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Abstract


Fuel cells are expected to play a key role in meeting the energy goals of many
 countries including Denmark. However, to be a feasible option for the large-
 scale adoption, the lifetime of fuel cell system needs to be improved and the
 cost of production needs to be brought down at the same time. To meet these
 requirements different paths need to be investigated. There is a lot of focus
 on reducing the cost of materials used in fuel cell systems and on improving
 the reliability and the durability. Another approach is to develop a proper
 operational strategy, which would ensure reduced production cost and better
 durability, thereby ensuring a large-scale availability of fuel cell systems.


In this dissertation, different operational strategies are investigated to im-
 prove the durability as well as reduce the production cost by proposing easier
 activation of high temperature polymer electrolyte membrane fuel cell (HT-
 PEMFC). The study focuses on reformed methanol high temperature PEM
 fuel cell.


Among many, one of the issues associated with the reformed methanol
 fuel cells are the residual or unconverted methanol vapour and partially con-
 verted carbon monoxide (CO) which might enter the fuel cell during opera-
 tion and cause degradation of the fuel cell. The composition of these residuals
 are dependant on the reformer temperature, where lower temperature results
 in a higher methanol slip, while a higher temperature results in higher CO
 slip[1]. A lower temperature operation would ensure lower parasitic losses
 (reduced power consumption by the burner fan) [1]. Therefore, the effect of
 different compositions of methanol vapour in the anode compartment of a
 single HT-PEMFC fuel cell system are analyzed. The results suggest integra-
 tion of methanol reformer operating at lower temperature ( 200◦C) with an
 HT-PEMFC stack has no or minimal effect on the performance with methanol
 percentages of less than 3 %. The water present as an output from the re-
 former also mitigates the methanol effect on the cell.


In another work, the break-in was carried out with 2 % methanol in the



(10)feed and compared to a cell whose break-in was carried out with pure hy-
 drogen. The results show minimal effect in performance during break-in.


However, the long term operation shows faster degradation compared to the
 cell operated with reformed fuel after a break-in with pure hydrogen. There-
 fore, it can be said that it is not possible with the present strategy as discussed
 in the dissertation to avoid break-in with pure hydrogen.


Another major problem associated with HT-PEMFC is the acid migration
 towards the anode gas diffusion layer (GDL) and/or flow channels from the
 membrane. The acid migration may result from different operating condi-
 tions, such as high current density operation, acid doping level,temperature,
 product water, gas flow rates. Thus, test was carried out to determine how
 the hydrogen mass transport is affected by migration of acid towards the
 anode at high current density and the different time constants for the acid
 flooding and de-flooding were calculated. The time constant for acid flood-
 ing and de-flooding under the applied experimental conditions were 8 and
 4 min respectively.


The experiments were extended for lower acid doping levels of the mem-
 brane and the results obtained were quite different as the acid flooding (high
 current density operation) and de-flooding (low current density operation) as
 mentioned in the previous experiment seems to be reversed. At high current
 density the hydrogen mass transport resistance decreased and increased at
 low current density. This suggests that a doping level of 10-12 molecules of
 H3PO4per PBI repeat unit is optimal to avoid flooding of GDL and flow-field
 at high current densities. The acid migration is assumed to be reaching the
 catalyst layer and the three phase boundary becomes more accessible for the
 reactants at high current density. This could be related to capillary pressure
 not being high enough to force the acid to the GDL pores. The time con-
 stants for the present test with doping levels of 11, 8.3 and 7 molecules of
 H3PO4per PBI repeat unit were 2.8, 5.7, 9.5 min and 3.1, 3.3, 5.6 min for 0.2
 and 0.8 A cm−2operations, respectively. However, the long duration tests are
 required to understand the long term implications.


The next step was to develop an operational strategy to avoid acid migra-
tion induced degradation on HT-PEMFCs. This could be achieved by operat-
ing the cell under load cycling profile. The results show that the degradation
after 2000 h was lower at 36 µV h−1for a time constant of 2 min at low cur-
rent density (0.2 A cm−2) compared to 57 µV h−1for constant current density
(0.55 A cm−2) under the same operating conditions.
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Dansk Resumé


Brændselsceller forventes at spille en central rolle i opfyldelsen af energimå-
 lene for mange lande, herunder Danmark. For at det skal blive muligt er det
 imidlertid nødvendigt at levetiden for brændselscellesystemer forbedres sam-
 tidigt med prisen reduceres. For at imødekom-me disse krav skal forskellige
 muligheder undersøges. Der er meget fokus på at reducere omkostningerne
 ved de materialer der anvendes i brændselscellesystemer og på at forbedre
 pålideligheden og holdbarheden. En anden tilgang er at udvikle en styrings-
 og reguleringsstrategi, der kan sikre reducerede produktionsomkostninger
 og bedre holdbarhed og derved sikre en bedre konkurrence evne af brænd-
 selscellesystemer.


I denne afhandling undersøges forskellige operationelle strategier for at
 forbedre holdbarheden samt reducere produktionsomkostninger ved at foresl-
 å lettere aktivering af høj-temperatur polymer elektrolytmembran brændsels-
 celler (HT-PEMFC). Denne afhandling fokuserer på et reformeret methanol
 høj temperatur PEM-brændselscelle system.


Langt de fleste problemer, forbundet med reformeret methanol brænd-
 selsceller, er den resterende eller ukonverterede methanoldamp og den delvis
 producerede carbonmonoxid (CO), som kan komme ind i brændselscellen
 under drift. Sammensætningen af disse rester er afhængig af reformerings
 temperaturen, hvor lavere temperatur resulterer i en højere methanol-slip,
 mens højere temperatur resulterer i højere CO-slip [1]. En lavere temper-
 atur vil også sikre lavere parasitisk tab (reduceret strømforbrug ved brænder
 blæseren) [1]. Derfor analyseres virkningen af forskellige sammensætninger
 af methanol reformeringen i anoden på en enkelt HT-PEMFC brændselscelle.


