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Hydrogen is one of the possible alternatives to fossil fuels and fuel cells are probably 
one of the most promising solutions for utilizing it in the future. While recent 
developments in fuel cell technologies have already made their commercialization 
possible in some applications from a technological point of view, growing concerns 
about a new energy crisis continue to pave the way for economically feasible fuel cell 
systems and public acceptance of hydrogen as an energy carrier.

In this thesis, a light-duty, stationary fuel cell system is assembled using relatively 
cheap, commercially available components as much as possible. A control system 
built around a microcontroller based platform is used.

First tasks include the selection and characterization of components to be used and 
deciding how to fit the system hardware inside a movable case with wheels. Parallel 
to this, control system software is developed using C for the actual control system 
component and Java for a simple graphical user interface component. Simple control 
algorithms are implemented to automatically control the reactant gas feeds, liquid 
water removal and temperature of the system. Finally, performance of the system is 
evaluated and suggestions for possible future improvements are made.
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Vety on yksi mahdollinen vaihtoehto fossiilisille polttoaineille tulevaisuudessa ja 
polttokennoja pidetään yhtenä lupaavimmista tavoista hyödyntää sitä. Polttokennojen 
tutkimus alkaa olla jo tilanteessa, jossa kaupallinen läpimurto olisi teknologian 
puolesta mahdollista. Samaan aikaan puhtaan energian kasvava suosio ja huoli 
mahdollisesta uudesta energiakriisistä voivat tulevaisuudessa mahdollistaa 
taloudellisesti kannattavien polttokennojärjestelmien rakentamisen ja muuttaa 
yhteiskunnan suhtautumista vetyyn energialähteenä myönteisemmäksi.

Tässä diplomityössä rakennetaan pieni stationäärinen polttokennojärjestelmä käyttäen 
halpoja, kaupallisesti saatavilla olevia komponentteja niin paljon kuin mahdollista. 
Systeemiä ohjataan mikrokontrolleripohjaisella säätöjärjestelmällä.

Ensimmäinen työvaihe sisältää komponenttien valintaa sekä karakterisointia ja 
järjestelmän sovittamista sille tarkoitettuun, pyörillä liikkuvaan koteloon. Ohjelmiston 
suunnittelu ja toteutus aloitetaan samanaikaisesti käyttäen C-kieltä varsinaisen 
säätöjärjestelmän sekä Javaa graafisen käyttöliittymän ohjelmointiin. Kaasujen 
syöttöä ja kosteuden sekä lämpötilan hallintaa varten toteutetaan yksinkertaiset 
säätöalgoritmit. Lopuksi järjestelmän toimivuus testataan ja esitetään mahdollisia 
parannusehdotuksia sekä tulevia tutkimusmahdollisuuksia.

Avainsanat
PEM polttokenno, säätöjärjestelmä, sulautettu järjestelmä, kaupallistaminen

iii



Acknowledgements

First of all, I would like to thank Professor Aarne Halme for supervising and letting me 

work in the HUT automation laboratory. I am also deeply grateful for Mr. Jorma 

Selkäinaho, Mr. Rolf Rosenberg, Mr. Matti Valkiainen and Mr. Jari Ihonen for their 

contribution, support and advice as well as all the expertise in steering the project.

I would like to express my gratitude for Ilkka Leppänen for introducing me to Mr. Jorma 

Selkäinaho back in the summer of 2005 as a response to my queries for some nice topic 

for a small project work assignment that was part of my major. Ignorant as I was, fuel 

cells didn’t sound very compelling in terms of automation and control back then, but I 

took the job anyway. I couldn’t have been more wrong. This minor coincidence set in 

motion the series of events that culminates in this thesis.

The credit for implementing the software goes mostly for Mr. José Vallet. I thank him for 

his dedication and patience. Mr. Kalle Rosenblad and Mr. Mikko Elomaa did a great job 

in designing and constructing the custom made electronics circuitry to our specifications; 

their involvement has been essential in making this possible. I also want to thank Mr. 

Tapio Leppänen for his excellent craftsmanship that we had the opportunity to witness 

time after time. My thanks and congratulations go also to Ms. Heidi Uusalo and Mrs. 

Mirja Muhola for assembling our precious fuel cell stacks. Mr. Giuseppe Pepé has been 

an invaluable aid both in person and through his thesis, especially in the early stages of 

my journey.

In addition, I want to express my appreciation to everyone at VTT, HUT and in other 

contributing organizations who have in one way or the other played their part in this 

undertaking but whose names I cannot fit in this short preface.

I am in great debt to all my friends, my brothers Teemu and Tommi and my lovely 

girlfriend Tuulia for being there for me and making sure that my life has not been just all 

work and no play.

Finally, I thank my mom and dad - for everything.

IV



Table of Contents

Acknowledgements................................................................................................................ iv
Table of Contents.................................................................................................................... v
List of figures...........................................................................................................................vii
List of tables...........................................................................................................................vin
List of equations.......................................................................................................................ix
List of pictures..........................................................................................................................xi
1. Introduction............................................................................................................................1
2. Fuel Cell Technologies......................................................................................................... 3

2.1. History of fuel cells.......................................................................................................3
2.2. Types of Fuel Cells........................................................................................................ 6

2.2.1. PEMFC....................................................................................................................7
2.2.2. AFC......................................................................................................................... 8
2.2.3. PAFC.......................................................................................................................9
2.2.4. MCFC.................................................................................................................... 10
2.2.5. SOFC..................................................................................................................... 11
2.2.6. Other fuel cell types..............................................................................................12

2.3. Hydrogen....................................................................................................................... 13
2.3.1. Production methods.............................................................................................. 13
2.3.2. Hydrogen storage.................................................................................................. 14

2.4. Economic Considerations............................................................................................16
2.4.1. Cooperative Networks..........................................................................................16
2.4.2. Commercialization timeframe............................................................................. 17
2.4.3. Highlights of some commercial applications.....................................................18

3. PEM Fuel Cells.................................................................................................................... 19
3.1. Chemistry and Thermodynamics................................................................................20
3.2. Electrochemistry.......................................................................................................... 23
3.3. Fuel Cell Diagnostics...................................................................................................26

3.3.1. Polarization Curve................................................................................................26
3.3.2. Mass Balance........................................................................................................ 28
3.3.3. Current Interrupt...................................................................................................29
3.3.4. Pressure Drop....................................................................................................... 30
3.3.5. Water content estimation..................................................................................... 31

4. PEM Fuel Cell Systems Design......................................................................................... 33
4.1. Fuel Supply...................................................................................................................34
4.2. Heat management........................................................................................................ 35
4.3. Water management......................................................................................................35
4.4. Power conditioning...................................................................................................... 36
4.5. Control system............................................................................................................. 37

5. The Portable PEM Fuel Cell Power Unit......................................................................... 39
5.1. Power Pack components..............................................................................................39

5.1.1. Instrumentation.....................................................................................................41
5.1.2. Control system hardware.....................................................................................45
5.1.3. Software components.......................................................................................... 47

v



5.2. Cost Analysis............................................................................................................... 52
6. Results................................................................................................................................. 55

6.1. Experiments..................................................................................................................55
6.1.1. 5-cell System........................................................................................................ 55
6.1.2. 20-cell System...................................................................................................... 63

7. Future Work.........................................................................................................................67
8. Conclusions.........................................................................................................................69
Abbreviations..........................................................................................................................70
References..............................................................................................................................71

Attachments

Attachment 1: Elomaa, M. 2006. PEM-project Sensor and Actuator Interface for Ethernut 
Board
Attachment 2: Ihonen, J. 2006. SGL fuel cell stack characterization report 
Attachment 3: State diagrams of the control software

VI



List of figures

Figure 1. PEMFC principle of operation (based on [7])......................................................20
Figure 2. An example of a polarization curve...................................................................... 27
Figure 3. Fuel cell circuit model (redrawn from [7])...........................................................30
Figure 4. Typical PEM fuel cell system [1]...........................................................................33
Figure 5. Air- and hydrogen circuit instrumentation............................................................42
Figure 6. Coolant circuit instrumentation..............................................................................43
Figure 7. EtherNUT architecture (egnite Software GmbH)................................................46
Figure 8. Air side control........................................................................................................ 48
Figure 9. Control system software diagram...........................................................................51
Figure 10. Cost Breakdown of a 80kW PEMFC according to Carlson et. al. [25]........... 53
Figure 11. Relationship between stack and BoP costs.........................................................53
Figure 12. H2 pump on/off comparison................................................................................57
Figure 13. Effect of supercapacitor/battery-assembly..........................................................58
Figure 14. Cell voltages.......................................................................................................... 59
Figure 15. Cell current density comparison...........................................................................60
Figure 16. Average current density on 5-cell system...........................................................61
Figure 17. Effect of filtering on cell voltage signal (left to right: original, cell averaging,
cell & time averaging)............................................................................................................ 62
Figure 18. 20-cell stack heating up without external heaters.............................................. 63
Figure 19. Maximum power from the 20-cell stack with 6mm tubes................................ 64
Figure 20. Peak current and voltage with 10mm tubing...................................................... 65
Figure 21. Individual cell voltages at maximum power output...........................................66

vu



List of tables

Table 1. Characteristics of different fuel cell types (compiled from [11])........................ 12
Table 2. Summary of technical specifications......................................................................44

Vlll



List of equations

(1) PEMFC anode reaction......................................................................................................19
(2) PEMFC cathode reaction.................................................................................................. 19
(3) PEMFC overall reaction...................................................................................................20
(4) Enthalpy of liquid water....................................................................................................20
(5) Gibbs free energy...............................................................................................................20
(6) Change of entropy in PEMFC reaction............................................................................20
(7) Gibbs free energy of PEMFC reaction.............................................................................20
(8) Electrical work...................................................................................................................20
(9) Electrical charge.................................................................................................................21
(10) Faraday's constant........................................................................................................... 21
(11) Electrical work rewritten.................................................................................................21
(12) Theoretical fuel cell potential........................................................................................ 21
(13) Theoretical potential of PEMFC.................................................................................... 21
(14) Nemst equation............................................................................................................... 22
(15) Fuel cell potential from Nemst equation...................................................................... 22
(16) Higher heating value of hydrogen (HHV).................................................................... 22
(17) Butler-Volmer equation..................................................................................................23
(18) Anode overpotential........................................................................................................ 23
(19) Cathode overpotential..................................................................................................... 23
(20) Exchange current density............................................................................................... 23
(21) Cathode activation polarization..................................................................................... 24
(22) Cell activation polarization model.................................................................................24
(23) Internal currents and crossover model...........................................................................24
(24) Ohmic voltage losses......................................................................................................24
(25) Internal resistances.......................................................................................................... 24
(26) Concentration polarization expressed in term of concentration................................. 25
(27) Current density.................................................................................................................25
(28) Limiting current density..................................................................................................25
(29) Concentration polarization expressed in terms of current densities........................... 25
(30) Polarization curve model................................................................................................26
(31) Simple approximation of the polarization curve...........................................................27
(32) Linear approximation of polarization curve.................................................................27
(33) Mass balance equation....................................................................................................29
(34) Relationship between flow rates and power output..................................................... 29
(35) System inlet flow models................................................................................................29
(36) Hydrogen outlet flow models......................................................................................... 30
(37) Air outlet flow models.................................................................................................... 30
(38) Energy balance of the system........................................................................................ 30
(39) Enthalpy of dry gas......................................................................................................... 30
(40) Fuel cell resistance model...............................................................................................31
(41) Membrane resistance model.......................................................................................... 33
(42) Membrane humidity coefficient..................................................................................... 33
(43) Estimate of hydrogen partial pressure............................................................................34

ix



(44) Estimate of oxygen partial pressure.............................................................................. 34
(45) Estimate of open cell voltage.........................................................................................34
(46) Purge frequency of the hydrogen side.......................................................................... 50
(47) Required hydrogen flow rate for one ampere current..................................................50
(48) Required air flow rate for one ampere current............................................................. 50

x



List of pictures

Picture 1. Grove’s gas battery.................................................................................................. 3
Picture 2. Space Shuttle fuel cell unit (UTC Fuel Cells).......................................................4
Picture 3. AirGen lkW APU (Coleman Powermate)............................................................ 5
Picture 4. Different types of fuel cells.....................................................................................6
Picture 5. The PowerPEM powerpack...................................................................................39
Picture 6. The control system electronics............................................................................. 40
Picture 7. EtherNUT 2.1 revision В (egnite Software GmbH)........................................... 45
Picture 8. A screenshot of the graphical user interface main page..................................... 50

xi



1. Introduction

This thesis was done for the PowerPEM project - a cooperation undertaken by VTT, 

HUT and a number of Finnish companies. The project started in 2004 and was planned to 

last for 3 years. The project is financed by National Technology Agency of Finland and it 

is part of their Distributed Energy Systems Technology Program. There have been 

several companies involved in one way or the other, including Wärtsilä Corporation, 

Outokumpu Research Oy, Labgas Oy and many others. Laboratories and research units 

taking part in the project are HUT Automation Technology Laboratory, HUT Advanced 

Energy Systems, HUT Materials Processing and Powder Metallurgy and VTT Processes. 

