy) enriched 
biodiesel (B10) fuel in a commercial diesel engine. Int. J. Hydrogen Energy 41, 8347–8353 (2016). 
 
Barabás, I., & Todoruț, I. A. Utilization of biodiesel-diesel-ethanol blends in CI engine. In Biodiesel-Quality, Emissions and 
By-Products. InTech. (2011). 
 
Flach, B., Lieberz, S.,Rosetti, A. EU-28 Biofuels Annual 2017. in Global Agricultural Information Network 42 doi: NL7015 (2017). 
 
Pidol, L., Lecointe, B., Starck, L. & Jeuland, N. Ethanol-biodiesel-Diesel fuel blends: Performances and emissions in 
conventional Diesel and advanced Low Temperature Combustions. Fuel 93, 329–338 (2012). 
 
Shahir, S. A. et al. Feasibility of diesel-biodiesel-ethanol/bioethanol blend as existing CI engine fuel: An assessment of 
properties, material compatibility, safety and combustion. Renewable and Sustainable Energy Reviews 32, 379–395 (2014). 
 
Shikida, P. F. A. et al. A comparison between ethanol and biodiesel production: The Brazilian and European experiences. Lect. 
Notes Energy 27, 25–53 (2014). 
 
Suleman, F., Dincer, I. & Agelin-Chaab, M. Environmental impact assessment and comparison of some hydrogen production 
options. Int. J. Hydrogen Energy 40, 6976–6987 (2015). 
 
Tüccar, G., Tosun, E., Özgür, T. & Aydın, K. Diesel engine emissions and performance from blends of citrus sinensis biodiesel 
and diesel fuel. Fuel 132, 7–11 (2014). 
 
Zoeldy, M. Ethanol-biodiesel-diesel blends as a diesel extender option on compression ignition engines. Transport 26, 303–309 
(2011). 



261

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Bio-ethanol Reforming for Hydrogen and Methane Production 
 

1*Yuji Ando 
1 Research Institute of Energy Frontier, National Institute of Advanced Industrial Science and Technology,  

16-1, Onogawa, Tsukuba, Ibaraki prefecture 305-8569, Japan 
 

 * E-mail:ando-yuji@aist.go.jp 
 

Abstract 
Ethanol steam reforming over various catalysts was studied to clarify the best conditions for selective methane 
production from ethanol. In the sequence of catalyzed reactions, H2 production was followed by reduction of CO 
and CO2 to CH4. The compositions of the product gases obtained over Ru/CeO2 and Ru/SiO2 were close to the 
chemical equilibrium composition at 673 K. However, the product gas compositions obtained over Ru catalysts and 
Ru-based alloy catalysts were far from the chemical equilibrium composition at 623 K. Ethanol steam reforming 
was then conducted with a two-stage catalyst system that involved ethanol C–C bond cleavage in the first stage 
and reduction of CO and CO2 to CH4 in the second stage. The product gas compositions obtained over 
Ru-Pt/SiO2+Ru/Al2O3 and Pd/Al2O3+Ru/Al2O3 were close to the chemical equilibrium composition at 623 K. 
 
Keywords: Ethanol, hydrogen, methane 
 
I. Introduction 
There have been many efforts to commercialize solid oxide fuel cells (SOFCs). One problem is that a simple 
electrochemical oxidation of hydrogen in a fuel cell can lead to the formation of local hot spots (Eq. 1).  
 
H2 + 1/2O2  H2O                (1) 

 
The thermal stresses in the cell generated by the hot spots may cause crack initiation and consequent damage to 
the fuel cell. One of the ideas to mitigate the formation of hot spots in SOFCs is co-feeding of methane and steam 
together with hydrogen to promote the endothermic steam reforming of methane (Eq. 2) in the fuel cell and to use 
the hydrogen produced by the steam reforming of methane as a fuel for the SOFC.  
 
CH4 + 2H2O  CO2 + 4H2               (2) 

 
Bioethanol has several advantages among renewable energy sources. It has low toxicity, it has a high energy 
density per unit volume because it is a liquid at room temperature, and hydrogen can be produced by steam 
reforming of ethanol (Eq. 3).  
 
CH3CH2OH + 3H2O  2CO2 + 6H2               (3) 

 
Methane as well as hydrogen can be produced by reforming of ethanol (Eq. 4). 
 
2CH3CH2OH  3CH4 + CO2               (4) 

 
Development of efficient ways to produce methane and hydrogen from ethanol and use of the methane and 
hydrogen as a fuel for SOFCs will be important to realize efficient use of biomass resources and reliable operation 
of the SOFCs. Although many researchers have used ethanol steam reforming to produce hydrogen (Haryanto et 
al., 2005), few studies have been undertaken to produce methane from ethanol. In this study, ethanol steam 
reforming over various catalysts was investigated to clarify the best conditions for selective methane production 
from ethanol. 
 
II. Calculation of Chemical Equilibrium 
Chemical equilibrium in ethanol+water reaction system 
Chemical equilibrium calculations in an ethanol+water reaction system were performed with the National 
Aeronautics and Space Administration Chemical Equilibrium with Applications program (McBride and Gordon, 
1996). Figures 1–5 show the product yields from 100 mol of ethanol under various reaction conditions. The results 
of the calculations indicated that hydrogen production via ethanol steam reforming (Eq. 3) becomes predominant at 
temperatures greater than 723 K (Fig. 1); however, methane production (Eq. 4) becomes predominant at lower 
temperatures. Ethanol steam reforming was therefore conducted in the temperature range 623–673 K. 
 
III. Experimental Set-up and Procedure 
III-I. Catalyst preparation 
Various supported noble metal catalysts and Ru-based alloy catalysts were prepared by an impregnation method 
(Table 1). The support material was SiO2, Al2O3, TiO2, CeO2, or MgO. The catalyst precursors included RuCl3·3H2O, 
K2PtCl4, PdCl2, and NiCl2·6H2O. A pre-determined amount of support material was impregnated at room 
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temperature with an aqueous solution (20 mL) containing a catalyst precursor and then dried at 313 K for 12 h in air. 
The impregnated, dried sample was reduced with an aqueous solution of NaBH4 at room temperature. After 
filtration and washing with a large amount of water (500 mL), the obtained solid was dried at 313 K for 12 h. A 
commercial 0.5 wt%-Ru/Al2O3 pellet (N.E. Chemcat, Japan) was also used for comparison. The total amount of 
metal in each catalyst was 3.0 mmol, except for catalysts 1, 11, and 13 (Table 1). 
 
III-II. Ethanol steam reforming 
Ethanol steam reforming was conducted at atmospheric pressure in a quartz reactor (i.d., 20 mm; height, 300 mm) 
at 623–673 K. The reactor temperature was controlled via a heater with a thermocouple in the catalyst bed. The 
reactant feed consisted of a gaseous mixture of ethanol, water, and N2. The mixture was generated as follows. A 
mixture of ethanol and water was injected with a syringe pump into a vaporizer at 573 K. Before entering the 
reactor, the vapor was mixed with a stream of N2 supplied by a mass flow controller. The ethanol/water/N2 molar 
ratio was 1:5:0.9 or 1:3:0.9. The outlet products were analyzed on-line by gas chromatography (GL Sciences Inc., 
Micro GC CP4900). They were separated on a packed column (molecular sieves 5A or Porapak Q) and detected 
with a thermal conductivity detector. 

 
 
Tab. 1: Prepared Catalysts 
Catalyst number Catalyst Amount of metal (mmol) Support material (g) Notes 
1 Ru/Al2O3 Ru (2.5) Al2O3 (50) 0.5wt%-Ru/ Al2O3 (N.E.Chemcat) 
2 Ru/MgO Ru (3.0) MgO (30)  
3 Ru/CeO2 Ru (3.0) CeO2 (20)  
4 Ru/Al2O3 Ru (3.0) Al2O3 (20)  
5 Ru/TiO2 Ru (3.0) TiO2 (20)  
6 Ru/SiO2 Ru (3.0) SiO2 (20)  
7 Ru-Pt/SiO2 Ru (1.5), Pt (1.5) SiO2 (20)  
8 Ru-Pd/SiO2 Ru (1.5), Pd (1.5) SiO2 (20)  
9 Ru-Ni/SiO2 Ru (1.5), Ni (1.5) SiO2 (20)  
10 Ru-Pt/SiO2 Ru (1.0), Pt (1.0) SiO2 (15) Two-stage catalyst system 

+Ru/Al2O3 Ru (1.0) Al2O3 (20) 
11 Ru-Pt/SiO2 Ru (1.0), Pt (1.0) SiO2 (15) First stage of catalyst 10 
12 Pd/Al2O3 Pd (2.0) Al2O3 (20) Two-stage catalyst system 

+Ru/Al2O3 Ru (1.0) Al2O3 (20) 
13 Pd/Al2O3 Pd (2.0) Al2O3 (20) First stage of catalyst 12 

 
IV. Results and Discussion 
IV-I. Ethanol steam reforming over supported Ru catalysts 
The yields of the products of ethanol steam reforming over supported Ru catalysts at 673 K were strongly 
influenced by the support material (Fig. 2). The product gas compositions obtained over the Ru/CeO2 and Ru/SiO2 
catalysts, which showed the highest activities, were close to the chemical equilibrium composition at 673 K. 
 
IV-II. Mechanism of methane production during ethanol steam reforming 
Ando et al. (2012) reported that H2 and CO2 production decreases and CH4 production increases over 
SiO2-supported noble metal catalysts as the ethanol partial pressure increases. They explained this behavior 
based on rapid reduction of CO2 to CH4. To verify the hypothesis of methane production during ethanol steam 
reforming, the effect of the amount of Ru/SiO2 on product yield was examined. Hydrogen was the principal product 
if only 5 g of catalyst was used (Fig. 3); H2 yields declined and CO and CO2 reduction to CH4 increased with 
increasing catalyst amount. This result supports the hypothesis of Ando et al. (2012). 
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Fig. 1: Chemical equilibrium in ethanol+water reaction system
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IV-III. Ethanol steam reforming at 623 K 
Ethanol steam reforming over supported Ru catalysts was conducted at 623 K to increase the CH4 yield. The 
Ru/CeO2 and Ru/SiO2 catalysts again showed the highest activities (Fig. 4a). The carbon conversion and CH4 
yields were higher over Ru-alloy/SiO2 than over Ru/SiO2 (Fig. 4b). However, the product gas compositions 
obtained over all catalysts were far from the chemical equilibrium composition at 623 K. This result was probably 
due to the slow reaction rate at this temperature. 

 

 

 
IV-IV. Ethanol steam reforming with two-stage catalyst system 
To speed up the reaction at 623 K, ethanol steam reforming was conducted via a two-stage process involving 
ethanol C–C bond cleavage followed by CO and CO2 reduction to CH4. Pd and Ru-Pt are candidates for promoting 
C–C bond cleavage. Davis et al. (1987) reported that Pd catalyzes thermal decomposition of ethanol to CH4, CO, 
and H2. Facile C–C bond cleavage of ethanol occurs over Ru-Pt/SiO2 at 623 K was already shown in this 
manuscript (Fig. 4b).  
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Fig. 2: Effect of catalyst support material on product yields 
during ethanol steam reforming at 673 K over supported Ru catalysts.

Reaction pressure: 1 atm, flow rates: N2 0.9 mmol/min, CH3CH2OH 1 mmol/min, H2O 5 mmol/min
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Fig. 3: Effect of amount of Ru/SiO2 on product yields during ethanol steam reforming at 673 K.
Reaction pressure: 1 atm, flow rates: N2 0.9 mmol/min, CH3CH2OH 1 mmol/min, H2O (a) 3 mmol/min, (b) 5 mmol/min
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Fig. 4: Ethanol steam reforming over supported Ru catalysts and Ru-based alloy catalysts at 623 K.

Reaction pressure: 1 atm, flow rates: N2 0.9 mmol/min, CH3CH2OH 1 mmol/min, H2O 5 mmol/min
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Ru is a promising material for facile reduction of CO and CO2 to CH4. Hydrogenation of CO2 on Ru/Al2O3 
occurs at a measurable rate above 443 K and yields CH4 almost exclusively (Solymosi et al., 1981). Rehmat et al. 
(1970) studied the selective methanation of CO in a gas mixture containing H2, CO2, and CO and concluded that 
Ru was the most effective CO methanation catalyst. 

Figure 5 compares the results of ethanol steam reforming with the two-stage catalyst system at 623 K to the 
results of the first catalyst of the two-stage system (Ru-Pt/SiO2 and Pd/Al2O3). The product gas compositions 
obtained over Ru-Pt/SiO2+Ru/Al2O3 and Pd/Al2O3+Ru/Al2O3 were close to the chemical equilibrium composition at 
623 K. As expected, ethanol C–C bond cleavage in the first stage was apparently followed by CO and CO2 
reduction to CH4 in the second stage.  

 
V. Conclusions 
Ethanol steam reforming was investigated over various catalysts to clarify the best conditions for selective methane 
production from ethanol. Product gas compositions obtained over Ru/CeO2 and Ru/SiO2 were close to the 
chemical equilibrium composition at 673 K. However, product gas compositions obtained over Ru catalysts and 
Ru-based alloy catalysts were far from the chemical equilibrium composition at 623 K. Product gas compositions 
obtained over two-stage catalyst systems were close to the chemical equilibrium composition at 623 K. The author 
concludes that ethanol C–C bond cleavage in the first stage was followed by reduction of CO and CO2 to CH4 in the 
second stage.  
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Fig. 5: Ethanol steam reforming with two-stage catalyst system at 623 K.

Reaction pressure: 1 atm, flow rates: N2 0.9 mmol/min, CH3CH2OH 1 mmol/min, H2O 3 mmol/min
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Abstract 
As demonstrated in scientific studies; hydrogen which is produced by electrolysis method can be a supplementary 
fuel for diesel engines. On the other hand, it has been determined that the adaptation of the HHO system to the 
operating principles of internal combustion engines is highly necessary in terms of total energy efficiency and it is 
aimed to be solved by this study. For this purpose, a control unit was designed to control the amount of HHO 
production automatically by adjusting the current drawn from the engine's battery so that the stable volumetric 
efficiency could be sustained at any determined engine speed ranges.The continuous constant volumetric flow rate 
of produced hydrogen as HHO and variable mass airflow rate related to engine speed has provided without 
degrading the volumetric efficiency, thus can lead better combustion. Amount of necessary HHO can be produced 
interdependent to the low, medium and high engine speeds by the aid of designed HHO control system which is 
designed to control with the current automatically. HHO control system is designed in MATLAB/ Simulink. The flow 
chart and the structure of the generated electronic control mechanism are presented with figures. 
 
Keywords: HHO Control System, volumetric efficiency, hydrogen, engine speed 
 
I. Introduction 
Many years, to bring down the negative effects of fossil fuels on the environment and along with fossil fuel 
dependency to the lowest levels, researchers focused on alternative energy, and they agreed the idea that 
hydrogen will play a crucial role in this issue in the near future (Veziroglu, T.N., 1997, Midilli, A., 2005, Dincer, I., 
2000).  The using of hydrogen as a fuel in internal combustion engines have studied by many researchers. These 
studies have revealed the many advantages of hydrogen, whereas, relatively fewer disadvantages were expressed 
by researchers.  

Hydrogen has many significant fuel properties. One of the most significant properties of hydrogen is lower 
heating value, approximately three times higher than conventional liquid fuels. Also high flammability limit, auto 
ignition temperature, minimum ignition energy, quenching distance and heat of combustion are some advantages 
of hydrogen usage as a fuel solely or fuel enrichment. These advantages improve performance and emission 
characteristics of diesel and spark ignition engine, except one parameter. Hydrogen usage adversely affects 
engine volumetric efficiency, due to its too low density. Wang, J. et al., 2007, mentioned that the negative point of 
the using hydrogen on the port-injected CI engine is the reduction of volumetric efficiency because the gas fuel will 
substitute a certain portion of the intake air in terms of volume, which will cause a reduction in the power output. 

In another study, Ganesh, R.H., 2008, expressed that in the case of lower loads, there is no decrease in 
volumetric efficiency was observed when the throttle was wide open condition. However, in the case of high loading, 
the volumetric efficiency is considerably reduced because hydrogen occupies more space in the cylinder. Due to 
decreasing of volumetric efficiency, the cylinder cannot take enough air for combustion when hydrogen using as a 
fuel enrichment in C.I. engine. Kumar, M. S. et al., 2003, reported that in dual fuel operations with hydrogen, it was 
observed that volumetric efficiency was decreased for all power outputs. The reason for the reduction was that 
occupying the volume of some of the cylinder by hydrogen which has a lighter density than air.  

Although hydrogen is considered a high potential fuel for alternative fuel applications, there is still a need to 
develop some risks in storage, safety, and use. Therefore, the usage of HHO obtained by electrolysis is more 
promising for on-road systems. The using of HHO as fuel enrichment improves performance data, contributing to 
improved combustion, albeit to a lesser extent, thanks to the extra oxygen in the contents. Yilmaz, A. C. et al., 2010, 
performed their study with a manual circuit is designed to reduce the amount of HHO sent to the cylinders at low 
revs to prevent reduction of volumetric efficiency with the use of HHO.  

The literature researchers show that the usage of hydrogen in internal combustion engines negatively affects 
volumetric efficiency and thus performance output, especially at low engine revolutions. The aim of the study is to 
produce HHO that will keep the performance and volumetric efficiency values at an optimum level with an 
electronic circuit. 
 
II. Methodology and Control Strategy 
In this study, a new control card was designed and an algorithm was constructed to optimize volumetric efficiency 
under full load conditions. The control logic and the circuit elements used in the design are given by figure 1 and 
figure 2, in this section.  

The volumetric efficiency (Ƞ𝓋𝓋) of an engine is defined as the ratio of the actual air mass flow rate (ṁa) taken to 
the cylinders divided by the maximum air mass flow rate that could be entered into the cylinder with respect to the 
engine geometry. It can be written as; 
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Ƞ𝓋𝓋 = ṁa
ṁth

                         (1) 
Where; 

ṁa: Actual mass flow rate of air through the engine 

ṁth: Maximum possible mass flow rate of air according to engine geometry 
Heywood, J. B., 1988, has presented a formula (2) for calculating the maximum air mass flow rate that could be 
taken into a cylinder.  

ṁth =
ρa∗Vd∗N
2∗60   (kg/s)             (2) 

Where; 

ρa: Density of air 

Vd: Displacement volume of the Cylinder 

N ∶ Engine Speed 
when the equations (1) and (2) are combined, the volumetric efficiency could be written as; 

Ƞ𝓋𝓋 = 2∗60∗ṁa
ρa∗Vd∗N

               (3) 
 

The general scheme of the control unit was designed as shown in Fig.1. First of all, the information of the total 
engine volume (Vd) should be entered by users. After defining the volume information, the appropriate control 
strategy is determined according to the engine speed range. According to this control strategy; the number of 
revolutions taken from the sensor is saved and the control level which are the low speed, the middle speed, and 
the high speed, is adjusted. 

 

 
Fig. 1: Flow chart of the designed electronic control unit  

 
The schematic of the electronic control unit design in MATLAB / Simulink is given in Fig. 2. The volumetric 

efficiency (ηv) calculations were made according to the volume and divided in three sub level with respect to the 
number of revolutions of the engine which are read by the sensor of the control board. For the volumetric efficiency, 
three different intervals are determined as 800-1750 rpm, 1751-2750 rpm, and 2751-3500 rpm. Also, considering 
these stages, the minimum volumetric efficiency value for each stage is defined as 70% for the first stage, 80% for 
the second stage and 90% for the third stage. This designed control unit automatically controls the amount of HHO 
production by adjusting the current drawn from the battery so that the volumetric efficiency is not reduced at any 
rpm intervals.  
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Fig. 2: The structure of the generated electronic control mechanism 
 
III. Results and Discussion 
It is known that the amount of air taken into the cylinders during HHO enrichment is reduced and the oxygen 
required for complete combustion could not be taken in the cylinders. Especially at low engine speeds, when HHO 
enrichment is kept in constant flow rate, the amount of oxygen decreases in the cylinders due to the light density of 
the hydrogen. Therefore, both performance and emission values are adversely affected. The designed model 
controls the HHO production by changing the electrolysis current according to the changing engine speeds. 
Designed to optimize the volumetric efficiency problem, especially at low engine speeds, this card determines the 
volumetric efficiency ratio by calculating the maximum amount of theoretical air that can be taken into cylinders for 
each engine speeds. After all received data, it provides sending the variable current to the electrolyzers according 
to engine speeds intervals to ensure that the HHO production quantity is maintained at the defined level, 70%, 80% 
and 90%, for the specified engine speed ranges (low, mid, and high speeds) as it is presented by 3-D graph, in 
figure 3. In this way, it improves engine performance and emissions at optimum levels even at low engine speeds. 
 

 
Fig. 3: HHO production rates vs current drawn to optimize volumetric efficiency 
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The amount of HHO produced by electrolysis is limited by the capacity of the reactors. Masjuki, H. H. et al., 2016, 
were conducted their experiments with HHO gas obtained from electrolysis. As they reported in their study, when 
electrolyzers reached maximum capacity, the increasing of water electrolysis amount almost stop and after this 
point overcurrent could not be increased more HHO gas flow.  Furthermore, the lifetime of the reactors is 
extended by arranging optimum current flow drawn by the HHO system. Therefore, the maximum current delivered 
to the reactors, as shown in Figure 3, is limited to 30 amperes which is produce 10 liter per minute HHO gas. 
 
IV. Conclusions 
The main aim of this study was to obtain optimum HHO production by electrolysis for defined diesel engines 
volume by any user. It is a scientifically proven fact that the use of hydrogen in internal combustion engines is 
beneficial to performance and emissions until a certain limit. Although, improvements in performance and 
emissions have been reported by researchers; the designed control system offers an option to approach the 
highest achievable rate for HHO usage in CI engines. At the same time, the methodology of HHO enrichment to CI 
engine is taken one step forward by the designed control unit. System efficiency was improved with instantaneous 
calculations and feedback algorithm on HHO production rate and enrichment amounth. Automated HHO system is 
designed to work between 0-30 amp ranges and cooler operating temperetures to prolong the service life of engine 
batteries and HHO reactors.   
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Photocatalytic Hydrogen Production with Metal Oxide Bulk Structures
Gizem Yanalak1, Abdalaziz Aljabour2, Emre Aslan1, Faruk Ozel3, Imren Hatay Patir4

Three types of metal oxide catalysts (NiO, Co3O4, Mn3O4) have been synthesized by solid state method and charac-
terized by using Scanning Electron Microscopy (SEM) and X-ray Powder Diffraction (XRD). These structures have been 
used as catalysts for the photocatalytic hydrogen evolution from water without using any co-catalyst under the visible 
light irradiation by using triethanolamine as an electron donor and Eosin-y dye as a photosensitizer. It is found that the 
photocatalytic hydrogen evolution activities follow the order as: Mn3O4<Co3O4<NiO (135 µmolg-1h-1, 901 µmolg-
1h-1, 937 µmolg-1h-1, respectively). These results demonstrated that NiO and Co3O4 catalysts have been showed 
approximately 7 times higher photocatalytic hydrogen activities than Mn3O4. This is thought to be due to the difference 
in the electronegativity, charge carrier separation and transport efficiency of metals. 

This study has been supported by TUBITAK-1003 project (215M309), UNESCO-Loreal “For Women in Science” pro-
gram scholarship and Turkish Academy of Sciences GEBIP fellowship.

Keywords: Metal oxide, hydrogen evolution, co-catalyst free
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Hydrogen Evolution at the Water/DCE Interface Catalyzed by Cu2WS4
Faruk Ozel1, Emre Aslan2, Adem Sarilmaz1, Imren Hatay Patir3
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A novel inorganic highly crystalline ternary electrocatalyst for the hydrogen evolution reaction (HER) is reported as 
cheap and active. Ternary cubic and cubiclike Cu2WS4 have been synthesized by simple and low-cost hot-injection 
method to minimize the reaction time and required pressure. The synthesized Cu2WS4 have been characterized by 
XRD, SEM, TEM, Raman spectra methods. The catalytic activity of Cu2WS4 has been investigated at water/DCE inter-
face by two-phase reactions and 4-electrode methods. Kinetic study of HER has been carried out by integrated rate law. 
The rate of hydrogen evolution reaction in the presence of Cu2WS4 catalyst results in the enhanced catalytic activity by 
about 1000-fold, when compared to that in the absence of Cu2WS4 catalyst [1].
This study has been supported by TUBITAK-1003 project (215M309), UNESCO-Loreal “For Women in Science” pro-
gram scholarship and Turkish Academy of Sciences GEBIP fellowship.
Keywords: hydrogen evolution, liquid/liquid interfaces, metal sulfide catalyst
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Electricity Generation and Wastewater Treatment with Microbial Fuel Cells 
Using Homemade Beer Wastewater

Ömer Faruk Coşkun, Kürşat Can Ata, Ramiz Gültekin Akay

Kocaeli University, Department of Chemical Engineering, Kocaeli, Turkey

Fuel cells (FC) are devices that directly convert chemical energy into electrical energy. Microbial fuel cells (MFC) are 
FC types that use microbial organisms (bacteria, yeast, etc.) on the anode surface as catalyst in fuel cells, so that these 
bio-electrochemical systems convert chemical energy of the substrates directly into electrical energy by catalytic reac-
tion of bacteria with electrochemical activity. (Moon et al, 2006)

Interest in MFCs began in the 20th century by first measuring the potential difference between chambers of a FC in 
one section of the metabolic microorganism and the substrate in the other. Obtained potential difference (voltage) was 
observed to generate electric current when a resistance was applied between the two compartments. (He and Ange-
nent, 2015)

In the preliminary studies, the power obtained was very low because of the problem in the transport of electrons to 
the electrode surface, to overcome this problem mediators were used to accelerate the electron transfer to the anode 
surface. Subsequent studies have shown that some bacteria can use their active microbial intermediates as internal 
mediators, and these systems are called “mediatorless” MFCs. It has been observed that the electrons of bacterial spe-
cies such as Shewenalla and Geobacter can be directly transferred to the anode electrode. (Allen and Bennetto, 1993)

MFCs may also be utilized to process and treat waste water during electricity generation. This is particularly beneficial 
for the industries producing wastewaters having microorganisms such as beer factories. MFC’s that will be utilized in 
industries like this may be used to purify the wastewater without excess electricity consumption and by even producing 
some amount of electricity by microbes (bacteria) oxidizing organic compounds in the anode chamber. Another advan-
tage is that; compared to activated sludge process and anaerobic digestion, MFC’s can operate at room temperature. 
(Mengqian et al)

In this study homemade beer wastewater was used as the substrate in the laboratory, the parameters affecting the 
system outputs related to the electrical potential generation and treatment. A two-chamber plexiglass MFC reactor was 
designed and constructed, Nafion TM membranes were used as the separator and ion-exhange medium and carbon 
fiber paper was used as electrode material. The system operated continuously was monitored for 3 days and chemi-
cal oxygen demand (COD) decreased over time. The power density obtained and normalized to the anode chamber 
volume. MFC system constructed is being studied to investigate the effects of different microorganisms, wastewater 
compositions and substrates on the power and COD removal. 

Keywords: electricity, wastewater, mfc, treatment, home-made
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Cheap, active, and consisted of abundant element catalysts are crucial for the development of efficient hydrogen 
evolution. Electrocatalytic hydrogen evolution reaction has been usually working with modified solid electrodes. Elec-
trochemistry at the interface between two immiscible electrolyte solutions (ITIES) is also known as another approach 
to study electrocatalytic reactions. Hydrogen evolution reaction (HER) at the liquid/liquid interface by organic electron 
donor decamethylferrocene (DMFc) is taken place very slow rate [1]. For this reason, some catalysts are needed to 
increase the reaction rate. In this study, HER at the water/DCE interface have been investigated by metal oxide and 
metal sulfide catalysts such as NiO, Co3O4, WS2, MoS2 and Cu2WS4 [2-4]. Catalytic activities of these catalysts have 
been also compared to each other. 
This study has been supported by TUBITAK-1003 project (215M309), UNESCO-Loreal “For Women in Science” pro-
gram scholarship and Turkish Academy of Sciences GEBIP fellowship.
Keywords: hydrogen evolution, liquid/liquid interfaces, metal sulfide catalysts, metal oxide catalysts
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Effect of Channel Bend in Serpentine Flow Field Design Pattern for PEMFC
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Proton exchange membrane (PEM) fuel cell becomes more viable for fulfilling growing demand of alternative 
energy. For this reason, it is very important to develop an efficient system for PEM fuel cell. Numerical analysis 
facilitates better technical tools to analyze suitable and optimal design criteria with an understanding into the 
internal phenomena of PEM fuel cell instead of experimental measurements, which are highly expensive and 
time consuming. Flow field design is one of the major research parameter of the system since the appropri-
ate flow field design can improve the cell performance significantly. Among the different types of flow field 
design patterns, serpentine flow field is one of the most suitable design for better PEM fuel cell. However, one 
of the biggest drawback of serpentine flow field is high channel pressure drop. In this study, a mathemati-
cal model including computational fluid dynamics, electrochemistry and species transport is developed. The 
model is first solved for traditional serpentine design and the mathematical model is validated with experi-
mental results. Channel bend effect on single serpentine channel is numerically analyzed with consideration 
of channel pressure drop as well as cell performance. The aspect ratio of bipolar plate with different number 
of channel bend is taken into account for more effective serpentine flow field design.

Keywords: Aspect ratio, Bipolar Plate, Flow field design, Pressure drop, Proton exchange membrane fuel cell.
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Abstract 
Flow field pattern intricately facilitates reactive species transport along the reactive zone in the proton exchange 
membrane fuel cell (PEMFC). Every flow field pattern has its own distinctive flow characteristics having pros and 
cons. Therefore, a suitable flow field pattern can enhance the cell performance significantly. In this study, the most 
common flow field patterns (parallel, pin, serpentine and interdigitated) are comparatively studied investigating the 
transport phenomena and cell performance to identify the pros and cons of the conventional flow field patterns. A 
validated three dimensional numerical model of an active area of 2 cm2 is considered analyzing the mass transport, 
pressure drop and water concentration. The predicted results showed that cell performance as well as transport 
phenomena are highly dependent on the cathode side of the flow field. The model predicted better mass transport 
and water management especially of the cathode compartment for the interdigitated, serpentine and pin flow fields 
through a descendant order where severe mal-distribution of mass transport and excessive water accumulation 
indicated in the parallel flow field. As a whole outcome of the study, interdigitated flow field has the best cell 
performance, while parallel has the least. 
 
Keywords: parallel serpentine interdigitated pin flow field design, mass transport, water distribution, pressure drop, 
cell performance. 

I. Introduction 
Since the last two centuries, fossil fuels have been the most dominating energy resource for the industrialization 
and modernization. But considering the environment friendliness and sustainability PEM fuel cell can be a 
replacement of the fossil fuel energy system. So it is an utmost importance to develop better fuel cell technology for 
the well-being of human society.  The PEMFC has flow-fields which is responsible for carrying the reactant gases 
from the inlet manifold to the catalyst layer and then to the electrode where the reaction actually takes place. 
Therefore, the flow field is an important structural feature of a PEM fuel cell and there have been abundant research 
carried and it’s ongoing. Different flow field patterns have their unique features and its effect on reactant gas delivery, 
flow distribution, water removal characteristics as well as associated pressure drop have been studied in detail. 
Most common flow field patterns found in the literature are serpentine, parallel, interdigitated, pin, spiral, radial and 
bio-inspired flow field pattern etc. A 3D numerical model was employed by Jang et. al. (2008) for the analyses of 
parallel, Z-type and serpentine flow fields performance. The simulation results revealed that serpentine is better 
than Z-type and parallel, and the later one exhibited worst performance. However, serpentine flow field was found 
to be superior in terms of oxygen mass transport, velocity and water removal characteristics at the expense of high 
pressure drop. Interdigitated, serpentine, parallel and mesh flow fields were investigated by Hsieh et. al. (2008) for 
transient local current density distribution and liquid water accumulation for certain time period. It was found more 
uniform and highest current density existed in interdigitated flow field followed by serpentine, parallel and mesh 
types. For water accumulation analyses in parallel and interdigitated flow fields were numerically performed by 
Wang et. al. (2008) with different level of RH% for the anode and cathode. Hsieh et. al. (2009) conducted pressure 
drop measurements for different flow fields on the cathode side under various mass flow rates and temperatures 
on the basis of water accumulation. Arbabi et. al. (2012) adapted Navier-Stokes equation into two dimensional 
numerical model for a comparative analysis between conventional flow field patterns. It was found out that total 
pressure drop in bio-inspired is the lowest, followed by the parallel, 3-serpentine, 1-serpentine. The same order was 
also obtained for the case of pressure uniformity in the channels of each flow field patterns.  

In this study, conventional flow field design of parallel, pin, serpentine and interdigitated are comparatively 
studied. A three dimensional isothermal model is considered for the investigation of transport characteristics and 
cell performance. The numerical results are explained at the 0.4 V operating voltage for 80 ֯C cell temperature and 
100% RH. 