Resultaterne tyder på at integration af methanol reformer med lav drifts tem-
 peratur (200 ◦C) med en HT-PEMFC stak ingen eller minimal effekt har på
 ydeevnen med methanol procentdele mindre end 3 %. Vandet der er tilstede
 fra reformeren mindsker også metanoleffekten på cellen.


I et andet arbejde blev aktiveringen af cellen udført med 2 % methanoldamp
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 ren hydrogen. Resultaterne viser en minimal indflydelse på break-in effek-
 ten. Den langsigtede kørsel viser imidlertid hurtigere degradering i forhold
 til cellen, der drives med reformeret brændstof efter en aktivering med rent
 hydrogen. Det kan derfor siges, at det ikke er muligt med den nuværende
 strategi, som diskuteret i afhandlingen, for at undgå aktivering med rent hy-
 drogen.


Et andet større problem, forbundet med HT-PEMFC, er syrevandring
 fra membranen til anode gasdiffusionslaget (GDL) og/eller flow kanalerne.


Syrevandringen kan skyldes forskellige driftsbetingelser, så som høj strøm-
 densitet, syre dopingniveau, temperatur, produkt vand eller gasstrø mning-
 shastigheder. Således blev test udført for at bestemme, hvordan hydrogen-
 massetransporten påvirkes af vandringen af syre mod anoden ved høj strøm-
 densitet, og de forskellige tidskonstanter for syre flooding og de-flooding
 blev beregnet. Tidskonstanten for syre flooding og de-flooding under de an-
 vendte forsøgsbetingelser var henholdsvis 8 og 4 minutter.


Eksperimenterne blev udvidet til lavere syre dopningsniveauer af mem-
 branen, og de opnåede resultater var ret anderledes. Tidskonstanterne for
 syreoversvømmelsen (høj strømtæthed) og de-flooding (lav strømtæthed) var
 omvendt. Ved høj strømtæthed faldt hydrogen massetransport modstanden
 og blevet øget ved lav strømtæthed. Dette antyder, at dopingniveauet af (10-
 12 molecules af H3PO4 pr PBI gentage) er optimalt for at undgå flooding af
 GDL og flowkanalerne ved høje strømdensitet. Syremigrationen antages at
 nå katalysatorlaget, og trefasegrænsen bliver mere tilgængeligt for reaktan-
 terne ved høj strømtæthed. Dette kunne være relateret til kapillartrykket,
 der ikke var højt nok til at tvinge syren til GDL-porerne. Tidskonstanterne
 for den nuværende test med dopningsniveauer på 11, 8,3 og 7 molecules af
 H3PO4pr PBI gentage var 2,8, 5,7, 9,5 minut og 3,1, 3,3, 5,6 minut for strøm-
 densitet 0,2 og 0,8 A cm−2. Imidlertid kræves der længerevarende tests for
 at forstå de sene implikationer.


Det næste skridt var at udvikle en operationel strategi for at undgå de-
gradering af cellen som følge af syretransport ud af membranen på HT-
PEMFCs. Dette kunne opnås ved at operere cellen under en speciel belast-
ningscyklus. Resultaterne viser, at nedbrydningen efter 2000 timer var lavere
nemlig 36 µV h−1 for en tidskonstant på 2 minutter ved lav strømdensitet
(0,2 A cm−2) efterfulgt af 2,8 minutter ved høj strømdensitet (0,8 A cm−2)
sammenlignet med 57 µV h−1for konstant strømtæthed (0,55 A cm−2) under
de samme driftsforhold.
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Chapter 1



Introduction


“We must not, in trying to think
 about how we can make a big
 difference, ignore the small daily
 differences we can make which,
 over time, add up to big
 differences that we often cannot
 foresee.”


Marian Wright Edelman
 One of the most important global issue today is the growing greenhouse
 gas emissions, which is resulting in an increase in the global temperature.


The adverse effects associated with greenhouse gas emissions are their ability
 to absorb infrared radiations which in turn increases the mean temperature
 of the planet [2]. The predictions as shown by the studies from the Inter
 governmental panel on climate change 2014 [3] can be seen in Fig. 1.1. The
 mean temperature rise considering the worst case scenario could reach 4-6


◦C by 2100.


These predictions of temperature change are of great concern as that could
 lead to a shift in the eco-system and make it hard for different species to exist
 and also scarcity of food could be expected. The World health Organisation
 (WHO) suggests a great impact of temperature change on the health related
 issues [4]. In Fig. 1.2 shows the impact of temperature change on the eco-
 system and the responses being taken to address the issues and its effects.


The Paris agreement [5], which was signed by 175 countries, aims to hold the
global warming below 2 ◦C compared to pre-industrial levels and continue
to work to achieve a global rise in temperature to 1.5◦C above pre-industrial
levels.
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Fig. 1.1: Voltage profile under different anode gas composition and current density at 160◦C,
 Source: IPCC [3].


According to the united nation (UN) synthesis report 2017, 70 % of the
 greenhouse gas emissions are contributed by the fossil fuels and cement pro-
 duction [7]. Thus, it is of great importance to look for alternative fuel which
 could reduce the overall greenhouse emission rates. Different renewable en-
 ergies are being investigated to achieve the goals set by different countries.


In accordance to the initiative taken in March, 2012 Denmark aims to
 achieve self-reliance on renewable energy by 2050 [8]. To this effect, the in-
 termediate target for 2020 is to achieve more than 35 % renewable energy
 integration, around 50 % electricity consumption provided by wind energy
 and reduction in greenhouse gas emission by 34 % compared to that of 1990.


A report by Clean Technica [9], showed that the total electricity consumption
 in Denmark on 22ndFebruary ’17 was provided by wind energy alone. A total
 of 70 GW h was generated from onshore wind and 27 GW h was supported
 from off-shore wind turbines.


The Danish government along with different universities is trying to de-
velop ’Smart Energy System’ in Denmark [10]. The initiative is to develop a
strategy to balance the energy produced and the energy consumed. In Den-
mark, the main renewable sources of energies are wind, solar and biomass
[10]. The wind and solar have a fluctuating nature, which requires a stor-
age system to capture excess energy when generated and supply when the
demand is higher than the electricity produced. An attractive option is pro-
ducing hydrogen by water electrolysis and then using the hydrogen in a fuel
cell to balance the grid or to mix with captured CO2from different plants and
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Fig. 1.2: The impacts of climate change and the responses taken to address the problem.


