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Abstract‌ 

In‌ ‌response‌ ‌to‌ ‌the‌ ‌increased‌ ‌demand‌ ‌for‌ ‌aircraft‌ ‌electrification‌ ‌and‌‌growing‌‌interest‌‌in‌‌fuel‌                           

cell‌ ‌technology,‌ ‌a‌ ‌comprehensive‌ ‌study‌ ‌has‌‌been‌‌carried‌‌out‌‌to‌‌assess‌‌the‌‌suitability‌‌of‌‌fuel‌                             

cells‌‌for‌‌a‌‌range‌‌of‌‌aircraft.‌‌Fuel‌‌cell‌‌systems,‌‌whether‌‌they‌‌are‌‌fuelled‌‌by‌‌gaseous‌‌hydrogen‌                               

or‌ ‌a‌ ‌liquid‌ ‌alcohol‌ ‌must‌ ‌always‌ ‌be‌‌treated‌‌as‌‌a‌‌‘system‌‌of‌‌systems’‌‌and‌‌comprise‌‌four‌‌well‌                                 

defined,‌ ‌interlinked‌ ‌subsystems:‌ ‌fuel‌ ‌cell‌ ‌stack,‌ ‌fuel,‌ ‌oxidant‌ ‌and‌ ‌thermal‌ ‌management.‌ ‌ 

The‌ ‌key‌ ‌objectives‌ ‌of‌ ‌this‌ ‌work‌ ‌were‌ ‌to:‌ ‌define‌ ‌a‌ ‌methodology‌ ‌to‌ ‌predict‌ ‌the‌ ‌electrical‌                             

requirements,‌ ‌propulsive‌ ‌or‌ ‌otherwise‌ ‌of‌ ‌any‌ ‌aircraft‌ ‌based‌ ‌on‌ ‌the‌ ‌highest‌ ‌level‌ ‌design‌                         

information;‌ ‌critically‌ ‌analyse‌ ‌existing‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌and‌ ‌down-select‌ ‌to‌ ‌two‌                     

technologies;‌ ‌assess‌ ‌the‌ ‌required‌ ‌system‌ ‌of‌ ‌systems‌ ‌for‌ ‌the‌ ‌down-selected‌ ‌fuel‌ ‌cell‌                       

technologies;‌ ‌and‌ ‌produce‌ ‌and‌ ‌evaluate‌ ‌a‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌sizing‌ ‌model‌ ‌to‌ ‌assist‌                           

aircraft‌ ‌designers‌ ‌during‌ ‌an‌ ‌aircraft's‌ ‌preliminary‌ ‌design‌ ‌phase.‌ ‌ 

Fifteen‌ ‌aircraft‌ ‌categories‌ ‌have‌ ‌been‌ ‌defined‌ ‌based‌ ‌on‌ ‌the‌ ‌aircrafts‌ ‌primary‌ ‌function‌ ‌and‌                         

propulsion‌‌method.‌‌A‌‌model‌‌was‌‌then‌‌developed‌‌which‌‌can‌‌predict‌‌the‌‌electrical‌‌generation‌                         

capability‌ ‌and‌ ‌propulsive‌ ‌requirements.‌ ‌Validating‌ ‌the‌ ‌categorisation‌ ‌model‌ ‌against‌ ‌real‌                   

aircraft‌ ‌data‌ ‌showed‌ ‌a‌ ‌good‌ ‌correlation‌ ‌between‌ ‌the‌ ‌real‌ ‌and‌ ‌modelled‌ ‌data.‌ ‌Generally,‌ ‌an‌                           

error‌ ‌of‌ ‌less‌ ‌than‌ ‌5%‌ ‌was‌ ‌obtained‌‌by‌‌the‌‌model.‌‌The‌‌output‌‌of‌‌this‌‌model‌‌was‌‌used‌‌in‌‌the‌                                     

sizing‌ ‌of‌ ‌an‌ ‌appropriate‌ ‌fuel‌ ‌cell‌ ‌system.‌ ‌ 

A‌ ‌unique‌ ‌challenge‌ ‌to‌ ‌the‌ ‌integration‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌systems‌ ‌in‌ ‌aircraft,‌ ‌the‌ ‌atmosphere‌ ‌was‌                             

investigated.‌ ‌Three‌ ‌atmospheric‌ ‌models‌ ‌were‌ ‌presented‌ ‌and‌‌their‌‌usefulness‌‌discussed.‌‌The‌                     

challenges‌‌to‌‌fuel‌‌cell‌‌system‌‌design‌‌are‌‌primarily‌‌ambient‌‌temperature‌‌and‌‌total‌‌pressure‌‌at‌                           

altitude.‌‌In‌‌the‌‌field‌‌of‌‌electrochemistry‌‌it‌‌is‌‌usual‌‌to‌‌denote‌‌the‌‌partial‌‌pressure‌‌of‌‌oxygen‌‌in‌                                 

the‌‌cathode‌‌stream‌‌as‌‌a‌‌limiting‌‌factor.‌‌In‌‌reality,‌‌it‌‌is‌‌a‌‌combination‌‌of‌‌both‌‌the‌‌concentration‌                                 

of‌ ‌oxygen‌ ‌and‌ ‌the‌ ‌total‌ ‌pressure‌ ‌that‌ ‌influence‌ ‌performance.‌ ‌This‌ ‌important‌ ‌distinction‌ ‌is‌                         

made‌ ‌as‌ ‌these‌ ‌variables‌ ‌can‌ ‌be‌ ‌controlled‌ ‌independently.‌ ‌ 



 

Six‌ ‌commercially‌ ‌available‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌were‌ ‌reviewed‌ ‌for‌ ‌use‌ ‌in‌ ‌aeronautical‌                       

applications.‌‌Hydrogen‌‌fed‌‌polymer‌‌electrolyte‌‌membrane‌‌and‌‌liquid‌‌fed‌‌direct‌‌methanol‌‌fuel‌                       

cells‌‌were‌‌down-selected‌‌for‌‌further‌‌study.‌‌For‌‌each‌‌technology,‌‌an‌‌experimentally‌‌validated‌                       

fuel‌ ‌cell‌ ‌stack‌ ‌model‌ ‌was‌ ‌created‌ ‌to‌ ‌describe‌ ‌the‌ ‌electrochemical‌ ‌reactions‌ ‌between‌ ‌their‌                         

fuels‌ ‌and‌ ‌oxygen.‌ ‌ 

Different‌ ‌storage‌ ‌methodologies‌ ‌for‌ ‌molecular‌ ‌hydrogen,‌ ‌methanol‌ ‌and‌ ‌molecular‌ ‌oxygen‌                   

were‌‌compared‌‌and‌‌optimum‌‌solutions‌‌in‌‌terms‌‌of‌‌storage‌‌efficiency‌‌were‌‌deduced‌‌based‌‌on‌                           

aircraft‌‌mission‌‌length.‌‌A‌‌case‌‌study‌‌was‌‌carried‌‌out‌‌to‌‌investigate‌‌the‌‌system‌‌mass‌‌variation‌                             

with‌‌altitude.‌‌Key‌‌variables‌‌included‌‌the‌‌performance‌‌derating‌‌of‌‌the‌‌fuel‌‌cell‌‌as‌‌well‌‌as‌‌the‌                               

choice‌‌of‌‌either‌‌a‌‌compressor‌‌based‌‌air-breathing‌‌design‌‌or‌‌an‌‌air-independent‌‌alternative.‌‌It‌                         

was‌ ‌found‌ ‌that‌ ‌an‌ ‌air-breathing‌ ‌solution‌ ‌is‌ ‌preferable‌ ‌for‌ ‌longer‌ ‌mission‌ ‌durations.‌ ‌ 

Primary‌ ‌thermal‌ ‌management‌ ‌strategies‌ ‌were‌ ‌compared‌ ‌for‌ ‌both‌‌fuel‌‌cell‌‌technologies.‌‌For‌                       

hydrogen‌‌fed‌‌fuel‌‌cells‌‌the‌‌choice‌‌between‌‌air-cooling‌‌and‌‌liquid-cooling‌‌is‌‌based‌‌on‌‌the‌‌heat‌                             

generation‌ ‌rate‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌If‌ ‌the‌ ‌heat‌ ‌generation‌ ‌rate‌‌is‌‌less‌‌than‌‌4‌‌kW,‌‌an‌‌air-cooling‌                                   

strategy‌ ‌offers‌ ‌both‌ ‌system‌ ‌mass‌ ‌and‌ ‌volume‌ ‌benefits.‌ ‌For‌ ‌higher‌ ‌power‌ ‌systems,‌                       

liquid-cooling‌‌should‌‌be‌‌used.‌‌Direct‌‌methanol‌‌fuel‌‌cells‌‌were‌‌shown‌‌to‌‌offer‌‌reduced‌‌system‌                           

complexity‌‌from‌‌a‌‌thermal‌‌management‌‌perspective‌‌as‌‌the‌‌heat‌‌can‌‌be‌‌rejected‌‌to‌‌the‌‌unused‌                             

fuel‌ ‌solution‌ ‌in‌ ‌the‌ ‌exhaust.‌ ‌ 

Four‌‌primary‌‌submodels,‌‌each‌‌representing‌‌a‌‌subsystem‌‌of‌‌the‌‌overall‌‌fuel‌‌cell‌‌system,‌‌were‌                           

combined‌ ‌into‌ ‌a‌ ‌single,‌ ‌dual‌ ‌function‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌sizing‌ ‌model.‌‌The‌‌first‌‌function‌‌of‌                             

this‌‌model‌‌was‌‌to‌‌physically‌‌size‌‌a‌‌fuel‌‌cell‌‌system‌‌based‌‌on‌‌primary‌‌design‌‌information‌‌and‌                               

a‌‌flight‌‌profile.‌‌Secondary‌‌functionality‌‌was‌‌a‌‌dynamic‌‌representation‌‌of‌‌the‌‌fuel‌‌cell‌‌system‌                           

response‌ ‌to‌ ‌the‌ ‌input‌ ‌current‌ ‌and‌ ‌altitude‌ ‌profiles.‌ ‌Case‌ ‌studies‌ ‌were‌ ‌carried‌ ‌out‌ ‌using‌ ‌the‌                             

model‌ ‌Skywalker‌ ‌X8‌ ‌and‌ ‌General‌ ‌Atomics‌ ‌MQ-1‌ ‌Predator‌ ‌aircraft.‌‌ ‌  
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RH‌  - Relative‌ ‌Humidity

RMSE‌  - Root-Mean-Square-Error

SOC‌  - State‌ ‌Of‌ ‌Charge

SOFC‌  - Solid‌ ‌Oxide‌ ‌Fuel‌ ‌Cell

UAS‌  - Unmanned‌ ‌Aerial‌ ‌System

UAV‌  - Unmanned‌ ‌Aerial‌ ‌Vehicle

WB‌  - Wide‌ ‌Body

WLT‌  - Wet‌ ‌Layer‌ ‌Thickness

A   - Cell‌ ‌active‌ ‌area‌ ‌(cm‌2‌)

A‌S‌  - Surface‌ ‌area‌ ‌(m‌2‌)

a   - Chemical‌ ‌activity‌ ‌of‌ ‌species‌ ‌in‌ ‌reaction

ai - Chemical‌ ‌activity‌ ‌of‌ ‌species‌ ‌“i”‌ ‌in‌ ‌reaction

Cd - Total‌ ‌drag‌ ‌coefficient

C l - Lift‌ ‌coefficient



 

P RC - Compressor‌ ‌Pressure‌ ‌Ratio

c0 - Standard-state‌ ‌concentration‌ ‌(mol/dm‌3‌)

ci - Concentration‌ ‌of‌ ‌species‌ ‌“i”‌ ‌in‌ ‌reaction‌ ‌(mol/dm‌3‌)

cp - Specific‌ ‌heat‌ ‌at‌ ‌constant‌ ‌pressure‌ ‌(J/kgK)

D - Drag‌ ‌(N)

Enet - Available‌ ‌energy‌ ‌from‌ ‌fuel‌ ‌(J‌ ‌or‌ ‌kWh)

e   - Specific‌ ‌energy‌ ‌(J/kg‌ ‌or‌ ‌kWh/kg)‌ ‌OR‌ ‌Error

F - Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)

F T R - Thrust‌ ‌force‌ ‌required‌ ‌(N)

gΔ HHV - Absolute‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change‌ ‌(J/mol)

hΔ HHV - Absolute‌ ‌enthalpy‌ ‌change‌ ‌(J/mol)

I - Current‌ ‌(A)

i   - Current‌ ‌density‌ ‌(A/cm‌2‌)

i0 - Exchange‌ ‌current‌ ‌density‌ ‌(A/cm‌2‌)

in - Internal‌ ‌current‌ ‌density‌ ‌(A/cm‌2‌)

K - Heat‌ ‌transfer‌ ‌coefficient‌ ‌(W/m‌2‌K)

k - Thermal‌ ‌conductivity‌ ‌(W/mK)

M - Number‌ ‌of‌ ‌moles‌ ‌in‌ ‌balanced‌ ‌reaction

M air - Molecular‌ ‌mass‌ ‌of‌ ‌air‌ ‌(28.96‌ ‌g/mol)

M CH OH3
- Molecular‌ ‌mass‌ ‌of‌ ‌methanol‌ ‌(42.04‌ ‌g/mol)

M H2
- Molecular‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌(2.02‌ ‌g/mol)

M O2
- Molecular‌ ‌mass‌ ‌of‌ ‌oxygen‌ ‌(32‌ ‌g/mol)

m   - Mass‌ ‌(kg)

ṁi - Mass‌ ‌flow‌ ‌of‌ ‌species‌ ‌“i”‌ ‌(kg/s)

n   - Number‌ ‌of‌ ‌cells‌ ‌OR‌ ‌Number‌ ‌of‌ ‌values

P comp - Compressor‌ ‌power‌ ‌(W)



 

P e - Electrical‌ ‌power‌ ‌(W)

P R - Power‌ ‌required‌ ‌(W)

p1 - Initial‌ ‌system‌ ‌pressure‌ ‌(Pa)

p2 - Final‌ ‌system‌ ‌pressure‌ ‌(Pa)

pair - Air‌ ‌pressure‌ ‌(Pa)

pt - Total‌ ‌pressure‌ ‌(Pa)

Q̇ ‌  - Heating‌ ‌rate‌ ‌(W)

R - Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)

R2 - Coefficient‌ ‌of‌ ‌determination

S - Wing‌ ‌area‌ ‌(m‌2‌)

sΔ - Absolute‌ ‌entropy‌ ‌change‌ ‌(J/molK)

sΔ T - Absolute‌ ‌entropy‌ ‌change‌ ‌at‌ ‌temperature‌ ‌“T”‌ ‌(J/molK)

T - Temperature‌ ‌(K)

T 0 - Reference‌ ‌temperature‌ ‌(25℃‌ ‌/‌ ‌298.15K)

T 1 - Inlet‌ ‌temperature‌ ‌(K)

T 2 - Exit‌ ‌temperature‌ ‌(K)

TΔ - Change‌ ‌in‌ ‌temperature‌ ‌(K)

Ṫ‌FC‌  - Rate‌ ‌of‌ ‌change‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌temperature‌ ‌(K/s)

t   - Time‌ ‌(s)

u   -‌  Energy‌ ‌density‌ ‌(J/m‌3‌‌ ‌or‌ ‌kWh/L)‌ 

V 0 - Reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌(V)

VΔ 0 - Change‌ ‌in‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌(V)

V 0 HHV - Reversible‌ ‌potential‌ ‌based‌ ‌on‌ ‌HHV‌ ‌of‌ ‌fuel‌ ‌(V)

V std
0 HHV - Standard-state‌ ‌reversible‌ ‌potential‌ ‌(V)

V c - Cell‌ ‌voltage‌ ‌(V)

V HHV - Theoretical‌ ‌potential‌ ‌based‌ ‌on‌ ‌HHV‌ ‌of‌ ‌fuel‌ ‌(V)



 

V LHV - Theoretical‌ ‌potential‌ ‌based‌ ‌on‌ ‌LHV‌ ‌of‌ ‌fuel‌ ‌(V)

olv - Volume

v∞ - Free‌ ‌stream‌ ‌air‌ ‌velocity‌ ‌(m/s)

W - Aircraft‌ ‌weight‌ ‌(N)

x   - Mass‌ ‌transport‌ ‌loss‌ ‌empirical‌ ‌constant‌ ‌1‌ ‌(V)

y - Mass‌ ‌transport‌ ‌loss‌ ‌empirical‌ ‌constant‌ ‌2‌ ‌(cm‌2‌/A)

Z - Gas‌ ‌deviation‌ ‌factor

z - Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel

Greek‌ 

α - Charge‌ ‌transfer‌ ‌coefficient

αt - Thermal‌ ‌diffusivity‌ ‌(m‌2‌/s)

γ - Specific‌ ‌heat‌ ‌ratio

ηcomp - Compressor‌ ‌efficiency

ηF C - Real‌ ‌fuel‌ ‌cell‌ ‌efficiency

ηfuel - Fuel‌ ‌utilisation‌ ‌coefficient

ηvolt - Cell‌ ‌efficiency

λ   - Stoichiometric‌ ‌factor

ρx - Density‌ ‌of‌ ‌“x”‌ ‌(kg/m‌3‌)

ϱx - Partial‌ ‌pressure‌ ‌of‌ ‌“x”‌ ‌in‌ ‌balanced‌ ‌reaction‌ ‌(Pa)

Ω   - Area‌ ‌specific‌ ‌resistance‌ ‌(Ωcm‌2‌)
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Chapter‌ ‌1‌ Introduction‌ 

1.1‌ Motivations‌ 

Aircraft‌ ‌electrification‌ ‌is‌ ‌seen‌ ‌as‌‌the‌‌primary‌‌driving‌‌force‌‌towards‌‌the‌‌goal‌‌of‌‌significantly‌                           

reducing‌ ‌aviation‌ ‌industry‌ ‌greenhouse‌ ‌gas‌ ‌emissions‌ ‌by‌ ‌2050‌ ‌[1-4].‌ ‌Military‌ ‌applications‌                     

would‌ ‌also‌ ‌benefit‌ ‌from‌ ‌increased‌ ‌aircraft‌ ‌electrification‌ ‌as‌ ‌the‌ ‌inherent‌ ‌reduction‌ ‌of‌ ‌both‌                         

acoustic‌ ‌and‌ ‌thermal‌ ‌emissions‌ ‌would‌ ‌improve‌ ‌an‌ ‌aircraft's‌ ‌stealth.‌ ‌ 

A‌‌tool‌‌to‌‌quickly‌‌and‌‌easily‌‌predict‌‌the‌‌electrical‌‌generation‌‌capacity‌‌of‌‌existing‌‌aircraft‌‌has‌                             

been‌‌identified‌‌as‌‌missing‌‌from‌‌the‌‌current‌‌literature.‌‌The‌‌use‌‌of‌‌such‌‌a‌‌tool‌‌would‌‌enable‌‌the‌                                 

requirements‌‌of‌‌electrical‌‌power‌‌generation‌‌systems‌‌to‌‌be‌‌defined‌‌early‌‌in‌‌the‌‌system‌‌design‌                           

stage.‌ ‌Indeed,‌ ‌the‌ ‌need‌ ‌for‌ ‌power‌‌system‌‌flexibility‌‌has‌‌been‌‌identified‌‌as‌‌a‌‌primary‌‌design‌                             

parameter‌ ‌in‌ ‌the‌ ‌BAE‌ ‌Systems‌ ‌Tempest‌ ‌programme‌ ‌[5].‌ ‌ 

Traditionally,‌‌increased‌‌electrification‌‌of‌‌systems‌‌is‌‌realised‌‌through‌‌the‌‌use‌‌of‌‌batteries.‌‌Fuel‌                         

cell‌‌systems‌‌have‌‌been‌‌widely‌‌reported‌‌to‌‌offer‌‌significant‌‌advantages‌‌over‌‌batteries‌‌[6-11]‌‌in‌                           

particular‌ ‌in‌ ‌the‌ ‌area‌ ‌of‌ ‌energy‌ ‌storage‌ ‌density‌ ‌[6].‌ ‌However,‌ ‌the‌ ‌use‌ ‌of‌ ‌hydrogen‌ ‌as‌ ‌an‌                               

energy‌‌carrier‌‌can‌‌present‌‌a‌‌challenge‌‌due‌‌to‌‌the‌‌chemical‌‌properties‌‌of‌‌the‌‌molecule‌‌[12-14].‌                             

One‌‌potential‌‌solution‌‌is‌‌to‌‌use‌‌a‌‌liquid‌‌energy‌‌carrier‌‌such‌‌as‌‌methanol.‌‌A‌‌system‌‌of‌‌systems‌                                 

comparison‌‌between‌‌the‌‌two‌‌technologies‌‌would‌‌provide‌‌interesting‌‌insights‌‌into‌‌the‌‌problem‌                       

and‌ ‌potential‌ ‌solution.‌ ‌ 

Fuel‌‌cell‌‌modelling‌‌efforts‌‌centred‌‌around‌‌detailed‌‌electrochemical‌‌principles‌‌are‌‌the‌‌focus‌‌of‌                         

a‌‌majority‌‌of‌‌existing‌‌literature‌‌[15-25].‌‌Additionally,‌‌research‌‌has‌‌focused‌‌on‌‌modelling‌‌the‌                         

thermodynamics‌ ‌of‌ ‌fuel‌ ‌cells‌ ‌[26,27]‌ ‌and‌ ‌their‌ ‌transient‌ ‌response‌ ‌under‌ ‌various‌ ‌operating‌                       

conditions‌ ‌[28-31].‌ ‌This‌ ‌work‌ ‌will‌ ‌differ‌‌from‌‌the‌‌masses‌‌as‌‌it‌‌will‌‌focus‌‌on‌‌the‌‌challenges‌                               

associated‌ ‌with‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌system.‌ ‌These‌‌challenges‌‌can‌‌be‌‌grouped‌‌into‌‌those‌‌associated‌                           

with‌‌each‌‌subsystem‌‌in‌‌the‌‌overall‌‌system:‌‌fuel‌‌cell‌‌stack,‌‌fuel‌‌storage‌‌and‌‌delivery,‌‌oxidant‌                             

and‌ ‌thermal‌ ‌management.‌ ‌ 
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The‌‌reduction‌‌of‌‌harmful‌‌emissions‌‌from‌‌the‌‌aviation‌‌sector,‌‌a‌‌key‌‌motivation‌‌of‌‌this‌‌work‌‌is‌‌                               

shared‌‌by‌‌a‌‌large‌‌European‌‌Consortium‌‌Joint‌‌Undertaking‌‌who‌‌published‌‌a‌‌report‌‌at‌‌the‌‌end‌‌                             

of‌‌2020‌‌[1].‌‌This‌‌report‌‌gives‌‌an‌‌excellent‌‌high-level‌‌overview‌‌of‌‌the‌‌economics‌‌and‌‌climate‌‌                             

impact‌ ‌associated‌ ‌with‌ ‌the‌ ‌integration‌ ‌of‌ ‌hydrogen‌ ‌technologies‌ ‌in‌ ‌aviation.‌ ‌The‌ ‌work‌‌                       

presented‌ ‌in‌ ‌this‌ ‌Thesis‌ ‌offers‌ ‌additional‌ ‌insight‌ ‌into‌ ‌this‌ ‌field‌ ‌through‌‌the‌‌development‌‌of‌‌                           

novel‌ ‌modelling‌ ‌techniques‌ ‌for‌ ‌fuel‌ ‌cell‌ ‌powered‌ ‌more‌ ‌electric‌ ‌aircraft.‌ ‌ 

1.2‌ Current‌ ‌Research‌ ‌Aim‌ ‌and‌ ‌Objectives‌ ‌ 

The‌ ‌aim‌ ‌of‌ ‌this‌ ‌study‌ ‌was‌ ‌to:‌ 

Explore‌ ‌the‌ ‌applicability‌ ‌and‌ ‌limitations‌ ‌of‌ ‌utilising‌ ‌fuel‌ ‌cells‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌  ‌aircraft‌‌ 

electrification‌ ‌ 

The‌ ‌key‌ ‌objectives‌ ‌of‌ ‌this‌ ‌study‌ ‌were‌ ‌to:‌ ‌ 

1. Define‌‌a‌‌methodology‌‌to‌‌predict‌‌the‌‌electrical‌‌requirements,‌‌propulsive‌‌or‌‌auxiliary‌‌of‌‌                       

any‌ ‌aircraft‌ ‌based‌ ‌on‌ ‌the‌ ‌highest‌ ‌level‌ ‌design‌ ‌information.‌ ‌ 

2. Critically‌‌analyse‌‌existing‌‌fuel‌‌cell‌‌technologies‌‌and‌‌down-select‌‌to‌‌two‌‌technologies.‌‌                     

Assess‌ ‌the‌ ‌required‌ ‌balance‌ ‌of‌‌plant‌‌necessary‌‌for‌‌a‌‌complete‌‌system‌‌of‌‌systems‌‌for‌‌                           

the‌ ‌down-selected‌ ‌fuel‌ ‌cell‌ ‌technologies.‌ ‌ 

3. Produce‌ ‌and‌ ‌evaluate‌ ‌a‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌of‌ ‌systems‌ ‌sizing‌ ‌model‌ ‌to‌ ‌assist‌‌                           

aircraft‌ ‌designers‌ ‌during‌ ‌an‌ ‌aircraft's‌ ‌preliminary‌ ‌design‌ ‌phase.‌ ‌ 

1.3‌ Knowledge‌ ‌Contribution‌ ‌ 

A‌ ‌validated‌‌aircraft‌‌characterisation‌‌model‌‌based‌‌on‌‌a‌‌unique‌‌database‌‌of‌‌519‌‌current‌‌(as‌‌of‌‌                             

2020)‌ ‌commercial‌ ‌aircraft‌ ‌has‌ ‌been‌ ‌created‌ ‌and‌ ‌published‌ ‌[32].‌ ‌The‌ ‌model‌ ‌enables‌ ‌the‌‌                         

prediction‌ ‌of‌ ‌an‌ ‌aircraft’s‌ ‌electrical‌ ‌generation‌ ‌capability‌ ‌or‌ ‌propulsive‌ ‌requirements‌ ‌using‌‌                     

readily‌ ‌available,‌ ‌high-level‌ ‌aircraft‌ ‌design‌ ‌information.‌ ‌ 

A‌ ‌system‌ ‌of‌ ‌systems‌ ‌analysis‌ ‌model‌ ‌was‌‌created,‌‌presented‌‌and‌‌published‌‌which‌‌compared‌‌                         

Polymer‌ ‌Electrolyte‌ ‌Membrane‌ ‌(PEMFC)‌ ‌and‌ ‌Direct‌ ‌Methanol‌ ‌Fuel‌ ‌Cell‌ ‌(DMFC)‌‌                   

technologies‌‌directly‌‌[33].‌‌Although‌‌the‌‌focus‌‌of‌‌this‌‌publication‌‌was‌‌the‌‌automotive‌‌market,‌‌                         

the‌ ‌same‌ ‌approach‌ ‌was‌ ‌applied‌ ‌to‌ ‌aircraft‌ ‌during‌ ‌this‌ ‌Thesis.‌ ‌ 
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To‌ ‌the‌‌authors'‌‌knowledge‌‌this‌‌work‌‌represents‌‌one‌‌of‌‌the‌‌first‌‌documented‌‌fuel‌‌cell‌‌system‌‌                             

models‌ ‌to‌‌use‌‌a‌‌‘system‌‌of‌‌systems’‌‌approach,‌‌account‌‌for‌‌altitude‌‌effects‌‌on‌‌system‌‌design‌‌                             

and‌ ‌be‌ ‌suitable‌ ‌for‌ ‌different‌ ‌aircraft‌ ‌types‌ ‌and‌ ‌mission‌ ‌requirements.‌ ‌ 

1.4‌ Thesis‌ ‌Outline‌ ‌ 

This‌ ‌Thesis‌ ‌is‌ ‌written‌ ‌using‌ ‌a‌ ‌paper-style‌ ‌format‌ ‌where‌ ‌each‌ ‌of‌ ‌the‌ ‌Chapters‌ ‌has‌ ‌been‌                             

designed‌ ‌as‌ ‌a‌ ‌stand-alone‌ ‌item‌ ‌to‌ ‌aid‌ ‌ease‌ ‌of‌ ‌reading‌ ‌whilst‌ ‌contributing‌ ‌to‌ ‌the‌ ‌aim‌ ‌and‌‌                               

objectives.‌ ‌ 

Chapter‌ ‌2‌ ‌discusses‌ ‌the‌ ‌need‌ ‌for‌ ‌increased‌ ‌aircraft‌ ‌electrification‌ ‌and‌ ‌details‌ ‌the‌ ‌work‌‌                         

carried‌ ‌out‌ ‌and‌ ‌results‌ ‌produced‌ ‌from‌ ‌the‌ ‌aircraft‌ ‌electrical‌ ‌characterisation‌ ‌model.‌ ‌ 

Chapter‌‌3‌‌provides‌‌detailed‌‌information‌‌on‌‌various‌‌fuel‌‌cell‌‌types‌‌and‌‌the‌‌reasoning‌‌behind‌‌                           

the‌ ‌downselection‌ ‌of‌ ‌polymer‌ ‌electrolyte‌ ‌membrane‌ ‌and‌ ‌direct‌ ‌methanol‌ ‌fuel‌ ‌cell‌‌                     

technologies.‌ ‌ 

Chapter‌‌4‌‌covers‌‌the‌‌creation‌‌of‌‌a‌‌fuel‌‌cell‌‌potential‌‌equation‌‌which‌‌accounts‌‌for‌‌variations‌‌                             

in‌ ‌electrical‌ ‌potential‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌  ‌pressure,‌ ‌fluid‌ ‌concentration‌ ‌and‌ ‌temperature.‌ ‌ 

Chapter‌ ‌5‌ ‌compares‌ ‌and‌ ‌contrasts‌ ‌different‌ ‌fuel‌ ‌storage‌ ‌systems‌ ‌for‌ ‌both‌ ‌molecular‌‌                       

hydrogen‌ ‌and‌ ‌liquid‌ ‌methanol.‌ ‌Optimum‌ ‌solutions‌ ‌in‌ ‌terms‌ ‌of‌ ‌specific‌ ‌energy‌ ‌and‌ ‌energy‌‌                         

density‌ ‌are‌ ‌determined‌ ‌for‌ ‌each‌ ‌fuel‌ ‌type.‌ ‌ 

Chapter‌ ‌6‌ ‌introduces‌ ‌the‌ ‌concepts‌ ‌of‌ ‌air-breathing,‌ ‌air-independant‌ ‌and‌‌hybrid‌‌designs‌‌for‌‌                       

fuel‌ ‌cell‌ ‌oxidant‌ ‌systems.‌ ‌ 

Chapter‌ ‌7‌ ‌discusses‌ ‌the‌ ‌four‌ ‌main‌‌thermal‌‌management‌‌strategies‌‌for‌‌fuel‌‌cells‌‌along‌‌with‌‌                           

their‌ ‌typical‌ ‌applications‌ ‌and‌ ‌potential‌ ‌limitations.‌ ‌ 

Chapter‌‌8‌‌provides‌‌a‌‌summary‌‌of‌‌the‌‌previous‌‌chapters’‌‌contributions‌‌to‌‌the‌‌overall‌‌dynamic‌‌                           

system‌‌of‌‌systems‌‌fuel‌‌cell‌‌model.‌‌Case‌‌studies‌‌are‌‌then‌‌carried‌‌out‌‌on‌‌a‌‌range‌‌of‌‌aircraft‌‌to‌‌                                   

demonstrate‌ ‌the‌ ‌applicability‌ ‌of‌ ‌the‌ ‌model.‌ ‌ 

‌ 
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Chapter‌ ‌2‌ More‌ ‌Electric‌ ‌Aircraft‌ ‌ 
‌ 

‌ 

2.1‌ The‌ ‌Need‌ ‌for‌ ‌Electrification‌ ‌ 

Several‌‌factors‌‌are‌‌driving‌‌the‌‌rapid‌‌increase‌‌in‌‌aircraft‌‌electrification‌‌and‌‌popularity‌‌of‌‌more‌‌                           

electric‌ ‌aircraft‌ ‌such‌ ‌as‌ ‌the‌ ‌Boeing‌ ‌787.‌ ‌The‌ ‌main‌ ‌driving‌ ‌factor‌ ‌for‌ ‌the‌ ‌whole‌ ‌aviation‌‌                             

industry‌ ‌is‌ ‌the‌ ‌pressure‌ ‌to‌ ‌significantly‌ ‌reduce‌ ‌harmful‌ ‌emissions‌ ‌by‌ ‌2050‌ ‌[1,2].‌ ‌The‌‌                         

importance‌ ‌of‌ ‌reducing‌ ‌the‌ ‌anthropogenic‌ ‌effects‌ ‌on‌ ‌climate‌ ‌change‌ ‌was‌ ‌demonstrated‌ ‌in‌‌                       

2015‌ ‌by‌ ‌the‌ ‌signing‌ ‌of‌ ‌the‌ ‌Paris‌ ‌Agreement‌ ‌by‌ ‌nearly‌ ‌200‌ ‌countries‌ ‌[3].‌ ‌ 