 
II. Numerical Method 
The geometry of the conventional flow fields are shown in Figure 1. The active area of the flow fields are considered 
as 2 cm2 with the channel depth and width of 1 mm, rib width of 0.5 mm for all the flow field design. The channel 
geometry of the flow field designs are optimized in the previous ref. study [Chowdhury et. al. 2017, 2018]. For the 
case of the Pin flow field, the pin diameter is 0.5 mm where pins are designed as a regular arrangement having 1 
mm distance between the two centers irrespective of vertical or horizontal arrangement. The mathematical model 
is validated with the experimental study as well as the mesh independency test procedures in the ref. study 
[Chowdhury et. al. 2018]. Also, the major parameters of the numerical model are same as the previous study while 
the flow rate is taken as a mean of stoichiometry of the experimental study considering the relative active area. 
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Fig. 1: Geometry of the numerical model of the conventional flow fields 

III. Results and Discussion 
The hydrogen and oxygen mass transports of the flow fields are shown in the Figure 2 (a) and 2 (b) respectively. It 
can be seen that, the hydrogen mass transport at the anode for the flow fields is almost same considering 
consumption and distribution. Meanwhile, oxygen mass transport at the cathode side is not like the anode side 
where lack of oxygen transport indicated specially for the parallel flow field. The pressure distribution of the anode 
and cathode flow fields are shown in the Figure 3. From the predicted results, it can be observed that the anode 
pressure drop is almost negligible compare to that of cathode for all of the cases. The cathode pressure drop is 
minimum for the pin flow field while maximum for serpentine one following the interdigitated. 

 
(a) 

 
(b) 

Fig.2: (a) Hydrogen mass fraction of the anode compartment (b) Oxygen mass fraction of the cathode compartment for the 
conventional flow fields of:  i. Parallel, ii. Pin, iii. Serpentine and iv. Interdigitated 

 
(a) 

 
(b) 

Fig. 3: (a) Pressure distribution of the anode compartment (b) Pressure distribution of the cathode compartment for the 
conventional flow fields of:  i. Parallel, ii. Pin, iii. Serpentine and iv. Interdigitated 
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i. ii. iii. iv. 

i. ii. iii. iv. 
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The water distribution at the anode and cathode side of the flow fields are shown in the Figure 4. Alike the previous 
cases, anode side for water distribution is also less significant than the cathode. The water accumulation occurred 
at the mid-parallel flow field while in the other cases, water removal seems to be effective considering no water 
accumulation occurred.  

 
(a) 

 
(b) 

Fig. 4: (a) Water distribution along the anode compartment (b) Water distribution along the cathode compartment for the 
conventional flow fields of:  i. Parallel, ii. Pin, iii. Serpentine and iv. Interdigitated 

The cell performance of the flow fields are shown in the Figure 5. From the polarization and power curve, it is found that, there 
is small difference among the pin, serpentine and interdigitated flow fields of power density. On the other hand, parallel flow field 
has a noticeable lower performance than the others.  

 

 
 

Fig. 5: Cell performance of the conventional flow fields 

Conclusion 
From this numerical study of the comparative analyses of the conventional flow fields, interdigitated flow field found 
to be the most suitable although there is little difference with the serpentine one following the Pin type with a small 
margin. The anode side flow field is found to be less significant on the cell performance compare to the cathode 
compartment. The pressure drop is maximum for the serpentine whilst minimum for Pin type. The water 
accumulation along the mid-parallel channels cause lack of reactant transport in the parallel flow field which is the 
main reason of the cell performance deviation from the other three cases.  
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Abstract 
With the acceleration of the development process of hydrogen fuel cell vehicles, it has become very important to 
maximize the energy stored in the vehicle and to use the vehicle with high efficiency. The fuel cell, which is located 
within a hydrogen fuel cell vehicle, is inadequate to require at the first working time and high power demands. For 
the solution of this, the battery and supercapacitor technologies are used to supply the extra power and energy 
demands of the fuel cell. These demands vary according to the road conditions of the region. In this study, the 
system design and optimization of a hydrogen fuel cell vehicle that improves fuel economy and energy efficiency in 
various road conditions have realized. 
 
Keywords: Fuel cell, battery, supercapacitor, fuel economy, road models. 
 
I. Introduction 
One of the most important threats that human beings may face in the future is the increasing need for energy in the 
world. The reserves of conventional fuels required to meet increased energy demand are limited and exhausted 
Rodatz etal. (2005). With the use of these fuels, the global warming problem is increasing day by day and the 
climate conditions are being adversely affected in various regions of the world. For this reason, alternative energy 
systems are beginning to be used to compensate the high-energy needs of the automotive sector where petrol and 
its derivatives, which make up a large proportion of the environmental pollution, are used Gao (2005). Particularly 
hydrogen fuel cells, which have high-energy efficiency and low emission, have started to be used in transportation 
systems, contributing to the technological developments Marzougui etal. (2017). Besides all of these advantages, 
hydrogen fuel cells have problems that should be solved, such as low power density and slow power response. In 
order to overcome these problems, energy storage technologies such as batteries and supercapacitors can be used 
together with hydrogen fuel cells in vehicles Ahmadi etal. (2018). Of course, the most important goal here is to 
design this compact structure and save fuel and energy. 

Energy sources and storage technologies of hydrogen fuel cell vehicles should work in harmony with each 
other. For this, system control and energy management are very important Fathabadi (2018). Firstly, it is necessary 
to determine the system design according to the road conditions of the vehicle. The ability to store and reuse the 
energy lost by the vehicle is crucial in terms of fuel economy and energy efficiency, especially in road models such 
as deceleration and downhill. Moreover, supplying the power demands of the vehicle during ramp or sudden 
acceleration depends on how well the power and energy variables are controlled. This varies depending on the 
power conversion units in the vehicle, the structure of the traction motor, control strategies and road conditions. 

In this paper, system design of a hydrogen fuel cell vehicle has realized by modelling different road conditions. 
The energy management of the vehicle has been controlled in terms of fuel economy and energy efficiency in 
various road conditions. Finally, the results of this control mechanism have simulated with the MATLAB / Simulink 
program. 
 
II. The road models 
Automotive manufacturers need to consider road conditions when designing vehicles. Particularly, there is a great 
effect of the road conditions on the energy consumption and the fuel saving of the energy use in the vehicle. When 
designing a system for a hydrogen fuel cell vehicle, the road conditions to be encountered should be modelled and 
the vehicle should be optimized accordingly. 

Generally, as a load of the vehicle, reference is made to situations that the vehicle will encounter in various 
road models. In order to be able to determine the realistic gain rates in the model, it is necessary to model the road 
conditions that a hydrogen fuel cell vehicle may encounter in the actual driving environment. It has been approved 
appropriate to examine two different models for this. These are; "stop-go" and "uphill-downhill" road models. 

The stop-go road model has created by modelling the road conditions that hydrogen fuel cell vehicles most 
frequently encounter when they enter urban traffic. In urban transport, vehicles can be exposed to heavy traffic. In 
addition, they may encounter traffic lights during driving. As the vehicle travels from one traffic light to another, 
momentum increases with stop, go and acceleration positions. At this time, some of the kinetic energy obtained can 
be stored in the vehicle not to be wasted by the braking energy when approaching the other traffic light and can be 
used again in the vehicle starting position. Thus, the fuel consumption is increased. 

According to the stop-go road model designed in Fig. 1, the vehicle stop and go 3 times at 100-meter intervals 
on a flat road of 300-meter in total. 
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Fig. 1: Stop-go and uphill-downhill road models 
 
One of the most common road models in the real driving environment is also the uphill-downhill road model. A 

hydrogen fuel cell vehicle demands a lot of power when it goes uphill or at rapid acceleration. To supply this demand, 
the battery and supercapacitor support the fuel cell. In the meantime, the potential energy of the vehicle increases 
and more hydrogen is consumed. When the vehicle is going downhill, the potential energy that is earned starts to 
turn into kinetic energy. Here, just as in the stop-go road model, kinetic energy, which the vehicle will lose during 
braking, can also be stored in the vehicle by regenerative braking. 

In order to reduce the load on the traction motor of the vehicle according to the uphill-downhill road model 
designed in Fig. 1, the vehicle is accelerated on a straight road of 60 meters after the go. Later, the vehicle is going 
up a 90-meter ramp. At the end of the ramp, there is a 60-meter straight road to make it easier to observe the 
vehicle's gains. At the end of this distance, the vehicle has completed the road model by descending from the 90-
meter ramp. 
 
III. System design and optimization 
Energy saving in the models applied in different road conditions is achieved by storing the kinetic energy gained in 
the system battery and supercapacitor during regenerative braking for the stop-go road model and during downhill 
for the uphill-downhill road model. The mathematical model equations for the regenerative braking charge of the 
battery used in the system are as follows: 

𝑓𝑓(𝑖𝑖𝑡𝑡, 𝑖𝑖∗, i) = 𝐸𝐸0 − 𝐾𝐾 ∗ 𝑄𝑄
𝑖𝑖𝑡𝑡+0.1∗𝑄𝑄

∗ 𝑖𝑖∗ − 𝐾𝐾 ∗ 𝑄𝑄
𝑄𝑄−𝑖𝑖𝑡𝑡

∗ 𝑖𝑖𝑡𝑡 + 𝐴𝐴𝑒𝑒(−𝐵𝐵∗𝑖𝑖𝑡𝑡)          (1) 

and filtered current is: 

𝑖𝑖∗ = 𝐸𝐸𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡−𝑈𝑈
𝑟𝑟𝑖𝑖𝑖𝑖+𝑟𝑟𝑘𝑘

                        (2) 

 
Where A is the voltage at the start, E0 is the voltage at the start of the battery, K is the polarization constant, Q is 
the maximum battery capacity, B is the variable capacity, rin is the internal resistance of the battery, Ebatt is the rated 
voltage of the battery with internal resistance, U is the rated voltage at the external ends of the battery, i is the 
battery current, it is the separated capacity and rk is the variable capacity of the battery. 

 
The mathematical model equations for the regenerative braking charging of the supercapacitor used in the 

system are as follows: 
 

𝐸𝐸 = 1
2𝐶𝐶(𝑉𝑉𝑟𝑟

2-𝑉𝑉𝑐𝑐𝑐𝑐2 )               (3) 

and 

𝑆𝑆𝑆𝑆𝐶𝐶 =
1
2𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏𝐶𝐶

2

1
2𝐶𝐶𝐶𝐶𝑟𝑟

2 = (𝑣𝑣𝑐𝑐𝑏𝑏𝐶𝐶𝑣𝑣𝑟𝑟
)2              (4) 

 
Where E is the regenerative braking energy, C is the capacitance of the capacitor, Vr2 is the rated voltage of the 
supercapacitor, Vcf is the cut-off voltage, Vsc is the terminal voltage at any point in the supercapacitor, Vr is the 
terminal voltage at which the supercapacitor is fully charged and SOC is equal to the square of the ratio of these 
two terminal voltages. 
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(a) System Control Design (b) Optimization Model  
 

Fig. 2: Hydrogen fuel cell vehicle system control design and optimization model 
 

All of these optimization values have been added to the MATLAB/Simulink model while the system is being 
designed. Fig. 2 shows the system designed according to the optimization values. 
 
IV. Results and discussions 
In this study for a hydrogen fuel cell vehicle, the simulation results are examined according to different road models. 
The stop-go and uphill-downhill road models as road models are considered as the load of the vehicle's traction 
motor. First, the system optimization for the stop-go road model has done. In mathematical modelling, the energy 
gained by regenerative braking has taken into consideration in order to determine the hydrogen consumption in 
response to the demand. The power demanded by the vehicle for the stop-go road model, the power changes in 
the fuel cell, battery and supercapacitor, the change in the percentage of SOC of the battery and the fuel 
consumption of hydrogen connected to them are shown in Fig. 3. 
 

 
 
 Fig. 3: Simulation results of a hydrogen fuel cell vehicle on stop-go and uphill-downhill road models 
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Firstly, according to the stop-go road model, the car started to move from the stationary position. As the vehicle 

has travelled on a 100-meter straight road, it has encountered traffic light and stopped by slowing its speed. After 
waiting for 10 seconds of light, it has gone back to action and it has repeated this three times in total and travelled 
300 meters in 180 seconds. The vehicle used the fuel cell as the primary energy source in this model. In addition, 
the battery and supercapacitor have stored some of the kinetic energy lost by the regenerative braking and stopping 
of the vehicle. Here, the battery state of charge (SOC) is 65% at initially, while it is 66.7% at the final position. This 
means that the energy stored in the battery of the vehicle will be available for re-start. Also in the stop-go road 
model, the vehicle's hydrogen fuel consumption has been 14.5 g total along the way. 

Secondly, the simulation results for the uphill-downhill road model are shown in Fig. 3. In this model, the vehicle 
is accelerated on a straight road of 60 meters first to reduce the load on the traction motor when the vehicle moves 
uphill from the stand position. At the end of 60 meters, there has been a demand for heavy power in a 90-meter 
ramp. Because of the fact that this power-demand will not be supplied by fuel cell alone, the extra power to the 
vehicle has been provided by the battery and supercapacitor technologies. Additionally, during this excessive power 
demand of the vehicle, the hydrogen fuel consumption has also increased. After completing the ramp, the vehicle 
has continued to move on a straight 60-meter road and the 90-meter ramp has descended to complete its movement. 
The potential energy that the vehicle gains when it comes down downhill has begun to turn into kinetic energy. The 
vehicle stores some of this kinetic energy in the battery and supercapacitor for reuse with regenerative braking. 
Moreover, the supercapacitor ensures power in a sudden and high power demands. 

In this 300-meter road model, which the vehicle has taken in 180 seconds, the battery's initial SOC dropped 
from 65% to about 61%, and it has reached to about 62% on the downhill. Furthermore, the vehicle has consumed 
18 g of hydrogen fuel in total. 

 
V. Conclusions 
Hydrogen fuel cell vehicles are intended to provide the extra power and energy demands of the vehicle with the use 
of batteries and supercapacitors. The power demanded by the vehicles vary according to different road conditions. 
In this study, the system design and optimization of a hydrogen fuel cell vehicle has been realized in stop-go and 
uphill-downhill road models. In addition, fuel efficiency and energy efficiency in different road models have shown 
with simulation results. Consequently, as the power demanded by the vehicle increases, the hydrogen fuel 
consumption increases, but the battery and supercapacitor suppress this increase substantially by providing extra 
power to the fuel cell. 
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Renewable energy systems becomes more important as conventional energy generation methods gets more expensive 
and less reliable. This will lead a transition to 100% renewable energy systems from the current situation which will 
require smart grid technologies. The excess energy generated from renewable energy sources needs to be stored in 
a convenient way in order to use when one or some of the renewable energy source is not available. Fuel cells and 
hydrogen can play a big role in the smart grid area.

There is already applications of co-production of hydrogen and electricity such as DFC-H2 plants in California. This 
technology can be used with all renewable energy sources and Turkey has a huge potential for producing hydrogen and 
electricity from wind energy. There are many possibilities for a wind – hydrogen smart grid as Turkey is only beginning 
the transition to renewable energy systems.

Keywords: Smart grid, hydrogen cell, wind energy
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Abstract 
 
Hydrogen and fuel cell technology are currently in an intense development phase and many improvements have 
been accomplished, however the set-up of appropriate hydrogen storage technologies still represents a challenge 
(Bennici, 2011) 
           Between the most suitable and safe technologies for H2 storages metal borohydrides have a potential for 
portable and portable and stationary applications due to their high energy density storage at room temperature 
and atmospheric pressure (Demirci, 2009). 
          NaBH4 can be utilized as sources of a high purity hydrogen generatedby the hydrolysis reaction which is 
easily controlled by catalyst. 

                                            

           In this study, Cu-Schiff Base complex which we synthesized before (Kilinc.2012) was used to support TiO2 

for getting TiO2 supported-Cu-Schiff Base complex. And this complex was used as a catalyst for hydrolysis of 
NaBH4 to H2 generation. TiO2 supported-Cu(II) complex catalyzed NaBH4 hydrolysis reaction was researched 
based on several parameters. Also the catalyst were caracterized with some analysis techniques like XRD, FT-IR, 
BET, SEM. As a result it seen that TiO2 supported-Cu(II)-Schiff Base complex was highly efficent catalyst in 
NaBH4 hydrolysis to H2 generation. 
 
Keywords: NaBH4, Hydrolysis, Schiff Base Complex, H2 Generation. 
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Abstract 
In this paper, thermodynamic analysis of a solar power tower based integrated system with hydrogen production 
and liquefaction is investigated for better environmentally-benign operation. The proposed integrated system is 
consisted of mainly eight sub-systems; a solar power tower, a high temperature steam electrolysis, a steam Rankine 
cycle with two turbines, a hydrogen liquefaction process, a quadruple effect absorption cooling system, a drying 
process, a membrane distillation unit and a domestic hot water tank to supply hydrogen, electrical power, heating, 
cooling, dry products, fresh water and hot water production for a community. The energy and exergy efficiencies of 
the integrated system are found as 65.17% and 62.35%, respectively. The parametric studies are carried out to 
investigate the impact of various system design parameters on the sub-systems exergy destruction rates and exergy 
efficiencies. In addition, the effect of ambient temperature on exergy destruction rate and exergy efficiency for the 
integrated system components and whole system. 
 
Keywords: Solar energy, hydrogen, energy, exergy, multigeneration 
 
I. Introduction 
Energy has always been recognized as one of the most critical issues of modern life. Fluctuating oil prices and 
depletion of fossil sources with growing environmental concerns cause to open new gates for meeting of energy 
needs. One of the solutions for these problems is to use renewable energy sources instead of fossil fuel sources. If 
current energy technologies remain stable and there is not be a transition to a renewable energy sources, it will not 
be sustained for next generations. Among renewable energy sources, solar energy is one of the cleanest ways to 
generate necessary energy, if sufficient radiation is available. Generation of energy in clean, economic and 
continuous way is challenging because of disadvantages of current energy infrastructure. Single generation energy 
systems are simple and easy to install however their efficiencies are low. Therefore, popularities of cogeneration, 
trigeneration and even multigeneration energy systems increase. Relatedly, multigeneration energy systems offer 
some advantages such as high performance, less thermal losses and wastes, less operation cost, less emission, 
better usage of sources, fewer distribution units with shorter transmission lines, increased reliability and energy safe 
(Dincer and Zamfirescu, 2012). Multigeneration energy systems can either use fossil fuels or renewables as source 
of the system. Therefore, in order to sustain a clean and economic energy options multigeneration energy systems 
should use renewables as a source. These sources can be selected according to the geographic position, solar 
radiation, wind potential and/or geothermal availability. In this study, solar tower is selected as primary energy source 
because of its high efficiency when it is connected to a high temperature storage tank. Also, solar towers can reach 
higher temperatures than parabolic trough collectors when heat losses are minimized (Atif and Al-Sulaiman, 2017). 
The main purpose of this paper is to investigate the thermodynamic analysis of solar energy based integrated 
system, consisting of the solar power tower, the high temperature steam electrolysis, the steam Rankine cycle with 
two turbines, the hydrogen liquefaction process, the QEAC system, the drying process, the membrane distillation 
unit and the domestic hot water tank, for multigeneration application, through both energy and exergy analyses. In 
addition, the specific objectives of this paper are listed as follows: 
 A novel integrated, solar power tower based system for multi-generation aims is proposed and 

thermodynamically investigated in detail through energy and exergy assessment approaches.  
 The performance of all subcomponents, mainly eight sub-systems and whole system are calculated and 

comparatively determined.   
 The exergy destruction rates for the system components are determined and analyzed to examine the possibility 

of improving the investigated integrated system.   
 The parametric studies are undertaken to analyze the impacts of changing design parameters and reference 

temperature on the system exergy destruction rate and exergy efficiency of the investigated integrated system.   
 
II. System Description 
A schematic overview of the integrated system is illustrated in detail in Fig. 1. The detailed definition of the multi-
generation sub-systems and operating conditions are investigated to analyze for thermodynamic analysis of solar 
power tower based integrated system for electricity, hydrogen, heating, cooling, dry product, fresh water and hot 
water production. In this paper, solar thermal energy is selected as the prime-mover of proposed integrated system, 
and is concentrated in the solar power tower sub-system. The hot thermal energy storage (TES) is integrated with 
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the solar power tower to product the working fluid temperature, which else should be intermittent. The hot TES 
component is connected to make use of thermal energy, when the solar radiation coming on heliostats is not strong 
enough for the desired temperature at the output flow of solar tower sub-system at point 1. Also, it is assumed that, 
75,000 heliostats with 2.5 m2 surface area each are used to reflect solar energy onto the solar power tower receiver 
with 10% efficiency. The hot working fluid is pumped from the hot TES to the HEX-II and HEX-III for supplying heat 
to the solid oxide steam electrolyzer (SOSE) for hydrogen production and to drive a steam Rankine cycle with two 
turbines, respectively. 

 
 

Fig. 1: Schematic diagram of solar based hydrogen production and storage system 

III. Thermodynamic Analysis 
The thermodynamic analysis of mass, energy and exergy analyses in the integrated system is crucial for describing 
the indicators affecting the system performance. Exergy analysis is a useful tool understanding the trends of the 
exergy destruction rates that determine the efficiency of the integrated system. For a real process, the exergy input 
to the system boundary always more than the exergy output from the system boundary. This difference is called as 
irreversibility or exergy destruction rate.  For each part in the integrated system for multigeneration, the three 
balance equations are given to investigate the work output, heat input, exergy destruction rate, energy and exergy 
efficiencies. The general balance equations can be given as (Ahmadi et. al, 2012; Al-Sulaiman et. al, 2011); 

 The mass balance equation can be written as follows: 
∑ �̇�𝑚𝑖𝑖𝑖𝑖 = ∑ �̇�𝑚𝑜𝑜𝑜𝑜𝑜𝑜                                                                   (1) 

 The energy balance equation can be given as follows: 
�̇�𝑄 + ∑ �̇�𝑚𝑖𝑖𝑖𝑖 ℎ𝑖𝑖𝑖𝑖 = �̇�𝑊𝑖𝑖𝑛𝑛𝑜𝑜 + ∑ �̇�𝑚𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜                                                      (2) 

 The exergy balance equation can be written as follows: 
∑ �̇�𝑚𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖 + �̇�𝐸𝑒𝑒𝑄𝑄 = ∑ �̇�𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜 + �̇�𝐸𝑒𝑒𝑊𝑊 + �̇�𝐸𝑒𝑒𝐷𝐷𝑛𝑛𝑖𝑖                                           (3) 
where �̇�𝑚 is the mass flow rate, subscript in is the inlet of matter, subscript out is the outlet of the matter, �̇�𝑄 is the 
heat transfer rate, �̇�𝑊 is the work transfer rate, h is the specific enthalpy, �̇�𝐸𝑒𝑒𝐷𝐷 is the exergy destruction rate, 𝑒𝑒𝑒𝑒 is 
the specific exergy of the process, �̇�𝐸𝑒𝑒𝑄𝑄 is the heat exergy flow rate, �̇�𝐸𝑒𝑒𝑊𝑊 is the work exergy flow rate. 

�̇�𝐸𝑒𝑒𝑄𝑄 = (1 − 𝑇𝑇𝑜𝑜
𝑇𝑇 ) �̇�𝑄                                                                      (4) 

�̇�𝐸𝑒𝑒𝑊𝑊 = �̇�𝑊                                                                                      (5) 
𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑘𝑘𝑛𝑛 + 𝑒𝑒𝑒𝑒𝑝𝑝𝑛𝑛 + 𝑒𝑒𝑒𝑒𝑝𝑝ℎ + 𝑒𝑒𝑒𝑒𝑐𝑐ℎ                                                        (6) 
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where 𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘, 𝑒𝑒𝑒𝑒𝑝𝑝𝑘𝑘, 𝑒𝑒𝑒𝑒𝑝𝑝ℎ and 𝑒𝑒𝑒𝑒𝑐𝑐ℎ  are the kinetic, potential, physical and chemical exergies, respectively. In this 
paper, kinetic and potential exergy changes are negligible.  
𝑒𝑒𝑒𝑒𝑝𝑝ℎ = (ℎ − ℎ𝑜𝑜) − 𝑇𝑇𝑜𝑜(𝑠𝑠 − 𝑠𝑠𝑜𝑜)                                                          (7) 
where s is the specific entropy. The chemical exergy of gaseous is given as  
𝑒𝑒𝑒𝑒𝑐𝑐ℎ = ∑𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒𝑐𝑐ℎ𝑜𝑜 + 𝑅𝑅𝑇𝑇𝑜𝑜 ∑ 𝑒𝑒𝑖𝑖𝑙𝑙𝑙𝑙 (𝑒𝑒𝑖𝑖)              (8) 
The net solar energy falling on the heliostat field is calculated according to the literature (Ratlamwala et. al, 2012; 
Xu et. al, 2011). 
 
IV. Results and discussion 
In this study, thermodynamic analyses of solar tower based integrated system are conducted for the evaluation of 
the system efficiency. As seen from Table 1, the lowest exergy efficiency occurs in QEACS and the probable 
improvements should be focused on this part. Total energy and exergy efficiency of the integrated system are 
65.17% and 62.35, respectively.  
 
Tab. 1: Thermodynamic assessment data for integrated system and its sub-systems 

 
Sub-systems/whole system 

Energy efficiency 
(%) 

Exergy 
efficiency (%) 

Exergy destruction 
rate (kW) 

Exergy 
destruction ratio 
(%) 

Concentrating solar collector 54.15 48.41 8,557 37.89 
Rankine cycle 42.18 46.93 3,219 14.25 
H2 production and liquefaction 58.86 56.24 4,302 19.05 
QEACS 27.16 18.58 3,763 16.66 
Drying process 64.74 61.49 618 2.74 
Fresh water production 78.27 75.62 495 2.19 
Whole system 65.17 62.35 22,585 100 

 

 
 

Fig. 2: The impacts of ambient temperature on 𝐶𝐶𝐶𝐶𝐶𝐶𝑘𝑘𝑒𝑒 and 𝐶𝐶𝐶𝐶𝐶𝐶𝑘𝑘𝑒𝑒 of QEACS 
 

Figure 2 shows that the effects of varying ambient temperature on coefficient of performance of quadruple effect 
absorption cooling system. As seen from figure, changing ambient temperature does not have any effect on COPen, 
however COPex increases with increasing ambient temperature. 

 

 
Fig. 3. The impacts of ambient temperature on energy and exergy efficiency of sub-systems and whole system 

 

The effect of ambient temperature on energy efficiencies of subsystems and whole system can be seen at the 
left side of Fig. 3. This result reveals that increasing ambient temperature has positive effect on energy efficiencies 
of all subsystems and whole system. Similarly, exergy efficiencies of all systems except for QEACS increase with 
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increasing ambient temperature as seen from the right side of Fig. 3.  

 

Fig. 4. a) The impacts of solar intensity on total work and hydrogen production rate b) The impacts of turbine-I inlet pressure on 
work production rate from turbine-I and hydrogen production rate 

 
Fig. 4a demonstrates how solar intensity affects the total work and hydrogen production rate. As solar intensity 

increases from 400 W/m2 to 1000 W/m2, both total work and hydrogen production increases linearly. Fig. 4b shows 
the effect of turbine-I inlet pressure on total work and hydrogen production. As seen from that figure, as turbine-I 
inlet pressure rises from 5 MPa to 8 MPa, total work done nearly doubles and hydrogen production rate increases 
from 0.1 kg/h to 0.145 kg/h.  
 
V. Conclusions 
In this paper a novel integrated solar power tower based for multigeneration is developed. The comprehensive 
thermodynamic assessment analysis is performed on the integrated system components and whole system. The 
parametric studies are very essential for improving the performance of integrated system and sustainable operations 
of energy production. As seen from the findings, the most important parameter affecting the system efficiency and 
hydrogen production rate is solar intensity. So, before installing of such systems solar intensity as primary source 
should be calculated carefully. Here are some esults:         
 The overall energy efficiency of Rankine cycle with two turbine is 42.18% while exergy efficiency is 46.93%. 
 The COPen of the QEAC system is 2.62 whereas the COPex is 2.15. 
 The overall energy efficiency of the integrated system is calculated as 65.17% while exergy efficiency is 

calculated as 62.35%. 
 
Nomenclature 
𝐸𝐸   Energy [kJ] 
�̇�𝐸    Energy rate [kW] 
𝑒𝑒𝑒𝑒   Specific exergy [kJ/kg] 
�̇�𝐸𝑒𝑒   Exergy rate [kW] 
�̇�𝐸𝑒𝑒𝐷𝐷   Exergy destruction rate [kW]  
ℎ   Specific enthalpy [kJ/kg] 
�̇�𝑚   Mass flow rate [kg/s] 
�̇�𝑄   Heat rate [kW] 
𝑅𝑅   Universal gas constant [kJ/mol-K] 
𝑠𝑠   Specific entropy [kJ/kgK] 
𝑇𝑇    Temperature [K] 
�̇�𝑊   Work Rate [kW] 
𝑒𝑒    Molar concentration 
𝜂𝜂   Energy efficiency 
𝜓𝜓   Exergy efficiency  
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Abstract 
In this paper, the comparative energetic and exergetic analyses of a waste material gasification based integrated 
system is conducted to achieve hydrogen production and liquefaction. The waste materials gasifier component is 
utilized in integration with a Brayton cycle, a Stirling engine cycle, a single effect absorption cooling system, and a 
PEM electrolyzer for the purpose of multigeneration. The present integrated system generates power, heating, 
cooling and domestic hot water along with liquid hydrogen production. The design indicators of integrated system 
and the influences of operating conditions on the energetic and exergetic efficiency of multigeneration system and 
also other sub-systems are investigated. The energetic and exergetic efficiency of waste materials gasification 
based integrated system are calculated as 61.57% and 58.15%, respectively. Furthermore, a parametric study is 
carried out to investigate the effects of different system design indicators on the integrated system exergy 
destruction rates and exergy efficiencies. 
 
Keywords: Exergy, waste material gasification, Brayton cycle, Stirling engine, hydrogen, liquefaction. 
 
I. Introduction 
One of the most important sign of development for countries is energy. Also, energy is necessary for humanbeing 
to live in every aspect. Therefore, current energy sources are being given out unless major precautions are applied. 
One of these precautions is to use energy sources efficiently (Yuksel and Ozturk, 2016). This paper tries to use 
waste materials as energy source for power, cooling and hydrogen production. According to Arena (2012), 
gasification of waste materials is a good option to get benefit from waste materials and reduce the emissions.  

Recently, single generation energy systems are losing their popularity due to their low efficiencies and high 
amount of waste heat. So, cogeneration, trigeneration and multigeneration energy systems are substituting for 
single generation energy systems. Multigeneration systems use an energy source for production of more than three 
products. Integrated multigeneration systems offer higher advantages than the other options because they also 
offer continuous energy production with by-products. There are many examples in literature showing higher 
efficiency and feasibility when another source is integrated the system (Lund and Münster, 2006; Pelet et. al, 2005; 
Mancarella, 2014).  

In this paper, waste material gasification process is integrated with Brayton cycle and Stirling engine to produce 
power. Produced power can be either used directly or used for hydrogen production. In order to utilize waste heat 
from these cycles a single effect absorption cooling system is integrated to the system. Lastly for hydrogen 
production and storage, PEM electrolyzer and hydrogen liquefaction system is integrated. In analysis part, 
thermodynamic analysis consisting of energy and exergy analyses and parametric studies are applied. Because 
energy analysis is not enough to show where losses occur, exergy analysis is necessary (Ahmadi et. al, 2013).  

The main objective of this paper is to perform thermodynamic analyses, through energy and exergy 
approaches, and parametric analyses to the waste material gasification based integrated system. Parametric 
analyses target to find the effects of reference temperature, gasifier temperature and exhaust gas temperature on 
system energy and exergy efficiency as well as power and hydrogen production rates.  
 
II. System Definition 
Figure 1 exhibits the schematic diagram of the waste material gasification based integrated system. This integrated 
system consists of gasifier, Brayton cycle, Stirling engine, single effect absorption cooling system, PEM electrolyzer 
and a hydrogen liquefaction unit. As seen from figure 1, syngas produced from waste materials is combusted in 
combustion chamber and the stream 13 drives the gas turbine to produce power. The remaining heat energy is 
used in Stirling engine again for power production. Waste heat of Stirling engine with number 15 enters the 
absorption cooling system to supply cooling. The power produced from Stirling engine drives the PEM electrolyzer 
to produce hydrogen and oxygen from water. The produced hydrogen is then sent to the mixer and compressor and 
therefore liquid hydrogen is lastly stored in liquid hydrogen tank.  
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Fig. 1: The schematic diagram of the waste material gasification based integrated system 
 
III. Thermodynamic Analysis 
The thermodynamic assessment of waste material gasification based integrated system is investigated by 
conducting quantitative energy and exergy analyses. The assumptions, basic concepts, procedure, and equations 
utilized to investigate integrated system performance are defined and expressed. The following assumptions are 
made for the thermodynamic analysis of integrated gasification combined cycles. 

 The ambient temperature (𝑇𝑇𝑜𝑜) and ambient pressure (𝑃𝑃𝑜𝑜) are taken as 25 °C and 1 atm, respectively. 
 All processes take place in steady-state and steady-flow conditions. 
 The pressure drops and heat losses in piping are negligible, 
 The system parts are well insulated and therefore are taken as adiabatic, 
 The kinetic and potential energy and exergy changes in all processes are negligible. 

In this sub-section, the overall mass, energy, entropy and exergy balance equations are defined based on the 
assumptions and operating conditions of waste materials gasification based integrated system for multi-generation. 