Some of the aims of the PowerPEM project have been to promote commercialization and 

gather know-how of PEM fuel cells as well as build up a research infrastructure to 

support future projects and formation of domestic fuel cell industry. In this framework, 

the goal is to build a pre-commercial c.a. l,2kW portable PEMFC power pack including 

all the Balance of Plant components.

A control strategy for the system was considered in [3] by Pepé. Performance of a fuel 

cell stack was evaluated by Uusalo in [4]. Karvonen implemented a finite element model 

and simulated flow fields of single fuel cells and multiple cell stacks in [5]. The first, 

non-portable prototype was constructed in fall of 2005. The control system was built 

around National Instruments Fieldpoint I/O controller interface with Ethernet connection 

to a PC and the software was implemented using LabView. Next milestone in the project 

was to build a new, portable power unit based on the first prototype while improving the 

system as well as trying to bring the costs down. To achieve this, major changes were 

made to the control system equipment and new software had to be written. It is intended 

that the demonstration unit could serve as a good starting point in development of a 

possible commercial solution. [1,2]

This thesis starts with a brief look in the history, present and future of fuel cells and an 

overview of the technology and different fuel cell types. In addition the economic aspects 

of fuel cells are contemplated. After that the main aspects of proton exchange membrane 

fuel cell technology and some relevant tools are presented in more detail. Different 

subsystems that can be distinguished in a PEM fuel cell system from system engineering
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point of view are discussed in chapter 4. Chapter 5 covers the documentation of the 

PowerPEM APU. The analysis of the results is presented in chapter 6. Suggestions for 

future development and concluding remarks are considered in chapters 7 and 8, 

respectively.

Main sources for theoretical background and mathematical formulas presented in chapter 

3 were PEM fuel cell book by Barbir [7], the fuel cell handbook by EG&G [11], a book 

covering the work of Pukruspan et. al. [30] and an article by Görgun et. al. [31].
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2. Fuel Cell Technologies

2.1. History of fuel cells

Fuel cells were first discovered by Sir William Grove, who in 1839 introduced the idea of 

a “gas battery” where hydrogen and oxygen were fed to platinum electrodes in sulfuric 

acid electrolyte. Grove built the first prototype in 1842 and studied the technology further 

in the following years, but eventually got more interested in his other career as a lawyer. 

It seemed that there were no practical applications for his invention at the time and 

consequently, fuel cells were forgotten by most of the scientific community for almost a 

century, remaining merely a curiosity. [6]

Fig. 6. Fig. 7.

Picture 1. Grove’s gas battery |6|

Friedrich Wilhelm Ostwald contributed to the fuel cell debate in late 1800s and was able 

to provide answers to many questions that had risen in the community. His work laid the 

theoretical foundation that future researchers could base their work on.[6]

Interest towards fuel cells persisted, but it wasn’t until 1930s when Francis Thomas 

Bacon and several other individuals (E. Baur, H. Preis and O.K. Davtyan, to name a few) 

started working in the field that the possibilities of fuel cells as a new energy source 

began to take shape. [6, 7]
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The period from late 1950s to early 1960s seems to be a turning point in fuel cell history, 

where research finally started to show positive results. Many different fuel cell types 

were demonstrated outside laboratory environment and new concepts were introduced. 

Since then the field has been expanding and growing in diversity as new materials, 

alternative fuels and operating principles have been introduced and as it has become clear 

that suitable applications for different kinds of fuel cells are numerous. [6,7]

The US Space Programs in the 1960s marked the first practical application of any 

significance for fuel cell technology. The Gemini space craft used a proton exchange 

membrane fuel cell system to generate power for the on-board electric equipment. The 

PEM fuel cell technology had been invented by Thomas Grubb and Leonard Niedrach at 

General Electric only few years earlier and the system proved to be quite unreliable 

throughout the program despite several improvements in the later revisions. This was one 

of the reasons why NASA preferred an alkaline fuel cell built by Pratt & Whitney based 

on a license of Bacons patents for the Apollo program and later the Space Shuttle. The 

PEM technology has improved considerably since 1960s which has with the fact that the 

cell materials are less hazardous convinced NASA to switch back to PEM fuel cells in the 

future. [7, 8, 9]

Picture 2. Space Shuttle fuel cell unit (UTC Fuel Cells)

Despite their success in space, the use of fuel cells in terrestrial applications didn't 

emerge until in 1990s. Since then, numerous demonstration projects and field tests of all 

the major fuel cell types have been conducted and the number of players in the field of 

commercializing the technology has been increasing steadily. It’s largely recognized,

4



though, that there are still many obstacles to conquer before fuel cells will be 

commercially feasible and may become a serious alternative for the energy technologies 

of today. One problem is the cost of the system compared to, for example, internal 

combustion engine or traditional turbine generator. Another factor is the lack of 

infrastructure for production and distribution of suitable fuels. Commercial breakthrough 

in large scale is highly unlikely to happen before some time between 2015 and 2030. [10]
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2.2. Types of Fuel Cells

Fuel cell is an electrochemical device that converts hydrogen and oxygen into electricity, 

heat and water. As said before, fuel cells are not a new invention and several individuals 

and organizations have contributed in their research in the past. Groves original design 

has been improved and redesigned many times and completely new ways of achieving 

the same basic functionality have been and continue to be developed. The main 

difference between these different types of fuel cells is the electrolyte material used, 

which to a large degree dictates the possible fuels and optimal operating conditions of the 

cell. Other kinds of categorizations based on some different characteristics can also be 

made, especially if all the BoP components are taken into account.

In this chapter some of the more established fuel cell types are reviewed. These fuel cell 

types are often considered in literature the most potential candidates for 

commercialization in the near future. There are various other types of fuel cells under 

development, though, which may be more suitable for certain applications or may enable 

use of fuel cells in ways that were previously not sensible or even possible.

Picture 4. Different types of fuel cells. From top left: Ballard Nexa (PEM), Smart Fuel Cell EFOY- 
series (DMFC), Hydrocell HC-100 (AFC), UTC PureCell-200 (PAFC), IHI biogas demonstration 

(MCFC), Siemens Westinghouse CHP (SOFC)
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2.2.1. PEMFC

Proton exchange membrane fuel cell has a solid phase polymer film electrolyte. It was 

invented by T. Grubb and L. Niedrach at General Electric in the 1960s. In addition to a 

low operating temperature of 60 to 80 °C, relatively high power densities have been 

achieved on PEMFC compared to other fuel cell types. These attributes make them well 

suited for light duty mobile and portable applications, such as automobiles and off-the- 

grid or auxiliary power generation. [6,11]

One common type of fuel used in PEM family of fuel cells is high purity hydrogen gas 

that is either supplied or reformed from some conventional fuels and compounds. A 

special kind of PEMFC is the direct methanol fuel cell in which liquid methanol is fed 

directly into the anode side of the cell. Chemical reactions in DMFC are similar to 

PEMFC except that C02 is produced on the anode side as methanol reacts. [11]

Anode reaction: H2 —> 2H+ +2e

Cathode reaction: — O-, +2H+ +2e~ —> H,0
2 2 2

Overall reaction: ^02+H2 -*H20
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2.2.2. AFC

In alkaline fuel cell, the electrolyte material is a liquid KOH solution retained in a solid 

matrix between the electro-catalyst layers. Possible catalyst materials vary from noble 

metals to more common minerals like spinels and perovskites. Nominal operating 

temperature of AFC is usually from 120 °C to c.a. 260 °C, depending on materials used 

and the concentration of the electrolyte. [11]

First AFC:s were built in 1950s based on the work conducted by Francis Charles Bacon 

since 1930s. The technology was quickly adopted by NASA for their space programs, 

where alkaline fuel cells continue to be used successfully. Development of terrestrial 

applications has been ongoing since 1950s and is currently at a state, where the main 

obstacle in the way of commercial success is the cost of the system components. [6]

One of the problems concerning the terrestrial AFC fuel cells in the past has been the 

high sensitivity of the electrolyte to C02. This problem can be mitigated by circulating 

the electrolyte and filtering the air entering the cell. Be as it may, development of new 

electrolytes is one of the main topics in AFC research today.

Anode reaction: 

Cathode reaction:

H2 +20H~ —» 2H20 + 2e~

-02+H20 + 2e~ —» 20H~
2 2 2

Overall reaction: H2+-o2^H2o
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2.2.3. PAFC

The principle of operation of phosphoric acid fuel cells is quite similar to Grove’s gas 

battery. Originally developed by G.V.Elmore & H.A.Tanner in 1961, further research led 

to PAFC being the first commercially available fuel cell type in the beginning of 1990s. 

Main application for PAFC is considered to be stationary power plants in distributed 

power generation. Several demonstration and commercial units have been operational for 

years and more continue to be built especially in areas where air quality is a problem. [6] 

Pure phosphoric acid electrolyte is contained between porous PTFE-bonded Pt/C 

electrodes. PAFC systems operate at around 200 °C. Advantages of PAFC systems over 

other “low temperature” fuel cells are better tolerance of impurities in reactants, easy 

water and thermal management as well as good system efficiency. Disadvantages, on the 

other hand, include the requirement of Pt catalyst and materials that can stand the highly 

corrosive electrolyte. [11]

Anode reaction:

Cathode reaction:

Overall reaction:

H2 —» 2H+ + 2e~

— 02 +2H+ +2e~ -*H20

lo2+tf2->tf2o
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2.2.4. MCFC

Molten carbonate fuel cells have a high operating temperature of about 650 °C and 

carbonate salts are used as an electrolyte. Ionic conductivity of the electrolyte is achieved 

when the salts become molten. Operation principle of a MCFC differs from many other 

fuel cell types in that in addition to 02 a steady supply of C02 is required at the cathode. 

High temperature allows the use of non-noble metals in electrodes as well as enables the 

option of internal reforming of many hydrocarbons. Management of the corrosive and 

mobile electrolyte is a critical and challenging task in a MCFC. Downside of the 

operating temperature and the nature of the electrolyte is that somewhat sophisticated 

materials are needed to build the system. [11]

Foundations of MCFC technology lie on research by G. H. J. Broers and J. A. A. Ketelaar 

in late 1950s. Discouraged by previous unsuccessful experiments with solid oxides, they 

decided to investigate carbonate salts as an alternative. In the mid-1960s, U.S. Army 

tested a number of MCFC units with external reformers to extract hydrogen from 

“combat gasoline”. Several experimental units have been demonstrated and there has 

been steady research going on in the past decades. Nevertheless MCFC, like most other 

fuel cell types, remains in “under development” status. [6, 11]

Today molten carbonate fuel cells are considered suitable for stationary and marine 

applications where size of the plant is not a critical aspect.

Anode reaction: H2 + CO]~ -» H20 + C02 + 2e

Cathode reaction:

Overall reaction:

\o2 +C02 +2e~ -> CO\~ 

H2+~°2 +co2 -+h2o + co2

10



2.2.5. SOFC

Solid oxide fuel cells have a solid metal oxide electrolyte. At temperature of around 700 

to 1000 °C the electrolyte becomes ionic conductive allowing the oxygen ions to pass 

through. High operating temperature has both positive and negative aspects: On one hand 

it enables the option to use different kinds of fuels, non-noble metals on electrodes as 

well as makes the cell able to stand impurities better than its counterparts. On the other 

hand, such high temperatures make selection of suitable materials for stack and system 

components a difficult task. One clear edge the SOFC has over MCFC is that the 

electrolyte is solid, non-corrosive substance that can be cast in different shapes easily. 

Currently, the electrolyte material is usually yttria stabilized Zr02 with layers of porous 

NilZr02 cermet on anode and doped lanthanum manganite on cathode side. In addition 

to the more traditional tubular cell shape, a planar SOFC has been tested. Planar 

construction seems to be able to reach higher current densities and operate at lower 

temperature than tubular one, but makes heat management more challenging. [11]

Solid oxides were studied by Emil Baur and his colleague H. Preis in the 1930s and O. K. 

Davtyan 1940s, but with little success. Consequently in 1950s and 1960s research 

community seemed to be more interested in MCFC. Some factions, however, continued 

to work with SOFC and eventually positive results began to surface. Today there is a lot 

of work going on around SOFC, much of it concerning CHP plants and hybridization by 

coupling a SOFC and a small turbine generator. [6]

Anode reaction: H2 + 02~ -> H20 + 2e~

Cathode reaction: — O, + 2e~ -* 02~
2 2

#2 +—o2 -> H2oOverall reaction:



2.2.6. Other fuel cell types

Various other types of fuel cells are also being developed. In microbial and enzymatic 

fuel cells, for example, the idea is to use bacteria or enzymes to extract hydrogen or other 

fuel compatible with the electrolyte layer from, for instance, alcohol or sugar. 

Regenerative fuel cells are not - by the categorization used here - a fuel cell type of their 

own, but simply fuel cell systems, where the product water is decomposed back to its 

elements and reused as fuel.