When‌ ‌looking‌ ‌at‌ ‌military‌ ‌aviation‌ ‌specifically,‌ ‌the‌ ‌operational‌ ‌environmental‌ ‌impact,‌‌                   

although‌ ‌still‌ ‌important,‌ ‌is‌ ‌not‌ ‌the‌ ‌key‌ ‌factor‌ ‌driving‌ ‌the‌ ‌move‌ ‌to‌ ‌increased‌‌electrification.‌‌                           

The‌ ‌use‌ ‌of‌ ‌increased‌ ‌electrification‌ ‌(or‌ ‌total‌ ‌electrification)‌ ‌has‌ ‌the‌ ‌potential‌ ‌to‌ ‌reduce‌ ‌the‌‌                           

observability‌ ‌(both‌ ‌acoustic‌ ‌and‌ ‌thermal)‌ ‌of‌ ‌the‌ ‌aircraft.‌ ‌ 

The‌ ‌primary‌ ‌sources‌ ‌of‌ ‌both‌ ‌acoustic‌ ‌and‌ ‌thermal‌ ‌emissions‌ ‌from‌ ‌aircraft‌‌are‌‌concentrated‌‌                         

around‌ ‌the‌ ‌motive‌‌power‌‌plant.‌‌Acoustic‌‌emissions‌‌are‌‌most‌‌evident‌‌from‌‌the‌‌movement‌‌of‌‌                           

air‌ ‌by‌ ‌the‌ ‌propulsor,‌ ‌either‌ ‌propeller‌ ‌or‌ ‌fan‌ ‌and‌ ‌the‌ ‌engine‌ ‌exhaust.‌‌Thermal‌‌emissions‌‌are‌‌                             

primarily‌‌associated‌‌with‌‌the‌‌engine‌‌exhaust‌‌and‌‌can‌‌reach‌‌over‌‌650‌‌℃‌‌[4].‌‌Both‌‌emissions‌‌                             

can‌ ‌be‌ ‌reduced‌ ‌through‌ ‌increased‌ ‌electrification‌ ‌by‌ ‌two‌ ‌means:‌ ‌ 

1. Engine‌ ‌downsizing,‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌demands‌ ‌being‌ ‌taken‌ ‌away‌ ‌from‌ ‌the‌ ‌gas‌ ‌turbine‌‌                           

engine‌ ‌and‌ ‌being‌‌given‌‌to‌‌an‌‌alternative,‌‌low-temperature‌‌power‌‌source.‌‌This‌‌would‌‌                       

result‌ ‌in‌ ‌a‌ ‌more‌ ‌electric‌ ‌aircraft.‌ ‌ 

2. Engine‌ ‌replacement,‌ ‌using‌ ‌an‌ ‌electrically‌ ‌driven‌ ‌propeller.‌ ‌This‌ ‌is‌ ‌likely‌ ‌to‌ ‌be‌‌                       

combined‌ ‌with‌ ‌a‌ ‌reduction‌ ‌in‌ ‌aircraft‌ ‌size‌ ‌and‌ ‌speed‌ ‌requirements.‌ ‌Hypothetically,‌‌                     

this‌ ‌could‌ ‌be‌ ‌an‌ ‌ideal‌ ‌scenario‌ ‌for‌ ‌a‌ ‌surveillance‌ ‌High-Altitude‌ ‌Long-Endurance‌‌                     

(HALE)‌‌Unmanned‌‌Aerial‌‌Vehicle‌‌(UAV).‌‌The‌‌result‌‌of‌‌this‌‌scenario‌‌would‌‌be‌‌a‌‌fully‌‌                           

electric‌ ‌aircraft.‌ ‌This‌ ‌aircraft‌ ‌type‌ ‌can‌ ‌also‌ ‌be‌ ‌defined‌ ‌as‌ ‌one‌ ‌with‌ ‌no‌ ‌on-board‌‌                           

internal‌ ‌combustion‌ ‌power‌ ‌source.‌ ‌ 
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The‌‌main‌‌bulk‌‌of‌‌this‌‌Thesis‌‌will‌‌be‌‌centered‌‌around‌‌the‌‌use‌‌of‌‌low-temperature‌‌fuel‌‌cells‌‌as‌‌                                 

an‌ ‌alternative‌ ‌electrical‌ ‌power‌ ‌provider‌ ‌onboard‌ ‌more-electric‌ ‌and‌ ‌fully-electric‌ ‌aircraft.‌‌In‌‌                     

advance‌ ‌of‌ ‌this‌‌discussion‌‌a‌‌grounding‌‌must‌‌first‌‌be‌‌set‌‌by‌‌looking‌‌at‌‌the‌‌existing‌‌electrical‌‌                               

generation‌ ‌methods‌ ‌and‌ ‌how‌ ‌to‌ ‌predict‌ ‌required‌ ‌capacity.‌ ‌ 

2.2‌ Aircraft‌ ‌Electrical‌ ‌Power‌ ‌ 

In‌‌modern‌‌aircraft,‌‌a‌‌majority‌‌of‌‌electrical‌‌power‌‌produced‌‌onboard‌‌is‌‌done‌‌so‌‌using‌‌rotating‌‌                             

machines.‌ ‌Typically‌ ‌these‌ ‌are‌ ‌driven‌ ‌mechanically‌‌from‌‌the‌‌powerplant‌‌or‌‌Auxiliary‌‌Power‌‌                       

Unit‌‌(APU)‌‌or‌‌motored‌‌by‌‌the‌‌freestream‌‌airflow‌‌around‌‌the‌‌aircraft‌‌in‌‌the‌‌case‌‌of‌‌emergency‌‌                               

Ram‌ ‌Air‌ ‌Turbines‌ ‌(RAT).‌ ‌Currently,‌ ‌the‌ ‌state‌ ‌of‌‌the‌‌art‌‌power‌‌density‌‌for‌‌an‌‌engine‌‌driven‌‌                               

starter-generator‌ ‌unit‌ ‌coupled‌ ‌with‌ ‌the‌ ‌necessary‌ ‌power‌ ‌conversion‌ ‌unit‌ ‌is‌ ‌500‌ ‌W/kg‌ ‌[5].‌ ‌ 

As‌ ‌the‌ ‌trend‌ ‌towards‌ ‌more-electric‌ ‌and‌ ‌eventually‌ ‌all-electric‌ ‌aircraft,‌ ‌other‌ ‌conventional‌‌                     

secondary‌ ‌power‌ ‌systems‌ ‌such‌ ‌as‌ ‌pneumatic,‌ ‌hydraulic‌ ‌and‌ ‌mechanical‌ ‌will‌ ‌need‌ ‌to‌ ‌be‌‌                         

converted‌‌to‌‌either‌‌electrically‌‌supported‌‌or‌‌fully‌‌electric‌‌systems.‌‌Currently,‌‌these‌‌secondary‌‌                       

power‌ ‌systems‌ ‌along‌ ‌with‌ ‌existing‌ ‌electrical‌ ‌systems‌ ‌account‌ ‌for‌ ‌approximately‌ ‌5%‌ ‌of‌‌the‌‌                         

total‌‌flight‌‌fuel‌‌burn‌‌[6].‌‌Therefore,‌‌any‌‌efficiency‌‌increase‌‌associated‌‌with‌‌the‌‌change‌‌from‌‌                           

traditional‌ ‌secondary‌ ‌systems‌ ‌to‌ ‌electrified‌ ‌systems‌ ‌will‌ ‌lead‌ ‌to‌ ‌operational‌ ‌cost‌ ‌savings.‌ ‌ 

A‌ ‌tool‌ ‌to‌ ‌quickly‌ ‌and‌ ‌easily‌ ‌predict‌ ‌the‌ ‌electrical‌ ‌generation‌‌capacity‌‌of‌‌existing‌‌aircraft‌‌is‌‌                             

missing‌ ‌from‌ ‌the‌ ‌current‌ ‌literature.‌ ‌The‌ ‌understanding‌ ‌which‌ ‌could‌ ‌be‌ ‌gained‌ ‌by‌ ‌someone‌‌                         

using‌ ‌such‌ ‌a‌ ‌tool‌ ‌would‌ ‌greatly‌ ‌help‌ ‌with‌ ‌the‌ ‌first‌ ‌step‌ ‌in‌ ‌designing‌ ‌alternative‌ ‌electrical‌‌                             

generation‌ ‌methods‌ ‌such‌ ‌as‌ ‌fuel‌ ‌cell‌ ‌systems.‌ ‌This‌ ‌section‌ ‌will‌ ‌centre‌ ‌on‌ ‌a‌ ‌piece‌ ‌of‌ ‌work‌‌                               

published‌ ‌as‌ ‌an‌ ‌SAE‌ ‌Technical‌ ‌Paper‌ ‌at‌ ‌the‌ ‌SAE‌ ‌Aerotech‌ ‌International‌ ‌Congress‌ ‌and‌‌                         

Exhibition‌ ‌2017‌ ‌[7]‌ ‌which‌ ‌details‌ ‌the‌ ‌categorisation‌ ‌of‌‌aircraft‌‌for‌‌the‌‌purpose‌‌of‌‌electrical‌‌                           

generation‌ ‌capacity‌ ‌prediction.‌ ‌ 

‌ 

‌ 

‌ 

‌ 
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2.2.1‌ Aircraft‌ ‌Categorisation‌ ‌ 

It‌ ‌was‌ ‌hypothesised‌ ‌that‌ ‌it‌ ‌is‌ ‌possible‌ ‌to‌ ‌relate‌ ‌the‌ ‌electrical‌ ‌generation‌ ‌capability‌ ‌of‌ ‌an‌‌                             

aircraft‌ ‌to‌ ‌basic‌ ‌design‌ ‌parameters.‌ ‌The‌ ‌first‌ ‌step‌‌in‌‌proving‌‌this‌‌was‌‌collating‌‌data‌‌for‌‌519‌‌                               

aircraft‌ ‌for‌ ‌categorisation‌ ‌[8-18].‌ ‌The‌ ‌sources‌ ‌used‌ ‌for‌ ‌the‌ ‌collation‌ ‌of‌ ‌this‌ ‌dataset‌ ‌were‌‌                           

deemed‌ ‌highly‌ ‌reliable.‌ ‌Five‌ ‌[8-12]‌ ‌were‌ ‌from‌‌the‌‌Jane’s‌‌series‌‌of‌‌aircraft‌‌reference‌‌books,‌‌                           

three‌‌[13-15]‌‌were‌‌aircraft‌‌training‌‌manuals‌‌and‌‌the‌‌final‌‌three‌‌[16-18]‌‌were‌‌direct‌‌references‌‌                           

from‌ ‌manufacturers'‌ ‌websites.‌ ‌ 

These‌‌aircraft‌‌were‌‌categorised‌‌using‌‌a‌‌two-step‌‌method.‌‌Initially,‌‌11‌‌categories‌‌were‌‌defined‌‌                         

based‌ ‌on‌ ‌an‌‌aircraft’s‌‌primary‌‌role‌‌and‌‌easily‌‌distinguishable‌‌physical‌‌characteristics.‌‌These‌‌                       

categories‌ ‌are‌ ‌summarised‌ ‌in‌ ‌Table‌ ‌2.1.‌ ‌Each‌ ‌category‌ ‌was‌ ‌further‌‌subdivided‌‌based‌‌on‌‌its‌‌                           

propulsion‌ ‌method‌ ‌into‌ ‌those‌ ‌propelled‌ ‌by‌ ‌a‌ ‌propeller‌ ‌and‌ ‌those‌ ‌propelled‌‌by‌‌a‌‌jet‌‌derived‌‌                             

engine.‌ ‌This‌ ‌gave‌ ‌a‌ ‌total‌ ‌of‌ ‌15‌ ‌sub-categories‌ ‌for‌ ‌the‌ ‌model‌ ‌to‌ ‌be‌ ‌based‌ ‌on.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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Table‌ ‌2.1:‌ ‌Aircraft‌ ‌category‌ ‌definitions‌ ‌and‌ ‌number‌ ‌included‌ ‌in‌ ‌study‌ ‌ 

Aircraft‌ ‌Category‌  Key‌ ‌Characteristics‌ ‌  Number‌ ‌In‌ 
Dataset‌ ‌ 

Fuel‌ ‌cell‌‌ 
(propeller)‌ ‌ 

Primary‌‌power‌‌source‌‌must‌‌be‌‌a‌‌fuel‌‌cell.‌‌The‌‌aircraft‌‌                   
can‌ ‌be‌ ‌either‌ ‌manned‌ ‌or‌ ‌unmanned.‌ ‌ 

6‌ ‌ 

All-electric‌‌ 
(propeller)‌ ‌ 

Propulsion‌ ‌must‌ ‌be‌‌provided‌‌by‌‌an‌‌electric‌‌motor‌‌and‌‌                 
electricity‌ ‌must‌ ‌not‌ ‌be‌ ‌supplied‌ ‌by‌ ‌a‌ ‌fuel‌ ‌cell.‌ ‌ 

9‌ ‌ 

Unmanned‌‌ 
(propeller)‌ ‌ 

Any‌ ‌fixed‌ ‌wing‌ ‌aircraft‌ ‌which‌ ‌is‌ ‌either‌ ‌remotely‌‌               
piloted‌ ‌or‌ ‌autonomously‌ ‌controlled‌ ‌and‌ ‌is‌ ‌not‌ ‌all‌‌               
electric‌ ‌or‌ ‌fuel‌ ‌cell.‌ ‌ 

29‌ ‌ 

Bomber‌ ‌and‌‌ 
surveillance‌‌ 
(propeller)‌ ‌ 

Aircraft‌ ‌designed‌ ‌for‌ ‌the‌ ‌primary‌ ‌role‌ ‌of‌ ‌dropping‌‌               
ordinance‌ ‌or‌ ‌performing‌ ‌surveillance.‌ ‌ 

20‌ ‌ 

Fighter‌ ‌and‌ ‌trainer‌‌ 
(jet)‌ ‌ 

A‌‌manned‌‌aircraft,‌‌primary‌‌role‌‌as‌‌a‌‌military‌‌fighter‌‌or‌‌                   
trainer.‌ ‌These‌ ‌aircraft‌ ‌typically‌ ‌have‌ ‌a‌ ‌high‌ ‌thrust‌ ‌to‌‌                 
weight‌ ‌ratio‌ ‌ 

35‌ ‌ 

Fighter‌ ‌and‌ ‌trainer‌‌ 
(propeller)‌ ‌ 

15‌ ‌ 

Transport‌ ‌(jet)‌ ‌  Typically,‌‌a‌‌military‌‌aircraft‌‌for‌‌transporting‌‌personnel.‌‌             
Aircraft‌ ‌in‌ ‌this‌ ‌category‌ ‌generally‌ ‌have‌ ‌Maximum‌‌             
Take-Off‌ ‌Weight‌ ‌(MTOW)‌ ‌greater‌ ‌than‌ ‌100,000‌ ‌kg.‌ ‌ 

9‌ ‌ 

Transport‌‌ 
(propeller)‌ ‌ 

21‌ ‌ 

Airliner‌ ‌and‌‌ 
freighter‌ ‌(jet)‌ ‌ 

Typically,‌ ‌large‌ ‌multi-engine‌ ‌aircraft.‌ ‌  43‌ ‌ 

Airliner‌ ‌and‌‌ 
freighter‌‌ 
(propeller)‌ ‌ 

5‌ ‌ 

Business‌ ‌ 
(jet)‌ ‌ 

An‌ ‌aircraft‌ ‌typically‌ ‌designed‌ ‌for‌ ‌transporting‌ ‌small‌‌             
groups‌ ‌of‌ ‌people.‌ ‌This‌ ‌category‌ ‌also‌ ‌includes‌‌             
privatised‌ ‌versions‌ ‌of‌ ‌larger‌ ‌aircraft.‌ ‌ 

56‌ ‌ 

Business‌‌ 
(propeller)‌ ‌ 

9‌ ‌ 

Utility‌ ‌  Typically,‌ ‌a‌ ‌small,‌ ‌general-purpose‌ ‌aircraft‌ ‌for‌‌           
transporting‌ ‌people‌ ‌or‌ ‌freight.‌ ‌ 

49‌ ‌ 

Amphibian‌ ‌  More‌‌specialised‌‌aircraft‌‌designed‌‌to‌‌take-off‌‌from‌‌and‌‌               
land‌ ‌on‌ ‌water.‌ ‌ 

30‌ ‌ 

Lightplane‌ ‌  Any‌‌aircraft‌‌that‌‌does‌‌not‌‌fit‌‌into‌‌another‌‌category‌‌and‌‌                   
has‌ ‌a‌ ‌MTOW‌ ‌less‌ ‌than‌ ‌3,500‌ ‌kg.‌ ‌ 

183‌ ‌ 
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2.2.2‌ UAV‌ ‌Classifications‌ ‌ 

Unmanned‌‌Aerial‌‌Vehicles‌‌(UAV)‌‌are‌‌defined‌‌by‌‌the‌‌UK‌‌Ministry‌‌of‌‌Defence‌‌(MoD)‌‌as‌‌“an‌‌                             

aircraft‌ ‌that‌ ‌does‌ ‌not‌ ‌carry‌ ‌a‌ ‌human‌ ‌operator,‌ ‌is‌ ‌operated‌ ‌remotely‌ ‌using‌ ‌varying‌ ‌levels‌ ‌of‌‌                             

automated‌ ‌functions,‌ ‌is‌ ‌normally‌ ‌recoverable,‌ ‌and‌ ‌can‌ ‌carry‌‌a‌‌lethal‌‌or‌‌non-lethal‌‌payload”‌‌                         

[19].‌‌They‌‌are‌‌a‌‌component‌‌of‌‌an‌‌Unmanned‌‌Aerial‌‌Systems‌‌(UAS)‌‌which‌‌also‌‌includes‌‌the‌‌                             

ground‌ ‌control‌ ‌elements‌ ‌required‌ ‌for‌ ‌operation.‌ ‌ 

Unmanned‌ ‌aerial‌ ‌vehicles‌ ‌are‌ ‌generally‌ ‌expected‌ ‌to‌ ‌replace‌ ‌a‌ ‌majority‌ ‌of‌ ‌military‌ ‌manned‌‌                         

aircraft‌‌operations‌‌in‌‌the‌‌near‌‌future‌‌[19].‌‌Their‌‌adoption‌‌into‌‌the‌‌UK‌‌military‌‌core‌‌equipment‌‌                             

programme‌‌has‌‌been‌‌accelerated‌‌over‌‌the‌‌last‌‌five‌‌years‌‌[20],‌‌supported‌‌by‌‌the‌‌highest‌‌level‌‌                             

of‌‌government.‌‌Both‌‌the‌‌Prime‌‌Minister‌‌and‌‌Deputy‌‌Prime‌‌Minister‌‌noted‌‌in‌‌2010‌‌that‌‌“The‌‌                             

fast‌ ‌jet‌ ‌fleet‌ ‌will‌ ‌be‌ ‌complemented‌ ‌by‌ ‌a‌ ‌growing‌ ‌fleet‌ ‌of‌ ‌Unmanned‌ ‌Air‌ ‌Vehicles‌ ‌in‌ ‌both‌‌                               

combat‌ ‌and‌ ‌reconnaissance‌ ‌roles”‌ ‌[21].‌ ‌ 

If‌‌UAVs‌‌are‌‌to‌‌truly‌‌serve‌‌a‌‌variety‌‌of‌‌functions‌‌in‌‌the‌‌future‌‌of‌‌military‌‌aviation,‌‌then‌‌there‌‌                                   

will‌ ‌need‌ ‌to‌‌be‌‌as‌‌much‌‌variety‌‌in‌‌size‌‌and‌‌operational‌‌capability‌‌as‌‌there‌‌is‌‌in‌‌the‌‌realm‌‌of‌‌                                     

conventional,‌ ‌manned‌ ‌aircraft.‌ ‌Indeed,‌ ‌the‌ ‌classification‌ ‌of‌ ‌UAVs‌‌is‌‌non-trivial‌‌due‌‌to‌‌their‌‌                         

diverse‌ ‌range‌ ‌of‌ ‌capabilities‌ ‌and‌ ‌sizes.‌ ‌However,‌ ‌the‌ ‌MoD‌ ‌has‌ ‌developed‌ ‌a‌ ‌rather‌ ‌elegant‌‌                           

methodology‌ ‌which‌ ‌classifies‌ ‌UAVs‌ ‌into‌ ‌three‌ ‌groups‌ ‌based‌ ‌on‌ ‌their‌ ‌gross‌‌take-off‌‌weight‌‌                         

and‌‌further‌‌subdivides‌‌based‌‌on‌‌primary‌‌function‌‌and‌‌normal‌‌operating‌‌altitude.‌‌A‌‌condensed‌‌                         

version‌‌of‌‌the‌‌information‌‌contained‌‌within‌‌Joint‌‌Doctrine‌‌Note‌‌2/11‌‌[19]‌‌is‌‌shown‌‌in‌‌Table‌‌                             

2.2.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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Table‌ ‌2.2:‌ ‌Condensed‌ ‌guide‌ ‌to‌ ‌unmanned‌ ‌aerial‌ ‌vehicle‌ ‌classification‌ ‌[19]‌ ‌ 

‌ 

2.2.3‌ Trend‌ ‌Generation‌ ‌ 

For‌ ‌each‌ ‌sub-category,‌ ‌with‌ ‌UAVs‌ ‌assumed‌ ‌to‌ ‌be‌ ‌of‌ ‌a‌ ‌single‌ ‌classification,‌ ‌the‌ ‌Maximum‌‌                           

Take-Off‌ ‌Weight‌ ‌(MTOW)‌ ‌was‌ ‌related‌ ‌to‌ ‌either‌ ‌the‌ ‌propulsive‌ ‌power‌ ‌or‌ ‌maximum‌ ‌thrust‌‌                         

produced‌ ‌by‌ ‌the‌‌aircraft.‌‌This‌‌provided‌‌a‌‌good‌‌correlation‌‌as‌‌expected‌‌from‌‌the‌‌form‌‌of‌‌the‌‌                               

standard‌‌aircraft‌‌thrust‌‌and‌‌power‌‌equations‌‌(Equation‌‌2.1‌‌and‌‌2.2)‌‌which‌‌directly‌‌relate‌‌the‌‌                           

thrust‌‌or‌‌power‌‌required‌‌to‌‌aircraft‌‌weight‌‌for‌‌straight‌‌and‌‌level‌‌flight‌‌[22].‌‌These‌‌equations‌‌                             

are‌ ‌included‌ ‌here‌ ‌for‌ ‌the‌ ‌reader's‌ ‌reference.‌ ‌All‌ ‌modelling‌ ‌carried‌ ‌out‌ ‌as‌ ‌part‌ ‌of‌ ‌this‌‌study‌‌                               

utilised‌ ‌the‌ ‌generated‌ ‌empirical‌ ‌relationships.‌ ‌ 

‌ 

‌ 

‌ 

Classification‌ ‌  Category‌ ‌  Normal‌ ‌Operating‌‌ 
Altitude‌ ‌ 

Example‌ ‌Platforms‌ ‌ 

Class‌ ‌I‌ ‌  
<‌ ‌150‌ ‌kg‌ ‌ 

MICRO‌ ‌<‌ ‌2‌ ‌kg‌ ‌  <‌ ‌200‌ ‌ft‌ ‌  Black‌ ‌Widow‌ ‌ 

MINI‌ ‌2-20‌ ‌kg‌ ‌  <‌ ‌3,000‌ ‌ft‌ ‌  Scan‌ ‌Eagle,‌ ‌Raven‌ ‌ 

SMALL‌ ‌20-150‌ ‌kg‌ ‌  <‌ ‌5,000‌ ‌ft‌ ‌  Hermes‌ ‌90,‌ ‌Luna‌ ‌ 

Class‌ ‌II‌ ‌ 
150-600‌ ‌kg‌ ‌ 

TACTICAL‌ ‌  <‌ ‌10,000‌ ‌ft‌ ‌  Aerostar,‌‌ 
Watchkeeper‌ ‌ 

Class‌ ‌III‌ ‌ 
>‌  ‌600‌ ‌kg‌ ‌ 

Medium-Altitude‌‌ 
Long-Endurance‌ ‌(MALE)‌ ‌ 

<‌ ‌45,000‌ ‌ft‌ ‌  Heron,‌ ‌Reaper‌ ‌ 

High-Altitude‌‌ 
Long-Endurance‌ ‌(HALE)‌ ‌ 

<‌ ‌65,000‌ ‌ft‌ ‌  Global‌ ‌Hawk‌ 

STRIKE‌ ‌/‌ ‌COMBAT‌ ‌  <‌ ‌65,000‌ ‌ft‌ ‌  N/A‌ ‌ 

‌ρ v SCF T R = D = 2
1

∞
2
∞ d = W

C Cl/ d
  (2.1)‌ 

‌v vP R = F T R ∞ = D ∞ = W
C Cl/ d

• v∞   (2.2)‌ 
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Where:‌ ‌ 

Changes‌‌in‌‌MTOW‌‌were‌‌also‌‌found‌‌to‌‌correlate‌‌well‌‌with‌‌the‌‌electrical‌‌generation‌‌capability‌‌                           

of‌ ‌each‌ ‌of‌ ‌the‌ ‌aircraft.‌ ‌The‌ ‌electrical‌‌generation‌‌capability‌‌of‌‌an‌‌aircraft‌‌was‌‌defined‌‌as‌‌the‌‌                               

total‌ ‌capacity‌ ‌of‌ ‌all‌ ‌engine‌ ‌mounted‌ ‌generators‌ ‌as‌ ‌well‌ ‌as‌ ‌any‌ ‌capability‌ ‌provided‌ ‌by‌ ‌an‌ ‌APU.‌ ‌ 

Each‌‌relationship‌‌was‌‌refined‌‌systematically‌‌by‌‌curve‌‌fitting‌‌raw‌‌aircraft‌‌data‌‌using‌‌the‌‌least‌‌                           

squares‌‌method‌‌to‌‌obtain‌‌a‌‌minimum‌‌ ‌value.‌‌When‌‌considering‌‌trendline‌‌options‌‌in‌‌Excel,‌‌            R2                

the‌ ‌focus‌ ‌was‌ ‌on‌ ‌linear‌ ‌and‌ ‌polynomial‌ ‌types‌ ‌as‌ ‌exponential‌ ‌and‌ ‌power‌ ‌lines‌ ‌lead‌ ‌to‌ ‌an‌‌                               

inaccurate‌ ‌Coefficient‌ ‌of‌ ‌Determination‌ ‌  ‌[23].‌ ‌R2  

When‌‌considering‌‌the‌‌regression‌‌analysis‌‌carried‌‌out‌‌by‌‌Excel,‌‌ ‌can‌‌have‌‌a‌‌value‌‌between‌‌                  R2            

zero‌ ‌and‌ ‌one.‌ ‌The‌ ‌larger‌ ‌the‌ ‌value‌ ‌of‌ ‌ ‌the‌ ‌smaller‌ ‌the‌ ‌residual‌ ‌sum‌ ‌of‌ ‌squares‌ ‌and‌‌                R2                  

therefore‌‌the‌‌better‌‌fit‌‌the‌‌trendline‌‌is‌‌to‌‌the‌‌data‌‌[24].‌‌In‌‌some‌‌cases,‌‌the‌‌researched‌‌dataset‌‌                                 

limits‌ ‌the‌ ‌reliability‌ ‌of‌ ‌the‌ ‌empirical‌ ‌relationships.‌ ‌This‌ ‌is‌ ‌because‌ ‌for‌ ‌some‌ ‌aircraft‌‌                         

categories‌ ‌the‌ ‌number‌ ‌of‌ ‌aircraft‌ ‌in‌‌each‌‌MTOW‌‌range‌‌are‌‌not‌‌evenly‌‌distributed.‌‌This‌‌can‌‌                             

cause‌ ‌some‌ ‌empirical‌ ‌relationships‌ ‌to‌ ‌be‌ ‌sensitive‌ ‌to‌ ‌one‌ ‌or‌ ‌two‌ ‌of‌ ‌the‌ ‌included‌ ‌data‌ ‌points.‌ ‌ 

Figure‌ ‌2.1‌ ‌shows‌ ‌the‌ ‌refined‌ ‌relationships‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌bomber‌ ‌and‌‌                       

surveillance‌ ‌aircraft.‌ ‌All‌ ‌of‌‌the‌‌aircraft‌‌included‌‌in‌‌this‌‌trend‌‌are‌‌propelled‌‌using‌‌propellers,‌‌                           

either‌‌by‌‌a‌‌piston‌‌engine‌‌or‌‌turboprop.‌‌The‌‌refined‌‌correlations‌‌for‌‌both‌‌the‌‌propulsive‌‌power‌‌                             

‌Cd    -‌ ‌  Total‌ ‌drag‌ ‌coefficient‌ ‌ 

‌C l    -‌ ‌  Lift‌ ‌coefficient‌ ‌ 

‌D   -‌ ‌  Drag‌ ‌(N)‌ ‌ 

F T R  -‌ ‌  Thrust‌ ‌force‌ ‌required‌ ‌(N)‌ ‌ 

‌P R    -‌ ‌  Power‌ ‌required‌ ‌(W)‌ ‌ 

‌S   -‌ ‌  Wing‌ ‌area‌ ‌(m‌2‌)‌ ‌ 

‌v∞    -‌ ‌  Free‌ ‌stream‌ ‌air‌ ‌velocity‌ ‌(m/s)‌ ‌ 

‌W   -‌ ‌  Aircraft‌ ‌weight‌ ‌(N)‌ ‌ 

‌ρ∞    -‌ ‌  Free‌ ‌stream‌ ‌air‌ ‌density‌ ‌(kg/m‌3‌)‌ ‌ 
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change‌ ‌with‌ ‌MTOW‌ ‌and‌ ‌on-board‌ ‌electrical‌ ‌generation‌ ‌with‌ ‌MTOW‌ ‌show‌ ‌an‌‌excellent‌‌fit‌‌                         

with‌ ‌the‌ ‌collected‌ ‌real‌ ‌aircraft‌ ‌data.‌ ‌Calculated‌ ‌fits‌ ‌and‌ ‌R‌2‌‌ ‌values‌ ‌are‌ ‌shown‌ ‌in‌ ‌Table‌ ‌2.3.‌ ‌ 

‌ 

Figure‌ ‌2.1:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌bomber‌ ‌and‌ ‌surveillance‌‌                     

aircraft‌ ‌ 

Table‌ ‌2.3:‌ ‌Fits‌ ‌and‌ ‌R‌2‌‌ ‌values‌ ‌for‌ ‌correlations‌ ‌from‌ ‌Figure‌ ‌2.1‌ ‌ 

‌ 

Figure‌ ‌2.2‌ ‌shows‌ ‌the‌ ‌refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌fuel‌ ‌cell‌ ‌powered‌ ‌aircraft.‌ ‌All‌ ‌the‌‌                           

aircraft‌ ‌used‌ ‌in‌ ‌the‌ ‌construction‌ ‌of‌ ‌this‌ ‌chart‌ ‌were‌ ‌propelled‌ ‌by‌ ‌a‌ ‌propeller‌ ‌attached‌ ‌to‌ ‌an‌‌                               

electric‌ ‌motor.‌ ‌The‌ ‌correlations‌ ‌for‌ ‌the‌ ‌six‌ ‌existing‌ ‌fuel‌ ‌cell‌ ‌aircraft‌ ‌are‌ ‌exceptional.‌‌                         

However,‌‌the‌‌limited‌‌amount‌‌of‌‌data‌‌available‌‌for‌‌these‌‌aircraft‌‌may‌‌be‌‌skewing‌‌the‌‌results.‌‌                             

Plot‌ ‌  Fitted‌ ‌Correlation‌ ‌(u‌ ‌=‌ ‌MTOW)‌ ‌  R‌2‌ ‌ 

Propulsive‌ ‌power‌ ‌  ‌E u E u E u .14E uP = 1 13− 4 − 5 9− 3 + 6 5− 2 + 3 2−   0.93‌ ‌ 

Electrical‌ ‌generation‌ ‌  ‌E u E u .4E uP = 5 11− 3 − 1 6− 2 + 8 3−   0.98‌ ‌ 
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Calculated‌ ‌fits‌‌and‌‌R‌2‌ ‌values‌‌are‌‌shown‌‌in‌‌Table‌‌2.4.‌‌Appendix‌‌2‌‌contains‌‌the‌‌additional‌‌13‌‌                               

refined‌ ‌correlations.‌ ‌ 

‌ 

Figure‌ ‌2.2:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌fuel‌ ‌cell‌ ‌powered‌ ‌aircraft‌ ‌ 

Table‌ ‌2.4:‌ ‌Fits‌ ‌and‌ ‌R‌2‌‌ ‌values‌ ‌for‌ ‌correlations‌ ‌from‌ ‌Figure‌ ‌2.2‌ ‌ 

‌ 

2.2.4‌ Results‌ ‌ 

Outputs‌ ‌from‌ ‌the‌ ‌aircraft‌‌categorisation‌‌model‌‌were‌‌compared‌‌with‌‌real‌‌data‌‌for‌‌a‌‌selection‌‌                           

of‌‌production‌‌aircraft‌‌which‌‌were‌‌excluded‌‌from‌‌the‌‌trend‌‌generation.‌‌A‌‌range‌‌of‌‌categories‌‌                           

were‌ ‌used‌ ‌for‌ ‌validation‌ ‌as‌ ‌each‌ ‌is‌ ‌based‌ ‌on‌ ‌different‌ ‌relationships.‌ ‌Validation‌ ‌results‌ ‌are‌‌                           

shown‌ ‌in‌ ‌Table‌ ‌2.5.‌ ‌ 

Plot‌ ‌  Fitted‌ ‌Correlation‌ ‌(u‌ ‌=‌ ‌MTOW)‌ ‌  R‌2‌ ‌ 

Propulsive‌ ‌power‌ ‌  ‌E u .37E uP = 2 5− 2 + 2 2−   1.0‌ ‌ 

Electrical‌ ‌generation‌ ‌  ‌E u .07E uP =   − 4 7− 2 + 3 2−   1.0‌ ‌ 
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‌ 