The heat and work input/output rates, entropy generation rates, and exergy destruction rates, and energy and 
exergy efficiencies can be calculated by using these balance equations. 
In the steady-state and steady-flow condition, the mass balance equation can be given as    
∑ �̇�𝑚𝑖𝑖 = ∑ �̇�𝑚𝑒𝑒                  (1) 
where 𝑚𝑚 and �̇�𝑚 are the mass and mass flow rate, respectively. 
In the steady-state and steady flow condition, the energy balance can be written as 
∑ �̇�𝑚𝑖𝑖ℎ𝑖𝑖 + ∑ �̇�𝑄𝑖𝑖 + ∑ �̇�𝑊𝑖𝑖 = ∑ �̇�𝑚𝑒𝑒ℎ𝑒𝑒 + ∑ �̇�𝑄𝑒𝑒 + ∑ �̇�𝑊𝑒𝑒                            (2)  
where �̇�𝑄 and �̇�𝑊 are the transfer rates of heat and power, and also ℎ is the specific enthalpy. Based on the steady-
state and steady-flow condition, entropy balance equation can be defined as   

∑ �̇�𝑚𝑖𝑖 𝑠𝑠𝑖𝑖 + ∑ �̇�𝑄𝑐𝑐𝑐𝑐
𝑇𝑇𝑜𝑜
+ �̇�𝑆𝑔𝑔𝑒𝑒𝑔𝑔 = ∑ �̇�𝑚𝑒𝑒 𝑠𝑠𝑒𝑒                               (3) 

where 𝑠𝑠 is the specific entropy, and �̇�𝑆𝑔𝑔𝑒𝑒𝑔𝑔  is the entropy generation rate. In the steady state and steady flow 
condition, the exergy balance equation can be given as follows;  
∑ �̇�𝑚𝑖𝑖 𝑒𝑒𝑒𝑒𝑖𝑖 + ∑ �̇�𝐸𝑒𝑒𝑖𝑖

𝑄𝑄 + ∑ �̇�𝐸𝑒𝑒𝑖𝑖𝑊𝑊 = ∑ �̇�𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + ∑ �̇�𝐸𝑒𝑒𝑒𝑒𝑄𝑄 + ∑ �̇�𝐸𝑒𝑒𝑒𝑒𝑊𝑊 + �̇�𝐸𝑒𝑒𝐷𝐷                         (4) 
where �̇�𝐸𝑒𝑒𝑄𝑄 and �̇�𝐸𝑒𝑒𝑊𝑊 indicate the exergy transfer rates associated with heat and shaft work, respectively.  

�̇�𝐸𝑒𝑒𝑄𝑄 = (1 − 𝑇𝑇𝑜𝑜
𝑇𝑇 ) �̇�𝑄                     (5) 

where (1 − 𝑇𝑇𝑜𝑜 𝑇𝑇⁄ )  is the dimensionless exergetic temperature, usually defined as Carnot efficiency working 
between the ambient temperature at 𝑇𝑇𝑜𝑜 and the process temperature at 𝑇𝑇. 
�̇�𝐸𝑒𝑒𝑊𝑊 = �̇�𝑊                 (6) 
The exergy related to a stream flow is consisted of four major elements: physical exergy (𝑒𝑒𝑒𝑒𝑝𝑝ℎ), chemical exergy 
(𝑒𝑒𝑒𝑒𝑐𝑐ℎ), potential exergy (𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝) and kinetic exergy (𝑒𝑒𝑒𝑒𝑘𝑘𝑔𝑔). Thus, the specific flow exergy can be defined as follows: 
𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑝𝑝ℎ + 𝑒𝑒𝑒𝑒𝑐𝑐ℎ + 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑒𝑒𝑘𝑘𝑔𝑔                    (7) 
The 𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 and 𝑒𝑒𝑒𝑒𝑘𝑘𝑔𝑔 are assumed to be negligible. The specific physical exergy can be written as  
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𝑒𝑒𝑒𝑒𝑝𝑝ℎ = ℎ − ℎ𝑜𝑜 − 𝑇𝑇𝑜𝑜(𝑠𝑠 − 𝑠𝑠𝑜𝑜)                         (8)    
where ℎ𝑜𝑜 and 𝑠𝑠𝑜𝑜 are the enthalpy and entropy at the reference environment states, respectively. The chemical 
exergy is the part of the flow exergy that is created by process involving heat transfer rate and exchange of materials 
with the surroundings to bring the material to the dead state. The chemical exergy of an ideal gas mixture can be 
defined as follows; 
𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚

𝑐𝑐ℎ = ∑𝑦𝑦𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚𝑐𝑐ℎ + 𝑅𝑅𝑇𝑇𝑜𝑜 ∑𝑦𝑦𝑚𝑚 𝑙𝑙𝑙𝑙𝑦𝑦𝑚𝑚                                (9) 
where 𝑦𝑦𝑚𝑚 is the mole fraction of the part 𝑖𝑖 in the gas mixture. The exergy destruction rate defines the process 
irreversibility and it is illustrated in the equation as �̇�𝐸𝑒𝑒𝐷𝐷. Also, it can be defined as follows; 
�̇�𝐸𝑒𝑒𝐷𝐷 = 𝑇𝑇0�̇�𝑆𝑔𝑔𝑔𝑔𝑔𝑔                (10) 
                        
IV. Results and discussion 
In this study, thermodynamic analysis and parametric analyses of the waste material gasification based integrated 
system are performed and their results are presented. Engineering Equation Solver (EES) is used for 
thermodynamic analysis of this integrated system. Energy and exergy efficiencies with exergy destruction rates of 
whole system and sub-systems are given in Table 1. According to the results, energy and exergy efficiencies of 
whole system are 61.57% and 58.15%, respectively. The largest exergy destruction ratios occur in waste material 
gasification and Brayton cycle with 36.68% and 32.38%, respectively.  
 
Table 1. Thermodynamic assessment data for sub-systems of waste materials gasification based integrated system and whole 
system 

 
Sub-systems/whole system 

Energy 
efficiency 
(%) 

Exergy 
efficiency 
(%) 

Exergy 
destruction 
rate (kW) 

Exergy 
destruction 
ratio (%) 

Waste materials gasification  53.28 49.95 32,486 36.68 
Brayton cycle 48.97 45.86 28,680 32.38 
Stirling engine 31.23 46.37 12,312 13.9 
Single effect absorption cooling 15.48 13.94 4,847 5.472 
Hydrogen production and liquefaction 59.36 57.15 10,251 11.57 
Whole system 61.57 58.15 88,576 100 

 
Coefficient of performance (COP) is a useful tool for comparing absorption cooling systems which can be 

analysed either energetically or exergetically. The effect of reference temperature on coefficient of performance of 
absorption cooling system is seen in Fig. 2. According to the Fig. 2, energetic coefficienct of performance (COPen) 
does not change with changing reference temperature, however exergetic coefficient of performance increases from 
nearly 0.32 to about 0.39. The reason for this situation lies on the definition of exergy (Dincer and Rosen, 2012). 

 
 

Fig. 2: COPen and COPex of the single effect absorption cooling system with respect to the reference ambient temperature 
 

 
Fig.3: The effect of waste materials gasifier temperature on a) exergy efficiency and b) exergy destruction rate 
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Fig. 3 demonstrates the effect of waste materials gasifier temperature on exergy efficiency at the left and destruction 
rate at the right side. As seen from that figure, while waste materials gasifier temperature increases from 650°C to 
850°C, exergy efficiencies of all subsystems increase, too. In that change of temperature, exergy efficiency of whole 
system increases from about 54% to approximately 60%.  

 
Fig.4: The effect of exhaust gas temperature on a) energy and exergy efficiency and b) power and hydrogen production rate 
 

Another important parameter affecting system performance and power and hydrogen production rates is 
exhaust gas temperature. As exhaust gas temperature increases from 85°C to 125°C both energy and exergy 
efficiencies decrease. This happens because as exhaust gas temperature increases the difference between inlet 
temperature and outlet temperature decreases, so this makes system works less. In this change of temperature 
energy efficiency of whole system decreases from 62% to 55% and exergy efficiency decreases about 7%. At the 
right side of Fig. 4, power production rates of Brayton cycle and Stirling engine can be seen. Also, it shows how 
hydrogen production rate changes with changing exhaust gas temperature. Similar to the efficiencies, the increase 
of exhaust gas temperature has negative effect on power and hydrogen production rates.  

 
V. Conclusions 
A comprehensive thermodynamic analysis of integrated system proposed in this study is performed. The integrated 
multigeneration energy systems offer higher advantages than conventional power conversion systems. According 
to the results of the study, waste materials gasification and Brayton cycle have higher exergy destruction rates than 
the other subsystems. In order to improve the system performance, these subsystems should be focused on. The 
other concluding remarks are as follows: 
 An increase in reference temperature has positive effect on COPex of absorption system. 
 An increase in waste material gasifier temperature has negative effect on exergy efficiencies of all subsystems 

and whole system. 
 Increasing exhaust gas temperature decreases both energy and exergy efficiencies of the integrated system.  
 
Nomenclature 
𝐸𝐸 Energy [kJ] 
�̇�𝐸  Energy rate [kW] 
𝑒𝑒𝑒𝑒 Specific exergy [kJ/kg] 
�̇�𝐸𝑒𝑒 Exergy rate [kW] 
�̇�𝐸𝑒𝑒𝐷𝐷 Exergy destruction rate [kW]  
ℎ Specific enthalpy [kJ/kg] 
�̇�𝑚 Mass flow rate [kg/s] 
�̇�𝑄 Heat rate [kW] 
𝑅𝑅 Universal gas constant [kJ/mol-K] 
𝑠𝑠 Specific entropy [kJ/kgK] 
𝑇𝑇  Temperature [K] 
�̇�𝑊 Work Rate [kW] 
𝜂𝜂 Energy efficiency 
𝜓𝜓 Exergy efficiency  
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Abstract 
The economical crisis and depletion of conventional fuel resources are major concerns of the 21st century. Facing 
these challenges are the main drivers of the researches and studies in the field of energy associated with science 
and engineering. In aerospace science, one of the prominent energy consuming fields, it is required to achieve 
either more efficient or alternative energy conversion systems. However, efficiency improvement in conventional 
propulsion systems is considered to be reached limits as more as possible depending on materials science 
limitations. That implication leads to development of novel and alternative propulsion systems. The mostly 
preferred system is electric motor driven propulsion system. Additionaly, the main goal of all these researches is to 
realize all electric arcraft concept. In the light of these considerations, all energy demand of an aircraft, including 
thrust, should be supplied by an electric power generator. Thermal batteries were used at first to partially supply 
energy to the aircraft systems. But over the last decade, numerous new generation propulsion systems have been 
studied. The main objective of this study is to provide a basis for future researches on Solid Oxide Fuel Cell and 
Gas Turbine (SOFC/GT) hybrid propulsion systems. In this regard, a SOFC/GT hybrid system is studied and thrust 
generated by a SOFC/GT is parametrically modelled.   
 
Keywords: Aircraft, hybrid propulsion, more electric aircraft, propulsion, SOFC/GT, thrust. 
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The Role of Temperature on Aluminium Oxide Embedded MWCNTs for 
Hydrogen Adsorption

Songül Kaskun1, Muhammet Kayfeci2

1Department of Environmental Engineering, Engineering Faculty, Karabük University
2Department of Energy Systems Engineering, Technology Faculty, Karabük University

Multi walled carbon nanotubes (MWCNTs) are widely used in Hydrogen adsorption studies because of their unique 
confirmation, porous structure and high aspect ratio. As hydrogen storage medium, generally MWCNTs have been 
supplemented with alkali metals or compounds to enhance the storage capacity. In this work, hydrogen adsorption of 
aluminium oxide (Al2O3) nanopowder decorated MWCNTs (Al2O3-MWCNTs) was examined under -273˚C, 0 ˚C and 
25 ˚C temperatures at ambient pressure. The structure confirmation of the synthesized Al2O3-MWCNTs was charac-
terized by X-ray diffraction (XRD) analysis, Energy Dispersive X-ray (EDX) and Scanning Electron Microscopy (SEM) 
observations. A sieverts-like apparatus was used for hydrogenation of Al2O3-MWCNTs under -273˚C, 0 ˚C and 25 ˚C 
temperatures. The results present that, the highest hydrogen storage capacity of Al2O3-MWCNTs was observed at the 
cryogenic temperature.

Keywords: Hydrogen adsorption, aluminum oxide, MWCNTs
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A Comparative Study of Control Strategies for Vehicles with Hydrogen Fuel 
Cell/Battery/Supercapacitor in the Electrical Grid-Independent Applications 
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Abstract 
This paper depicts a means of using a Proton Exchange Membrane (PEM) Fuel Cell (FC) as the primary energy 
source and a Li-ion battery (BAT) and a supercapacitor (SC) as energy storage technology. These in-vehicle 
technologies are connected to the DC-bus with DC-DC power converters for suitably supply the power demanded 
by the traction motor. Thus, the system performance of the vehicle is examined independently of the electrical grid. 
Here, an appropriate energy management system and a well-designed control strategy both increase productivity 
and vehicle dynamics. At the same time, different control strategies have been compared that are designed 
according to the same power demands of the vehicle. The results have been analyzed in terms of hydrogen fuel 
consumption, energy efficiency and sustainability of control systems. 
 
Keywords: PEM fuel cell, Li-ion battery, hydrogen fuel cell vehicles, supercapacitor, control strategy, hydrogen 
consumption. 
 
I. Introduction 
Today, when the world energy demand is increasing rapidly, energy sources cannot provide this demand Dutta 
(2014). In this context, the tendency towards renewable energy sources has started to increase. In particular, 
automobile manufacturers are setting up a competitive environment to drive vehicles with fuel hydrogen to the 
market Bauman and Kazerani (2008). In terms of energy resources, the trend towards this field is increasing day 
by day. This, in turn, demonstrates that energy can be used more efficiently with various strategies. 

The primary energy source for hydrogen fuel cell vehicles (HFCEV) is the fuel cell (FC) Zhang etal. (2017). 
The result of the fuel cell alone managing the energy in the vehicle is the fuel consumption and the costs that are 
very high Zheng etal. (2012). The use of energy storage systems such as batteries (BAT) and supercapacitors (SC) 
in combination with FC in the vehicle can prevent this Fathabadi (2018). This solution will increase energy efficiency, 
reduce fuel consumption, extend FC lifetime and reduce costs. Compared with all of these, control strategies are 
needed to ensure that vehicles equipped with power supply, conversion and drivetrain such as a PEM fuel cell, Li-
ion battery, supercapacitor, DC-DC converter, DC-AC inverter and traction motor can manage these systems in a 
harmonious manner García etal. (2013). 

Due to the lower power density and slower power response of a PEM fuel cell, working with a high energy 
density battery and supercapacitor technology with high power density will significantly increase system efficiency 
Gao (2005). What it needs to do here is to manage in a correct way the control of the energy and power distribution. 
The aim of the study is to study system efficiency, fuel consumption, vehicle technology lifespan and vehicle 
performance by working with different control mechanisms of an electrical grid independent hydrogen fuel cell 
vehicle. 
 
II. System Modelling and Design 
A system model has been developed for HFCEV with a PEM fuel cell and a Li-ion battery and supercapacitor that 
powers the traction motor with power conversion units. An improved and designed hydrogen fuel cell vehicle 
configuration is shown in Fig. 1. BAT and SC in the vehicle are connected to the DC-bus via a DC-DC converter. 
Thus, the output of FC converter can be controlled and control strategies can be determined according to vehicle 
power demand Hames etal. (2018). 

The PEM FC model is formed as a result of the modelling with mathematical expressions of the change in FC 
potential due to parameters such as temperature, current and pressure. FC electrical equivalent circuit diagram is 
shown in Fig. 2(a). Accordingly, the mathematical equations of the fuel cell are as follows Graber etal. (2017): 

 
𝑉𝑉0 = 𝑛𝑛 ∗ 𝑉𝑉𝑓𝑓𝑓𝑓                (1) 
and 

𝑚𝑚𝐻𝐻2 =
𝐼𝐼𝑓𝑓𝑓𝑓∗𝑛𝑛
2𝐹𝐹 ∗ 10−3               (2) 

 
Here, 𝑉𝑉0 is the output voltage of 𝑛𝑛 series connected fuel cells, 𝑉𝑉𝑓𝑓𝑓𝑓 is the voltage of FC, 𝑚𝑚𝐻𝐻2 is the FC hydrogen 

fuel consumption, 𝐼𝐼𝑓𝑓𝑓𝑓 is the FC current, and 𝐹𝐹 is the faraday constant. System modelling of the PEM FC is created 
by substituting equations. 
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A mathematical model of the Li-ion battery used in the system has made. The electrical equivalent circuit of 
the BAT is modelled as shown in Fig. 2(b). The output voltage of BAT (𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) in the discharge state is as follows: 

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑖𝑖−𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑅𝑅𝑑𝑑𝑑𝑑ℎ [1 − 𝑒𝑒 (− 𝑡𝑡
𝑅𝑅𝑑𝑑𝑑𝑑ℎ∗𝑑𝑑𝑜𝑜𝑜𝑜

)]            (3) 
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Fig. 1: Drive-train configuration design of hydrogen fuel cell vehicle 

 
In the equation (3), 𝐸𝐸𝑖𝑖  is the idle operating voltage, 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  is the BAT current, 𝑅𝑅𝑑𝑑𝑑𝑑ℎ  is the discharge 

resistance, 𝑐𝑐𝑜𝑜𝑜𝑜 is the polarization capacity, and t is the sampling time of BAT output voltage. The output voltage of 
BAT in the state of charge (SOC) is calculated as follows: 
 

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑖𝑖+𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑅𝑅𝑑𝑑ℎ [1 − 𝑒𝑒 (− 𝑡𝑡
𝑅𝑅𝑑𝑑ℎ∗𝑑𝑑𝑜𝑜𝑜𝑜

)]             (4) 
 
Here, 𝑅𝑅𝑑𝑑ℎ is the charging resistor. BAT state of the charge (𝑆𝑆𝑆𝑆𝑆𝑆) is as follows: 
  

%𝑆𝑆𝑆𝑆𝑆𝑆 = %𝑆𝑆𝑆𝑆𝑆𝑆0 − ( 1
𝐶𝐶𝑏𝑏

∫ 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑑𝑑𝑑𝑑) ∗ 100             (5) 

 
Here, 𝑆𝑆𝑏𝑏 is the BAT capacity. When the equations are written in the system, a Li-ion battery model is created. 
 

 
Fig. 2: (a) FC equivalent circuit, (b) BAT equivalent circuit, (c) SC equivalent circuit 
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Mathematical modeling of the supercapacitor used in the system together with the fuel cell and the battery has 
been established. The electrical equivalent circuit of SC in the system model is shown in Fig. 2(c). The equations 
for SC model are: 
 
𝑉𝑉𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑐𝑐𝑠𝑠 − 𝑉𝑉𝑅𝑅𝑠𝑠 − 𝑉𝑉𝐿𝐿               (6) 
 

%𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑆𝑆𝑆𝑆
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

∗ 100               (7) 

 

𝐸𝐸 = 1
2𝑆𝑆𝑠𝑠(𝑉𝑉𝑓𝑓

2-𝑉𝑉𝑐𝑐𝑓𝑓2 )               (8) 

 
In Equation (6), SC output voltage is 𝑉𝑉𝑆𝑆𝑆𝑆 , when the Kirchoff voltage law is applied according to the equivalent 

circuit. At the same time, 𝑉𝑉𝑐𝑐𝑠𝑠 is the terminal voltage of SC main capacity, 𝑉𝑉𝑅𝑅𝑠𝑠 is the series resistor, and 𝑉𝑉𝐿𝐿 is the 

terminal voltage of inductor. In addition, 𝑆𝑆𝑆𝑆𝑆𝑆  is one of the most important factors affecting supercapacitor 
performance. Equation (8) is the energy equation provided by SC. Where 𝑉𝑉𝑓𝑓 is the rated voltage at discharge of 

SC, and 𝑉𝑉𝑐𝑐𝑓𝑓 is the cut-off voltage. All of these equations were written in MATLAB/Simulink environment for system 
modelling and a hydrogen fuel cell vehicle design was realized. 
 
III. Results and discussions 
Control strategies of a hydrogen fuel cell vehicle for electrical grid-independent applications have been created as 
a result of the modelling of the equations obtained. Accordingly, the primary source of energy for the vehicle is the 
fuel cell. Two different control strategy scenarios have been created in the study. For these scenarios, the changes 
according to the power demand of vehicle are shown in Fig. 3. 
 

 
Fig. 3: Simulation results of a hydrogen fuel cell vehicle 

 
In the first scenario, supercapacitors have provided with support to the fuel cell to meet the power demanded 

by the vehicle at rapid accelerations. The battery has been included in the system only in the high power density 
demands that the fuel cell/supercapacitor system's total power is not enough. In other cases, the battery stores only 
the regenerative braking energy. Thus, the battery, which is ready to enter the system in the overload demands of 
the vehicle, has also increased its charge status. 

The total movement duration of the vehicle is 350 seconds. The power demand of the vehicle from 0-150 
seconds has beed provided by the only fuel cell. The supercapacitor has provided power to the system at sudden 
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Mathematical modeling of the supercapacitor used in the system together with the fuel cell and the battery has 
been established. The electrical equivalent circuit of SC in the system model is shown in Fig. 2(c). The equations 
for SC model are: 
 
𝑉𝑉𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑐𝑐𝑠𝑠 − 𝑉𝑉𝑅𝑅𝑠𝑠 − 𝑉𝑉𝐿𝐿               (6) 
 

%𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑉𝑉𝑆𝑆𝑆𝑆
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

∗ 100               (7) 

 

𝐸𝐸 = 1
2𝑆𝑆𝑠𝑠(𝑉𝑉𝑓𝑓

2-𝑉𝑉𝑐𝑐𝑓𝑓2 )               (8) 

 
In Equation (6), SC output voltage is 𝑉𝑉𝑆𝑆𝑆𝑆 , when the Kirchoff voltage law is applied according to the equivalent 

circuit. At the same time, 𝑉𝑉𝑐𝑐𝑠𝑠 is the terminal voltage of SC main capacity, 𝑉𝑉𝑅𝑅𝑠𝑠 is the series resistor, and 𝑉𝑉𝐿𝐿 is the 

terminal voltage of inductor. In addition, 𝑆𝑆𝑆𝑆𝑆𝑆  is one of the most important factors affecting supercapacitor 
performance. Equation (8) is the energy equation provided by SC. Where 𝑉𝑉𝑓𝑓 is the rated voltage at discharge of 

SC, and 𝑉𝑉𝑐𝑐𝑓𝑓 is the cut-off voltage. All of these equations were written in MATLAB/Simulink environment for system 
modelling and a hydrogen fuel cell vehicle design was realized. 
 
III. Results and discussions 
Control strategies of a hydrogen fuel cell vehicle for electrical grid-independent applications have been created as 
a result of the modelling of the equations obtained. Accordingly, the primary source of energy for the vehicle is the 
fuel cell. Two different control strategy scenarios have been created in the study. For these scenarios, the changes 
according to the power demand of vehicle are shown in Fig. 3. 
 

 
Fig. 3: Simulation results of a hydrogen fuel cell vehicle 

 
In the first scenario, supercapacitors have provided with support to the fuel cell to meet the power demanded 

by the vehicle at rapid accelerations. The battery has been included in the system only in the high power density 
demands that the fuel cell/supercapacitor system's total power is not enough. In other cases, the battery stores only 
the regenerative braking energy. Thus, the battery, which is ready to enter the system in the overload demands of 
the vehicle, has also increased its charge status. 

The total movement duration of the vehicle is 350 seconds. The power demand of the vehicle from 0-150 
seconds has beed provided by the only fuel cell. The supercapacitor has provided power to the system at sudden 

accelerations. Meanwhile, the initial SOC of the battery has increased from 65% to 67.8%. The vehicle has provided 
the increased power demand of the system from the fuel cell/supercapacitor between 150-250 seconds, but when 
the power demand has exceeded the total power of these two systems, the battery has been included in the system. 
Meanwhile, the battery SOC has decreased to 63%. Braking, decelerating and stopping commands have performed 
between 250 and 350 seconds on the vehicle. Meantime, while the supercapacitor has discharged rapidly and 
power has supplied to the system for a certain period from the fuel cell and the battery. Then the vehicle has did 
not demand power, and during this time the battery has recharged the regenerative braking energy, increasing the 
charge to 64%. 

In the control strategy created for the second scenario, the battery and supercapacitor have provided extra 
power to the fuel cell at any time. The current has been drawn from the battery to 80 Amps between 0 and 150 
seconds. In the developed control strategy, the current drawn from the battery has been limited by controlling the 
battery converter. Battery SOC has decreased from 65% to 61%. In this scenario, when compared to the first 
scenario, the current drawn from the fuel cell has reduced and the battery/supercapacitor currents have increased. 
While the power demand of vehicle has raised between 150 to 250 seconds, the fuel cell/battery/supercapacitor 
system have worked together to supply the vehicle's power demand. During this time, the battery SOC has 
decreased to 54.5%. Between 250-350 seconds, a similar situation emerged with the first scenario. However, with 
regenerative braking, the battery was able to increase the SOC up to 55.5%. 

According to the simulation results, in the first scenario, the hydrogen fuel consumption is about 31 grams 
along the total road, while this value is 20 grams in the second scenario. The reason is to reduce the hydrogen 
consumption of the fuel cell by more incorporating the battery and supercapacitor into the system. Although the 
second case provides fuel savings, however, significant losses can occur as a result of the battery operating at high 
currents. Consequently, the battery life reduces and the system cost increases. 
 
IV. Conclusions 
To reduce the disadvantages of the lower power density and slower power response characteristics of the hydrogen 
fuel cell used in vehicles, it is crucial for energy efficiency and fuel economy to work with appropriate control 
strategies in combination with a battery with high energy density and a supercapacitor with high power density. In 
this study, two different control scenarios that created for the same power demands have been examined. The 
results have revealed the importance of designing the right control system in terms of hydrogen fuel economy, 
energy efficiency and cost. 
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Abstract 
The possibility of utilizing low temperature heat source systems for producing electricity has been significant due to 
increasing energy demand. The Kalina cycle is a power generation cycle which uses ammonia-water mixture as 
working fluid. In this study, Kalina cycle integrated with proton exchange membrane (PEM) electrolyzer is analyzed 
thermodynamically through exergy method. The exergy efficiency of proposed system is computed to be 66.42 %. 
In addition, the effect of key parameters such as concentration at the turbine inlet and turbine inlet temperature is 
discussed.  An analysis based on the first and second laws of thermodynamics and basic heat transfer relations is 
used to illustrate the operational limits and performance characteristics of these power plants. 
 
Keywords: PEM electrolyzer, Kalina cycle, Geothermal energy 
 
I. Introduction 
The fossil fuel resources have become limited and their combustion pollutants have adverse effects on the 
environment. Based on this fact, most countries around the world are now investigating to reduce their dependence 
on fossil fuels for our energy needs and seeking new and alternative energy resources. The world's energy 
production from renewable energy resources is expected to triple from 2010 to 2035 reaching 31% of total 
production IEA (2012). In the meantime, geothermal energy is considered as one of the types of renewable energies 
that can replace fossil fuels. Due to a lot of low temperature geothermal resources in the world, it is estimated that 
in the future low temperature geothermal energy will be used more often, which the kalian cycle is the best cycle 
for utilizing geothermal energy Michaelides (2016). 

Hydrogen has been known as a clean energy and it is an efficient fuel for reducing environmental pollution. In 
addition, it can be produced by using alternative energy resources such as wind, solar and geothermal energy 
Dincer (2002). Recently, for production of hydrogen, the proton exchange membrane (PEM) electrolyzer is used 
due to production of pure hydrogen and the ability to operate with a variety of renewable energies. In recent years, 
considerable research has been done on the development of hydrogen production methods Holladay etal. (2009). 
Yilmaz etal. (2015) examined various integrated systems for hydrogen generation and liquefaction by using 
geothermal energy. They concluded the higher geothermal fluid temperature results in the lower cost of hydrogen 
generation and liquefaction. Balta etal. (2010) thermodynamically simulated the geothermal based hydrogen 
production via four-step copper –chlorine cycle. The energy and exergy efficiencies of the system are found as 
21.67 % and 19.35 %, respectively. 

In this research study, in order to achieve higher hydrogen production rate, the Kalina cycle is integrated to 
PEM electrolyzer. The basic objectives of this present work are given as follows: 

 To utilize low- grade geothermal energy as a heat source for power generation and hydrogen production. 
 To use Kalina cycle for hydrogen production via PEM electrolyzer. 
 To thermodynamically model the entire system.  
 To undertake a parametric study to examine the influence of various design parameters on the performance 

of the entire system. 
 

II. System Description 
In this study, Kaline cycle is integrated to PEM electrolyzer for power and hydrogen production. The heat source for 
Kalina cycle is geothermal energy. The working fluid at the condenser outlet is an ammonia-water mixture at 
saturated liquid conditions. The pump raises working fluid pressure and fees it to the preheater where it is heated 
by using geothermal energy. In the evaporator, the working fluid evaporates with an effective heat transfer from the 
geothermal fluid. The working fluid leaves the evaporator and enters the phase separator. As a result of the 
separation process, the solution rich in ammonia supplied to the turbine and the solution weak in ammonia.  The 
solution rich in ammonia expanded and leaves the turbine at a low temperature and pressure.  The solution weak 
in ammonia is sent to mixer via expansion valve where it is mixed with the solution leaving the turbine.   Therefore, 
the initial ammonia-water solution is recovered. The mixture is condensed in the air-cooled condenser. Accordingly, 
the ammonia-water mixture in an adequate liquid condition is recovered and the kalina cycle is completed. 

Then the power generated in a kalian cycle in an electric generator is converted into electricity and 200 kilowatts 
can be consumed directly, and the rest is transferred to the electrolyzer for hydrogen production. In the electrolyzer 
system, as shown in the figure, the inlet water is introduced into the heat exchanger at ambient temperature and 
pressure and heated to the electrolysis temperature and enters the electrolyzer. Process 10 shows the production 
of hydrogen, in which hydrogen drains from its cathode at the environment and stored in a storage tank, as well as 
the oxygen produced in anode side is separated by a separator of the mixture of water and oxygen. In order to 
produce hydrogen again, the remaining water from separator is returned to the electrolyzer. 
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Fig. 1: Schematic of the Kalina cycle integrated with PEM electrolyzer. 

 
III. Analysis 
Several simplifying assumptions are made in the following analysis such as that the operation of the kalian cycle is 
considered in steady-state state, the geothermal fluid is treated as water, and air is taken as ideal gas. Based on 
these assumptions, the general mass, energy and exergy balance equations are given as follows: 
∑ �̇�𝑚𝑖𝑖 = ∑ �̇�𝑚𝑒𝑒                              (1)                    
     
∑�̇�𝑚𝑖𝑖ℎ𝑖𝑖 + ∑ �̇�𝑄𝑖𝑖 + ∑�̇�𝑊𝑖𝑖 = ∑�̇�𝑚𝑒𝑒ℎ𝑒𝑒 + ∑ �̇�𝑄𝑒𝑒 + ∑�̇�𝑊𝑒𝑒                      (2)  
 
∑ �̇�𝑚𝑖𝑖 𝑒𝑒𝑒𝑒𝑖𝑖 + ∑ �̇�𝐸𝑒𝑒𝑖𝑖

𝑄𝑄 + ∑ �̇�𝐸𝑒𝑒𝑖𝑖𝑊𝑊 = ∑ �̇�𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + ∑ �̇�𝐸𝑒𝑒𝑒𝑒𝑄𝑄 + ∑ �̇�𝐸𝑒𝑒𝑒𝑒𝑊𝑊 + �̇�𝐸𝑒𝑒𝐷𝐷                                      (3)       
             
here �̇�𝑚 donates the mass flow rate, �̇�𝑄 is the heat transfer rate, �̇�𝑊 is the power, and ℎ is the specific enthalpy.   
Subscripts 𝑖𝑖 and 𝑒𝑒 represent the inlet and outlet conditions, respectively.  
The exergy efficiency of the proposed integrated system can be computed as follows: 

2 2net H H
ex

in

W m Ex
Ex





& &&

&
                                                                              

(4) 

here inEx&  is the exergy of geothermal fluid as the exergy input to the system. 
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The energy balance quations for the components of the proposed system are givenin Table1. 
 

Tab. 1: Energy balance equations for the components of the investigated system. 
Component Energy balance equations 

Evaporator 
1 1 2 7 8 7( ) ( )evapQ m h h m h h   & & &  

Pump 5 6 5
5 6 5

( )( ) s
P

P

m h hW m h h



  
&& &  

Preheater I 
Pr 2 2 3 6 7 6( ) ( )e IQ m h h m h h    & & &  

Seperator 
8 8 9 9 10 10m h m h m h & & &  

Turbine I    9 9 11 9 9 11T s TW m h h m h h    & & &  

Absorber 
13 13 11 11 12 12m h m h m h & & &  

Preheater II 
Pr 3 3 4 14 15 14( ) ( )e IIQ m h h m h h    & & &  

Throttling valve 
10 12h h  

 
IV. Results and discussions 
Ammonia mass fraction and turbine inlet pressure are the basic parameters that affect the performance of the 
proposed system. Fig. 2 shows the influence of turbine inlet pressure on exergy efficiency and net power output. As 
can be seen from this figure, as turbine inlet pressure increases from 5 bar to 25 bar, both exergy efficiency and net 
power output increases as a result of increase in the turbine work. 
  

 
Fig. 2: Exergy efficiency and net power output variation with respect to the turbine inlet pressure. 

