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Abstract


Samuel Simon Araya
 December – 2012


A harmonious mix of renewable and alternative energy sources, including fuel
 cells is necessary to mitigate problems associated with the current fossil fuel based
 energy system, like air pollution, Greenhouse Gas (GHG) emissions, and economic
 dependence on oil, and therefore on unstable areas of the globe. Fuel cells can
 harness the excess energy from other renewable sources, such as the big players in
 the renewable energy market, Photovoltaic (PV) panels and wind turbines, which
 inherently suffer from intermittency problems. The excess energy can be used to
 produce hydrogen from water or can be stored in liquid alcohols such as methanol,
 which can be sources of hydrogen for fuel cell applications. In addition, fuel cells
 unlike other technologies can use a variety of other fuels that can provide a source
 of hydrogen, such as biogas, methane, butane, etc. More fuel flexibility combined
 with wider range of applications than any other available technology make them
 suitable candidates for powering a sustainable future.


This work analyses the degradation issues of a High Temperature Proton Ex-
 change Memebrane Fuel Cell (HT-PEMFC). It is based on the assumption that
 given the current challenges for storage and distribution of hydrogen, it is more
 practical to use liquid alcohols as energy carriers for fuel cells. Among these,
 methanol is very attractive, as it can be obtained from a variety of renewable
 sources and has a relatively low reforming temperature for the production of
 hydrogen rich gaseous mixture. The effects on HT-PEMFC of the different con-
 stituents of this gaseous mixture, known as a reformate gas, are investigated in
 the current work. For this, an experimental set up, in which all these constituents
 can be fed to the anode side of a fuel cell for testing, is put in place. It includes
 mass flow controllers for the gaseous species, and a vapor delivery system for the
 vapor mixture of the unconverted reforming reactants.


Electrochemical Impedance Spectroscopy (EIS) is used to characterize the ef-
fects of these impurities. The effects of CO were tested up to 2% by volume along
with other impurities. All the reformate impurities, including methanol-water va-
por mixture, cause loss in the performance of the fuel cell. In general, CO2dilutes



(9)the reactants, if tested alone at high operating temperatures (∼180◦C), but tends to
 exacerbate the effects of CO if they are tested together. On the other hand, CO and
 methanol-water vapor mixture degrade the fuel cell proportionally to the amounts
 in which they are tested. In this dissertation some of the mechanisms with which
 the impurities affect the fuel cell are discussed and interdependence among the ef-
 fects is also studied. This showed that the combined effect of reformate impurities
 is more than the arithmetic sum of the individual effects of reformate constituents.


The results of the thesis help to understand better the issues of degradation
and durability in fuel cells, which can help to make them more durable and com-
petitive with traditional devices to revolutionize the current energy systems.
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Dansk Resumé


En større udbredelse af vedvarende og alternative energikilder, herunder brænd-
 selsceller er nødvendigt for at mindske problemerne i forbindelse med det nu-
 værende fossile brændstof baseret energisystem. Problemer som luftforurening,
 drivhusgasemissioner, og økonomisk afhængighed af råolie, der hovedsageligt
 forekommer i ustabile områder i verden, har fundet sted i mange år, og de be-
 stråbelser og tilsagn, der træffes af nationale og internationale organer har kun
 forsinket processen lidt, men har ikke løst problemerne.


Afhandlingen beskriver degraderingsmekanismerne i brændselsceller. Brænd-
 selsceller er elektro-kemiske enheder der laver elektricitet ved direkte kemisk om-
 dannelse af gasformige brændsler, så som hydrogen og andre hydrogen-rige blan-
 dinger. Brændselsceller har vist sig at have en række fordele frem for traditionelle
 teknologier, bl.a. højere virkningsgrader, bedre brændstof fleksibilitet, samt miljø-
 mæssige og samfundsøkonomiske fordele. Brændselsceller kan udnytte den over-
 skydende energi fra andre vedvarende energikilder, som f.eks. solcellepaneler og
 vindmøller. De kan være en løsning på udfordringen med vindkraftens diskonti-
 nuitet. Den overskydende energi kan anvendes til fremstilling af brint fra vand,
 som kan lagres i flydende alkoholer, f.eks. methanol, der kan være brintbære
 til brug i brændselsceller. Desuden kan brændselsceller i modsætning til andre
 teknologier anvende en række andre brændsler, der kan fungere som brintbære,
 f.eks. biogas, methan, butan osv. Højere brændstof fleksibilitet kombineret med
 et bredere anvendelsesområde end nogen anden tilgængelig teknologi gør dem
 egnede kandidater til at drive en bæredygtig fremtid.


Løsninger i forhold til pris og pålidelighed skal dog stadig findes før deres
 endelige kommercialisering og indtræden i hverdagen bliver mulig. Dette forskn-
 ingsprojekt er initieret for at adressere problemstillingerne omkring holdbarhed
 og for at analysere forskellige degraderingsmekanismer for en særlig type brænd-
 selscelle, kendt som High Temperature Proton Exchange Membrane Fuel Cell (HT-
 PEMFC). Projektet beskriver de primære fejltilstande og stressfaktorer.


På grund af de aktuelle udfordringer for produktion og distribution af brint,
er det mere praktisk at bruge flydende alkoholer som energibærere til brænd-
selsceller. Blandt disse er methanol meget attraktiv, da det kan produceres fra
en række af vedvarende energikilder og har en relativt lav dampreformerings
temperatur til fremstilling af hydrogen-rige blandinger. Det aktuelle arbejde un-
dersøger virkningerne på en HT-PEMFC af de forskellige bestanddele af disse
hydrogen-rige blandinger. Til dette blev en eksperimentel opstilling forberedt,



(11)hvor alle enkeltdelene kan tilføres anodesiden af en brændselscelle. Opstillingen
 omfatter massestrømskontrollere til de gasformige arter og en fordamper til de
 uomdannede reaktanter.