‌ 

Table‌ ‌2.5:‌ ‌Model‌ ‌results‌ ‌for‌ ‌aircraft‌ ‌electrical‌ ‌generation‌ ‌prediction‌ ‌ 

‌ 

The‌‌results‌‌from‌‌the‌‌validation‌‌show‌‌a‌‌good‌‌correlation‌‌between‌‌the‌‌real‌‌and‌‌modelled‌‌data.‌‌                             

Generally,‌‌an‌‌error‌‌of‌‌less‌‌than‌‌5%‌‌was‌‌obtained‌‌by‌‌the‌‌model.‌‌Certain‌‌instances‌‌were‌‌higher‌‌                               

than‌ ‌this‌ ‌cut-off.‌ ‌This‌ ‌occurs‌ ‌in‌ ‌cases‌ ‌where‌ ‌a‌ ‌category‌ ‌consists‌ ‌of‌ ‌a‌ ‌small‌ ‌dataset.‌ ‌ 

Additional‌ ‌application‌ ‌of‌ ‌the‌ ‌model‌ ‌can‌ ‌be‌ ‌made‌ ‌to‌ ‌hypothetical‌ ‌aircraft‌ ‌to‌ ‌provide‌ ‌a‌‌                           

preliminary‌‌estimation‌‌of‌‌the‌‌power‌‌required,‌‌with‌‌propulsive‌‌or‌‌auxiliary.‌‌For‌‌a‌‌small‌‌Class‌‌I‌‌                             

UAV‌‌with‌‌a‌‌MTOW‌‌of‌‌150‌‌kg,‌‌a‌‌fuel‌‌cell‌‌with‌‌a‌‌power‌‌output‌‌of‌‌18‌‌kW‌‌would‌‌be‌‌required‌‌to‌‌                                         

provide‌‌propulsive‌‌duties.‌‌Alternatively,‌‌a‌‌business‌‌jet‌‌requiring‌‌fuel‌‌cell‌‌auxiliary‌‌power‌‌and‌‌                         

with‌ ‌a‌ ‌MTOW‌ ‌of‌ ‌50‌ ‌tonnes‌ ‌would‌ ‌require‌ ‌an‌ ‌87‌ ‌kW‌ ‌fuel‌ ‌cell‌ ‌system.‌ ‌ 

2.3‌ Aircraft‌ ‌Specific‌ ‌Considerations‌ ‌ 

In‌‌comparison‌‌to‌‌both‌‌the‌‌automotive‌‌and‌‌marine‌‌industries,‌‌there‌‌are‌‌several‌‌aircraft-specific‌‌                         

considerations‌ ‌that‌ ‌directly‌ ‌impact‌ ‌the‌ ‌design‌ ‌of‌ ‌alternative‌ ‌electricity‌ ‌generation‌ ‌systems.‌‌                     

Specifically,‌ ‌these‌ ‌can‌ ‌be‌ ‌grouped‌ ‌into‌ ‌two‌ ‌main‌ ‌sections.‌ ‌The‌ ‌first‌ ‌being‌ ‌the‌ ‌extreme‌‌                           

operating‌ ‌environment‌ ‌associated‌ ‌with‌ ‌altitude‌ ‌and‌ ‌the‌ ‌second‌ ‌being‌ ‌increased‌ ‌packaging‌‌                     

constraints,‌‌including‌‌more‌‌stringent‌‌requirements‌‌for‌‌physical‌‌size‌‌and‌‌mass.‌‌In‌‌this‌‌section‌‌                         

Aircraft‌ ‌  Electrical‌ ‌Generation‌ ‌Capability‌ ‌Prediction‌ ‌ 

Real‌ ‌  Model‌ ‌  Error‌ 

Lockheed‌ ‌Martin‌ ‌F-35B‌ ‌ 
(fighter‌ ‌&‌ ‌trainer)‌ ‌ 

60‌ ‌kW‌ ‌  58‌ ‌kW‌ ‌  3.3%‌ ‌ 

Airbus‌ ‌A400M‌ ‌ 
(transport)‌ ‌ 

225‌ ‌kW‌ ‌  226‌ ‌kW‌ ‌  0.4%‌ ‌ 

Reims‌ ‌F406‌ ‌ 
(utility)‌ ‌ 

7‌ ‌kW‌ ‌  6.6‌ ‌kW‌ ‌  6.3%‌ ‌ 

Aviat‌ ‌Husky‌ ‌A-1‌ ‌ 
(lightplane)‌ ‌ 

0.98‌ ‌kW‌ ‌  0.96‌ ‌kW‌ ‌  2.0%‌ ‌ 
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design‌ ‌consideration‌ ‌will‌ ‌be‌ ‌introduced‌ ‌and‌ ‌the‌ ‌implications‌ ‌on‌ ‌the‌‌system‌‌discussed.‌‌This‌‌                         

will‌ ‌be‌ ‌expanded‌ ‌into‌ ‌specific‌ ‌effects‌ ‌on‌ ‌performance‌ ‌in‌ ‌later‌ ‌chapters.‌ ‌ 

2.3.1‌ Operating‌ ‌Environment‌ ‌ 

During‌ ‌operation,‌ ‌aircraft‌ ‌operate‌ ‌at‌ ‌an‌ ‌elevated‌ ‌altitude.‌ ‌This‌ ‌can‌ ‌range‌ ‌from‌ ‌just‌ ‌above‌‌                           

sea-level‌‌for‌‌small‌‌remotely‌‌operated‌‌UAV‌‌to‌‌in‌‌excess‌‌of‌‌60,000‌‌ft‌‌(18,290‌‌m),‌‌the‌‌certified‌‌                               

altitude‌ ‌for‌ ‌a‌ ‌Northrop‌ ‌Grumman‌ ‌RQ-4B‌ ‌Global‌ ‌Hawk‌ ‌[12].‌ ‌As‌ ‌altitude‌ ‌increases‌ ‌the‌‌                         

properties‌ ‌of‌ ‌air‌ ‌change.‌ ‌Of‌ ‌primary‌ ‌concern‌ ‌to‌ ‌the‌ ‌design‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌are‌ ‌the‌‌                                 

temperature‌‌and‌‌pressure‌‌of‌‌the‌‌air.‌‌Another‌‌important‌‌parameter‌‌which‌‌must‌‌be‌‌considered‌‌if‌‌                           

an‌ ‌air‌ ‌compressor‌ ‌is‌ ‌required‌ ‌is‌‌the‌‌density‌‌of‌‌the‌‌air.‌‌This‌‌can‌‌be‌‌found‌‌from‌‌the‌‌modified‌‌                                   

ideal‌ ‌gas‌ ‌equation‌ ‌shown‌ ‌in‌ ‌Equation‌ ‌2.3.‌ ‌ 

Where:‌ ‌ 

When‌ ‌considering‌ ‌how‌ ‌the‌ ‌mean‌ ‌air‌ ‌temperature‌ ‌and‌ ‌pressure‌ ‌change‌ ‌with‌ ‌increasing‌‌                       

altitude,‌ ‌the‌ ‌first‌ ‌place‌ ‌people‌ ‌turn‌ ‌to‌ ‌for‌ ‌information‌ ‌is‌ ‌the‌ ‌International‌ ‌Standard‌‌                         

Atmosphere‌‌(ISA)‌‌[25].‌‌For‌‌the‌‌majority‌‌of‌‌the‌‌world‌‌land‌‌mass‌‌the‌‌data‌‌contained‌‌in‌‌the‌‌ISA‌‌                                 

is‌ ‌good‌ ‌to‌ ‌use.‌ ‌However,‌ ‌there‌ ‌are‌ ‌regions‌ ‌which‌ ‌have‌ ‌mean‌ ‌average‌ ‌temperatures‌ ‌either‌‌                           

substantially‌ ‌higher‌ ‌or‌ ‌lower‌ ‌than‌ ‌those‌‌included‌‌in‌‌the‌‌ISA.‌‌One‌‌of‌‌the‌‌common‌‌standards‌‌                             

used‌‌for‌‌defining‌‌the‌‌locations‌‌of‌‌the‌‌“hot”‌‌and‌‌“cold”‌‌regions‌‌is‌‌shown‌‌in‌‌Figure‌‌2.3,‌‌taken‌‌                                 

from‌ ‌MIL-STD-210C,‌ ‌contained‌ ‌within‌ ‌MIL-HDK-310‌ ‌[26].‌ ‌ 

‌ pair
T air

= ϱair
R

M air
  (2.3)‌ 

M air -‌ ‌  Molecular‌ ‌mass‌ ‌of‌ ‌air‌ ‌(28.96‌ ‌g/mol)‌ ‌ 

pair    -‌ ‌  Air‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌R   -‌ ‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

T air  -‌ ‌  Air‌ ‌temperature‌ ‌(K)‌ ‌ 

ρair    -‌ ‌  Air‌ ‌density‌ ‌(kg/m‌3‌)‌ ‌ 
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‌ 

Figure‌ ‌2.3:‌ ‌Location‌ ‌of‌ ‌Climatic‌ ‌Regional‌ ‌Types‌ ‌for‌ ‌the‌ ‌Land‌ ‌Areas‌ ‌of‌ ‌the‌ ‌World‌ ‌[26]‌ ‌ 

Using‌ ‌Figure‌ ‌2.3‌ ‌as‌ ‌a‌ ‌reference,‌ ‌“Basic”‌ ‌type‌ ‌land‌ ‌areas‌ ‌are‌ ‌suitably‌ ‌covered‌ ‌by‌ ‌the‌ ‌data‌‌                               

contained‌‌within‌‌the‌‌ISA‌‌[25].‌‌Data‌‌for‌‌“Hot”‌‌type‌‌land‌‌areas‌‌was‌‌taken‌‌from‌‌Table‌‌5.3.1.1.2‌‌                               

and‌‌for‌‌“Cold”‌‌type‌‌land‌‌areas,‌‌Table‌‌5.3.1.2.2‌‌both‌‌from‌‌MIL-HDBK-310‌‌[26].‌‌Both‌‌sets‌‌of‌‌                             

data‌‌provide‌‌temperatures‌‌expected‌‌1%‌‌of‌‌the‌‌time‌‌which‌‌suitably‌‌covers‌‌the‌‌requirement‌‌of‌‌                           

any‌‌system‌‌to‌‌cope‌‌with‌‌extreme‌‌environments.‌‌All‌‌three‌‌plots‌‌of‌‌temperature‌‌variation‌‌with‌‌                           

altitude‌ ‌are‌ ‌included‌ ‌in‌ ‌Figure‌ ‌2.4.‌ ‌ 

As‌ ‌mentioned‌ ‌earlier,‌ ‌in‌ ‌addition‌ ‌to‌ ‌the‌ ‌variation‌ ‌in‌ ‌air‌ ‌temperature,‌ ‌the‌ ‌variation‌ ‌in‌ ‌air‌‌                             

pressure‌ ‌with‌ ‌increasing‌ ‌altitude‌ ‌is‌ ‌also‌ ‌of‌ ‌crucial‌ ‌importance‌ ‌to‌ ‌the‌ ‌design‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell‌‌                               

system‌ ‌for‌ ‌an‌ ‌aircraft.‌ ‌This‌ ‌is‌ ‌because‌‌air‌‌compressor‌‌performance‌‌is‌‌directly‌‌related‌‌to‌‌the‌‌                             

pressure‌ ‌and‌ ‌temperature‌ ‌of‌ ‌the‌ ‌inlet‌ ‌air.‌ ‌ 

Unlike‌ ‌temperature,‌ ‌the‌ ‌three‌ ‌atmospheric‌ ‌models‌ ‌(ISA,‌ ‌MIL-HDBK-310‌ ‌Hot‌ ‌and‌‌                   

MIL-HDBK-310‌ ‌Cold)‌ ‌all‌ ‌show‌ ‌the‌ ‌same‌ ‌mean‌ ‌air‌ ‌pressure‌ ‌variation‌ ‌with‌ ‌increasing‌‌                       

altitude.‌ ‌Figure‌ ‌2.5‌ ‌shows‌ ‌the‌ ‌variation‌ ‌of‌ ‌pressure‌ ‌with‌ ‌altitude.‌ ‌ 
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‌ 

Figure‌ ‌2.4:‌ ‌Temperature‌ ‌variation‌ ‌with‌ ‌altitude‌ ‌based‌ ‌on‌ ‌the‌ ‌International‌ ‌Standard‌‌                     

Atmosphere‌ ‌[25]‌ ‌and‌ ‌MIL-HDBK-310‌ ‌[26]‌ ‌ 

‌ 

Figure‌ ‌2.5:‌ ‌Pressure‌ ‌variation‌ ‌with‌ ‌altitude‌ ‌[25,26]‌ ‌ 
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2.3.2‌ System‌ ‌Packaging‌ ‌ 

The‌ ‌term‌ ‌“system‌ ‌packaging”‌ ‌can‌ ‌be‌ ‌divided‌ ‌into‌ ‌three‌ ‌key‌ ‌elements:‌ ‌mass,‌‌size‌‌(volume)‌‌                           

and‌ ‌subsystem‌ ‌arrangement.‌ ‌Unlike‌ ‌many‌ ‌other‌ ‌industries,‌ ‌such‌ ‌as‌ ‌the‌ ‌automotive‌ ‌and‌‌                       

marine‌ ‌sectors,‌ ‌in‌ ‌the‌ ‌aeronautical‌ ‌environment,‌ ‌all‌ ‌three‌ ‌of‌ ‌these‌ ‌elements‌ ‌are‌ ‌mission‌‌                         

critical.‌ ‌ 

This‌ ‌Thesis‌ ‌will‌ ‌cover‌ ‌the‌ ‌optimisation‌ ‌of‌ ‌system‌ ‌mass‌ ‌and‌ ‌volume‌ ‌for‌ ‌different‌‌                         

arrangements‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌technology.‌ ‌The‌ ‌specific‌ ‌arrangement‌ ‌of‌ ‌the‌ ‌subsystems‌ ‌or‌‌                       

components‌ ‌are‌ ‌beyond‌ ‌the‌ ‌scope‌ ‌of‌ ‌this‌ ‌work‌ ‌as‌ ‌they‌ ‌would‌ ‌be‌ ‌covered‌ ‌in‌ ‌the‌ ‌detailed‌‌                               

design‌ ‌phase‌ ‌of‌ ‌a‌ ‌project.‌ ‌ 

However,‌‌the‌‌author‌‌would‌‌like‌‌to‌‌emphasise‌‌that‌‌the‌‌flexibility‌‌to‌‌arrange‌‌and‌‌rearrange‌‌the‌‌                             

components‌‌and‌‌subsystems‌‌of‌‌the‌‌complete‌‌fuel‌‌cell‌‌system‌‌must‌‌still‌‌be‌‌given‌‌consideration‌‌                           

at‌ ‌this‌ ‌early‌ ‌stage‌ ‌or‌ ‌all‌ ‌preliminary‌ ‌design‌ ‌work‌ ‌would‌ ‌be‌ ‌wasted.‌ ‌ 

2.4‌ Summary‌ ‌ 

The‌ ‌rate‌ ‌of‌ ‌aircraft‌ ‌electrification‌ ‌is‌ ‌increasing‌ ‌and‌ ‌combined‌ ‌with‌ ‌the‌ ‌ever‌ ‌present‌‌                         

environmental‌ ‌pressures,‌ ‌a‌ ‌greater‌ ‌focus‌ ‌is‌‌being‌‌made‌‌on‌‌the‌‌research‌‌and‌‌development‌‌of‌‌                           

novel‌ ‌(to‌ ‌aircraft)‌ ‌electrical‌ ‌generation‌ ‌technologies.‌ ‌To‌ ‌enable‌‌efficient‌‌preliminary‌‌design‌‌                     

decisions‌‌on‌‌fuel‌‌cell‌‌systems‌‌for‌‌aeronautical‌‌applications,‌‌a‌‌predictive‌‌tool‌‌was‌‌constructed‌‌                         

to‌ ‌quickly‌ ‌estimate‌ ‌the‌ ‌peak‌ ‌electrical‌ ‌demand‌ ‌of‌ ‌the‌ ‌user's‌ ‌aircraft.‌ ‌ 

Fifteen‌ ‌aircraft‌ ‌categories‌ ‌have‌ ‌been‌ ‌defined‌ ‌based‌ ‌on‌ ‌the‌ ‌aircrafts‌ ‌primary‌ ‌function‌ ‌and‌‌                         

propulsion‌‌method.‌‌A‌‌model‌‌was‌‌then‌‌developed‌‌which‌‌can‌‌predict‌‌the‌‌electrical‌‌generation‌‌                         

capability‌ ‌and‌ ‌propulsive‌ ‌requirements.‌ ‌Validating‌ ‌the‌ ‌categorisation‌ ‌model‌ ‌against‌ ‌real‌‌                   

aircraft‌ ‌data‌ ‌showed‌ ‌a‌ ‌good‌ ‌correlation‌ ‌between‌ ‌the‌ ‌real‌ ‌and‌ ‌modelled‌ ‌data.‌ ‌Generally,‌ ‌an‌‌                           

error‌ ‌of‌ ‌less‌ ‌than‌ ‌5%‌ ‌was‌‌obtained‌‌by‌‌the‌‌model.‌‌Certain‌‌instances,‌‌higher‌‌than‌‌this‌‌cut-off‌‌                               

percentage‌ ‌arose‌ ‌when‌ ‌the‌ ‌model‌ ‌was‌ ‌based‌ ‌on‌ ‌a‌ ‌small‌ ‌dataset.‌ ‌ 

‌ 

‌ 
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When‌‌designing‌‌the‌‌subsystems‌‌required‌‌to‌‌support‌‌the‌‌operation‌‌of‌‌a‌‌fuel‌‌cell‌‌(Chapters‌‌5-7)‌‌                             

there‌ ‌are‌ ‌considerations‌ ‌specific‌ ‌to‌ ‌aeronautical‌ ‌applications‌ ‌which‌ ‌must‌ ‌be‌‌considered.‌‌Of‌‌                       

primary‌ ‌concern‌ ‌is‌ ‌the‌ ‌extreme‌ ‌operating‌ ‌environment‌ ‌(low‌ ‌temperature‌ ‌and‌ ‌pressure)‌‌                     

provided‌‌by‌‌high-altitude‌‌flight.‌‌Three‌‌atmospheric‌‌models‌‌have‌‌been‌‌introduced‌‌and‌‌will‌‌be‌‌                         

used‌ ‌when‌ ‌modelling‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌subsystems.‌ ‌ 
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Chapter‌ ‌3‌ Zero‌ ‌Emission‌ ‌Aircraft‌ ‌ 
Propulsion‌ ‌ 

‌ 

‌ 

3.1‌ Why‌ ‌Fuel‌ ‌Cells?‌ ‌ 

Several‌ ‌methods‌ ‌exist‌ ‌for‌ ‌reducing‌ ‌the‌ ‌environmental‌ ‌impact‌ ‌of‌ ‌the‌ ‌aeronautical‌ ‌industry.‌‌                       

One‌ ‌solution‌ ‌is‌ ‌to‌ ‌replace‌ ‌the‌ ‌existing‌ ‌fossil‌ ‌based‌ ‌fuelling‌ ‌infrastructure‌ ‌with‌ ‌one‌ ‌based‌‌                           

around‌ ‌either‌ ‌biofuels‌ ‌or‌ ‌synthetic‌ ‌fuels‌ ‌[1].‌ ‌Alternatively,‌ ‌aircraft‌ ‌systems‌ ‌including‌‌                     

propulsion‌ ‌could‌ ‌be‌ ‌electrified‌ ‌and‌ ‌energy‌ ‌provided‌ ‌by‌ ‌either‌ ‌batteries‌ ‌or‌ ‌fuel‌ ‌cell‌ ‌systems.‌ ‌ 

Possible‌ ‌biofuels‌‌such‌‌as‌‌methanol‌‌and‌‌ethanol‌‌[2]‌‌are‌‌derived‌‌from‌‌plant-based‌‌feedstocks.‌‌                         

Therefore,‌‌their‌‌use‌‌as‌‌the‌‌sole‌‌alternative‌‌fuel‌‌for‌‌the‌‌aviation‌‌industry‌‌would‌‌not‌‌be‌‌possible‌‌                               

due‌‌to‌‌the‌‌excessive‌‌requirement‌‌of‌‌arable‌‌land‌‌[3].‌‌Unlike‌‌biofuels,‌‌synthetic‌‌fuels‌‌can‌‌be‌‌a‌‌                               

direct‌ ‌drop-in‌ ‌replacement‌ ‌for‌ ‌traditional‌ ‌Jet‌ ‌A-1‌ ‌[2].‌ ‌However,‌ ‌current‌ ‌synthetic‌ ‌fuels‌ ‌are‌‌                         

still‌‌a‌‌product‌‌of‌‌non-renewable‌‌hydrocarbon‌‌feedstocks‌‌[2,4]‌‌and‌‌therefore‌‌do‌‌not‌‌classify‌‌as‌‌                           

a‌ ‌zero‌ ‌emission‌ ‌propulsion‌ ‌method.‌ ‌ 

Aircraft‌ ‌electrification,‌ ‌either‌ ‌fully‌ ‌or‌ ‌partially,‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌more‌ ‌electric‌ ‌aircraft‌ ‌is‌ ‌a‌‌                             

particularly‌ ‌promising‌ ‌route‌ ‌to‌ ‌emissions‌ ‌reduction‌‌and‌‌even‌‌elimination.‌‌Given‌‌that‌‌power‌‌                       

electronics‌ ‌and‌ ‌electric‌ ‌motors‌ ‌are‌ ‌commonalities‌ ‌between‌ ‌all‌ ‌electro-mechanical‌ ‌systems,‌‌                   

the‌‌key‌‌differentiation‌‌comes‌‌from‌‌the‌‌energy‌‌source‌‌used.‌‌Two‌‌energy‌‌sources‌‌have‌‌gained‌‌                           

significant‌ ‌traction,‌ ‌batteries‌ ‌and‌ ‌fuel‌ ‌cells.‌ ‌ 

Lithium‌ ‌Cobalt‌ ‌Oxide‌‌(LiCoO‌2‌)‌‌batteries‌‌have‌‌been‌‌proven‌‌effective‌‌in‌‌recent‌‌more‌‌electric‌‌                         

aircraft‌ ‌such‌ ‌as‌ ‌the‌‌Boeing‌‌787‌‌[5].‌‌However,‌‌their‌‌poor‌‌energy‌‌density‌‌with‌‌respect‌‌to‌‌fuel‌‌                               

cell‌‌systems,‌‌shown‌‌by‌‌Figure‌‌3.1‌‌[6]‌‌severely‌‌limits‌‌their‌‌application‌‌to‌‌anything‌‌more‌‌than‌‌                             

a‌ ‌supporting‌ ‌role‌ ‌to‌ ‌traditional‌ ‌fuel‌ ‌burning‌ ‌systems.‌ ‌ 

‌ 
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Figure‌ ‌3.1:‌ ‌Specific‌ ‌Energy‌ ‌vs.‌ ‌Specific‌ ‌Power‌ ‌for‌ ‌various‌ ‌energy‌ ‌storage‌ ‌technologies,‌‌                       

including‌ ‌fuel‌ ‌cells‌ ‌and‌ ‌advanced‌ ‌Li-ion‌ ‌batteries‌ ‌[6]‌ ‌reproduced‌ ‌with‌ ‌permission‌ ‌from‌‌                       

Elsevier‌ ‌(Licence:‌ ‌4927150372144)‌ ‌ 

Fuel‌ ‌cells‌ ‌are‌ ‌high-efficiency‌ ‌electrochemical‌ ‌energy‌ ‌conversion‌ ‌devices.‌ ‌They‌ ‌convert‌‌                   

chemical‌ ‌energy‌ ‌into‌ ‌electrical‌ ‌energy‌ ‌and‌ ‌heat‌ ‌through‌ ‌a‌ ‌catalytically‌ ‌supported‌‌                     

REDuction/OXidation‌ ‌(redox)‌ ‌reaction‌ ‌between‌ ‌a‌ ‌fuel‌ ‌and‌ ‌an‌ ‌oxidant.‌ ‌ 

Since‌ ‌its‌ ‌first‌ ‌inception‌ ‌by‌ ‌William‌ ‌Grove‌ ‌in‌ ‌1839,‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌has‌ ‌undergone‌‌                           

significant‌ ‌research‌ ‌and‌ ‌development‌ ‌in‌‌the‌‌ever‌‌present‌‌quest‌‌for‌‌higher‌‌energy‌‌and‌‌power‌‌                           

densities.‌ ‌This‌ ‌has‌ ‌led‌ ‌to‌ ‌the‌‌evolution‌‌of‌‌several‌‌discrete‌‌fuel‌‌cell‌‌technologies.‌‌These‌‌fuel‌                             

cell‌‌technologies‌‌all‌‌operate‌‌on‌‌the‌‌basic‌‌principle‌‌however,‌‌they‌‌utilise‌‌a‌‌range‌‌of‌‌fuel‌‌types‌‌                               

and‌ ‌operating‌ ‌temperature‌ ‌to‌ ‌achieve‌ ‌the‌ ‌electrochemical‌ ‌reaction.‌ ‌In‌ ‌this‌ ‌Chapter‌ ‌each‌ ‌of‌‌                         

these‌ ‌technologies‌ ‌will‌ ‌be‌ ‌compared‌ ‌and‌ ‌contrasted‌ ‌and‌ ‌down‌ ‌selected‌ ‌to‌ ‌the‌ ‌specific‌‌                         

technologies‌ ‌which‌ ‌will‌ ‌be‌ ‌the‌ ‌focus‌ ‌of‌ ‌the‌ ‌research‌ ‌undertaken‌ ‌in‌ ‌this‌ ‌work.‌ ‌ 
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3.2‌ Polymer‌ ‌Electrolyte‌ ‌Membrane‌ ‌Fuel‌ ‌Cells‌ ‌ 

Polymer‌‌Electrolyte‌‌Membrane‌‌Fuel‌‌Cells‌‌(PEMFC)‌‌produce‌‌electricity‌‌as‌‌the‌‌product‌‌of‌‌an‌‌                         

exothermic‌‌electrochemical‌‌reaction‌‌between‌‌a‌‌fuel‌‌and‌‌oxygen‌‌in‌‌the‌‌presence‌‌of‌‌a‌‌platinum‌‌                           

electrocatalyst.‌ ‌The‌ ‌main‌ ‌by-products‌ ‌of‌ ‌this‌ ‌chemical‌ ‌reaction‌ ‌are‌ ‌heat‌ ‌and‌ ‌water‌ ‌[7].‌ ‌ 

When‌ ‌we‌ ‌talk‌ ‌about‌ ‌‘fuel‌ ‌cells’,‌ ‌the‌ ‌primary‌ ‌component‌ ‌or‌ ‌‘cell’‌ ‌refers‌ ‌to‌ ‌a‌ ‌sub-assembly‌‌                             

called‌ ‌the‌ ‌Membrane‌ ‌Electrode‌ ‌Assembly‌ ‌(MEA)‌ ‌[8].‌ ‌The‌ ‌MEA‌ ‌consists‌ ‌of‌ ‌a‌ ‌Polymer‌‌                         

Electrolyte‌‌Membrane‌‌(PEM)‌‌sandwiched‌‌by‌‌an‌‌anode‌‌and‌‌cathode‌‌Gas‌‌Diffusion‌‌Electrode‌‌                       

(GDE).‌‌Gas‌‌diffusion‌‌electrodes‌‌are‌‌themselves‌‌an‌‌assembly‌‌of‌‌a‌‌Gas‌‌Diffusion‌‌Layer‌‌(GDL)‌‌                           

layered‌ ‌with‌ ‌a‌ ‌Catalyst‌ ‌Layer‌ ‌(CL).‌ ‌Figure‌ ‌3.2‌ ‌shows‌ ‌the‌ ‌general‌ ‌arrangement‌ ‌of‌ ‌a‌ ‌PEMFC.‌ ‌ 

‌ 

Figure‌ ‌3.2:‌ ‌General‌ ‌single‌ ‌cell‌ ‌construction‌ ‌for‌ ‌a‌ ‌polymer‌ ‌electrolyte‌ ‌membrane‌  ‌fuel‌ ‌cell‌ ‌ 

‌ 

‌ 

‌ 
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3.2.1‌ Hydrogen‌ ‌Fuel‌ ‌Cell‌ ‌ 

Hydrogen‌ ‌fuelled‌ ‌PEMFCs‌ ‌are‌ ‌low‌ ‌temperature‌ ‌fuel‌ ‌cells‌ ‌with‌ ‌a‌ ‌typical‌ ‌operating‌‌                       

temperature‌‌in‌‌the‌‌range‌‌of‌‌30-100‌‌°C.‌‌They‌‌are‌‌one‌‌of‌‌the‌‌more‌‌common‌‌fuel‌‌cell‌‌types‌‌and‌‌                                   

are‌‌usually‌‌used‌‌in‌‌mobile‌‌and‌‌motive‌‌applications,‌‌although‌‌they‌‌are‌‌also‌‌sometimes‌‌used‌‌in‌‌                             

smaller‌ ‌Combined‌ ‌Heat‌ ‌and‌ ‌Power‌ ‌(CHP)‌ ‌systems.‌ ‌The‌ ‌primary‌ ‌advantage‌ ‌of‌ ‌hydrogen‌‌                       

fuelled‌ ‌PEMFCs‌ ‌is‌ ‌that‌ ‌they‌ ‌benefit‌ ‌from‌ ‌the‌ ‌highest‌ ‌power‌ ‌density‌ ‌of‌ ‌all‌ ‌fuel‌ ‌cell‌‌                             

technologies‌ ‌[9,10]‌ ‌ 

Using‌ ‌Figure‌ ‌3.2‌ ‌as‌ ‌a‌ ‌reference,‌ ‌hydrogen‌ ‌enters‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌at‌ ‌the‌ ‌anode‌ ‌and‌ ‌diffuses‌‌                               

through‌ ‌the‌ ‌GDL.‌ ‌The‌ ‌GDL‌ ‌allows‌ ‌direct,‌ ‌uniform‌ ‌access‌ ‌of‌ ‌the‌ ‌fuel‌ ‌and‌ ‌oxidant‌ ‌to‌ ‌the‌‌                               

catalyst‌ ‌layer‌ ‌[11].‌ ‌Utilising‌ ‌hydrogen‌ ‌as‌ ‌an‌ ‌energy‌ ‌carrier‌ ‌for‌ ‌consumption‌ ‌in‌ ‌a‌ ‌PEMFC‌‌                           

comes‌‌with‌‌inherent‌‌advantages‌‌and‌‌disadvantages.‌‌The‌‌main‌‌advantage‌‌being‌‌that‌‌hydrogen‌‌                       

has‌‌the‌‌highest‌‌gravimetric‌‌energy‌‌density‌‌possible‌‌of‌‌any‌‌fuel.‌‌However,‌‌the‌‌same‌‌physical‌‌                           

characteristics‌‌of‌‌hydrogen‌‌that‌‌lend‌‌to‌‌its‌‌high‌‌gravimetric‌‌energy‌‌density‌‌(its‌‌low‌‌molecular‌‌                           

mass,‌ )‌‌also‌‌gives‌‌way‌‌to‌‌its‌‌main‌‌problem,‌‌in‌‌that‌‌it‌‌is‌‌very‌‌difficult‌‌to‌‌  .016 g mol  M H2 = 2 /                              

contain.‌ ‌However,‌ ‌this‌ ‌will‌ ‌be‌ ‌covered‌ ‌in‌ ‌more‌ ‌detail‌ ‌in‌ ‌Chapter‌ ‌5.‌‌ ‌  

After‌‌diffusing‌‌through‌‌the‌‌GDL,‌‌the‌‌hydrogen-oxidation‌‌reaction,‌‌described‌‌by‌‌Equation‌‌3.1‌‌                       

takes‌ ‌place‌ ‌at‌ ‌the‌ ‌anode‌ ‌catalyst‌ ‌layer.‌ ‌ 

As‌ ‌the‌ ‌protons‌ ‌(hydrogen‌ ‌cations)‌ ‌diffuse‌ ‌through‌ ‌the‌ ‌proton‌ ‌exchange‌ ‌membrane,‌ ‌the‌‌                       

electrons‌ ‌flow‌ ‌through‌ ‌the‌ ‌electrical‌ ‌load‌‌connected‌‌to‌‌the‌‌fuel‌‌cell.‌‌These‌‌constituent‌‌parts‌‌                           

then‌ ‌combine‌ ‌with‌ ‌oxygen‌ ‌at‌ ‌the‌ ‌cathode‌ ‌to‌ ‌produce‌ ‌water.‌ ‌This‌ ‌is‌ ‌described‌ ‌by‌ ‌the‌‌                             

oxygen-reduction‌ ‌reaction‌ ‌shown‌ ‌in‌ ‌Equation‌ ‌3.2.‌ ‌ 

‌ 

‌ 

‌ 

‌H eH2 → 2 + + 2 −   (3.1)‌ 

‌O H e O2
1

2 + 2 + + 2 − → H2   (3.2)‌ 
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The‌ ‌full‌ ‌redox‌ ‌reaction‌ ‌as‌ ‌described‌ ‌by‌ ‌Equation‌ ‌3.3‌ ‌is‌ ‌common‌ ‌to‌ ‌all‌ ‌fuel‌ ‌cells‌ ‌utilising‌‌                               

hydrogen‌ ‌as‌ ‌the‌ ‌fuel.‌ ‌This‌ ‌also‌ ‌shows‌ ‌the‌ ‌‘HEAT’‌ ‌component‌ ‌of‌ ‌the‌ ‌overall‌ ‌reaction.‌ ‌ 