Adapted from [6]


produce synthetic fuels like methanol [11–13]. Fuel cells have advantage in
 terms of reduced greenhouse gas emissions and higher efficiency compared
 to internal combustion engines [14]. However, the cost of production is still
 high and their durability needs to improve to make them a viable option.



1.1 Fuel cell classifications


A fuel cell is an electrochemical device which directly converts chemical en-
 ergy to electrical energy. The most common types of fuel cells are shown in
 the Table 1.1with their operating temperature and the kind of ion that are
 transferred through the electrolyte for completing the reaction.


Among the different kinds of fuel cells, polymer electrolyte membrane
fuel cells are the most widely used. They are further classified based on
the fuel and the operating temperature as follows; Low temperature PEM
(LT-PEMFC), high temperature PEM (HT-PEMFC) and direct methanol fuel
cells (DMFC). The first two types are operated generally with gaseous fuel
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Fuel cell types Operating temp
 [◦C]


Ion transfer
 Polymer electrolyte membrane


fuel cell


0-200◦C H+ orOH1−


Molten Carbonate fuel cell 650◦C CO2−3
 Solid oxide fuel cells 500-100◦C O2−


Phosphoric acid fuel cell 200◦C H+


Table 1.1:Different fuel cell types, operating temperature and ion transfer


(hydrogen and hydrogen rich gas mixtures), the third one operates on liquid
 fuel (methanol).


The different components of a single fuel cell unit are shown in Fig.1.3. It
 consist of two end plates for providing the required strength and compression
 for the cell. It is followed by current collector plates for connecting to the
 electrical load. The flow-fields are used to supply the reactants. One of the
 most important part is the MEA where all the electrochemical reactions takes
 place. The gaskets are used to provide a leak-tight setup. The tie-rods are
 used to keep the components in a fuel cell tightened and to provide uniform
 compression.



1.2 Working principle


In a PEM fuel cell, hydrogen rich fuel is supplied to the anode and oxygen
 rich air is supplied to the cathode. The electrochemical reactions that take
 place in a fuel cell are shown in Eqn. 1.1and1.2:


Anode: 2 H2−−→4 H++4 e− (1.1)
Cathode: O2+4 e−+4 H+−−→2 H2O+heat (1.2)
The hydrogen gets oxidized in the anode compartment at the active plat-
inum sites as shown in the reaction, Eqn.1.1and the protons are transferred
to the cathode by the proton conducting membrane and the electrons are not
conducted by the membrane. Thus, the electrons travel through an external
circuitry to reach the cathode. This flow of electrons through the external
circuit is the electrical output from the fuel cell. At the cathode, oxygen gets
reduced by combining with the proton and electrons and generate product
water and heat as as shown in reaction, Eqn.1.2.
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Fig. 1.3: An exploded view of single cell HT-PEMFC



1.3 Methanol economy and reformed methanol fuel cell (RMFC)



1.3.1 Methanol as a fuel


An advantage of thinking towards methanol economy is based on the fact
 that they could be produced by captured CO2 and hydrogen. The large in-
 dustries like cement, iron and steel are some of the major contributors of CO2


emission [15,16]. Thus, if CO2generated from these plants are captured and
 mixed with hydrogen a liquid fuel can be generated. Methanol is also en-
 vironmental friendly as it mixes with water and gets converted to harmless
 product. Therefore, no contamination of water or soil is resulted from the
 un-reacted methanol coming out of fuel cell [17].


In recent years several efforts on methanol economy are under-way with
 companies such as Carbon Recycling International, Mitsui Chemicals Inc
 (Japan), SABIC (Saudi Arabia) etc., producing CH3OH by capturing CO2


from flue gases and power plants (geothermal). Olah et al. [19], first proposed
the idea of methanol economy and highlighted its advantages. He proposed
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Fig. 1.4: A schematic of vision for developing a methanol economy. Source: Serenergy A/S
 (http://serenergy.com/) [18]


the capture of carbon dioxide and together with water and hydrogen from an
 electrolyser or chloro-alkali plant may be used to produce methanol as shown
 in equation, Eqn.1.3. Moreover, methanol economy is easier to develop, with
 minimal modifications in the existing infrastructure, as it is already in use for
 blending with gasoline [20,21]. Fig. 1.4, illustrates the methanol vision for a
 future renewable energy society. The CO2from power plants is mixed with
 H2generated using renewable power and electrolyser combination. The mix
 is then converted to CH3OH by chemical processes. The flare gases which
 are rich in CO2and H2 is also being investigated to be added to the mix for
 generating CH3OH. The produced fuel may be used in a fuel cell to facilitate
 as a range-extender in electric vehicles [18].


CO2+3 H2−→CH3OH+H2O (1.3)
A report published in the journal of Energy Security suggests methanol
can facilitate the monetization of wind and solar energy [22]. The cost in-
volved in the transportation of liquid fuel compared to direct electric current
transmission is an order of magnitude lower. Methanol as a fuel has higher
energy density at standard temperature and pressure compared to hydrogen
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and is easier to transport. The cost of methanol production from CO2and H2


is prominently dominated by the hydrogen production by water electrolysis.


The advantages of using reformed methanol fuel are ease of fuel trans-
 portation and higher energy density compared to hydrogen at standard tem-
 perature and pressure. Volumetric density of methanol is 4.4 kW h L−1which
 is almost 6 times that of hydrogen when the higher heating values are used
 for the calculations [23].