I dette arbejde er elektrokemisk impedansspektroskopi (EIS) brugt til at karak-
 terisere virkningerne af disse urenheder. Virkningerne af CO er undersøgt op til 2
 volume % sammen med andre urenheder. Alle reformerings urenheder, herunder
 dampblanding af methanol og vand, medfører et tab i brændselscellen. Virknin-
 gen af CO2 er kun en fortynding af reaktanterne, når det testes alene ved høje
 arbejdstemperaturer (∼180◦C), men har en tendens til at forstørre virkningerne af
 CO . Påden anden side nedbryder CO og en dampblanding af methanol og vand
 brændselscellen afhængigt af, hvor meget der findes i gasblandingen. I denne
 afhandling er nogle af de mekanismer, som urenhederne påvirker brændselscellen
 med, diskuteret og den indbyrdes afhængighed mellem deres bidrag er også un-
 dersøgt. Det viser sig, at de kombinerede virkninger af dampreformerings uren-
 heder er større end den aritmetiske sum af den individuelle virkning af bestand-
 delene.


Resultaterne af afhandlingen bidrager til en bedre forståelse af degradering og
 udholdenhed af brændselsceller, hvilket kan have betydning for arbejdet med at
 gøre dem mere holdbare og konkurrencedygtige i forhold til mere traditionelle
 teknologier, og dermed revolutionere det nuværende energi system. Brændsels-
 celler kan fremstilles i forskellige størrelser og til forskellige applikationer, herib-
 landt, el og varme til husholdninger, samt el og varme til mobile applikationer.


Eksperimenterne i forbindelse med afhandlingen blev udført I brændselscelle
laboratoriet på Insitut for Energiteknik, Aalborg Universitet i samarbejde med
Serenergy A/S. Resultaterne er formidlet internationalt i form af konferencer og
videnskabelige tidsskrifter.
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Thesis Outline



Guide to the Reader


This dissertation is prepared as a collection of scientific papers produced during
 the PhD period, and relevant to the project based on the objectives set at the be-
 ginning of the research work. Accordingly the main body of the thesis is made up
 of 5 chapters, which are divided as follows;


Chapter 1 describes the current energy system in relation to fuel cells and states
 the motivation for the current research work. It describes the fuel cell gener-
 alities and gives an overview of the role of fuel cells in the future of energy
 systems.


Chapter 2 gives a background on the type of fuel cell under investigation in this
 research project, an HT-PEMFC. After describing the working principles, it
 presents the different components that make up an HT-PEMFC. It then high-
 lights the main degradation modes and characterization methods as part of
 the literature review for the project.


Chapter 3 is where the methodology for the work, fuel cell test station is de-
 scribed. The chapter is a summary of the work published in paper 1on a
 dedicated vapor delivery system, prepared for the purpose of studying the
 effects of methanol–water vapor mixture. Lastly some of the condition for
 the tests and techniques used to analyze the EIS data acquired in the tests
 are explained.


Chapter 4 summarizes the main contributions of the current research project in
 relation to the available literature and the objectives of the project. For easy
 reading the chapter is divided in to sections that analyze the effects of im-
 purities separately, and therefore, results from the different tests are put to-
 gether for an overall analysis. The combined effects of impurities were also
 qualitatively compared with individual effects of the impurities.


Chapter 5 Concludes the dissertation by giving the final remarks and addressing
 the limitations of the work for possible improvements for future work in
 experimental characterization of HT-PEMFCs.


The experimental work in this thesis is entirely undertaken in the fuel cell labora-
tory at the department of energy technology, Aalborg University in collaboration



(15)with Serenergy A/S. The test station is prepared together with the help of my su-
 pervisors Søren Knudsen Kær and Søren Juhl Andreasen.


In this dissertation the acronyms PEMFC and LT-PEMFC are used interchange-
ably, and they both refer to proton exchange membrane fuel cells that employ
NafionR–based polymer membrane for operation at temperatures below100◦C.
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Introduction 1


"What’s the use of a fine house if you haven’t got a tolerable planet to
 put it on?"


- Henry David Thoreau.


This section gives a brief overview of the current energy system and states the motiva-
 tion for the current research work. It then describes the fundamentals of fuel cell technol-
 ogy, gives a brief history and outlines research and technology trends.



1.1 Overview



1.1.1 Why Fuel Cells?


With the increasing urgency for action to mitigate climate change and its conse-
 quences, several renewable and alternative options for energy generation, conver-
 sion and storage are being developed and continuously studied around the globe.


Investments on renewable energy are increasing every year despite the extended
period of global economic recession, with China being the leading country in to-
tal investment in renewable energy for the year 2011 [REN21,2012]. However,
despite all the efforts and pressure by the international bodies for climate change
mitigation, the global CO2emissions rose by 3.2% in the last year alone compared
to 2010, where it hit an all-time high of 31.6 Gt according to preliminary estimates
from the International Energy Agency (IEA) [IEA, 2012]. In Fig.1.1the global
CO2 emission from the main anthropogenic causes, use of fossil fuel ad cement
production is provided by region.
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TWO TWO


The uncertainty in these figures varies between countries, 
 from 5% to 10% (95% confidence interval), with the 
 largest uncertainties for data on countries with fast 
 changing or emerging economies, such as the Russian 
 Federation in the early 1990s and for China since the late 
 1990s, and for the most recent statistics, based on 
 Marland et al. (1999), Tu (2011), Andres et al. (2012) and 
 Guan et al. (2012). Moreover, newly published statistics 
 are often subject to revisions later. Therefore, for China 
 and the Russian Federation, we assume 10% uncertainty, 
 whereas for the European Union, the United States, India 
 and Japan, a 5% uncertainty is assumed. Our preliminary 
 estimate for total global CO2 emissions in 2011 is believed 
 to have an uncertainty of about 5% and the increase of 
 2.9% may be accurate to within 0.5% (see Section A1.3 in 
 Annex 1 for more details).