3.2.2‌ Methanol‌ ‌Fuel‌ ‌Cell‌ ‌ 

Acidic‌ ‌Direct‌ ‌Methanol‌ ‌Fuel‌ ‌Cells‌ ‌(DMFC)‌ ‌are‌ ‌similar‌ ‌in‌ ‌construction‌ ‌to‌ ‌hydrogen‌ ‌fed‌‌                         

PEMFCs‌ ‌and‌ ‌have‌ ‌a‌ ‌similar‌ ‌low‌ ‌operating‌ ‌temperature‌ ‌but‌‌differ‌‌in‌‌several‌‌areas.‌‌The‌‌key‌‌                             

differentiating‌‌factor‌‌is‌‌the‌‌ability‌‌to‌‌utilise‌‌liquid‌‌methanol‌‌directly‌‌as‌‌a‌‌fuel‌‌without‌‌the‌‌need‌‌                               

for‌ ‌prior‌ ‌reformation.‌ ‌This‌ ‌leads‌ ‌to‌ ‌the‌ ‌elimination‌ ‌of‌ ‌the‌ ‌key‌ ‌problem‌ ‌associated‌‌with‌‌the‌‌                             

hydrogen‌ ‌fed‌ ‌PEMFCs,‌ ‌the‌ ‌storage‌ ‌of‌ ‌hydrogen.‌ ‌ 

However,‌ ‌the‌ ‌complex‌ ‌composition‌ ‌(relative‌‌to‌‌hydrogen)‌‌of‌‌methanol‌‌means‌‌that‌‌it‌‌cannot‌‌                         

be‌ ‌oxidised‌ ‌in‌ ‌a‌ ‌single‌ ‌step‌ ‌at‌ ‌the‌ ‌anode‌ ‌catalyst‌ ‌sites.‌ ‌The‌ ‌resultant‌ ‌six-step‌ ‌methanol‌‌                             

oxidation‌‌reaction‌‌is‌‌one‌‌of‌‌the‌‌main‌‌causes‌‌of‌‌lower‌‌DMFC‌‌performance‌‌when‌‌compared‌‌to‌‌                             

PEMFC.‌ ‌Figure‌ ‌3.3‌ ‌is‌ ‌a‌ ‌useful‌ ‌summary‌ ‌of‌ ‌the‌ ‌different‌ ‌stages‌ ‌of‌ ‌the‌ ‌multistep‌ ‌methanol‌‌                             

oxidation‌‌reaction.‌‌If‌‌the‌‌reader‌‌would‌‌like‌‌a‌‌detailed‌‌explanation‌‌of‌‌these‌‌processes,‌‌then‌‌the‌‌                             

author‌ ‌would‌ ‌like‌ ‌to‌ ‌recommend‌ ‌an‌ ‌article‌ ‌by‌ ‌Hamnett,‌ ‌A‌ ‌[12]‌ ‌who‌ ‌provides‌ ‌excellent‌‌                           

information‌ ‌on‌ ‌this‌ ‌topic.‌ ‌ 

‌ 

Figure‌ ‌3.3:‌ ‌Methanol‌ ‌oxidation‌ ‌stages‌ ‌at‌ ‌a‌ ‌direct‌ ‌methanol‌ ‌fuel‌ ‌cell‌ ‌anode‌ ‌[9]‌ ‌ 

‌H H O EAT2 2 + O2 → 2 2 + H   (3.3)‌ 
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For‌‌the‌‌purpose‌‌of‌‌this‌‌work,‌‌the‌‌oxidation‌‌reaction‌‌will‌‌be‌‌assumed‌‌possible‌‌in‌‌a‌‌single‌‌step.‌‌                                 

Therefore,‌ ‌the‌ ‌complete‌ ‌methanol‌ ‌oxidation‌‌reaction,‌‌described‌‌by‌‌Equation‌‌3.4‌‌takes‌‌place‌‌                       

at‌‌the‌‌anode‌‌catalyst‌‌layer.‌‌Unlike‌‌with‌‌hydrogen‌‌fed‌‌PEMFCs,‌‌DMFCs‌‌require‌‌water‌‌on‌‌the‌‌                             

anode‌‌side‌‌of‌‌the‌‌MEA.‌‌This‌‌is‌‌nearly‌‌always‌‌injected‌‌as‌‌a‌‌constituent‌‌of‌‌the‌‌dilute‌‌methanol‌                                 

solution.‌ ‌ 

As‌‌the‌‌protons‌‌diffuse‌‌through‌‌the‌‌proton‌‌exchange‌‌membrane,‌‌the‌‌electrons‌‌flow‌‌through‌‌the‌‌                           

electrical‌‌load‌‌connected‌‌to‌‌the‌‌fuel‌‌cell.‌‌These‌‌constituent‌‌parts‌‌then‌‌combine‌‌with‌‌oxygen‌‌at‌‌                             

the‌ ‌cathode‌ ‌to‌ ‌produce‌ ‌water.‌ ‌This‌ ‌is‌ ‌described‌ ‌by‌ ‌the‌‌oxygen-reduction‌‌reaction‌‌shown‌‌in‌‌                           

Equation‌ ‌3.5.‌ ‌ 

The‌‌full‌‌redox‌‌reaction‌‌is‌‌described‌‌by‌‌Equation‌‌3.6.‌‌This‌‌also‌‌shows‌‌the‌‌‘HEAT’‌‌component‌‌                             

of‌ ‌the‌ ‌overall‌ ‌reaction.‌ ‌ 

3.3‌ Alkaline‌ ‌Fuel‌ ‌Cell‌ ‌ 

Alkaline‌‌electrolyte‌‌Fuel‌‌Cells‌‌(AFC)‌‌differ‌‌in‌‌their‌‌construction‌‌when‌‌compared‌‌to‌‌the‌‌two‌‌                           

PEMFC‌ ‌designs‌ ‌discussed‌ ‌in‌ ‌the‌ ‌previous‌ ‌sections.‌ ‌One‌ ‌key‌ ‌difference‌ ‌is‌ ‌the‌ ‌state‌ ‌of‌ ‌the‌‌                             

electrolyte‌‌used.‌‌For‌‌PEMFCs,‌‌a‌‌solid,‌‌acidic‌‌electrolyte‌‌is‌‌used.‌‌In‌‌comparison,‌‌in‌‌AFCs‌‌an‌‌                             

alkaline‌ ‌liquid‌ ‌electrolyte‌ ‌such‌ ‌as‌ ‌potassium‌ ‌hydroxide‌ ‌is‌ ‌used.‌ ‌ 

The‌ ‌other‌ ‌main‌ ‌difference‌ ‌between‌ ‌the‌ ‌two‌ ‌technologies‌ ‌is‌ ‌the‌ ‌mobile‌ ‌ion‌ ‌available‌ ‌in‌ ‌the‌‌                             

electrochemical‌ ‌reactions.‌‌The‌‌movement‌‌of‌‌the‌‌hydroxide‌‌anion‌‌is‌‌clearly‌‌demonstrated‌‌by‌‌                       

the‌‌anode‌‌and‌‌cathode‌‌half‌‌reactions‌‌as‌‌shown‌‌by‌‌Equation‌‌3.7‌‌and‌‌3.8‌‌respectively.‌‌The‌‌full‌‌                               

redox‌ ‌reaction‌ ‌is‌ ‌the‌ ‌same‌ ‌as‌ ‌that‌ ‌for‌ ‌a‌ ‌PEMFC‌ ‌due‌ ‌to‌ ‌the‌ ‌common‌ ‌use‌ ‌of‌ ‌hydrogen‌ ‌as‌ ‌a‌ ‌fuel.‌ ‌ 

‌ 

‌H OH O H e OC 3 + H2 → 6 + + 6 − + C 2   (3.4)‌ 

‌O H e O1 2
1

2 + 6 + + 6 − → 3H2   (3.5)‌ 

‌CH OH H O O H O CO EAT2 3 + 2 2 + 3 2 → 6 2 + 2 2 + H   (3.6)‌ 
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Main‌ ‌advantages‌ ‌of‌‌AFCs‌‌over‌‌PEMFCs‌‌are‌‌typically‌‌centered‌‌around‌‌cost.‌‌Although‌‌there‌‌                         

are‌ ‌many‌ ‌different‌ ‌possible‌ ‌internal‌ ‌architectures‌ ‌for‌ ‌AFCs,‌ ‌generally‌ ‌they‌ ‌do‌ ‌not‌ ‌require‌‌                         

bipolar‌ ‌plates‌ ‌and‌ ‌the‌ ‌liquid‌ ‌electrolytes‌ ‌used‌ ‌are‌‌considerably‌‌cheaper‌‌than‌‌the‌‌solid‌‌types‌‌                           

used‌ ‌in‌ ‌PEMFCs‌ ‌[9].‌ ‌However,‌ ‌the‌ ‌current‌ ‌state-of-the-art‌ ‌current‌ ‌density‌ ‌for‌ ‌atmospheric‌‌                       

AFCs‌‌was‌‌shown‌‌by‌‌a‌‌review‌‌paper‌‌written‌‌by‌‌McLean,‌‌GF‌‌to‌‌be‌‌in‌‌the‌‌order‌‌of‌‌400‌‌mA/cm‌2‌ ‌                                     

[13]‌ ‌this‌ ‌is‌ ‌approximately‌ ‌80%‌ ‌less‌ ‌than‌ ‌the‌ ‌current‌ ‌state‌ ‌of‌ ‌the‌ ‌art‌ ‌for‌ ‌PEMFCs‌ ‌[14].‌ ‌ 

3.4‌ Phosphoric‌ ‌Acid‌ ‌Fuel‌ ‌cell‌ ‌ 

Phosphoric‌ ‌Acid‌ ‌Fuel‌ ‌Cells‌ ‌(PAFC)‌ ‌operate‌ ‌on‌ ‌the‌ ‌same‌ ‌electrochemical‌ ‌principle‌ ‌as‌‌                       

PEMFCs,‌ ‌utilising‌ ‌hydrogen‌ ‌as‌ ‌a‌ ‌fuel‌ ‌and‌ ‌oxygen‌ ‌as‌ ‌the‌ ‌oxidant.‌ ‌As‌ ‌such,‌ ‌the‌ ‌half‌ ‌cell‌‌                               

reactions‌‌described‌‌by‌‌Equations‌‌3.1‌‌and‌‌3.2‌‌hold.‌‌However,‌‌unlike‌‌PEMFCs,‌‌PAFCs‌‌utilise‌‌                         

a‌ ‌liquid‌ ‌phosphoric‌ ‌acid‌ ‌electrolyte‌ ‌to‌ ‌allow‌ ‌transport‌ ‌of‌ ‌the‌ ‌hydrogen‌ ‌ions.‌ ‌As‌ ‌the‌ ‌pure‌‌                             

phosphoric‌ ‌acid‌ ‌electrolyte‌ ‌must‌ ‌remain‌ ‌in‌ ‌a‌ ‌liquid‌ ‌state‌ ‌to‌ ‌allow‌ ‌ion‌ ‌conduction,‌ ‌the‌‌                           

operating‌‌temperature‌‌must‌‌remain‌‌above‌‌42‌‌℃‌‌(the‌‌freezing‌‌point‌‌of‌‌phosphoric‌‌acid).‌‌This‌‌                           

also‌ ‌avoids‌ ‌serious‌ ‌stress‌ ‌issues‌ ‌related‌ ‌to‌ ‌repeated‌ ‌freeze-thaw‌ ‌cycles‌ ‌[10].‌ ‌In‌ ‌reality,‌ ‌to‌‌                           

maintain‌ ‌optimal‌‌performance,‌‌it‌‌is‌‌common‌‌to‌‌operate‌‌PAFCs‌‌at‌‌much‌‌higher‌‌temperatures‌‌                         

than‌ ‌PEMFCs,‌ ‌usually‌ ‌in‌ ‌the‌ ‌region‌ ‌of‌ ‌180-210‌ ‌℃.‌ ‌ 

Operating‌‌at‌‌this‌‌higher‌‌temperature‌‌does‌‌lead‌‌to‌‌certain‌‌advantages‌‌and‌‌disadvantages.‌‌The‌‌                         

positives‌ ‌related‌ ‌to‌ ‌higher‌ ‌temperature‌ ‌operation‌ ‌include‌ ‌a‌ ‌greater‌ ‌CHP‌ ‌efficiency‌ ‌and‌                       

improved‌ ‌tolerance‌ ‌to‌ ‌fuel‌ ‌impurities.‌ ‌Although,‌ ‌the‌ ‌use‌ ‌of‌ ‌platinum‌ ‌as‌ ‌an‌ ‌electrocatalyst‌‌                         

does‌‌mean‌‌that‌‌it‌‌is‌‌still‌‌susceptible‌‌to‌‌carbon‌‌monoxide‌‌poisoning.‌‌The‌‌main‌‌disadvantage‌‌of‌‌                             

operating‌‌at‌‌the‌‌elevated‌‌temperature‌‌is‌‌an‌‌increased‌‌evaporation‌‌rate‌‌of‌‌the‌‌liquid‌‌electrolyte.‌‌                           

This‌ ‌does‌ ‌lead‌ ‌to‌ ‌a‌ ‌requirement‌ ‌for‌ ‌the‌ ‌electrolyte‌ ‌to‌ ‌be‌ ‌continually‌ ‌added‌ ‌during‌ ‌operation.‌ ‌ 

‌ 

‌ 

‌OH H O eH2 + 2 − → 2 2 + 2 −   (3.7)‌ 

‌O e H O OH2
1

2 + 2 − + 2 2 → 2 −   (3.8)‌ 
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Phosphoric‌ ‌acid‌ ‌fuel‌ ‌cells‌ ‌are‌ ‌commonly‌ ‌used‌ ‌in‌ ‌CHP‌ ‌systems‌ ‌(200‌ ‌kW‌ ‌+)‌ ‌[9].‌ ‌However,‌‌                             

they‌ ‌are‌ ‌not‌ ‌suitable‌ ‌for‌ ‌motive‌ ‌applications,‌ ‌either‌ ‌on‌ ‌the‌ ‌ground‌ ‌or‌ ‌in‌ ‌the‌ ‌air.‌ ‌This‌ ‌is‌‌                                 

because‌ ‌the‌ ‌requirement‌ ‌of‌ ‌a‌ ‌PAFC‌ ‌to‌ ‌continually‌ ‌maintain‌ ‌an‌‌elevated‌‌temperature‌‌would‌‌                         

not‌ ‌be‌ ‌possible‌ ‌to‌ ‌achieve‌ ‌during‌ ‌the‌ ‌non-operation‌ ‌sections‌ ‌of‌ ‌a‌ ‌vehicle's‌ ‌drive/flight‌ ‌profile.‌ ‌ 

3.5‌ Molten‌ ‌Carbonate‌ ‌Fuel‌ ‌Cell‌ ‌ 

Some‌ ‌analogies‌ ‌can‌ ‌be‌ ‌made‌ ‌between‌ ‌AFC‌ ‌and‌ ‌Molten‌ ‌Carbonate‌ ‌Fuel‌ ‌Cell‌ ‌(MCFC)‌‌                         

technologies.‌ ‌These‌ ‌are‌ ‌the‌ ‌use‌ ‌of‌ ‌a‌ ‌liquid‌ ‌electrolyte‌ ‌and‌ ‌an‌ ‌electrochemical‌ ‌reaction‌‌                         

dominated‌ ‌by‌ ‌an‌ ‌anion‌ ‌instead‌ ‌of‌ ‌the‌ ‌cation‌ ‌lead‌ ‌PEMFC‌ ‌designs.‌ ‌A‌ ‌binary‌ ‌mixture‌ ‌of‌‌                             

molten‌ ‌alkali‌ ‌carbonates,‌ ‌typically,‌ ‌lithium‌ ‌and‌ ‌potassium‌ ‌based‌ ‌are‌ ‌used‌ ‌as‌ ‌the‌ ‌electrolyte.‌ ‌ 

The‌‌relatively‌‌high‌‌operating‌‌temperature‌‌of‌‌MCFCs,‌‌typically‌‌on‌‌the‌‌order‌‌of‌‌650‌‌℃‌‌allows‌‌                             

for‌‌fuel‌‌flexibility‌‌and‌‌the‌‌absence‌‌of‌‌platinum‌‌in‌‌the‌‌electrode‌‌construction‌‌means‌‌that‌‌unlike‌‌                             

the‌‌low‌‌temperature‌‌fuel‌‌cell‌‌designs‌‌discussed‌‌earlier,‌‌MCFCs‌‌are‌‌not‌‌susceptible‌‌to‌‌carbon‌‌                           

monoxide‌ ‌poisoning.‌ ‌Although‌ ‌able‌‌to‌‌run‌‌on‌‌simple‌‌hydrocarbon‌‌fuels,‌‌these‌‌are‌‌reformed‌‌                         

internally,‌ ‌therefore,‌ ‌the‌ ‌electrochemical‌ ‌half-cell‌ ‌reactions‌ ‌only‌ ‌involve‌ ‌hydrogen‌ ‌[9,10].‌‌                   

Equation‌‌3.9‌‌shows‌‌the‌‌anode‌‌half-cell‌‌reaction‌‌for‌‌an‌‌MCFC‌‌using‌‌pure‌‌hydrogen‌‌as‌‌a‌‌fuel.‌‌                               

This‌ ‌reaction‌ ‌shows‌ ‌that‌ ‌in‌ ‌addition‌ ‌to‌ ‌the‌ ‌production‌ ‌of‌ ‌water,‌ ‌carbon‌ ‌dioxide‌ ‌is‌ ‌also‌‌                             

produced.‌ ‌ 

The‌ ‌carbon‌ ‌dioxide‌ ‌produced‌ ‌at‌ ‌the‌ ‌anode‌ ‌has‌ ‌to‌ ‌be‌ ‌recirculated‌ ‌to‌‌the‌‌cathode‌‌where‌‌it‌‌is‌‌                                 

combined‌‌with‌‌oxygen‌‌to‌‌produce‌‌the‌‌mobile‌‌carbonate‌‌anion,‌‌as‌‌described‌‌by‌‌Equation‌‌3.10.‌‌                           

The‌‌recirculation‌‌of‌‌carbon‌‌dioxide‌‌from‌‌anode‌‌to‌‌cathode‌‌is‌‌done‌‌with‌‌the‌‌aid‌‌of‌‌a‌‌burner‌‌to‌‌                                   

combust‌‌any‌‌excess‌‌fuel‌‌to‌‌produce‌‌a‌‌carbon‌‌dioxide/steam‌‌mixture‌‌[10].‌‌The‌‌added‌‌benefit‌‌                           

of‌ ‌this‌ ‌process‌ ‌is‌ ‌the‌ ‌addition‌ ‌of‌ ‌heat‌ ‌at‌ ‌the‌ ‌cathode‌ ‌inlet,‌ ‌helping‌ ‌to‌ ‌maintain‌ ‌the‌ ‌higher‌‌                                 

operating‌ ‌temperature‌ ‌of‌ ‌the‌ ‌MCFC.‌ ‌ 

‌O O O eH2 + C 3
2− → H2 + C 2 + 2 −   (3.9)‌ 

‌O O e O2
1

2 + C 2 + 2 − → C 3
2−   (3.10)‌ 
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Molten‌ ‌carbonate‌ ‌fuel‌ ‌cells‌ ‌are‌ ‌a‌ ‌very‌ ‌popular‌ ‌option‌ ‌for‌ ‌CHP‌ ‌systems‌ ‌and‌ ‌are‌ ‌frequently‌‌                             

used‌ ‌in‌ ‌megawatt‌ ‌scale‌ ‌installations.‌ ‌However,‌ ‌their‌ ‌high‌ ‌operating‌ ‌temperature‌ ‌and‌‌                     

intolerance‌ ‌to‌ ‌freeze-thaw‌ ‌cycles‌ ‌means‌ ‌that‌ ‌they‌ ‌are‌ ‌not‌ ‌suitable‌ ‌for‌ ‌mobile‌ ‌applications.‌ ‌ 

3.6‌ Solid‌ ‌Oxide‌ ‌Fuel‌ ‌Cell‌ ‌ 

With‌‌a‌‌typical‌‌operating‌‌temperature‌‌range‌‌of‌‌600‌‌℃‌‌to‌‌1,000‌‌℃,‌‌the‌‌Solid‌‌Oxide‌‌Fuel‌‌Cell‌‌                                 

(SOFC)‌‌is‌‌currently‌‌the‌‌highest‌‌temperature‌‌fuel‌‌cell‌‌technology.‌‌Unlike‌‌MCFCs,‌‌SOFCs‌‌are‌‌                         

solid-state‌ ‌devices‌ ‌utilising‌ ‌ceramic‌ ‌electrolytes‌ ‌and‌ ‌specialised‌ ‌metallic‌ ‌interconnects‌‌                 

between‌ ‌cells.‌ ‌Different‌ ‌materials‌ ‌are‌ ‌used‌ ‌for‌ ‌the‌ ‌anode‌ ‌and‌ ‌cathode‌ ‌due‌ ‌to‌ ‌the‌ ‌extreme‌‌                             

high-temperature‌ ‌and‌ ‌highly‌ ‌reducing‌ ‌and‌ ‌oxidising‌ ‌environments‌ ‌[10].‌ ‌ 

The‌ ‌anode‌ ‌half-cell‌ ‌reaction‌ ‌(Equation‌ ‌3.11),‌ ‌aided‌‌by‌‌a‌‌yttria-stabilised‌‌zirconia‌‌supported‌‌                       

nickel‌ ‌catalyst‌‌shows‌‌how‌‌the‌‌water‌‌is‌‌produced‌‌from‌‌the‌‌hydrogen‌‌fuel‌‌and‌‌the‌‌superoxide‌‌                             

anion‌ ‌from‌ ‌the‌ ‌cathode‌ ‌half-cell‌ ‌reaction‌ ‌(Equation‌ ‌3.12).‌ ‌ 

This‌‌type‌‌of‌‌fuel‌‌cell‌‌has‌‌similar‌‌advantages‌‌to‌‌that‌‌of‌‌a‌‌MCFC,‌‌in‌‌the‌‌sense‌‌that‌‌the‌‌elevated‌‌                                     

temperature‌ ‌allows‌ ‌fuel‌ ‌flexibility.‌ ‌However,‌ ‌as‌ ‌the‌ ‌fuel‌ ‌cells‌ ‌require‌ ‌heating‌ ‌to‌ ‌this‌‌                         

temperature‌ ‌before‌ ‌the‌ ‌reaction‌ ‌can‌ ‌take‌ ‌place‌ ‌and‌ ‌the‌ ‌brittle‌ ‌nature‌ ‌of‌ ‌the‌ ‌ceramic‌‌                           

electrolytes‌ ‌precludes‌ ‌their‌ ‌use‌ ‌in‌ ‌motive‌ ‌applications.‌ ‌ 

3.7‌ Previous‌ ‌Aeronautical‌ ‌Fuel‌ ‌Cell‌ ‌Research‌ ‌ 

Generally,‌ ‌fuel‌ ‌cells‌ ‌are‌ ‌viewed‌ ‌as‌ ‌an‌ ‌interesting‌ ‌proposition‌ ‌for‌ ‌electrical‌ ‌production‌‌                       

onboard‌‌aircraft,‌‌both‌‌manned‌‌and‌‌unmanned.‌‌Existing‌‌literature‌‌can‌‌be‌‌generalised‌‌into‌‌two‌‌                         

main‌‌categories‌‌based‌‌on‌‌their‌‌content,‌‌pure‌‌theoretical‌‌and‌‌those‌‌which‌‌include‌‌experimental‌‌                         

work.‌ ‌ 

Theoretically,‌ ‌both‌ ‌SOFC‌ ‌[15]‌ ‌and‌ ‌PEMFC‌ ‌[16-21]‌ ‌technologies‌ ‌have‌ ‌been‌ ‌considered‌‌for‌‌                       

use‌ ‌in‌ ‌aeronautical‌ ‌applications.‌ ‌Aguiar‌ ‌P,‌ ‌2008‌ ‌[15]‌ ‌modelled‌ ‌various‌ ‌configurations‌ ‌of‌ ‌a‌‌                         

SOFC‌ ‌/‌ ‌gas‌ ‌turbine‌ ‌system‌‌for‌‌a‌‌High-Altitude‌‌Long-Endurance‌‌(HALE)‌‌Unmanned‌‌Aerial‌‌                       

O eH2 + O2− → H2 + 2 −   (3.11)‌ 

‌O e2
1

2 + 2 − → O2−   (3.12)‌ 
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Vehicle‌ ‌(UAV)‌ ‌with‌ ‌a‌ ‌goal‌ ‌of‌ ‌maximising‌ ‌efficiency‌ ‌to‌ ‌increase‌ ‌range.‌ ‌The‌ ‌three‌‌                         

configurations‌ ‌considered‌ ‌by‌ ‌Aguiar‌ ‌differed‌ ‌primarily‌ ‌on‌ ‌the‌ ‌number‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌stacks‌‌                         

connected‌ ‌electrically‌ ‌in‌ ‌parallel.‌‌The‌‌hypothesis‌‌was‌‌that‌‌increasing‌‌the‌‌number‌‌of‌‌parallel‌‌                         

stacks‌‌would‌‌decrease‌‌their‌‌individual‌‌operating‌‌current‌‌and‌‌therefore‌‌the‌‌cooling‌‌demand.‌‌A‌‌                         

key‌‌limitation‌‌of‌‌Aguiar’s‌‌work‌‌is‌‌that‌‌throughout‌‌the‌‌system‌‌configuration‌‌study‌‌the‌‌change‌‌                           

in‌ ‌aircraft‌ ‌mass‌ ‌from‌ ‌adding‌ ‌additional‌ ‌fuel‌ ‌cells‌ ‌was‌ ‌not‌ ‌considered.‌ ‌ 

An‌‌in-depth‌‌but‌‌limited‌‌case‌‌study‌‌was‌‌carried‌‌out‌‌by‌‌Pratt‌‌JW,‌‌2013‌‌[16]‌‌on‌‌the‌‌application‌‌                                 

of‌ ‌a‌ ‌PEMFC‌ ‌system‌ ‌on‌ ‌board‌ ‌a‌‌more-electric‌‌Boeing‌‌787.‌‌This‌‌study‌‌focused‌‌on‌‌using‌‌the‌‌                               

fuel‌‌cell‌‌to‌‌support‌‌the‌‌main‌‌engine‌‌generators‌‌in‌‌meeting‌‌the‌‌high‌‌electrical‌‌demands‌‌of‌‌this‌‌                               

aircraft.‌‌The‌‌limitations‌‌of‌‌this‌‌study‌‌were‌‌that‌‌it‌‌only‌‌considered‌‌a‌‌single‌‌aircraft‌‌in‌‌the‌‌case‌‌                                 

study‌ ‌and‌ ‌that‌ ‌altitude‌ ‌effects‌ ‌on‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌did‌ ‌not‌ ‌appear‌ ‌to‌ ‌have‌ ‌been‌ ‌taken‌‌                               

account‌ ‌of.‌ ‌ 

Using‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌as‌ ‌a‌ ‌complete‌ ‌replacement‌ ‌for‌ ‌an‌ ‌internal‌ ‌combustion‌‌engine‌‌in‌‌a‌‌Class‌‌I‌‌                                 

mini‌‌UAV‌‌was‌‌the‌‌subject‌‌of‌‌a‌‌paper‌‌published‌‌by‌‌Renau‌‌J,‌‌2015‌‌[17].‌‌In‌‌this‌‌case,‌‌the‌‌study‌‌                                     

was‌‌purely‌‌theoretical‌‌and‌‌seemed‌‌to‌‌be‌‌the‌‌early‌‌stages‌‌of‌‌a‌‌larger‌‌project.‌‌In‌‌this‌‌case,‌‌the‌‌                                   

information‌ ‌provided‌ ‌was‌ ‌limited‌ ‌and‌ ‌did‌ ‌not‌ ‌discuss‌ ‌the‌ ‌thermal‌ ‌management‌ ‌strategy‌‌                       

employed.‌ ‌However,‌ ‌their‌ ‌work‌ ‌looked‌ ‌promising‌ ‌and‌ ‌may‌ ‌have‌ ‌led‌ ‌to‌ ‌fuel‌ ‌cell‌ ‌powered‌‌                           

flight.‌ ‌ 

A‌ ‌study‌ ‌performed‌ ‌by‌ ‌Sliwinksi‌ ‌J,‌ ‌2017‌ ‌[18]‌ ‌also‌ ‌looked‌ ‌at‌ ‌the‌ ‌potential‌ ‌for‌ ‌replacing‌‌the‌‌                               

traditional‌ ‌internal‌ ‌combustion‌ ‌engine‌ ‌of‌ ‌a‌ ‌small‌ ‌UAV‌ ‌with‌ ‌some‌ ‌form‌ ‌of‌ ‌system‌ ‌derived‌‌                           

from‌‌fuel‌‌cell‌‌technology.‌‌In‌‌this‌‌case‌‌they‌‌considered‌‌hybridising‌‌the‌‌electrical‌‌technologies‌‌                         

with‌ ‌the‌ ‌internal‌ ‌combustion‌ ‌engine‌ ‌as‌ ‌a‌ ‌stepping‌ ‌stone‌ ‌to‌ ‌fully‌ ‌electrified.‌ ‌Unfortunately,‌‌                         

little‌ ‌detail‌ ‌was‌ ‌provided‌ ‌in‌ ‌this‌ ‌work‌ ‌on‌ ‌the‌ ‌modelling‌ ‌methodology‌‌used‌‌for‌‌the‌‌fuel‌‌cell‌‌                               

system.‌ ‌ 

A‌ ‌NASA‌ ‌study‌ ‌[19]‌ ‌along‌ ‌with‌ ‌two‌ ‌review‌ ‌style‌ ‌papers‌ ‌[20,21]‌ ‌although‌ ‌not‌ ‌contributing‌‌                           

new‌ ‌information‌ ‌directly,‌ ‌all‌ ‌add‌ ‌credence‌ ‌to‌ ‌the‌ ‌application‌ ‌of‌ ‌fuel‌ ‌cells‌ ‌in‌ ‌aircraft.‌ ‌The‌‌                             

recent‌ ‌study‌ ‌prepared‌ ‌by‌ ‌McKinsey‌ ‌&‌ ‌Company‌ ‌for‌ ‌the‌ ‌Clean‌ ‌Sky‌ ‌2‌ ‌and‌ ‌Fuel‌ ‌Cells‌ ‌and‌‌                               

Hydrogen‌‌2‌‌joint‌‌undertakings‌‌[22]‌‌was‌‌in‌‌good‌‌agreement‌‌with‌‌the‌‌findings‌‌of‌‌the‌‌review‌‌by‌‌                               

Roth‌ ‌B,‌ ‌2010‌ ‌[20].‌ ‌ 
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The‌‌Clean‌‌Sky‌‌2‌‌report’s‌‌overall‌‌conclusion‌‌is‌‌that‌‌hydrogen‌‌propulsion‌‌has‌‌the‌‌potential‌‌to‌‌                             

be‌ ‌a‌ ‌major‌ ‌part‌ ‌of‌ ‌the‌ ‌future‌ ‌aircraft‌ ‌propulsion‌ ‌technology‌ ‌mix.‌ ‌Based‌ ‌on‌ ‌the‌ ‌technical‌‌                             

developments‌ ‌resulting‌ ‌from‌ ‌the‌ ‌joint‌ ‌undertakings,‌ ‌hydrogen‌ ‌propulsion‌ ‌is‌ ‌suggested‌ ‌for‌‌                     

commuter,‌ ‌regional,‌ ‌short-range,‌ ‌and‌ ‌medium-range‌ ‌aircraft.‌ ‌ 

In‌ ‌addition‌ ‌to‌ ‌the‌ ‌aforementioned‌ ‌theoretical‌ ‌studies‌ ‌[15-22],‌ ‌several‌ ‌have‌ ‌also‌ ‌been‌‌                       

published‌ ‌which‌ ‌took‌ ‌a‌ ‌more‌ ‌experimental‌ ‌approach‌ ‌to‌ ‌the‌ ‌use‌ ‌of‌ ‌fuel‌ ‌cells‌ ‌in‌ ‌aircraft‌‌                             