Table 1. Characteristics of different fuel cell types (compiled from [11])

REFC AFC PAFC MCFC SOFC

Electrolyte

Hydrated 
polymeric ion 

exchange 
membranes

Potassium 
hydroxide in 

asbestos matrix

Phosphoric 
Acid In SIC

Molten
Carbonate salts 

in LÍAI02
Perovskltes

Electrodes Carbon Transition
Metals

Carbon Nickel and 
Nickel Oxide

Perovskite and 
perovskite/metal 

cermet

Catalyst Platinum Platinum Platinum Electrode
material

Electrode
material

Operating
Temperature 40 - 80 °C 65 - 220 °C ~ 200 °C ~ 650 °C 600- 1100 °c

Charge
Carrier H+ OH~ tf+ co]- О2"

Ideal open 
circuit voltage 1,18 V 1,16 V 1,14 V 1,03 V 1,03-0,91 V

Tolerance of 
impurities

H2 Fuel Fuel Fuel Fuel Fuel

CO
Poison

(reversible) (50 
PPm)

Poison Poison (< 0,5 %) Fuel Fuel

CH4 Diluent Poison Diluent Diluent Fuel

C02 & H20 Diluent Poison Diluent Diluent Diluent

H2S & COS Poison Poison Poison (< 50 
ppm)

Poison (< 0,5 
ppm)

Poison (< 1 
ppm)
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2.3. Hydrogen

Hydrogen, although abundant, does not exist in pure form on Earth; practically all of it is 

bonded in compounds like water and hydrocarbons. Therefore, production of hydrogen 

always requires energy and hence hydrogen itself should not be thought of as a primary 

energy source like, say, solar or nuclear power. Hydrogen is merely a carrier of energy.

A working hydrogen production and distribution infrastructure has to be established 

before any of the new hydrogen-based energy technologies can become widely available 

to the public. [12]

2.3.1. Production methods

Today, hydrogen is mainly produced by either reforming hydrocarbons - usually fossil 

fuels - or gasification of biomass and wastes. Electrolysis of water is the optimal way of 

producing hydrogen since there are no unwanted byproducts, but is not very common at 

the moment because it needs a lot of “clean” energy in order to be sensible. A few 

methods based on use of solar energy are being investigated and use of microbes and 

algae also hold considerable potential in the future. [12]

Steam methane reforming (SMR) is the most common method used in industrial 

hydrogen production today. Problem with reforming hydrocarbons from hydrogen 

economy point of view is that fossil fuels continue to be used and there is still 

considerable amount of C02 released. In the future, renewable fuels like ethanol could 

also be used instead of methane.

Biomass, agricultural bio-waste or coal can be used in production of hydrogen by 

gasification. There are various methods to achieve this, but the principle is to decompose 

the feed material into simple chemicals like H2, C02 and CH4 via a process of pyrolysis 

and reforming reactions. Greenhouse gases released, however smaller than in burning of 

fossil fuels, make the process unattractive if the zero-emission concept is pursued. [13] 

Advantage of using electrolysis of water to produce hydrogen is that only side product of 

the process is oxygen. Amount of energy needed in the process is quite high, compared to
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the amount of hydrogen produced. A problem with hydrogen production with electrolysis 

using the electricity available today is the greenhouse gases emitted. Clean energy from 

solar, wind, hydro or nuclear power should be used in order to achieve a near zero 

greenhouse gas emission hydrogen production.

Sunlight could be utilized directly to produce hydrogen. One method would be the use of 

certain semiconductor materials. Another option of using biological micro-organisms that 

convert sunlight and water into hydrogen and oxygen has been considered, as well. 

Photoelectrolysis is in an early stage of research and will not be available in the near 

future. [14, 15]

Hydrogen could be produced in a zero emission series of reactions in high temperature of 

500-2000°C. Either solar concentrators or waste heat from nuclear power could be used 

to supply these kinds of temperatures. This visional method of hydrogen production is 

currently in conceptual state and many uncertainties remain, for example, about the 

achievable efficiency of the process. One known problem in thermal decomposition is the 

prevention of recombination of the separated elements. [16, 17]

2.3.2. Hydrogen storage

Hydrogen, being the lightest of elements and having a very low boiling temperature, is 

difficult substance in terms of storage. In gaseous form, it tends to escape through 

carelessly tightened connectors and malfunctioning sealants very easily. A number of 

alternative ways of storing hydrogen exist and some new ones are being investigated. 

Storage of hydrogen in gaseous form in high pressure is currently the dominant practice 

in use. Standard containers of today can stand pressures up to 350 bars and it seems 

possible that this limit could be doubled to 700 bars in the future. Even pressurized, gases 

require considerably more space than liquid fuels. Another concern is the safety, namely, 

hydrogen leaks and resistance of the containers to shocks. [ 18]

Hydrogen could be stored in liquid form at a very low temperature for limited time. 

Especially some car companies have had research on this possibility in the past. When 

compared to the other methods, liquid hydrogen storage is very expensive and is not 

likely to be very competitive, at least in consumer level applications. [18]
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Some metal hydrides have the ability to absorb hydrogen in large amounts and hence, 

have been proposed as one of the safer ways of storing hydrogen. A metal hydride 

container consists of a porous metal matrix to maximize the surface area the hydrogen 

can attach to. Absorbed hydrogen is released by heating of the container. Although safe, 

metal hydride tanks are relatively heavy compared to the amount of hydrogen they can 

store, which is typically 1-2 % of the weight of the tank. [18]

Alcohols can be easily produced from various sources - many of which are renewable. 

Direct methanol fuel cells are known technology and are close to commercial application 

already, but also ethanol could serve as hydrogen storage in the future. In this case 

hydrogen would be extracted by either steam- or catalytic reformer. Glycerin is also a 

possible source of hydrogen in the future. What makes it interesting is the fact that it is 

the main byproduct of biodiesel production process. [18]

There are some novel ways of extracting hydrogen from certain chemicals with the help 

of a suitable catalyst material. Sodiumborohydride, for example, has high hydrogen 

content and reacts spontaneously with water. This can be exploited relatively easily with 

a reactor unit containing ruthenium catalyst to speed up the reaction. Solid borate salt that 

is the side product of the reaction can be reused in production of new sodiumborohydride.

[19]
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2.4. Economic Considerations

From economic perspective, fuel cell is a radical innovation and, as such, is likely to 

provoke creative/destructive processes upon commercialization. It has even been 

described as the possible harbinger of the next technological revolution [26]. Transition 

from present energy economies to hydrogen economy would mean fundamental 

reorganization of many industrial sectors, which poses a risk of collapse for some current 

governing parties but, on the other hand, great opportunities for first-movers. In worst 

case, it could even cause unexpected regional economic imbalance of global scale, 

according to some sources. [20, 21]

In [20], Avadikyan et. al. talk about “The Triad” - meaning US, Japan and Europe - 

when comparing recent developments in fuel cell technologies in different geopolitical 

regions. In addition to this “Triad” also China has been increasing it’s investment in FC 

research considerably in past few years and may play an important role in the future, as 

stated in [24].

2.4.1. Cooperative Networks

Two basic tasks of industrial networks are to provide a common vision that its actors can 

base their strategies to and a cognitive platform to help knowledge exchange. At the 

moment, however, the global fuel cell research community consists of several of such 

international cooperative networks acting in parallel and competing against each other. 

These networks are not necessarily restricted to the geographical regions mentioned 

above, but also include worldwide collaborations between parties from different areas. It 

has been recognized that public sector will have a decisive role in the future of fuel cells 

as a part of and a link between the different networks as well as promoter of the 

technology. [20]

In the past, Europe has suffered from lack of coordination in national fuel cell policies, 

which has led to inefficient use of R&D resources. In addition, the financial support from 

EU administration has been rather low compared to its principal competitors. One effect
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that this has had on the EU research community is, that many organizations have turned 

to partners from the US and Japan. It has not been until after mid-1990s that solid plans 

have been laid for well coordinated and coherent framework programmes to catch up 

with those leading the race. [23]

2.4.2. Commercialization timeframe

There have been an increasing number of demonstration prototypes in both mobile and 

stationary fuel cell applications in the past. It is hard to define in which field of 

application a definitive commercial breakthrough, if any, is going to happen first, 

although some sources (e.g. [22]) presume that it will be on light duty stationary power 

generation. Be as it may, spillover effects from commercialization of one field of 

application will aid research of others as well.

In order to become widely available for public, few obstacles remain in the way of even 

the fuel cell types that are ready to be commercialized from technological point of view. 

Cost of the stack and BoP components is still high and not competitive with traditional 

batteries or internal combustion engine. Carlson et. al. performed a comprehensive cost 

analysis of PEM fuel cells in [25] comparing it to the target price of 2005 set earlier by 

the US Department of Energy. In comparison, it has been stated by companies like 

Ballard, that current cost of light-duty PEMFC systems would be around 2000$/kW. 

Building up of infrastructure to support production, distribution and storage of hydrogen 

is the critical prerequisite of the commercialization process. First strategic steps to be 

taken might include providing hydrogen for selected groups of users, like public 

transport, government officials and the military. [26]

It is likely that the transition will happen very slowly - an evolution rather than 

revolution. There are always external factors that may either hurry or delay this process. 

As the prices of fossil fuels continue to rise, while production methods of fuel cells 

refine, they will eventually become a feasible option. Public opinion affects the process 

and any issues with safely of the new technology could postpone the birth of a hydrogen 

economy.
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2.4.3. Highlights of some commercial applications

Jadoo Power has recently developed a light duty portable PEM fuel cell system. The unit 

uses a replaceable metal hydride storage tank as hydrogen supply and delivers maximum 

of 100W continuous power with nominal voltage of 12V. The retail price of one system 

with a single storage tank and a refdl station is around 2000 USD. Similar commercial 

solutions have been introduced using alkaline and direct methanol fuel cells. [27] 

According to statistics in [28], almost 75% of the organizations involved in military FC 

research are based in North America. That aside, globally well over half of the ongoing 

project are in the fields of portable and naval application, with portables holding roughly 

30% slice of the cake. The range of portable units for military applications is wide, 

reaching from small micro fuel cell units carried by single soldier to up to 60kW power 

stations for more complex weapon systems, field hospitals etc.

In their report, Adamson and Crawley give a survey of various companies in the field on 

military fuel cell development. DRS Technologies, for example, have developed a lkW 

PEM APU that runs on pure hydrogen. While some consider it ethically questionable, 

that fuel cells are being developed to help in the waging of war, there is no questioning 

the fact that pioneering military applications are often pushing the technology to the next 

level and thus aiding the development of civilian solutions as well. [28]

Widely available delivery infrastructure is especially important for automotive fuel cell 

applications. The amount of operating refueling stations has been increasing slowly since 

late 1990s, current number being c.a. 140 stations globally. According to [29], over 90% 

of the current hydrogen stations deliver their hydrogen as compressed gas. A number of 

current and planned future demonstration projects are presented in the report, including a 

review of the New York State Hydrogen Energy Roadmap, which aims to building a 

hydrogen delivery network through the state of New York and replacing at least 5% of 

fuels used in transportation with hydrogen by 2020. [29]
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3. РЕМ Fuel Cells

Proton exchange membrane fuel cell was invented by Thomas Grubb and Leonard 

Niedrach at General Electric in 1960s. The company built a portable fuel cell power unit 

for the US Army which used a process of mixing lithium hydride with water as a way of 

producing hydrogen for fuel. General Electric’s fuel cell technology was also used by 

NASA on the Gemini space craft, as mentioned in the previous chapter. [11]

PEM fuel cells are especially suitable for mobile and portable applications because of 

their capability of reaching relatively high power densities and the low operating 

temperature which enables faster start-up of the system.

Electrolyte of a PEM fuel cell is a solid polymer thin film that is supported on each side 

by a porous electrically conductive layer. In order to accelerate the chemical reactions, 

presence of a noble metal catalyst, usually platinum, is required at the electrolyte. 

Together the components described above form the membrane-electrolyte-assembly 

(MEA). The catalyst material sets strict constraints for the composition of the reactant 

gases as certain impurities may damage it even in very small quantities. In some cases 

these “poisoning” effects are reversible. [6]

Most common fuel used in PEM fuel cells today is pure, pre-produced hydrogen from a 

tank and oxygen directly from air. Hydrogen can also be produced on-site by reforming 

from many conventional fuels, alcohols and other hydrogen rich substances. Downside of 

reforming is that it usually needs energy and complicates the structure of the fuel cell 

system. On other fuel cell types the heat generated during operation can often be utilized 

by the reformer unit, decreasing the need of energy brought into the system from outside. 