1.3.2 RMFC operation


The methanol fuel produced by the above mentioned methods are supplied
 to a reformed methanol fuel cell (RMFC) which has a built-in reformer to con-
 vert methanol to hydrogen rich gas, which is then fed to a HT-PEMFC. The
 higher operating temperature of HT-PEMFC facilitates the use of reformed
 methanol with higher CO slip [24–26] and less complex humidification sys-
 tem [27]. High temperature PEMFC is an attractive option for both stationary
 and automotive applications due to its higher tolerance to carbon monoxide
 [28, 29] and sulphur [30], easier heat rejection [27], and improved reaction
 kinetics [31]. In applications like back-up power, where the size is not a
 constraint, HT-PEM fuel cells are widely being investigated [32, 33]. The
 advantage of HT-PEMFC is the possibility to operate as combined heat and
 power (CHP) unit because of higher operating temperature which leads to
 useful heat emissions [17,34]. HT-PEMFC has also shown the potential to be
 a part of electric vehicles to facilitate as a range extender [35,36].


A schematic of HT-PEMFC coupled with a methanol reformer is shown
 in Fig. 1.5. The fuel used is a mixture of water and methanol in a ratio
 of 60/40 which corresponds to 1.5 steam to carbon ratio [37,38]. This fuel is
 then passed through the evaporator into the reformer which converts it using
 steam reforming to hydrogen rich gas as shown by the reaction in Eqn.1.4.


CH3OH+H2O→2 H2+CO2 ∆Ho=49.2 kJ


mol (1.4)


The catalytic burner supplies the heat required for the endothermic steam
 reforming process and the reforming takes place at about 180 to 300◦C. The
 operation of reformer at these temperatures also facilitates the reaction shown
 in Eqn. 1.5. This is again a endothermic reaction as seen from the heat re-
 quirement shown in the equation.


CH3OH →2 H2+CO ∆Ho=128 kJ


mol (1.5)


The CO produced is partially converted to CO2as shown by the reaction in
Eqn.1.6. The excess CO and un-reacted CH3OH along with H2goes into the
HT-PEMFC, which has a higher tolerance to CO as mentioned above. The



(24)Chapter 1. Introduction


Fig. 1.5: A schematic of reformer coupled HT-PEM fuel cells [1].


amount of CO and CH3OH is a function of reformer temperature, fuel flow
 [1, 39]. The effect of CH3OH slip on the performance and durability was
 studied in this thesis and is explained in Chapter 3.


CO+H2O →H2+CO2 ∆Ho=−41.1 kJ


mol (1.6)



1.4 Motivation and research goals


The challenges for making widespread integration of fuel cells in the Danish
 energy market were identified by the Danish partnership for hydrogen and
 fuel cells as follows [40]:


• Durability


• Cost


• Performance


The main targets of the Danish roadmap for HT-PEMFC are to achieve a
 cost of 800e/kW @ 100,000 kW/yr for power modules and 500e/kW @ 500
 kW/yr for stacks, by 2020, with lifetime targets of 15,000 h and 20,000 h,
 respectively [40].


The US Department of Energy (DOE) target for 2020 is to reduce the
cost of hydrogen fuel cell, for transport sector to 40 $/kW with 65 % peak-
efficiency and a durability of 5000 h, for micro CHP system operating on
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natural gas to 1500 $/kW with an electrical efficiency of 45 % and durability
 of 60000 h [41]. The cost targets seems to be in close proximity when esti-
 mated for large scale production (≈53 $/kW was estimated in 2016, assuming
 500,000 units/yr production) and the average lab-scaled fuel cell durability
 as reported by DOE reached≈3500 h [41].


The research on reducing the system cost and increasing the durability is
 still on-going. The focus is mostly on the material side to make it cheaper and
 more durable. However, the focus is shifting towards system optimization as
 well. For example, a RMFC developer Serenergy has reported a system effi-
 ciency of 42 % for its reformed methanol HT-PEMFC intended for mobility,
 and 45 % for the stationary power and up to 57 % system efficiency for dis-
 tributed power generators with integrated reformer [18,42].


In the present project, the importance is given to make fuel cell sys-
 tems operate more efficiently, thereby reduce the cost and improve durability.


Therefore, the main objectives of this dissertation can be summarized as fol-
 lows:


1. better understanding of reformed methanol high temperature PEM fuel
 cell operation


2. better understanding of PA redistribution in an HT-PEM fuel cell
 3. the development of an operational strategy based on the knowledge


gained to improve durability and reduce cost


To achieve these objectives, the following studies were carried out:


• Reformed methanol fuel was simulated with different methanol slips (3


& 5 %) on the anode fuel and the degradation rates were calculated


• Different break-in methods for HT-PEMFC were investigated to speed
 up the break-in process


• To understand the acid migration and distribution a relationship be-
 tween acid migration and current density was deduced


• In another study the acid migration as a function of current density and
 acid doping in the membrane was studied


• Finally, a load cycling strategy is proposed based on different time con-
stant iterations
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State of the art


As discussed in the previous chapter, there are different fuel cells which
 are being investigated for the widespread implementation in the real world.


Among them, polymer electrolyte membrane fuel cells are the most advanced
 in terms of high power density, low weight and volume [43]. In a PEM fuel
 cell, the membrane is solid electrolyte composed of a polymer backbone. In
 low temperature PEM fuel cells, the membrane is composed of nafion while
 in a high temperature PEM fuel cells it is polybenzimidazole (PBI). In this
 thesis, the focus is on HT-PEM fuel cells with PBI as the membrane back-
 bone. The polymer PBI is widely used in HT-PEM fuel cell because PBI has
 a high heat resistance (glass transition temperature of 430◦C), high chemical
 and mechanical stability, low gas permeability, good electrical insulation and
 ability to take up high quantity of PA doping, which makes it a good proton
 conductor [44].


The PBI membrane is doped with phosphoric acid, which acts as the pro-
 ton conductor in this type of fuel cells. The operating temperature of HT-
 PEMFC is 160- 180◦C [27]. The advantage of operating at higher temperature
 are higher CO tolerance [28, 29, 45], less prone to sulphur poisoning [30],
 easier heat rejection [27], the reaction kinetics on both sides are improved,
 more importantly the sluggish cathode reaction rate improves [31,46], water
 management is not complex as in LT-PEMFC [47,48]. However, to harness
 the advantages of HT-PEMFC some hurdles still need to be overcome. One
 such problem, investigated in the current project is operation with reformed
 methanol that results in some un-reacted methanol, which enters the anode
 compartment. The study also investigated how to directly integrate a HT-
 PEMFC with a methanol reformer with no hydrogen break-in or lowering
 the time of break-in process using hydrogen.