[23-30].‌‌Renouard-Vallet‌‌G,‌‌2012‌‌[23]‌‌carried‌‌out‌‌experimental‌‌studies‌‌on‌‌a‌‌10‌‌kW‌‌fuel‌‌cell‌‌                             

test‌‌rig‌‌to‌‌determine‌‌production‌‌rates‌‌of‌‌water‌‌and‌‌inerting‌‌gas‌‌with‌‌an‌‌oxygen‌‌concentration‌‌                             

of‌‌<‌‌12%.‌‌Their‌‌intention‌‌was‌‌the‌‌application‌‌of‌‌these‌‌two‌‌products‌‌of‌‌fuel‌‌cell‌‌operation‌‌in‌‌                                 

civil‌‌aircraft‌‌however,‌‌this‌‌intention‌‌was‌‌only‌‌hypothesised.‌‌The‌‌actual‌‌usage‌‌of‌‌fuel‌‌cells‌‌to‌‌                             

produce‌ ‌water‌ ‌and‌ ‌inert‌ ‌gas‌ ‌was‌ ‌not‌ ‌explored.‌ ‌ 

Lapeña-Rey‌‌N,‌‌2008‌‌[24]‌‌in‌‌collaboration‌‌with‌‌Intelligent‌‌Energy‌‌Ltd‌‌published‌‌the‌‌results‌‌of‌‌                           

preflight‌ ‌bench‌ ‌testing‌ ‌of‌ ‌an‌ ‌Intelligent‌ ‌Energy‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌for‌ ‌a‌‌Boeing‌‌demonstrator‌‌                           

aircraft.‌‌Two‌‌air-breathing‌‌fuel‌‌cell‌‌stacks‌‌were‌‌electrically‌‌connected‌‌in‌‌series‌‌with‌‌a‌‌system‌‌                           

net‌ ‌power‌ ‌output‌ ‌of‌ ‌20‌ ‌kW‌ ‌at‌ ‌200‌ ‌V.‌ ‌The‌ ‌paper‌ ‌describes‌ ‌the‌ ‌system‌ ‌architecture‌ ‌and‌ ‌                               

experimental‌ ‌work‌ ‌however,‌ ‌it‌ ‌does‌ ‌not‌ ‌discuss‌ ‌scalability‌ ‌or‌ ‌altitude‌ ‌effects‌ ‌on‌ ‌fuel‌ ‌cell‌‌                           

performance.‌ ‌ 

Several‌ ‌published‌ ‌works‌ ‌[25-28]‌ ‌have‌ ‌integrated‌ ‌fuel‌ ‌cell‌ ‌systems‌ ‌into‌ ‌small‌ ‌UAVs‌ ‌and‌‌                         

performed‌ ‌flight‌ ‌tests‌ ‌with‌ ‌varying‌ ‌degrees‌ ‌of‌ ‌success.‌ ‌Ward‌ ‌TA,‌‌2010‌‌[25]‌‌and‌‌Dudek‌‌M,‌‌                             

2013‌ ‌[26]‌ ‌both‌ ‌integrated‌ ‌air-cooled‌ ‌fuel‌ ‌cells‌ ‌produced‌ ‌by‌ ‌Horizon‌ ‌Energy‌ ‌Systems‌ ‌into‌‌                         

custom‌‌airframes.‌‌Both‌‌used‌‌compressed‌‌gaseous‌‌hydrogen‌‌as‌‌a‌‌fuel‌‌and‌‌hybridised‌‌the‌‌fuel‌‌                           

cell‌‌with‌‌a‌‌battery‌‌to‌‌account‌‌for‌‌peak‌‌loads.‌‌Varying‌‌degrees‌‌of‌‌success‌‌were‌‌achieved‌‌with‌‌                               

Ward‌ ‌completing‌ ‌a‌‌<‌‌30‌‌s‌‌flight‌‌on‌‌fuel‌‌cell‌‌power‌‌and‌‌Dudek‌‌flying‌‌for‌‌around‌‌30‌‌min.‌‌In‌‌                                     

both‌‌cases,‌‌the‌‌primary‌‌limitations‌‌of‌‌their‌‌studies‌‌were‌‌that‌‌because‌‌small,‌‌remotely‌‌operated‌‌                           

UAVs‌ ‌were‌ ‌used‌ ‌and‌ ‌flown‌ ‌at‌ ‌low‌ ‌altitude,‌ ‌it’s‌ ‌effect‌ ‌on‌ ‌performance‌ ‌was‌ ‌not‌ ‌demonstrated.‌ ‌ 

‌ 

‌ 

‌ 
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Bradley‌‌T,‌‌2007‌‌[27]‌‌also‌‌used‌‌a‌‌small‌‌(circa’‌‌500‌‌W)‌‌fuel‌‌cell,‌‌in‌‌this‌‌case‌‌provided‌‌by‌‌BCS‌‌                                     

Technology‌ ‌Inc‌ ‌to‌ ‌provide‌ ‌propulsive‌ ‌power‌ ‌to‌ ‌a‌ ‌UAV.‌ ‌This‌ ‌study‌ ‌differed‌ ‌from‌ ‌those‌‌                           

previously‌ ‌discussed‌ ‌as‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌was‌ ‌liquid-cooled‌ ‌using‌ ‌de-ionised‌ ‌water‌ ‌instead‌ ‌of‌‌                         

relying‌ ‌on‌ ‌air-cooling.‌ ‌Although‌ ‌this‌ ‌may‌ ‌not‌ ‌have‌ ‌been‌ ‌necessary‌ ‌for‌ ‌the‌‌quantity‌‌of‌‌heat‌‌                             

produced‌‌in‌‌this‌‌study,‌‌it‌‌was‌‌an‌‌interesting‌‌insight‌‌on‌‌how‌‌this‌‌type‌‌of‌‌thermal‌‌management‌‌                               

system‌ ‌could‌ ‌be‌ ‌integrated‌ ‌into‌ ‌a‌ ‌small‌ ‌UAV.‌ ‌ 

Another‌‌interesting‌‌study‌‌into‌‌integrating‌‌a‌‌fuel‌‌cell‌‌into‌‌a‌‌UAV‌‌was‌‌carried‌‌out‌‌by‌‌Herwerth‌‌                               

C,‌‌2007‌‌[28].‌‌In‌‌this‌‌work,‌‌a‌‌customised‌‌fuel‌‌cell‌‌with‌‌doughnut‌‌shaped‌‌cells‌‌was‌‌created‌‌to‌‌                                 

allow‌‌better‌‌integration‌‌into‌‌the‌‌aircraft’s‌‌aerodynamic‌‌fuselage.‌‌No‌‌flight‌‌test‌‌resulted‌‌from‌‌                         

this‌‌study‌‌however,‌‌it‌‌is‌‌an‌‌excellent‌‌example‌‌of‌‌the‌‌multitude‌‌of‌‌configurations‌‌possible‌‌for‌‌                             

hydrogen‌ ‌fuel‌ ‌cells‌ ‌and‌ ‌how‌ ‌they‌ ‌could‌ ‌be‌ ‌integrated‌ ‌into‌ ‌the‌ ‌aircraft‌ ‌environment,‌ ‌ 

Sodium‌ ‌Borohydride‌ ‌(NaBH‌4‌)‌ ‌when‌ ‌exposed‌ ‌to‌ ‌water‌‌in‌‌the‌‌presence‌‌of‌‌a‌‌catalyst‌‌releases‌‌                           

hydrogen‌‌along‌‌with‌‌a‌‌waste‌‌product,‌‌sodium‌‌metaborate.‌‌Two‌‌studies,‌‌Kim‌‌K,‌‌2011‌‌[29]‌‌and‌‌                             

Kim‌ ‌T,‌ ‌2012‌ ‌[30]‌ ‌have‌ ‌used‌ ‌NaBH‌4‌ ‌as‌‌a‌‌hydrogen‌‌source‌‌for‌‌PEMFC‌‌fuel‌‌cells‌‌as‌‌it‌‌has‌‌a‌‌                                     

higher‌ ‌energy‌ ‌density‌ ‌than‌ ‌the‌ ‌more‌ ‌common‌ ‌molecular‌ ‌hydrogen‌ ‌storage‌ ‌used‌ ‌in‌ ‌other‌‌                         

studies.‌ ‌Both‌ ‌publications‌ ‌have‌ ‌reported‌ ‌impressive‌ ‌flight‌ ‌times‌ ‌of‌ ‌nearly‌ ‌two‌ ‌hours.‌‌                       

However,‌ ‌due‌ ‌to‌ ‌complexities‌ ‌in‌‌waste‌‌material‌‌handling‌‌and‌‌recycling,‌‌at‌‌this‌‌current‌‌time‌‌                           

NaBH‌4‌‌ ‌is‌ ‌not‌ ‌suitable‌ ‌for‌ ‌larger‌ ‌aeronautical‌ ‌applications.‌ ‌ 

Pratt‌ ‌JW,‌ ‌2012‌ ‌[31]‌ ‌performed‌‌both‌‌experimental‌‌and‌‌theoretical‌‌research‌‌on‌‌operating‌‌fuel‌‌                         

cells‌ ‌at‌ ‌subatmospheric‌ ‌pressures.‌ ‌It‌ ‌was‌ ‌shown‌ ‌that‌ ‌there‌ ‌is‌ ‌a‌ ‌clear‌ ‌decrease‌ ‌in‌ ‌PEMFC‌                             

performance‌ ‌with‌ ‌reduced‌ ‌total‌ ‌pressure.‌ ‌Total‌ ‌pressure‌ ‌and‌ ‌concentration‌ ‌effects‌ ‌were‌‌                     

separated‌‌out‌‌from‌‌partial‌‌pressure.‌‌It‌‌was‌‌discovered‌‌that‌‌total‌‌pressure‌‌effects‌‌were‌‌greater‌‌                           

than‌‌concentration‌‌effects.‌‌However,‌‌this‌‌work‌‌has‌‌limited‌‌scope‌‌as‌‌a‌‌short‌‌fuel‌‌cell‌‌stack‌‌(23‌‌                               

cells)‌ ‌was‌ ‌used‌ ‌and‌ ‌this‌ ‌may‌ ‌not‌ ‌fully‌ ‌account‌ ‌for‌ ‌the‌ ‌effects‌ ‌of‌ ‌total‌ ‌pressure‌ ‌and‌‌                               

concentration‌ ‌in‌ ‌larger‌ ‌fuel‌ ‌cells.‌ ‌ 

‌ 

‌ 

‌ 
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A‌ ‌majority‌ ‌of‌ ‌the‌ ‌previous‌ ‌studies‌ ‌have‌ ‌focussed‌ ‌their‌ ‌efforts‌ ‌on‌ ‌polymer‌ ‌electrolyte‌‌                         

membrane‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌[16-30],‌ ‌citing‌ ‌high‌ ‌power‌ ‌density‌ ‌and‌ ‌low‌ ‌operating‌‌                       

temperature‌‌as‌‌the‌‌deterministic‌‌characteristics.‌‌However,‌‌they‌‌have‌‌generally‌‌agreed‌‌that‌‌the‌‌                       

use‌ ‌of‌ ‌pure‌ ‌hydrogen‌ ‌gas‌ ‌as‌‌a‌‌fuel‌‌led‌‌to‌‌difficulties‌‌and‌‌limitations‌‌in‌‌system‌‌performance‌‌                               

due‌‌to‌‌its‌‌poor‌‌volumetric‌‌energy‌‌density.‌‌One‌‌potential‌‌solution‌‌to‌‌this‌‌problem‌‌would‌‌be‌‌to‌‌                               

use‌ ‌a‌ ‌similar‌ ‌fuel‌ ‌cell‌ ‌technology‌‌which‌‌utilises‌‌a‌‌liquid‌‌fuel‌‌such‌‌as‌‌a‌‌direct‌‌methanol‌‌fuel‌‌                                 

cell.‌ ‌Both‌ ‌PEMFCs‌ ‌and‌ ‌DMFCs‌ ‌are‌ ‌similar‌ ‌in‌ ‌that‌ ‌they‌ ‌both‌ ‌incorporate‌ ‌a‌ ‌polymer‌‌                           

electrolyte‌‌membrane‌‌to‌‌conduct‌‌the‌‌mobile‌‌hydrogen‌‌ion.‌‌They‌‌also‌‌share‌‌commonalities‌‌in‌‌                         

their‌ ‌low‌ ‌operating‌ ‌temperature‌ ‌(<‌ ‌100‌ ‌°C)‌ ‌and‌ ‌have‌ ‌relatively‌ ‌short‌ ‌startup‌ ‌times‌ ‌when‌‌                           

compared‌ ‌to‌ ‌high-temperature‌ ‌fuel‌ ‌cell‌ ‌technologies.‌ ‌ 

3.8‌ Summary‌ ‌ 

An‌ ‌overview‌ ‌of‌ ‌the‌ ‌various‌ ‌commercially‌ ‌viable‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌have‌ ‌been‌ ‌given‌ ‌in‌‌                           

this‌ ‌Chapter.‌ ‌The‌ ‌primary‌ ‌distinguishing‌ ‌factors‌ ‌(mobile‌ ‌ion‌ ‌and‌ ‌operating‌ ‌temperature)‌‌                     

along‌ ‌with‌ ‌some‌ ‌typical‌ ‌applications‌ ‌are‌ ‌summarised‌ ‌in‌ ‌Table‌ ‌3.1.‌ ‌ 

Table‌ ‌3.1:‌ ‌Overview‌ ‌information‌ ‌of‌ ‌different‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌[9,32-34]‌ ‌ 

‌ 

Fuel‌ ‌Cell‌ ‌Technology‌ ‌  Mobile‌‌ 
Ion‌ ‌ 

Operating‌‌ 
temperature‌ ‌ 

Traditional‌ ‌Applications‌ ‌or‌ ‌Fuel?‌ ‌ 

Direct‌ ‌Methanol‌ ‌  H‌+‌ ‌  20-90‌ ‌°C‌ ‌  Portable‌ ‌electronics,‌ ‌low‌ ‌power‌ ‌and‌‌ 
long‌ ‌run‌ ‌time.‌ ‌ 

Polymer‌ ‌Electrolyte‌‌ 
Membrane‌ ‌ 

H‌+‌ ‌  30-100‌ ‌°C‌ ‌  Vehicles,‌ ‌mobile‌ ‌applications‌ ‌and‌ ‌lower‌‌ 
power‌ ‌Combined‌ ‌Heat‌ ‌and‌ ‌Power‌‌ 
(CHP)‌ ‌systems.‌ ‌ 

Alkaline‌ ‌  OH‌-‌ ‌  60-200‌ ‌°C‌ ‌  Space‌ ‌vehicles,‌ ‌e.g.‌ ‌Apollo‌ ‌and‌ ‌Shuttle.‌ ‌ 

Phosphoric‌ ‌Acid‌ ‌  H‌+‌ ‌  ≈‌ ‌200‌ ‌°C‌ ‌  Large‌ ‌numbers‌ ‌of‌ ‌200kW+‌ ‌CHP‌‌ 
systems‌ ‌in‌ ‌use.‌ ‌ 

Molten‌ ‌Carbonate‌ ‌  CO‌3‌
2-‌ ‌  ≈‌ ‌650‌ ‌°C‌ ‌  Medium‌ ‌to‌ ‌large‌ ‌scale‌ ‌CHP‌ ‌systems‌ ‌up‌‌ 

to‌ ‌1MW‌ ‌in‌ ‌capacity.‌ ‌ 

Solid‌ ‌Oxide‌ ‌  O‌2-‌ ‌  600-1,000‌ ‌°C‌ ‌  All‌ ‌sizes‌ ‌of‌ ‌CHP‌ ‌system,‌ ‌2kW‌ ‌to‌‌ 
multi-MW‌ ‌capacity.‌ ‌ 
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The‌ ‌hydrogen‌ ‌fuelled‌ ‌polymer‌‌electrolyte‌‌membrane‌‌fuel‌‌cell,‌‌commonly‌‌referred‌‌to‌‌as‌‌just‌‌                         

‘PEMFC’‌‌is,‌‌at‌‌the‌‌time‌‌of‌‌writing‌‌the‌‌most‌‌widely‌‌utilised‌‌fuel‌‌cell‌‌technology‌‌in‌‌active‌‌use‌‌                                 

with‌ ‌over‌ ‌900‌ ‌MW‌ ‌of‌ ‌installed‌ ‌capacity‌ ‌[35].‌ ‌The‌ ‌preference‌ ‌of‌ ‌PEMFC‌ ‌technology‌ ‌over‌‌                           

other‌‌types‌‌of‌‌fuel‌‌cell‌‌has‌‌been‌‌increasing‌‌year‌‌to‌‌year‌‌as‌‌shown‌‌by‌‌Figure‌‌3.4.‌‌This‌‌is‌‌most‌‌                                     

likely‌ ‌the‌ ‌result‌ ‌of‌ ‌the‌ ‌introduction‌ ‌of‌ ‌several‌ ‌new‌ ‌products‌ ‌in‌ ‌the‌ ‌automotive‌ ‌sector.‌ ‌ 

‌ 

Figure‌‌3.4:‌‌Megawatts‌‌by‌‌fuel‌‌cell‌‌type‌‌2015-2019,‌‌2019f‌‌includes‌‌real‌‌data‌‌for‌‌Jan-Sept‌‌and‌‌                             

forecast‌ ‌for‌ ‌Oct-Dec‌ ‌[35]‌ ‌ 

Based‌‌on‌‌the‌‌advantages‌‌described‌‌in‌‌Section‌‌3.2,‌‌primarily‌‌the‌‌advanced‌‌power‌‌density‌‌and‌‌                           

the‌ ‌maturity‌ ‌of‌ ‌the‌ ‌technology‌ ‌evidenced‌ ‌by‌ ‌Figure‌ ‌3.4,‌‌PEMFCs‌‌have‌‌been‌‌judged‌‌by‌‌the‌‌                             

author‌ ‌and‌ ‌the‌ ‌bulk‌ ‌of‌ ‌existing‌ ‌literature‌ ‌to‌ ‌be‌ ‌the‌ ‌most‌ ‌suitable‌ ‌for‌ ‌application‌ ‌to‌ ‌the‌‌                               

aeronautical‌ ‌environment.‌ ‌One‌ ‌of‌ ‌the‌ ‌primary‌ ‌concerns‌‌with‌‌this‌‌technology,‌‌the‌‌storage‌‌of‌‌                         

hydrogen,‌ ‌is‌ ‌a‌ ‌topic‌ ‌that‌ ‌still‌ ‌requires‌ ‌a‌ ‌great‌ ‌deal‌ ‌of‌ ‌investigation.‌ ‌ 

‌ 

‌ 

‌ 
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Unfortunately,‌ ‌the‌ ‌scope‌ ‌of‌ ‌this‌ ‌work‌ ‌does‌ ‌not‌ ‌include‌ ‌the‌ ‌detailed‌ ‌experimental‌ ‌studies‌‌                         

which‌ ‌would‌ ‌be‌‌required‌‌to‌‌increase‌‌hydrogen‌‌storage‌‌technology‌‌to‌‌certification‌‌levels.‌‌As‌‌                         

DMFCs‌ ‌alleviate‌ ‌this‌ ‌problem‌ ‌entirely‌ ‌with‌ ‌the‌ ‌use‌ ‌of‌ ‌a‌ ‌liquid‌ ‌fuel,‌ ‌and‌ ‌are‌ ‌similar‌ ‌in‌‌                               

operation‌‌and‌‌construction‌‌to‌‌hydrogen‌‌fuelled‌‌PEMFCs,‌‌they‌‌will‌‌also‌‌feature‌‌heavily‌‌in‌‌this‌‌                           

work.‌ ‌It‌ ‌is‌ ‌important‌ ‌to‌ ‌note‌ ‌that‌ ‌although‌ ‌the‌ ‌use‌ ‌of‌ ‌PEMFCs‌ ‌has‌ ‌been‌ ‌considered‌ ‌and‌‌                               

indeed‌‌implemented‌‌in‌‌a‌‌small‌‌number‌‌of‌‌aircraft,‌‌the‌‌use‌‌of‌‌DMFCs‌‌has‌‌received‌‌little‌‌to‌‌no‌‌                                 

attention‌ ‌in‌ ‌the‌ ‌published‌ ‌literature‌ ‌due‌ ‌to‌ ‌their‌ ‌relatively‌ ‌low‌ ‌specific-power.‌ ‌ 

3.9‌ References‌ ‌ 

[1]‌ ‌  Scheelhaase‌ ‌J,‌ ‌Maertens‌ ‌S,‌ ‌Grimme‌ ‌W.‌ ‌Synthetic‌ ‌fuels‌ ‌in‌ ‌aviation‌ ‌-‌ ‌Current‌ ‌barriers‌‌ 
and‌ ‌potential‌ ‌political‌ ‌measures.‌ ‌Transp‌ ‌Res‌ ‌Procedia‌ ‌2019;43:21–30.‌‌ 
https://doi.org/10.1016/j.trpro.2019.12.015.‌ ‌ 

[2]‌ ‌  Daggett‌ ‌D,‌ ‌Hadaller‌ ‌O,‌ ‌Hendricks‌ ‌R,‌ ‌Walther‌ ‌R.‌ ‌Alternative‌ ‌fuels‌ ‌and‌ ‌their‌‌ 
potential‌ ‌impact‌ ‌on‌ ‌aviation.‌ ‌25th‌ ‌Congr.‌ ‌Int.‌ ‌Counc.‌ ‌Aeronaut.‌ ‌Sci.‌ ‌2006,‌ ‌vol.‌ ‌5,‌‌ 
Hamburg:‌ ‌2006,‌ ‌p.‌ ‌2888–97.‌ ‌ 

[3]‌ ‌  Kandaramath‌ ‌Hari‌ ‌T,‌ ‌Yaakob‌ ‌Z,‌ ‌Binitha‌ ‌NN.‌ ‌Aviation‌ ‌biofuel‌ ‌from‌ ‌renewable‌‌ 
resources:‌ ‌Routes,‌ ‌opportunities‌ ‌and‌ ‌challenges.‌ ‌Renew‌ ‌Sustain‌ ‌Energy‌ ‌Rev‌‌ 
2015;42:1234–44.‌ ‌https://doi.org/10.1016/j.rser.2014.10.095.‌ ‌ 

[4]‌ ‌  Braun-Unkhoff‌ ‌M,‌ ‌Riedel‌ ‌U.‌ ‌Alternative‌ ‌fuels‌ ‌in‌ ‌aviation.‌ ‌CEAS‌ ‌Aeronaut‌ ‌J‌‌ 
2014;6:83–93.‌ ‌https://doi.org/10.1007/s13272-014-0131-2.‌ ‌ 

[5]‌ ‌  Boeing.‌ ‌Batteries‌ ‌and‌ ‌Advance‌ ‌Airplanes‌ ‌2013.‌‌ 
http://787updates.newairplane.com/787-Electrical-Systems/Batteries-and-Advanced‌
-Airplanes‌ ‌(accessed‌ ‌March‌ ‌7,‌ ‌2018).‌ ‌ 

[6]‌ ‌  Chao‌ ‌CH,‌ ‌Shieh‌ ‌JJ.‌ ‌A‌ ‌new‌ ‌control‌ ‌strategy‌ ‌for‌ ‌hybrid‌ ‌fuel‌ ‌cell-battery‌ ‌power‌‌ 
systems‌ ‌with‌ ‌improved‌ ‌efficiency.‌ ‌Int‌ ‌J‌ ‌Hydrogen‌ ‌Energy‌ ‌2012;37:13141–6.‌‌ 
https://doi.org/10.1016/j.ijhydene.2012.03.143‌ ‌ 

[7]‌ ‌  Wang‌ ‌Y,‌ ‌Chen‌ ‌KS,‌ ‌Mishler‌ ‌J,‌ ‌Cho‌ ‌SC,‌ ‌Adroher‌ ‌XC.‌ ‌A‌ ‌review‌ ‌of‌ ‌polymer‌‌ 
electrolyte‌ ‌membrane‌ ‌fuel‌ ‌cells:‌ ‌Technology,‌ ‌applications,‌ ‌and‌ ‌needs‌ ‌on‌‌ 
fundamental‌ ‌research.‌ ‌Appl‌ ‌Energy‌ ‌2011;88:981–1007.‌‌ 
https://doi.org/10.1016/j.apenergy.2010.09.030.‌ ‌ 

[8]‌ ‌  Rayment‌ ‌C,‌ ‌Sherwin‌ ‌S.‌ ‌Introduction‌ ‌to‌ ‌Fuel‌ ‌Cell‌ ‌Technology.‌ ‌2003.‌‌ 
https://doi.org/10.1.1.129.3231&rep=rep1&type=pdf.‌ ‌ 

[9]‌ ‌  Larminie‌ ‌J,‌ ‌Dicks‌ ‌A.‌ ‌Fuel‌ ‌Cell‌ ‌Systems‌ ‌Explained.‌ ‌2nd‌ ‌ed.‌ ‌John‌ ‌Wiley‌ ‌&‌ ‌Sons;‌‌ 
2003.‌ ‌https://doi.org/10.1016/S0378-7753(00)00571-1.‌ ‌ 

[10]‌ ‌  O’Hayre‌ ‌R,‌ ‌Cha‌ ‌S-W,‌ ‌Colella‌ ‌W,‌ ‌Prinz‌ ‌FB.‌ ‌Fuel‌ ‌cell‌ ‌fundamentals.‌ ‌3rd‌ ‌ed.‌ ‌John‌‌ 
Wiley‌ ‌&‌ ‌Sons;‌ ‌2016.‌ ‌ 



38‌ ‌ 

[11]‌ ‌  Mehta‌ ‌V,‌ ‌Cooper‌ ‌JS.‌ ‌Review‌ ‌and‌ ‌analysis‌ ‌of‌ ‌PEM‌ ‌fuel‌ ‌cell‌ ‌design‌ ‌and‌‌ 
manufacturing‌ ‌2002;114.‌ ‌ 

[12]‌ ‌  Hamnett‌ ‌A.‌ ‌Mechanism‌ ‌and‌ ‌electrocatalysis‌ ‌in‌ ‌the‌ ‌direct‌ ‌methanol‌ ‌fuel‌ ‌cell.‌ ‌Catal‌‌ 
Today‌ ‌1997;38:445–57.‌ ‌https://doi.org/10.1016/S0920-5861(97)00054-0.‌ ‌ 

[13]‌ ‌  McLean‌ ‌GF,‌ ‌Niet‌ ‌T,‌ ‌Djilali‌ ‌N.‌ ‌An‌ ‌assessment‌ ‌of‌ ‌AFC‌ ‌technology.‌ ‌Int‌ ‌J‌ ‌Hydrogen‌‌ 
Energy‌ ‌2002;27:507–26.‌ ‌ 

[14]‌ ‌  Kongkanand‌ ‌A,‌ ‌Subramanian‌ ‌NP,‌ ‌Yu‌ ‌Y,‌ ‌Liu‌ ‌Z,‌ ‌Igarashi‌ ‌H,‌ ‌Muller‌ ‌DA.‌ ‌Achieving‌‌ 
High-Power‌ ‌PEM‌ ‌Fuel‌ ‌Cell‌ ‌Performance‌ ‌with‌ ‌an‌ ‌Ultralow-Pt-Content‌ ‌Core-Shell‌‌ 
Catalyst.‌ ‌ACS‌ ‌Catal‌ ‌2016;6:1578–83.‌ ‌https://doi.org/10.1021/acscatal.5b02819.‌ ‌ 

[15]‌ ‌  Aguiar‌ ‌P,‌ ‌Brett‌ ‌DJL,‌ ‌Brandon‌ ‌NP.‌ ‌Solid‌ ‌oxide‌ ‌fuel‌ ‌cell/gas‌ ‌turbine‌ ‌hybrid‌ ‌system‌‌ 
analysis‌ ‌for‌ ‌high-altitude‌ ‌long-endurance‌ ‌unmanned‌ ‌aerial‌ ‌vehicles.‌ ‌Int‌ ‌J‌ ‌Hydrogen‌‌ 
Energy‌ ‌2008;33:7214–23.‌ ‌https://doi.org/10.1016/j.ijhydene.2008.09.012.‌ ‌ 

[16]‌ ‌  Pratt‌ ‌JW,‌ ‌Klebanoff‌ ‌LE,‌ ‌Munoz-Ramos‌ ‌K,‌ ‌Akhil‌ ‌AA,‌ ‌Curgus‌ ‌DB,‌ ‌Schenkman‌ ‌BL.‌‌ 
Proton‌ ‌exchange‌ ‌membrane‌ ‌fuel‌ ‌cells‌ ‌for‌ ‌electrical‌ ‌power‌ ‌generation‌ ‌on-board‌‌ 
commercial‌ ‌airplanes.‌ ‌Appl‌ ‌Energy‌ ‌2013;101:776–96.‌‌ 
https://doi.org/10.1016/j.apenergy.2012.08.003.‌ ‌ 

[17]‌ ‌  Renau‌ ‌J,‌ ‌Lozano‌ ‌A,‌ ‌Barroso‌ ‌J,‌ ‌Miralles‌ ‌J,‌ ‌Martin‌ ‌J,‌ ‌Sanchez‌ ‌F,‌ ‌et‌ ‌al.‌ ‌Use‌ ‌of‌ ‌fuel‌ ‌cell‌‌ 
stacks‌ ‌to‌ ‌achieve‌ ‌high‌ ‌altitudes‌ ‌in‌ ‌light‌ ‌unmanned‌ ‌aerial‌ ‌vehicles.‌ ‌Int‌ ‌J‌ ‌Hydrogen‌‌ 
Energy‌ ‌2015;40:14573–83.‌ ‌https://doi.org/10.1016/j.ijhydene.2015.02.071.‌ ‌ 

[18]‌ ‌  Sliwinski‌ ‌J,‌ ‌Gardi‌ ‌A,‌ ‌Marino‌ ‌M,‌ ‌Sabatini‌ ‌R.‌ ‌Hybrid-electric‌ ‌propulsion‌ ‌integration‌‌ 
in‌ ‌unmanned‌ ‌aircraft.‌ ‌Energy‌ ‌2017;140:1407–16.‌‌ 
https://doi.org/10.1016/j.energy.2017.05.183.‌ ‌ 

[19]‌ ‌  Guynn‌ ‌MD,‌ ‌Freh‌ ‌JE,‌ ‌Olson‌ ‌ED.‌ ‌Evaluation‌ ‌of‌ ‌a‌ ‌hydrogen‌ ‌fuel‌ ‌cell‌ ‌powered‌‌ 
blended-wing-body‌ ‌aircraft‌ ‌concept‌ ‌for‌ ‌reduced‌ ‌noise‌ ‌and‌ ‌emissions.‌ ‌NASA‌‌ 
2004;NASA/TM-20.‌ ‌ 

[20]‌ ‌  Roth‌ ‌B,‌ ‌Iii‌ ‌RG.‌ ‌Fuel‌ ‌cell‌ ‌hybrid‌ ‌propulsion‌ ‌challenges‌ ‌and‌ ‌opportunities‌ ‌for‌‌ 
commercial‌ ‌aviation‌ ‌2010:1–15.‌ ‌https://doi.org/doi:10.2514/6.2010-6537.‌ ‌ 

[21]‌ ‌  McConnell‌ ‌VP.‌ ‌Military‌ ‌UAVs‌ ‌claiming‌ ‌the‌ ‌skies‌ ‌with‌ ‌fuel‌ ‌cell‌ ‌power.‌ ‌Fuel‌ ‌Cells‌‌ 
Bull‌ ‌2007;2007:12–5.‌ ‌https://doi.org/10.1016/S1464-2859(07)70438-8.‌ ‌ 

[22]‌ ‌  McKinsey‌ ‌&‌ ‌Company,‌ ‌Clean‌ ‌Sky‌ ‌2‌ ‌JU,‌ ‌Fuel‌ ‌Cells‌ ‌and‌ ‌Hydrogen‌ ‌2‌ ‌JU.‌‌ 
Hydrogen-powered‌ ‌aviation‌ ‌A‌ ‌fact-based‌ ‌study‌ ‌of‌ ‌hydrogen‌ ‌technology,‌ ‌economics,‌‌ 
and‌ ‌climate‌ ‌impact‌ ‌by‌ ‌2050.‌ ‌1st‌ ‌ed.‌ ‌McKinsey‌ ‌&‌ ‌Company;‌ ‌2020.‌‌ 
https://doi.org/10.2843/471510.‌ ‌ 

[23]‌ ‌  Renouard-Vallet‌ ‌G,‌ ‌Saballus‌ ‌M,‌ ‌Schumann‌ ‌P,‌ ‌Kallo‌ ‌J,‌ ‌Friedrich‌ ‌KA,‌‌ 
Müller-Steinhagen‌ ‌H.‌ ‌Fuel‌ ‌Cells‌ ‌for‌ ‌Civil‌ ‌Aircraft‌ ‌Application:‌ ‌On-Board‌‌ 
Production‌ ‌of‌ ‌Power,‌ ‌Water‌ ‌and‌ ‌Inert‌ ‌Gas.‌ ‌Chem‌ ‌Eng‌ ‌Res‌ ‌Des‌ ‌2012;90:3–10.‌‌ 
https://doi.org/10.1016/j.cherd.2011.07.016.‌ ‌ 



39‌ ‌ 

‌   

[24]‌ ‌  Lapeña-Rey‌ ‌N,‌ ‌Mosquera‌ ‌J,‌ ‌Bataller‌ ‌E,‌ ‌Ortí‌ ‌F,‌ ‌Dudfield‌ ‌C,‌ ‌Orsillo‌ ‌A.‌‌ 
Environmentally‌ ‌friendly‌ ‌power‌ ‌sources‌ ‌for‌ ‌aerospace‌ ‌applications.‌ ‌J‌ ‌Power‌‌ 
Sources‌ ‌2008;181:353–62.‌ ‌https://doi.org/10.1016/j.jpowsour.2007.11.045.‌ ‌ 