 
Fig. 3 illustarate the effect of ammonia mass fraction on exergy efficiency of the system. As can be seen from 

this figure, as ammonia mass fraction increases from 0.6 to 0.95, exergy efficiency increases as a result of increase 
in the turbine work. In addition, the results indicate that an increase in the turbine inlet pressure with higher ammonia 
mass fraction leads to an increase in the exergy efficiency. 

 

 
Fig. 3: The variation of exergy efficiency with respect to the ammonia mass fraction at various turbine inlet pressure. 
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V. Conclusions 
In this study, in order to produce power and hydrogen, geothermal based integrated system is examined. The 
thermodynamic evalustion is performed. The several concluding outputs can be given as follows; Thermodynamic 
analysis results show that the exergetic analysis represents a better sensitivity analysis of the system performance 
than energy. 

 The integrated kalina cycle with PEM elecktrolyzer has the highest exergy efficiey.  
 An increase in the turbine inlet pressure leads to an increase in power output, exergy efficiency and 

hydrogen production rate. 
 A higher ammonia mass fraction at the inlet of the turbine results in a higher turbine work and, as a result, 

more steam generation in the HRSG. 
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Abstract 
In this study, hydrogen gas (H₂) was generated from sodium borohydride (NaBH₄), a chemical compound that stores 
significant amount of H₂ and plays a role in H₂ generation, at the moment of need for portable fuel cells, thereby 
eliminating all the risks and difficulties of H₂ storage to obtain high efficiency of generation H₂. Based on Proton 
Exchange Membrane Fuel Cell (PEMFC) which is the most suitable for portable fuel cell applications, NaBH₄ weight 
(2.582 %, 3.823 % and 5.033 %), the effects of different temperatures (27°C, 47°C and 67°C) and the different types 
of catalysts (platinum/carbon (Pt/C), platinum/grafen (Pt/G) and platinum/multiwall carbon nanotube (Pt/MWCNT)) 
experiments was carried out by keeping the Pt mass constant were studied experimentally and kinetic study was 
made. An on-demand H₂ generation system for portable PEMFC has more than 90% conversion rate was 
developed. 
 
Keywords: Hydrogen generation, hydrolysis, catalyst, sodium borohydride  
 
I. Introduction  
Fuel cell is an electrochemical device that directly converts the chemical energy of reactant gases into electrical 
energy and heat. Fuel cell technologies have many advantages such as low or zero emissions, high efficiency, no 
noise, having no moving parts and simplicity when compared with the other conventional energy conversion 
technologies. Among various kinds of fuel cells, polymer electrolyte fuel cell (PEMFC) is the most popular type 
because of its fast start-up, low operation temperature and high efficiency (Ous and Arcoumanis, 2013). PEMFC 
systems are useful and preferable for those who need portable, distributed, and mobile electrical power generation 
due to their high volumetric and specific energy densities, high conversion efficiencies and low associated pollutant 
emissions (Tuber etal., 2003).  
Chemical hydrides such as CaH2, LiH, LiAlH4, and NaBH₄ are used for H₂ generation due to their safety and high 
storage efficiency. Among these, NaBH₄ is a popular H₂ storage material (Kong etal, 1999) considered as H₂ storage 
material .Also, it has received the most extensive attention owing to its combined advantages such as, the high H₂ 
storage capacity (10.8 wt. %), the high stability and no flammability of its alkaline solutions. Moreover, the optimal 
control on H₂ generation rate by supported catalysts, the convenient H₂ generation rate and having environmental 
friendly product sodium metaborate (NaBO2) (Kojima and Haga, 2007) which is shown in the Eq. (1) 
 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4 + 2𝑁𝑁2𝑂𝑂
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
→     𝑁𝑁𝑁𝑁𝑁𝑁𝑂𝑂2 + 4𝑁𝑁2 + ℎ𝑒𝑒𝑁𝑁𝑒𝑒                    (1) 

 
Various transition metal catalysts including platinum have been extensively studied for H2 generation. Among them, 
Pt/C, which has been widely used in PEMFC, seems attractive with NaOH to control H₂ generation. Also, CNT is 
studied widely for H₂ generation (Pena-Alonso etal, 2007). The aim of this study is to develop the catalyst for an on-
demand H₂ generation system to use in PEMFC technologies. Moreover, the influences of the generation amount 
and reaction rate of H2 parameters were discussed and kinetic study was made. Finally, catalyst supports were also 
investigated to use on demand H₂ generator PEMFC applications.  
 
II. Experimental Set-up and Procedure  
The proposed H₂ generation experimental set up includes only glass and Teflon pipe which is used in order to 
connect parts between reactor and moisture trapper and measurement equipment. The batch reaction occurs in the 
glass reactor fed with NaBH₄, distilled water and catalyst. Pt/C (commercial), Pt/G (Devrim and Albostan, 2016) and 
Pt/MWCNT (Arıca and Devrim, 2017) catalysts were used in this study.  
In the first experimental set up, in order to to analyze the H₂ generation rate and amount change with respect to 
NaBH₄ concentration change, was prepared 3 mL distilled water with different NaBH₄ wt. percentage 2.582 %, 
3.823 % and 5.033 %, repectively. Other parameters such as the amount (0.02 g) and type of catalyst (20 % Pt/C), 
pressure (approximately 1 atm) and temperature (27°C) were kept constant. In the second experimental set up, to 
analyze the H₂ generation rate change with respect to temperature change, prepared 3 mL distilled water with 
different temperatures 27°C, 47°C and 67°C repectively. Other parameters such as the amount and type of catalyst 
(0.02 g, 20 % Pt/C), the NaBH₄ wt. percentage (3.823 wt. %), pressure (approximately 1 atm) and temperature 
(27°C). After the analysis of NaBH₄ wt. percentage and temperature, the other two types of catalyst which are Pt/G 
(45.13 % Pt) and MWCNT (40.6 % Pt) were used at constant NaBH₄ wt. percentage (3.823 wt. %), pressure 
(approximately 1 atm) and temperature (27°C) to show the H₂ generation rate change and compared with Pt/C by 
keeping Pt mass 0.004 g. 
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III. Analysis 
Before making analysis, some assumptions and considerations, evaporation from the water tank, solubility of H2 in 
the water and effect of the solubility of NaBO2 was neglected. During the hydrolysis reaction the tube reactor was 
well mixed and temperature of the system was kept constant. Also, experimets were made in the same place and 
in the same month in order to neglect the little pressure changes. 
 
𝑑𝑑(𝑁𝑁𝐻𝐻2)
𝑑𝑑(𝑡𝑡) = 𝑟𝑟𝐻𝐻2                                                                                       (2) 

 
Where r is the reaction rate and when stoichiometric ratio is taken into account, Eq. (2) becomes; 
 

−𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝐻𝐻4 = 𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2 = −𝐻𝐻2𝑁𝑁
2 = 𝑟𝑟𝐻𝐻2

4                                                                  (3) 

 
In the first experimental set up, it was observed thet the amount of the generation H2 and slope of the best 

fitting line slope of the generation of H2 graph increased with the increasing NaBH₄ concentration as shown in the 
Fig.1. a. The slope directly influenced on reaction rate of H2.  

 
Fig. 1: a) Effects of NABH₄ dosage on H2 generation b) Best fitting line to the H2 generated versus time data c) ln(rNABH₄) 

versus ln (𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝐻𝐻4) graph 
  

The H2 generation rate was calculated from the slope of the line which was best fitted to the cumulative H2 
generated (mmol) versus Time (second). Fig. 1. (a) shows this linear fit of the curves. 
 

𝑟𝑟𝐻𝐻2′ = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚 )

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐(𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐)
                                                                                  (4) 

 
 

In the second experimental set up, the effect of the increasing temperature of the bach reactor was investigated. 
The reaction rate of the H2 increases whereas the maximum amount of the generated H2 does not change. The 
temperature of the reactor was successfully kept constant at the desired temperature. However, deviations are 
acceptable since the reaction was highly exothermic and 0.5-1°C temperature change was assumed that had no 
effect on the reaction rate. The results of the experiments can be seen in Fig.2. 

 
Fig. 2: a) Effect of temperature change on H2 generation b) Best fitting line to the H2 generation versus time data c) ln(k) 

versus 1/T 
 

Reaction rate of the H2 is a function which depends on the Temperature (T) of the bach reaction and 
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Concentration of NaBH4 (𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4) can be formulated as Eq. (5). 
 
𝑟𝑟′

𝑁𝑁2 = 𝑓𝑓(𝑇𝑇, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4)                                                                              (5) 

𝑟𝑟′
𝑁𝑁2 = 𝑘𝑘𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4 

𝛼𝛼                                                                                   (6) 
 
k and α was calculated 17.172 and 0.3654, respectively in Fig.1.c 
 
Where k is, 
 
𝑘𝑘 = 𝐴𝐴𝑒𝑒−𝐸𝐸𝑁𝑁/𝑅𝑅𝑅𝑅                                                                                    (7) 
 
Where Ea is the activation energy; A is Arhenius constant; R is ideal gas constant.  
With the linearization of the Eq. (6) becomes; 
 
𝑙𝑙𝑙𝑙 𝑟𝑟𝑁𝑁2

′ = 𝛼𝛼𝑙𝑙𝑙𝑙𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁4 + 𝑙𝑙𝑙𝑙𝑘𝑘                                                                         (8) 

𝑙𝑙𝑙𝑙𝑘𝑘 = 𝑙𝑙𝑙𝑙𝐴𝐴 − 𝐸𝐸𝑁𝑁
𝑅𝑅

1
𝑅𝑅                                      (9) 

 
k values for 47°C and 67°C were calculated as 43.616 and 88.129, respectively. When R is considered as 8.314 
J.K-1.mol-1, Ea was calculated as 33702.92 J/mol and A value was found as 30401424.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Effect of catalyst type on H₂ generation 
 

In the last experimental set up, effects of other two types of catalyst supports were investigated on the reaction 
rate of H₂. It was observed that the reaction rate of H2 generation was changed with the changing catalyst supports 
as shown in Fig. 3. 
Efficiencies was also calculated for each of the experiments by using Eq. (10) and all of the experiments efficiency 
is more than 90 %. Therefore, they can be comparable with each other. 
 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁𝑎𝑎 𝑚𝑚𝑚𝑚𝑎𝑎𝑒𝑒𝑚𝑚 𝑚𝑚𝑒𝑒 𝑁𝑁2 𝑔𝑔𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔𝑁𝑁𝑎𝑎𝑒𝑒𝑔𝑔
𝑎𝑎ℎ𝑒𝑒𝑚𝑚𝑔𝑔𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑁𝑁𝑎𝑎 𝑚𝑚𝑚𝑚𝑎𝑎𝑒𝑒𝑚𝑚 𝑚𝑚𝑒𝑒 𝑁𝑁2 𝑔𝑔𝑒𝑒𝑔𝑔𝑒𝑒𝑔𝑔𝑁𝑁𝑎𝑎𝑒𝑒𝑔𝑔 =

𝑔𝑔𝐻𝐻2,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑔𝑔𝐻𝐻2,𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎

                                            (10) 

 
IV. Results and Discussions 
Four main parameters; NaBH₄ wt. percentage, catalyst amount, catalyst support and temperature which affect the 
H₂ generation rate were investigated. When wt. percentage of NaBH₄ was increasing, generated H2 amount and 
reaction rate of the H₂ was also increased. To analyse the H₂ generation rate and amount change with recpect to 
NaBH₄ concentration change, NaBH₄ amount was changed and others are kept constant. 3 mL solution was 
prepared with 2.58, 3.82 and 5.033 wt. % NaBH₄ and the reaction rates were calculated as 189.3, 214.8 and 244.5 
mmol.min-1.gcat-1 respectively. 

Initially, all reactions occured approximately linear but then they were decreasing with the decreasing 
concentration of NaBH₄ in contact with the catalyst. After a while, the reactions progressed more slowly. Solutions 
must be prepared at high NaBH₄ concentrations up to 26 wt. % because it is limit to increase NaBH₄ wt. % because 
of the decrease of the solubility of NaBO2 (Kojima et al., 2004). Therefore, H₂ generator should be designed by 
considering the solubility limit of NaBH₄ and NaBO2 to avoid suspending solid particules in the solution. The second 
experimental set up, with increasing temperature 27, 47 and 67°C, the reaction rates of the H₂ generation increased 
which were calculated 214.8, 554.1 and 1119.6 mmol.min-1.gcat-1, respectively. To analyse the effects of the types of 
catalyst support with keeping constant Pt mass Pt/C, Pt/G and Pt/MWCNT were used and the reaction rates of the 
experiments were calculated 214.8, 46.9 and 20.1 mmol.min-1.gcat-1, respectively.  
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V. Conclusions 
The H₂ generated from the hydrolysis reaction can be used for PEMFC applications and based on this work an on 
demand H₂ generator can be designed for portable applications. Three main parameters, wt. percentage of NaBH₄, 
temperature of the batch reactor and catalyst supports of Pt, affect the H₂ generation rate were investigated. The 
reaction rates and efficiencies of H2 generation is given in Tab. 1. Also, an experiment without catalyst was made in 
order to see the catalyst effects on H2 generation amount obviously.   
 
Tab. 1: Reaction rate and efficiency according to different parameter 

Experiment 
No 

Wt. % 
NaBH4  

Catalyst 
Type 

T 
(°C) 

Reaction 
Rate 

(mmol.min-1.gcat-1) 

Efficiency 
% 

I 2.582 Pt/C 27 189.3 90 
II 3.823 Pt/C 27 214.8 97 
III 5.033 Pt/C 27 244.5 98 
IV 3.823 Pt/C 47 554.1 94 
V 3.823 Pt/C 67 1119.6 97 
VI 3.823 Pt/G 27 46.9 99 
VII 3.823 Pt/MWCNT 27 20.1 90 
VIII 3.823 - 27 - 47 

 
Moreover, H2 generation rates were calculated and kinetic reaction study was made. Experiment no VI is the 

most efficient experiment while experiment no VII is the steadiest with keeping Pt mass constant (0.004 g). 
Therefore, Pt/MWCNT could be used as a convenient catalyst for an on demand portable PEMFC applications due 
to the low reaction rate.  
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Abstract 
 
Direct methanol fuel cell is a promising candidate for portable applications because fuel is liquid at low temperatures, 
easily stored and cheap. However, the problem of methanol crossover from anode to cathode is the main problem 
for the commercialization of this fuel cell due to performance degradation. In order to prevent methanol crosover, 
the flowing electrolyte-direct methanol fuel cell (FE-DMFC) is considered as a potential solution. In this type of fuel 
cell, the anode and the cathode are separated by the porous flowing electrolyte channel, where a liquid electrolyte 
(for example, sulfuric acid) flows. Membranes are placed on both sides of this porous channel and the methanol 
crossover is mostly prevented by the flowing electrolyte. Many researchers have modeled this fuel cell, however 
the majority of these studies are single phase and developed using 1D or 2D techniques. In this study, a three 
dimensional and two phase FE-DMFC model has been modelled to examine the baseline condition of this fuel cell 
to obtain more realistic modeling predictions. Main equations such as continuity, momentum, charge, and transport 
of methanol, water and oxygen species are combined with basic mixture equations and auxiliary equations using 
the commercial software Comsol Multiphysics. 
 
Keywords: DMFC, Comsol Multiphysics, FE-DMFC, simulation, two phase 
 
 
I. Introduction 
Direct methanol fuel cell (DMFC) is one of the low temperature fuel cell types that can be used in some specific 
portable and vehicular applications. Using liquid diluted methanol solution provides several advantages as it is easy 
to store and access methanol. However, unwanted methanol crossover from anode to cathode and poor 
electrochemical kinetics of the electrochemical reactions at both anode and cathode cause low performance. To 
eliminate this crossover and enhance the performance, flowing electrolyte-direct methanol fuel cell (FE-DMFC) can 
be used. In this fuel cell type, methanol is carried away from the cell by means of the flow of sulfuric acid through 
the flowing electrolyte channel. This FE-DMFC design was initially proposed by Kordesch et al. (2001) and then 
developed by numerous numerical and experimental methods. For example, in single cell-level, Colpan et al. (2011) 
and Ouellette et al. (2015) developed 1D models of the FE-DMFC in different levels of details. Colpan et al. (2011) 
developed a 2D model of FE-DMFC to estimate the performance of this fuel cell for different values of inlet velocities 
of fluids entering through the channels. In stack-level, recently, Colpan and Ouellette (2018) developed a FE-DMFC 
stack model including the details of the flow pattern in 3D environment using Comsol Multiphysics environment. In 
addition to these single-phase models, there are some multiphase FE-DMFC models in the literature. For example, 
in the studies by Ouellette et al. (2015a, 2015b) and Atacan et al. (2017), an advanced modeling technique including 
the effects of multi-phase has been used to have a better understanding of the transport phenomena inside the fuel 
cell. In terms of experimental works on FE-DMFC, the most significant studies were carried out by Sabet-Shargi et 
al. (2013) and Colpan et al. (2017). In these studies, the superiority of FE-DMFC over DMFC was shown.  
 
Although there are several models in the literature, a detailed 3D multiphase model of FE-DMFC has not been 
developed. In this study, a three dimensional and two-phase FE-DMFC model has been developed to find the 
distributions of chemical species (saturation and methanol) within 3D geometry of the cell for the baseline conditions. 
 
II. Modeling 
In this study, in order to solve the governing equations (mass, momentum, chemical species and charge) and other 
auxiliary equations (e.g. Butler-Volmer equation) COMSOL Multiphysics has been used by coupling equations 
together.  
 

  transgen SS  u  

 
(1) 
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Mixture velocity (u) and pressure (P) distributions are found by using Eqs. (1) and (2). By using this velocity, the 
convective mode of transport within Eq. (3) is accounted for. The concentration profile of each species (methanol, 
water, oxygen) is taken from Eq. (3) and the current distributions for electrolyte and solid phase are obtained from 
Eqs. (4) and (5). The main parameters of the fuel cell geometry is given in Tab.1; and other relevant parameters are 
taken from Atacan et al. (2017). 
 
Tab.1 Main parameters of fuel cell geometry 

Parameter Value Units 
    Cell Length 42×10-3 m 
    Active Area 1.764x10-3 m2 

Thickness 
ABL and CBL 0.175×10-3 m 

AFC and CAC 1x10-3 m 

AM and CM 0.127×10-3 m 

FEC 0.175×10-3 m 

ACL and CCL 38x10-6 m 
Channel Dimensions 

Width 1.5x10-3 m 
Depth 1x10-3 m 

 
In order to get mesh independent model, current density change is taken in consideration. Number of mesh is 
increased until the error margin is less than 0.1% between two consecutive values. This process is done for each 
layer and mesh size is determined accordingly. As a result of this process, total number of mesh is found as 1.2 
million. To gain time in calculations symmetry property is given at the center of the fuel cell as shown in Fig.1. 

 
Fig. 1 – Meshing of the geometry in Comsol Multiphysics 
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III. Results and discussions 
 
Methanol concentration and saturation distributions have been examined with the developed two-phase and three 
dimensional FE-DMFC model. Fuel cell operates at 80°C with 1 M methanol solution at the anode inlet and 101325 
Pa air at the cathode inlet at baseline condition. In addition, the stoichiometric flow ratios at the anode and cathode 
flow channels are set to 2 and 3, respectively.  
 
III.1. Methanol Concentration 
 
Fig. 2 illustrates the methanol concentration distribution for a cell voltage of 0.2 V (i =1926.4 A∙m-2). Methanol 
concentration decreases along the length-wise (y-direction) and thickness-wise (z-direction) directions because of 
increasing consumption of methanol within ACL. Methanol passes through membrane due to the electro-osmotic 
drag. This electro-osmotic drag occurs due to production of protons in the ACL. As seen in the FEC, the methanol 
concentration mostly decreases due to the convective crossflow. This causes reducing the crossover current density, 
with a maximum of ~30 A∙m-2 at 0.5 V. 

  
Fig. 2 Distribution of methanol concentration 

 
III.2. Saturation Concentration 
 
The saturation distribution at a cell voltage of 0.2 V is shown in Fig. 3.  As shown in this figure, the liquid saturation 
within the anode and FEC is very high, ~0.9, and constant for both cell voltages. Because of the consumption of 
methanol and water solution, and the production of carbon dioxide, the cell voltage and the liquid saturation within 
the ACL decrease. The liquid saturation decreases to a value of 0.894 at the lower cell voltage (0.2 V). However, in 
this situation, at a cell voltage of 0.2 V, the liquid saturation increases from a value of 0.11 to 0.127. This increase 
in liquid saturation is owing to the combination of water crossover from the FEC to the cathode and due to the 
generation of water from the ORR and MOR from any crossed over methanol. Because of the lack of chemical 
reactions, saturation negligibly changes in the FEC. 
 

  
Fig. 6. Saturation distribution 
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V. Conclusions 
 
Comsol Multiphysics (a commercially available software) is used to find methanol, saturation and oxygen 
concentration distrubituions. In order to develop a three dimensional and two phase model, the governing 
conservation equations of momentum, mass, species and charge are solved by using built-in modules in this 
software. However, mixture equations used in model has been entered manually. The following conclusions have 
been made in this study: 
 

 The effect of convective crossflow in the FEC decreases crossover density with a maximum of ~30 A∙m-2 at 
0.5 V. 

 The increase in liquid saturation is found ~15.5% due to the combination of water crossover from the FEC 
to the cathode and due to the generation of water from the ORR and MOR from any crossed over methanol. 
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DMFC Direct methanol fuel cell 
FEC Flowing electrolyte channel 
FE-DMFC Flowing electrolyte-direct methanol fuel cell 
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Abstract 
Şırnak nut shell char, waste wood and lignite were pyrolized and carbonized as powder in industrial furnaces and 
carbonized by microwave furnace. Turkish lignite fine and coal fine have great economic and ecological benefits in 
burning after being washed and cleaned. The distribution and quality of Şırnak biochar reserves makes it possible 
to consume in the water treatment as high reactivity by porosity of 42,7 %, high micro mesoporous and nanoporous 
content with 7,8% and at high adsorption value of 126mg/kg will be considered. The modified pyrolyzing method 
was using agglomerated pyrolyzing and microwave carbonization as active carbon and char in the form of micron 
sized. The parameters of this pyrolyzing method produced there active char by this method and test results of 
adsorption with active carbon was not effective as biochar. The size of the large agglomerate managed high flow 
adsorption. It is an effective method especially in high metal load and backwash. It has been determined to be 
successful in high density and low porous active carbon and less carbonized lignite. 
 
Keywords: microwave, modified carbonized, agglomerated char, biochar, metal adsorption, water treatment 
 
I. Introduction 
Biochar is produced by heating biomass in the total or partial absence of oxygen. Pyrolysis is the most common 
technology employed to produce biochar, and also occurs in the early stages of the combustion and gasification 
processes. Besides biochar, bio-oil and gas can be collected from modern pyrolysers. These could be refined to a 
range of chemicals and/or used as sources of renewable energy if derived from sustainably produced biomass. 
Carbonization the most common technology employed to produce biochar, and also occurs in the early stages of 
the combustion and gasification processes. 

 
Fig. 1: Low temperature Slow Pyrolyser 

 
The pyrolysis gas is mainly a mixture of carbon monoxide (CO) and hydrogen (H2) with lower quantities of CO2, 

CH4, H2O, and a range of volatile compounds. Pyrolysis gas is costly to store and transport and therefore, it is 
usually combusted on-site to meet the heat requirements of the pyrolyser. However, if the heat energy released 
during combustion of the pyrolysis gas exceeds the demand of a biochar system and opportunities exist nearby the 
plant, then the pyrolysis gas could be used to provide heat for external processes. If the energy provided by the 
pyrolysis gas is converted into electricity, then this can be fed into the grid. 

Bio-oil consists of a complex mixture of oxygenated hydrocarbons with a considerable fraction of water. Bio-oil 
is attractive for the energy industry due to the fact that it is transportable, storable, and a potential replacement of 
fuel oil or diesel in stationary applications including boilers, furnaces, engines, and turbines for electricity 
generation. However, it cannot be used directly as a transport fuel unless it is upgraded, which is technically 
feasible but expensive. In addition, bio-oil can be a source of a number of valuable chemical products such as 
acetic acid, resins, sugars, food flavourings, slow release fertilisers, adhesives and preservatives. 
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Fig. 2: Wood Pyrolyser 

 
Charcoal has been produced from woody biomass for thousands of years. In developing countries, traditional 

earth-mound, brick, and metal kilns are inefficient in producing charcoal and usually do not include burning of the 
exhaust gases. Therefore, they are regarded as an important source of deforestation and greenhouse gas 
emissions. Moreover, small-scale pyrolysis stoves are promoted to decrease fuel consumption and deforestation in 
developing countries, improve respiratory health, and increase soil fertility by incorporating the biochar into soils. 

Two toxic compounds, polyaromatic hydrocarbons (PAHs) and dioxins can be also present in chars and 
bio-oils produced during pyrolysis. Large quantities of PAHs are formed in chemical reactions at temperatures over 
700oC and evidence suggests that small amounts of PAHs can also be formed in pyrolysis reactors operating 
between 350 and 600oC. Dioxins predominantly form at temperatures above 1,000oC and are significantly reduced 
when chlorine and metals are not present. It is important to note that in any modern biochar manufacturing process 
these toxins must be avoided. 

To ensure that biochar production does not contribute to air pollution and GHG emissions, biochar must be 
produced in a facility that captures and combusts the gases released when biomass is heated. The heat produced 
through combustion of these gases can be used as a form of renewable energy. Biochar production can occur at 
scales ranging from a cook stove to large engineered industrial-scale plants. Slow pyrolysis could be used in 
intensive animal production or landfill systems as a waste management solution, delivering renewable energy and 
converting end-of-life biomass to valuable stable carbon-based soil amendments that facilitate nutrient recycling. 

 
II. Adsorption Characterisation of biochar-active carbons  
Several physical properties have been identified to measure the quality of biochar: pH, volatile compound content, 
water holding capacity, ash content, bulk density, pore volume, and specific surface area. The IBI (2015) has 
formalised these and other properties into a proposed reporting standard. 

The characteristics of feedstock and production parameters determine the physico-chemical properties and 
nutrient content of biochar. Based on surface area, pH, and cation exchange capacity (CEC), Lehmann (2007) 
proposed a temperature between 450-550oC to optimise the characteristics of biochar for use as char adsorbant 
(Figure 3). 

 
Figure 3. Temperature effects on carbon recovery, cation exchange capacity (CEC; measured at pH 7), pH, and 

surface area for dried wood from Robinia pseudacacia L. (Lehmann, 2007). 
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Balancing parameters depend on what is desired. For example, the higher the process temperature the less 
biochar produced (less soil amendment and less C sequestered) but the higher its carbon stability (longer C 
sequestration) and co-products yield (more energy). It is important to note that the structure of biochar offers pore 
networks for gas retention and adsorption. Further characterisation of biochar-liquid and gas dynamics is required 
and need analysis of the many factors: 

 test conditions, duration, and adsorption and desorption study (eg. soil remediation, crop production, 
carbon sequestration); 

 temperature 
 type of char 
 type of ingredients, reactivities 
 feedstock for producing biochar (e.g. rice husk, corn stover, etc) 
 type of carbonization technology and respective parameters (e.g. temperature, heating rate, residence 

time); 
 post- treatment (e.g. acidic activation or cleaning); 
 effects of soot, steam unveil capacity, pH, leaching, toxins mobilisation). 
 

II.1.The heterogeneous chemical nature of biochar.  
Charred biomass consists not only of recalcitrant aromatic ring structures, but also of more easily degradable 
aliphaticand oxidized carbon structures (Schmidt and Noack 2000). The range of carbon forms within a biochar 
particle may depend on the carbon properties of the plant cell structure, on the charring conditions, and on the 
formation process (by either condensation of volatiles or by direct charring of plant cells). The consequence of this 
heterogeneity is that some portions of biochar may indeed be mineralized very rapidly, as are aliphatic carbon 
forms (Cheng et al. 2006). An extrapolation from relatively easily mineralizable carbon forms to the entire biochar 
may therefore lead to erroneous projections.  
 
II.2. The particulate form of biochar.  
Because biochar exists as particulates, biotic or abiotic decay must be initiated on its surface. (Figure 3) Such 
surface oxidation may be initiated quite rapidly (ie within a few months; Cheng et al. 2006), but is restricted to the 
outer areas of a particle, even after several hundred years in soils (Lehmann et al. 2005b). Quantification of the 
decomposition of fresh biochar by short-term experiments may therefore lead to an overestimation of long-term 
decay. 
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Abstract 
The main objective of this study is to perform a parametric study on exergetic performance of the run-of-the-river 
hydropower integrated hydrogen production via high-pressure-PEM electrolyser in terms of the second law of 
thermodynamics. For this purpose, the following parameters are taken into consideration: i) Gross head (=50-
300m), ii) Discharge (=0.2-0.4 m3/s), iii) Pure water flow. In this regard, in order to determine the exergetic 
performance of the run-of-the-river hydropower integrated high-pressure-PEM electrolyser, the hydrogen 
production rates have been calculated based on the power generated from this hydropower plant. It is determined 
that run-of-the river mini hydropower plant generates power between 75.5 kW and 905 kW based on the gross 
head, ranging from 50 m to 300 m, and the discharge, ranging from 0.2 m3/s to 0.4 m3/s. Depending on these 
values, it is estimated that the PEM electrolyser produces hydrogen gas ranging from 1.325 kg/h (=14.928 Nm3/h) 
to 15.966 kg/h (=180 Nm3/h) at 30 bar and 70 °C. Moreover, exergy efficiency is found to be 0.543 at 0.4 m3/s for 
50 m and 0.545 at the discharge of 0.2m3/s for 300 m of gross head. Accordingly, it can be said that exergetic 
efficiency of the process decreases with the rise of the discharge at a constant gross head while the hydrogen 
production rate increases with the rise of electricity generation. 
 
Keywords: Exergy efficiency, Hydrogen, PEM electrolyzer, run-of-river mini hydropower, discharge, gross head. 
 
I. Introduction 
Hydropower, more environmental benign and cheapest renewable energy (Dursun, 2011), is an essential tool as 
a renewable energy source that can be converted into electricity by means of the run-of-the river hydropower 
plant, as well. The run-of-the river hydropower plant is inviting a global attention because it is clean, cost effective 
and it has not environmental impact (Manders, 2016). These types of many power plants are particularly 
appropriate for east Black-sea region of Turkey. East Black Sea Region has a significant role in terms of 
hydropower energy potential in Turkey. This region has 48478 GWh/year potential energy and it has 24239 
GWh/year technical potential energy (Koç, 2014). The present hydropower plants in this region produce almost 
3420.9 GWh in a year. However, the installing capacity of those under construction is estimated to be nearly 9553 
GWh/year. It means that east black sea region has  high quantity of hydropower for different applications such as 
renewable hydrogen production that has minimum impacts on the environment and society (Cilogulları, 2016). In 
order to produce renewable hydrogen by using electricity from run-of-the-river hydropower plant PEM 
electrolysers may be used (Nieminen, 2010; Ahmadi, 2013). This system (the run-of-the-river hydropower 
integrated hydrogen production via high-pressure-PEM electrolyser system) should be exergetically evaluated in 
terms of the Second Law of Thermodynamics. Under these considerations  
 
II. Main Consideration 
a) System Description 
Assumptions: 
1. Slope angle of the penstock has been accepted to be 60 degree in accordance with the land structure of East 
Black Sea Region. 
2. Penstock diameter has been accepted to be 1 m. 
3. Turbine, generator and transformer, PEM electrolyser, pumps efficiencies have been accepted to be 0.90, 0.95, 
0.90, 0.60 and 0.80, respectively. 
4. The pressure and heat losses through the system have been neglected. 
5. Operating pressure and temperature of PEM electrolyser have been accepted to be 30 bar and 70°C, 
respectively. 
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Tab. 1: Operating Parameters of run-of-the-river Hydropower Plant 
Parameter Symbol  Unit  Values  Comment  

Local friction factor in valve  kv  - 0.5  (Featherstone, 1995)  
Local friction factor outlet of forebay kh   0.5 (Featherstone, 1995) 
Reference environment pressure  P∞  bar  1  Assumed  
Reference environment temperature  T∞  K  298.15  Assumed  
Gravity g (m/s2)  9.81 (Featherstone, 1995) 
Efficiency of turbine ηt %  90 Assumed  
Efficiency of generator ηg %  95 Assumed  

Efficiency of transformator ηtrs %  90  Assumed  
 

In terms of mini hydroelectric power generation it has five main components. These are forebay, penstock 
and power house. Power house includes turbine, electricity generator and transformer.  