PEM fuel cells however operate in much lower temperature than what is required by the 

reformer reactions to happen. For this reason using a high temperature reformer in PEM - 

or other low temperature fuel cell systems - has greater effect on the overall efficiency of 

the system than on high temperature fuel cells. Use of pure oxygen on the cathode side 

has a positive effect on power density but it is generally considered impractical and not 

worth the cost of pure oxygen gas, except in applications where oxygen from ambient air 

is not available. [6]
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3.1. Chemistry and Thermodynamics

Platinum Catalyst layer

Membrane
support

Electricity
Heat

Figure 1. PEMFC principle of operation (based on |7|)

The basic reactions that take place on the anode and cathode side of a PEM fuel cell 

as follows on anode and cathode, respectively:

Anode: H2 -> 2H+ +2e~ (1)

Cathode: —02 + 2H+ +2e~ -> H20 (2)

Overall: H2 +^02 -> H20 (3)

are
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The overall reaction of hydrogen and oxygen into water is exothermic and the released 

heat can be computed from the enthalpy of formation of liquid water, which is known to 

be -286kJ/mol (at 25 C).

ДЯ = (*>,()-(»,K = -2Z6—
2 mol

(4)

Maximum electrical energy that can be extracted from a fuel cell is the Gibbs free energy.

AG = AH-TAS (5)

Change of entropy AS in the reaction is the difference between entropies of products and 

reactants.

AS = (sf )h20-(sz)h2 -1 (sf )o2 = 0,06996-0,13066-|x0,20517

= -0,163285
kJ

molK

(6)

We can see that Gibbs free energy depends heavily on temperature. At 25°C, the Gibbs 

free energy of the overall fuel cell reaction is

AG = -286,04 -3- - 298,15К x 
mol

-0,163285
kJ

molK
: -237,36

kJ

mol
(7)

Electrical work is defined as

(8)

Total charge transferred in a reaction

Я = "Nae, (9)

, where « is the number of electrons per molecule (2 for H2 ), JV is the Avogadro’s

1
number (6,022x10 ----- ), and qel is the charge of one electron

mol
(1,602x10"’^5» ).

electron

21



The product Nmgqel in (9) is known as Faraday’s constant

F - 96485
Coulomb

mol
(10)

And (8) can be now rewritten as

Wel = nFE (11)

Since We/ also equals the Gibbs free energy A G, we can now write

E = -
A G 
nF

(12)

This is the theoretical fuel cell open loop potential. If we calculate E at 25°C, we get

E = -
A G 
nF

237360
J

mol

2x96485
C

mol

= 1,23F (13)

As mentioned before temperature affects the Gibbs free energy and thus the potential as 

well. Another factor that must be taken into account is the pressure. Using the Nemst 

equation for hydrogen/oxygen reaction:

AG = AGn + RT In

f n \

V^o y

/ n V

p
V ro y

f D VY p Л*

pV / 0 У PVoy

AG = AGn + /?Г1п
' h7o

Va0,5 (14)

, where are the partial pressures of reactants and products and P0 = 101,25ÆPti. 

The fuel cell potential becomes:

E = -
AH TES\ RT,
---------------+------- In
nF nF ) nF

Vo,

■ H70

0,5

(15)

Theoretical efficiency of a fuel cell is computed by dividing the ideal cell potential with 

higher heating value of hydrogen.
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(16)

-AG

П =
nF

-АН

nF

1,23F
1,482F

0,83

3.2. Electrochemistry

The relationship between the current taken from a fuel cell and the cell potential can be 

estimated by Butler-Volmer equation.

\ exp ~-aRdF(E-ErY
-expl RT RT jj (17)

, where E is the electrode potential, Er is the reversible potential and aj are the transfer 

coefficients.

This equation can be used either for anode or cathode can be reduced to following forms 

side to calculate the corresponding overpotentials, respectively:

la = 'o.» exP
-ao*,aF{Ea-ErJ

RT

>c = Wc exp
aOx,c F(Fc Er.c)

RT

Exchange current density is defined as:

(18)

(19)

‘o = C a A
V

pref
V rr y

exp ‘-c
RT ref у

(20)

This equation defines, in short, how much current can be drawn from the fuel cell at any 

overpotential. Exchange current density is considerably larger in anode side than cathode 

side, and therefore we can approximate the potential-current relationship with equation 

(18) only.
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In practical fuel cells, there are always losses in the cell voltages compared to the 

theoretical values. These losses can be divided into four categories: activation 

polarization losses, internal current and crossover losses, ohmic losses and finally 

concentration polarization losses.

Activation polarization is associated with the slow kinetics of the electrodes, particularly 

on the cathode. Some potential difference is required to sustain the electrochemical 

reaction and this overpotential is much higher for oxygen reduction than hydrogen 

oxidation.

PTbVaclc=Erc-Ec=^-ln 
a F

f ■ \

V<W

г r RT.Ecell = Er----------“h

aF

r . \

Vo j

(21)

(22)

Internal currents and crossover losses occur as hydrogen and small numbers of electrons 

diffuse through the membrane.

/г г RT\
E cell = Er--------"In

aF

f. . л
1 ext ' 1 loss

V
(23)

Losses related to internal currents and crossovers are usually negligible during normal 

operation.

Ohmic losses are caused by the resistances to flows of particles - ions in case of 

electrolyte, electrons in case of electrode and load - in fuel cell construction materials.

bVohm=iR, (24)

Rt = Rl,l + Rt,e + R<,c (25)

24



Concentration polarization becomes relevant when rapid consumption of reactants 

induces concentration gradients at the electrodes. Ultimately, a limiting current density, at 

which more reactants would be consumed at the electrodes than can reach them through 

the gas diffusion layers, can be defined.

AV = —In 
nF

( c ^
4s
cVVS V

(26)

, where CR is the concentration of reactant and C4, the concentration at the surface of the

catalyst.

. nFD{CB-Cs)

s (27)

, where 5 is the thickness of the membrane.

nF DC и
h = (28)

Combining (25), (26) and (27), we get

* j/ RT.AKo„c =-">

nF \h~i;
(29)

One problem with this model is that it assumes a uniform current density across the 

electrode surface. More realistic models - often based on empirical results — have been 

suggested, but the one presented here is probably the most popular for the time being.
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3.3. Fuel Cell Diagnostics

Below, a few well known tools for determining the operating conditions of practical fuel 

cells are presented.

3.3.1. Polarization Curve

Polarization curve represents the cell voltage as a function of current density. The actual 

voltage of a fuel cell, given the current density, is obtained by subtracting the voltage 

losses from the ideal cell potential.

x

У

(30)

Typically, three distinctive regions, where different kinds of losses are predominant, can 

be seen in a polarization curve. An example of a typical polarization curve can be seen in 

figure 2 below.

In region l, the steep drop in voltage is caused primarily by activation polarization 

effects. Region 2 represents the nominal operating range of a fuel cell; Voltage drops 

linearly as all types of losses increase linearly, when moving right on current density axis. 

Optimal power output is usually achieved at latter part of region 2. In region 3, 

concentration polarization starts to increase rapidly as current density approaches the 

limiting value discussed before, causing the voltage to eventually drop to zero.
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Region 1

Region 2

Region 3

Current density (mA/cm2)

Figure 2. An example of a polarization curve

In most cases, the following approximation can be used for sufficiently accurate 

approximation of polarization curve:

Eceii — Erj.p
RT
aF

In
Vzo У

RT

nF
ln

/, -iVi
-iR. (31)

Further, a linear approximation can be used to quickly calculate the polarization curve in 

the practical operating range of a fuel cell:

Ke„=V0-ki (32)

, where V0 is the intercept and к is the slope.
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3.3.2. Mass Balance

Mass balance of reactant input to and product output from the fuel cell is important when 

determining the reactant flows needed to produce the required power output of the system 

in different inlet and stack conditions.

ЕШ« = (33)

Flow rates in the system are proportional to the power output and inversely proportional 

to cell voltage.

'cell

(34)

Inlet flows include the reactant flows and amount of water vapor present in them.

ffj — s m — Ç H2"‘Hiin ~ ^ Hi"1 H2.com ~ °//2 „
2F

■ _ Sq2 MAir j
mAirin ~ , r. ‘ " ncell

I • Пcell

roi 4F

™H20inH2in ~ ^ HI
M H 20

mH lOinAirin

2F Pan -<PanP,«.T„M)

Sgi Mh2q ‘Реи )

r02 4F Pca -<рсаР^Тсаш)

In
(35)

cell

Incell

On outlet flow, in addition to unused reactants and produced water vapor, liquid water 

exiting the system must be taken into account. Water content of the hydrogen outlet is:

mH20inH2oui mH20inH2in m H20ED + m H20BD

mH20ED

= çMjmLj.n
cell (36)

mH20BD ß^HlOED —
MНЮ

F
Incell

And similarly, for air outlet:
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mH20inAirout ~ mH20mAirm + mH20gen + mH20ED mH20BD

(37)
mH20gen ~

The mass balance is essentially used in conjunction with the system energy balance to 

define optimal gas feed and humidification conditions.

(38)

For each dry gas, the enthalpy is

(39)[cPt +

, where h°HHV is zero for non-combustible gases.

3.3.3. Current Interrupt

Current interrupt method can be used to quickly measure the resistance of an operating 

fuel cell. A simple electrical circuit can be used as a dynamic model (Figure x).

When the load is disconnected for a short period, an instantaneous increase in voltage can 

be observed, followed by a slowly ascending part that converges to the open circuit 

voltage of the cell. The instantaneous difference in voltage corresponds to the cell 

resistance whereas the slowly changing portion is due to activation polarization. In fact, 

when any change in load of a known quantity is applied, the voltage difference can be 

used to calculate the cell resistance.

The cell resistance can now be computed, as

(40)

, where AVR is the instantaneous voltage difference.
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Figure 3. Fuel cell circuit model (redrawn from |7|)

One of the useful qualities of the cell resistance is that it can be used to estimate the 

humidity conditions inside the cell. Drying of the membrane causes a considerable 

increase in cell resistance. To detect flooding of the GDL, however, a different kind of 

method is needed. [7]

3.3.4. Pressure Drop

Pressure difference across the fuel cell stack is often used to detect flooding. As excess 

amount of water condenses inside the reactant channels, it effectively starts to block the 

passages of gases, which in turn increases the pressure difference.

Pressure drop method is not well suited for detecting drying of a fuel cell, as whether the 

fuel cell is dry or moderately humidified, there is little difference in pressure drop as long 

as only little condensation occurs in the channels. [7]
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3.3.5. Water content estimation

Water content of the membrane is the key element of PEMFC operation. Generally 

accepted theory is that the membrane water content can be seen as a sum of two different 

phenomena; On one hand, the hydrogen protons drag water molecules from anode to 

cathode as they move through the membrane, causing the “electro-osmotic drag”, and on 

the other hand the difference of humidity levels in anode and cathode a “back-diffusion” 

phenomenon where water molecules move from high water concentration on cathode to 

lower concentration on anode.

Given certain measurements and sufficient information about the cell components, an 

accurate estimate of membrane water content can be computed. One method for doing 

this was presented by Pukrushpan et. ai. in [30]. Their membrane hydration model 

membrane water content is a function of stack current and relative humidity inside the 

flow channels. Another method based on cell resistive voltage drop discussed above is 

presented in [31]. The principle is to use the equations (31), (41) and (42) to obtain 

estimates for Åm and фт .

R =---------------- —---------------- exp
m Am (0,005144- 0,00326)

Am = 0,043 +17,8 \фт - 39,85^ + З6ф3т 

=> фт = 0,369 + (s + VQ3+S2) +(s-ylor+¥}

, where S = -0,0416 + ^/79 and Q = 0,0288 .

1268
1 1
T 303

(41)

In order to get an estimate of open cell voltage from (31), Görgün et. al. use an observer 

to first estimate the partial pressures of reactant gases and then calculate E from (45).

RT
РНг Vol..

1 Ph,in 

V M Ы Pain

_j_ph^f 
M P ao IF11 ao 1 a /

(43)
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4. РЕМ Fuel Cell Systems Design

In order to be of any practical use, the fuel cell stack needs a variety of supporting 

equipment around it. These so called "Balance of Plant” components include supply of 

reactant gases, heat and water management, power conditioning, instrumentation and a 

control system to ensure independent operation and safe shutdown on emergency 

situations.

start-up
battery

pressure
hydrogen tank regulator

air compressor

El-

hydrogen
purge

i------- air exhaust
—мЖк"—»•

backpressure
regulator

Figure 4. Typical REM fuel cell system |l|

As the nominal voltage of a single fuel cell is around 0,6F and the current that can be 

drawn from the cell is directly proportional to active area of the cell it makes sense for 

the sake of practicality to rather construct a fuel cell “stack”, where several individual 

fuel cells are connected in series. This offers many obvious benefits over single cells, 

makes fuel cells well scalable and could enable easy maintenance because of a modular 

structure.
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4.1. Fuel Supply

When considering the ways to provide the reactant gases to a fuel cell system, there are 

basically three different kinds of design options.

In hydrogen-oxygen systems a ready-to-use mixture of gases is provided in some sort of 

container for both anode and cathode side. This kind of configuration is typically used 

only when oxygen from air is not available; i.e. when underwater or in space. 