2.2   Large regional differences:   



emissions soar in China and India   and decrease in OECD countries  


OECD and EIT countries


The strong economic recovery in 2010 in most OECD-
 19901 countries did not continue in 2011. In Europe, CO2
 emissions from industries regulated by the EU Emissions 


Trading System (EU ETS) decreased in 2011 by 2%, after an 
 increase of 3% in 2010 and an exceptional decline in CO2
 emissions of 12% in 2009 (EC, 2012). In the United States, 
 industrial emissions from fuel combustion increased by 
 0.4% in 2011, after a 5% jump in 2010 and steep declines of 
 3% and 7% in 2008 and 2009, which were mainly caused 
 by the recession in 2008–2009, high oil prices compared 
 to low fuel taxes, and an increased share of natural gas 
 (EIA, 2012a,b). Total emissions in the European Union 
 (EU27) decreased in 2011 by 3% to 3.8 billion tonnes, and in 
 the United States by 2% to 5.4 billion tonnes. In 2011, CO2
 emissions also decreased in Japan by 2% to 1.2 billion 
 tonnes, whereas CO2 emissions increased in, for example, 
 Australia (by 8%) and Canada (by 2%) as well as in Spain 
 (by 1%). In Russia, emissions increased by 3% to 1.8 billion 
 tonnes. In other countries with Economies In Transition 
 (EIT), emissions also increased, such as in the Ukraine by 
 7%. Total CO2 emissions for all industrialised countries 
 that have quantitative greenhouse gas mitigation targets 
 under the Kyoto Protocol decreased in 2011 by 0.7% 


(including the United States, which did not ratify the 
 Kyoto Protocol) (see Table A1.2).


China and India


Since 2002, annual economic growth in China accelerated 
 from 4% to 11%, on average. CO2 emissions increased by 
 150% in China, and in India by 75%. Since the end of 2008, 
 China has implemented a large economic stimulus 
 package that helped also to effectively avoid a decrease 
 in annual economic growth, as suffered by many 
 countries during the global recession of 2008–2009. This 
 package was aimed at mitigating the decline in economic 
 Figure 2.1
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Figure 1.1: Global CO2 emission from fossil fuel use and cement production.Re-
 produced fromOliver et al.[2012].


Therefore, never before has there been so much need for transition from the
 current energy system, which still rely mainly on fossil fuels to a new and alter-
 native system based on renewable sources. To favor this transition, there are a
 number of initiatives that are catalyzing the increased market share of green en-
 ergy, from policy trends to increased investment and national and international
 goals to decrease fossil based power generation. According to Renewable Energy
 Policy Network for the 21st Century (REN21) [REN21,2012] annual report, at least
 118 countries, more than half of which are developing countries, had renewable
 energy targets in place by early 2012. There are concentric targets that go from
 global to regional, national, provincial and to municipal, which usually tend to be
 more and more ambitious as the area of interest narrows down to smaller areas.


The targets vary from a few percentage increase in renewable energy production in
 some countries to other ambitious ones such as the 100% renewable energy target
 reached by Denmark for the year 2050 [Danish Energy Agency,2009].


For these targets to be met, however, a harmonious mix of renewable sources
 of various nature for different sectors should be put in place. Fuel cells, being one
 of the most versatile energy conversion devices are expected to play an important
 role in achieving these goals and in mitigating some of the major issues associ-
 ated with current energy sources. Theoretically, they can suitably power mobile
 phones and cities alike, and when supplied with hydrogen derived from renew-


2



(28)1.2. FUEL CELL FUNDAMENTALS
 able energy sources (solar, wind, biomass, etc.), they can can be 100% CO2neutral
 and positively impact the environment. Other advantages of fuel cells include, a
 generally higher efficiency compared to combustion engines, absence of moving
 parts, which translates into silent and potentially reliable operation, fuel flexibil-
 ity, and little or no emissions during operation [Ryan O’Hayre,2004]. As with
 all renewable energy sources they also contribute to socio-economic development,
 energy security and energy independence. These advantages are in line with the
 policy makers’ wish for a sustainable development, with more job creation, cur-
 rently accounting for close to 5 million jobs [International Labour Organization,
 2012] globally in renewable energy industries, and wider energy access, including
 remote areas.


Therefore, together with other renewable sources, fuel cells can reduce the
 problems associated with petroleum based energy production, which include air
 pollution, Greenhouse Gas (GHG) emissions, and economic dependence on oil,
 and therefore on limited resources and unstable areas of the globe. As the big
 players in the renewable energy market PV and wind energy suffer from inter-
 mittency problems, fuel cells can harness the excess energy that can be used to
 produce hydrogen from water, or can be stored in the form of liquid alcohols. In
 addition, fuel cells unlike other technologies can use a variety of fuels that can pro-
 vide a source of hydrogen, such as methanol, biogas, methane, butane, etc. More
 fuel flexibility combined with wider range of applications than any other available
 technology makes them suitable candidates for powering a sustainable future.