 

 
Fig. 1: Schematic illustration of the run-of-the-river hydropower integrated hydrogen production system for East Black Sea 

Region. 
 

b) Exergy Analysis 
Calculations of some constructive parameters for the system, 
a) Local losses through the penstock is calculated as below, 
 

𝜉𝜉𝑙𝑙 = 𝑘𝑘 𝑣𝑣2

2 𝑔𝑔                                                                                                                                                                                                            (1) 

 
b) Darcy-Weisbach friction factor (Barr equation) can be written as below (Featherstone, 1995), 
 

1
√𝜆𝜆

= −2𝑙𝑙𝑙𝑙𝑔𝑔 [ 𝑘𝑘𝑠𝑠
3.7𝐷𝐷 + 5.1286

𝑅𝑅𝑅𝑅0.89   ]                                                                                                                                                                  (2) 

 
c) Friction Loss in Penstock is calculated as below (Ozgur, 1957), 

Gross 
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𝜉𝜉𝑠𝑠 = 𝜆𝜆 𝐿𝐿 𝑣𝑣2

2 𝑔𝑔 𝐷𝐷                                                                                                                                                                                                         (3) 

 

d) Total losses in the system is shown as below, 
 
𝛴𝛴𝜉𝜉 =  𝛴𝛴𝜉𝜉𝑙𝑙 + 𝛴𝛴𝜉𝜉𝑠𝑠                                                                                                                                                                                             (4) 

 
e) Calculation of Net Head can be written as below, 
 
𝐻𝐻𝑜𝑜 = 𝐻𝐻𝑔𝑔𝑔𝑔 − 𝛴𝛴𝜉𝜉                                                                                                                                                                                                  (5) 
 
f) Calculation of exergy output of the hydropower plant (Kacar, 2009): 
 
�̇�𝐸𝑥𝑥𝑤𝑤 =  9.81 �̇�𝑄 𝐻𝐻0 𝜂𝜂𝑡𝑡 𝜂𝜂𝑗𝑗  𝜂𝜂𝑡𝑡𝑔𝑔𝑠𝑠                                                                                                                                                                      (6)
  
g) PEM Electrolyzer electricity demand is shown as below (Inac, 2009): 
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h) High-pressure water pump electricity demand is calculated as below; 
 

 hpp hpp
pw pw out in

hpp
hpp

m v P P
W

η

 


&&                              (8) 

i) Required electricity for hydrogen production can be written as below; 
 

2H PEM hppW W W & & &                               (9) 

j) Exergy expression can be written by depending on the physical and chemical exergies of the hydrogen; 
 

�̇�𝐸𝑥𝑥𝐻𝐻2 = �̇�𝐸𝑥𝑥𝐻𝐻2
𝑐𝑐ℎ + �̇�𝑚𝐻𝐻2((ℎ − ℎ𝑜𝑜) − 𝑇𝑇0(𝑠𝑠 − 𝑠𝑠𝑜𝑜)                                 (10) 

 
k) Exergy of water (potential energy) in the reservoir; 
 
�̇�𝐸𝑥𝑥𝑝𝑝𝑜𝑜𝑡𝑡 = �̇�𝐸𝑥𝑥𝑔𝑔𝑤𝑤𝑖𝑖 =  9.81 �̇�𝑄 𝐻𝐻𝑔𝑔𝑔𝑔                                       (11) 
 

l) Exergy efficiency of the system can be written as below; 
 

2H
ex

pot

Ex

Ex
 

&

&                                  (12) 

 
III. Results and Discussions 
Variation of exergy efficiency of the system as a function of discharge are presented in Fig. 2. According to Fig. 2, it 
is determined that minimum exergy efficiency of the system is 0.543 at 50 m of gross head and 0.4 m3/s of 
discharge and at the same point, exergy of hydrogen produced is obtained to be 106.707 kW. However, maximum 
exergy efficiency is estimated to be 0.544 at 300 m of gross head and 0.2 m3/s of discharge, and at the same 
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point exergy of hydrogen produced is found to be 320.465 kW. Accordingly, it is found out that exergy of hydrogen 
produced increases with the rise of discharge while exergy efficiency of the system decreases. 
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Fig. 2: Variation of exergy efficiency of the system as a function of discharge 

 
IV. Conclusion 

The results are obtained from a parametric study on exergetic performance of the run-of-the-river 
hydropower integrated hydrogen production system. In this regard, depending on the operating values of the 
system, the following concluding remarks may be briefly drawn under given operating conditions: 

 Minimum value of exergy efficiency is calculated to be 0.543 at 0.4 m3/s for 50 m. 
 Maximum value of exergy efficiency is estimated to be 0.545 at 0.2m3/s for 300 m. 
 Minimum exergy by hydrogen is 53.408 kW  at 50 m gross head and 0.2 m3/s of discharge. 
 Maximum exergy by hydrogen is 640.383 kW at 300 m gross head and 0.4 m3/s of discharge. 

 
Consequently, it is recommended that, based on the gross head and discharge values for East Black Sea 

Region of Turkey, a small hydrogen production station including the run-of-the-river hydropower integrated 
hydrogen production via high-pressure-PEM electrolyser system in this region be developed for hydrogen 
production. 
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Nomenclature 
kv Local friction factor in valve 
kh Local friction factor outlet of forebay 
P∞ Reference environment pressure (bar) 
T∞  Reference environment temperature (Kelvin) 
Hg Gross head (m) 
Ho Net head (m) 
�̇�𝑸 Discharge (m3/s) 
𝑣𝑣 Velocity (m/s) 
L Length (m) 
D Diameter (m) 
g Gravity (m/s2) 
s Entropy (J/gK) 
h enthalpy (J/g) 
c Specific heat capacity (J/gK) 
Z Compressibility factor 
R Universal gas constant (J/kg K) 
�̇�𝑚 Mass flow rate (kg/s) 
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�̇�𝐸𝑥𝑥 Exergy (kW) 
 
Greek Letters 
η Efficiency  
𝜉𝜉 Losses 
𝜆𝜆 friction factor  
 
Acronyms 
PEM Proton exchange membrane 
Re Reynolds number 
gr gross head 
pot potential 
rw river water 
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Abstract 
Hydrogen is often presented as one of the potential, sustainable alternatives to fossil fuels as it has the highest 
energy per mass. Hydrogen storage is a major obstacle in the way of the development of a near-future hydrogen 
economy. A number of potential solutions have been investigated so far (Demirci, 2017). 

Among others, potassium borohydride (KBH4) appears to be a promising candidate because of its 
hydrogen storage capacity exceeds 7.4 wt. % H2 and similar to that of NaBH4 (hygroscopicity, self-hydrolysis, 
exothermic hydrolysis with -220 kJ/mol, better stability in basic medium, accelerated kinetics in the presences of 
Co catalysts (Zhu, 2008) 

In this research, the new Co-Schiff Base complex that prepared 5-Amino-2,4-dichlorophenol-3,5-
ditertbutylsalisylaldimine ligand (Kilinc, 2017) was synthesed. This complex was used as a catalyst to hydrolysis 
of KBH4 for H2 production. KBH4 hydrolysis reaction which catalyzed with Co-Schiff Base complex was 
investigated depend on concentration of KBH4, concentration of NaOH, temperature, percentage of Co complex 
and amount of catalyst. In addition the catalyst and products were caracterized with some analysis technique like 
XRD, FT-IR, BET, SEM. As a result it seen that Co-Schiff Base complex was effective catalyst in KBH4 hydrolysis 
for H2 production. 
 
Keywords: KBH4, Co-Complex, H2 Production 
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Abstract 
From a variety of biological wastes, biohydrogen production through anaerobic fermentation process is growing 
worldwide. It is considered as a cleaner solution in current energy scenario and this technology is environment 
friendly, economical, and known as the most efficient - as compared to all other technologies of energy production - 
through biological energy conversion processes.  

In this technology, there is an increasing demand for upgraded biohydrogen, to be used as vehicle fuel or in 
proton exchange membrane (PEM) fuel cell. Because biogas derivered from anaerobic fermentation is mainly 
composed of hydrogen (H2) and carbon dioxide (CO2) and trace amounts of other impurities such as carbon 
monoxide and sulphur compounds. However, the presence of CO2 in H2 in a fuel cell would reduce the fuel cell 
performance and could degrade the catalyst activity. The high percentage of CO2 (up to 25%) and some other 
impurities, poison especially platinum based catalysts, and limit economic feasibility. Also CO2 is found to form a 
cloud and block H2 from reaching the platinum sites. Because of this unavailability of hydrogen a performance loss 
exists in fuel cells. Therefore upgrading biogas by removing CO2 could make hydrogen to become acceptable for 
more advanced utilisation. Depending on the end use, biogas upgrading is necessary and it is important to 
optimize upgrading process in respect to low energy consumption, high efficiency and giving high hydrogen 
content in the upgraded biogas. 

For this purpose several biogas upgrading processes including pressure or temperature swing adsorption, 
pressurized water scrubbing, amine swing absorption, cryogenic separation and membrane technologies have 
been developed for CO2 removal. Therefore this study aims to thoroughly evaluate and describe the biogas 
upgrading technologies that are commercially available and in operation today. The technologies are described in 
detail by presenting the theory behind the separation mechanism, the upgrading process as a complete system 
and operational issues. 
 
Keywords: Biohydrogen, biogas upgrading, carbon dioxide, membrane gas permeation 
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Abstract 
Hydrogen gas production was obtained from organics present in wastewater by electro-hydrolysis. Electrical current 
generated by a using photovoltaic cells and was applied to wastewater using electrodes. Hydrogen gas production 
from electrolysis of pure water was less than 15% of that obtained from wastewater. Hydrogen gas yields up to 7.14 
L H2/g TOC were obtained. Hydrogen gas fraction in the gas phase varied between 75 and 99%. The results 
indicated that the major fraction of hydrogen gas was generated by electro-hydrolysis of organic compounds. 
Hydrogen gas production from electro-hydrolysis of wastewater using electrical power from photovoltaic cells was 
proven to be an inexpensive, fast and energy efficient method with TOC removal. 
 
Keywords: Hydrogen gas, wastewater, electro-hydrolysis, photovoltaic cells 
 
I. Introduction 
Fossil fuels cause serious air pollution problems by formation of undesirable gases (SOx, NOx, COx) in the 
atmosphere despite being used as a major energy source for many years. Today, hydrogen gas is considered the 
main energy source of the future. Hydrogen gas is a clean, high-energy fuel (122 kJ/g) compared to fossil fuel. 
Currently, many technologies can be used for hydrogen production. However, many challenges are known to shift 
from fossil fuels to H2 energy. Hydrogen gas, which is not readily available naturally, is produced by expensive 
processes such as natural gas reforming, electrolysis of water. These methods require high energy input.  
Hydrogen gas production is achieved by providing fermentation of raw materials with high carbohydrate content. 
Dark and photo fermentation or sequential fermentations were used for bio-hydrogen gas production. Although 
these methods are carried out under proper operating conditions, low hydrogen gas formation rates are the 
drawbacks of these methods by Kapdan (2006). Electrolysis of water for hydrogen gas production has been studied 
extensively by Stojic (2003); Nagai (2003); Varkaraki (2003). Energy requirement for electrolysis of water is 4 kW 
h/m3 H2 while the energy content of hydrogen gas is 3.55 kW h/m3 H2. Water electrolysis using PEM containing cells 
requires net energy input for hydrogen gas production by Grigoriev (2006). Electro-hydrolysis of organic compounds 
present in waste materials is developed as a new approach for hydrogen gas production. Hydrogen gas production 
by DC current application to organic wastes and fermentation effluents have been reported in a few patents by Day 
(1980); Roychowdhury (2000); Paterek (2005). Photovoltaic cells have been applied to generate electrical power 
required for electrolysis of water by Khaselev (2001). Hydrogen gas production from industrial wastewater using 
electrical power generated by photovoltaic cell (PVC) was investigated in this study. A well-sealed and mechanically 
mixed reactor with stainless-steel electrodes was used. A voltage regulator and a battery were used to adjust the 
applied DC voltage and to store the electrical energy for use at the nighttime.  
 
II. Experimental Set-up and Procedure 
The experimental system consisted of a PVC panel with 80*120 cm dimensions, a voltage regulator, a battery and 
a stainless-steel sealed reactor with dimensions of 21 cm, heiht of 48 cm and volume of 16.8 L (Fig.1). Wastewater 
volume in the reactor was 13.2 L with a head space of 3.6 L. The PVC panel contained 32 cells providing 115 W, 
18 V voltage with 6 A current. A voltage regulator was used to adjust voltage to the desired level of 13.5 V. A battery 
was used to store electrical energy generated by the PVC panel and to provide constant current to the reactor when 
the sunlight was not available. Mechanically mixed and sealed stainless-steel reactor contained aqueous organic 
waste, electrodes and a pressure gauge. Electrodes were used to transmit the electrical current (electrons) 
generated by the PVC to the aqueous medium in the reactor. Dimensions of the electrodes were L= 49.5 cm and 
Do= 0.9 cm which were mounted on the head plate of the reactor and immersed in wastewater inside the reactor. 
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Fig. 1: A schematic diagram of the experimental set up used for hydrogen gas production from wastewater using photovoltaic 
cells. (1) Photovoltaic cell (PVC) or solar panel, (2) voltage regulator, (3) battery, (4) stainless-steel reactor containing aqueous 
organic waste, (5) electrodes, (6) mixing motor and blades, (7) hydrogen storage tank, (8) liquid feed/effluent port, (9) gas release 
port, (10) aqueous organic waste. 
 
III. Analysis 
Hydrogen gas was sampled from the headspace of the reactor by using gas-tight glass syringes and hydrogen 
concentration was determined by using a gas chromatograph (Agilent 6890). Nitrogen gas was used as carrier with 
a flow rate of 30 ml/min and the head pressure was 22 psi. The amount of total gas produced was determined by 
water displacement method everyday using sulfuric acid (2%) and NaCl (10%) containing solution. The cumulative 
hydrogen gas production was determined by Argun (2008). pH and ORP of the fermentation medium were 
monitored by using pH and ORP meters with relevant probes (WTW Scientific, Germany). Samples removed from 
fermentation media everyday were centrifuged at 7000 g to remove solids. Total organic carbon (TOC) content of 
wastewater was determined using clear supernatants after centrifugation of samples. TOC measurements were 
done using a TOC analyzer (Teledyne Tekmar Apollo 9000 Combustion TOC Analyzer, USA). Fe(II) ions released 
to the medium were measured by using an ICP analyzer (Optical Emission Spectrometer Optima 2100 OV ICP 
Analyzer, Perkin Elmer, USA). 
 
IV. Results and discussions 
The experiments were carried out using diluted wastewater and tap water to determine the extent of hydrogen gas 
evolution from water as compared to the wastewater. Fig. 2 depicts cumulative hydrogen production from water and 
wastewater with application of electrical power. Nearly 9.4 L hydrogen gas was produced within 432 h (18 days) 
from water electrolysis with 700 ml water loss from the reactor yielding hydrogen formation rate of 0.522 L/d. pH of 
water increased from 7.7 to 8.3 due to removal of hydrogen ions from water to form hydrogen gas. When the same 
DC power was applied to wastewater with an initial TOC of 4500 mg/L and nearly 95 L hydrogen gas was released 
within 22 days yielding hydrogen production rate of 4.32 L/d. Hydrogen gas production rate from wastewater was 
nearly 8 times grater than that obtained from water. Hydrogen gas was mainly produced by electrohydrolysis of 
organic compounds releasing protons to the medium. Stainless-steel electrode (anode) was ionized and anode 
released Fe(II) ions and electrons into the solution with the application of electric power. The released electrons 
reacted with the protons released from the decomposition and dissociation of organic compounds present in 
wastewater according to the following reaction. 
 
Organic compounds   2H+ + decomposed organics-                (1) 

2H+ + 2e-  H2(g)          (2) 

Total organic carbon (TOC) analyses were carried out during the course of experiments, in order to determine 
TOC removal along with hydrogen gas evolution, Fig. 3 depicts variation of TOC content of wastewater with time. 
TOC decreased from nearly 4500 mg/L to 4200 mg/L. Total wastewater volume decreased from 13.2 L to 11.88 L 
with a 1.32 L water loss within 22 days. Hydrogen gas yield was nearly 10 L H2/g TOC. pH of wastewater decreased 
slightly from 6.8 to 6.7. Hydrogen ion release from electrohydrolysis of organic compounds present in wastewater. 
Hydrogen ions reacted with electrons released from the stainless-steel anode to form hydrogen gas. Approximately, 
2.03 mg/L Fe(II) was detected in the medium at the end of operation yielding a total of 27 mg Fe(II) release to the 
medium. 
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Fig. 2: Comparison of hydrogen production from water and wastewater using photovoltaic cell. 

 

Fig. 3: Variation of TOC content of wastewater 

V. Conclusions 
Hydrogen gas production from electrolysis of pure water was lower than 15% of that obtained from wastewater. The 
results showed that the major fraction of hydrogen gas was produced by electrohydrolysis of organic compounds. 
Hydrogen gas yields up to 7.14 L H2/g TOC were obtained. Hydrogen gas fraction in the gas phase varied between 
75 and 99%. Hydrogen gas production from electrohydrolysis of wastewater using electrical power from a PVC 
panel was demonstrated to be an inexpensive, fast and energy efficient method as compared to electrolysis of water. 
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Abstract 
Hydrogen gas production was investigated by electrohydrolysis method using metal plating washing wastewater. 
Different voltages generated by DC power supply were applied to metal plating wastewater in order to produce 
hydrogen gas. Effects of the voltage, reaction time and kind of metal on percent hydrogen gas production were 
investigated. Cumulative hydrogen gas volume increased up to 4V and then decreased with increasing voltages 
above 4V. Percent hydrogen gas in the gas phase also varied during the course of experiments and reached to 
nearly pure H2 gas (95-99% H2) at 4 V. The optimum DC voltage maximizing cumulative hydrogen gas volume 
(4000 mL), H2 production rate (985 mL H2 d-1) and hydrogen percentage (99%) in the gas phase was obtained 
with wastewater which contains chrome at 4V. Nearly pure hydrogen gas formation in the gas phase is a 
significant development since the produced hydrogen gas can directly be used in fuel cells. 
 
Keywords: Electrohydrolysis, Metal plating wastewater, Hydrogen gas production, TOC removal 
 

I.Introduction  
Search for clean and high energy fuels has gained significant attention over the last fifty years due to recent 
energy shortages and air pollution caused by the utilization of fossil fuels (Winter, 2005). Hydrogen gas is 
identified as one of the major clean energy sources of the future due to its high energy content (122 kJ g_1) and 
reduced green house gas emissions as compared to fossil fuels. Hydrogen gas is not readily available in nature 
and is produced by costly processes such as steam reforming of natural gas or electrolysis of water requiring high 
energy inputs (Das, 2001). Hydrogen gas production by fermentation of carbohydrate rich renewable raw 
materials such as biomass has been considered as a viable approach due to operation under mild conditions. 
Major obstacles in bio-hydrogen production by fermentation are low hydrogen yields and formation rates due to 
slow bacterial metabolisms (Kapdan, 2006). For that reason, hydrogen gas production by electrohydrolysis of 
organic compounds and metals present in waste materials is a rather new approach. A few recent patents on 
hydrogen gas production by DC current application to wastes and fermentation effluents have been reported 
(Kargı, 2011). The major objective of this study is to investigate the effects of the applied DC voltage and kind of 
metals in wastewater on percent hydrogen gas production and cumulative hydrogen production. 
 
II. Experimental procedure  
The experimental set-up consisted of a DC power supplier, two aluminum electrodes and 1 L serum bottles. 
Wastewaters were obtained from metal plating industry. Wastewater contains chrome, copper and nickel metals. 
The metallic wastewater (300 mL) was placed inside serum bottles. Aluminum electrodes were immersed inside 
the bottles containing wastes and connected to the DC power supply by wires. The applied DC voltages (V) and 
the amperes (A) were monitored during the course of experiments. Produced hydrogen gas was collected in the 
head space of the serum bottles. Hydrogen gas was sampled from the head space of the bottles by using gas-
tight glass syringes and hydrogen concentration was determined by using a gas chromatograph. 
 

 
Fig. 1. A schematic diagram of the experimental set-up. 
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III. Results and discussion  
Three set of experiments were performed to determine the effects of applied DC voltage on the rate and extent of 
hydrogen gas production from each metallic wastewater. Variation of cumulative hydrogen formation with time for 
different applied DC voltages between 1 V and 5 V were investigated. Two control bottles containing metallic 
wastewater with no voltage application (control-I) and water with DC voltage application (control-II) were added to 
each set. The first control bottle was used to evaluate effects of natural anaerobic decomposition of washing 
wastewater on hydrogen gas production. The second control bottle was used to determine H2 production by 
electrolysis of water. According to results of control experiments, cumulative hydrogen gas evolution from 
electrolysis of water and natural decomposition of metallic wastewater are negligible. Hydrogen gas evolution 
(approximately 10 mL) was observed in the experimental bottle when no voltage was applied to the metallic 
wastewater for a period of 97.5 hours. 

Cumulative hydrogen gas volume and hydrogen gas percentage were evaluated by different voltages. For all 
kind of wastewater, cumulative hydrogen volume generally increased up to 4V and then decreased or no 
significantly raised with increasing voltages above 4V. Percent hydrogen gas in the gas phase also varied during 
the course of experiments and reached to pure H2 gas (95-99% H2) at 4 V.  

Variation of cumulative hydrogen gas volume for chromic wastewater at different DC voltages by 
electrohydrolysis is shown in Figure 2. The optimum hydrogen gas production varies depending on the initial DC 
voltage. It also depends on reaction time. At high reaction times and high DC voltages, cumulative hydrogen gas 
volume was increased.  

 

 
Fig. 2: Variation of cumulative hydrogen gas volume at different DC Voltages by electrohydrolysis using chrome washing 

wastewater 
 

Therefore, the optimum DC voltage maximizing cumulative hydrogen gas volume (4000 mL), H2 production 
rate (985 mL H2 d-1) and hydrogen percentage (100%) in the gas phase was 4V. In addition to this, the highest 
TOC removal (43%) was also obtained with 4 V DC voltage.  

Variation of cumulative hydrogen gas volume for all wastewater with different reaction times at different 
metallic wastewaters by electrohydrolysis is shown in Figure 3. The optimum hydrogen gas production varies 
depending on the kind of metalic wastewater. It also depends on reaction time. After application of different DC 
voltages on metalic wastewater, cumulative hydrogen gas production and percentage of hydrogen gas were 
evaluated. Maximum cumulative hydrogen gas production was observed with chromic wastewater at 4 V. 
Cumulative hydrogen volume increased up to 4V and then decreased with increasing voltages above 4V. Percent 
hydrogen gas in the gas phase also varied during the course of experiments and reached to pure H2 gas (95-99 % 
H2) at 4 V.  
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Fig. 3: Variation of cumulative hydrogen gas volume with different reaction times at different metallic wastewater by 

electrohydrolysis 
  
IV. Conclusion  
Hydrogen gas production by electrohydrolysis of metalic wastewater was realized by applying DC voltages 
between 1 and 5V through aluminum electrodes. The applied voltage affected the rate and extent of H2 gas 
formation. According to results, the highest cumulative hydrogen gas evolution (4000 mL) and hydrogen formation 
rate (985 mL H2 d-1) were obtained with chromic wastewater at 4V DC voltage. Electrohydrolysis of metalic 
wastewater was proven to be an effective method for hydrogen gas production. The highest TOC removal (43%) 
was also obtained with 4 V DC voltage. Pure hydrogen gas formation in the gas phase is a significant 
development since the produced hydrogen gas can directly be used in fuel cells.  
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Abstract 
Because of depletion of fossil fuel resources, environmental pollution and global warming caused by a steep 
increase in carbon dioxide and other greenhouse gases in the atmosphere, there has been an increasing demand 
for the renewable energy sources, on the way towards a sustainable energy future. Hydrogen has been considered 
as a clean and environmentally benign new energy carrier for heating, transportation, mechanical power and 
electricity generation. Long term exploration has shown that the most effective and safest way of storing hydrogen 
is to use solid media such as sorbent materials or hydrides. Among the chemical hydrides considered as hydrogen 
storage material, sodium borohydride (NaBH4) has received the most extensive attention owing to its combined 
advantages of: (i) the high hydrogen storage capacity (10.8wt%); (ii) the high stability and no flammability of its 
alkaline solutions; (iii) the optimal control on hydrogen generation rate by supported catalysts; (iv) the acceptable 
hydrogen generation rate even at low temperature; (v) the availability and easy handling ; (vi) an efficient hydrogen 
source which releases hydrogen gas in the amount double of its hydrogen content upon hydrolysis in water. 

The present study focused on kinetics of hydrogen release through hydrolysis of sodium borohydride NaBH4 
in the presence of manganese(0) nanoparticles supported on ceria. From the hydrogen evolution curves, the 
reaction constant versus the NaBH4 concentration, apparent activation energy, rate constant were determined. It 
was noticed that the hydrolysis kinetics depends on temperature of reaction (i.e. 20–40°C) and NaBH4 
concentration (1.0-5.0 mmol). Hence, the kinetic constants were analyzed using existing kinetic models. The 
bimolecular Langmuir–Hinshelwood model satisfactorily captured the behavior of our catalyst consisting of 
manganese(0) nanoparticles supported on ceria. Herein, the kinetic data, the kinetic model, the hydrolysis 
mechanism and the issues still to be addressed are reported and discussed. 
 
Keywords: Ceria, hydrolysis mechanism, manganese, sodium borohydride,  
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Abstract 
The synthesis of metal nanoparticles (NPs) by a sustainable technology is very important to solve many challenges 
in modern materials science. “Top-down” approach which utilizes physical methods and the “bottom-up” approach 
which employs solution-phase colloidal chemistry are traditional methods of synthesis of metal NPs. Size 
distributions of NPs obtained by top-down methods are very broad and typically large (>10 nm) and are giving 
irreproducible catalytic activities. In contrast, bottom-up method is the most widely used approach and provides 
more convenient ways to control the size of the NPs than top down methods. However, preparation of 
monodisperse NPs on large scales, which can be used in practical applications, is very difficult to obtain via both of 
these methods. Therefore, in recent years, atom-economy and solvent-free approaches have attracted the 
attention for a permanent solution to this problem. Moreover, solvent-free approaches have drawn considerable 
attention and popularity, both from an environmental point of view and for synthetic advantages in terms of yield, 
selectivity, and simplicity of the reaction procedure. 

Herein, DMAB that has low melting point (~35°C) was used as both reducing and stabilizing agent for 
synthesis of Ni(0) and Cu(0) NPs. We report that Ni(0) and Co(0) NPs are normally obtained by decomposition of 
NiCl2 and Cu(acac)2, respectively, during the solvent-free dehydrogenation of DMAB under inert gas atmosphere at 
room temperature. The solvent-free dehydrogenation of DMAB in the presence Ni(0) and Cu(0) NPs corresponding 
to an initial turnover frequency of 21 and 19 h-1, respectively. The Ni(0) and Cu(0) NPs were characterized by TEM, 
HRTEM, TEM-EDX, UV-Vis. and XRD techniques. The heterogeneity of the in situ generated Ni(0) and Cu(0) NPs 
in the solvent-free dehydrogenation of DMAB were identified by carbon disulfide poisoning experiments. Also, the 
detailed kinetics in the solvent-free dehydrogenation of DMAB was studied by varying catalyst and substrate 
loadings and temperature. 
 
Keywords: Copper, dimethylamine-borane, green dehydrogenation, hydrogen storage, nickel.  
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Hydrogen Generation From the Hydrolysis of Dimethylamine- Borane at Room 
Conditions by Using Polyvidone Protected Ruthenium Nanocatalyst

Mehmet Gülcan, Yaşar Karataş
Van Yüzüncü Yıl Üniversitesi, Fen Fakültesi, Kimya Bölümü, Tuşba-Van

Boron based chemical hydrides (LiBH4, NaBH4, Ca(BH4)2, Mg(BH4)2) and boron-nitrogen (B–N) compounds (NH-
3BH3, NR3BH3 (R = H or alkyl), (CH3)2NHBH3, NH3B3H7, NH4B3H8, N2H4BH3) have been considered as solid 
hydrogen storage materials. Among these materials, B–N compounds are much better suited for this purpose due 
to their high gravimetric hydrogen storage capacity. Dimethylamine-borane ((CH3)2-NHBH3, DMAB) is appropriate 
material due to its high efficiency of H2 production, high stability, and nontoxicity (Caliskan et al. 2012; Wechsler et al. 
2008; Zahmakiran and Özkar 2009). Hydrolysis of DMAB produces 3 mol of H2 per mole by using 2 mol of water (1):

Herein we report highly active nanocatalyst for the room temperature dehydrogenation of dimethylamine-borane in 
water. Polyvidone protected Ru nanocatalyst was synthesized via a classical alcohol reduction technique and were 
characterized by carrying out TEM, HR-TEM, TEM/EDX, P-XRD analysis, UV/Vis and XPS spectroscopy. Moreover, 
detailed kinetic studies on the catalytic hydrolysis reaction were applied to assess the activation parameters.

Keywords: Nanocatayst, dimethylamine-borane, polyvidone, hydrolysis, ruthenium



332

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Highly Effective PVP-stabilized Rh-Ru Bimetallic Nanoparticles for the 
Dehydrogenation of Methylamine-borane in Water
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Methylamine-borane (CH3NH2-BH3, MeAB) is an ammonia-borane derivative and it has been studied in hydrolysis 
reaction over the past years due to its very high hydrogen density of 11.1%. According to the eqn (1), 3 moles of hydro-
gen can be obtained from the dehydrogenation of MeAB in water per mole MeAB in the presence of a suitable catalyst, 
which is considered to be a more advantageous method when compared to other systems that produce hydrogen using 
MeAB such as thermolysis and non-aqueous catalytic dehydrogenation (Gülcan and Karataş, 2017; Staubitz et al. 
2010; Yang et al. 2012). 
In the current work, we aimed to prepare and characterize PVP-stabilized Rh-Ru bimetallic nanoparticles and to use 
them as an highly effective catalyst for dehydrogenation of MeAB in water at room temperature. The PVP-stabilized Rh-
Ru bimetallic nanoparticles were synthesized using a classical alcohol reduction method (Gülcan and Karataş, 2017) 
and characterized by using TEM, HR-TEM, TEM/EDX, P-XRD, UV/Vis and XPS techniques.
Keywords: Nanoparticles, methylamine-borane, PVP, dehydrogenation, rhodium, ruthenium
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Abstract 
Hydrogen is a highly versatile energy carrier that may become one of the key pillars to support the future CO2-free 
energy infrastructure. When used in fuel cells, H2 is converted to water and it gives little or zero exhaust of 
greenhouse gases. For H2 economy to succeed, it needs to be produced in a clean, sustainable, reliable, and 
feasible way. The main objective of this study is to develop and investigate a continuous type hybrid 
photoelectrochemical-chloralkali H2 production reactor that converts the by–products into useful industrial 
commodities (i.e., Cl2 and NaOH). This system maximizes solar spectrum use by taking advantage of photocatalysis 
and PV/T. Furthermore, by using electrodes as electron donors to drive the photochemical reaction, the potential of 
pollutant emissions is minimized. The final products of this novel integrated system can be listed as H2, Cl2, NaOH, 
heat, and electricity. In this study, the effects of operating temperature on H2, Cl2, heat, and electricity production, 
energy and exergy efficiencies, and exergy destruction rates are presented. 
 
Keywords: Energy, exergy, efficiency, hydrogen production, multigeneration, sustainability, solar energy 
 
I. Introduction 

One of the most important challenges of the twenty–first century is keeping up with the growing worldwide 
energy needs due to increasing population and rising standards of living. In 2013, 9,301 Mtoe energy was consumed 
by approximately seven billion people worldwide. By 2050, these numbers are expected to go up to 20,000 Mtoe 
and nine billion, respectively (IEA, 2015; Friedlingstein et al., 2014). Meeting the significantly escalating global 
energy requirements with no or minimal environmental damage and fossil fuel dependence can only be 
accomplished by employing clean energy systems. These systems can present substantial environmental, 
energetic, financial, and societal advantages. To be considered sustainable, an energy system ought to meet these 
conditions: (i) insignificant or zero undesirable environmental or societal influence; (ii) negligible or no natural source 
exhaustion; (iii) capable of meeting the present and forthcoming population’s energy requirements; (iv) reliable, 
affordable, and effective fashion; (v) air, land, and water safety; (vi) minor or zero net GHG emissions; and (vii) well-
being at present with no burden to prospect generations (Dincer and Acar, 2015). 

By taking sustainability as the primary motivating factor, this study aims to develop and thoroughly investigate 
an integrated photoelectrochemical cell for H2, Cl2, NaOH, heat, and electricity generation. The integrated system 
consists of (i) solar splitter which sends the low energy content of solar spectrum to the PV/T subsystem, (ii) PV/T 
for cogeneration of heat and electricity; and (iii) a hybrid photoelectrochemical cell which can produce H2, Cl2, and 
NaOH. In this study, comprehensive thermodynamic analysis is conducted to calculate the H2, Cl2, heat and 
electricity generation, energy and exergy efficiencies, and exergy destruction rates. The effects of operating 
temperature on H2, Cl2, heat and electricity generation, energy and exergy efficiencies, and exergy destruction rates 
are also investigated. 
 
II. System Deescription and Analysis 
A block illustration of the integrated system is shown in Fig. 1 which describes the large scale conceptual system. 
The solar irradiation (Stream 1) is sent to the solar spectral splitter (Unit I). Here, photons with wavelengths up to 
400 nm is sent directly to the hybrid reactor (Unit III). Rest of the spectrum (Stream 2) is sent to the PV/T (Unit II) 
where the produced electricity (Stream 4) is sent to support Unit III. Excess electricity (Stream 5) is served as a 
product of the integrated multi-generation system. In order to minimize any efficiency losses, PV/T is cooled down 
and the recovered heat is used to heat up Unit III (Stream 6) when operating at temperatures higher than the 
environmental temperature. Stream 7 is the heat product, which is recovered from the PV/T and not used by Unit 
III.  
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Fig. 1: Conceptual block diagram of integrated system for solar H2, Cl2, electricity, and heat production. 