Hydrogen-air systems use ambient air directly as an oxygen supply. This reduces the size 

of the system but might require the use of a compressor or blower on the air input. 

Hydrogen-air systems are probably the most common solution for mobile and small 

stationary PEM fuel cells.

Reformate-air systems produce the needed hydrogen on-site in a reformer unit from 

various hydrocarbons. Natural gas is considered one viable option for stationary systems. 

Use of a reformer on low temperature fuel cell systems like PEM may often be rather 

questionable for a few reasons. First of all, many reformers require a high temperature 

that is not normally present in PEM systems, like it is in SOFC, for example. Secondly, 

the materials used in PEMFC require the produced reformate to be purified of a number 

of compounds. Increased system complexity and power consumption of a reformer-filter 

unit might not be a very competitive solution in commercial PEMFC applications.

Once the method of delivering the reactant gases to the system has been decided, there 

are few distinctive alternatives available concerning the structure and principle of 

operation of the fuel supply system. In so called dead-end mode, a constant pressure is 

maintained in the gas channels and a valve at the stack outlet is only opened for 

occasional purging of the cells of liquid water and inert gases - mostly W2. Another 

option is to operate the stack a flow-through mode, where excess amount of gas is fed 

into the system and the unused gas flows continuously through the outlet. Third option, 

that combines the advantages of the previous modes (i.e., the low stoichiometry of the 

dead-end mode and higher flow rate of the flow-through mode) can be derived by adding 

a circulation pump to a dead-end system that feeds the excess gas from stack outlet back 

into the inlet line. [7]
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It should be pointed out, though, that as the research on new methods of storing hydrogen 

continues, structure of the fuel supply system may go through some changes. Alternatives 

presented here represent the fuel supply systems that have been used in the past or can be 

realized with relative ease using available technology in a given application.

4.2. Heat management

Purpose of the heat management subsystem is to ensure that optimal operating 

temperature of the fuel cell system is maintained in different situations.

Fuel cell overall reaction is exothermic and the released heat helps to keep the 

temperature high enough. Overheating, however, is also a risk. In small scale fuel cells it 

is often sufficient to use air for cooling. Water cooling, though usually more expensive 

and complex, provides a more effective method for long operation periods. One challenge 

concerning water cooling systems is that the coolant must not be electrically conductive; 

bipolar plates of each cell are directly exposed to the coolant channel, which causes an 

electrically conductive liquid to effectively short-circuit them. Therefore, de-ionized 

water is often used as a coolant. There are at the moment at least few research groups 

working on developing inhibited glycol/water based coolants for fuel cells that should 

also be able to maintain their low conductivity better than DI water [7, 32, 33].

4.3. Water management

Water produced in the fuel cell reaction needs to be removed from the system. On high 

temperature fuel cells it is not that much of a problem since produced water gets 

vaporized and is easily exhausted from the system. On low temperature systems however, 

water may condense inside the cell or some parts of the BoP equipment.

The problem of water management in PEM fuel cells is twofold. On one hand, the 

membrane needs to have high water content in order to function effectively. On the other 

hand, too much water leads to liquid water accumulating in the GDL and droplets
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forming in the channels, which reduces the active area available and blocks the gas flow 

through parts of the cell, respectively.

Humidification of reactant gases has been practically a requirement in the earlier 

membranes. Recently, at least GORE has released new, advanced membranes that should 

be able to operate well even with dry gases. But still, humidification is crucial for 

achieving maximum efficiencies in normal operating conditions. [7, 34]

A proper humidification of the reactant gases is achieved by using a humidifier in either 

both or just one of the gas feeds. The water management on the cathode side has more 

effect on the fuel cell performance, since higher mass flow rates are capable of moving 

more water into and out off the system. It has been recognized in several publications, 

that flooding effects can be countered by pulsing or circulating the reactant gas flows. 

Periodical purges of the anode side, feeding the humid excess hydrogen back to the dry 

stack inlet and applying momentary bursts of excess air on the cathode can be utilized to 

get the optimal performance out of a fuel cell stack. [35]

4.4. Power conditioning

The voltage of a fuel cell is dependent on the current that is drawn from it. Practical open 

circuit voltage of a PEM fuel cell is usually around or a little below 1 volt and drops 

steadily under load towards the nominal voltage of 0,6V. Most electric equipment won’t 

tolerate the kind of variation in supply voltage that occurs in the output of unregulated 

fuel cell stack. Also, below nominal voltage, the power output of the cell starts to drop 

because of increasing losses due to concentration polarization. In addition to that, there is 

a danger of reversing the current when operating at voltages considerably below the 

nominal, which may damage the membrane.

The purpose of the power conditioning subsystem is to provide constant voltage output of 

the fuel cell system at all times. Sudden changes in load characteristics may cause the 

fuel cell voltage to momentarily drop below acceptable levels before the slow kinetics of 

the electrode reactions catch up. One solution to mitigate these kinds of effects is to use 

batteries or super capacitors as a buffer between the fuel cell and the load. Especially in
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fuel cell UPS solutions, where the slow response of the cells is unacceptable, a buffer that 

can give high amount of power quickly becomes a critical component. [40]

Another task of power conditioning is to provide suitable operating voltage for the BoP 

components. Some sort of start-up battery is often required in a practical fuel cell system. 

One important aspect that should be taken into account in the design process of the 

system is the power consumption of all the components compared to the power output 

from the fuel cell itself, as all power lost in the BoP lowers the practical efficiency of the 

system.

In order to get constant voltage output of the system, some kind of power conversion has 

to be implemented. Even for the simplest of applications at least one DC/DC-converter is 

usually a requirement. If the system has to power to typical residential electronic 

equipment, a DC/AC-inverter is also needed for off-the-grid generation and further, if 

grid connection is desired, proper equipment for synchronizing must be included. [7]

4.5. Control system

Control system is needed to monitor the operation of the fuel cell and automatically 

control the instruments in order to ensure that optimal operating conditions are met as 

well as to provide an emergency shutdown procedure in case some part of the system 

fails. Typical tasks include:

- Observing of power demand and adjusting the feed of reactant gases to meet 

it.

- Monitoring the stack temperature and operating the cooling system 

instruments accordingly.

Estimating the humidity conditions inside the stack and taking proper action 

to enhance or reduce humidification.

Providing an automated, safe shutdown of the system in case of emergency.

Selected operating range and the application define to a large degree the requirements of 

the control system and its complexity. Especially in small fuel cell systems where
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minimization of costs is usually the driving force, the control system tasks may be 

reduced to involve only the last point in the list above if dimensioning of system 

components is done properly. Having a more intelligent control system often becomes 

justified in larger systems where optimal efficiency is desired and the cost of the control 

system is insignificant compared to other system components.

Dynamic models can be utilized when defining characteristics of system components and 

in development of control strategies for the system. A number of such models have been 

published in literature. Pukrushpan et. al. have done extensive work on the subject and 

some of their achievements are presented, for example, in [30] and [37].

Practical control system has a lot of restrictions when compared to equipment used when 

conducting experiments in laboratory conditions. Primary concerns are usually size, 

power consumption and cost which often lead to compromises between accurate control 

and feasible solution. [7]

One of the few publicly available texts describing the construction of a control system for 

small stationary fuel cell in practice is presented by Franzén in his thesis. The Cellkraft 

control system seems very similar to the one that was built in our project, although the 

application in their case is backup power for remote weather station, as do some of the 

problems encountered during development. [41]
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5. The Portable РЕМ Fuel Cell Power Unit

5.1. Power Pack components

The system is built around SGL Carbon stack of which 5- and 20-cell versions were built. 

The 5 cell version was mainly used to characterize the stack, test system components and 

experiment with supercapacitors as a buffer between the stack and the load whereas the 

20 cell stack is the final product setup. The SGL Carbon fuel cell was originally designed 

for demonstration purposes and the manufacturer does not recommend stack sizes 

exceeding 10 individual cells. This along with some problems with the original gaskets 

on the 5-cell stack forced some considerable effort to be put into designing new gaskets 

and current collectors for the 20-cell stack.

Picture 5. The PowerPEM powerpack

System is built in a metal case provided by Labgas. The dimensions of the case are about 

32 x 42 x 77 cm. At this point, all the components with the exception of the hydrogen
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tank are installed inside the rack. This is due to the high amount of fuel that the stack of 

this size consumes at nominal power - at lkW power output, for example, a 5 liter, 200 

bar container that might be small enough to be fitted inside the rack would last less than 

an hour. As the planned continuous operating time of our system is targeted to be around 

8 hours, we presume that hydrogen is available at the site of operation, either via wall- 

mounted pipeline or a sufficiently large, separately movable hydrogen tank.

Picture 6. The control system electronics

General guideline in selection of components was to use only oil-less stainless steel or 

plastic instrumentation at reactant gas feeds to minimize poisoning of the catalyst layer. 

The coolant circuit includes components that contain brass and copper, which is 

acceptable since the coolant channels inside the stack are not in direct contact with the 

catalyst. Tubing material is mostly PU or PTFE.

As far as selection of electrical components is concerned, power consumption is a factor 

to be minimized. Here, the air compressor is the largest single device with peak power 

consumption of up to 120We - according to specifications - followed by the coolant 

pump and the solenoid valves requiring roughly 10-15We each. All in all, the balance of
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plant components consume about 150-200We, which would correspond to roughly 17% 

of the nominal power of the planned l,2kWe fuel cell stack. Clearly, this has a 

considerable effect on the system net efficiency.

5.1.1. Instrumentation

Air is supplied to the FC stack by a Rietschle-Thomas 907CDC18 diaphragm pump with 

a simple filter. The pump has a maximum capacity of c.a. 58 l/min at 0 bar according to 

specifications, but the actual flow is naturally much lower - c.a. 42 l/min at 0,5 bar - due 

to flow resistance inherent in the stack and other components. The pump assembly 

includes a small 5 micron filter cartridge. Air mass flow is measured before the humidity 

exchanger by a Honeywell flow meter AWM720P1 which can measure flow rates up to 

200 l/min. The response of the flow meter is not linear at flow rates above 50 l/min.

A Honeywell ASDX005D44R pressure sensor is used for air pressure difference 

measurement over the stack. Maximum pressure difference that the sensor can measure is 

350 mbar.

A stainless steel solenoid valve from Asco is used at hydrogen inlet coupled by a Sirai 

solenoid valve at hydrogen output for purging. A Sirai 3-way valve can be found on 

coolant circuit as well to allow the option of bypassing the radiator if necessary.

A dPoint Dxl.5 humidity exchanger unit was used for air humidification. The device 

consists of a series of layers made of Naflon or similar material that conducts water 

molecules well. Humid air from the fuel cell cathode output is fed into the exchanger 

together with the dry air from the compressor. This way the product water from the 

reaction can be utilized and there is no need for complex humidification subsystem with 

external water tank.

Hydrogen humidification is handled by a small 5002 series diaphragm pump from 

Rietschle-Thomas. Humidification of hydrogen might not be essential for small fuel cell 

systems like the one in question, and hence, our purpose is to get experiences from 

running the system with and without the anode gas circulation.
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Figure 5. Air- and hydrogen circuit instrumentation

For circulation of the coolant, an anonymous rotary vane pump from local general store is 

used. According to specifications, the maximum flow rate of the pump is ~6,6 l/min. A 

car windshield washer tank was installed to coolant circuit for easy refill of coolant. In 

order to reduce the D1 water degradation rate in the coolant circuit, a filter unit is 

required. Since suitable deionization filter assemblies in our size range were not available 

off-the-shelf, we had to build one from custom components. The current filter unit 

consists of a simple water filter filled with deionization resin. 180 micron filters were 

installed before and after the unit to prevent the resin from flowing into the fuel cell stack 

during operation and on the other hand backwards inside the pump when system is 

powered down. The present filtering configuration is merely a temporary solution for the 

prototype and should be replaced with a small cartridge-type filter in the future.
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Figure 6. Coolant circuit instrumentation

Total of four NTC resistances were installed in the system for temperature measurements: 

On stack coolant input and output and on air input and output. Compact manifolds were 

manufactured for easy installation on a SMC T-fitting. In the end, only the coolant circuit 

measurements were utilized by the control system, and thus the air side temperature 

measurements could be omitted from the final system.

Tubes and fittings used are mostly from SMC with some more exotic fittings from 

Swagelok. The SMC fittings were mostly of the KP-series, designed for clean room 

environments, with some brass containing KQ2-series regular fittings on the coolant 

system. Swagelok fittings are made of stainless steel.

Swagelok has a comprehensive selection of metric to fractional conversion fittings in 

their product range. Though proved reliable in previous stages of the project, their cost is
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relatively high due to the all-metal design. Our aim was to substitute them with cheaper 

SMC fittings whenever possible.