This chapter will highlight the current state of the art and advancements
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in HT-PEM fuel cells with reformed fuel. The characterization of HT-PEM
 fuel cell and the techniques applied in the present project will also be ex-
 plained. The focus will be on operation of HT-PEMFC with reformed methan-
 ol and also on the understanding of acid migration and distribution. The
 project outcome focuses on achieving a proper operational strategy for wet
 reformate based HT-PEMFC with longer durability and reduced cost.



2.1 Fuel cell operating on reformed methanol


In this section, a detailed survey of reformed methanol fuel cells operations
 is reported and the associated problems discussed. The hydrogen rich gas
 produced by steam reforming, partial oxidation or auto-thermal reforming
 has some impurity coming out as by product, which when entering a fuel
 cell may lead to catalyst poisoning in LT-PEM fuel cells while it has minimal
 effect on HT-PEM fuel cells as reported by Korsgaard et al. [49].


Romero-Pascual and Soler [50] modelled a HT-PEMFC-based 1 kW com-
 bined heat and power (CHP) system with methanol reformer. They presented
 an efficiency of 24 % when considering the electrical output and a combined
 efficiency utilizing the heat generated of over 87 %. The CO percentage was
 considered to be below 30000 ppm. Andreasen et al. [51], developed a cas-
 cade control strategy for HT-PEM fuel cell system integrated with a methanol
 reformer. The focus was on controlling the reformer temperature to ensure
 high grade quality reformer output with minimal CO and CH3OH slip under
 dynamic operation of the system. In another work, different fuel composi-
 tion simulating a natural gas reformer was investigated and the results in
 terms of the effect of CO2, CO and H2O was presented [52]. The analysis
 into the cause of degradation showed presence of CO2 in the fuel increases
 mass transport resistance while with the presence of CO, catalyst poisoning
 takes place and as a result reaction kinetics was affected. They reported a
 positive effect of water in the fuel stream as it improves proton conductivity,
 enhances anode charge transfer as a result of PA migration along with water
 towards cathode, and also could convert CO to CO2through reverse water
 gas shift reaction as shown in Eqn. 2.1. The presence of water in the anode
 chamber was reported beneficial in other works as well [52, 53]. The high
 temperature operation and presence of water assisted in reducing the effect
 of CO poisoning in HT-PEM fuel cells [54,55].


CO+H2O →H2+CO2 (2.1)


Jiao et al. [56] simulated different flow field designs with CO in the fuel.


The performance was evaluated as a function of CO in the fuel and chan-
nel design. The inter-digitated and serpentine designs provides more access
for the gases to reach the catalyst layer and at the same time CO poisoning
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increased due to the easier access to the catalyst sites. On the other hand,
 parallel design facilitated less access to the catalyst and thereby resulted in
 lower CO poisoning.


A study of start-stop cycle with increased CO on the anode was shown to
 reduce the CO2at the cathode outlet, which suggest presence of CO mitigates
 some of the carbon corrosion happening on the cathode during start-stop.


They reported a partial pressure of 10 % CO in reformed fuel would improve
 the fuel cell lifetime operating with intermediate start/stop cycles [57]. The
 same author in another work [58] investigated the temperature, gas flow rate,
 water and CO partial pressure effects on carbon corrosion. They carried out
 100 start/stop cycles with two MEAs one with 10 % CO and other with 10 %
 N2 respectively and comparisons show the positive effect of CO in the fuel
 for HT-PEMFC operating with start/stop cycles.


Chen and Lai [59] did analysis on the effect of temperature and humidity
 on the fuel cell performance and its associated resistances. Their study con-
 cludes minimal effect of humidity on the performance while the membrane
 resistance changes with humidity. Performance and resistance comparison
 under different current densities and humidity level was carried out. The
 charge transfer resistance at low current density decreased with increase in
 humidity while it showed opposite trend at higher current density [59].


The water transport phenomenon and its effect on HT-PEM fuel cell per-
 formance was investigated by Zhang et al. [47]. Two operational modes
 namely, open-through mode and dead-end mode were investigated to under-
 stand the movement of generated water from the cathode to anode. They con-
 cluded that the high affinity of phosphoric acid towards water enhances the
 phosphoric acid mobility, which decreases membrane resistance and thereby
 a better proton conductivity is obtained.


Chippar et al. [60] developed a new water transport model for PBI mem-
 branes and investigated the effect of varying relative humidity (RH) on the
 cathode. A decrease in performance was observed in spite of an improve-
 ment on the proton conductivity. They assumed the effect as a result of loss
 in phosphoric acid or dilution of oxidant supply [60]. Different studies on
 how the temperature affects HT-PEMFC have been carried out and the re-
 sults suggest a better reaction kinetic but lower membrane conductivity due
 to dehydration of membrane and lower oxygen diffusion at elevated temper-
 ature and low RH conditions [61]. Zhang et al. [62] investigated the effect of
 water management in an HT-PEMFC. The test was carried out to determine
 the best purging strategy to keep the water content on the anode optimal.


A higher water vapour pressure on the anode helps in improving the per-
 formance but excess of water results in flooding as observed in LT-PEMFC.


The water transport from the cathode to anode was reported to be a func-
tion of current density and stoichiometry. The permeability of water with
PBI membrane as determined by Bezmalinovi´c et al. [63] was 2.4×10−3 at
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160◦C.


Some studies on the effect of methanol and water vapour mixture feed
 to HT-PEMFC anode have also been reported [64, 65]. Araya et al. [64]


investigated the methanol effect by introducing different concentration of
 methanol and water vapour mixture on the anode feed. The degradation un-
 der high methanol concentration (8 % by volume) is reported severe (around
 -3.4 mV h−1with increasing trend) while at 3 % the degradation is reversed
 by cell voltage recovery. The investigation also concluded the reversibility of
 some degradation effects due to methanol when switched to pure hydrogen.