1.2 Fuel Cell Fundamentals


A fuel cell is an electrochemical device that converts the internal energy of gases
 into electrical energy, directly and continuously through chemical reactions. The
 reactions take place as half-cell reactions on the electrode surfaces. An oxidation
 half-cell reaction takes place on the negative electrode,anodeaccording to Eqn.1.1,
 and the reduction half reaction takes place on the positive electrode,cathode ac-
 cording to Eqn.1.2,


Anode: H2←−→2 H++ 2 e−, (1.1)
 Cathode: 12O2+ 2 H++ 2 e− ←−→H2O. (1.2)
 When a fuel cell is fed with pure hydrogen and oxygen, the only exhaust of the
 process are excess heat and water vapor, which makes fuel cells one of the cleanest
 technologies currently available, provided that the H2gas is obtained from renew-
 able sources. The schematic in Fig.1.2illustrates a simple unit H2/O2- based fuel
 cell assembly, and gives the basic flows and working principles.


Since the voltage output of a single cells is limited to the range 0.6 - 0.8 V, fuel
cells are normally connected in series for real life applications to achieve higher
voltages, where the overall voltage is the sum of individual ones in this case. Their
modular structure allows them to cover a wide range of applications determined
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Figure 1.2: Working principle of a fuel cell.


by the type of electrolyte used, the operating temperature and the number of unit
 cells assembled.


The concept of fuel cells dates back to more than two centuries ago, where
 Humphry Davy demonstrated the working principle in 1802. Their invention
 however, is usually attributed to Sir William Grove, a Welsh judge and physical
 scientist, who invented what he named as"gas voltaic battery"in 1839 [University
 of Cambridge,2012]. Long after, PEM fuel cells were invented at General Electric
 in the early 1960s, through the work of Thomas Grubb and Leonard Niedrach,
 where they later started collaboration with National Aeronautics and Space Ad-
 ministration (NASA) for their use in the Gemini space missions [Smithsonian Insti-
 tution,2004]. In the 1970s, due to climate change, oil depletion and energy depen-
 dency concerns, fuel cell’s as other renewable energy sources started to gain more
 attention. Since then their development can be said accelerating every decade up
 until the present time.
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1.3 Classification of Fuel Cells


Fuel cells are usually classified based on the electrolyte they employ and some-
 times based on the temperature range at which they operate, both factors which
 determine the suitable application area of a fuel cell. This is one among many ad-
 vantages of fuel cells with respect to other technologies, where there is a type of
 fuel cell for almost any application where power is needed. The main types of fuel
 cells and their properties are summarized in Tab.1.1.


Table 1.1:Classification of relevant fuel cell types [Fuel Cell Today,2011]


FC type Electrolyte Operating
 tempera-
 ture


Electrical
 efficiency


Typical
 electrical
 power


Applications


PEMFC Ion exchange
 membrane
 (water-based)


80◦C 40-60% <250 kW Vehicles,
 small
 stationary
 HT-


PEMFC


Ion exchange
 membrane
 (acid-based)


120-200◦C 60% <100 kW small
 staionary


DMFC Polymer


membrane


60-130◦C 40% <1 kW Portable
 MCFC Immobilised


liquid molten
 carbonate


650◦C 45-60% >200 kW Stationary
 PAFC Immobilised


liquid
 phosphoric
 acid


200◦C 35-40% >50 kW Stationary


SOFC Ceramic 1000◦C 50-65% <200 kW Stationary


AFC Potassium


hydroxide


60-90◦C 45-60% >20 kW Submarines,
 spacecraft



1.4 Technology State of the Art and Trends


There are several national and international, governmental and private funding
bodies that are helping the fuel cell development move forward. Projects and
goals by U.S. Department of Energy (DOE) and the Fuel Cells and Hydrogen Join
Undertaking (FCH–JU) by the European Commission, can be mentioned among
others. Japan also made several efforts and commitments with its Ene-farm pro-
gram, aµ–CHP program for single households and the Japan Hydrogen & Fuel
Cell Demonstration Project (JHFC) project, which consists of fuel cell vehicle and
hydrogen infrastructure demonstrations. South Korea’s investments on the tech-
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nology, are also worth mentioning. For-example, POSCO Power completed the
 construction of its fuel cell stack manufacturing plant in the city of Pohang, South
 Korea, with current production capacity of 100 MW of Molten Carbonate Fuel
 Cell (MCFC) stacks annually [Breakthrough Technologies Institute Inc.,2012]


Moreover, there are independent analysts that suggest the commercial success
 of fuel cells may be imminent. According to an industry review byFuel Cell To-
 day[2011], fuel cell sales are growing rapidly, around 75% each year since 2007,
 which is when their commercialization started. The review also says that Proton
 Exchange Membrane Fuel Cells (PEMFCs) are dominating the early market by
 selling 97% of total fuel cells sold in 2010, with the most recent review reporting
 that this grew further by 87.2% in 2011 [Fuel Cell Today,2012]. A statement from
 the review summarizes this momentum that fuel cells are currently enjoying and
 the prospect for their future success as follows,


"Fuel cells have never been in a better position to positively impact
 our everyday lives and enjoy the commercial success promised for so
 long."


As already mentioned and can be noted in Tab.1.1, the different fuel cell types
 are appropriate for different areas of application based on their operating tem-
 perature and the materials they employ. This means different fuel cell types are
 suited for different durability targets, operational stresses and power demands.


Because of this and variations in research investments they have different devel-
 opment histories, and consequently different achievements and future trends can
 be foreseen.