Table 2. Summary of technical specifications

Pumps & Fans Air pump H2 pump
Coolant
pump

Cooling
fan

Max. flow @ 12V & 0,5bar 42,5 I/m in 1,6 I/m in - 6,6 I/m in 211,9 CFM
Current @ rated power 10,8 A 340 mA -1,2 A 1

Motor Type
Permanent
Magnet

Brushless
DC DC DC

Principle of operation Diaphragm Diaphragm Rotary Vane Axial Flow
Max. ambient temp. 40°C 50°C unknown 60°C

Min. ambient start temp. 10°C 10°C unknown -20°C

Valves Purge valve
Coolant

valve H2 valve

Material Brass Brass
Stainless
Steel

Principle of operation Direct Acting
Direct
Acting Direct Acting

Actuator Type Solenoid Solenoid Solenoid
Kv value 0,3 0,14 0,22
Nominal current 12V ~900mA ~900mA ~900mA
Pressure drop @ 10slpm ~5mbar -Srnbar ~7mbar

Cooling element Dx1.5 humidifier
Materials : Aluminum, Copper? RH @ 80slpm : 95%
Capacity : -1000W ? Max. operating temp. : 60°C

Surface Area : ? Min. operating temp. : -20°C

Volume : ? Max. pressure drop : 0,72 psi

Instrumentation Flow meter
Pressure
sensor

Current
sensor

Range 0-200 slpm 0-5 psi 0-200 A
Operating voltage 10 V 5 V +-12 V
Current consumption 20 mA 6 mA 20 mA
Output signal 1-5 V 0,5-4,5 V 0-4 V
Output scaling non-linear linear linear

44



5.1.2. Control system hardware

Central component of the control system hardware is an EtherNUT microcontroller board 

based on Atmel 8-bit ATmegal28 chip. EtherNUT is an open source project managed by 

Harald Kipp, egnite Software GmbH is currently manufacturing and selling the board and 

some add-on components. The hardware version of the board used was 2.1B.

Picture 7. EtherNUT 2.1 revision В (egnite Software GmbH)

The chip is running at 14.7456 MHz. has 128kB of programmable Flash ROM and a 4kB 

EEPROM. In addition, there is a total of 512kB banked SRAM and 512 kB of serial flash 

memory. Also included on the board are a 10/100 MBit SMSC Ethernet controller and 

two serial ports with RS-232 and RS-485 interfaces and a JTAG connector for uploading 

the program code into the device and debugging. There are 22 programmable digital I/O 

lines. 8 A/D converters on-board for connecting equipment. Supply voltage is 8-12 VDC. 

[38]
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Figure 7. EtherNUT architecture (egnite Software GmbH)

Several other I/O- and controller cards are also needed. An I/O-card, where all other 

components of the control system are connected, is attached on to of the EtherNUT board 

via the 64-pin expansion connector. Individual cards were built for cell voltage signal 

conditioning and temperature sensor signal conversion. An H-bridge controller card is 

used to drive the air compressor.

An assortment of small dc/dc-converters is used to provide suitable operating voltages for 

the control system. Most of the instruments require 12V monopolar power supply with 

exceptions on current and voltage measuring equipment, which require ±12V, and the air 

flow meter, for which an accurate 10V supply is preferred. The supply voltage range of 

the three chosen converters covers the normal output voltage of the 20 cell fuel cell stack, 

so they can be connected directly to it. Designing a complete power conversion unit to 

ensure some constant output voltage for the external equipment that is to be powered is 

beyond the scope of this thesis, but different kinds of solutions for fuel cell power 

conditioning are discussed in [36], for example.

A laptop computer is needed for monitoring tasks during testing. The laptop was 

connected to the EtherNUT at first via an Ethernet cross-connection cable. Remote 

operation was also tested over the VTT local area network.
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5.1.3. Software components

The EtherNUT board has a user interface of its own called Nut/OS. The operating system 

has a light TCP/IP stack - the Nut/Net - implemented in it and it supports cooperative 

multi-threading. The control system software is divided in two parts: the microcontroller 

and the user interface. [39]

Microcontroller software is a multi-threaded application written in C. The main task of 

the software is to act as a convenient I/O interface upon which the actual control 

algorithms and a higher level monitoring software can be built. It is designed to be 

capable of operating the fuel cell system autonomously, but supports manual operation 

and monitoring by means of a web server.

The actual control part of the program consists of an assortment of control daemons 

running in separate threads. The daemons monitor the measurements acquired from the 

system and control the valves and pumps accordingly.

On hydrogen side, an algorithm for opening the purge valve was implemented. If, during 

normal operation the cell voltages drop too low, the algorithm tries to revitalize the 

system by momentarily opening a valve to blow liquid water out of the hydrogen 

channels. In order to remove possible water accumulated into the air channels, a 

momentary burst is produced by the compressor shortly after the hydrogen purge. A 

timer-based purge cycle is also implemented as preventive action against flooding while 

the voltages are not yet collapsing. The algorithm calculates the time between purges 

based on the amount of current drawn while satisfying the condition of 1,1 stoichiometry 

for hydrogen consumption - i.e. 10% of the consumed hydrogen is wasted in purges. Our 

goal is to reduce the stoichiometry of hydrogen down to as low as 1,05 in the final 

system.

Pressure of around ~0,4bar is maintained on the hydrogen side. Given the stoichiometric 

ratio of 1,05 for hydrogen and if the time that the valve is held open is 0,3 seconds, it was 

calculated that at current output of ~90A the purge valve should be opened once every 

106 seconds. Based on this, a simple linear model, where time between purges is halved 

when the current is doubled, is used at this point.
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I* 60s
purge frequency =--------------- 1 / min

• 106s * 9(Ы
(46)

On air side, the amount of air needed, given the power drawn from the system is 

computed and used as reference signal for pump control. Air mass flow is measured by a 

sensor and PI control is used to steer the pump towards the reference. Pressure difference 

sensor gives a hint of flooding on the air side, in addition to cell voltage monitoring. 

Temperature is measured on both, inlet and outlet of the cathode.

The amount of air needed to produce 1A current in a single cell is

1 a 1
VH2 =--------- ------— * 22,41----- * 60s « 0,001lpm

C mol2x96485
mol

4x96485

\A l
------- ——*22,41----- * 60s

C mol

vA„ = mol
0,21

« 0,01 llpm

(47)

(48)

This value is then multiplied by an “excess air” factor, or stoichiometric ratio of 3, i.e. 

more air is pumped into the fuel cell than is used by the chemical reaction to prevent 

oxygen starvation effects. Also, in case of a multiple cell stack, the required air flow is 

multiplied by the number cells. The error signal that is the resultant of required air flow 

subtracted by the flow meter reading is then converted into percentage value by dividing 

it with maximum flow rate available from the compressor in our system and multiplying 

by 100. Pi-controller is used, i.e. D-term is zero in our case.

Current

Product

Required air flow

PI Controller Compressor control
Maximum air flow

Measured airflow

0.017

Figure 8. Air side control
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Coolant system instrumentation consists of a water pump, a 3-way solenoid valve and 

temperature sensors. Temperature measurements are used to determine whether there is a 

need to circulate the coolant through the cooling element and/or turn on the fan attached 

to it. During startup, the cooling element is bypassed in order to reach the nominal 

operating temperature quicker. When the stack reaches its operating temperature, the aim 

is to keep the temperature constant. Control algorithm is a simple on-off control with two 

“stages”. First, only the solenoid valve is opened and closed as needed. If the valve stays 

open for long enough and the temperatures still keep rising, the fan attached on the side 

of the cooling element is started. Likewise, when temperature drops, the fan is stopped 

first and after sometime the valve is closed, if needed.

To prevent reverse currents flowing into wrong direction, another control algorithm 

should be implemented. Whenever the stack voltage drops too low, a relay switch is used 

to disconnect any load from the stack output. Also, during start-up there should be some 

delay before connecting load during which the system monitors that all equipment are 

working correctly.

An emergency shutdown procedure needs to be implemented in the future to ensure 

safety in case of hardware failures. This should preferably be a separate, simple PLC 

acting separately from the rest of the control system. Conditions that would launch the 

procedure could be stack overheating, collapsing cell voltages, failing BoP components 

or hydrogen leaks, etc. A hydrogen sensor needs to be purchased and installed for this 

purpose. Of course, inclusion of these safety measures can increase the cost of the system 

considerably.

The user interface is a Java applet and is therefore very flexible in terms of hardware 

dependence. All that is needed is a computer with Ethernet connection and capability to 

run a web browser and Java. The main page of the GUI can be seen in picture x. below.
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Picture 8. A screenshot of the graphical user interface main page

Measurements from sensors can be observed from simple graphs as well as numerical 

values displayed on the right side of the charts in UI window. An open-source library 

called “Jchart2D" was used to draw the charts. Instruments like the valves and 

compressor can be controlled manually from GUI, overriding the automatic control by 

the microcontroller. Saving of the values of all the measurements and control signals into 

a file is also possible. The log file structure is a simple text format similar to CSV 

(comma separated values) where values are separated by and each line of the file 

contains time stamped measurements scaled according to the calibration set in the UI. 

Communication between the EtherNUT and monitoring client is implemented over UDP. 

UDP was selected due to its robust design compared to the heavy TCP in planned
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operating environment - it is not likely, at least at this point, that the system will be 

connected to a complex network where more sophisticated features of the TCP could be 

of use.

Eclipse software development tool was used during the project. To enable safe and 

convenient environment for program code version control and backup, a CVS (concurrent 

versions system) server was used. The basic structure of the control system 

communication and software is presented in the diagrams below.

цС

pemctrl (main)

— H2 purge

— Airflow

Cooling

dataserver

Comm, server
Seiial comm.

RS-232

Pemboard (10)

PC

GUI

Terminal

Figure 9. Control system software diagram
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5.2. Cost Analysis

The two most expensive components in our BoP setup are the air compressor and the 

humidity exchanger. Together they correspond to approximately 1/3 of the total cost of 

the BoP.

We have been able to bring down the cost of many components by relaxing the 

restrictions concerning materials where possible and by designing and manufacturing 

components ourselves. If we consider a scenario where the Powerpack would be 

produced and sold in large numbers, however, it might be sensible to outsource the 

production of at least some of the “home made” components to some subcontractors for a 

variety of reasons. Integrating the control system electronics on one compact board 

would definitely be required.

Cost of the BoP components for the prototype was around 27006. This cost is likely to 

drop considerably, would the system enter production. On the other hand, cost of labor is 

not included here yet. Considering that the cost of fuel cell stacks in the lkW domain is 

currently estimated to be around 2000€/kW when purchased in moderate quantities, the 

BoP costs still seem quite high. It has to be pointed out that though the cost of BoP 

increases with the size of the stack, the relationship is not linear.

In a cost analysis performed in [25], Carlson et. al. came up with an estimate of 108$/kW 

for a 80kW direct hydrogen PCS, if produced at a rate of 500000 units a year. From the 

cost breakdown below we see that BoP contributes to approximately 34% of the total cost 

which would be about 22906 at present rates. This estimate does not include hydrogen 

storage, power electronics nor hybrid batteries or the control system itself.
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Figure 10. Cost Breakdown of a 80kW PEMFC according to Carlson et. al. (25|

In our lkW system the cost breakdown looks rather different. If we make a rough 

assumption based solely on intuition, that BoP system costs will be reduced by as much 

as 30% when produced in quantities and we exclude the control system electronics, we 

get an estimate of -14706 for our BoP. This is almost half of the total cost of the system. 

It gives us some reference to the relationship of the BoP and the size of the stack. The 

graph below highlights the situation.
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Of course, our estimate is highly inaccurate and the sensibility of this kind of comparison 

is questionable, but still, this gives us a rough picture of the situation. It is likely that the 

cost of control system electronics would differ even less significantly than the BoP costs 

presented above among the systems in question and thus, its inclusion would have 

relatively greater effect on the BoP cost of the lkW system than on the 80kW system, 

which would further emphasize the point being made here.
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6. Results

6.1. Experiments

The main purpose of the first experiments that were conducted on the system was to 

make sure that the instruments and the general way how they were set up was working as 

intended. Few experimental ideas were tried out and improvements were made as 

necessary. Another aspect of these experiments was to debug and develop further the 

control system software that was developed in HUT Automation Technology Laboratory. 

The main focus in terms of scientific value was expected to be in final experiments on the 

20-cell system.

In the following chapter some polarization curves are drawn that are based on the data 

logged from our experiments. Even though we took some steps in trying to keep the 

operating conditions constant, it was not really possible to pull this off very well in our 

case. As a result, it would be wrong to try and fit any curve on the Current/Voltage charts 

since different parts of the data from the same test run belong to slightly different 

polarization curves. Nevertheless, they provide valuable information for our purposes in 

this project.

6.1.1. 5-cell System

In order to get some kind of picture of the effects of different humidification methods on 

cell performance, the system was operated in three different configurations.

First, inlet air was humidified by dPoint Dxl.5 humidity exchanger and a ramp-up from 

room temperature to nominal operating temperature of around 60°C was performed. After 

a while, a reduction of the load towards zero in relatively rapid pace was initiated in order 

to get measurements of different current and voltage levels in “almost constant” operating 

conditions. This way, holding the temperature at around 60°C became easier without 

additional equipment. Considering the humidification arrangement that was used, it also
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helped to keep the membrane humidity higher, when compared to measuring from 

increasing step load changes.