In another work, the effect of temperature and methanol slip on HT-PEMFC
 was studied under 100 % to 90 % reforming conversion conditions [65]. A
 degradation rate of -55µV/h was recorded with 90% converted reformed gas
 composition over a period of 100 h at an operating temperature of 160◦C. Dif-
 ferent degradation tests on an HT-PEM fuel cells were carried out in [66]. The
 test with simulated reformed methanol (H2, H2O and CH3OH) was carried
 out under start/stop cycle (12 h each). Based on IV curve and EIS analysis the
 cause of degradation with CH3OH was reported to be because of decreased
 ORR kinetics and mass transport resistance increment [66].



2.2 Acid migration and re-distribution in high tem- perature PEMFC


Another issue hindering the durability of HT-PEM fuel cell is the acid loss
 and the proton conductivity in an HT-PEMFC is facilitated by the presence of
 phosphoric acid in the membrane. The membrane for HT-PEMFC is devel-
 oped by doping PBI matrix with PA and the doping is much higher compared
 to two PA molecules, which each PBI repetitive unit may be bonded when
 doped with PA. These free acid molecules are mobile inside the cell and tend
 to redistribute and move out of the cell. Over time the membrane proton
 conductivity reduce as a result of acid loss. The acid re-distribution in the
 cell has been associated with different phenomena, such as water generated
 or supplied, current density, temperature, gas flow rates etc., [67,68].


The potential of PA-doped PBI membrane was first suggested by Wain-
 right [69] for use in high temperature fuel cells. They developed a mem-
 brane by immersing PBI membrane in phosphoric acid for more than 16 h.


The membrane was then tested for direct methanol fuel cell application with
low methanol permeability and proton conductivity higher than nafion based
membrane at temperatures above 130◦C and low humidity level. Phosphoric
acid doped PBI membrane for fuel cell application development process as
reported in literature [69–71] are broadly classified in three ways:
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• A solution of PBI polymer in NaOH/ethanol is used to cast a membrane
 in N2environment and then washed with water to get a pH of 7, then
 doped with PA


• A solution of 3-5 % PBI in N, N – dimethylacetamide(DMAc) and 1-2 %
 LiCl is used for casting, then DMAc evaporated and LiCl washed away
 using water, doping by immersion in PA


• Direct casting from a solution of PBI and H3PO4in a suitable solvent ,
 most commonly used trifluroacetic acid (TFA)


The doping levels in the first two case is determined by measuring the
 weight difference of membrane before and after immersion in the acid and
 reported doping levels are around 9-12 molecules of H3PO4 per PBI repeat
 unit [72]. The last method result in a doping level up to 70 molecules of
 H3PO4per PBI repeat unit [24].


The proton conductivity in HT-PEM fuel cell is a highly debated topic.


The proton conductivity of PA-doped PBI membrane was reported to be in-
 fluenced by the relative humidity (RH), temperature and doping level, viscos-
 ity and many other parameters [70,73]. The proton conduction is suggested
 to takes places mostly by Grotthus like mechanism, where the hydrogen bond
 rearrangement contributes to the intermolecular transfer of protons [74,75].


However, in the presence of water in the system, some vehicular mechanism
 was also suggested [76,77]. The study reveals the presence of two strong and
 one weak distorted hydrogen bond in phosphoric acid. The weak bond helps
 in the solvent reorientation which helps in the transfer mechanism. Chin and
 Chang [73] showed that at high acid concentration the major contributor of
 proton conduction is inter-molecular interaction of proton with acid or wa-
 ter molecules [73]. There are also others supporting the claim of Grotthuss
 being the dominant mechanism for PA conductivity in the presence of water
 [34,78,79]. It is suggested from literature that the contribution of Grotthus
 like mechanism is≈98 % and diffusion of charged species is≈2 % [79,80].


Therefore, we know that PA-doped PBI has high proton conductivity.


However, a proper distribution of PA in fuel cell is required for obtaining
good performance. Kwon et al. [81] compared the performance and active
surface area of cathode electrode in an HT-PEM fuel cell with different PA
content and platinum loading on the cathode electrode. The PA doping and
catalyst loading on the anode was maintained constant. The results suggest
an optimum level of PA on the cathode significantly improves the active sur-
face area as well as the fuel cell performance. A decrease in catalyst loading
is also reported with proper levels of PA in the cathode. In another study
Wannek et al. [82] demonstrated that the method of impregnating PA into
the MEA does not influence the performance of the fuel cell. The param-
eter affecting performance of PA based HT-PEMFC is the distribution and
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concentration of phosphoric acid. Neutron imaging method was reported to
 quantify the acid migration towards anode [83]. They report presence of acid
 in the GDL and also flow channels. The quantification of acid was based on
 in-plane and through-plane measurements under different relative humidity
 with a non-operational cell.


In a study by Jeong et al. [84], the degradation of an HT-PEM fuel cell
 was investigated as a function of acid leaching. The reason for degrading
 performance was linked to increase in charge transfer resistance and elec-
 trochemical surface area decrease. The loss of acid at high current density
 was reported to be the highest and mainly the cathode side PA loss affected
 the performance significantly [84]. Lang et al. [85] investigated PA loss by
 experiments combined with numerical simulations. The test was carried out
 for 4600 h, first 680 start-stop cycles were performed followed by constant
 current operation for another 1400 h and a short 90 h water stress test. They
 reported short test with humidified gas resulted in a high PA loss which was
 evident from the ohmic resistance increase in the polarization and EIS data.


Bezmalinovi´c et al. [63] investigated the transport of water in an HT-
 PEMFC and found that water vapour partial pressure on the anode was
 always higher than cathode side, even with dry hydrogen supply. They
 confirmed that water transport from the cathode to anode is a function of
 current density and cathode stoichiometry. The water transport coefficient
 was reported to be a function of relative humidity within the cell. The effect
 of water transport and its influence on the performance of HT-PEMFC was
 investigated in [47]. It was reported around 31.7 % of water generated by
 chemical reaction was transported from the cathode to anode at 0.2 A cm−2
 while Galbiati et al. [86] reported 18 %. The differences were attributed to
 different anode stoichiometric ratio in the two experiments. Thus, it could be
 concluded based on the two work that water transport from the cathode to
 anode is strongly influenced by the stoichiometric ratio of anode and cathode.