1.4.1 Transport Application


The current global transportation system based on petroleum is a huge contributor
 to the global CO2and other GHG emissions, accounting to 23% of the total CO2in
 2009 [Schipper et al.,2009]. For decades fuels cells have given many promises to
 free us from the oil bond, especially in regards to automotive applications. How-
 ever, many years of postponement of their commercialization has resulted in some
 skepticism and cuts in government funds in some countries. In the US, for exam-
 ple, energy secretary Steven Chu did not trust hydrogen-powered cars in 2009,
 and funding for fuel-cell research was cut in favor of plug-in electric vehicles, as
 Obama set a goal of having 1 million electric vehicles on the road by 2015 [Angela
 Greiling Keane and Alan Ohnsman,2012].


Nonetheless, fuel cells are now starting to enjoy good moments, and given
 their number of already mentioned advantages over other technologies this will
 increasingly be the case. However, considering some skepticism that surround
 them, mainly due to delay in their commercialization, their profitability in this
 early market may play a crucial role to their success in the years to come.


The cost of automotive fuel cell systems has been drastically reduced from the
 values of 2002 of about $275/kW to $49/kW in 2011, assuming a high volume pro-
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 duction of 500 000 units per year [U.S. Department of Energy,2012]. This needs
 to further be reduced in order for fuel cells to commercially compete with the cur-
 rent technology of Internal Combustion Engines (ICEs), which costs as low as $25 -


$35/kW. The cost target of $30/kW was initially set for 2015 by DOE, but then has
 been postponed to 2017 in their latest technical-plan report. The target includes
 also the achievement of a durability target of 5000 hours for their commercializa-
 tion, which is the equivalent of the average durability of ICE.


Consequently, many of the major auto-makers along with DOE continue to
 project initial commercial production in 2015, with Hyundai and Toyota planning
 to sell at $50 000, and other big players in the industry, GM, Honda, Daimler and
 Mercedes among others committed to similar goals [U.S. Department of Energy,
 DOE,2011]. Therefore, one could argue that the long anticipated promises are
 recently starting to be met, considering also the number of fuel cell buses and fleets
 of Fuel Cell Electric Vehicles (FCEVs) that are already being tested in different
 regions of the world.



1.4.2 Stationary Application


Table 1.2:Commercially available large stationary fuel cells in 2011. Source:


Breakthrough Technologies Institute Inc.[2012]


units to Baldor Specialty Foods. 


In Europe, the European Union 
 launched the HyLIFT-DEMO 
 project to conduct a two-year 
 demonstration of at least 30 
 fuel cell-powered forklifts and 
 hydrogen refueling at three end-
 user sites throughout Europe. The 
 goal is to bring a commercially 
 viable product to market by 2013. 


The project is co-funded by the 
 European Joint Undertaking for 
 Fuel Cells and Hydrogen. 


H2 Logic, a Danish company 
 and a partner in HyLIFT-DEMO, 
 introduced two hydrogen fuel cell 
 systems for forklifts. The first is 
 a battery replacement product, 
 similar to Plug Power’s GenDrive. 


The second is a range extender, 
 similar to the product offered by 
 Oorja Protonics. 


Stationary Power
 Stationary fuel cells cover a 
 number of market segments, 
 including megawatt-scale prime 
 power plants, uninterruptable 
 power supplies, and CHP. They 
 come in a variety of types, 
 including molten carbonate fuel 
 cell (MCFC), solid oxide fuel cell 
 (SOFC), phosphoric acid fuel 
 cell (PAFC), and low and high 
 temperature proton exchange 
 membrane (PEM). They also 
 generally exceed all other market 
 segments in terms of annual 
 megawatts shipped, with US 
 companies such as FuelCell 
 Energy, UTC Power, and more 
 recently Bloom Energy accounting 
 for the dominant share of shipped 
 capacity. Table 8 provides a list of 
 commercially available stationary 


Table 8: Commercially Available Stationary Fuel Cells 2011
 Prime Power and mCHP


Manufacturer Product Name Type Output


Ballard FCgen-1300 PEM 2 – 11 kW


CLEARgen PEM Multiples of 500 kW


Bloom Energy ES-5400 SOFC 100 kW


ES-5700 SOFC 200 kW


Ceramic Fuel 


Cells BlueGen SOFC 2 kW


Gennex SOFC 1 kW


ClearEdge 


Power ClearEdge 5 PEM 5 kW


ClearEdge Plus PEM 5 – 25 kW
 ENEOS CellTech ENE-FARM PEM 250 – 700 W
 FuelCell Energy DFC 300 MCFC 300 kW


DFC 1500 MCFC 1,400 kW


DFC 3000 MCFC 2,800 kW


Heliocentris 


Fuel Cells AG Nexa 1200 PEM 1.2 kW
 Horizon GreenHub Powerbox PEM 500 W – 2 kW
 Hydrogenics HyPM Rack PEM Multiples of 10, 20, 


and 30 kW


FCXR System PEM 150 kW


Panasonic ENE-FARM PEM 250 – 700 W


Toshiba ENE-FARM PEM 250 – 700 W


UTC Power PureCell Model 400 PAFC 400 kW
 Backup and Remote Power


Manufacturer Product Name Type Output
 Altergy Systems Freedom Power System PEM 5 – 30 kW
 Ballard FCgen 1020A CS PEM 1.5 – 3.6 kW
 ClearEdge 


Power ClearEdge CP PEM 10 kW


Dantherm 


Power DBX 2000 PEM 1.7 kW 


DBX 5000 PEM 5 kW


Horizon  H-100 PEM 100 W


H-1000 PEM 1 kW


H-3000 PEM 3 kW


H-5000 PEM 5 kW


MiniPak PEM 100 W


Hydrogenics HyPM XR Power Modules PEM 4, 8, and 12 kW
 IdaTech ElectraGen H2-I  PEM  2.5 - 5 kW


ElectraGen ME PEM  2.5 - 5 kW


Microcell MGEN 1000 PEM 1 kW


MGEN 3000 PEM 3 kW


MGEN 5000 PEM 5 kW


ReliOn E-200 PEM 175 W


E-1100/E-1100v PEM 1.1 kW


E-2500 PEM 2.5 kW


T-1000 PEM 600 W – 1.2 kW


T-2000 PEM 600 W – 2 kW


SFC Energy EFOY Pro Series 600,  DMFC 25, 65, and 90 W


Continuing in the wide spectrum of fuel cell applications, the stationary sec-
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tor is one that is growing very rapidly and has already its early success stories.