As the dPoint device is designed for ~lkW fuel cell systems, it seemed to be a bit too 

powerful for the 5-cell setup. Consequently, a test where the humidity exchanger was 

replaced by a PermaPure single-tube humidifier was performed. After a test run, 

however, it turned out that apart from somewhat longer times between openings of purge 

valve, the system performance was not much different from the previous setup. Further 

study revealed that the small connectors of the PermaPure device restricted the air flow 

rate severely, which might partially explain the lack of performance gain despite the 

decreased flooding.

It was not clear beforehand, whether or not there would be differences of any significance 

in the stack performance upon installation of a hydrogen circulation pump. Therefore, the 

dPoint humidity exchanger was reinstalled and a test run with and without the hydrogen 

pump was conducted. Here, we were able to distinguish some differences in performance. 

In first experiments with somewhat lower H2 pressure, an increase of about 50 mA/cm2 

was observed in the polarization curve compared to the first setup. In consequent test 

runs, however, the difference between operating the system with and without hydrogen 

circulation was diminished and in fact we achieved better results with hydrogen pump 

turned off. This was probably due to the fact that the pump was not really powerful 

enough for the task in increased pressure and at higher power densities; Liquid water was 

accumulating into the circulation tubes blocking the flow through. Better results were 

observed after increasing the size of the pump inlet tubing.
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Figure 12. H2 pump on/off comparison

Supercapacitors were connected to the system during some of the 5-cell tests. Small 

2,5Ah batteries were connected in parallel with the supercapacitors to mitigate the 

divergence of voltages between the capacitors. These batteries were disconnected after 

the first tests to achieve the figure 13 below, where it is clearly visible that 

supercapacitors smooth out the sharp changes in load changes. Interestingly, high 

variation in the voltage of the last cell of the stack was observed when equal change in 

load was performed after the supercapacitors were disconnected from the system. 

Explanation to this is probably flooding; the sudden change of load causes the amount of 

water produced to quickly exceed the amount that is transported out of the stack before 

the control system can react, leaving the system in a non-optimal operating condition. 

Purging hydrogen and blowing an excessive amount of air in a short burst should help to 

regain the balance, but this example reveals the beneficial effect that placing a buffer 

between load and the fuel cell stack can have.
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Figure 13. Effect of supercapacitor/battery-assembly

A problem that was present in some of the 5-cell system experiments was the somewhat 

high potential difference between the first and the last cell of the stack. This kind of 

phenomenon is especially typical in situations where amount of air fed into the system is 

too low. In our case, however, increasing the air feed did very little for the voltages. 

Possible cause of our problem might be flooding, as leaks were discovered between 

reactant gas and coolant circuits during testing. This enables the possibility of water from 

coolant circuit entering the gas channels and reducing the actual effective cell area. Water 

leaking into the gas circuits inside the stack would obviously affect the last cells more 

than the first and it would also explain the low current densities that we were able to 

achieve during testing using the theoretical values from technical drawings to calculate 

the active cell area.

Another perception that can be made from the chart below is that the voltage of the first 

cell is considerably lower than in other cells. This is probably due to the uneven surface 

pressure of the end cells. Inside the first and the last cell, the pressure on the GDL is not
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uniform, which causes the effective cell are to be lower, reducing the active area. Also, in 

5-cell system, the hydrogen inlet and outlet were located on the same side of the stack, 

and only air feed was arranged so that the inlet and outlet were on opposite ends. Also, 

this effect becomes more evident when approaching the nominal cell voltages, as can be 

seen in the figure below. A conclusion, that there is another phenomenon causing the 

difference in cell voltages, could be drawn from the figure below. In the end cells, the 

low voltage might be due to flooding, since it is the cell that both air and hydrogen pass 

through last before exiting the stack. The perceptions made here using the actual control 

system are actually consistent with the results from the 5-cell stack characterization 

summarized in attachment 2. This encourages us to alter the gas feed schema for the 20- 

cell stack so that both, air and hydrogen flow cross vise.

Figure 14. Cell voltages
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Figure 15. Cell current density comparison

Periodic bursts of air into the fuel cell stack proved to be an effective countermeasure 

against flooding and in the final 5-cell tests we were finally able to draw decent amount 

of power out of the system. Capacity of our artificial test load became a restricting factor 

here preventing us from reaching the nonlinear region of the polarization curve, but since 

the 5-cell system was really intended to merely serve as a test platform for the control 

system, we were satisfied with this for the time being.
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Current density (A/cm2)

Figure 16. Average current density on 5-cell system

Another problem that was encountered during the testing of equipment was the high 

amount of noise present in some of the measurements. The cause of the problem was 

discovered to be related to grounding. After a comprehensive inspection of the equipment 

and performance of small modifications on the control system, the amount of noise was 

reduced significantly. A great deal of variation in the air flow and pressure difference 

measurements was caused by the operating principle of the compressor. Although the 

diaphragm pump pushes the air into the system in bursts, the pulses are generally too 

weak to impose any positive side effect of removing excess water from the stack. They 

do, however, make the utilization of measurements difficult.

A simple moving average filter was implemented in the microcontroller side of the 

software to smooth out the variations. Further, some interdependencies in cell voltages 

were observed, i.e. increasing spikes in one cell caused decreasing spikes in the cell 

adjacent to it. This kind of distortion could be mitigated by taking average of the cell in 

question and adjacent cells for each cell voltage. A drawback here would be that the
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actual differences in cell voltages would be more or less lost and time averaging would 

add delay to the system. Nevertheless, the filtered signal would be far more useful, when 

it comes to controlling the process.

1000 1500 2000 2500 3000
Time (s)

Figure 17. Effect of filtering on cell voltage signal (left to right: original, cell averaging, cell & time 
averaging)

Although the Pl-controller would be a more interesting solution, practical issues due to 

characteristics of our equipment caused trouble in making it work well enough. We 

considered reverting back to a simple non-feedback control strategy for the air 

compressor because of difficulties in balancing the filtering of the air flow sensor signal 

between good noise reduction and fast response. The decision to do this would have been 

well founded considering our objectives in this project.

By increasing the rate at which the microcontroller updates the values and the amount of 

data in the buffer from which the moving average is calculated, we were able to make the 

Pl-controller act reasonably well, after all. Sensibility of such heavy operations is 

questionable in our case as they may increase the computational burden on the 

microcontroller to an extent that limits the possibilities of implementing additional 

functionality in the future.
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6.1.2. 20-cell System

Tests performed on the 20-cell system included a series of short runs with varying loads. 

Before the experiments it was recognized that some of the system components - 

especially the air compressor and air side tubing - might become the restricting factors 

when high amount of power is drawn from the system.

One factor of interest to be observed during the experiments was the time it took for the 

fuel cell stack to reach its nominal operating temperature on its own. While increasing the 

resistive load connected to the fuel cell stack so that the cell voltage levels were kept 

constantly at approximately 0,6 volts, the 5-cell system was able to heat up from room 

temperature to 60°C in a little over 24 minutes. Similar experiment on 20-cell system 

took about 25 minutes from room temperature to 60°C.

Time (minutes)

Figure 18. 20-cell stack heating up without external heaters

It turned out that the air flow measurement became too erratic at higher flow rates, which 

caused some problems with the Pi-controller. The Pi-control was by-passed and the 

reference calculated from stack current was used to directly control the compressor. 

Maximum power that was drawn from the stack with automatic purge procedure turned 

on was about 500W. After this the cell voltage of the last cell in the stack couldn't keep 

above 0,5V with reasonable purge intervals. By turning off the automatic purge control
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and instead operating the purge valve manually whenever cell voltage dropped below 

0,4V, the maximum power output of the system was increased to a little more than 600W. 

Maximum current at this power level was about 45A - less than half of what could be 

taken from the 5-cell system.

5 300

Time (minutes)

Figure 19. Maximum power from the 20-cell stack with 6mm tubes

The maximum flow rate of the air compressor was reached already at ~500W which 

reduced the effectiveness of the purge procedure as the only way to remove water from 

that point on was through hydrogen side purge valve. The most significant consequence 

of this in a practical system is somewhat reduced efficiency because more hydrogen 

needs to be wasted to maintain the process.

Problems with the 20th cell originated from a slightly misplaced gasket. The problem was 

discovered and fixed during the characterization procedure before installing in into the 

actual system. During the experiments it seemed that accumulating condensate water was 

the main reason for low voltages in the last cell. While this is normal, it could be that the 

disassembly and reassembly of the other end of the stack might have caused some 

displacement of the membrane or mild damage to some parts of the cell, so that this 

effect is even more severe than usual.
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A pressure gauge was installed on the hydrogen side to monitor its behavior during the 

purge procedure. After a brief test run a discovery was made that the manual pressure 

valve could not maintain a proper pressure level during the purges, making the purge 

procedure ineffective. A pressure regulator would be needed to ensure constant pressure 

during purges and using valves dimensioned for higher flow rates would reduce the 

pressure drop, but that kind of modifications were out of the question both time- and 

budget vise. Easiest way to make the purge more effective at this point was to replace the 

6mm OD tubing with a bigger 10mm OD one and hope for the best.

Improvements were huge compared to 6mm OD tubing; Stack was operated at peak 

current of nearly 90A with considerably increased time between purges.

Time (minutes)

Figure 20. Peak current and voltage with 10mm tubing

Total power drawn from the stack was therefore about ~1100W. Considering that the 

system equipment consume the maximum of about 200W, we have a system that is able 

to power 900W worth of external loads.
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Figure 21. Individual cell voltages at maximum power output

As seen in the figure above, accumulation of water in the few last cells of the stack is still 

there at peak currents. It is not that big of an issue in the final system since we are already 

operating close to the maximum power densities that the stack is capable of and other 

physical phenomena become the limiting factors.
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7. Future Work

The direction to be taken in the future is to develop the system further to enable operation 

outdoors. This would include tasks like designing a new case with better insulation 

materials, possibly accompanied by some sort of heating arrangement when operating in 

ambient temperatures below 0°C.

One important component that was not implemented in the current system - partly 

because of financial issues, but mostly because of the choice that was made concerning 

stack size - is a dc/dc-converter to stabilize the output voltage of the stack. It should be 

taken into account, though, that the characteristics of the converter depend on the nature 

of the application, i.e. the equipment to be powered, and therefore, this issue is of minor 

importance at this point. The implementation of an emergency shut-down PLC, however, 

is a problem that should be solved as soon as possible. Lack of it can be tolerated in 

controlled laboratory environment, but not when conducting extensive field testing. Some 

kind of solution to this problem should be introduced in the next version along with the 

improvements mentioned earlier.

Other enhancements to be made in the future are mostly related to the physical size of the 

system, reliability of the components and usability. Replacing the DI colon with small 

cartridge type component and possibly replace the DI water coolant with some 

glycol/water based inhibited solution, when such coolants become available (e.g. 

Mohapatra et. al.), should be done at some point. Design and construction of an easy-to- 

use console with small LCD and functionality to enable start-up and shut-down, as well 

as simple monitoring tasks without a PC, would certainly be required in the final product. 

One possible improvement related to signal conditioning of the sensor measurement data 

would be to implement some more sophisticated filtering method, like Kalman filter, 

instead of simple moving average. This would of course require formulation of a dynamic 

model of the process to be estimated.

One promising solution for the small stationary fuel cell systems is presumed to be the 

back-up power generation for telecommunication stations. If we took at a scenario where 

the PowerPEM system was to be modified for this kind of application, the summary of 

some critical factors would be something like:
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- Simplify the balance-of-plant structure to an absolute minimum level where the 

task of the control system is only to start-up and shutdown the system and react to 

possible hardware failures during operation.

- Some sort of weather- and shock resistant case accompanied by a heating system 

that keeps the system temperature above freezing point at all times.

- Properly dimensioned DC/DC-converter to power-up all the system equipment 

from the 48V stack output.

- Integrated control board, where amount of wiring is minimized and possible 

connectors involve no moving parts, like screws, that might get loose overtime 

due to vibrations etc.
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8. Conclusions

We have demonstrated a small stationary fuel cell system constructed mainly of hardware 

available “off-the-shelf’ as well as designed and implemented a control system for it 

using a microcontroller based platform. The control strategy of the system can be very 

simple, involving mostly on/off type instrumentation and a simple feed-forward control 

for air supply if the components have been characterized properly. More sophisticated 

methods of control can add to the reliability and robustness of the system especially if it 

is to be operated in wide range of ambient conditions, but one should be mindful that they 

might increase the cost of the whole system considerably at this size range.

The system is working and the aimed goal of lkW power at 12VDC was reached. 

Particularly interesting remark was the effect that the larger diameter hydrogen side 

tubing had on the power output of the stack. Some work still needs to be done to 

guarantee reliable operation if the system is to be tested in the field. It was recognized 

already during the testing done with the 5-cell system that some parts of the control 

system electronics need to be re-designed because of changes in the instrumentation.