[25]‌ ‌  Ward‌ ‌TA,‌ ‌Jenal‌ ‌N.‌ ‌Design‌ ‌and‌ ‌initial‌ ‌flight‌ ‌tests‌ ‌of‌ ‌a‌ ‌hydrogen‌ ‌fuel‌ ‌cell‌ ‌powered‌‌ 
unmanned‌ ‌air‌ ‌vehicle‌ ‌(UAV).‌ ‌Electrochem‌ ‌Soc‌ ‌2010;26:433–44.‌‌ 
https://doi.org/10.1149/1.3429016.‌ ‌ 

[26]‌ ‌  Dudek‌ ‌M,‌ ‌Tomczyk‌ ‌P,‌ ‌Wygonik‌ ‌P,‌ ‌Korkosz‌ ‌M,‌ ‌Bogusz‌ ‌P,‌ ‌Lis‌ ‌B.‌ ‌Hybrid‌ ‌fuel‌ ‌cell‌ ‌-‌‌ 
battery‌ ‌system‌ ‌as‌ ‌a‌ ‌main‌ ‌power‌ ‌unit‌ ‌for‌ ‌small‌ ‌unmanned‌ ‌aerial‌ ‌vehicles‌ ‌(UAV).‌ ‌Int‌‌ 
J‌ ‌Electrochem‌ ‌Sci‌ ‌2013;8:8442–63.‌ ‌ 

[27]‌ ‌  Bradley‌ ‌TH,‌ ‌Moffitt‌ ‌BA,‌ ‌Mavris‌ ‌DN,‌ ‌Parekh‌ ‌DE.‌ ‌Development‌ ‌and‌ ‌experimental‌‌ 
characterization‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌powered‌ ‌aircraft.‌ ‌J‌ ‌Power‌ ‌Sources‌ ‌2007;171:793–801.‌‌ 
https://doi.org/10.1016/j.jpowsour.2007.06.215.‌ ‌ 

[28]‌ ‌  Herwerth‌ ‌C,‌ ‌Chiang‌ ‌C,‌ ‌Ko‌ ‌A,‌ ‌Matsuyama‌ ‌S,‌ ‌Choi‌ ‌SB,‌ ‌Mirmirani‌ ‌M,‌ ‌et‌ ‌al.‌‌ 
Development‌ ‌of‌ ‌a‌ ‌small‌ ‌long‌ ‌endurance‌ ‌hybrid‌ ‌PEM‌ ‌fuel‌ ‌cell‌ ‌powered‌ ‌UAV.‌ ‌SAE‌‌ 
Tech‌ ‌Pap‌ ‌2007.‌ ‌https://doi.org/10.4271/2007-01-3930.‌ ‌ 

[29]‌ ‌  Kim‌ ‌K,‌ ‌Kim‌ ‌T,‌ ‌Lee‌ ‌K,‌ ‌Kwon‌ ‌S.‌ ‌Fuel‌ ‌cell‌ ‌system‌ ‌with‌ ‌sodium‌ ‌borohydride‌ ‌as‌‌ 
hydrogen‌ ‌source‌ ‌for‌ ‌unmanned‌ ‌aerial‌ ‌vehicles.‌ ‌J‌ ‌Power‌ ‌Sources‌ ‌2011;196:9069–75.‌‌ 
https://doi.org/10.1016/j.jpowsour.2011.01.038.‌ ‌ 

[30]‌ ‌  Kim‌ ‌T,‌ ‌Kwon‌ ‌S.‌ ‌Design‌ ‌and‌ ‌development‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell-powered‌ ‌small‌ ‌unmanned‌‌ 
aircraft.‌ ‌Int‌ ‌J‌ ‌Hydrogen‌ ‌Energy‌ ‌2012;37:615–22.‌‌ 
https://doi.org/10.1016/j.ijhydene.2011.09.051.‌ ‌ 

[31]‌ ‌  Pratt‌ ‌JW,‌ ‌Brouwer‌ ‌J,‌ ‌Samuelsen‌ ‌GS.‌ ‌Performance‌ ‌of‌ ‌Proton‌ ‌Exchange‌ ‌Membrane‌‌ 
Fuel‌ ‌Cell‌ ‌at‌ ‌High-Altitude‌ ‌Conditions.‌ ‌J‌ ‌Propuls‌ ‌Power‌ ‌2012;23:437–44.‌‌ 
https://doi.org/10.2514/1.20535.‌ ‌ 

[32]‌ ‌  Guynn‌ ‌MD,‌ ‌Freh‌ ‌JE,‌ ‌Olson‌ ‌ED.‌ ‌Evaluation‌ ‌of‌ ‌a‌ ‌hydrogen‌ ‌fuel‌ ‌cell‌ ‌powered‌‌ 
blended-wing-body‌ ‌aircraft‌ ‌concept‌ ‌for‌ ‌reduced‌ ‌noise‌ ‌and‌ ‌emissions.‌ ‌NASA‌‌ 
2004;NASA/TM-20.‌ ‌ 

[33]‌ ‌  Kumar‌ ‌L,‌ ‌Jain‌ ‌S.‌ ‌Electric‌ ‌propulsion‌ ‌system‌ ‌for‌ ‌electric‌ ‌vehicular‌ ‌technology:‌ ‌A‌‌ 
review.‌ ‌Renew‌ ‌Sustain‌ ‌Energy‌ ‌Rev‌ ‌2014;29:924–40.‌‌ 
https://doi.org/10.1016/j.rser.2013.09.014.‌ ‌ 

[34]‌ ‌  Faghri‌ ‌A,‌ ‌Guo‌ ‌Z.‌ ‌Challenges‌ ‌and‌ ‌opportunities‌ ‌of‌ ‌thermal‌ ‌management‌ ‌issues‌‌ 
related‌ ‌to‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌and‌ ‌modeling.‌ ‌Int‌ ‌J‌ ‌Heat‌ ‌Mass‌ ‌Transf‌‌ 
2005;48:3891–920.‌ ‌https://doi.org/10.1016/j.ijheatmasstransfer.2005.04.014.‌ ‌ 

[35]‌ ‌  E4tech.‌ ‌The‌ ‌Fuel‌ ‌Cell‌ ‌Industry‌ ‌Review‌ ‌2019.‌ ‌2019.‌ ‌ 



40‌ ‌ 

Chapter‌ ‌4‌ PEMFC‌ ‌Modelling‌ ‌ 
‌ 

‌ 

4.1‌ Defining‌ ‌Performance‌ ‌ 

The‌‌term‌‌“performance”‌‌is‌‌defined‌‌as‌‌“how‌‌well‌‌a‌‌person,‌‌machine,‌‌etc.‌‌does‌‌a‌‌piece‌‌of‌‌work‌‌                                 

or‌ ‌an‌ ‌activity”‌ ‌by‌ ‌the‌ ‌Cambridge‌ ‌Dictionary‌ ‌[1].‌ ‌The‌ ‌performance‌ ‌of‌‌a‌‌fuel‌‌cell‌‌and‌‌a‌‌fuel‌‌                                 

cell‌ ‌system‌ ‌are‌ ‌also‌ ‌two‌ ‌different‌ ‌things,‌ ‌and‌ ‌therefore‌ ‌will‌ ‌be‌ ‌covered‌ ‌separately.‌ ‌In‌ ‌this‌‌                             

section,‌‌the‌‌performance‌‌and‌‌modelling‌‌of‌‌that‌‌performance‌‌will‌‌be‌‌covered‌‌for‌‌the‌‌fuel‌‌cell‌‌                             

only.‌ ‌ 

Before‌ ‌considering‌ ‌how‌ ‌to‌ ‌define‌ ‌or‌ ‌calculate‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌there‌ ‌are‌ ‌some‌‌                         

terminologies‌‌which‌‌require‌‌explanation‌‌to‌‌ensure‌‌a‌‌full‌‌understanding‌‌of‌‌the‌‌following‌‌work.‌‌                         

These‌ ‌are‌ ‌Higher‌‌Heating‌‌Value‌‌(HHV)‌‌and‌‌Lower‌‌Heating‌‌Value‌‌(LHV)‌‌whose‌‌definitions‌‌                         

can‌ ‌be‌ ‌found‌ ‌in‌ ‌Table‌ ‌4.1.‌ ‌ 

Table‌ ‌4.1:‌ ‌Definitions‌ ‌of‌ ‌Higher‌ ‌Heating‌ ‌Value‌ ‌and‌ ‌Lower‌ ‌Heating‌ ‌Value‌ ‌ 

‌ 

‌ 

‌ 

‌ 

Term‌ ‌  Definition‌ ‌ 

Higher‌ ‌Heating‌ ‌Value‌ ‌  Higher‌ ‌calorific‌ ‌value‌ ‌of‌ ‌a‌‌fuel,‌‌determined‌‌by‌‌bringing‌‌all‌‌of‌‌the‌‌                       
products‌ ‌of‌ ‌combustion‌ ‌of‌ ‌that‌ ‌fuel‌ ‌with‌ ‌oxygen‌ ‌back‌ ‌to‌ ‌their‌‌                     
original‌ ‌temperature‌ ‌and‌ ‌condensing‌ ‌all‌ ‌water‌ ‌vapour‌ ‌produced‌‌               
into‌ ‌liquid‌ ‌[2,3].‌ ‌ 

Lower‌ ‌Heating‌ ‌value‌ ‌  Lower‌ ‌calorific‌ ‌value‌ ‌of‌ ‌a‌ ‌fuel‌ ‌and‌ ‌is‌ ‌found‌ ‌by‌ ‌subtracting‌ ‌the‌‌                       
latent‌ ‌heat‌ ‌of‌ ‌vapourisation‌ ‌of‌ ‌water‌ ‌from‌ ‌the‌ ‌HHV‌ ‌[2,3].‌ ‌ 
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Both‌ ‌HHV‌ ‌and‌ ‌LHV‌ ‌are‌‌important‌‌concepts‌‌to‌‌grasp‌‌as‌‌the‌‌calculated‌‌performance‌‌metrics‌‌                           

of‌ ‌fuel‌ ‌cells,‌ ‌such‌ ‌as‌ ‌efficiency,‌ ‌are‌ ‌heavily‌ ‌influenced‌ ‌by‌ ‌which‌ ‌heating‌ ‌value‌ ‌is‌ ‌used.‌ ‌In‌‌                               

general,‌ ‌for‌ ‌low‌ ‌temperature‌ ‌Polymer‌ ‌Electrolyte‌ ‌Membrane‌ ‌Fuel‌ ‌Cells‌ ‌(PEMFC)‌ ‌(both‌‌                     

hydrogen‌ ‌and‌ ‌methanol‌ ‌fed)‌ ‌operating‌ ‌below‌ ‌100‌ ‌℃,‌ ‌the‌‌HHV‌‌of‌‌the‌‌fuel/oxygen‌‌reaction‌‌                           

should‌ ‌always‌ ‌be‌ ‌used.‌ ‌This‌ ‌is‌ ‌because‌ ‌it‌ ‌is‌ ‌highly‌ ‌likely‌ ‌that‌ ‌a‌ ‌majority‌ ‌of‌ ‌the‌ ‌water‌‌                                 

produced‌ ‌by‌ ‌the‌ ‌reaction‌ ‌inside‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌will‌ ‌be‌ ‌in‌ ‌liquid‌ ‌form‌ ‌[2,3].‌ ‌ 

The‌ ‌story‌ ‌of‌ ‌modelling‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌is‌ ‌fairly‌ ‌long‌ ‌and‌ ‌complex.‌ ‌The‌ ‌following‌‌                           

subsections‌‌will‌‌attempt‌‌to‌‌present‌‌this‌‌information‌‌in‌‌a‌‌logical‌‌and‌‌easily‌‌digestible‌‌fashion.‌‌                           

We‌ ‌will‌ ‌start‌ ‌by‌ ‌defining‌ ‌idealised‌ ‌potentials‌ ‌before‌ ‌moving‌ ‌on‌ ‌to‌ ‌dealing‌ ‌with‌ ‌losses‌ ‌and‌‌                             

irreversibilities.‌ ‌Finally,‌ ‌we‌ ‌will‌ ‌conclude‌ ‌the‌ ‌“performance”‌ ‌section‌ ‌by‌ ‌introducing‌ ‌and‌‌                     

explaining‌ ‌the‌ ‌“Polarisation‌ ‌Curve”‌ ‌and‌ ‌its‌ ‌significance‌ ‌in‌ ‌the‌ ‌design‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌systems.‌ ‌ 

4.1.1‌ Ideal‌ ‌Potential‌ 

Although‌ ‌it‌ ‌has‌ ‌no‌ ‌physical‌ ‌meaning‌ ‌to‌ ‌the‌ ‌operation‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell,‌ ‌the‌ ‌imagined‌ ‌‌ideal‌‌                               

potential,‌‌ ,‌‌is‌‌extremely‌‌useful‌‌for‌‌calculating‌‌the‌‌heat‌‌release‌‌from‌‌a‌‌fuel‌‌cell‌‌during‌‌  V HHV                            

operation‌‌[3].‌‌The‌‌calculation‌‌of‌‌the‌‌ideal‌‌potential‌‌is‌‌based‌‌on‌‌the‌‌assumption‌‌that‌‌all‌‌of‌‌the‌‌                                 

energy‌ ‌contained‌ ‌in‌ ‌the‌ ‌fuel‌ ‌(i.e.‌ ‌its‌ ‌heating‌ ‌value‌ ‌or‌‌enthalpy‌‌of‌‌formation)‌‌is‌‌transformed‌‌                             

into‌ ‌electrical‌ ‌energy‌ ‌as‌ ‌shown‌ ‌by‌ ‌Equation‌ ‌4.1‌ ‌[2].‌ ‌In‌ ‌other‌ ‌words,‌ ‌it‌ ‌assumes‌ ‌the‌‌                             

electrochemical‌‌reaction‌‌taking‌‌place‌‌within‌‌the‌‌fuel‌‌cell‌‌is‌‌100%‌‌efficient.‌‌Typical‌‌values‌‌for‌‌                           

the‌ ‌enthalpy‌ ‌change‌ ‌and‌ ‌ideal‌ ‌potential‌ ‌for‌ ‌both‌ ‌PEMFC‌ ‌and‌ ‌Direct‌ ‌Methanol‌ ‌Fuel‌ ‌Cells‌‌                           

(DMFC)‌ ‌are‌ ‌shown‌ ‌in‌ ‌Table‌ ‌4.2.‌ ‌ 

Where:‌ ‌ 

‌ 

‌V HHV = zF
Δh    (4.1)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌hΔ     -‌  Absolute‌ ‌enthalpy‌ ‌change‌ ‌(J/mol)‌ ‌ 

V HHV     -‌  Theoretical‌ ‌potential‌ ‌based‌ ‌on‌ ‌the‌ ‌HHV‌ ‌of‌ ‌fuel‌ ‌(V)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 
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Table‌ ‌4.2:‌ ‌Typical‌ ‌values‌ ‌for‌ ‌fuel‌ ‌HHV‌ ‌and‌ ‌ideal‌ ‌potential‌ ‌for‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌ 

‌ 

The‌ ‌variation‌ ‌of‌ ‌absolute‌ ‌enthalpy‌ ‌change,‌ ‌ ‌with‌ ‌temperature‌ ‌for‌ ‌both‌ ‌the‌ ‌PEMFC‌ ‌and‌‌            hΔ                

standard‌ ‌DMFC‌ ‌reactions‌ ‌are‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌4.1.‌ ‌A‌ ‌temperature‌ ‌range‌ ‌of‌‌298‌‌K‌‌-‌‌360‌‌K‌‌                                 

was‌‌chosen‌‌as‌‌this‌‌would‌‌ensure‌‌that‌‌water‌‌is‌‌always‌‌in‌‌a‌‌liquid‌‌state,‌‌therefore‌‌the‌‌HHV‌‌of‌‌                                   

‌is‌‌quoted‌‌in‌‌this‌‌plot.‌‌Linear‌‌trend‌‌lines,‌‌with‌‌excellent‌‌fit‌‌were‌‌generated‌‌for‌‌both‌‌sets‌‌of‌‌hΔ                                    

data‌ ‌to‌ ‌allow‌ ‌the‌ ‌small‌ ‌variance‌ ‌of‌ ‌ with‌ ‌temperature‌ ‌to‌ ‌be‌ ‌included‌ ‌in‌ ‌the‌ ‌modelling‌‌              hΔ                  

effort.‌ ‌ 

‌ 

Figure‌ ‌4.1:‌ ‌Variation‌ ‌of‌ ‌the‌ ‌absolute‌ ‌enthalpy‌ ‌change‌ ‌of‌ ‌reaction‌ ‌for‌ ‌both‌ ‌a‌ ‌PEMFC‌ ‌and‌‌                             

DMFC‌ ‌between‌ ‌temperatures‌ ‌of‌ ‌298‌ ‌K‌ ‌and‌ ‌360‌ ‌K‌ ‌assuming‌ ‌liquid‌ ‌water‌ ‌ 

Fuel‌ ‌Cell‌ ‌Type‌ ‌  Fuel‌ ‌Higher‌ ‌Heating‌ ‌Value‌ ‌  Ideal‌ ‌Potential‌ ‌(HHV)‌ ‌ 

PEMFC‌ ‌  -285.66‌ ‌kJ/mol‌ ‌  1.48‌ ‌V‌ ‌ 

DMFC‌ ‌  -736.92‌ ‌kJ/mol‌ ‌  1.27‌ ‌V‌ ‌ 
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4.1.2‌ Thermodynamic‌ ‌Reversible‌ ‌Potential‌ ‌ 

The‌ ‌thermodynamic‌ ‌‌reversible‌ ‌potential,‌ ‌ of‌ ‌a‌ ‌polymer‌ ‌electrolyte‌ ‌membrane‌ ‌fuel‌‌        V 0 HHV            

cell‌ ‌is‌ ‌defined‌ ‌by‌ ‌the‌‌ratio‌‌between‌‌the‌‌Gibbs‌‌free‌‌energy‌‌and‌‌the‌‌product‌‌of‌‌the‌‌number‌‌of‌‌                                   

electrons‌‌involved‌‌in‌‌the‌‌reaction‌‌and‌‌the‌‌Faraday‌‌constant,‌‌as‌‌shown‌‌by‌‌Equation‌‌4.2.‌‌This‌‌is‌‌                               

a‌ ‌theoretical‌ ‌maximum‌‌potential‌‌and‌‌is‌‌not‌‌achievable‌‌due‌‌to‌‌irreversibilities‌‌in‌‌the‌‌reaction‌‌                           

[2].‌ ‌ 

Where:‌ ‌ 

The‌‌main‌‌difference‌‌between‌‌the‌‌“Ideal‌‌Potential”‌‌discussed‌‌earlier‌‌and‌‌the‌‌“Thermodynamic‌‌                       

Reversible‌‌Potential”‌‌is‌‌the‌‌use‌‌of‌‌Gibbs‌‌free‌‌energy,‌‌or‌‌the‌‌work‌‌potential‌‌of‌‌the‌‌fuel‌‌instead‌‌                                 

of‌ ‌the‌ ‌enthalpy‌ ‌of‌ ‌reaction‌ ‌(heat‌ ‌potential‌ ‌of‌ ‌the‌ ‌fuel).‌ ‌The‌ ‌“Thermodynamic‌ ‌Reversible‌‌                         

Potential”‌ ‌will‌ ‌always‌ ‌be‌ ‌less‌ ‌than‌ ‌the‌‌“Ideal‌‌Potential”‌‌due‌‌to‌‌the‌‌very‌‌definition‌‌of‌‌Gibbs‌‌                               

free‌ ‌energy.‌ ‌The‌ ‌definition,‌ ‌demonstrated‌‌by‌‌Equation‌‌4.3‌‌shows‌‌that‌‌the‌‌Gibbs‌‌free‌‌energy‌‌                           

change‌ ‌will‌ ‌always‌ ‌be‌ ‌less‌ ‌than‌ ‌the‌ ‌Enthalpy‌ ‌change‌ ‌as‌ ‌they‌ ‌are‌ ‌related‌ ‌by‌ ‌subtracting‌ ‌an‌‌                               

Entropy‌ ‌term,‌ ‌which‌ ‌due‌ ‌to‌ ‌the‌ ‌Second‌ ‌Law‌ ‌of‌ ‌Thermodynamics,‌ ‌must‌ ‌always‌ ‌be‌ ‌positive.‌ ‌ 

Where:‌ ‌ 

‌V 0 HHV = zF
Δg    (4.2)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌gΔ     -‌  Absolute‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change‌ ‌(J/mol)‌ ‌ 

V 0 HHV -‌  Reversible‌ ‌potential‌ ‌based‌ ‌on‌ ‌the‌ ‌HHV‌ ‌of‌ ‌fuel‌ ‌(V)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 

‌g h ΔsΔ   = Δ   − T   (4.3)‌ 

‌gΔ     -‌  Absolute‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change‌ ‌(J/mol)‌ ‌ 

‌hΔ     -‌  Absolute‌ ‌enthalpy‌ ‌change‌ ‌(J/mol)‌ ‌ 

‌sΔ     -‌  Absolute‌ ‌entropy‌ ‌change‌ ‌(J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 
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Typical‌ ‌values‌ ‌for‌ ‌the‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change‌ ‌(at‌ ‌298‌ ‌K)‌ ‌and‌ ‌corresponding‌‌                         

thermodynamic‌ ‌reversible‌ ‌potentials‌ ‌for‌ ‌both‌ ‌PEMFC‌ ‌and‌ ‌DMFCs‌ ‌are‌‌shown‌‌in‌‌Table‌‌4.3.‌‌                         

Appendix‌‌2‌‌contains‌‌further‌‌chemical‌‌information‌‌which‌‌can‌‌be‌‌used‌‌to‌‌calculate‌‌the‌‌values‌‌                           

for‌ ‌ and‌ ‌therefore‌ ‌V‌0‌ ‌HHV‌‌ ‌at‌ ‌a‌ ‌range‌ ‌of‌ ‌temperatures.‌ ‌gΔ    

Table‌ ‌4.3:‌ ‌Typical‌ ‌values‌ ‌for‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change‌ ‌and‌ ‌thermodynamic‌ ‌reversible‌‌                       

potential‌ ‌for‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌ 

‌ 

The‌ ‌variation‌ ‌of‌ ‌absolute‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change,‌ ‌ ‌with‌ ‌temperature‌ ‌for‌ ‌both‌ ‌the‌‌                gΔ            

PEMFC‌‌and‌‌standard‌‌DMFC‌‌reactions‌‌are‌‌shown‌‌in‌‌Figure‌‌4.2.‌‌A‌‌temperature‌‌range‌‌of‌‌298‌‌                             

K‌‌-‌‌360‌‌K‌‌was‌‌chosen‌‌as‌‌this‌‌would‌‌ensure‌‌that‌‌water‌‌is‌‌always‌‌in‌‌a‌‌liquid‌‌state,‌‌therefore‌‌the‌‌                                       

HHV‌ ‌of‌ ‌ ‌is‌ ‌quoted‌ ‌in‌ ‌this‌ ‌plot.‌ ‌Linear‌ ‌trend‌‌lines,‌‌with‌‌excellent‌‌fit‌‌were‌‌generated‌‌for‌‌    gΔ                              

both‌ ‌sets‌ ‌of‌ ‌data‌ ‌to‌ ‌allow‌ ‌the‌ ‌variance‌ ‌of‌ ‌ with‌ ‌temperature‌ ‌to‌ ‌be‌ ‌included‌ ‌in‌ ‌the‌‌                  gΔ                

modelling‌ ‌effort.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Fuel‌ ‌Cell‌ ‌Type‌ ‌  Gibbs‌ ‌Free‌ ‌Energy‌ ‌Change‌‌ 
at‌ ‌298‌ ‌K‌ ‌ 

Thermodynamic‌ ‌Reversible‌‌ 
Potential‌ ‌(HHV)‌ ‌ 

PEMFC‌ ‌  -237.2‌ ‌kJ/mol‌ ‌  1.23‌ ‌V‌ ‌ 

DMFC‌ ‌  -706.5‌ ‌kJ/mol‌ ‌  1.22‌ ‌V‌ ‌ 
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‌ 

Figure‌‌4.2:‌‌Variation‌‌of‌‌the‌‌absolute‌‌Gibbs‌‌free‌‌energy‌‌change‌‌of‌‌reaction‌‌for‌‌both‌‌a‌‌PEMFC‌‌                               

and‌ ‌DMFC‌ ‌between‌ ‌temperatures‌ ‌of‌ ‌298‌ ‌K‌ ‌and‌ ‌360‌ ‌K‌ ‌assuming‌ ‌liquid‌ ‌water‌ ‌ 

4.1.3‌ Efficiency‌ ‌ 

It‌ ‌is‌ ‌widely‌ ‌agreed‌ ‌that‌ ‌defining‌ ‌efficiency‌ ‌as‌ ‌a‌ ‌relationship‌ ‌between‌ ‌electrical‌ ‌energy‌‌                         

produced‌ ‌and‌ ‌the‌ ‌work‌ ‌potential‌ ‌of‌‌the‌‌fuel‌‌(change‌‌in‌‌Gibbs‌‌free‌‌energy)‌‌is‌‌rarely‌‌done‌‌as‌‌                                 

irrespective‌ ‌of‌ ‌the‌ ‌conditions‌ ‌used,‌ ‌the‌ ‌efficiency‌ ‌limit‌ ‌would‌ ‌be‌ ‌100%‌ ‌[2].‌ ‌ 

The‌ ‌determination‌ ‌of‌ ‌real‌ ‌fuel‌ ‌cell‌ ‌efficiency‌ ‌is‌ ‌approached‌ ‌slightly‌ ‌differently‌ ‌by‌ ‌the‌ ‌two‌‌                           

main‌ ‌sources‌ ‌of‌ ‌fundamental‌ ‌fuel‌ ‌cell‌ ‌knowledge,‌ ‌Larminie,‌ ‌D‌ ‌(2003)‌ ‌[2]‌ ‌and‌‌O’Hayre,‌‌R‌‌                           

(2016)‌ ‌[3].‌ ‌Both‌ ‌sources‌ ‌agree‌ ‌that‌ ‌its‌ ‌calculation‌ ‌is‌ ‌based‌ ‌on‌ ‌several‌ ‌factors‌ ‌and‌ ‌despite‌‌                             

different‌ ‌approaches,‌ ‌both‌ ‌achieve‌ ‌very‌ ‌similar‌ ‌results.‌ ‌ 

For‌ ‌the‌ ‌purpose‌ ‌of‌ ‌modelling‌ ‌fuel‌ ‌cell‌ ‌efficiency‌ ‌in‌ ‌this‌ ‌work,‌ ‌the‌ ‌approach‌ ‌taken‌ ‌by‌‌                             

Larminie,‌‌D‌‌(2003)‌‌[2]‌‌will‌‌be‌‌followed.‌‌In‌‌their‌‌approach,‌‌the‌‌real‌‌fuel‌‌cell‌‌efficiency,‌‌ ‌                              ηF C  

is‌‌defined‌‌as‌‌the‌‌product‌‌of‌‌the‌‌cell‌‌efficiency,‌‌ ‌and‌‌the‌‌fuel‌‌utilisation‌‌coefficient,‌‌ ‌                  ηvolt             ηfuel  

as‌ ‌shown‌ ‌by‌ ‌Equation‌ ‌4.4.‌ ‌ 
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Where:‌ ‌ 

Cell‌‌efficiency,‌‌ ‌is‌‌the‌‌ratio‌‌of‌‌the‌‌actual‌‌cell‌‌voltage‌‌of‌‌the‌‌fuel‌‌cell‌‌to‌‌the‌‌ideal‌‌potential‌‌    ηvolt                                  

found‌ ‌from‌ ‌the‌ ‌heating‌ ‌value‌ ‌of‌ ‌the‌ ‌fuel‌ ‌as‌ ‌demonstrated‌ ‌by‌ ‌Equation‌‌4.5.‌‌It‌‌is‌‌possible‌‌to‌‌                                 

define‌ ‌cell‌ ‌efficiencies‌ ‌on‌ ‌either‌ ‌the‌ ‌HHV‌ ‌or‌ ‌LHV‌ ‌of‌ ‌the‌ ‌fuel.‌ ‌However,‌ ‌it‌ ‌is‌ ‌common‌‌                               

practice‌ ‌to‌ ‌define‌ ‌the‌ ‌efficiency‌‌based‌‌on‌‌the‌‌HHV‌‌of‌‌the‌‌fuel‌‌as‌‌this‌‌gives‌‌a‌‌more‌‌realistic‌‌                                   

value‌ ‌and‌ ‌allows‌ ‌direct‌ ‌comparison‌ ‌to‌ ‌heat‌ ‌engines.‌ ‌ 

Where:‌ ‌ 

The‌‌fuel‌‌utilisation‌‌coefficient,‌‌ ‌is‌‌the‌‌ratio‌‌of‌‌mass‌‌of‌‌fuel‌‌reacted‌‌in‌‌the‌‌fuel‌‌cell‌‌to‌‌the‌‌        ηfuel                              

mass‌ ‌of‌ ‌fuel‌ ‌fed‌ ‌to‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌as‌ ‌shown‌ ‌by‌ ‌Equation‌ ‌4.6.‌ ‌This‌ ‌value‌ ‌is‌ ‌also‌ ‌related‌ ‌to‌‌                                     

another‌ ‌important‌ ‌parameter‌ ‌in‌ ‌fuel‌‌cell‌‌system‌‌design,‌‌stoichiometry.‌‌More‌‌information‌‌on‌‌                       

this‌ ‌parameter‌ ‌will‌ ‌be‌ ‌discussed‌ ‌later‌ ‌on‌ ‌in‌ ‌this‌ ‌chapter.‌‌ ‌  

Where:‌ ‌ 

‌ 

‌ηF C = ηvolt · ηfuel   (4.4)‌ 

‌ηF C    -‌  Real‌ ‌fuel‌ ‌cell‌ ‌efficiency‌ ‌ 

‌ηfuel    -‌  Fuel‌ ‌utilisation‌ ‌coefficient‌ ‌ 

‌ηvolt    -‌  Cell‌ ‌efficiency‌ ‌ 

‌V 00%  ηvolt = V c / HHV   × 1   (4.5)‌ 

‌V c    -‌  Cell‌ ‌voltage‌ ‌(V)‌ ‌ 

V HHV     -‌  Theoretical‌ ‌potential‌ ‌based‌ ‌on‌ ‌the‌ ‌Higher‌ ‌Heating‌ ‌Value‌ ‌(HHV)‌ ‌of‌ ‌fuel‌ ‌ 

‌ηvolt    -‌  Cell‌ ‌efficiency‌ ‌ 

‌00%ηfuel = mass of  fuel input to cell
mass of  fuel reacted in cell × 1   (4.6)‌ 

‌ηfuel    -‌  Fuel‌ ‌utilisation‌ ‌coefficient‌ ‌ 
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4.1.4‌ Fuel‌ ‌Cell‌ ‌Irreversibilities‌ ‌ 

Due‌ ‌to‌ ‌the‌ ‌highly‌ ‌interdisciplinary‌ ‌nature‌ ‌of‌ ‌fuel‌ ‌cells,‌ ‌there‌ ‌are‌ ‌several‌ ‌different‌ ‌sets‌ ‌of‌‌                             

terminology‌ ‌used‌ ‌when‌ ‌describing‌‌the‌‌irreversibilities‌‌responsible‌‌for‌‌differences‌‌between‌‌a‌‌                     

real‌ ‌fuel‌ ‌cell‌ ‌voltage‌ ‌and‌ ‌the‌ ‌predicted‌ ‌theoretical‌ ‌potentials‌ ‌discussed‌ ‌earlier.‌ ‌When‌‌                       

discussing‌ ‌the‌ ‌operation‌ ‌of‌ ‌fuel‌ ‌cells‌ ‌it‌ ‌is‌ ‌difficult‌ ‌to‌ ‌stick‌ ‌to‌ ‌a‌ ‌single‌ ‌term.‌ ‌Therefore,‌‌                               

throughout‌ ‌this‌ ‌Thesis‌ ‌the‌ ‌following‌ ‌list‌ ‌of‌ ‌terms,‌ ‌which‌ ‌all‌ ‌have‌ ‌the‌ ‌same‌ ‌meaning‌ ‌when‌‌                             

related‌ ‌to‌ ‌fuel‌ ‌cell‌ ‌potentials‌ ‌will‌ ‌be‌ ‌used‌ ‌interchangeably:‌ ‌ 

● Irreversibility‌ ‌/‌ ‌irreversibilities‌ ‌ 

● Overpotential‌ ‌/‌ ‌overvoltage‌ ‌ 

● Voltage‌ ‌drop‌ ‌ 

● Loss‌ ‌/‌ ‌losses‌ ‌ 

● Polarisation‌ ‌ 

Operational‌ ‌fuel‌ ‌cell‌ ‌voltage‌ ‌can‌ ‌be‌ ‌found‌ ‌by‌ ‌combining‌ ‌the‌ ‌four‌ ‌major‌ ‌irreversibilities:‌‌                         

activation,‌ ‌fuel‌‌crossover,‌‌resistance‌‌and‌‌concentration‌‌losses‌‌and‌‌subtracting‌‌them‌‌from‌‌the‌‌                       

thermodynamic‌ ‌reversible‌ ‌potential‌ ‌defined‌ ‌by‌ ‌Equation‌ ‌4.2.‌ ‌Definitions‌ ‌of‌ ‌these‌‌                   

irreversibilities‌ ‌can‌ ‌be‌ ‌found‌ ‌in‌ ‌Table‌ ‌4.4.‌ ‌ 

Table‌ ‌4.4:‌ ‌Definitions‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌irreversibilities‌ ‌[2,3]‌ ‌ 