A higher stoichiometry on the anode increased the water transport from cath-
 ode to anode and higher cathode gas flow rate decreased the water transport
 [86]. The interaction of water with PA was reported to be the cause of water
 transport from the cathode to the anode. The gas permeability under differ-
 ent temperature (130-170 ◦C) was shown to be negligible [87]. The authors
 state this to be the reason to propose that water permeability takes place as a
 result of water solubility in the electrolyte as shown in Eqn.2.2. However, the
 gas permeability of PBI are reported differently in literature. He et al. [88]


reported gas permeability for high PA-doped PBI membrane and showed it
 to be a function of temperature. The values of permeability values reported
 in [88] are comparable to the ones reported in [69].


H3PO4+H2O →H2PO4−+H3O+ (2.2)
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Further, Oono et al. [89] reported negligible changes in the cross-over due
 to acid concentration change from 65 % to 78 %. They reported an optimal
 PA of 10 mg to avoid flooding the 20 µm catalyst. Wippermann et al. [90],
 showed the effect of hydration and dehydration of PA on the cell resistance
 as a function of time. The membrane investigated was AB-PBI doped with
 PA. The water uptake by the PA was faster compared to removal of water
 by diffusion from the three-phase boundary. This results in a better proton
 conductivity because of increase in proton acceptors and donors following
 Eqn. 2.2. Reimer et al. [91] investigated the water transport phenomena in
 HT-PEM fuel cells and validated the earlier claims of water transport from
 the cathode to anode. They also reported a small diffusion of hydrogen and
 oxygen through the membrane by dissolving in the electrolyte and combining
 on the other side and resulting a small addition of water in the cell. The
 crossover enhancement at high current density was attributed to swelling of
 membrane by absorbing water which in turn increases the pore sizes [91].


A high concentration of PA is required for better proton conductivity
 within the membrane while the presence of liquid PA on the gas diffusion
 electrode leads to gas transport problems and adsorption of phosphate ions
 on the catalyst [82]. A study on the doping time and temperature on the
 performance of HT-PEMFC revealed that the distribution of PA highly influ-
 ences the fuel cell performance [92]. A temperature range between 80 ◦C-
 140 ◦C was chosen and the doping time between 1 to 6 h. A temperature
 higher than 120 ◦C resulted in dissolution of the polymer which affects the
 durability of membrane in the fuel cell.


Also, a prolonged doping time leads to dissolution. It was concluded
 that the performance of phosphoric acid based HT-PEM fuel cell, strongly
 depends on the PA distribution within the cell. The optimum acid concen-
 tration on the cathode was investigated to enhance the performance of HT-
 PEMFC. Different MEAs with varying platinum loading (1.1 to 3 mg cm−2)
 on the cathode and different acid impregnated cathode electrode (20 to 243
 µmol cm−2) was tested for performance and electrochemical surface area
 (ECSA) [81]. They concluded that the optimal acid distribution on the cath-
 ode would enhance the performance while excess may lead to reduced elec-
 trochemical surface area (ECSA). Chevalier et al. [93] studied the transport
 of acid leading to leaching and thereby performance loss. They used pore-
 network model to study the effect of micro porous layer (MPL) on the acid
 redistribution to the gas diffusion electrode. They suggested a mitigation
 strategy to prevent acid washout by designing a proper MPL structure (shape,
 size and crack location in the MPL).


However, only few studies focus on the in-situ characterization of PA dis-
tribution under fuel cell operation. Maier et al. [94] carried out a study us-
ing synchrotron X-ray radiography of an operating cell to understand the
acid distribution as a function of current density. They reported an in-
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crease (≈20%) in the thickness of the membrane on applying a current of
 140 mA cm−2directly from OCV. However, on further increment of current
 no visible changes in the thickness was observed. The argument was that acid
 hydration is a fast process compared to dehydration. The acid concentration
 and distribution as a function of three operating parameter, temperature, me-
 dia utilization and humidification was investigated using synchrotron X-ray
 imaging.They observed a change of 1.5 to 3 % change in the PA concentration
 under different current density operation. Humidification and temperature
 change did not show drastic changes in the acid distribution [95].


The PA distribution was reported to be non-uniform, especially under
 higher load operation (350 and 600 mA cm−2). The authors attributed this to
 non-uniform current generated across the MEA plain due to varying resis-
 tances resulting from doping and pore filled with acid. They reported higher
 acid under the flow channel compare to rib [96]. The cause of cell degrada-
 tion was investigated under accelerated degradation test using experiments
 and modelling the polarization curve. They reported the degradation was
 mostly related to acid loss by a combination of two phenomena occurring
 at higher current densities. The first was related to non-uniform tempera-
 ture distribution at the catalyst layer causing change in the acid viscosity that
 leads to enhanced PA mobility. The second reported issue was higher water
 generated, which drags the acid to GDL and flow-field thereby causing loss
 of PA [68]. Eberhardt et al. [97], investigated the lifetime of an HT-PEMFC
 as a function of acid loss. The acid was collected at the outlet of anode and
 cathode by operating the cell under accelerated conditions of 190◦C and high
 flow rates on the anode and cathode. They reported that for an initial acid
 loading of 36 molecules of H3PO4per PBI repeat unit, the ohmic resistance
 was not affected significantly up to a loss of 40 % acid, which corresponded
 to an operation time of 1200 h.