Some goals were met, others were not. It has to be taken into account that the share of 

misfortune that the project has faced has been considerable; bankruptcy of our main 

partner, changes in project staff composition and occasionally uncertain financial 

situation have all contributed to the fact that the whole undertaking has been somewhat 

adrift from time to time. Lack of proper funding led to a lot of improvising, bootstrapping 

and decision making based on feeling instead of facts. From learning point of view, 

however, this project has been a definite success.

The technology for commercial PEM fuel cell applications is available. Their future 

depends heavily on external factors like developments in fossil fuel markets, advances in 

hydrogen production and storage methods etc. but also on how the commercialization 

process is conducted. Solutions for many of the issues are related to political atmosphere 

and willingness of both public and private sectors to invest in fuel cell technologies.
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Abbreviations

APU auxiliary power unit

BoP balance of plant

CSV comma separated values

CVS concurrent versions system

DI de-ionized

PCS fuel cell system

GE General Electric

HUT Helsinki University of Technology

LCD Liquid crystal display

MEA membrane-electrode assembly

NASA National Aeronautics and Space Administration

PC Personal computer

PEM proton exchange membrane

PTFE polytetrafl uoroethylene

PU polyurethane

SMR steam methane reforming

TCP transmission control protocol

Tekes Teknologian kehittämiskeskus (National Technology Agency of Finland)

UDP user datagram protocol 

UI user interface

VTT Valtion teknillinen tutkimuskeskus (Technological Research Centre of Finland)
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PEM-project Sensor and Actuator Interface for Ethernut Board
(version 1.0)

Elomaa, M., Keränen, T.

This board is intended to be mounted directly on top of an Ethernut v2.1. -board.
The interface board has total of 40 AD-channels, 4 DA-channels, 2 PWM-channels, 5 
Digital outputs and 12 general purpose digital IO-channels. It also has two in-build 
temperature sensors that can be read using the I2C-bus.
Most of the connections have additional circuitry that makes the connection suitable 
for a specific operation. A complete list of every connection is provided in 
APPENDIX. An overview of provided alternatives is given here:

AD-channels:
-8 interfaces for various voltages or current using microcontrollers own ADCs 
(0-70mV, 0-5V, 0-10V, 0-30V, 4-20mA) (uC PortF pins 0-7)

-8 channels for thermocouple measurements, accessed by I2C 
-24 channels for various voltages or current, accessed by I2C 
(0-2.5V, 0-5V, 0-10V, 4-20mA)

DA-channels:
-4 channels for range of 0-10V and 65mA, accessed by I2C 

PWM-channels:
-2 channels connected directly to microcontroller PWM-pins (PB6, PB7)

Digital Outputs:
-3 channels for up to 30V and 100W, accessed by uC IO-pins (PE2-4)
-2 channels for up to 30V and 15W, accessed by I2C

General purpose digital IO:
-6 channels directly connected to microcontroller pins (PB0-3, PE6-7)
-6 channels on I2C-chip with weak pull-up and strong pull-down

Power connector PI
External power source should be connected to the 4-way terminal block (PI).
The ground reference has to be connected at all times
+5V voltage is used by I2C circuits and AD-channel amplifiers. Uses max 100mA. 
+12V voltage is used by DA-channel amplifiers. Uses max 300mA.
+24V voltage is used by the devices connected to the 5 digital outputs (SEI & SL2).



Chipset

A/D-Conversions
Three ADS7828 A/D-converters from Texas Instruments provide 24 channels with 
various voltage and current interfaces.
Two AD7417 A/D-converters from Analog Devices provide 8 channels with amplifier 
circuits (for thermocouples) and two internal temperature measurements.

D/A-Conversions
One DAC5574 D/A-converter from Texas Instruments provide 4 channels with 
amplifier circuits.

Digital I/O
One PCF8574 digital I/O expander from Philips Semiconductor provides 6 channels 
of digital I/O and two digital outputs with FET interfaces

FETs
Three FDS6630 MOSFETs provide max. 30V 100W digital outputs 
One FDC6561 dual-MOSFET provide max. 30V 15W digital ouputs

Operational Amplifiers
Four LMV722 dual, low noise operational amplifiers are used for thermocouple 
interfaces.
Two LM8272 dual, high output current operational amplifiers are used for D/A- 
converter output interfaces.
One LMV722 dual, low noise operational amplifier is used to interface two channels 
of microcontrollers own A/D-converter.

I2C addresses

addr byte
R/W

addr bits bit function chip
0x40 0111000 0 DIO PCF8574

0x50 0101000 0 TEMPI AD7417
0x52 0101001 0 TEMP2 AD7417

0x92 1001001 0 ADC1 ADS7828
0x94 1001010 0 ADC2 ADS7828
0x96 1001011 0 ADC3 ADS7828
0x98 1001100 0 DAC1 DAC5574
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P1

1 Supply GND IN

SL6

1 AD1 (TC1) Thermo Couple (red) 37

2 Supply +5VIN 2 Supply Thermo Couple (gray)

3 Supply +12V IN 3 AD2 (TC1) Thermo Couple (red) 38

4 Supply +24V IN 4 AD3 (TC1) Thermo Couple (red) 39

5 Supply Thermo Couple (gray)

su

1 D01 (uC) max 100W 6 AD4 (TC1) Thermo Couple (red) 40

2 Supply +24V 55

3 D02 (uC) max 100W

SL7

1 AD1 (TC2) Thermo Couple (red) 41

4 Supply +24V 56 2 Supply Thermo Couple (gray)

5 D03 (uC) max 100W 3 AD2 (TC2) Thermo Couple (red) 42

6 Supply +24V 57 4 AD3 (TC2) Thermo Couple (red) 43

5 Supply Thermo Couple (gray)

SL2

1 Supply +24V 29 6 AD4 (TC2) Thermo Couple (red) 44

2 D01 (DI01) max 15W

3 Supply +24V 30

SL8

1 AD4 (uC) 0-1 OVIN 50

4 D02 (DI01) max 15W 2 AD3 (uC) 0-30V IN 49

3 AD2 (uC) Jumper select (JP2) 48

SL3

1 Supply GND 4 AD1 (uC) 0-70mV IN 47

2 DA1 (DAC1) 0-1OV OUT 25

3 Supply GND

SL9

1 Supply +5V

4 DA2 (DAC1) 0-1 OV OUT 26 2 Supply +5V

5 Supply GND 3 Supply uGND

6 DA3 (DAC1) 0-1 OV OUT 27 4 Supply uGND

7 Supply GND 5 AD8 (uC) 4-20mA IN 54

8 DA4 (DAC1) 0-1 OV OUT 28 6 AD7 (uC) 0-5V IN 53

7 AD6 (uC) 0-5V IN 52

SL4

1 Supply AGND 8 AD5 (uC) 0-5V IN 51

2 Supply AGND

3 AD8 (ADC1) 0-2.5V IN 8

SUO

1 Supply uGND

4 AD7 (ADC1) 0-2.5V IN 7 2 Supply uGND

5 AD6 (ADC1) 0-2.5V IN 6 3 DI/01 (uC) PE7 58

6 AD5 (ADC1) 0-2.5V IN 5 4 DI/02 (uC) PE6 59

7 AD4 (ADC1) 0-2.5V IN 4 5 DI/03 (uC) PB1 60

8 AD3 (ADC1) 0-2.5V IN 3 6 DI/04 (uC) PBO 61

9 AD2 (ADC1) 0-2.5V IN 2 7 DI/05 (uC) PB3 62

10 AD1 (ADC1) 0-2.5V IN 1 8 DI/06 (uC) PB2 63

11 AD8 (ADC2) 0-2.5V IN 16 9 PWM1 (uC) PB7 64

12 AD7 (ADC2) 0-2.5V IN 15 10 PWM2 (uC) PB6 65

13 AD6 (ADC2) 0-2.5V IN 14 11 Supply uGND

14 AD5 (ADC2) 0-2.5V IN 13 12 Supply uGND

15 AD4 (ADC2) 0-2.5V IN 12

16 AD3 (ADC2) 0-2.5V IN 11 SL11 DIO uC Connection

17 AD2 (ADC2) 0-2.5V IN 10

18 AD1 (ADC2) 0-2.5V IN 9

19 AD8 (ADC3) 0-5V IN 24

SL12

1.8 Reserved for uC ADC

20 AD7 (ADC3) 0-5V IN 23 9.10 Supply +5V (uC)

21 AD6 (ADC3) 0-5V IN 22 11
Ref
(optional) for uC ADC

22 AD5 (ADC3) 0-5V IN 21 12.20 Supply uGND

23 Supply AGND

24 Supply AGND 1
DI/03
(DI01) Weak up/Str down 31

2
DI/04
(DI01) Weak up/Str down 32

1 AD1 (ADC3) 0-1 OVIN 17 3 DI/05 Weak up/Str down 33





SL5 2 AD2 (ADC3) 0-1OV IN 18

3 AD3 (ADC3) 0-1 OV IN 19

4 AD4 (ADC3) 4-20mA IN 20

JP2 1-2 AD2 (uC) 0-70mV IN

2-3 AD2 (uC) 0-5V IN

(DI01)

4
Dl/06
(DI01) Weak up/Str down 34

5
Dl/07
(DI01) Weak up/Str down 35

6
Dl/08
(DI01) Weak up/Str down 36

7-12 Supply DGND

channel# device

1 cell voltage 8

2 cell voltage 7

3 cell voltage 6

4 cell voltage 5

5 cell voltage 4

6 cell voltage 3

7 cell voltage 2

8 cell voltage 1

9 cell voltage 16

10 cell voltage 15

11 cell voltage 14

12 cell voltage 13

13 cell voltage 12

14 cell voltage 11

15 cell voltage 10

16 cell voltage 9

17 air flow meter

18 air pressure sensor

19 current sensor

20

21 cell voltage 20

22 cell voltage 19

23 cell voltage 18

24 cell voltage 17

25 air pump ctrl

26

27

28

29 H2 pump

30 coolant pump

31

32

33

34

35

channel# device

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51 temp, water out

52 temp, air in

53 temp, air out

54

55 purge valve

56 H2 valve

57 coolant valve

58

59

60

61

62

63

64

65



Interface board connections to the EtherNUT board
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=Microcontroller ADC
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A summary of results of 5-cell SGL-demo -stack

Jari Ihonen 
VTT

Some comments

• Used components
18 pm Gore MEA with 0.4 mg Pt on both sides 
Carbel CL gas diffusion layers

- Otherwise components supplied by SGL

• Summary of mechanical properties
- end-plate concept supplied by SGL leads to uneven surface pressure due to mechanical 

properties of graphite/copper current collector and placing of tightening bolts
- due to uneven surface pressure some problems are detected with end-cells

however, the problems are not serious up to 6-7 bars of surface pressure on the active 
areas
in fuel cell testing the end cell problem detected by the fact that flooding on both anode 
and cathode takes always place first in the end cells 
the use of soft GDL probably makes the problems worse

• Pressure drop characteristics
- at full power ( 5 lpm air per cell) the pressure drop is about 100 mbar

at high flows (>2 lpm air per cell) pressure drop in operating very wet fuel cell is 1.5- 
1.7 times higher than when the cell is dry at lower flows the difference is higher

- using gathered pressure drop data and calculating the pressure drop in manifold 
channels one could estimate that the cell/stack concept should work up to about 35-40 
cells before pressure drop in manifold becomes a problem, however pressure drop in 
fittings in the end plates will probably be problematic before that

• Operation experience of stack
stable operation in two-phase flow conditions is practically impossible at low current 
densities, if low constant air and hydrogen flows are used, due to flooding in both anode 
and cathode side
short (2-5 s) air and hydrogen pulses in every 1 -2 minutes remove water efficiently and 
stable operation is reached, pulse flow 2-3 lpm per cell is sufficient 
at high currents the problem occurs only at the anode side as on the cathode side the 
pressure gradient is sufficient to remove the water, therefore hydrogen pulses 
(corresponding use of purge valve in dead-end system) are always needed



En example of polarisation curve

Polarisation curve is measured using hydrogen pulses, but nor air pulses on low flow. Flooding of 
cells at low flows (under 0.2 A cm"2)decrease the cell potential by 10-20 mV.

Measurement of stable polarisation curves using constant flows would require unrealistically high 
flows. However, in practical applications the stabilising pulse flow is very easily organised and 
therefore polarisation curves with constant flows are not actually telling at all the whole truth if 
stack is good or not.

Temperatures:
cell 55 degrees, dT in-out about 3 degrees at maximum current 
dew points 55 degrees

Gases:
Air, stoichiometry 2.7
Hydrogen, stoichiometry 1.2 and 2 s pulses of 3 liter per cell every minute

Parameters: 5 cells, Cell 55C, Dew points 55C, 
air stoic 2.7, H2 stoic 1.2 plus regular pulses to remove water
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Stack orientation in fuel cell tests (vety = hydrogen, ilma = air and vesi = water)