Irreversibility‌ ‌  Definition‌ ‌ 

Activation‌ ‌losses‌ ‌  Overpotential‌ ‌associated‌ ‌with‌ ‌driving‌ ‌the‌ ‌reaction‌ ‌forward‌ ‌at‌ ‌the‌‌                 
catalyst‌ ‌surface‌ ‌on‌ ‌the‌ ‌electrode.‌ ‌The‌ ‌voltage‌ ‌drop‌‌associated‌‌with‌‌                   
this‌ ‌loss‌ ‌is‌ ‌highly‌ ‌nonlinear.‌ ‌ 

Fuel‌ ‌crossover‌  Losses‌ ‌associated‌ ‌with‌ ‌the‌ ‌fuel‌ ‌wastage‌ ‌which‌ ‌occurs‌ ‌as‌ ‌it‌ ‌passes‌‌                     
through‌ ‌the‌ ‌electrolyte.‌ ‌This‌ ‌irreversibility‌ ‌is‌ ‌generally‌ ‌very‌ ‌small‌‌                 
for‌ ‌PEMFCs‌ ‌and‌ ‌only‌ ‌has‌ ‌a‌ ‌noticeable‌ ‌effect‌ ‌on‌ ‌the‌ ‌Open‌ ‌Circuit‌‌                       
Voltage‌ ‌(OCV)‌ ‌of‌ ‌low‌ ‌temperature‌ ‌fuel‌ ‌cells.‌ ‌For‌ ‌DMFCs‌ ‌this‌‌                   
irreversibility‌ ‌is‌ ‌more‌ ‌substantial.‌ ‌ 

Ohmic‌ ‌losses‌ ‌  Voltage‌ ‌drop‌ ‌associated‌ ‌with‌‌the‌‌resistance‌‌to‌‌the‌‌flow‌‌of‌‌electrons‌‌                     
through‌ ‌the‌ ‌electrode‌ ‌materials‌ ‌and‌ ‌the‌ ‌various‌ ‌interconnects,‌ ‌as‌‌                 
well‌ ‌as‌ ‌the‌ ‌flow‌ ‌of‌ ‌ions‌ ‌through‌ ‌the‌ ‌electrolyte.‌ ‌ 

Mass‌ ‌transport‌ ‌and‌‌     
concentration‌ ‌losses‌ ‌ 

Losses‌‌resulting‌‌from‌‌the‌‌change‌‌in‌‌concentration‌‌of‌‌the‌‌reactants‌‌at‌‌                     
the‌ ‌surface‌ ‌of‌ ‌the‌ ‌electrodes‌ ‌as‌ ‌the‌ ‌fuel‌ ‌is‌ ‌used.‌ ‌These‌‌                     
irreversibilities‌ ‌are‌ ‌most‌ ‌prevalent‌ ‌at‌ ‌higher‌ ‌current‌ ‌densities.‌ 
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The‌‌Nernst‌‌equation,‌‌first‌‌developed‌‌by‌‌Walther‌‌Nernst‌‌in‌‌1887‌‌is‌‌well‌‌established‌‌as‌‌one‌‌of‌‌                               

the‌ ‌most‌ ‌cited‌ ‌electrochemical‌ ‌equations‌ ‌in‌ ‌history‌ ‌[4,5].‌ ‌The‌ ‌Nernst‌ ‌equation‌ ‌has‌ ‌been‌‌                         

expanded‌‌to‌‌several‌‌different‌‌forms‌‌of‌‌an‌‌empirical‌‌full‌‌cell‌‌equation‌‌[2,3,6]‌‌which‌‌is‌‌used‌‌to‌‌                               

describe‌‌how‌‌these‌‌irreversibilities‌‌are‌‌combined‌‌to‌‌find‌‌the‌‌cell‌‌voltage‌‌of‌‌a‌‌single‌‌cell‌‌from‌‌                               

the‌‌thermodynamic‌‌reversible‌‌voltage.‌‌It‌‌also‌‌shows‌‌how‌‌increasing‌‌current‌‌density‌‌leads‌‌to‌‌a‌‌                           

lower‌ ‌cell‌ ‌potential.‌ ‌The‌ ‌numerical‌ ‌form‌ ‌of‌ ‌the‌ ‌full‌ ‌cell‌ ‌equation,‌ ‌utilising‌ ‌the‌ ‌empirical‌‌                           

parameters‌ ‌  ‌is‌ ‌shown‌ ‌in‌ ‌Equation‌ ‌4.7.‌ ‌, i , , x & yi0    n  Ω    

Where:‌ ‌ 

The‌‌hydrogen/oxygen‌‌redox‌‌reaction‌‌occurs‌‌at‌‌all‌‌times‌‌when‌‌the‌‌reactants‌‌are‌‌in‌‌both‌‌in‌‌the‌‌                               

presence‌ ‌of‌ ‌a‌ ‌suitable‌ ‌catalyst.‌ ‌Under‌ ‌a‌ ‌no-load‌ ‌condition,‌ ‌the‌ ‌reduction‌ ‌and‌ ‌oxidation‌‌                         

reactions‌ ‌are‌ ‌in‌ ‌equilibrium.‌ ‌The‌ ‌resulting‌ ‌flow‌ ‌of‌ ‌electrons‌ ‌generates‌ ‌a‌ ‌current‌ ‌density,‌‌                         

‌ln Ω exp  V c = V 0 HHV − RT
zαF ( i0

i + in ) − i − x (yi)   (4.7)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

i   -‌  Current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌i0    -‌  Exchange‌ ‌current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌in    -‌  Internal‌ ‌current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

V 0 HHV -‌  Theoretical‌ ‌potential‌ ‌based‌ ‌on‌ ‌the‌ ‌Higher‌ ‌Heating‌ ‌Value‌ ‌(HHV)‌ ‌of‌ ‌hydrogen‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 

‌x   -‌  Mass‌ ‌transport‌ ‌loss‌ ‌empirical‌ ‌constant‌ ‌1‌ ‌(V)‌ ‌ 

‌y   -‌  Mass‌ ‌transport‌ ‌loss‌ ‌empirical‌ ‌constant‌ ‌2‌ ‌(cm‌2‌/A)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 

α   -‌  Charge‌ ‌transfer‌ ‌coefficient‌ ‌ 

‌Ω   -‌  Area‌ ‌specific‌ ‌resistance‌ ‌(Ωcm‌2‌)‌ ‌ 
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commonly‌ ‌referred‌ ‌to‌ ‌as‌ ‌the‌ ‌exchange‌ ‌current‌ ‌density,‌ ‌ ‌[2].‌ ‌This‌ ‌reversible‌ ‌equilibrium‌‌                i0          

current‌ ‌can‌ ‌also‌ ‌be‌ ‌thought‌ ‌of‌ ‌as‌ ‌the‌ ‌“idle”‌ ‌current‌ ‌at‌ ‌the‌ ‌electrode‌ ‌[7]‌ ‌ 

Overvoltage‌‌associated‌‌with‌‌ is‌‌a‌‌combination‌‌of‌‌the‌‌overvoltage‌‌at‌‌the‌‌cathode‌‌and‌‌that‌‌at‌‌      i0                         

the‌ ‌anode.‌ ‌For‌ ‌a‌ ‌hydrogen‌ ‌fuelled‌ ‌PEMFC,‌ ‌the‌‌cathodic‌‌overvoltage‌‌is‌‌substantially‌‌higher‌‌                         

than‌ ‌that‌ ‌at‌ ‌the‌ ‌anode.‌ ‌Therefore,‌ ‌the‌ ‌anodic‌ ‌overvoltage‌ ‌is‌ ‌typically‌ ‌considered‌‌negligible‌‌                         

[2].‌‌Direct‌‌methanol‌‌fuel‌‌cells,‌‌on‌‌the‌‌other‌‌hand,‌‌have‌‌a‌‌much‌‌larger‌‌anodic‌‌overvoltage‌‌due‌‌                               

to‌ ‌the‌ ‌complex‌ ‌methanol‌ ‌oxidation‌ ‌reaction.‌ ‌For‌ ‌both‌ ‌fuel‌ ‌cell‌ ‌technologies,‌ ‌the‌ ‌exchange‌                         

overvoltage‌‌can‌‌be‌‌minimised‌‌by‌‌increasing‌‌the‌‌exchange‌‌current‌‌density‌‌by‌‌either‌‌increasing‌‌                         

the‌ ‌cell‌ ‌temperature‌ ‌or‌‌increasing‌‌the‌‌catalyst‌‌site‌‌occupancy‌‌through‌‌elevating‌‌the‌‌pressure‌‌                         

or‌ ‌increasing‌ ‌the‌ ‌reactant‌ ‌purity‌ ‌[2].‌ ‌ 

Internal‌ ‌current‌ ‌density,‌ ‌ is‌ ‌used‌ ‌as‌ ‌an‌ ‌approximation‌‌of‌‌the‌‌voltage‌‌drop‌‌associated‌‌with‌‌      in                       

the‌‌crossover‌‌of‌‌fuel‌‌from‌‌the‌‌anode‌‌to‌‌the‌‌cathode.‌‌Fuel‌‌crossover‌‌is‌‌a‌‌term‌‌commonly‌‌given‌‌                                 

to‌ ‌the‌ ‌phenomena‌‌of‌‌fuel‌‌diffusing‌‌across‌‌the‌‌polymer‌‌membrane‌‌and‌‌reacting‌‌directly‌‌with‌‌                           

the‌ ‌oxidant‌ ‌at‌ ‌the‌ ‌cathode.‌ ‌This‌ ‌process‌‌is‌‌more‌‌prevalent‌‌in‌‌DMFCs‌‌than‌‌PEMFCs‌‌[2,3,8]‌‌                             

and‌ ‌removes‌ ‌electrons‌ ‌from‌ ‌the‌ ‌anode‌ ‌side‌ ‌of‌ ‌the‌ ‌fuel‌‌cell‌‌before‌‌they‌‌can‌‌be‌‌utilised‌‌by‌‌a‌‌                                   

connected‌ ‌electronic‌ ‌load.‌ ‌ 

Ohmic‌ ‌losses‌ ‌are‌ ‌represented‌ ‌in‌ ‌Equation‌ ‌4.7‌ ‌by‌ ‌the‌ ‌area‌ ‌specific‌ ‌resistance,‌ ‌ .‌ ‌This‌‌                        Ω    

parameter‌ ‌represents‌ ‌the‌ ‌electrical‌ ‌losses‌ ‌due‌ ‌to‌ ‌material‌ ‌resistances.‌ ‌Each‌ ‌cell‌ ‌component‌‌                       

contributes‌ ‌in‌ ‌part‌‌to‌‌the‌‌overall‌‌electrical‌‌resistance.‌‌However,‌‌the‌‌polymer‌‌electrolyte‌ ‌has‌‌                         

by‌ ‌far‌ ‌the‌ ‌largest‌ ‌contribution‌ ‌[2].‌ ‌ 

Finally,‌‌there‌‌are‌‌two‌‌empirical‌‌constants,‌‌ (sometimes‌‌ )which‌‌are‌‌used‌‌to‌‌estimate‌‌            , y x     , nm            

the‌‌losses‌‌associated‌‌with‌‌mass‌‌transport.‌‌Although‌‌there‌‌is‌‌no‌‌real‌‌theoretical‌‌grounding,‌‌this‌‌                           

approach‌ ‌is‌ ‌widely‌ ‌used‌ ‌in‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌community‌ ‌as‌ ‌it‌ ‌tends‌ ‌to‌ ‌give‌ ‌the‌ ‌best‌ ‌fit‌ ‌[9,10].‌ ‌ 

4.1.5‌ The‌ ‌Polarisation‌ ‌Curve‌ ‌ 

Graphically,‌ ‌fuel‌ ‌cell‌ ‌irreversibilities‌ ‌are‌‌best‌‌represented‌‌by‌‌a‌‌polarisation‌‌curve.‌‌This‌‌type‌‌                         

of‌ ‌performance‌ ‌figure‌ ‌is‌ ‌usually‌ ‌represented‌ ‌as‌ ‌a‌ ‌plot‌ ‌of‌ ‌decreasing‌ ‌cell‌ ‌potential‌ ‌with‌‌                           

increasing‌ ‌current‌ ‌density.‌ ‌As‌‌fuel‌‌cells‌‌are‌‌highly‌‌scalable‌‌electrochemical‌‌devices,‌‌the‌‌use‌‌                         

of‌ ‌current‌ ‌density‌ ‌instead‌ ‌of‌ ‌just‌ ‌current‌ ‌is‌ ‌preferred‌ ‌as‌ ‌it‌ ‌enables‌ ‌more‌ ‌straightforward‌‌                           

comparisons‌ ‌between‌ ‌different‌ ‌fuel‌ ‌cells.‌ ‌An‌ ‌example‌ ‌polarisation‌ ‌plot‌ ‌for‌ ‌a‌ ‌generic‌ ‌low‌‌                         
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temperature‌ ‌fuel‌ ‌cell‌ ‌is‌ ‌shown‌ ‌in‌‌Figure‌‌4.3.‌‌This‌‌exemplar‌‌diagram‌‌clearly‌‌shows‌‌how‌‌the‌                             

primary‌ ‌losses‌ ‌affect‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌voltage.‌ ‌ 

As‌ ‌shown‌ ‌by‌ ‌Figure‌ ‌4.3,‌ ‌activation‌ ‌losses‌ ‌are‌ ‌most‌ ‌prominent‌ ‌in‌ ‌the‌ ‌low‌ ‌current‌ ‌density‌‌                             

portion‌ ‌of‌ ‌the‌ ‌polarisation‌ ‌curve‌ ‌whereas‌ ‌the‌ ‌high‌ ‌current‌ ‌density‌ ‌region‌ ‌is‌ ‌dominated‌ ‌by‌‌                           

mass‌ ‌transport‌ ‌losses.‌ ‌It‌ ‌is‌ ‌preferable‌ ‌to‌ ‌operate‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌in‌ ‌the‌ ‌ohmic‌ ‌region‌ ‌of‌ ‌the‌‌                                 

polarisation‌ ‌curve‌ ‌as‌ ‌the‌ ‌voltage‌ ‌response‌ ‌to‌ ‌a‌ ‌current‌ ‌demand‌ ‌is‌ ‌the‌ ‌most‌ ‌predictable.‌ ‌ 

‌ 

Figure‌ ‌4.3:‌ ‌Fuel‌ ‌cell‌ ‌irreversibilities‌ ‌illustrated‌ ‌on‌ ‌a‌ ‌generic‌ ‌polarisation‌ ‌curve‌ ‌ 

Membrane‌ ‌electrode‌ ‌assemblies‌ ‌were‌ ‌purchased‌ ‌commercially‌ ‌from‌‌             

https://www.fuelcellstore.com/‌ ‌for‌ ‌both‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌so‌ ‌that‌ ‌experimental‌‌                 

polarisation‌‌results‌‌could‌‌be‌‌obtained.‌‌Theoretical‌‌polarisation‌‌curves‌‌were‌‌then‌‌fitted‌‌to‌‌the‌‌                         

experimental‌ ‌data‌ ‌by‌ ‌modifying‌ ‌the‌ ‌empirical‌ ‌constants‌ ‌from‌ ‌Equation‌ ‌4.7.‌ ‌Technical‌‌                     

specifications‌ ‌for‌ ‌both‌ ‌MEAs‌ ‌are‌ ‌contained‌ ‌in‌ ‌Table‌ ‌4.5.‌ ‌ 

‌ 

‌ 

‌ 
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‌ 

‌ 

Table‌ ‌4.5:‌ ‌Technical‌ ‌specifications‌ ‌for‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌MEAs‌ ‌used‌ ‌in‌ ‌experimental‌ ‌work‌ ‌ 

‌ 

The‌‌polymer‌‌electrolyte‌‌MEA‌‌was‌‌operated‌‌at‌‌a‌‌temperature‌‌of‌‌70‌‌℃‌‌with‌‌pure‌‌hydrogen‌‌as‌‌                               

a‌‌fuel‌‌and‌‌humidified‌‌air‌‌as‌‌the‌‌oxidant.‌‌Experimental‌‌conditions‌‌were‌‌varied‌‌slightly‌‌for‌‌the‌‌                             

DMFC‌‌MEA‌‌compared‌‌with‌‌the‌‌PEMFC.‌‌An‌‌operating‌‌temperature‌‌of‌‌60‌‌℃‌‌was‌‌used‌‌due‌‌to‌‌                               

rig‌ ‌limitations.‌ ‌Humidified‌ ‌air‌‌was‌‌used‌‌as‌‌the‌‌oxidant‌‌and‌‌dilute‌‌methanol‌‌as‌‌the‌‌fuel.‌‌Full‌‌                               

details‌ ‌of‌ ‌the‌ ‌experimental‌ ‌setups‌ ‌used‌ ‌are‌ ‌discussed‌ ‌in‌ ‌Chapter‌ ‌8.‌ ‌ 

Literature‌ ‌derived‌ ‌[2,3,6,9]‌ ‌ranges‌ ‌were‌ ‌used‌ ‌as‌ ‌the‌ ‌starting‌ ‌point‌ ‌for‌ ‌the‌ ‌iterative‌‌                         

determination‌‌of‌‌fit‌‌parameters‌‌for‌‌the‌‌full‌‌cell‌‌equation‌‌(Equation‌‌4.7).‌‌These‌‌starting‌‌points‌‌                           

were:‌ ‌ ,‌ ‌ ,‌ ‌ ,‌‌  .0E → 6.7E  A cm  i0  = 3 6− 5− / 2   .003 → 0.02 A cm  in  = 0 / 2   .01 → 0.245 ΩcmΩ = 0 2  

,‌‌ ,‌‌and‌‌ .‌‌It‌‌is‌‌expected‌‌that‌‌the‌‌values‌‌required‌‌to‌‌fit‌‌.0E  Vx = 3 4−   .45 cm A  y = 9 2/      → 1α = 0                    

the‌‌experimental‌‌data‌‌may‌‌differ‌‌slightly‌‌from‌‌these‌‌ranges‌‌due‌‌in‌‌part‌‌to‌‌the‌‌age‌‌of‌‌available‌‌                                 

references‌ ‌and‌ ‌the‌ ‌experimental‌ ‌nature‌ ‌of‌ ‌the‌ ‌tested‌ ‌fuel‌ ‌cells.‌ ‌ 

Empirical‌ ‌parameters‌ ‌used‌ ‌to‌ ‌fit‌ ‌the‌ ‌full‌ ‌cell‌ ‌equation‌‌to‌‌experimental‌‌data‌‌for‌‌the‌‌PEMFC‌‌                             

were:‌ ‌ ,‌ ‌ ,‌ ‌ ,‌‌ ,‌‌ ‌  .0E  A cm  i0  = 1 5− / 2   .07 A cm  in  = 0 / 2   .35 ΩcmΩ = 0 2   .5E  Vx = 3 4−   1 cm A  y = 1 2/  

and‌ ‌the‌ ‌charge‌ ‌transfer‌ ‌coefficient,‌ ‌ ‌was‌ ‌set‌ ‌at‌‌0.29.‌‌Figure‌‌4.4‌‌contains‌‌the‌‌experimental‌‌          α                    

and‌ ‌theoretical‌ ‌polarisation‌ ‌curves.‌ ‌ 

‌ 

‌  PEMFC‌ ‌MEA‌ ‌  DMFC‌ ‌MEA‌ ‌ 

Active‌ ‌area‌ ‌  25‌ ‌cm‌2‌ ‌  25‌ ‌cm‌2‌ ‌ 

Anode‌ ‌catalyst‌ ‌and‌ ‌loading‌ ‌  0.5‌ ‌mg/cm‌2‌‌ ‌Pt/C‌ ‌  4.0‌ ‌mg/cm‌2‌‌ ‌Pt.Ru‌ ‌ 

Cathode‌ ‌catalyst‌ ‌and‌ ‌loading‌ ‌  0.5‌ ‌mg/cm‌2‌‌ ‌Pt/C‌ ‌  0.5‌ ‌mg/cm‌2‌‌ ‌Pt/C‌ ‌ 

Membrane‌ ‌  Nafion‌TM‌‌ ‌212‌ ‌  Nafion‌TM‌‌ ‌117‌ ‌ 

Gas‌ ‌diffusion‌ ‌layer‌ ‌  Carbon‌ ‌cloth‌ ‌with‌ ‌MPL‌ ‌  Carbon‌ ‌cloth‌ ‌with‌ ‌MPL‌ ‌ 
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‌ 

‌ 

‌ 

Figure‌ ‌4.4:‌ ‌Comparison‌ ‌of‌ ‌theoretical‌ ‌and‌ ‌experimental‌ ‌results‌ ‌for‌ ‌a‌ ‌single‌ ‌cell‌ ‌25cm‌2‌ ‌                         

polymer‌ ‌electrolyte‌ ‌membrane‌ ‌fuel‌ ‌cell‌ ‌ 

Experimental‌ ‌conditions‌ ‌were‌ ‌varied‌ ‌slightly‌ ‌for‌ ‌the‌ ‌DMFC‌ ‌MEA‌ ‌compared‌ ‌with‌ ‌the‌‌                       

PEMFC.‌ ‌An‌ ‌operating‌‌temperature‌‌of‌‌60‌‌℃‌‌was‌‌used‌‌due‌‌to‌‌rig‌‌limitations.‌‌Humidified‌‌air‌‌                             

was‌‌used‌‌as‌‌the‌‌oxidant‌‌and‌‌dilute‌‌methanol‌‌as‌‌the‌‌fuel.‌‌Full‌‌details‌‌of‌‌the‌‌experimental‌‌setup‌‌                                 

used‌ ‌to‌ ‌obtain‌ ‌these‌ ‌results‌ ‌is‌ ‌discussed‌ ‌in‌ ‌Chapter‌ ‌8.‌ ‌A‌ ‌theoretical‌ ‌polarisation‌‌curve‌‌was‌‌                             

fitted‌‌to‌‌the‌‌experimental‌‌data‌‌using‌‌the‌‌following‌‌empirical‌‌parameters:‌‌ ,‌‌                    .5E  A cm  i0  = 2 7− / 2  

,‌ ,‌‌ ,‌‌ ‌and‌‌ .‌‌Figure‌‌.0045 A cm  in  = 0 / 2   .37 ΩcmΩ = 0 2   .5E  Vx = 1 4−   8.9 cm A  y = 2 2/     .074α = 0    

4.5‌ ‌contains‌ ‌the‌ ‌corresponding‌ ‌experimental‌ ‌and‌ ‌theoretical‌ ‌polarisation‌ ‌curves.‌ ‌ 

‌ 

‌ 

‌ 
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‌ 

Figure‌‌4.5:‌‌Comparison‌‌of‌‌theoretical‌‌and‌‌experimental‌‌results‌‌for‌‌a‌‌single‌‌cell‌‌25cm‌2‌ ‌direct‌‌                           

methanol‌ ‌fuel‌ ‌cell‌ ‌ 

A‌ ‌common‌ ‌measurement‌ ‌of‌ ‌error‌ ‌between‌ ‌experimental‌ ‌and‌ ‌modelled‌ ‌results‌ ‌is‌ ‌the‌ ‌Mean‌‌                         

Absolute‌ ‌Error‌ ‌(MAE)‌ ‌as‌ ‌described‌ ‌by‌ ‌Equation‌ ‌4.8‌ ‌where‌ ‌an‌ ‌error,‌ ‌ ‌is‌ ‌defined‌ ‌as‌ ‌the‌‌                      e          

difference‌ ‌between‌ ‌modelled‌ ‌and‌ ‌real‌ ‌values‌ ‌(Equation‌ ‌4.9).‌ ‌It‌ ‌is‌ ‌described‌ ‌as‌ ‌the‌ ‌“most‌‌                           

natural‌ ‌measure‌ ‌of‌‌average‌‌error‌‌magnitude”‌‌[11]‌‌because‌‌it‌‌does‌‌not‌‌have‌‌a‌‌weighted‌‌error‌‌                             

bias‌ ‌and‌ ‌relies‌ ‌purely‌ ‌on‌ ‌the‌ ‌absolute‌ ‌differences‌ ‌between‌ ‌measured‌ ‌and‌ ‌modelled‌ ‌values.‌ ‌ 

Where:‌ ‌ 

‌AEM = n 1− ∑
i

i=1
e ∣ ∣  i

 ∣ 
∣   (4.8)‌ 

‌e = xmodel − xreal   (4.9)‌ 

‌e   -‌  Error‌ 
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However,‌ ‌an‌ ‌alternative‌ ‌error‌ ‌measurement‌ ‌which‌ ‌is‌ ‌generally‌ ‌regarded‌ ‌as‌ ‌being‌ ‌more‌‌                       

suitable‌‌for‌‌calculating‌‌model‌‌error‌‌sensitivities‌‌is‌‌the‌‌Root-Mean-Square‌‌Error‌‌(RMSE)‌‌[12].‌‌                       

The‌‌key‌‌benefits‌‌of‌‌RMSE‌‌over‌‌MAE‌‌are‌‌that‌‌it‌‌applies‌‌a‌‌heavier‌‌weighting‌‌to‌‌larger‌‌errors‌‌                                 

and‌‌does‌‌not‌‌rely‌‌on‌‌the‌‌absolute‌‌difference‌‌between‌‌experimental‌‌and‌‌modelled‌‌results.‌‌Both‌‌                           

these‌‌traits‌‌allow‌‌it‌‌to‌‌provide‌‌a‌‌more‌‌realistic‌‌interpretation‌‌of‌‌model‌‌performance.‌‌Equation‌‌                           

4.10‌ ‌shows‌ ‌the‌ ‌principal‌ ‌calculation‌ ‌behind‌ ‌RMSE.‌ ‌ 

Where:‌ ‌ 

For‌‌the‌‌PEMFC‌‌model‌‌a‌‌RMSE‌‌of‌‌9.52‌‌mV‌‌is‌‌achieved‌‌whereas‌‌8.72‌‌mV‌‌was‌‌achieved‌‌for‌‌                                 

the‌ ‌DMFC‌ ‌model.‌ ‌Both‌ ‌of‌ ‌these‌ ‌errors‌ ‌are‌ ‌small‌ ‌and‌ ‌represent‌ ‌less‌ ‌than‌ ‌1%‌ ‌of‌ ‌the‌‌                               

thermodynamic‌ ‌reversible‌ ‌potentials‌ ‌for‌ ‌each‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌respectively.‌ ‌ 

4.2‌ Effect‌ ‌of‌ ‌Operating‌ ‌Conditions‌ ‌on‌ ‌Performance‌ ‌ 

Several‌ ‌factors,‌ ‌which‌ ‌can‌ ‌be‌ ‌defined‌ ‌as‌ ‌operating‌ ‌conditions‌ ‌can‌ ‌influence‌ ‌the‌ ‌electrical‌‌                         

performance‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell.‌ ‌Specifically,‌ ‌the‌ ‌effects‌ ‌of‌ ‌pressure,‌ ‌temperature‌‌and‌‌anode‌‌and‌‌                           

cathode‌ ‌reactant‌ ‌concentrations‌ ‌will‌ ‌be‌ ‌highlighted.‌ ‌ 

In‌ ‌reality‌ ‌these‌ ‌parameters‌ ‌will‌ ‌change‌‌the‌‌value‌‌of‌‌the‌‌reversible‌‌open‌‌circuit‌‌voltage.‌‌It‌‌is‌‌                               

therefore‌ ‌important‌‌to‌‌first‌‌define‌‌the‌‌standard-state‌‌reversible‌‌potential,‌‌ which‌‌will‌‌                  V std
0 HHV    

provide‌‌the‌‌reference‌‌point‌‌for‌‌any‌‌change.‌‌The‌‌standard-state‌‌reversible‌‌potential‌‌is‌‌defined‌‌                         

as‌ ‌the‌ ‌thermodynamically‌ ‌reversible‌ ‌potential‌ ‌of‌ ‌a‌‌fuel‌‌cell‌‌under‌‌standard‌‌temperature‌‌and‌‌                         

pressure‌ ‌conditions‌ ‌of‌ ‌298.15‌ ‌K‌‌and‌‌100‌‌kPa‌‌respectively‌‌[3].‌‌The‌‌standard-state‌‌reversible‌‌                         

potentials‌ ‌for‌ ‌a‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌are‌ ‌1.23‌ ‌V‌ ‌and‌ ‌1.22‌ ‌V‌ ‌respectively.‌ ‌ 

‌ 

‌n   -‌  Sample‌ ‌size‌ ‌ 

‌MSE  R = n 1− √∑
i

i=1
ei

2   (4.10)‌ 

‌e   -‌  Error‌ 

‌n   -‌  Sample‌ ‌size‌ ‌ 
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‌ 

Most‌ ‌changes‌‌to‌‌the‌‌reversible‌‌open‌‌circuit‌‌voltage‌‌can‌‌be‌‌characterised‌‌by‌‌one‌‌of‌‌the‌‌more‌‌                               

common‌ ‌forms‌ ‌for‌‌the‌‌Nernst‌‌equation‌‌[2,3].‌‌As‌‌demonstrated‌‌by‌‌Equation‌‌4.11a,‌‌this‌‌form‌‌                           

of‌ ‌the‌ ‌Nernst‌ ‌equation‌ ‌relates‌ ‌the‌ ‌chemical‌ ‌activity‌ ‌of‌ ‌the‌ ‌reactants‌ ‌and‌ ‌products‌ ‌to‌ ‌the‌‌                             

standard-state‌ ‌potential.‌ ‌The‌ ‌modified‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage,‌ ‌ produced‌ ‌by‌ ‌the‌‌                V 0       

Nernst‌‌equation‌‌can‌‌also‌‌be‌‌referred‌‌to‌‌as‌‌the‌‌“Nernst‌‌Voltage”.‌‌As‌‌we‌‌are‌‌only‌‌interested‌‌in‌‌                                 

the‌ ‌change‌ ‌in‌ ‌voltage,‌ ‌this‌ ‌can‌ ‌be‌ ‌simplified‌ ‌to‌ ‌Equation‌ ‌4.11b.‌ ‌ 

Where:‌ ‌ 

4.3‌ Liquid‌ ‌Reactant‌ ‌Considerations‌ ‌ 

Direct‌ ‌methanol‌‌fuel‌‌cells‌‌can‌‌be‌‌fed‌‌with‌‌liquid‌‌methanol‌‌fuel‌‌at‌‌almost‌‌any‌‌concentration.‌‌                             

Experimental‌ ‌studies‌ ‌have‌ ‌been‌ ‌carried‌ ‌out‌ ‌with‌ ‌concentrations‌ ‌of‌ ‌methanol‌ ‌ranging‌ ‌from‌‌                       

0.25mol/dm‌3‌ ‌[13]‌‌to‌‌pure‌‌methanol‌‌[14].‌‌Methanol‌‌dilution‌‌should‌‌always‌‌be‌‌carried‌‌out‌‌with‌‌                           

deionised‌ ‌water‌ ‌to‌ ‌prevent‌ ‌potential‌ ‌catalyst‌ ‌poisoning‌ ‌when‌ ‌used‌ ‌as‌ ‌a‌ ‌fuel‌ ‌in‌ ‌a‌ ‌DMFC.‌ ‌ 

‌ln  V 0 = V std
0 HHV + zF

RT ( ΠaM
products

ΠaM
reactants)   (4.11a)‌ 

‌ln  ΔV 0 = zF
RT ( ΠaM

products

ΠaM
reactants)   (4.11b)‌ 

‌a   -‌  Chemical‌ ‌activity‌ ‌of‌ ‌species‌ ‌in‌ ‌reaction‌ ‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌M   -‌  Number‌ ‌of‌ ‌moles‌ ‌in‌ ‌balanced‌ ‌reaction‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌V 0    -‌  Reversible‌ ‌open‌ ‌circuit‌ ‌potential‌ ‌(V)‌ ‌ 

V std
0 HHV   -‌  Standard-state‌ ‌reversible‌ ‌potential‌ ‌(V)‌ ‌ 

‌V  Δ 0   -‌  Change‌ ‌in‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌(V)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 
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Generally,‌‌dilute‌‌aqueous‌‌solutions‌‌of‌‌methanol‌‌and‌‌deionised‌‌water‌‌are‌‌used‌‌to‌‌fuel‌‌DMFCs.‌‌                           

Solution‌ ‌concentrations‌ ‌vary‌ ‌from‌ ‌publication‌ ‌to‌ ‌publication‌ ‌and‌ ‌between‌ ‌commercial‌‌                   

systems‌ ‌however,‌ ‌they‌ ‌are‌ ‌generally‌ ‌low‌ ‌and‌ ‌in‌ ‌the‌ ‌range‌ ‌of‌ ‌1.0‌ ‌→‌ ‌4.0‌ ‌mol/dm‌3‌‌ ‌[15-21].‌ ‌ 

4.3.1‌ Nernstian‌ ‌Effect‌ ‌ 

Chemical‌ ‌activity‌ ‌and‌ ‌liquid‌ ‌reactant‌ ‌solution‌ ‌concentration‌ ‌are‌ ‌directly‌ ‌related‌ ‌through‌‌                     