 
Thermodynamic performance of the system is examined by conducting quantitative energy and exergy 

analyses. Throughout this study, the following assumptions are utilized: 
 Environmental temperature (T0) and pressure (P0) are 20°C and 1 atm, respectively.  
 All streams and components are at operating temperature and pressure at all times. 
 All processes take place in steady-state and steady-flow.  
 All processes proceed to completion. 
 Changes in potential and kinetic energies are negligible. 
 Change in the control volumes (reactor and integrated system units) is disregarded. 
 H2, O2, and Cl2 gases are presumed to be ideal. 
 The heat losses to environment are neglected. 
 The auxiliary components are assumed to be well insulated and conduct electricity with no loss. 
 The spectral splitting system is evaluated as reported by Zamfirescu and Dincer (2014). 

For the integrated multi-generation system, a hypothetical location is chosen where sufficient solar 
irradiation exists, which is presumed to be 1 kW/m2 with AM1.5G solar spectrum. Number of annual operational 
sunlight hours is taken as 2000 h (Zamfirescu and Dincer (2014). The integrated systems’ energetic and exergetic 
performance can be evaluated based on the number of valuable products definition (Tab. 1). 
 
Tab. 1: Summary of energy and exergy efficiencies of integrated system. 

  Valuable products Energy efficiency Exergy efficiency 
1 H2 𝜂𝜂1 =

�̇�𝐸13
�̇�𝐸1

  𝜓𝜓1 =
𝐸𝐸�̇�𝐸13
𝐸𝐸�̇�𝐸1

  

2 H2, Cl2 𝜂𝜂2 =
�̇�𝐸12+�̇�𝐸13

�̇�𝐸1
  𝜓𝜓2 =

𝐸𝐸�̇�𝐸12+𝐸𝐸�̇�𝐸13
𝐸𝐸�̇�𝐸1

  

3 H2, Cl2, Electricity 𝜂𝜂3 =
�̇�𝐸5+�̇�𝐸12+�̇�𝐸13

�̇�𝐸1
  𝜓𝜓3 =

𝐸𝐸�̇�𝐸5+𝐸𝐸�̇�𝐸12+𝐸𝐸�̇�𝐸13
𝐸𝐸�̇�𝐸1

  

4 H2, Cl2, Electricity, Heat 𝜂𝜂4 =
�̇�𝐸5+�̇�𝐸7+�̇�𝐸12+�̇�𝐸13

�̇�𝐸1
  𝜓𝜓4 =

𝐸𝐸�̇�𝐸5+𝐸𝐸�̇�𝐸7+𝐸𝐸�̇�𝐸12+𝐸𝐸�̇�𝐸13
𝐸𝐸�̇�𝐸1

  

 
III. Results and Discussion 
The integrated system performance is investigated based on varying the operating temperature: between 20°C and 
80°C. The effect of the operating temperature on the integrated system’s H2 and Cl2 production is presented in Fig. 
2. Fig. 2 shows that both H2 and Cl2 production rates increase with increasing operating temperatures. At 20°C, the 
H2 production rate is about 4.1 g/h (~ 48 L/h) and the Cl2 production rate is around 124 g/h (~ 42 L/h). These 
amounts increase up to 4.9 g/h (70 L/h) for H2 and 148 g/h (60 L/h) for Cl2 at 80°C. The reason of these increases 
is the enhanced conductivity of the system components and the membrane with increasing operating temperatures. 
With enhanced conductivities, potential losses are reduced, resulting an increased production from the same 
amount of input energy. 
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(a)       (b) 

Fig. 2: Effect of operating temperature on (a) H2 and (b) Cl2 production of integrated system. 
 

Fig. 3 shows the effect of the operating temperature on the electricity and heat production in the integrated 
system. Fig. 3 shows that with increasing operating temperatures, both electricity and heat production rate 
decreases. At 20°C, the electricity production is about 158 W and the heat production is around 792 W. These 
amounts decrease to 104 W for electricity and 296 W for heat at 80°C. The reason of these decreases is the 
increased electricity and heat consumption of the reactor with increasing operating temperatures. The solar 
irradiation is considered the only input to the integrated system which is assumed to be set to 1000 W/m2 and only 
excess electricity and heat are the products of the integrated system. Therefore, when the reactor electricity and 
heat demand increases, the electricity and heat productions decrease. 

 
Fig. 3: Effect of operating temperature on electricity and heat production of integrated system. 

 
When investigating the effect of the operating temperature on the exergy destruction rate, inlet flow rate is 1g/s 

NaCl and 1 g/s H2O, environmental temperature is 20°C, and irradiation level is 1000 W/m2. The total photoactive 
area is 4 m2. The effect of the operating temperature on the exergy destruction rate is presented in Fig. 4. The 
exergy destruction rate increases with increasing operating temperatures. At 20°C, the exergy destruction rate is 
about 23 W. This amount increases to 348 W at 80°C. The primary reason of this trend is the increased heat 
consumption of the reactor. 

 
Fig. 4: Effect of operating temperature on exergy destruction of integrated system. 

 
When investigating the effect of the operating temperature on the energy and exergy efficiencies, the inlet flow 

rate is 1g/s NaCl and 1 g/s H2O, environmental temperature is 20°C, and the irradiation level is 1000 W/m2. The 
total photoactive area is 4 m2. The results are presented in Fig. 5. There are four different efficiency descriptions, 
each one is based on the number of useful products, which are explained in Tab. 1. In all cases, the input energy is 
constant since the irradiation level is fixed to 1000 W/m2 and the photoactive area does not change. 
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(a)       (b) 

Fig. 5: Effect of operating temperature on (a) energy and (b) exergy efficiencies of integrated system. 
 

Fig. 5 shows that the energy and exergy efficiencies of the H2 (η-1 and ψ-1) and H2-Cl2 (η-2 and ψ-2) increase 
with increasing operating temperature since higher H2 and Cl2 production rates are observed at higher operating 
temperatures. At 20°C, η-1 and ψ-1 are 12% and 11%, respectively; and they increase to 14% and 13% at 80°C. 
Similarly, η-2 and ψ-2 are 13% and 15% at 20°C and they are 23% and 18% at 80°C. When the electricity is 
considered as a useful amount as well, η-3 rises from 25% to 28% and ψ-3 decreases from 30% to 27% between 
20°C and 80°C. When H2, Cl2, electricity, and heat are considered all as useful outputs, the overall energy efficiency 
(η-4) decreases from 85% to 53% when operating temperature is increased from 20°C to 80°C. However, within the 
same operating temperature interval, the overall exergy efficiency (ψ-4) increases from 28% to 31%. This is due to 
the increasing exergetic content of the heat with increasing operating temperatures as environmental temperature 
is fixed to 20°C. 

 
V. Conclusions 
The present integrated system is thermodynamically investigated under various operating temperatures. Under the 
operating temperature increases from 20 to 80°C, the following are achieved: 

 The hydrogen production rate increases from 4.1 g/h (~ 48 L/h) to 4.9 g/h (70 L/h) 
 The chlorine production rate increases from 124 g/h (~ 42 L/h) to 148 g/h (60 L/h) 
 The electricity production rate decreases from 158 W to 104 W 
 The heat production rate decreases from 792 W to 296 W 
 The exergy destruction rate increases from 23 W to 348 W 
 The overall energy efficiency decreases from 85% to 53% 
 The overall exergy efficiency increases from 28% to 31% 
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Abstract 
Dark fermentative hydrogen production from organic waste is an attractive technique that simultaneously treats 
waste along with generation of renewable fuel (Keskin et al., 2018). In this study, a relative new technology named 
dark dry fermentation was tested in a 55-L reactor to treat fruit and vegetable waste (FVW) along with simultaneous 
generation of biohydrogen. To understand the effect of autoclaving as a pretreatment method on FVW for 
subsequent biohydrogen production, two independent experiments were performed; one with autoclaved waste 
(EXP1) and another by using non autoclaved waste (EXP2). From the analyses, it was found that maximum 
hydrogen % obtained for EXP1 was 41% whereas, for EXP2 was 21%. In terms of total hydrogen produced, 
around 30% higher production was observed with EXP1 compared to EXP2. The hydrogen yields for EXP1 and 
EXP2 were respectively, 27.19 and 20.81 mLH2.gVS-1, and the metabolites (VFAs) preferentially produced were 
acetic acid and butyric acid.  
 
Keywords: Biohydrogen, dry fermentation, fruit and vegetable waste (FVW), bioenergy 
 
I. Introduction 
The worldwide generation of organic fraction of municipal solid waste (OFMSW) is estimated to be around 1012 
million by 2025. These biodegradable wastes are generally disposed by landfilling or by open dumping. One way to 
treat them properly together with generation of energy is by applying anaerobic digestion (Pavi et al. 2017). This 
not only mitigates the climate change caused from the greenhouse gas emissions but also helps to achieve 
sustainability in terms of energy. Several countries set targets to reduce the emission of environmentally harmful 
gases. In this respect, European Environment Agency target in the transport sector is to achieve a reduction of 80–
95 % greenhouse gas emissions by 2050. According to the revised European Directive 2009/28/EC, by 2030 27% 
renewable energy consumption should be achieved. Overall, to meet these requirements, a huge leap in research 
has been noticed for the past decade to find an alternative renewable energy source (Yun et al. 2017). 
    Hydrogen is considered as a promising energy source in terms of its high energy content (143 MJ/Kg) 
compared to any existing fuel, and its combustion generates water as the only by-product. To date, hydrogen was 
produced mainly from fossil fuels with 48% from natural gas, 30% from heavy oils and naphtha, and 18% from coal 
(Nikolaidis and Poullikkas 2017). An alternative method of producing hydrogen is through a technology named 
anaerobic digestion (AD) by using strict or facultative anaerobes. These anaerobes have the ability to degrade and 
convert the complex polysaccharides present in the biomass to valuable products such as hydrogen, acetic acid, 
butyric acid and various other higher fatty acids (Ghimire et al., 2015).  
    AD can be classified into: wet fermentation where the total solid content is less than 10% and dry fermentation 
with total solid content greater than 10%. Dry fermentation is a promising technology due to its several advantages 
like requirement of smaller reactor volume, easiness in handling digestate and lesser water wastage (Karthikeyan 
and Visvanathan, 2013). Although many studies have performed for the biogas production through dry 
fermentation still not much studies on biohydrogen production using this process. In this study, dry fermentation 
were performed under thermophilic condition to understand the effect of pretreatment (autoclaving) of FVW on 
biohydrogen production under thermophilic condition. 
 
II. Experimental Set-up and Procedure 
The experiments were performed in a fully automated stirred tank (ST) single walled reactor of a total volume of 
13-L (INFORS HT Labfors 5 reactor, Switzerland) which was inoculated with hydrogen producing microbes and a 
55-L custom made reactor (DF) where the wastes and hydrogen producers were mixed and filled for treatment 
(Fig.1). Temperature of the ST reactor was controlled via an inbuilt temperature sensor (pt100) that was inserted in 
a blink pocket of the reactor and by using cold finger to circulate the cooling water. Dry fermentor was fabricated 
from an autoclave unit and an aluminum basket with holes around the sides and bottoms were placed inside the 
unit for introducing the FVWs and holding it, allowing the leachate to flow freely to the bottom of the DF unit to the 
leachate collection tube. Inside temperature of the DF unit was controlled by circulating controlled temperature 
water through the stainless steel coil which is placed inside the DF unit. A sprayer was fixed under the cap of the 
DF to spray the ST liquid through the FVWs for continuous addition of microbes and also to washout the 
metabolites adhere on the FVWs. 
    A volumetric gas flow meter (µFlow, Bioprocess Control AB, Sweden) having detection range from 20 to 4000 
ml/h was connected each to the gas outlet of the ST and the DF to monitor the total gas produced. The gas flow 
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rate and total gas volume were normalized by the gas flow meter with real-time pressure and temperature and 
were accurately measured and read. Gas sampling ports were also connected to the gas outlets to collect the gas 
samples for characterizing using gas chromatography. 
 
 

 
 
  (A)       (B) 
 

Fig. 1: Experimental installation: (A) stirred tank reactor and (B) dry fermentor. 
 

Two independent dry fermentation experiments were performed: one with autoclaved FVWs (pretreated, 
EXP1) and second one with raw FVWs (unpretreated, EXP2). For both experiments, the ST reactor was filled with 
pretreated 4.3 L sludge from the biogas plant along with 200 ml of 40 (X) times concentrated basal medium. The 
composition of basal medium ((X) per liter of distilled water) used were 1.25 g/l NaHCO3; 0.5 g/l NH4Cl; 0.25 g/l 
KH2PO4; 0.25 g/l CaCl2, 0.032 g/l NiSO4; 0.32 g/l MgSO4 · 7H2O; 0.02 g/l FeCl2; 0.0144 g/l Na2MoO4 · 2H2O; 
0.023 g/l ZnCl2; 0.021 g/l CoCl2 · 6H2O; 0.01 g/l CuCl2 · 6H2O and 0.03 g/l MnCl2 · 4H2O. The working volume of 8 
L was then made up with FVWs liquid (the liquid collected after grinding the FVW) and remaining amount with 
distilled water. The ST was then undergo heat pretreated at 1050C for 10 min using an autoclave and later flushed 
for few minutes with argon before starting the experiment to ensure anaerobic conditions. It was maintained at 
constant temperature of 55± 10C with a constant agitation of 250 rpm throughout the experiment. The pH was 
maintained uncontrolled throughout the experiment.  
    Dry fermentor (DF) basket was filled by mixing 4.83 kg FVWs (< 5 cm) with 0.7 L of preheated inoculum and 
17.5 ml of 40(X) basal medium. During the feeding days, the leachate (L) from the DF was drained from the 
leachate collection tube and the respective volume of liquid from the ST was removed and introduced to DF. 
Leachate (L) was then introduced into the ST. Argon was flushed through the DF once each day to remove the 
head space CO2.  
 
III. Analysis 
Gas sample of 2 ml was taken from the outlet sampling port of the ST and DF to monitor the concentrations of 
various gas components (H2, CO2 and CH4). Similarly 10 ml of liquid samples were withdrawn in order to measure 
the metabolites concentrations, NH4+, soluble COD and soluble sugar concentrations 
    Gas-phase H2 concentrations were measured by 6890N (Agilent technologies) gas chromatograph (GC) 
equipped with a thermal conductivity detector (TCD) by injecting 3-5 ml of headspace sample collected using a gas 
tight syringe (Agilent). The GC was fitted with HayesepD 80/100 packed column. The injector, oven and detector 
temperatures maintained at 150, 35 and 1500C, respectively. Argon was used as the carrier gas at a flow rate of 20 
ml/min. The soluble metabolites were analysed by GC (6890N Agilent) equipped with a flame ionization detector 
(FID) and TR-FFAP 30 m × 0.25 mm ID × 0.25 µm (Thermo Scientific). The initial temperature of the column was 
400C for 3 min followed with a ramp of 200C/min to 600C for 3 min and then increased at 300C/min to 1200C for 4 
min and reach a final temperature with ramp of 300C/min to 2400C for 6 min. The temperatures of the injector and 
detector were both 2400C. Helium was used as the carrier gas at constant pressure of 103 kPa. The liquid sample 
is centrifuged and filtered using 0.2 µm nylon syringe filter and was acidified using ortho-phosphoric acid before 
analysing via GC. The soluble chemical oxygen demand (SCOD) was determined by using Hach LCK 114 COD kit 
and concentration was read directly using the Hach Pocket Colorimeter II. NH4+ concentration determination was 
performed using Spectroquant Ammonium Test kit.The soluble carbohydrate concentrations were measured using 
phenol sulphuric acid method by Masuko et al. (2005). Total solids (TS) and volatile solids (VS) were also 
determined using standard methods (APHA-AWWA-WPCF, 1998). 
 
 

Heating Unit 

Infors HT STR- 13 L 

Heating Unit Leachate collection 

Gas Mass flow meter  

Liquid inlet Gas Outlet 
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IV. Results and discussions 
Two independent experiments were performed to understand the extent of influence of autoclaving the waste as a 
pretreatment method for subsequent biohydrogen production under thermophilic condition. Identical FVW were 
used for these experiments with EXP1 used autoclaved and EXP2 used non-autoclaved waste. The results of total 
hydrogen produced (ml) and percentage of H2 (%) at the headspace of both ST and DF were measured is shown in 
Fig: 2. As expected experiments using autoclaved waste produced more hydrogen than without autoclaving as it 
favours solubilisation of complex waste biomass. However, an enhancement in overall hydrogen production was 
observed in any thermophilic (autoclaved or non-autoclaved) conditions tested than in mesophilic (data not shown) 
conditions. However, a 30% increase in hydrogen production was obtained in EXP1 compared to EXP2.  

 
  (a)      (b) 
 

Fig. 2: Hydrogen percentage and hydrogen production in Exp1 (a) and Exp2 (b). 
 
    Dark fermentative biohydrogen production is associated with volatile fatty acid production. The maximum 
concentrations of the VFAs obtained from the studies were 7366.2 mg/L acetic acid and 7662 mg/L isobutyric acid in 
EXP1, and 10535 mg/L acetic acid and 10847.9 mg/L isobutyric acid in EXP2 (Fig. 4 and Fig. 5). High 
concentrations of VFAs accumulation was occurred due to high organic loading rate in DF. This might be one of the 
possible reasons for the relatively low amount of hydrogen production obtained from these studies as high 
concentration of VFAs is detrimental for microbes (Ren et al. 2018). In addition, ethanol and propionic acid 
presence were also noticed in the DF and ST which might be another reason as metabolic pathway of former does 
not leads to hydrogen production, whereas, the latter is a hydrogen consuming pathway (Ghimire et al. 2015).  

 
(a)      (b) 

 
Fig. 3: VFA production profile of Exp1: (a) DF and (b) ST 
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Fig. 4: VFA production profile of Exp2: (a) DF and (b) ST 

 
    pH of the ST was monitored regularly and was maintained between 5.5 to 6.75. This is to ensure optimal 
growth condition for the hydrogen producers and to inhibit methanogens. However, pH of DF was in the range of 4 
to 5.5 due to acidification effect of VFA. In order to avoid the consumption of hydrogen by homoacetogens, CO2 
was also removed intermittently from the head space of the DF.     
 
V. Conclusions 
Dry anaerobic fermentation of FVWs for biohydrogen generation was successfully performed in a 55-L reactor. 
From the studies, EXP1 using autoclaved waste was found to generate a cumulative total of 17033.89 mL H2 

(27.19 mLH2 gVS-1) and 13041.39 mL H2 (20.81 mLH2 gVS-1) in EXP2. VFAs are profoundly produced in both 
experiments (EXP1, maximum total VFAs = 17432.6 mg/L and EXP2, maximum total VFAs = 23447.5 mg/L) which 
could influence the overall performance of the process. It can be concluded that although thermophilic autoclaved 
improved the overall hydrogen productivity, further optimization studies are warranted for commercialization of this 
process.  
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One of the biggest challenges of the next decade is to identify alternative renewable energy sources that are environ-
mentally friendly; as fossil fuels are non-renewable, polluting and harmful to nature. Nevertheless, fossil fuels are highly 
used amongst other energy sources. On the other hand, as an alternative way, hydrogen is a clean and high energy 
(122 kj/g) resource. Dark anaerobic fermentation is considered as one of the most promising hydrogen production 
methods due to its low energy demand and production process using renewable sources. The rate limiting step of dark 
fermentation is the hydrolysis stage of complex substrate. For easily accessible to microbial attack, several pre-treat-
ment methods can be implemented. 

Thermal pre-treatment is known as one of the best methods for enhancing hydrogen production yields. In this study, 
eight different thermal pretreatment conditions, which are determined by Box-Wilson statistical approach (100°C-10 
min, 105°C-1.5 min, 105°C-8.5 min, 110°C-5 min, 110°C-10 min, 117°C-1.5 min, 117°C-8.5 min and 120°C-10 min) 
have been used for biohydrogen production from fruit and vegetable wastes. Totally, 9 samples (including one control) 
in triplicates were prepared, using 60 mL as working volume. The maximum hydrogen production of 61 mL H2/g VS 
was observed with 1.5 min treatment at 117°C. The Box-Wilson statistical model was significant (R2=0.91). The results 
showed that the optimum temperature conditions were 98-102°C for long treatment time (8-11mins) and 118-122°C for 
short treatment time (1-4mins). The kinetic results were performed by Gompertz equation and the hydrogen production 
rates changed between 1.24-2.91 mL H2/min. A maximum volatile fatty acids concentration of 23 g/L was observed with 
110°C-10 min treatment. The dominant volatile fatty acids were acetic acid and butyric acid; however, the ethanol pro-
duction was observed in low H2 producing reactors. Hence, this study showed an alternative approach to conventional 
heat treatment operations (80°C-1 h) with short treatment time. 
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Analysis of Biohydrogen Production via Dry Anaerobic Digestion of Fruit And 
Vegetable Waste
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The dry anaerobic digestion for biohydrogen production is relatively novel technology that requires less water and 
smaller reactor volume. In addition, the digestate obtained from the process can be easily handled and can be used as 
soil amendment. In this study, fruit and vegetable waste (FVW) (6.4 kg, wet weight) collected from the local municipality 
(Izmir, Turkey) was treated in a 55 L custom made dry fermenter (DF). The inoculum used was collected from a local 
biogas plant that uses dairy product as feed (Izmir, Turkey) and was undergone pre-treatment at 105°C for 10 min in 
order to gather hydrogen producers. A 13 L fully automated reactor (ST) (INFORS HT Labfors 5 reactor, Switzerland) 
was placed adjacent to the DF for the purpose of treating the daily collected leachate. Throughout the experiment, the 
leachate was collected from the DF twice a day and was introduced into the ST. Respective amounts of liquid from the 
ST were taken out and sprayed over the DF. The experiment was performed under mesophilic condition without any 
pH control. The amount of gas produced were continuously monitored using gas flow meters (µFlow, Sweden) attac-
hed to the outlet of each reactor. The percentage of hydrogen present in the produced gas was measured using a gas 
chromatography (Agilent, 6890N). Periodically the liquid samples were also collected to monitor the VFAs using GC. 
Other parameters analyzed were total sugar, soluble COD, ammonia concentrations, total solids (TS) and volatile solids 
(VS). The maximum percentage of hydrogen measured at the head space of the reactor was 30 % and the cumulative 
hydrogen production was 5700 mL. The major VFAs produced were isobutyrate (maximum: 5048 mg/L) and acetic acid 
(maximum: 3563 mg/L). Compared to the previous studies (data not shown) with less frequent feeding, this study with 
twice daily feeding couldn’t improve the overall hydrogen production. As thus, it can be concluded that feeding frequen-
cy does not significantly enhances the hydrogen production through dry fermentation and this is important as it plays a 
major role in the economy of the process.

Keywords: Biohydrogen, renewable energy, dry fermentation, anaerobic digestion
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Abstract 
The hydrogen evolution reaction (HER) of CuPc/MOF composite was investigated for hydrogen production. The 
SEM and EDS analyses showed that CuPc was incorporated into MOF through impregnation method. The 
electrochemical measurements were studied using cyclic voltammetry (CV) and it was found that CuPc/MOF 
composite exhibited favourable catalytic activity for HER. The Tafel slope value of the CuPc/MOF composite was 
found to be 185.3 mV.dec-1 and noticeably lower than that of the bare MOF (236.7 mV.dec-1) at 0.30 M of the acid, 
and the charge transfer coefficients are all close to 0.5, suggesting the Volmer reaction coupled with either 
Heyrovsky or Tafel reaction for hydrogen production. The exchange current density, (i0) of all the samples increased 
with increasing the concentration of the hydrogen source. Nonetheless, the CuPc/MOF composite showed a higher 
i0 as compared to bare MOF. These observations provide a platform to synthesize promising low-cost CuPc/MOF 
electrocatalyst with high efficiency and excellent electrocatalytic performance for HER. 
 
Keywords: Metal organic frameworks; Phthalocyanine; Hydrogen evolution reaction 
 
I. Introduction 
In recent years, fossil fuels are considered as the main energy resources. Nonetheless, they possess some 
disadvantages such as limited resources, global warming and environmental pollution. One solution to the problem 
is the use of alternative energy sources instead of fossil fuels.  In this context, hydrogen fuel cell technology is one 
of the promising technology for sustainable energy applications owing to its various advantages such as recyclability, 
pollution-free and fuel efficiency (Ren et al., 2013). In addition, H2 gas yields more energy, which is about 2.75 times 
greater as compared to traditional gasoline-based energy resources. However, the problem for practical usage of 
H2 gas as an energy carrier lies in the production and storage technology (Ehan and Wahid, 2016). Up to this stage, 
electrochemical reduction of water is preferred as an effective and alternative route to produce hydrogen with high 
purity and in large quantity because of its simplicity and cost effectivenss (Ren et al., 2013). Ren et al. (2013) and 
Benck (2014) proposed a number of porous materials, such as carbon nanotubes, metal organic frameworks 
(MOFs), graphite nanofibers, zeolites and activated carbon as candidates for HER. Among these materials, MOFs 
hold greater promise as potential candidates in the design of advanced multifunctional materials due to their unique 
structures (Zheng and Jiao, 2017). MOFs are inorganic-organic hybrid compounds built from metal ions or clusters 
and organic ligands by coordination bonds, providing highly crystalline porous structures with large surface area, 
high pore volume as well as uniform nanoscale cavities (Ramohlola et al., 2017). Thus, MOFs have been used in 
various applications such as energy storage, CO2 adsorption, hydrocarbon adsorption/separation, catalysis, 
advanced sorbents for solids extraction and sensors. However, MOFs possess some drawbacks as HER material 
because of H2 embrittlement, moisture instability and poor H2 adsorption and desorption at ambient conditions 
(Ramohlola et al., 2017). To the best of our knowledge, there are no studies reported on the formation and 
observation of HER using copper phthalocyanine (CuPc) incorporated on the MOF surface to prepare an effective 
electrocatalyst. Therefore, this study reports on the synthesis, characterization and application of the hybrid-hybrid 
CuPc/MOF composite as a suitable electrocatalyst for HER. 
 
II. Experimental Set-up and Procedure 
MOF was synthesized following the methodology of Ramohlola et al. (2017). In brief, 4.5 mmol of Cu(NO3)2.3H2O 
was dissolved in 10 mL of distilled water and then mixed with 0.525 g (2.5 mmol) of H3BTC dissolved in 10 mL of 
ethanol. The mixture was stirred for 30 min and then transferred into a 23 mL teflon stainless-steel autoclave, sealed 
and the mixture reacted for 36 h at 120 °C in thermostatic drying oven. CuPc was synthesised from phthalimide 
according to previous method reported elsewhere by Chiang et al. (2012). Typically, a mixture of phthalimide (3.00 
g, 0.0200 mol) in the presence of excess urea (3.00 g, 0.0500 mol), ammonium heptamolybdate (0.0800g, 0.0600 
mmol) and copper nitrate (1.40 g, 0.0058 mol) in nitrobenzene (15.00 mL) was refluxed for 5 h at 180 oC to give a 
target compound. CuPc/MOF composite (Scheme 1) was prepared by reacting the synthesized CuPc with MOF. 
Briefly, 0.1 g of the as-synthesized MOF sample was dehydrated at 150 oC for 1 h and then suspended in 10 mL 
DMF. An appropriate amount of 1.4 mL DMF in CuPc (0.12 mol.L-1) was added to the suspension of MOF solution 
and the mixture was stirred for 24 h at room temperature.  
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Scheme 1. Synthesis of CuPc/MOF composite through impregnation in DMF. 

 
Morphological characterizations were performed using field-emission scanning electron microscope (FE-SEM, 
Auriga® Carl Zeiss) operated at a voltage of 30 kV coupled with EDS for elemental analysis. Electrochemical 
measurements were carried out using EPSILON electrochemical workstation. The data was collected using a 
conventional three-electrode set-up with gold electrode (3 mm diameter, 0.071 cm2 area) as a working electrode, 
Pt wire as a counter electrode and Ag/AgCl wire as a reference electrode. Repetitive scanning of the solutions of 
CuPc, MOF and CuPc/MOF composite (~2.0 x 10-3 mol.L-1) was measured from -2.0 to 1.25 V at the scan rate of 
0.02 - 0.10 V.s−1. Electrochemical experiments were performed in 10 mL of 0.1 M TBAP/DMSO electrolytic system. 
HER studies were done using different concentrations of 0.03 - 0.45 M H2SO4 as H2 source in 0.1 M TBAP/DMSO 
system and ~2.0 x 10-4 mol.L-1 of CuPc, MOF and CuPc/MOF composite as electrocatalysts. 
 
III. Analysis 
The Tafel plot was constructed from current density-potential data at various concentrations ranging from 0.033 to 
0.45 M H2SO4. From this analysis, two important parameters such as Tafel slope (b) and exchange current density 
(io) can be deduced and they are essential for monitoring the kinetics and performance of HER electrocatalyst 
(Ramohlola et al., 2017). In our recent work, Monama et al. (2018), we reported that the b could also serve as an 
indicator of either Volmer, the Heyrovsky and the Tafel in a multi-step proton transfer process and io the measure 
of performance of an electrocatalyst. In this study, the values of b and io were estimated by linear polarization curves 
and the results are presented in Table 1. In addition, another important parameter that can give insight of reaction 
mechanism is the cathodic transfer coefficient (1-α) which was calculated using high overpotential region, where 
Butler-Volmer equation simplifies to the Tafel equation, from the Tafel slope b given by the relationship: 

 

b = −2.303 RT
(1 − α)F  

(1) 

                                                                                  
IV. Results and discussions 
The SEM microphotograph were used to provide further insight into the morphology and microstructure of CuPc, 
MOF and CuPc/MOF composite (Fig. 2). As shown in Fig. 2(a), MOF demonstrates typical irregular crystals with 
octahedral/pyramidal shapes confirming a low control on the crystal growth parameters and its corresponding EDS 
(Fig. 2(b)) reveals the presence of C-, O- and Cu- atoms in the MOF structure (Ramohlola et al., 2017). The inset 
image of Fig. 2(a) shows that MOF crystals have smooth surfaces. This observation confirmed that hydrothermal 
synthesis gives pure, highly crystalline MOF materials. The SEM images of CuPc crystals and CuPc/MOF in parts 
c and e of Figu. 2 show similar needle/rod-like structures. This observation is in good agreement with the work 
reported by Ge et al. (2016). It is also noticeable that the rod-like structures change the surface of MOF when the 
composite is formed. This observation can be attributed to the morphology of CuPc on the MOF structure. 
Magnification of the octahedral MOF crystals (inset images in Fig. 2 (c) and (e)) of CuPc/MOF composite showed 
that an introduction of CuPc crystals in the composite developed a rough-surfaced morphology, which may suggest 
a strong interaction between MOF and CuPc crystals. 
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Fig. 2: SEM images of (a) parent MOF, (c) CuPc, (e) CuPc/MOF composite and EDS spectra of (b) MOF, (d) CuPc, (f) CuPc/MOF 
composite (inset: magnification on the crystal structure to view the surface of the crystal). 

Fig. 3 shows Tafel plots (V versus log io plots) for blank electrode, CuPc, MOF and CuPc/MOF composite. The 
present study exhibits that the MOF electrode gives Tafel slope of 320.8 mV.dec-1 at 0.033 M H2SO4 as compared 
to 184.4 mV.dec-1 of the composite at the same condition. At the same acid conditions, CuPc, MOF and the 
composite showed lower Tafel slope values as compared to the bare electrode. High values of the Tafel slopes were 
observed in the case of MOF and CuPc electrocatalysts though the values are lower than the bare electrode at low 
concentrations. It was reported that Tafel slopes in the ranges of 105-150 mV.dec-1 may be explained on the basis 
of a Volmer rate determining step for HER (Ramohlola et al., 2017). Nonetheless, the presence of the CuPc on the 
surface of MOF results in an increase in the Tafel slope value. These results are in good agreement with the work 
reported by Kubisztal et al. (2007) when studying the HER behaviour of nickel-based composite coatings containing 
molybdenum powder. Furthermore, the charge-transfer coefficient (α = 0.5), describes a mechanism where the rate 
determining step is the Volmer reaction or the Volmer reaction coupled with one of the other two reactions. As given 
in Table 1, the charge transfer coefficients for MOF and CuPc/MOF composite are close to 0.5. Thus, the rate 
determining step of HER for the MOF and the composite maybe the Volmer reaction or the Volmer reaction coupled 
with one of the other two reactions (Ramohlola et al., 2017). 
 

 
Fig. 3. (a) Tafel plots of blank, MOF, CuPc and CuPc/MOF composite in the presence of 0.033 M H2SO4; and Tafel plots of (b) 
MOF, (c) CuPc and (d) CuPc/MOF composite in the presence of 0.033 – 0.450 M H2SO4 at 0.10 Vs-1 on Au electrode in 0.1 M 
TBAP/DMSO electrolyte. 
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Tab. 1: Experimental values of Tafel slope (b), charge transfer coefficient (1–α) and exchange current density (i0) of blank, MOF, 
CuPc and CuPc/MOF composite. 