Stationary applications can besmall as in the case of Uninterrupted Power Sup-
 ply (UPS), backup powers and remote powers or large, as prime power plants
 for data centers andµ-CHP for residential households and commercial buildings.


Low and high temperature Proton Exchange Memebrane (PEM) fuel cells can sup-
 ply both small and large stationary applications, while MCFCs, Solid Oxide Fuel
 Cells (SOFCs) and Phosphoric Acid Fuel Cells (PAFCs) are mainly used for large
 stationary applications.


Table 1.3: Commercially available small stationary fuel cells in 2011. Source:


Breakthrough Technologies Institute Inc.[2012]


16
 units to Baldor Specialty Foods. 


In Europe, the European Union 
 launched the HyLIFT-DEMO 
 project to conduct a two-year 
 demonstration of at least 30 
 fuel cell-powered forklifts and 
 hydrogen refueling at three end-
 user sites throughout Europe. The 
 goal is to bring a commercially 
 viable product to market by 2013. 


The project is co-funded by the 
 European Joint Undertaking for 
 Fuel Cells and Hydrogen. 


H2 Logic, a Danish company 
 and a partner in HyLIFT-DEMO, 
 introduced two hydrogen fuel cell 
 systems for forklifts. The first is 
 a battery replacement product, 
 similar to Plug Power’s GenDrive. 


The second is a range extender, 
 similar to the product offered by 
 Oorja Protonics. 


Stationary Power
 Stationary fuel cells cover a 
 number of market segments, 
 including megawatt-scale prime 
 power plants, uninterruptable 
 power supplies, and CHP. They 
 come in a variety of types, 
 including molten carbonate fuel 
 cell (MCFC), solid oxide fuel cell 
 (SOFC), phosphoric acid fuel 
 cell (PAFC), and low and high 
 temperature proton exchange 
 membrane (PEM). They also 
 generally exceed all other market 
 segments in terms of annual 
 megawatts shipped, with US 
 companies such as FuelCell 
 Energy, UTC Power, and more 
 recently Bloom Energy accounting 
 for the dominant share of shipped 
 capacity. Table 8 provides a list of 
 commercially available stationary 


Table 8: Commercially Available Stationary Fuel Cells 2011
 Prime Power and mCHP


Manufacturer Product Name Type Output


Ballard FCgen-1300 PEM 2 – 11 kW


CLEARgen PEM Multiples of 500 kW


Bloom Energy ES-5400 SOFC 100 kW


ES-5700 SOFC 200 kW


Ceramic Fuel 


Cells BlueGen SOFC 2 kW


Gennex SOFC 1 kW


ClearEdge 


Power ClearEdge 5 PEM 5 kW


ClearEdge Plus PEM 5 – 25 kW
 ENEOS CellTech ENE-FARM PEM 250 – 700 W
 FuelCell Energy DFC 300 MCFC 300 kW


DFC 1500 MCFC 1,400 kW


DFC 3000 MCFC 2,800 kW


Heliocentris 


Fuel Cells AG Nexa 1200 PEM 1.2 kW
 Horizon GreenHub Powerbox PEM 500 W – 2 kW
 Hydrogenics HyPM Rack PEM Multiples of 10, 20, 


and 30 kW


FCXR System PEM 150 kW


Panasonic ENE-FARM PEM 250 – 700 W


Toshiba ENE-FARM PEM 250 – 700 W


UTC Power PureCell Model 400 PAFC 400 kW
 Backup and Remote Power


Manufacturer Product Name Type Output
 Altergy Systems Freedom Power System PEM 5 – 30 kW
 Ballard FCgen 1020A CS PEM 1.5 – 3.6 kW
 ClearEdge 


Power


ClearEdge CP PEM 10 kW


Dantherm 


Power DBX 2000 PEM 1.7 kW 


DBX 5000 PEM 5 kW


Horizon  H-100 PEM 100 W


H-1000 PEM 1 kW


H-3000 PEM 3 kW


H-5000 PEM 5 kW


MiniPak PEM 100 W


Hydrogenics HyPM XR Power Modules PEM 4, 8, and 12 kW
 IdaTech ElectraGen H2-I  PEM  2.5 - 5 kW


ElectraGen ME PEM  2.5 - 5 kW


Microcell MGEN 1000 PEM 1 kW


MGEN 3000 PEM 3 kW


MGEN 5000 PEM 5 kW


ReliOn E-200 PEM 175 W


E-1100/E-1100v PEM 1.1 kW


E-2500 PEM 2.5 kW


T-1000 PEM 600 W – 1.2 kW


T-2000 PEM 600 W – 2 kW


SFC Energy EFOY Pro Series 600, 


1600, 2200 DMFC 25, 65, and 90 W


There are a number of commercially available stationary fuel cells, and many
 companies are selling their fuel cell systems. Some of these are given in Tab.1.2
 and Tab.1.3. The Japan’s Ene-farm scheme is one of the most successful fuel cell
 programs to date, which was planned since the 1990’s and was launched in 2005.