Another interesting aspect reported in the literature is the acid migration
towards the anode as a function of current density and doping level. Eber-
hardt et al. [98] used X-ray tomographic microscopy (XTM) for imaging PA
distribution under different load conditions. The migration of PA from the
cathode to anode gas diffusion layer (GDL) and flow field was reported. The
acid was reported to be migrating to the anode GDL at high current den-
sity, while on reducing the current density a back diffusion of PA from the
GDL and flow field to the membrane was reported [98]. The same group
investigated acid migration as a function of doping level and current density
[99]. The MEAs used in their study had doping levels between 23 molecules
of H3PO4 per PBI repeat unit and 36 molecules of H3PO4 per PBI repeat
unit. They suggest that acid doping level strongly influence the acid migra-
tion but is not linked to the MEA preparation method (pre-doped or post
doped). The acid migration was as reported in [98] strongly influenced by
current density. Becker et al. [100] developed a method to quantify the acid
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migration from the cathode to anode at high current density. They employed
 micro-electrodes to a PA-doped PBI membrane and measured the ohmic re-
 sistance change as a function of operating parameters. The anode side and
 cathode side resistance changes from OCV to three different current densi-
 ties (0.2, 0.5 and 0.8 A cm−2) were investigated. A decrease in the anode
 side resistance and increase at corresponding cathode side was reported. The
 cathode resistance change with increase in current density was double that
 of the anode at high current densities (0.5 A cm−2and 0.8 A cm−2).


A detailed study to improve the lifetime of HT-PEM fuel cell by reduc-
 ing the PA loss from the cell under varying operating condition needs to be
 explored. A study on different rest time (i.e., low current density operation)
 will be experimentally explored to determine the effect and deduce a proper
 operational strategy.



2.3 Characterization methods



2.3.1 Limiting current


The method involves the determination of the maximum current which the
 cell is able to draw at a particular hydrogen concentration on the fuel. A
 mapping of different fuel concentration and limiting current is determined
 experimentally as discussed in Paper 3. The transport resistance (RT) is re-
 lated to the limiting currentilimas follows


RT = 4×F×xdry−inH2


ilim × p−pw


R×T (2.3)


where F is the Faraday constant,xH2 is the dry hydrogen inlet mole fraction,
p is the total gas pressure, pw is water vapour pressure, R is universal gas
constant, and T is the cell temperature. All the parameter are inputs to the
cell except the limiting current, which is determined by reducing the volt-
age in steps till the current does not increase any more with the decrease in
voltage. Limiting current is a known method used to investigate the mass
transport in the gas diffusion layer on the cathode. Limiting current method
was applied to understand the oxygen diffusion through porous electrode
with PA electrolyte [101]. Baker et al. [102] used limiting current method to
measure the oxygen transport resistance in PEM fuel cells. The contribution
of individual components (diffusion medium, flow channel, pressure depen-
dent and pressure independent component) to oxygen transport resistance
was determined. In a recent work, limiting current method using hydro-
gen pumping mode was investigated to determine the mass transport issues
arising due to reduction in expensive precious catalyst [103].
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Thus, it is evident that limiting current is a suitable method to determine
 the mass transport resistance and to separate individual components con-
 tributing to the total resistance. Thus in PaperC, limiting current method is
 analyzed to deduce the hydrogen transport resistance as a function of PA
 migration towards the anode. To the best of our knowledge, this is the first
 time, the limiting current method was used in HT-PEMFC to investigate hy-
 drogen transport resistance (Paper C) instead of oxygen transport resistance
 as reported in literature.



2.3.2 Electrochemical Impedance Spectroscopy


Electrochemical impedance spectroscopy (EIS) is a very common method
 with electrochemical devices to determine the impedance of the system. The
 advantage of EIS is its ability to determine the impedance without drastically
 changing the operating conditions of the system [104]. An impedance mea-
 surement maybe carried out in potentiostatic mode, i.e., applying a voltage
 and measuring current response or galvanostatic mode, i.e., applying a cur-
 rent and measuring the voltage response. The two modes of measurement
 lead to the same result as shown by Yuan et al. [105]. However, as shown in
 Fig. 2.1the IV curve has a very small slope in the region of operation (lin-
 ear region in the curve) and a small change in voltage could lead to a large
 change in current and thereby making the system unstable. Thus, galvano-
 static mode is the common method employed in EIS measurements for fuel
 cells.


In PEM fuel cells EIS is widely used for characterizing an MEA [106,107],
 to determine transport losses [108,109], as a diagnostic tool [105,110,111]


and performance characterization with different gas mixes [53, 112]. It is
 widely used to characterize single fuel cell performance as well as on stack
 levels [113,114]. Some studies on spatially resolved impedance have been
 carried out to understand the variation in resistance across a specified plane
 [115,116].


The schematic of an EIS measurement is shown in Fig.2.1. When carrying
 out EIS measurement, there are few considerations to be taken into account.


Firstly, the frequency selected for the sweep should cover the range between
 high and low frequency to reach asymptotic limits (imaginary impedance
 approaches zero) and secondly, the linearity of the system is maintained by
 selecting the excitation signal amplitude such that the operating point stays
 quasi-linear [117]. An excitation of known amplitude as shown in Eqn.2.4
 is applied and the response in terms of amplitude and phase is measured as
 shown in Eqn.2.5.


V(t) =V0sin(ωt)


or,I(t) =I0sin(ωt) (2.4)
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Current (A) 


Voltage (V)


Operating
 point


Excitation
 signal
 Response signal


Fig. 2.1:Electrochemical Impedance measurement technique


I(t) =I0sin(ωt+θ)


or,V(t) =V0sin(ωt+θ) (2.5)
 The ratio of alternating voltage to current gives the impedance as shown
 in Eqn. 2.6. The impedance is recorded by sweeping over a range of frequen-
 cies (i.e., usually between 100 mHz to 10 kHz) to isolate various impedance’s.


Z= V0e


j(wt−θ)


I0e−jwt = V0e


−jθ


I0


=Z0(cosθ−jsinθ) (2.6)
 whereθis the phase difference between the input and the output signal and
 is zero for purely resistive component. However, in case of fuel cell, the
 impedance is not a pure resistance. It is a combination of resistors, capacitors
 and inductance. Hence, the value of θ at certain frequencies are non-zero.


Accordingly, the time domain signal and response signal result in a complex
 relationship. To simplify the problem Fourier transform is applied and the
 signal is converted to frequency domain and the impedance is calculated as
 shown in Eqn.2.6.


The literature study suggests a number of approaches, namely fitting
methods (like non-linear least square method, deconvolution etc.) and mod-
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