Material H2SO4 
(mol.L-1) 

Slope (b) 
(V.dec-1) 

-b 
(mV.dec-1) 

1-α logi0 
(μA.m-2) 

i0 
(A.m-2) 

MOF 0.033 -0.3208 320.8 0.1844 5.93 0.851 
0.300 -0.2367 236.7 0.2499 6.70 5.012 

CuPc 0.033 -0.4526 452.6 0.1307 5.95 0.891 

0.300 -0.2063 206.3 0.2867 6.73 5.370 

CuPc/MOF 0.033 -0.1844 184.4 0.3207 6.07 1.175 

0.300 -0.1853 185.3 0.3193 6.81 6.457 

 

V. Conclusions 
In this work, a highly active CuPc/MOF composite for the HER was prepared through impregnation method of MOF 
and CuPc. The influences of CuPc on the morphology and crystalline structure of MOF surface, as well as the 
resulting electro-catalytic activity in hydrogen evolution were systematically investigated. The electrocatalytic activity 
of the CuPc/MOF composite is higher than that of the neat MOF. Furthermore, the Tafel slope and charge-transfer 
coefficients showed that the rate determining step of HER on the studied MOF and CuPc/MOF composite maybe 
the Volmer reaction or the Volmer reaction coupled with one of other two reactions. The results demonstrate that 
microstructured MOF-based composite may be used as alternative electrocatalyst for hydrogen fuel cell applications. 
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Abstract 
In this study, a composite of graphene oxide (GO) and HKUST-1-type metal organic framework (MOF) was 
synthesized by impregnation method, and its application as electrocatalyst for hydrogen production via hydroge 
evolution reaction (HER) was studied. X-ray diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR), 
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) were used to characterize GO, 
MOF, and GO/MOF catalysts. The XRD and FTIR results of the composite showed the phases and characteristic 
bands for both parent materials as indicative of the composite. The SEM and TEM images revealed the presence 
of octahedral structure of MOF in the GO sheet-like structure. The performance of the proposed electrolytic system 
for electrochemical HER was studied by cyclic voltammetry and Tafel plots. The results showed that the addition of 
GO/MOF in the electrolytic system reveals better catalytic characteristics such as highest catalytic activity and 
lowest onset potential. 
 
Keywords: Hydrogen evolution reaction, HKUST-1-type Metal organic framework, Graphene oxide 
 
I. Introduction 
In developing countries, energy supplies are mainly based on combustion of fossil fuels accompanied by a number 
of environmental problems such as green house emission. In order to overcome those challenges, renewable 
energies are needed, since the supply of non-renewable energy sources is finite. Owing to its excellent properties 
(i.e. light weight and high energy density), hydrogen has been designated as the best energy carrier. However, there 
are significant challenges hindering the large-scale applications and commercialization of hydrogen fuel especially 
in mobile transportation. These problems include the lack of safe handling and effective methods for hydrogen 
production and storage (Salehabadi, Salavati-Niasari and Gholami, 2017). With this being noted, electrochemical 
reduction of water is considered as one of the promising route for hydrogen production due to its simplicity and 
economical way to produce hydrogen with large and quantity high purity. Even though in the electrochemical studies 
platinum (Pt) is known as an excellent electrode for hydrogen generation, it is limited by its high cost and low 
abundance (Satyapal et al., 2007). MOFs have shown to be very promising HER electrocatalysts mainly due their 
extremely large surface area, high porosity, adjustable pore sizes as well as defined hydrogen occupation sites 
(Ramohlola et al., 2017). Unfortunately, these MOF materials have been reported to exhibit several weak points 
such as the relative low stability in solution and conductivity hampering their realistic applications. Combining MOF 
materials with other substrates has been proposed in order to mitigate the above-mentioned drawbacks (Zhou et 
al., 2013). Graphene oxide (GO) with rich functional groups is very suitable to construct graphene-based hybrid 
composites (Zhou et al., 2015). Petit and Bandosz (2015) have reported the formation of GO/MOF composites using 
hydrothermal method, where the synergetic effect between MOF units and GO layers was responsible for enhanced 
adsorption amounts compared to the parent material. To the best of our knowledge, there are no studies reported 
on HER using composite of GO/MOF prepared by impregnation procedure. Hence in this study, a composite of 
MOF with GO (GO/MOF) was prepared through impregnation method and applied for electrochemical hydrogen 
generation. 
 
II. Experimental Set-up and Procedure 
GO/MOF composite (Scheme 1) was prepared through impregnation method of directly mixing of GO and MOF. 
Briefly, 0.1 g of as-synthesized MOF sample was dehydrated at 150 oC for 1 h. It was then suspended in 10 mL 
DMF. In a separate beaker, 0,1 g of graphene oxide was dispersed in 1,4 mL DMF, and then the two mixtures were 
mixed together and stirred magnetically for 24 h at 50 oC. Electrochemical measurements were carried out using 
EPSILON electrochemical workstation. The data was collected using a conventional three-electrode set-up with 
gold electrode (3 mm diameter, 0.071 cm2 area) as a working electrode, Pt wire as a counter electrode and Ag/AgCl 
wire as a reference electrode. Repetitive scanning of the solutions of MOF, GO and MOF composite (~2.0 x 10-3 
mol.L-1) was measured from -1.0 to 1 V at the scan rate of 0.02 - 0.10 V.s−1. Electrochemical experiments were 
performed in 10 ml of 0.1 M TBAP/DMSO electrolytic system. HER studies were done using different concentrations 
of 0.03 - 0.45 M H2SO4 as H2 source in 0.1 M TBAP/DMSO system and ~2.0 x 10-4 mol.L-1 of MOF, GO and MOF 
composite composite as electrocatalysts. 
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Scheme 1: Synthesis of MOF and GO/MOF composite through hydrothermal and impregnation method respectively. 
 
III. Analysis 
The FTIR spectra were acquired on a Cary 600 series FTIR spectrometer (Agilent Technologies). The crystal 
structure was analyzed by using Phillips PW 1830 model XRD. Morphological characterizations were performed 
using field emission scanning electron microscopy (FE-SEM, Auriga® Carl Zeiss) operated at a voltage of 30 kV 
and transmission electron micrographs were collected using an FEI Tecnai G2 20 field-emission gun (FEG) TEM, 
operated in bright field mode at an accelerating voltage of 200 kV.  
The overall electrocatalytic HER can also be explained by means of mechanism. In an acid medium, the HER 
pathway could proceed via three main steps (Konieczna et al., 2017):  
 
H+ + e− → Had Volmer reaction                                                                      (1) 
Had + H+ + e− → H2 Heyrovsky reaction                                                                (2) 
Had + Had→ H2 Tafel reaction                                                                         (3) 
 

It has been reported that for the HER on platinum electrode in acidic solutions, the reactions above show the 
Tafel slope values of 120 mV, 40 mV and 30 mV for the Volmer, the Heyrovsky and the Tafel, respectively (Ramohlala 
et al., 2017).  From these reactions, the HER process can either proceed by combination of Volmer-Heyrovsky or 
Volmer-Tafel mechanism. 

Kinetic analysis and electrocatalytic activity of HER for MOF, GO and GO/MOF composite was performed by 
Tafel plot analysis. The Tafel plot was constructed from current density-potential data at various concentrations 
ranging from 0.033 to 0.450 M H2SO4. From this analysis, two important parameters such as Tafel slope (b) and 
exchange current density (io) can be deduced and they are essential to monitor the kinetics and performance of 
HER electrocatalyst. It was reported that the b could also serve as an indicator of either Volmer, Heyrovsky or Tafel 
in a multi-step proton transfer process and io the measure of performance of an electrocatalyst (Ramohlala et al., 
2017). In this study, the values of b and io were estimated by linear polarization curves and the results are presented 
in Table 1. In addition, another important parameter that can give insight of reaction mechanism is the cathodic 
transfer coefficient (1-α) which was calculated using high overpotential region, where Butler-Volmer equation 
simplifies to the Tafel equation, from the Tafel slope b given by the relationship: 
 

b=
-2.303 RT
(1-α)F  

(4) 
 

                                                                        
IV. Results and discussions 
Fig. 1(a) shows FTIR spectra of MOF, GO and GO/MOF. The characteristic bands of MOF are well observed on the 
spectrum. Since MOF consisted of benzene-1,3,5-tricarboxylicacid(H3BTC), the bands of the spectrum are 
essentially derived from H3BTC (Petit, Burress and Bandosz, 2011; Zhou et al., 2015). The bands of both GO and 
MOF are clearly observed in the IR spectrum of the composite GO/MOF. The diffraction pattern of MOF presented 
in Fig. 1(b), is in accordance with the one reported in the literature (Topologies, Stock and Biswas, 2012). The SEM 
image of GO in Fig. 1(c) is seen as dense fakes of graphene sheets stacked together by dispersive forces (Zhou et 
al., 2015). The formation of the composite is hypothesized to occur via the reaction between the copper sites of 
HKUST-1 and the oxygen-containing groups on GO, which has been deduced by Bandosz group (Petit and Bandosz, 
2015). In Fg. 1(d), the graphene phase seems to be mainly separated from the MOF-origin phase and large 
aggregates can be easily distinguished. It is known that electron beam illumination can cause the break down of 
HKUST-1 and can thus prevent any visualization of its lattice structure (Petit, Burress and Bandosz, 2011).  
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Fig. 1: (a) FTIR spectra, (b) XRD patterns of MOF, GO and MOF/GO composite, (c) SEM and (d) TEM imgaes of MOF/GO 
composite 

 
Electrochemical behaviour of the composite has been studied by cyclic voltammetry to understand the redox 

chemistry of the prepared composites. Fig. 2(a) and (b) showed typical current-potential curves of the gold electrode 
in 0.1 M TBAP/DMSO system of blank, MOF, GO and GO/MOF composite. It was noticeable that the Faradaic 
contributions (redox process) onto gold electrode was observed at around -0.50 V. This is a typical redox process 
of bare Au electrode (Ramohlala et al., 2017). Nila and Gonzales reported that the electrochemical reduction of 
Cu2+ in solution proceeds in two one electron reversible waves via a Cu+ intermediate, in which the stability of the 
intermediate was due to the presence of ions in the solution (Nila et al., 1996). The increase in the cathodic current 
in CV of GO/MOF composite encourages strong interaction between MOF and GO.  
 

 
 

Fig. 2: (a) Cyclic voltagrams of blank, GO, MOF and GO/MOF in 0.1 M TBAP/DMSO electrolyte solution on Au 
electrode; (b) Peak current as a function of square root of scan rate); (c) CV curves of GO, MOF and GO/MOF 
composite (~2.0 x 10-4 mol.L-1) in the presence 0.300 M H2SO4 at 0.10 V.s-1; and (d) Tafel plots of GO/MOF 
composite in different concentrations of H2SO4 on Au in 0.1 M DMSO/TBAP electrode system at various scan rate 
(0.02 – 0.10 V.s-1) 
 

Fig. 2(c) and (d) show Tafel plots (V versus log io plots) for GO, MOF and GO/MOF composite. The present 
study exhibits that the GO, MOF and GO/MOF composite showed Tafel slope values ranging from 105-211 mV.dec-

1 at different concentration, and it was reported that Tafel slopes in the ranges of 105-150 mV.dec-1 may be 
explained on the basis of a Volmer rate determining step for HER (Ramohlala et al., 2017). Nonetheless, the 
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presence of the GO on the surface of MOF results in an increase in the Tafel slope value. Furthermore, the charge-
transfer coefficient (α = 0.5), describes a mechanism where the rate determining step is the Volmer reaction or the 
Volmer reaction coupled with one of the other two reactions (Ramohlala et al., 2017). As given in Table 1 below, the 
charge transfer coefficients for MOF and GO/MOF composite are close to 0.5. Thus, the rate determining step of 
HER on the studied MOF and the composite maybe the Volmer reaction or the Volmer reaction coupled with one of 
the other two reactions (Nila et al., 1996). 
 
Tab. 1: Experimental values of Tafel slope (b), charge transfer coefficient (1–α) and exchange current density (i0) of 
MOF, GO and GO/MOF composite. 

Material H2SO4 
(mol.L-1) 

Slope (b) 
(V.dec-1) 

-b 
(mV.dec-1) 

1-α logi0 
(μA.m-2) 

i0 
(A.m-2) 

MOF 0.075 -0.2119 211.9 0.279 6.65 4.466 

0.300 -0.1057 105.7 0.559 7.17 14.79 

0.450 -0.1257 125.7 0.470 7.35 22.38 

GO 0.075 -0.1759 175.9 0.336 6.73 5.370 

0.300 -0.1437 143.7 0.411 7.15 14.12 

0.450 -0.1887 188.7 0.313 7.36 22.90 

GO/MOF 0.075 -0.1529 152.94 0.386 7.36 22.90 

0.300 -0.1251 125.1 0.472 7.24 17.37 

0.450 -0.1162 116.2 0.508 7.4 25.11 

 
V. Conclusions 
A highly active GO/MOF composite for the HER was prepared through impregnation method of MOF and GO. The 
influences of GO on the morphology and crystalline structure of MOF surface, as well as resulting electro-catalytic 
activity in hydrogen evolution were systematically investigated. The presence of GO on the MOF surface can 
significantly increase the HER exchange current density, and reduce the electrochemical reaction resistance. The 
observed promotional roles of incorporated GO is ascribed to possible synergetic effects between GO crystals and 
the MOF matrix, leading to a facilitation of HER as part of hydrogen production. Furthermore, the Tafel slope and 
charge-transfer coefficients showed that the rate determining step of HER on the studied MOF and GO/MOF 
composite maybe the Volmer reaction or the Volmer reaction coupled with one of other two reactions. The results 
demonstrated that microstructured MOF based composite may be used as alternative electrocatalyst for hydrogen 
production. 
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Abstract 
In this study, photoactive materials containing copper oxides have been prepared with high quality and stability in 
various compositions by electrodeposition method. These materials based on copper oxide have been 
characterized and compared using XRD, EDX, UV-Vis, FTIR, and electrochemical techniques. Based on the 
electrochemical production conditions; phase changes of photoactive materials and, at which conditions which 
phase or phases are present, were evaluated in detail. It was carried out that a full phase change from single-phase 
Cu2O to single-phase CuO. Here, copper oxide compounds with different optical properties were prepared without 
the addition of any element or impurity except from copper and oxygen. The semiconductors have been found to 
have direct band gap that is more preferred for solar energy applications. Photoelectrochemical (PEC) 
performances of the copper oxide electrodes containing a different phase structure were determined, and the 
changes of PEC activities were examined comparatively.  
 
Keywords: Copper oxides, electrodeposition, phase transition, photoelectrocatalytic activity 
 
I. Introduction 
Semiconductors based on photoactive materials can transform water into hydrogen. Hydrogen is a promising 
alternative energy source for a cleaner and greener future (Solmaz et al. 2016). Hydrogen can be produced directly 
from water using solar energy and semiconductors based on photoactive materials (Li and Wu 2015). Copper oxides 
are widely used in many fields due to contain earth-abundant elements, low costs, nontoxic, high absorbing 
properties, excellent photoelectrochemical characteristics, high performance energy conversion and ease 
production (Erdogan and Gullu 2010). Cu2O and CuO enabling good solar light harvesting are intrinsic p-type 
semiconductors (Mizuno et al. 2005). They are promising materials as photocathodes due to their p-type 
semiconductor properties and suitable band gap that responds to visible light. Copper oxides have valence and 
conduction band capable of oxidizing and reducing water. Two distinctly different phases, Cu2O and CuO, of this 
binary semiconductor can be prepared by the methods, which differ in the oxidation state of copper (Jiang et al. 
2002). Among these techniques, electrodeposition method is an alternative to complex and costly vacuum-based 
methods due to its low cost, simplicity and environmental friendliness (Sasano et al. 2011).  
    There are few studies regarding the phase structure of copper oxide in the literature; said studies examined 
the partial phase changes of the copper oxide materials, majority of which had been prepared using non-
electrochemical methods, at several different temperatures (Johan et al. 2011). These studies contain no detailed 
information on how a full phase change from single-phase Cu2O to single-phase CuO, which were prepared via the 
electrodeposition based method was completed, and on the step-by-step monitoring of this phase change. The 
popularity of copper oxides would surely increase in many areas, provided that the band gap energies of copper 
oxide semiconductors could be changed in a wide spectrum without adding any elements or impurity into their 
compounds.  
    In this study, copper oxides have been prepared with high quality in various compositions by an 
electrodeposition method. The phase changes of photoactive materials and, at which electrochemical conditions 
which phase or phases are present, were evaluated in detail. PEC performances of the copper oxide coated 
electrodes containing a different phase were determined. 
 
II. Experimental Set-up and Procedure 
All electrochemical experiments were performed in a conventional three electrode glass cell, with a 
potentiostat/galvanostat system (CHI 660D) at room temperature. The working electrode was an indium tin oxide 
(ITO) single-side coated conducting glass (Rs<10 Ω/sq). A platinum wire (99.99% pure) was used as a counter 
electrode. All the potentials were referenced to a saturated calomel electrode (SCE). Cu2O electrodeposition was 
carried out from a 0.02 M CuSO4.5H2O, 0.2 M Na2SO4 and 0.3 M lactic acid (C3H6O3) solution for 15 minutes. Cyclic 
voltammetry (CV) and controlled potential electrolysis (CPE) techniques were used to prepare the copper oxide 
samples. Cu2O semiconductors prepared by electrodeposition were annealed in air for different temperatures 
ranging from 50 to 400 °C for 1 h. The thermal treatment was done in a furnace (GSL-1500X) with temperature 
control. The optical absorbance spectra of electrochemically prepared copper oxide semiconductors were 
measured by an UV-VIS-NIR spectrophotometer (Shimadzu UV-3600). The X-ray diffraction (XRD) patterns of 
semiconductors were obtained on an X-ray diffractometer (Rigaku Ultima IV) using monochromatized Cu-Kα 
radiation (=0.15418 nm). The elemental compositions (Cu/O) of the semiconductors were determined by EDX with 
a JEOL JSM-6510 system. The Fourier transform infrared (FTIR) spectra of copper oxides semiconductors were 
measured by using a FTIR spectrometer (Perkin Elmer Spectrum 100). The photoelectrochemical measurements 
were conducted with combined electrochemical workstation (CHI660D) and solar simulator (Class a Solar Light 
16S-002) system. The electrodes based on copper oxide were set to face an optical fiber leading from 150W xenon 
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arc lamp containing an air mass filter (AM1.5). During the PEC measurements, the working electrodes were 
illuminated with chopped sun light (light/dark cycles of 10 s). 0.1 M Na2SO4 solution was used as electrolyte.  
 
III. Results and discussions 
The CV technique was used in the first step to prepare copper oxide semiconductors and, the voltammogram was 
taken in the range from +500 to 500 mV. This technique was utilized for the following purposes; to determine the 
electrodeposition potential for the preparation of semiconductors, to provide a methodical nucleation. Second step 
involved the utilization of the CPE technique in the determined potential, electrodeposition was realized throughout 
15 minutes. The underpotential deposition region, where surface-limited electrochemical reactions were realized, 
was preferred as the electrodeposition potential region over the bulk deposition or overpotential deposition region. 
It was seen here that single-phase Cu2O can be prepared with high quality in basic medium via the electrodeposition 
method, that CuO is obtainable when subjecting Cu2O to heat-treatment. With the company of various 
characterization techniques, it was seen that the most ideal, optimal Cu2O can be prepared from basic water 
solutions whose pH are 9.5. Cu2O that was prepared with the electrodeposition method for 15 minutes was 
subjected to various annealing temperatures, and the formed structures and phase change instances were 
examined. Phase changes were observed to start at 250 °C and continue up to 350 °C. It was determined that CuO 
began to form at 250 °C, the Cu2O phase diminished along with the increasing heat, the CuO phase increased, and 
in the wake of the heat treatment conducted at 350 °C, CuO was the only phase in the structure. This is why the 
focus was on the 250 °C-350 °C range. Conclusively, by using the electrodeposition based method, single-phase 
Cu2O, single-phase CuO and copper oxide phase mixtures were successfully prepared. 
     The structures and phases, which the copper oxide semiconductors that were prepared with the 
electrodeposition method contain, were determined with the XRD, and FT-IR methods. Peaks that were obtained 
from the entire XRD data belong to Cu2O (cuprite), CuO (tenorite) and ITO (Fig. 1). According to the data, Cu2O 
grew dominantly in the (111) plane, which was observed approximately at 36.6 degrees (2) with a d value of 0.246 
nm; and CuO grew dominantly in the (111) plane, which was observed at 38.9 degrees (2) with a d value of 0.231 
nm. This shows that Cu2O grows dominantly in the (111) plane and CuO decides to follow suit. Only the Cu2O phase 
was observed in the structure according to the XRD diffractogram of the material, which was not subjected to any 
annealing treatment after its preparation using the electrodeposition method. Only the Cu2O phase was observed 
in the structure according to the XRD diffractograms of the materials, which were prepared by being subjected to 
an one-hour long heating treatment that increased in 25 °C intervals from 50 °C to 225 °C annealing temperatures. 
The Cu2O and CuO phases were both observed in the XRD data analysis obtained from the annealing treatment 
conducted at 250 °C. In the diffractograms obtained from the annealing treatments conducted at 275, 300 and 325 
°C, it was reported that both Cu2O and CuO phases were present, however the Cu2O phase decreased gradually 
with the increasing annealing temperature, and the CuO phase increased gradually. Only the CuO phase was 
observed in the structure according to the XRD data of the materials annealed at 350 °C.  
 

 
 

Fig. 1: XRD patterns of the copper oxides before and after heat treatment at different temperatures 
 

     Fig. 2 presents the FTIR spectra of the copper oxide semiconductors. All FTIR peaks belong to Cu2O or CuO 
phases. Only the Cu2O phase was observed in the structure according to the FTIR spectrum of the material, which 
was not subjected to any annealing treatment after its preparation using the electrodeposition method. The FTIR 
spectrum of non-annealed sample consists of a single peak at 624 cm−1 can be assigned to the F1u modes of Cu2O. 
This FTIR peak correspond to characteristic stretching vibration of Cu(I)–O bond in the Cu2O phase. The Cu2O and 
CuO phases were both observed in the FTIR spectra obtained from the annealing treatment conducted at 250 °C. 
In the FTIR spectra obtained from the annealing treatments conducted at 275, 300 and 325 °C, it was reported that 
both copper oxide phases were present, however the Cu2O phase decreased gradually with the increasing 
annealing temperature, and the CuO phase increased gradually. Only the CuO phase was observed in the material 
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according to the FTIR spectrum of the material annealed at 350 °C. The FTIR spectrum of the sample annealed at 
350 °C consists of three peaks at 432, 530 and 606 cm−1 can be assigned to the Au mode, Bu mode, and the other 
Bu mode of CuO, respectively. These FTIR peaks correspond to characteristic stretching vibrations of Cu(II)–O bond 
in the CuO phase. 
 

 
 

Fig. 2: FT-IR spectra of the copper oxides before and after heat treatment at different temperatures 
      

The stoichiometry (Cu/O) of the samples was determined by EDX method (Tab. 1). The EDX spectra of 
different regions of the samples gave the same results. The EDX results were confirmed that the Cu2O diminished 
along with the increasing temperature, the CuO increased.  The quantitative atomic ratios of Cu and O for the 
samples of non-annealed and annealed at 350 °C are approximately 2:1 (Cu2O) and 1:1 (CuO) stoichiometry, 
respectively. 
 
Tab. 1: The EDX results of copper oxide samples. 

 
 
 
 
 
 
 
 
 

 
In the absorption spectrums of the copper oxide semiconductors prepared via the electrodeposition method, a 

very clear shift from the blue to red was observed due to the increasing annealing temperature (Fig. 3). The 
absorbance edge value of the sample no annealing treatment was applied upon is approximately 590 nm. This 
value is rather similar to the values in the literature and is the proof that the prepared material is Cu2O.  
 

 
 

Fig. 3: Absorption spectra of the semiconductors 
      

Sample  Atomic percent   Cu/O 
  Cu O    
Non-annealed  66.44 33.56   1.98 (2:1) 
Annealed at 250 °C  64.16 35.84   1.79 
Annealed at 275 °C  61.09 38.91   1.57 
Annealed at 300 °C  57.63 42.37   1.36 
Annealed at 325 °C  53.49 46.51   1.15 
Annealed at 350 °C  49.24 50.76   0.97 (1:1) 
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Absorbance edge values of the samples subjected to heating treatments at 250, 275, 300, 325 and 350 °C are 
approximately 640, 700, 765, 825 and 880 nm, respectively. 880 nm value had been reached with the 350 °C 
annealing treatment, this number complies with the literature and shows the prepared phase to be CuO. 

The photocurrent–time curves show a cathodic current spike at first occurs before a steep decay to a steady-
state photocurrent (Fig. 4). The reasons of sudden decay are attributed to the e/h+ recombination/overproduction, 
or the presence of pre-adsorbed electrolyte in the semiconductors at momentary time. The photocurrent values are 
22, 26, 35, 48, 59 and 72 A/cm2 at zero bias voltage vs Ag/AgCl reference electrode, corresponding to the copper 
oxides before and after heat treatment at 250, 275, 300, 325, and 350 °C, respectively. As compared with the copper 
oxides not subjected to any annealing temperatures, the photocurrent shifted to more negative values in the 
annealed copper oxide semiconductors. Fig. 4 also shows a good stability and reproducibility over 15 cycles of light-
on and off states over 300 s. No changes in shape of photocurrent curves occurred during the PEC measurements. 
PEC studies reveal photocathode characteristic and the p-type nature of copper oxides. The p-type semiconductors 
act as photocathodes and consequently hydrogen is generated at p-type semiconductor photocathodes 
(4H++4e2H2) and oxygen is also generated at the counter electrode (2H2O+4h+O2+4H+).  

  

 
      

Fig. 4: The photocurrent−time curves of the copper oxides before and after heat treatment at different temperatures 
 
IV. Conclusions 
Copper oxides that were prepared with the electrodeposition method was subjected to various annealing 
temperatures, and the formed structures and phase change instances were examined. Copper oxides with different 
optical properties were prepared and the wavelength of the materials were altered within a broad scale. PEC 
performances of the copper oxide electrodes containing a different phase structure were determined, and the 
changes of PEC activities were examined comparatively. The cathodic photocurrent density increased with 
increasing annealing temperature.  
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Abstract 
This work reports on a systematic study of the influence of Cu2O doping on the structural, optical and 
photoelectrochemical characteristics of ZnO. ZnO doped with Cu2O were prepared by a practical electrochemical 
method. Characterization of the materials was performed by XRD, EDX, UV–Vis spectroscopy and 
photoelectrochemical (PEC) techniques. The XRD and UV–Vis spectroscopy results showed a single phase of ZnO 
for the lower Cu2O deposition time (at time≤3 min), while a secondary phase of Cu2O evolved for 5 min deposition 
time. The absorbance spectra, and EDX results confirm the presence of ZnO and Cu2O. This work showed that 
ZnO doped with Cu2O grown for 3 min have the best PEC performance. ZnO/Cu2O photoelectrodes are suggested 
as a competitive candidate for advanced PEC detection, may be for the extended field of PEC water splitting.  
 
Keywords: ZnO/Cu2O photoelectrodes, electrodeposition, photoelectrochemistry 
 
I. Introduction 
Sun light-induced photoelectrocatalysis is an effective clean approach for water splitting to generate clean solar 
fuels (Zou et al. 2001). Oxide-based semiconductors have been utilized as active photocatalysts in 
photoelectrochemical water splitting to produce hydrogen (Hisatomi et al. 2014). Hydrogen is an important 
intermediary or secondary form of energy or an energy carrier (Solmaz et al. 2016). The majority of hydrogen is 
produced from natural gas, oil or coal. This situation cause which on the one hand consumes non-renewable 
sources, and on the other hand raise serious environmental issues (Grimes at al. 2008). Water splitting is considered 
the most efficient renewable method of hydrogen production (Montoya et al. 2017). Oxide semiconductor materials 
are the most important candidate, because of low cost of raw materials and high optical absorption (Erdogan 2010). 
ZnO is a semiconductor with a direct wide band gap of 3.3 eV and a large exciton binding energy of 60 meV at room 
temperature (Lakehal et al. 2014). Cu2O has a direct band gap of 2.1 eV. These band gap values would make them 
very suitable for PEC applications. In this work, we reported on a systematic study of the influence of Cu2O doping 
on the structural, optical and PEC characteristics of ZnO. ZnO/Cu2O photoelectrodes that have the best PEC 
performance determined.  

 
II. Experimental Set-up and Procedure 
The electrochemical experiments were performed in a three electrode glass cell, with a potentiostat/galvanostat 
system (CHI 660D). The working electrode was an indium tin oxide (ITO) single-side coated conducting glass. A 
platinum wire (99.99% pure) was used as a counter electrode. All the potentials were referenced to a saturated 
calomel electrode (SCE). ZnO electrodeposition was carried out from a 0.02 M Zn(NO3)2.6H2O and 0.2 M KNO3 

solution for 1 hour. Cu2O electrodeposition on ZnO/ITO substrate was carried out from a 0.02 M CuSO4.5H2O, 0.2 
M Na2SO4 and 0.3 M lactic acid (C3H6O3) solution for different deposition times (1, 3, 5, 10 and 15 minutes). Cyclic 
voltammetry (CV) and controlled potential electrolysis (CPE) techniques were used to prepare the ZnO/Cu2O 
samples. The absorbance spectra of electrochemically prepared ZnO/Cu2O were measured by an UV-VIS-NIR 
spectrophotometer (Shimadzu UV-3600). The X-ray diffraction (XRD) patterns of materials were obtained on an X-
ray diffractometer (Rigaku Ultima IV) using monochromatized Cu-Kα radiation. The elemental compositions 
(Zn/Cu/O) of the materials were determined by EDX with a JEOL JSM-6510 system. The photoelectrochemical 
measurements were conducted with combined electrochemical workstation (CHI660D) and solar simulator (Class 
a Solar Light 16S-002) system. The electrodes based on zinc oxide and copper oxide were set to face an optical 
fiber leading from 150W xenon arc lamp containing an air mass filter (AM1.5). 0.1 M Na2SO4 solution was used as 
electrolyte.  
 
III. Results and discussions 
In order to determine a deposition potential of the ZnO from the solution, the cyclic voltammetric measurements of 
zinc were recorded at the underpotential deposition region in the aqueous medium. The results showed that the 
bulk zinc deposition does not occur until −700 mV. If the potential of the working electrode is kept constant at a 
more positive potential than −700 mV, Zn and O are supposed to deposit underpotentially at the electrode surface. 
These electrodeposited Zn and O react to form the ZnO film on ITO coated glass surface. ZnO film deposited on 
ITO coated glass surface for 1 h. In order to determine a deposition potential of the Cu2O from the solution, the 
cyclic voltammetric measurements of copper were also recorded at the underpotential deposition region. The results 
showed that the bulk copper deposition does not occur until −200 mV. If the potential of the ZnO coated working 
electrode is kept constant at a more positive potential than −200 mV, Cu and O are supposed to deposit 
underpotentially at the electrode surface. The amount of electrodeposited Cu2O will depend on the deposition time. 
Thus, electrodeposition of Cu2O with various amounts on ZnO coated surface could be achieved by this method 
using different deposition times. Cu2O electrodoped on ZnO coated surface at different deposition times (1, 3, 5, 10 
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and 15 minutes).       
Fig.1.a shows the XRD patterns of the electrodeposited ZnO films on ITO coated glass. The XRD diffractogram 

of ZnO electrodeposited for 1 h consists of a strong diffraction peak at 36.5° (2 scale) arising from (1 0 1) reflections 
from ZnO. The weaker diffractions at 32.1°, 34.5°, 47.8°, 57.2°, 63.1°, and 68.5° corresponds to (1 0 0),  (0 0 2), 
(1 0 2), (1 1 0), (1 0 3), and (1 1 2) reflections of ZnO. The other peaks belong to ITO coated glass which belongs 
to working electrode in this study. In XRD diffractograms of ZnO films doped with Cu2O electrodeposited for 1 and 
3 min, all the peaks belong to ZnO and ITO coated glass. No peaks belong to Cu2O was detected in XRD patterns. 
The single-phase ZnO was observed for ZnO films doped with Cu2O electrodeposited for 1 and 3 min. When the 
deposition time increased to 5 min, the weak peaks appeared at around 36.6°, 42.5°, 61.7° and 73.9°, corresponding 
to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) peaks of Cu2O. It was revealed that a secondary phase of Cu2O evolved 
when Cu2O at more high deposition times than 5 min was doped into ZnO films. As the deposition time increases, 
the intensity of Cu2O reflections increases (Fig.1.b). 
 

 
 
Fig. 1.a: XRD diffractogram of ZnO films electrodeposited onto ITO coated glass surface, b: XRD diffractogram of ZnO films 
doped with Cu2O electrodeposited for 15 min 
 

The elemental compositions of the electrodeposited ZnO films and Cu2O were determined by the EDX. The 
absence of any other peaks indicates that the ZnO and Cu2O are homogeneous in composition and formed from 
Zn-O and Cu-O. EDX analyses of different regions gave the same results. For the ZnO films electrodoped with 
Cu2O, the quantitative atomic ratios of Zn/O and Cu/O are close to 1/1 and 1/2 stoichiometry, respectively. 

Fig.2.a shows the optical absorption spectra of ZnO films electrodeposited onto ITO coated glass surface in 
the range of 300–800 nm. Only an absorption in the UV-Vis region can be observed. The absorption edge measured 
for the films is 365 nm. The fundamental absorption edge at 365 nm corresponds to bulk ZnO.   
 