It is a fuel cell residentialµ-CHP program mainly dominated by PEMFCs, with
 recent introduction to the program of SOFCs. Since the start of commercialization
 in 2009, 20 000 units were sold until 2011 and the sales of the same number of units
 are expected in 2012 alone [Carter,2012].


Recently, there is a tendency by renowned internet companies to replace part
 of the power supply for their data centers with fuel cell installations. Google was
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 the first to deploy Bloom Energy fuel cells in 2008 with 400kW installation at their
 Mountain View, California headquarters. Then, eBay started in 2009 with 500kW
 installation and have recently announced their plan for 6MW installation for their
 data center in Salt Lake City, Utah to be operational by mid 2013 [Bloom Energy,
 2012]. Apple is also planning to deploy 5MW installation in Maiden, North Car-
 olina, where the iCloud data centers are located [Apple Inc.,2012]. This tendency
 that more and more internet companies and services rely on fuel cells for pow-
 ering their data centers is a sign that among their other advantages fuel cells are
 proving to be reliable power sources.



1.4.3 Portable Application


Portable application of fuel cells include, Auxiliary Power Units (APUs), methanol
 fuelled battery chargers, toys, etc. Direct Methanol Fuel Cells (DMFCs) are the
 main candidates for this application, even though miniaturization of PEMFCs is
 also making them increasingly interesting for portable applications. However,
 miniaturization is still a challenge, reason for which development of fuel cells for
 such applications as mobile phones and laptop computers is still slow compared
 to the other applications mentioned above. Many fuel cell patents have been filed
 by Samsung and Apple recently [Lohr,2012;Spare; Bradley L. ; et al.,2010], which
 may be an indication that the days when we will be able to use consumer electron-
 ics powered by fuel cells are drawing ever closer.



Summary


This chapter has introduced the concept and working principles of fuel cells and
 the role they can play in the future of energy systems. Given the number of ad-
 vantages over other energy sources that include versatility and fuel flexibility, and
 considering also the urgency for shift in trend towards greener sources of energy,
 the role of fuel cells is crucial for a global energy system that considers the envi-
 ronmental and socio-economic advantages to our societies.


The work that is being done in the field in many parts of the globe, summa-
rized in this chapter, is a glimpse of a greener future. The gap between now and
this future is the main drive of the current research work, where a better funda-
mental understanding of the degradation mechanisms in a fuel cell is the first and
necessary step for making them more durable and reliable.
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High Temperature PEM fuel cells 2


This section gives the motivation for the current work and states the main objectives.


After introducing the fuel cell type under investigation, a high temperature PEM fuel cell,
 and describing the working principles, it presents its different components. Knowing these
 components and how they are assembled to work together is crucial for understanding
 their degradation modes, which are also provided together with possible characterization
 methods as part of the literature review for this research project.



2.1 Background



2.1.1 Motivation for the Current Research Project


A proton exchange membrane or polymer electrolyte membrane fuel cell (PEMFC)
 is a type of fuel that is normally classified as low-temperature fuel cell and em-
 ploys a solid polymer as an electrolyte as the name suggests. Since its invention in
 the early ’60s a number of PEM based variants of fuel cells have been introduced.


Among them are PEM–based direct alcohol fuel cells, such as DMFC and Direct
 Ethanol Fuel Cell (DEFC). To date, PEMFCs top many lists in the fuel cell arena,
 from the most sold in this early market stage to the most researched fuel cells, and
 consequently, they enjoy the most investment shares compared to other types of
 fuel cells [Fuel Cell Today,2011].


The fuel cells under investigation in this research project can be considered
as the technological off springs of PEMFCs, whose only difference consists on the
type of polymer electrolyte they employ. They make use of acid-based polymer in-
stead of a water-based one to operate at temperatures above100◦C, hence, known
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as High Temperature Proton Exchange Membrane Fuel Cells (HT-PEMFCs). Since
 their invention in 1995 byWang et al.[1996], they have drawn much attention as
 they resolve some of the issues related to their low temperature counter parts.


They bring about cost reduction and reliability in terms of improved reaction
 kinetics, catalyst tolerance to impurities such as CO, heat rejection, and water
 management with respect to PEMFC, which operates at temperatures lower than
 100◦C.


HT-PEMFCs not only resolve some of the problems associated with low tem-
 perature PEM fuel cells, but also open new opportunities to the technology de-
 velopment in the field. Easier or no water management and easier heat rejection
 means simpler design, and tolerance to CO combined with useful excess heat gives
 opportunities for using reformer systems, internal or external, to feed the fuel cell
 with hydrogen from the reforming of hydrocarbon, such as natural gas, gasoline,
 methanol or ethanol. This is convenient as it eliminates the hydrogen storage prob-
 lems and the need for a new infrastructure for the distribution and supply of hy-
 drogen. All these advantages from simpler design to integration with reformers
 could translate into cost reduction, making HT-PEMFCs increasingly attractive
 for use both in transportation application [Martin and Wörner,2011;McConnell,
 2009] and stationary applications, like micro–Combined Heat and Power (µ–CHP)
 co-generation applications [Andreasen et al.,2011; Arsalis et al.,2013; Li et al.,
 2009]. They are also suitably used for mobile and semi-stationary power supplies,
 and for reliable stationary or portable backup power for a variety of applications;


such as servers, hospitals, and telecommunication.


Despite their numerous advantages, wide commercialization of HT-PEMFCs
 still face hindrance due to durability and degradation issues that are not yet well
 described. Cost is another challenge that is being addressed in many ways, espe-
 cially by decreasing the Pt catalyst loading and looking into non-noble metals as
 catalyst materials to replace Pt. Therefore, the challenges surrounding real life op-
 eration, such as durability and cost viability issues, are some of the last obstacles
 to their full commercialization.