 
 
Fig. 2.a: Absorbance spectrum of ZnO films electrodeposited onto ITO coated glass surface, b: Absorbance spectrum of ZnO 
films doped with Cu2O electrodeposited for 15 min 
 

In absorbance spectrum of ZnO films doped with Cu2O electrodeposited for 1, and 3 min, one absorption bands 
in the UV-Vis region observed. This fundamental absorption edge corresponds to ZnO. In absorbance spectrum of 
ZnO films doped with Cu2O electrodeposited for 5 min, two absorption bands in the UV-Vis region observed. The 
absorption edge measured for the electrodes are 368 and 540 nm. In absorbance spectra of ZnO films doped with 
Cu2O electrodeposited for 7, 10, and 12 min, the absorption edges measured for the electrodes are 370/555, 
373/570, 375/580 nm respectively. Absorbance spectrum of ZnO films doped with Cu2O electrodeposited for 15 min 
is shown in Fig.2.b. In this spectrum, the absorption edge measured for the electrodes are 380 and 590 nm. These 
fundamental absorption edges correspond to ZnO and Cu2O. 



358

March 15-18, 2018
Alanya, TurkeyProceedings of the 3rd International Hydrogen Technologies Congress

Fig. 3 shows the effect of Cu2O growth time on the light and dark currents of semiconductor films. Fig.3.a 
exhibits linear sweep voltammograms of ZnO films electrodeposited onto ITO coated glass surface in dark and light. 
This voltammogram show a photoanodic behavior due to the n-type nature of the ZnO semiconductors. Fig.3.b 
exhibits linear sweep voltammograms of ZnO films doped with Cu2O for 3 min. The photocurrents increase with 
longer deposition time. The ZnO films doped with Cu2O for 3 min exhibit the highest photocurrents between the 
investigated all semiconductor films. Despite the higher surface area of ZnO films doped with Cu2O for higher 
deposition times, they show lower photocurrents than the ZnO films doped with Cu2O for 3 min. This may be due to 
the increased bending of ZnO films doped with Cu2O for higher deposition times, which may reduce the effective 
area for surface reactions leading to lower photocurrents. 
 

 
 
Fig. 3.a: Linear sweep voltammograms of ZnO films electrodeposited onto ITO coated glass surface, b: Linear sweep 
voltammograms of ZnO films doped with Cu2O electrodeposited for 3 min in 0.1 M Na2SO4 
 
IV. Conclusions 
ZnO and ZnO/Cu2O electrodes were prepared by practical electrochemical method. The influence of Cu2O on the 
structural, optical and photoelectrochemical characteristics of ZnO films investigated. Electrodepositions of Cu2O 
with various dimensions on ZnO coated surface could be achieved by this method using different deposition times. 
XRD and UV-Vis spectroscopy results of ZnO films doped with Cu2O electrodeposited for 1 and 3 min, all the peaks 
belong to ZnO and ITO coated glass. When the deposition time increased to 5 min, the weak peaks appeared the 
peaks corresponding to Cu2O. It was revealed that a secondary phase of Cu2O evolved when Cu2O at more high 
deposition times than 5 min was doped into ZnO films. As the deposition time increases, the intensity of Cu2O 
increases. Linear sweep voltammograms show a photoanodic behavior due to the n-type nature of the 
semiconductors. The ZnO films doped with Cu2O for 3 min exhibit the highest photocurrents between the 
investigated all semiconductor films. ZnO films doped with Cu2O exhibit good switching behavior for different Cu2O 
growth times. 
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Abstract 
Research of clean energy alternatives accelerate after the growing energy demand such as biohydrogen 
production. Hydrogen gas is a clean fuel and an important energy carrier with a high energy content of 122 kJ g−1. 
Replacement of fossil fuels with bio-hydrogen gas would overcome air pollution problems and helps to reduce 
global warming. It’s eco-friendly, has high gravimetric energy, waste materials such as rice husk may be used as 
substrates.  

The aim of this study is to investigate the best ratio of co-cultures (Clostridium termitidis, C. intestinale) for 
batch dark bio-hydrogen fermentation with 5 g/L rice husk. C. termitidis is a celluloytic microorganism that has the 
ability to hydrolize both cellulose and hemicellulose and C. intestinale was used in the fermentation media to fasten 
the hydrogen production yield and rate. 6 different co-culture ratios (1:1 ,2:1, 5:1, 10:1, 15:1, 20:1 , C. termitidis :C. 
intestinale ) were tested in submerged dark fermentation at 37°C for 14 days.  

The highest CHF (29.15 mL) was detected with a ratio of 5:1 at the end of the fermentation period. The 
hydrogen production yield and specific hydrogen production rates at the same ratio were 5.83 mL H2/ gr rice husk 
and 0.28 mL H2/ gr biomass.h, respectively.   
 
Keywords: Biohydrogen, submerged fermentation, rice husk. 
 
I. Introduction 
Search for clean energy sources to replace fossil fuels has increased over the last fifty years. Hydrogen gas is a 
clean fuel and an important energy carrier with a high energy content of 122 kJ g-1. Hydrogen can also be used in 
fuel cells for electricity generation. Costly chemical processes such as steam reforming of natural gas and 
electrolysis of water are used for hydrogen gas production since it is not readily available in nature. Fermentative 
hydrogen gas production processes operate under mild conditions and offer considerable advantages over costly 
chemical processes. The major problems for large scale bio-hydrogen production are low yields and formation 
rates requiring large fermenter volumes (Kapdan and Kargı, 2006). 

Waste biomass, such as agricultural and domestic wastes can be used for bio-hydrogen production as 
inexpensive and abundant raw materials. Waste grains such as wheat, corn and rice are inexpensive and reliable 
resources for bio-hydrogen production due to high starch content. Carbohydrate rich renewable resources can be 
used for bio-hydrogen production by dark and light anaerobic fermentation (Kapdan and Kargı,2006)The first step 
in bio-hydrogen production is acid or enzymatic hydrolysis of starch/cellulose yielding highly concentrated sugar 
solution. Anaerobic fermentation of concentrated sugar solution using acetogenic-anaerobic bacteria, such as 
Clostridia sp., Enterobacter sp. and mixed culture of heat treated anaerobic sludge to volatile fatty acids (VFA), 
hydrogen and CO2 isthe nextstep (Manish and Banerjee, 2008) Volatile fatty acids (VFA) produced by dark 
fermentation can be further fermented by photo-heterotrophic bacteria such as Rhodobacter sp to H2 and CO2 by 
photo-fermentation (Kotay and Das, 2008). Boiled (partially hydrolyzed ground wheat) has been used for bio- 
hydrogen production by dark and light fermentations (Ozmihci and Kargı, 2010). 

Most of the bio-hydrogen production studies by dark fermentation of carbohydrate rich raw materials were 
realized by batch operation (Yokoi,at al, 1998). Limited number of continuous culture studies was reported for 
bio-hydrogen production by dark fermentation (Arooj at al, 2008). 
  
II. Experimental Set-up and Procedure 
Serum bottles (Isolab-Germany Boro 3.3) with 310 mL total volume were used. Silicone stoppers were used to 
avoid gas leakage from the bottles. 5 gr of rice husk with different co-culture ratios (1:1 ,2:1, 5:1, 10:1, 15:1, 20:1 , 
C. termitidis ATCC-21846: C. intestinale ATCC-BAA 1027) were placed in serum bottles. Anaerobic conditions 
were maintained by passing argon gas from the head space of the bottles for 10 min at the beginning of the 
experiments. Serum bottles were placed in an incubator at 37˚C.  
 
III. Analysis 
Total sugar concentration, mono sugar compositon and total volatile fatty acids analyses were carried out on daily 
removed samples. The samples were centrifuged at 7500 rpm to remove solids from the liquid media and the 
analyses were carried out using clear supernatants. Total sugar concentration was determined by using the 
phenol-acid spectrometric method (Dubois et al, 1956). The mono sugar compositon and total volatile fatty acids 
analyses were carried out by HPLC (Agilent 1100). Total gas volume was determined by water displacement 
method using 2% sulfuric acid and 10% NaCl containing solution at room temperature. Hydrogen gas percentage 
was determined by using a gas chromatograph (Agilent 6890 N-GC). Cumulative hydrogen gas volumes were 
calculated using the method described in our previous publications (Ozmihci, Kargi, and Cakir, 2011). Medium pH 
was controlled at 6 by manual addition of 1 M NaOH everyday. Protein concentration was detected by using 
Modified Lowry protein assay kit (Thermo Scientific).  
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IV. Results and discussions 
In this study effects of microorganism ratio on the rate and yield of bio-hydrogen formation were investigated in 
submerged fermentation. The highest cumulative hydrogen formation (CHF) was detected as 29.15 mL with the 5: 
1 ratio of microorganisms (Fig. 1). Additionally the highest yield (5.83 ml H2 g-1 substrate) was obtained at the same 
production medium. In this medium, initial and final total sugar concentrations were detected as 170 and 147 mg/L, 
respectively.  
 

 
 

Fig. 1: Cumulative hydrogen formation with different microorganism ratio 
 

The second best production yield (4.54 ml H2 g-1 substrate) was obtained with 1:2 ratio of microorganisms with 
a CHF of 22.73mL (Fig.1).  

Butyric acid was the main volatile fatty acid, glucose and cellobiose were the main sugar components that 
were produced in the fermentation media. 

 
V. Conclusions 
Effects of different organism ratios of C.termitidis and C. intestinale were tested for maximizing hydrogen gas 
production with waste rice husk. The highest cumulative gas production (29.15 mL) was obtained with C.ter:C.int 
ratio of 5:1. The highest yield was obtained with the same ratio and was 5.53 mL g-1 substrate. A co-culture of 
C.termitidis and C. intestinale may be a promising process for bio-hydrogen production with lignocellulosic 
substrates.  
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Abstract 
The search for eco-friendly, economical, alternative energy sources has begun due to the insufficient fossil fuels to 
meet the energy demand. As a renewable energy source bio-hydrogen production from lignocellulosic wastes is a 
novel and promising approach which can produce clean fuel with no CO2 emissions. Utilization of agro-industrial 
residues in solid state fermentation (SSF) known as an eco-process with its lower energy requirements, low 
wastewater production and offering a solution to solid wastes disposal; provides an economical production process 
of value-added products such as hydrogen. Clostridium sp. (Clostridium termitidis and Clostridium intestinale) 
which have the ability to produce hydrogen in anaerobic conditions can be subjected to waste lignocellulosic 
substrates such as rice husk with high carbon content.  
In this study three different particle size of rice husk (crude, below 50 mesh, below 200 mesh) was subjected to 
batch dark fermentation with a Clostridium termitidis: Clostridium intestinale ratio of 5:1. C. termitidis is a cellulolytic 
microorganism that has the ability to hydrolyze both cellulose and hemicellulose. Therefore, combined 
fermentation of C. termitidis and C. intestinale is appropriate for the production of hydrogen in fermentation media 
where various lignocellulosic wastes are used as the substrate. 5 g rice husk with 75% humidity was used as 
substrate. The highest CHF (29.26 ml) and the highest yield (5.9 ml H2 g-1 substrate) were obtained with the 
smallest particle size (below 200 mesh). The second best production yield (3.99 ml H2 g-1 substrate) was obtained 
with the middle particle size (below 50 mesh) rice husk with a CHF of 19.71 mL.  
 
Keywords: Biohydrogen, solid state fermentation, rice husk. 
 
I. Introduction 
The rapid developments in technological and industrial areas in recent years have created a need for more energy 
and this has accelerated the accumulation of greenhouse gases by causing more fossil fuel consumption. The 
search for eco-friendly, economical, alternative energy sources has begun due to the insufficient fossil fuels to 
meet the energy demand (Chandrasekhar, Lee, Lee, 2015). Hydrogen (H2) gas is one of the most promising, 
eco-friendly, and renewable energy sources which has a high-energy yield. Additionally, the combustion of H2 with 
O2 produces water as the only by-product (Ghimire et al. 2015).  

Among the different methods used for hydrogen production, the production of H2 from biomass through 
biological pathways is an emerging technology because it is a sustainable, cost-effective and eco-friendly method 
(Yasin, Mumtaz, Hassan, 2013). Rice is the second most produced crop in the world wide and rice husk mainly 
consists of lignin, hemicellulose, and cellulose that make it a suitable lignocellulosic waste substrate for different 
bioprocesses (Dagnino et al, 2012).  

The choice of microorganism strain to be used with lignocellulosic substrate is important. Clostridium sp. are 
obligate anaerobic bacteria including the hydrogen producer strains such as C.termitidis and C.intestinale. C. 
termitidis is a cellulolytic microorganism that has the ability to hydrolyze both cellulose and hemicellulose 
(Ramachandran et al, 2008). Therefore, combined fermentation of C. termitidis and C. intestinale is appropriate for 
the production of hydrogen in fermentation media where various lignocellulosic wastes are used as the substrate. 

Solid state fermentation (SSF) is the fermentation which involves solids in absence or near absence of free 
water.  Substrate must possess enough moisture to support growth and metabolism of microorganism (Pandey, 
2003). 

SSF is a suitable alternate for productions where agro-industrial wastes are used as substrates (Rahardjo et 
al, 2006). The desired final product yield and speed in the SSF depends on the organism and substrate used. The 
main process variables in SSF are water content, culture amount, temperature, pH, particle size and mixing 
speed(Pandey, 2003). 

Particle size is a critical factor in SSF. The density and specific surface area of the substrate are the key 
parameters. The porosity of the particals has to allow masss transfer. Gas diffusion between particals and 
homogenizing the fermentation media likewise liquid fermentation may earier the control of processing which is 
very difficult on SSF (Pandey, 2003).   
 
II. Experimental Set-up and Procedure 
Serum bottles (Isolab-Germany Boro 3.3) with 310 mL total volume were used. Silicone stoppers were used to 
avoid gas leakage from the bottles. 5 gr of rice husk with different particle sizes (crude, below 50 mesh, below 200 
mesh) were placed in serum bottles and mineral medium (Medium 1191; pH 7.0) was added as 75% moisture. 
Anaerobic conditions were maintained by passing argon gas from the head space of the bottles for 10 min at the 
beginning of the experiments. Serum bottles were placed in an incubator at 37˚C, 30 rpm. C. termitidis 
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ATCC-21846 and C. intestinale ATCC-BAA 1027 cultures were inoculated with ratio of 5:1, respectively.  
 
III. Analysis 
Total sugar concentration, mono sugar compositon and total volatile fatty acids analyses were carried out on daily 
removed samples. The samples were centrifuged at 7500 rpm to remove solids from the liquid media and the 
analyses were carried out using clear supernatants. Total sugar concentration was determined by using the 
phenol-acid spectrometric method (Dubois et al, 1956). The mono sugar compositon and total volatile fatty acids 
analyses were carried out by HPLC (Agilent 1100). Total gas volume was determined by water displacement 
method using 2% sulfuric acid and 10% NaCl containing solution at room temperature. Hydrogen gas percentage 
was determined by using a gas chromatograph (Agilent 6890 N-GC). Cumulative hydrogen gas volumes were 
calculated using the method described in our previous publications (Ozmihci, Kargi, and Cakir, 2011). Medium pH 
was controlled at 6 by manual addition of 1 M NaOH everyday. Protein concentration was detected by using 
Modified Lowry protein assay kit (Thermo Scientific).  
 
IV. Results and discussions 
In this study effects of substrate size on the rate and yield of bio-hydrogen formation were investigated in solid 
state fermentation. Crude, below 50 mesh, below 200 mesh partical sizes were used. The highest cumulative 
hydrogen formation (CHF) was detected as 29.26 mL with the smallest particle size (below 200 mesh) (Fig. 1). 
Additionally the highest yield (5.9 ml H2 g-1 substrate) was obtained at the same production medium. In this 
medium, initial and final total sugar concentrations were detected as 692 and 1042 mg/L, respectively. This is an 
indication that the solid substrate in the medium may be degraded by C. termitidis. 
 
 

 
 

Fig. 1: Cumulative hydrogen formation with different rice husk particle size 
 

The second best production yield (3.99 ml H2 g-1 substrate) was obtained with the middle particle size (below 50 
mesh) rice husk with a CHF of 19.71 mL (Fig.1). With crude rice husk 18.17 mL CHF and 3.63 ml H2 g-1 substrate 
yield was detected. That means the increased surface area of the substrate by reducing the size of the substrate 
has increased the usability of the microorganism. 

Butyric acid was the main volatile fatty acid, glucose and cellobiose were the main sugar components that 
were produced in the fermentation media. 
 
V. Conclusions 
This study is important to investigate the effect of particle size on biohydrogen production using rice husk in solid 
state fermentation with C. termitidis and C. intestinale. A co-culture performing with combined fermentation under 
solid state fermentation showed a promising hydrogen production yield of 5.59 ml g-1 substrate. An increase in 
production yield was detected with decreasing particle size. The highest CHF and yield were obtained with the 
smallest particle size (below 200 mesh).  
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In this study, three-dimensional (3D) copper nanodomes (CuNDs) were fabricated and characterized as potential anode 
materials for direct methanol fuel cells. The CuNDs were fabricated by a combined method of soft lithography-na-
nosphere lithography and physical vapor deposition (PVD) using polydimethylsiloxane (PDMS) as template. The nano 
structures were characterized using scanning electron microscopy and atomic force microscopy. Their electrochemical 
activity against methanol electrooxidation was studied in KOH solution with the help of electrochemical measurements. 
Their electrochatalytic activity was compared to that of bulk and polished Cu. It was found that the well-structured and 
homogenously distributed CuNDs could be fabricated using these combined methods. The methanol electrooxidation 
activity of the 3D-NDs in alkaline solution was considerably improved when compared to bulk Cu. The improved activity 
of the nanostructures was related to good intrinsic activity of Cu for this reaction and their large real surface area.
Acknowledgements: The authors are greatly thankful to Bingöl University Scientific Research Projects Coordination 
Unit (BÜBAP) (Project Number: BAP-FEF.2016.00.009) for supporting of materials and Bingöl University Central Labo-
ratory for characterization measurements. The authors also would like to thank to Assoc. Prof. Dr. Mehmet Kahraman 
for his kind helps to prepare PDMS templates.
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Pt, Pd and Ag Modified NiCuZn Raney Electrodes for Alkaline Water 
Electrolysis
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Pt, Pd and Ag modified alkaline leached NiCuZn composite coatings were electrochemically fabricated on a copper 
electrode. The electrocatalysts were characterized by scanning electron microscopy and energy dispersive X-ray spe-
ctroscopy. The hydrogen evolution activity of the modified electrodes was tested in 1 M KOH solution. For this aim, cat-
hodic current-potential curves and electrochemical impedance spectroscopy (EIS) techniques were used. Furthermore, 
the electrochemical and physical stability of the electrodes as a function of electrolysis time were tested in the same 
electrolyte using electrochemical and spectroscopic techniques.
The modification of alkaline leached NiCoZn ternary coating by deposition of small amounts of Ag, Pd and Pt can further 
enhance the hydrogen evolution performance of this Raney-type electrode when compared to NiCoZn individually. It 
was found that modification of the alkaline leached NiCuZn coatings with the platinum group metals enhances its hyd-
rogen evolution activity greatly. The improved activity was realated to large real surface area, good intrinsic activity of 
Pt, Pd and Ag as weel as possible synergistic effect between the metal. Their hydrogen evolution activity and stability 
depend on the type of loaded metal.
Acknowledgements: The authors are greatly thankful to Çukurova University research fund (Project Number: 
FEF2006D8) and TUBITAK (Project Number: 106T542) for financial support.
Keywords: Pt, Pd, Au- modified NiCuZn electrocatalysts, alkaline water electrolysis, hydrogen energy
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Abstract 
In this study, exergetic performance of hydrogen production from car tires via air plasma gasification is 
parametrically investigated. The required data are taken from the literature studies for testing the exergy balance 
equation developed for the air plasma gasification process. In order to estimate the exergetic efficiency of this 
process, some important data including the results of ultimate and proximate analyses, air flow rate and specific 
power input for plasma gasification, yield of steam, etc. are used. In terms of the Second Law of Thermodynamics, 
the variation of exergetic hydrogen production efficiency as a function of exergetic efficiency is discussed. 
Furthermore, during the plasma gasification process, the effect of air inlet temperature on hydrogen gas production 
efficiency is investigated. Consequently, under the selected operating conditions, exergetic hydrogen production 
efficiency increases linearly with the rise of exergetic efficiency ranging from 0.868 to 0.881 while it increases and 
decreases parabolically with the rise of the air inlet temperature ranging from 298 K to 1023 K. The minimum and 
maximum hydrogen production efficiencies are calculated to be 0.199 and 0.202 respectively. It is concluded that, 
under the selected operating conditions, optimum air inlet temperature for hydrogen production from car tires via 
plasma gasification is 573 K.  
   
Keywords: Car tires, plasma gasification, hydrogen production, exergetic performance evaluation. 
 
I. Introduction 
In the World wide, large number of waste car tyres is produced every year (e.g. about 2.7 billion units of tyres were 
produced in 2017 and 1 billion units were disposed (Machin et al., 2017). Due to the negative environmental impacts, 
the waste tryres is no longer permitted to be lanfilled in some countries (US. EPA, 2012; EEA, 2014). Presently, the 
preferred ways for the disposal of waste tires are basically: the reconstruction of the tyre, recovery of material and 
recovery of energy (Torretta et al., 2015). The composition (wt%) of the tyre makes up, roughtly from rubber 66.7%; 
textile cord, 15% and metal cord, 18.3%. Also, its elemental composition consists of C, 60.16%; H, 5.66%; O, 
10.74%; N, 0.77%; Fe, 18.3% and others, 4.37% (Lotosh, 2007; Straka et al., 2018). It is similar to the black coal 
with its the chemical composition and lower heating value (LHV) (approximately 33.9 MJ/kg) (Lerner et al., 2012). 
The three technologies for waste tyre treatment are preferred in practical applications, which are pyrolysis, 
combustion and gasification (Kandasamy and Gokalp, 2015). Gasification of tyres is a process in which air, oxygen 
and/or steam reacts with tyres in an endothermic reaction to produce mainly syngas (CO and H2) and other by-
products are CO2, light hydrocarbons and char. But the process is a so complex process. As stated by Raman et al. 
(1981), it includes two key processes which are primary decomposition reactions and secondary recations. The 
primary reactions include decomposition of tyres into heavy and light hydrocarbons and solid car. The secondary 
reactions include the craking of the heavy hydrocarbons, the reforming of the light and heavy hydrocarbons and 
gasification of the solid car material in a conventional gasification system. 
 Many researchers in the literature focused on the gasification proceses for waste tires. For example, a 
laboratory scale bubbling fluidized bed gasifier was used to gasify the waste tyre by Karatas et al (2012). The 
experimetal study examined gasification agents as air and CO2, air&steam and steam. They reported that the LHV 
of the product gas was obtained 9.59, 7.34 and 15.21 MJ/Nm3, respectively. Also, the authors presented effects of 
some operation paramters on gasification of waste tire using air as gasification agent (Karatas et al., 2013). 
Portofino et al. (2013) conducted a study of steam gasification of waste tyre in a continuous bench scale reactor. 
The experimetal study was carried out at 850-1000 °C by keeping the eye on other parameters. They stated that 
higher temperature results in a higher syngas production (86 wt%). 
    Recently, plasma gasification has come forward in the waste-to-energy systems due to the fact that the high 
temperature range of thermal plasma (between 1500 oC and 5000 oC) improves LHV of the product gas, also most 
of the harmful compounds, such as polyaromatic hydrocarbons, volatiles, dioxins and furans are broken into simple 
molecules, and tar formation are impeded. So, the syngas quality will increase to be used in gas turbines and fuel 
cells. Despite the advantages, power required for torches is a significant hindrance. Several studies, related to the 
plasma gasification of tyre have been published in the literature. Indeed, for the plasma gasification of car tire, 
Rutberg et al. (2012) estimated to be 4.988 MJ/Nm3 of the LHV of the product gas at 1500 K and 1 atm of operation 
conditions. Lerner et al. (2012) conducted a study about steam plasma gasification of 1 kg of used car tires. Their 
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system made up two stages which were plasma gasification and catalytic conversion of the produced gas. They 
yield 3.0 m3 (at 298 K) of syngas, consisting of 99.5% of hydrogen + carbon monoxide and having heat energy of 
1.1 kW h. At the second stage, the catalytic conversion of the syngas with steam flow rate of 4 mol per mol carbon 
in the presence of a CaO absorber produced 2.9 m3 gas containing ~99.5% hydrogen. Another study was presented 
by Kuznetsov et al. (2012) about equilibrium analysis of hydrogen production using the steam-plasma gasification 
process of the used car tires. They investigated the syngas compositions according to temperature and plasma flow 
rate variation. According to their results, it was possible to produce ~4.2 Nm3 of the syngas consisting of H2-60.3%, 
CO-39.0% for 1 kg of the used tires at 1350 K and the steam plasma flow rate of ~1.2 kg/kg of tires. Also, Janajreh 
et al. (2013) studied a gasification model based on non-stoichiometric chemical equilibrium. The model was used 
for a broad range of feedstocks. The developed plasma reactor model was based on a non-transferred arc DC 
plasma torch operating in an insulated reactor chamber and adiabatic environment. The syngas produced from tires 
consisted of H2-54.69%, CO-34.42% and others at feedstock flow-1 kg/s; plasma gas flow-0.74 kg/s; steam ratio-1 
and torch power-11.71 MW. Also, efficiency of plasma gasification was calculated as 43%.  

Although plasma gasification is a promising technology for waste treatment, studies on the plasma gasification 
of car tires are insufficient. Considering these important expanations, a parametric study on exergetic performance 
evaluation of hydrogen production from car tires via plasma gasification is undertaken.  
 
II. System Description 
For the parametric investigation, the following schematic illustration (Fig. 1) reflecting the developed model 
indicating the main procedure of hydrogen production from car tires via plasma gasification process. For this 
purpose, the raw data required is taken from the literature (Rutberg et al., 2012) as listed in Table 1. 
 
  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Schematic illustration of the developed model for hydrogen production from car tyre via air plasma gasification process. 
 
Tab.1: Raw data for plasma gasification of waste tires (Rutberg et al., 2012) 

Parameter Value 
 C 86.13 

  H 6.93 
Car tire composition (%mass) N 0.57 

 S 1.73 
 O 3.47 
 Cl 1.16 

Feedstock moisture  1.14 
Car tire ash content (%mass)  13.35 
Car tire LHV (kJ/kg)  31110 
Air flow rate (kg/kg)  4.064 
Specific power input (kJ/kg)  1519 
Specific yield of syngas (Nm3/kg)  4.954 

 CO 30.25 
Syngas Composition (% vol.) H2 14.54 

 N2 54.18 
 CO2 0.01 

Yield of steam (kg/kg)  0.001 
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III. Analysis 
The following calculation procedure that is, in terms of the Second Law of Thermodynamics, derived for our project 
(TUBITAK Code: 117M436) will be tested in this study by using raw data taken from the literature (Rutberg et al., 
20012). In the analysis, some common assumptions are made as follows: 
 The raw data for the parametric investigation are taken from Rutberg et al. (2012). 
 The components and process in system developed for the study are considered to be steady state steady flow.  
 The air inlet temperatures ranges from 298 K to 1023 K at 1 atm. 
 The operating pressure and temperature are 1 atm and 1500 K. 

The exergy balance equation: 
∑ 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 = ∑ 𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 + ∑ 𝐸𝐸𝐸𝐸𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙                (1) 
∑ 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖

𝑐𝑐𝑜𝑜 + 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝑎𝑎𝑖𝑖𝑎𝑎 + 𝑊𝑊𝑜𝑜𝑜𝑜𝑎𝑎𝑐𝑐ℎ + 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖

𝑄𝑄𝑤𝑤ℎ               (2) 

If 𝑂𝑂
𝐶𝐶 ≤ 0.667 then 𝑓𝑓𝑐𝑐𝑜𝑜 =  1.0437 + 0.1882 𝐻𝐻

𝐶𝐶 + 0.0610 𝑂𝑂
𝐶𝐶 + 0.0404 𝑁𝑁

𝐶𝐶 is used (Kotas, 1995).  
In this study, (O/C) is equal to 0.0403. 

The exergetic efficiency: 

𝜂𝜂𝑒𝑒𝑒𝑒,𝑃𝑃𝑃𝑃 = (1 − 𝐸𝐸𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝐸𝐸𝑒𝑒𝑖𝑖𝑖𝑖

)                                                    (3) 

The exergetic hydrogen production efficiency: 

𝜂𝜂𝑒𝑒𝑒𝑒,𝐻𝐻2 = (𝑒𝑒𝑒𝑒𝐻𝐻2
𝑝𝑝ℎ+𝑒𝑒𝑒𝑒𝐻𝐻2

𝑐𝑐ℎ  )
∑ 𝐸𝐸𝑒𝑒𝑖𝑖𝑖𝑖

                      (4) 

 
IV. Results and discussions 
In this study, exergetic performance of hydrogen production process from car tires via air plasma gasification has 
been evaluated. Figure 2 evaluates the variation of exergetic hydrogen production efficiency as a function of 
exergetic efficiency of plasma gasification of car tires. As shown in Fig. 2, exergetic hydrogen production efficiency 
increases linearly with the rise of exergetic efficiency. The minimum and maximum hydrogen production efficiency 
is found to be 0.199 and 0.202 at 0.868 and 0.881 respectively. 

 
Fig. 2: Variation of exergetic hydrogen production efficiency as a function of exergetic efficiency of gasification of car tires 

 
Fig. 3: Variation of exergetic hydrogen production efficiency as a function of air inlet temperature 

 
Figure 3 illustrates the variation of exergetic hydrogen production efficiency as a function of air inlet temperature. In 
Fig. 3, it is observed that the exergetic hydrogen production efficiency increases and decreases parabolically with 
the rise of the air inlet temperature. This curve has a maximum at 573K air inlet temperature and the minimum and 
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maximum exergetic hydrogen production efficiency is calculated to be 0.199 at 1023K and 0.205 at 573 K. 
 
V. Conclusions 
In this study, exergetic performance of hydrogen production process from car tires via air plasma gasification has 
been evaluated. Under the given operating conditions, the following concluding remarks can be drawn: 
 The exergetic hydrogen production efficiency increases linearly with the rise of exergetic efficiency. The 

minimum and maximum hydrogen production efficiency is found to be 0.199 and 0.202 at 0.868 and 0.881 
respectively. 

 The exergetic hydrogen production efficiency curve has a polynomial character and a maximum at 573K air 
inlet temperature. The minimum and maximum exergetic hydrogen production efficiency is calculated to be 
0.199 at 1023K and 0.205 at 573 K. 

 Under the selected operating conditions, optimum air inlet temperature for hydrogen production from car tires 
via plasma gasification is found to be 573 K.  
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Abstract 
Separation membranes allow purification of hydrogen from gas mixtures that could be generated by various 
production methods such as steam reformation of hydrocarbons, coal gasification or biomass-based fermentation 
process. Here, each production method sets conditions for separation membranes in terms of operating conditions. 
Thus, the separation membranes are required to meet different process temperatures varying from ~600 °C to as low 
temperature as possible. The temperature intervals for hydrogen separation processes might be expressed into three 
categories such as; low temperature, RT-200 °C, intermediate-temperature, 300-450 °C, and high temperature, ≥450 
°C.  

The current study concentrates on intermediate-temperature separation membranes, i.e. temperature 300-450 
°C which are applicable to steam reformation of natural gas including the water gas shift reaction. Metallic 
membranes used for this purpose are quite attractive due to their high permeability together with a selectivity that is 
exceptional among other alternatives. The study adopts a membrane design methodology based on combinatorial 
material science. This approach makes use of magnetron sputtering whereby a library of thin film membranes are 
produced in a single experiment each membrane with a different composition. The library is then screened by four-
probe resistivity measurements so as to identify compositions that react with hydrogen. A map of reactive index is 
prepared in the compositional field from which candidates were identified for hydrogen separation. The membranes 
were then fabricated in the form of foils and tested for hydrogen permeability. Using the above methodology, three 
ternary alloy system were evaluated, namely Nb-Pd-Ti, Pd-Ag-Ti, and Pd-Ag-Ni. 
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Mg60Ni40 Alloy Synthesis and Investigation of Hydrogen Storage Properties
Gözde Bayazıt1, Sefa Emre Sünbül1, Sultan Öztürk2, Kürşat Icin2, Şadan Özcan1

1Department of Physics Engineering, SNTG Lab., Hacettepe University, Beytepe, Ankara, 06800, Turkey
2Department of Metallurgical and Materials Engineering, Karadeniz Technical University, Trabzon, 61080, Turkey

In this study, rapidly solidified Mg60-Ni40 (wt. %) alloy ribbons were synthesized by melt spinning method. According 
to this process, inductively melted liquid alloys were ejected on the copper wheel by rotating high speed and gas pres-
sure via a nozzle and was quenched as ribbons. Relatively uniform and continuous ribbons were synthesis nearly 60 
µm thickness with this process. The structural and hydrating properties of the ribbons were investigated with scanning 
electron microscope (SEM), X-ray diffraction (XRD). Its hydrogen storage properties were determined by Sievert type 
hydrogen storage physical measurement method. XRD patterns of produced and hydrated ribbons were characteri-
zed by presence of two different phases of Mg and Mg2Ni and their hydrides. The difference between hydrated and 
unhydrated ribbons were determined with SEM pictures. When the ribbons were synthesized, they were not active for 
absorbing the hydrogen. Their activation were done in 350 ⁰C and 19 bar hydrogen gas atmosphere along 24 hours. 
Its maximum hydrogen absorption and desorption capacity was found as more than 5 % weight. According to pres-
sure-concentration-temperature (PCT) measurement, two different plateau pressure was found. This results can be 
attributes to their different phases.

Keywords: Hydrogen storage, melt spinning, rapid solidification, magnesium nickel hydride, Sievert, PCT
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