Denmark is continuously and extensively investing in fuel cell research to re-
 solve these challenges, as part of its plan for 100% fossil independence by the
 year 2050 [Danish Partnership for Hydrogen and Fuel Cell,2012;Hydrogen Link
 Denmark Association, 2012]. This is based on a strong partnership and coop-
 eration among companies and research institutions. Research and development
 in HT-PEMFCs is done in companies such as Serenrgy A/S, Danish Power Sys-
 tems; and the country’s major research institutions, like the Technical University
 of Copenhagen (DTU) and Aalborg University (AAU).


This project thoroughly investigates the degradation and durability issues in
 such fuel cells, especially in the presence of methanol reformate impurities. There-
 fore, the motivation for the current work can be summed up as the pursuit of a
 clean energy future and bet on the potential that fuel cells have to help meet such
 ambition.
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2.1.2 Definition of Research Objectives


The objective of this dissertation is to characterize the main mechanisms that con-
 trol the performance and degradation issues in HT-PEMFCs. It addresses their
 response to non-optimal operating conditions that are expected during real life op-
 eration of the cell, such as the presence of impurities of various types in the anode
 feed. It investigates these issues, both from literature assessments and from exper-
 imental tests by means of Electrochemical Impedance Spectroscopy (EIS), which
 is described in section 2.4. The project aims at understanding the fundamentals of
 the degradation modes by also relating the degrading factors to each other.


In light of the motivation for the current research project, the objective is to
 contribute in making durable and cost effective HT-PEMFCs. Understanding the
 underlying mechanisms of degradation is key to achieving these goals, and there-
 fore, fundamental experimental characterization has been done in this work.



2.2 Fundamentals of HT-PEMFC


Except for the elevated temperature, typically between 160–180◦C, an HT-PEMFC
 operates similarly as a PEMFC and the same half-cell reactions govern the work-
 ing principle. This principle is illustrated in Fig.1.2. Hydrogen is fed on the anode
 side and oxygen or air on the cathode side, where hydrogen oxidation and oxygen
 reduction reactions then take place in the respective electrodes to produce elec-
 tricity, heat and water vapor. Due to the elevated operating temperature involved
 water is no more a suitable proton conduction media as it is not present in liquid
 form at the favorable atmospheric pressure operation. This leads to the substitu-
 tion of the usual PEMFC membrane, NafionR, whose proton conductivity highly
 depends on the presence of liquid water, with another membrane based on PBI.


PBI, if doped in Phosphoric acid, which is proton conductive in the absence of
 water, can conduct protons and ensure high efficiency at high temperatures and
 therefore be suitably used in an HT-PEMFC.


The degradation of fuel cell performance or its failure is normally caused by the
 degradation of its components. Therefore, understanding the parts of a fuel cell
 and how they function together is crucial for characterizing the degrading mecha-
 nisms in a fuel cell. For this, the main parts of an HT-PEMFC are briefly described
 below. Further down, their degradation modes and possible characterization tools
 are given.



2.2.1 The Making of a Single HT-PEMFC


A single HT-PEMFC assembly is an onion layering of repeating units on both sides
of the electrolyte membrane, which is the central part. The heart of a fuel cell,
crucial for all the electrochemical processes within the cell is a thin layer called
Membrane Electrode Assembly (MEA). It is sandwiched between two flow plates
that allow the flow of reactant gases, both to the anode and the cathode sides of the
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MEA. The flow plates are then sandwiched between a pair of current collectors
 that are connected to an external load or a device for harnessing the electricity
 produced by the chemical reactions within the fuel cell. An exploded view of the
 central part of an HT-PEMFC single cell assembly is shown in Fig.2.1.


Figure 2.1: The central part of an HT-PEMFC single cell assembly where flow of
 gases and chemical reactions take place.


Membrane Electrode Assembly (MEA)


From an electrochemical point of view the MEA is the core of the fuel cell, since
 here is where all the relevant reactions take place. It is composed of the poly-
 mer electrolyte membrane, PEM, sandwiched between the two electrodes. The
 electrolyte membrane has to efficiently conduct protons as exclusively as possi-
 ble. Other functions of the membrane include blocking the gaseous reactant from
 migrating from one electrode to the other while acting as an interface for the re-
 spective half-cell reactions of the reactant gases. Moreover, it serves as a support
 for the catalyst and electrically isolates the two electrodes.


Li et al.[2009] identify four groups of membranes for HT-PEMFCs, namely: (1)
 modified Perfluorosulphonic Acid (PFSA) membranes; (2) alternative membranes
 based on partially fluorinated and aromatic hydrocarbon polymers; (3) inorganic–


organic composites; (4) acid–base polymer membranes. H3PO4-doped PBI, an
 acid–base polymer membrane is the most commonly used in HT-PEMFCs, and is
 increasingly dominant due to its specific properties for operation at temperatures
 up to200◦C. These properties as listed by Savinell’s group, the ones that hold the
 first patent [Savinell and Litt,1998] on the casting of H3PO4–doped PBI membrane,
 include; good protonic conductivity at elevated temperature, near zero electro-
 osmotic drag, which means that the proton conduction through these membranes
 do not involve water transport, low gas permeability, and low methanol crossover
 [Wainright et al.,1995]. To these other advantages can be added, such as good ther-
 mal stability with a gas transition temperature (Tg) of around425◦C–436◦C [Li
 et al.,2004], mechanical and chemical stability and low cost. The basic chemical
 structure of a PBI repeat unit is shown in Fig.2.2.
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