Equation‌ ‌4.12‌ ‌[3].‌ ‌Substitution‌ ‌of‌ ‌this‌ ‌relationship‌ ‌into‌ ‌Equation‌ ‌4.11b‌ ‌and‌ ‌assigning‌ ‌the‌‌                         

standard-state‌ ‌concentration,‌ ‌ a‌ ‌value‌ ‌of‌ ‌1.0‌ ‌mol/dm‌3‌ ‌it‌ ‌is‌ ‌possible‌ ‌to‌ ‌draw‌ ‌a‌ ‌direct‌‌    c0                         

relationship‌ ‌between‌ ‌the‌ ‌concentration‌ ‌of‌ ‌the‌ ‌anode‌ ‌reactant‌ ‌and‌ ‌the‌ ‌change‌ ‌in‌ ‌reversible‌‌                         

open‌ ‌circuit‌ ‌voltage‌ ‌as‌ ‌shown‌ ‌by‌ ‌Equation‌ ‌4.13.‌ ‌According‌ ‌to‌ ‌the‌ ‌mathematics,‌ ‌as‌ ‌anode‌‌                           

reactant‌ ‌concentration‌ ‌increases,‌ ‌the‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌will‌ ‌also‌ ‌increase.‌ ‌ 

Where:‌ ‌ 

‌ 

‌ 

‌ 

‌c  ai  = ci / 0    (4.12)‌ 

‌lnΔV 0 = zF
RT (c )methanol   (4.13)‌ 

‌ai    -‌  Chemical‌ ‌activity‌ ‌of‌ ‌species‌ ‌“i”‌ ‌in‌ ‌reaction‌ ‌ 

‌c0   -‌  Standard-state‌ ‌concentration‌ ‌(mol/dm‌3‌)‌ ‌ 

‌ci   -‌  Concentration‌ ‌of‌ ‌species‌ ‌“i”‌ ‌in‌ ‌reaction‌ ‌(mol/dm‌3‌)‌ ‌ 

cmethanol    -‌  Concentration‌ ‌of‌ ‌methanol‌ ‌solution‌ ‌(mol/dm‌3‌)‌ ‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌V  Δ 0   -‌  Change‌ ‌in‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌(V)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 
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If‌ ‌the‌ ‌effects‌ ‌of‌ ‌crossover‌ ‌are‌ ‌negated,‌ ‌then‌ ‌the‌ ‌result‌ ‌of‌ ‌changing‌ ‌the‌ ‌methanol‌ ‌feed‌‌                             

concentration‌ ‌on‌ ‌DMFC‌ ‌would‌ ‌be‌ ‌that‌ ‌demonstrated‌ ‌by‌ ‌Figure‌ ‌4.6.‌ ‌The‌ ‌experimental‌ ‌and‌‌                         

validated‌‌1.0‌‌M‌‌plots‌‌are‌‌from‌‌the‌‌model‌‌validation‌‌undertaken‌‌in‌‌Section‌‌4.1.5.‌‌Lines‌‌of‌‌0.5‌‌                               

M,‌ ‌1.5M,‌ ‌2.0‌‌M‌‌and‌‌4.0‌‌M‌‌are‌‌modelled‌‌results‌‌by‌‌applying‌‌Equation‌‌4.11b‌‌with‌‌Equation‌‌                               

4.12‌ ‌substituting‌ ‌for‌ ‌the‌ ‌chemical‌ ‌activity‌ ‌term.‌ ‌This‌ ‌represents‌ ‌only‌ ‌the‌ ‌change‌ ‌in‌ ‌Nernst‌‌                           

voltage.‌ ‌ 

‌ 

Figure‌‌4.6:‌‌Modelled‌‌effect‌‌on‌‌DMFC‌‌performance‌‌as‌‌a‌‌result‌‌of‌‌changing‌‌the‌‌methanol‌‌feed‌‌                             

concentration.‌‌Effect‌‌shown‌‌is‌‌that‌‌on‌‌the‌‌Nernst‌‌voltage,‌‌mass‌‌transport‌‌effects‌‌are‌‌assumed‌‌                           

to‌ ‌be‌ ‌negligible.‌ ‌ 

As‌ ‌can‌ ‌be‌ ‌seen‌ ‌by‌ ‌the‌ ‌results,‌ ‌the‌ ‌Nernstian‌ ‌effect‌ ‌of‌ ‌increasing‌ ‌the‌ ‌methanol‌ ‌feed‌‌                             

concentration‌‌is‌‌a‌‌slight‌‌increase‌‌in‌‌voltage‌‌as‌‌predicted.‌‌However,‌‌the‌‌results‌‌also‌‌show‌‌that‌‌                             

the‌ ‌effect‌ ‌is‌ ‌negligible.‌ ‌In‌ ‌reality,‌ ‌increasing‌ ‌methanol‌ ‌feed‌ ‌concentration‌ ‌will‌ ‌raise‌ ‌the‌‌                         

performance‌‌of‌‌a‌‌DMFC‌‌by‌‌a‌‌greater‌‌extent.‌‌This‌‌is‌‌because‌‌the‌‌increased‌‌concentration‌‌will‌‌                             

greatly‌ ‌increase‌ ‌activity‌ ‌at‌ ‌the‌ ‌catalyst‌ ‌sites.‌ ‌This‌ ‌represents‌ ‌a‌ ‌limitation‌ ‌with‌ ‌the‌ ‌current‌‌                           

modelling‌‌strategy‌‌which‌‌could‌‌be‌‌further‌‌improved‌‌with‌‌detailed‌‌electrochemical‌‌modelling‌‌                     

of‌ ‌the‌ ‌processes.‌ ‌ 
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4.3.2‌ The‌ ‌Problem‌ ‌with‌ ‌Crossover‌ ‌ 

The‌ ‌expected‌ ‌result‌ ‌of‌‌increasing‌‌methanol‌‌concentration;‌‌increasing‌‌electrical‌‌performance‌‌                   

is‌ ‌not‌ ‌a‌ ‌continuous‌ ‌process.‌ ‌This‌ ‌is‌ ‌due‌ ‌to‌ ‌complex‌ ‌and‌ ‌conflicting‌ ‌interactions‌ ‌between‌‌                           

methanol‌ ‌crossover‌ ‌and‌ ‌changes‌ ‌in‌ ‌the‌ ‌Nernst‌ ‌voltage.‌ ‌ 

The‌‌rate‌‌at‌‌which‌‌methanol‌‌crosses‌‌over‌‌from‌‌the‌‌anode‌‌to‌‌the‌‌cathode‌‌has‌‌been‌‌shown‌‌to‌‌be‌‌                                   

roughly‌ ‌proportional‌ ‌to‌ ‌the‌ ‌methanol‌ ‌concentration‌ ‌[15].‌ ‌It‌ ‌has‌ ‌also‌ ‌been‌ ‌shown‌ ‌that‌ ‌the‌‌                           

overall‌‌efficiency‌‌of‌‌a‌‌DMFC‌‌decreases‌‌as‌‌the‌‌methanol‌‌concentration‌‌increases‌‌[8,16].‌‌This‌‌                         

suggests‌‌that‌‌the‌‌crossover‌‌effects‌‌on‌‌DMFC‌‌electrical‌‌performance‌‌are‌‌more‌‌prevalent‌‌than‌‌                         

the‌ ‌change‌ ‌in‌ ‌Nernst‌ ‌voltage.‌ ‌ 

Exemplar‌‌results,‌‌shown‌‌in‌‌Figure‌‌4.7‌‌from‌‌an‌‌experimental‌‌investigation‌‌into‌‌the‌‌effects‌‌of‌‌                           

changing‌ ‌methanol‌ ‌feed‌ ‌concentration‌ ‌on‌ ‌DMFC‌ ‌performance‌ ‌have‌ ‌been‌ ‌reproduced‌ ‌with‌‌                     

kind‌ ‌permission‌ ‌from‌ ‌Thiagarajan,‌ ‌V‌ ‌[17].‌ ‌ 

‌ 

Figure‌ ‌4.7:‌ ‌Polarisation‌ ‌(V-i)‌ ‌and‌ ‌power‌ ‌density‌ ‌(P-i)‌ ‌curves‌ ‌of‌ ‌the‌ ‌DMFCs‌ ‌for‌ ‌different‌‌                           

molar‌ ‌concentrations‌ ‌of‌ ‌methanol.‌ ‌Reproduced‌ ‌with‌ ‌kind‌ ‌permission‌ ‌from‌ ‌Thiagarajan,‌ ‌V.‌‌                     

2019‌ ‌[17].‌ ‌ 
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These‌ ‌results‌ ‌clearly‌ ‌show‌ ‌a‌ ‌greater‌ ‌change‌ ‌in‌ ‌performance‌ ‌as‌ ‌the‌ ‌methanol‌ ‌feed‌‌                         

concentration‌ ‌is‌ ‌varied,‌ ‌most‌ ‌likely‌ ‌linked‌ ‌to‌ ‌the‌‌dominant‌‌nature‌‌of‌‌methanol‌‌crossover‌‌as‌‌                           

the‌ ‌general‌ ‌trend‌ ‌is‌ ‌for‌ ‌reducing‌ ‌performance‌ ‌as‌ ‌concentration‌ ‌is‌ ‌increased.‌ ‌Similar‌‌results‌‌                         

are‌ ‌shown‌ ‌by‌ ‌[18-21].‌ ‌ 

4.4‌ Gaseous‌ ‌Reactant‌ ‌Considerations‌ ‌ 

Hydrogen‌ ‌fuelled‌ ‌PEMFCs‌ ‌are‌ ‌highly‌ ‌sensitive‌ ‌to‌ ‌the‌ ‌concentration,‌ ‌or‌ ‌purity‌ ‌of‌ ‌the‌‌                         

hydrogen‌ ‌fuel‌ ‌used.‌ ‌Ideally,‌ ‌pure‌ ‌hydrogen‌ ‌should‌ ‌be‌ ‌used‌ ‌to‌ ‌maximise‌ ‌fuel‌ ‌cell‌ ‌electrical‌‌                           

performance‌‌and‌‌minimise‌‌degradation‌‌[2,3].‌‌However,‌‌due‌‌to‌‌the‌‌current‌‌primary‌‌hydrogen‌‌                       

production‌‌method‌‌being‌‌the‌‌reformation‌‌of‌‌some‌‌light‌‌hydrocarbon‌‌fuel,‌‌it‌‌is‌‌inevitable‌‌that‌‌                           

some‌‌impurities‌‌will‌‌also‌‌be‌‌produced‌‌as‌‌byproducts.‌‌One‌‌particular‌‌impurity‌‌which‌‌can‌‌have‌‌                           

a‌ ‌highly‌ ‌adverse‌ ‌effect‌ ‌on‌ ‌the‌ ‌electrical‌ ‌performance‌ ‌of‌ ‌a‌ ‌PEMFC‌ ‌is‌ ‌carbon‌ ‌monoxide.‌‌                           

Carbon‌‌monoxide‌‌particles‌‌poison‌‌the‌‌noble‌‌metal‌‌catalyst‌‌layer‌‌[22]‌‌by‌‌occupying‌‌the‌‌active‌‌                           

platinum‌ ‌sites‌ ‌[2].‌ ‌ 

Due‌‌to‌‌the‌‌polluting‌‌nature‌‌of‌‌fossil‌‌fuel‌‌reformation,‌‌it‌‌will‌‌not‌‌be‌‌welcome‌‌in‌‌a‌‌future‌‌world‌‌                                   

with‌‌ever‌‌increasing‌‌environmental‌‌pressures.‌‌Hydrolysis‌‌is‌‌the‌‌process‌‌of‌‌splitting‌‌water‌‌into‌‌                         

its‌ ‌constituent‌ ‌elements,‌ ‌hydrogen‌ ‌and‌ ‌oxygen.‌ ‌This‌ ‌process‌ ‌is‌ ‌carried‌ ‌out‌ ‌by‌ ‌supplying‌‌                         

electrical‌‌energy‌‌to‌‌what‌‌is‌‌in‌‌essence‌‌a‌‌reverse‌‌PEMFC.‌‌If‌‌this‌‌electrical‌‌energy‌‌is‌‌generated‌‌                               

in‌ ‌a‌ ‌renewable,‌ ‌zero-emission‌ ‌way‌ ‌using‌ ‌technologies‌ ‌such‌ ‌as‌ ‌solar‌ ‌and‌ ‌wind‌ ‌then‌ ‌the‌‌                           

generated‌ ‌hydrogen‌ ‌is‌ ‌commonly‌ ‌given‌ ‌the‌ ‌name‌ ‌‘green‌ ‌hydrogen’‌ ‌[23,24].‌ ‌When‌ ‌green‌‌                       

hydrogen‌ ‌is‌ ‌used‌ ‌as‌ ‌a‌ ‌fuel‌ ‌in‌ ‌a‌ ‌hydrogen‌ ‌fuel‌ ‌cell,‌ ‌it‌ ‌is‌ ‌considered‌ ‌completely‌ ‌zero‌ ‌emissions.‌ ‌ 

Unlike‌ ‌their‌ ‌different‌ ‌fuel‌ ‌requirements,‌ ‌both‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌technologies‌ ‌require‌‌                     

oxygen‌‌to‌‌be‌‌reduced‌‌at‌‌the‌‌cathode.‌‌Reduced‌‌oxygen‌‌anions‌‌are‌‌then‌‌available‌‌to‌‌bond‌‌with‌‌                               

the‌ ‌hydrogen‌ ‌cations‌ ‌being‌ ‌transported‌ ‌through‌ ‌the‌ ‌polymer‌ ‌electrolyte‌ ‌membrane.‌ ‌It‌ ‌is‌‌                       

usually‌ ‌assumed‌ ‌that‌ ‌air‌ ‌is‌ ‌used‌ ‌as‌ ‌a‌ ‌source‌ ‌of‌ ‌oxygen‌ ‌due‌ ‌to‌ ‌the‌ ‌simple,‌ ‌low‌ ‌cost‌‌                                 

implementation.‌‌However,‌‌it‌‌is‌‌possible‌‌and‌‌arguably‌‌desirable‌‌to‌‌use‌‌an‌‌oxidant‌‌supply‌‌with‌‌                           

a‌ ‌higher‌ ‌concentration‌ ‌of‌ ‌oxygen,‌ ‌even‌ ‌up‌ ‌to‌ ‌pure‌ ‌oxygen‌ ‌in‌ ‌air-independent‌ ‌designs.‌ ‌ 

‌ 

‌ 
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As‌‌discussed‌‌in‌‌Chapter‌‌2,‌‌aircraft‌‌operating‌‌at‌‌altitude‌‌where‌‌the‌‌air‌‌density‌‌is‌‌lower‌‌means‌                               

that‌ ‌there‌ ‌will‌ ‌be‌ ‌less‌ ‌oxygen‌ ‌available‌ ‌to‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌per‌ ‌unit‌ ‌volume‌ ‌of‌ ‌air‌ ‌injected.‌ ‌It‌‌                                   

stands‌ ‌to‌ ‌reason‌ ‌that‌ ‌this‌ ‌will‌ ‌also‌ ‌adversely‌ ‌affect‌ ‌the‌ ‌chemical‌ ‌activity‌ ‌of‌ ‌the‌ ‌air.‌ ‌This‌‌                               

relationship‌ ‌warrants‌ ‌further‌ ‌investigation,‌ ‌which‌ ‌will‌ ‌be‌ ‌detailed‌ ‌below.‌ ‌ 

4.4.1‌ Partial‌ ‌Pressure,‌ ‌the‌ ‌Traditional‌ ‌Solution‌ ‌ 

As‌ ‌the‌ ‌cathode‌ ‌for‌ ‌both‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌is‌ ‌gaseous,‌ ‌it‌ ‌is‌ ‌very‌ ‌common‌ ‌both‌ ‌in‌ ‌the‌‌                                 

literature‌ ‌and‌ ‌the‌ ‌teaching‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌fundamentals‌ ‌to‌ ‌use‌ ‌the‌ ‌partial‌ ‌pressure‌‌form‌‌of‌‌the‌‌                               

Nernst‌ ‌equation‌ ‌[2,3,25,26].‌ ‌The‌ ‌partial‌ ‌pressure‌ ‌form‌ ‌is‌ ‌made‌ ‌by‌ ‌equating‌ ‌the‌ ‌chemical‌‌                         

activity‌ ‌terms‌ ‌in‌ ‌Equation‌ ‌4.8a‌ ‌to‌ ‌the‌ ‌partial‌ ‌pressures‌ ‌of‌ ‌the‌ ‌same‌ ‌species.‌ ‌Equation‌ ‌4.11‌‌                             

demonstrates‌‌the‌‌partial‌‌pressure‌‌form‌‌of‌‌the‌‌Nernst‌‌equation‌‌specifically‌‌for‌‌a‌‌hydrogen‌‌fed‌‌                           

PEMFC‌ ‌[2,3,25,26].‌ ‌The‌ ‌full‌ ‌form‌ ‌of‌ ‌the‌ ‌partial‌ ‌pressure‌ ‌Nernst‌ ‌equation‌ ‌is‌ ‌based‌ ‌on‌ ‌the‌‌                             

LHV‌ ‌of‌ ‌products‌ ‌and‌ ‌reactants‌ ‌[2].‌ ‌If‌ ‌a‌ ‌calculation‌ ‌based‌‌on‌‌the‌‌HHV‌‌is‌‌desired,‌‌Equation‌‌                               

4.14‌ ‌can‌ ‌be‌‌simplified‌‌by‌‌setting‌‌ as‌‌liquid‌‌water‌‌would‌‌be‌‌produced‌‌at‌‌            , 00 kg m  ϱH O2
= 1 0 / 3              

the‌ ‌cathode.‌ ‌[3]‌ ‌ 

Where:‌ ‌ 

‌ 

‌ln  V 0 = V std
0 HHV + 2F

RT ( ϱH O2

ϱ •ϱH2
1 2/
O2)   (4.14)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌V 0    -‌  Reversible‌ ‌open‌ ‌circuit‌ ‌potential‌ ‌(V)‌ ‌ 

V std
0 HHV   -‌  Standard-state‌ ‌reversible‌ ‌potential‌ ‌(V)‌ ‌ 

‌ ϱH2
  -‌  Partial‌ ‌pressure‌ ‌of‌ ‌hydrogen‌ ‌in‌ ‌balanced‌ ‌reaction‌ ‌(Pa)‌ ‌ 

‌ ϱH O2
  -‌  Partial‌ ‌pressure‌ ‌of‌ ‌water‌ ‌in‌ ‌balanced‌ ‌reaction‌ ‌(Pa)‌ ‌ 

‌ ϱO2
  -‌  Partial‌ ‌pressure‌ ‌of‌ ‌oxygen‌ ‌in‌ ‌balanced‌ ‌reaction‌ ‌(Pa)‌ ‌ 
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4.4.2‌ Concentration‌ ‌and‌ ‌Total‌ ‌Pressure‌ ‌ 

For‌ ‌most‌ ‌applications,‌ ‌the‌‌partial‌‌pressure‌‌form‌‌of‌‌the‌‌Nernst‌‌equation,‌‌which‌‌is‌‌in‌‌itself‌‌an‌‌                               

approximation,‌ ‌is‌ ‌more‌ ‌than‌ ‌adequate‌ ‌at‌ ‌representing‌ ‌the‌ ‌Nernstian‌ ‌effects‌ ‌on‌ ‌fuel‌ ‌cell‌‌                         

voltage.‌ ‌However,‌ ‌when‌ ‌systems‌ ‌are‌ ‌operated‌ ‌at‌ ‌altitude,‌ ‌such‌ ‌as‌ ‌in‌ ‌aircraft,‌ ‌this‌‌                         

approximation‌ ‌can‌ ‌break‌ ‌down‌ ‌as‌ ‌partial‌ ‌pressure‌ ‌is‌ ‌actually‌ ‌a‌ ‌function‌ ‌of‌ ‌both‌ ‌species‌‌                           

concentration‌ ‌and‌ ‌total‌ ‌pressure,‌ ‌as‌ ‌per‌ ‌Equation‌‌4.15‌‌[25].‌‌This‌‌relationship‌‌is‌‌particularly‌‌                         

important‌‌as‌‌the‌‌cathode‌‌oxygen‌‌concentration‌‌can‌‌be‌‌varied‌‌independently‌‌of‌‌total‌‌pressure‌‌                         

by‌ ‌either‌ ‌supplementing‌ ‌an‌ ‌air‌ ‌supply‌ ‌or‌ ‌injecting‌ ‌pure‌ ‌oxygen‌ ‌directly‌ ‌into‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌ 

Where:‌ ‌ 

During‌ ‌a‌ ‌flight,‌ ‌total‌ ‌cathode‌ ‌inlet‌ ‌pressure‌ ‌will‌ ‌vary‌‌as‌‌a‌‌function‌‌of‌‌the‌‌changing‌‌altitude‌‌                               

pressure‌ ‌as‌ ‌discussed‌ ‌in‌ ‌Chapter‌ ‌2‌ ‌and‌ ‌the‌ ‌form‌ ‌of‌ ‌system‌ ‌compression‌ ‌used.‌ ‌Air‌‌                           

composition,‌‌and‌‌therefore‌‌oxygen‌‌concentration‌‌remains‌‌fairly‌‌consistent‌‌up‌‌to‌‌an‌‌altitude‌‌of‌‌                         

around‌ ‌100‌ ‌km‌ ‌(>‌ ‌300,000‌ ‌ft)‌ ‌[27],‌ ‌far‌ ‌above‌ ‌that‌ ‌of‌ ‌any‌ ‌aircraft‌ ‌past‌ ‌or‌ ‌present‌ ‌[28-30].‌‌                                 

Oxygen‌ ‌concentration‌ ‌is‌ ‌defined‌ ‌as‌ ‌the‌ ‌molar‌ ‌ratio,‌ ‌ ,‌ ‌this‌ ‌is‌ ‌equivalent‌ ‌to‌‌the‌‌                ol mol  m O2/ air            

percentage‌ ‌composition‌ ‌by‌ ‌volume‌ ‌which‌ ‌is‌ ‌20.95%‌ ‌for‌ ‌oxygen.‌ ‌ 

Oxygen‌‌concentration‌‌is‌‌related‌‌to‌‌the‌‌Nernst‌‌voltage‌‌using‌‌the‌‌same‌‌equation‌‌that‌‌was‌‌used‌‌                             

for‌ ‌dealing‌ ‌with‌ ‌changes‌ ‌in‌ ‌methanol‌ ‌concentration‌ ‌(Equation‌ ‌4.13).‌ ‌In‌ ‌addition‌ ‌to‌ ‌the‌‌                         

improvement‌ ‌in‌ ‌Nernst‌ ‌voltage,‌ ‌using‌ ‌pure‌ ‌oxygen‌ ‌instead‌ ‌of‌ ‌air‌ ‌as‌ ‌an‌ ‌oxidant‌ ‌reduces‌‌                           

activation‌ ‌losses‌ ‌and‌ ‌greatly‌ ‌reduces‌ ‌mass‌ ‌transport‌ ‌losses‌ ‌in‌ ‌a‌ ‌PEMFC‌ ‌[2].‌ ‌The‌ ‌effect‌ ‌is‌‌                             

similar‌‌for‌‌a‌‌DMFC,‌‌however,‌‌mass‌‌transport‌‌losses‌‌can‌‌never‌‌be‌‌fully‌‌eliminated‌‌due‌‌to‌‌the‌‌                               

presence‌ ‌of‌ ‌methanol‌ ‌crossover‌ ‌[8,16].‌ ‌ 

Figure‌ ‌4.8‌ ‌shows‌ ‌the‌ ‌result‌ ‌of‌ ‌changing‌ ‌the‌ ‌oxidant‌ ‌feed‌ ‌from‌ ‌air‌ ‌to‌ ‌pure‌ ‌oxygen‌ ‌in‌ ‌the‌‌                                 

developed‌‌fuel‌‌cell‌‌model.‌‌The‌‌general‌‌upwards‌‌translation‌‌of‌‌the‌‌oxygen‌‌polarisation‌‌curve‌‌                         

is‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌the‌ ‌improved‌ ‌Nernst‌ ‌voltage.‌ ‌ 

‌ p  ϱi = ci t   (4.15)‌ 

‌ci   -‌  Concentration‌ ‌of‌ ‌species‌ ‌“i”‌ ‌in‌ ‌reaction‌ ‌(mol/dm‌3‌)‌ ‌ 

‌pt   -‌  Total‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌ ϱi   -‌  Partial‌ ‌pressure‌ ‌of‌ ‌species‌ ‌“i”‌ ‌in‌ ‌balanced‌ ‌reaction‌ ‌(Pa)‌ ‌ 
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‌ 

Figure‌‌4.8:‌‌Modelled‌‌comparison‌‌of‌‌air-breathing‌‌and‌‌air-independent‌‌PEMFC‌‌polarisation‌‌                   

and‌ ‌power‌ ‌curves‌ 

The‌ ‌key‌ ‌benefit‌ ‌of‌‌using‌‌pure‌‌oxygen‌‌as‌‌demonstrated‌‌by‌‌Figure‌‌4.8‌‌is‌‌the‌‌30%‌‌increase‌‌in‌‌                                 

peak‌‌power‌‌due‌‌to‌‌the‌‌elimination‌‌of‌‌mass‌‌transport‌‌losses‌‌at‌‌high‌‌current‌‌densities.‌‌Further‌‌                             

verification‌ ‌of‌ ‌the‌ ‌applicability‌ ‌of‌ ‌the‌ ‌developed‌‌fuel‌‌cell‌‌model‌‌comes‌‌from‌‌Prater,‌‌K‌‌[31]‌‌                             

who‌ ‌also‌ ‌noted‌ ‌a‌ ‌30%‌ ‌performance‌ ‌increase‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌switching‌ ‌from‌ ‌air‌ ‌to‌ ‌oxygen.‌ ‌ 

Although‌‌the‌‌benefit‌‌to‌‌fuel‌‌cell‌‌performance‌‌is‌‌clear‌‌when‌‌changing‌‌from‌‌air‌‌to‌‌oxygen,‌‌the‌‌                               

benefit‌‌to‌‌system‌‌performance‌‌is‌‌not‌‌quite‌‌as‌‌obvious.‌‌This‌‌is‌‌because,‌‌utilising‌‌oxygen‌‌as‌‌the‌‌                               

cathode‌‌oxidant‌‌would‌‌require‌‌an‌‌aircraft‌‌to‌‌carry‌‌all‌‌of‌‌the‌‌oxygen‌‌it‌‌requires‌‌for‌‌completing‌‌                               

its‌ ‌mission.‌ ‌A‌ ‌full‌ ‌trade-off‌ ‌study‌ ‌from‌‌the‌‌perspectives‌‌of‌‌mass,‌‌volume‌‌and‌‌parasitic‌‌load‌‌                             

will‌‌be‌‌carried‌‌out‌‌in‌‌Chapter‌‌6‌‌to‌‌compare‌‌the‌‌system‌‌level‌‌efficiencies‌‌of‌‌air-breathing‌‌vs.‌‌                               

air-independent‌ ‌designs.‌ ‌Additionally,‌ ‌hybrid‌ ‌air/oxygen‌ ‌systems‌ ‌will‌ ‌also‌ ‌be‌ ‌discussed.‌ ‌ 

‌ 

‌ 



63‌ ‌ 

Equation‌ ‌4.16‌ ‌[2]‌ ‌is‌ ‌a‌ ‌common‌‌representation‌‌that‌‌shows‌‌how‌‌the‌‌Nernstian‌‌cell‌‌voltage‌‌of‌‌                             

the‌ ‌fuel‌ ‌cell‌ ‌increases‌ ‌with‌ ‌increasing‌ ‌operating‌ ‌pressure.‌ ‌It‌ ‌is‌ ‌assumed‌ ‌that‌ ‌the‌‌anode‌‌and‌‌                             

cathode‌ ‌are‌ ‌kept‌ ‌under‌ ‌the‌ ‌same‌ ‌pressure.‌ ‌This‌ ‌assumption‌ ‌is‌ ‌generally‌ ‌expected‌ ‌as‌ ‌the‌‌                           

pressures‌‌would‌‌have‌‌to‌‌be‌‌equilibrated‌‌to‌‌ensure‌‌excessive‌‌gas‌‌diffusion‌‌and‌‌mass‌‌transport‌‌                           

don’t‌ ‌happen.‌ ‌ 

Where:‌ ‌ 

Pressure‌‌related‌‌voltage‌‌increases‌‌are‌‌primarily‌‌a‌‌result‌‌of‌‌the‌‌cathode‌‌activation‌‌overvoltage‌‌                         

being‌ ‌reduced‌ ‌[2].‌ ‌Additional‌ ‌benefits‌ ‌on‌ ‌cell‌ ‌performance‌ ‌from‌ ‌increasing‌ ‌the‌ ‌pressure‌‌                       

include‌‌increased‌‌exchange‌‌current‌‌density‌‌and‌‌the‌‌potential‌‌for‌‌a‌‌reduction‌‌in‌‌mass‌‌transport‌‌                           

losses‌ ‌[2].‌ ‌ 

However,‌ ‌assuming‌ ‌air‌ ‌is‌ ‌used‌ ‌as‌ ‌an‌ ‌oxidant‌ ‌the‌ ‌parasitic‌ ‌load‌ ‌associated‌ ‌with‌ ‌driving‌ ‌a‌‌                             

compressor‌ ‌to‌ ‌increase‌ ‌the‌ ‌cathode‌ ‌inlet‌ ‌pressure‌ ‌means‌ ‌that‌ ‌generally‌ ‌the‌ ‌gross‌ ‌system‌‌                         

performance‌‌is‌‌reduced‌‌as‌‌pressure‌‌is‌‌increased‌‌[32,33]‌‌despite‌‌the‌‌net‌‌fuel‌‌cell‌‌performance‌‌                           

increase‌ ‌[34].‌ ‌ 

As‌ ‌with‌ ‌concentration,‌ ‌the‌ ‌Nernstian‌ ‌effects‌ ‌of‌ ‌changing‌ ‌pressure‌ ‌are‌ ‌negligible.‌‌However,‌‌                       

the‌ ‌effect‌ ‌of‌ ‌increasing‌ ‌total‌ ‌pressure‌ ‌has‌ ‌been‌ ‌shown‌ ‌to‌ ‌dramatically‌ ‌improve‌ ‌the‌‌                         

performance‌‌of‌‌both‌‌PEMFCs‌‌and‌‌DMFCs.‌‌Increasing‌‌the‌‌total‌‌pressure‌‌from‌‌100‌‌kPa‌‌to‌‌400‌‌                             

kPa‌‌has‌‌been‌‌shown‌‌to‌‌increase‌‌power‌‌density‌‌(mW/cm‌2‌)‌‌of‌‌PEMFCs‌‌by‌‌over‌‌50%‌‌[35]‌‌and‌‌                               

by‌ ‌20%‌ ‌for‌ ‌DMFCs‌ ‌[36].‌ ‌ 

‌ln  ΔV 0 = 4F
RT ( p1

p2 )   (4.16)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌p1    -‌  Initial‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌p2    -‌  Final‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌VΔ 0    -‌  Change‌ ‌in‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌(V)‌ ‌ 
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This‌ ‌explanation‌ ‌is‌ ‌backed‌ ‌up‌ ‌by‌ ‌Heinzel,‌ ‌A‌ ‌[8]‌ ‌who‌ ‌noted‌ ‌that‌ ‌experimental‌ ‌works‌ ‌have‌‌                             

shown‌‌significant‌‌performance‌‌improvements‌‌in‌‌DMFCs‌‌as‌‌a‌‌result‌‌of‌‌increasing‌‌the‌‌cathode‌‌                         

inlet‌ ‌pressure.‌ ‌These‌ ‌performance‌ ‌gains‌ ‌could‌ ‌not‌ ‌be‌ ‌predicted‌ ‌by‌ ‌the‌ ‌thermodynamic‌ ‌or‌‌                         

kinetic‌ ‌behaviour.‌ ‌ 

Performance‌‌gains‌‌resulting‌‌from‌‌increases‌‌in‌‌total‌‌pressure‌‌are‌‌due‌‌to‌‌the‌‌associated‌‌rise‌‌in‌‌                             

chemical‌ ‌activity.‌ ‌This‌ ‌occurs‌ ‌as‌ ‌the‌ ‌elevated‌ ‌pressure‌ ‌has‌ ‌the‌ ‌effect‌ ‌of‌ ‌increasing‌ ‌the‌‌                           

availability‌ ‌of‌ ‌reactants‌ ‌to‌ ‌the‌ ‌catalyst‌ ‌sites.‌ ‌However,‌ ‌the‌ ‌pressure‌ ‌cannot‌ ‌be‌ ‌raised‌‌                         

indefinitely‌ ‌due‌ ‌to‌ ‌physical‌ ‌design‌ ‌constraints.‌ ‌Of‌‌particular‌‌note‌‌are‌‌the‌‌potential‌‌issues‌‌of‌                           

gas‌‌passage‌‌sealing‌‌and‌‌the‌‌mass‌‌and‌‌volume‌‌increases‌‌resulting‌‌from‌‌the‌‌increased‌‌structure‌‌                           

required‌ ‌to‌ ‌resist‌ ‌the‌ ‌mechanical‌ ‌stresses‌ ‌of‌ ‌elevated‌ ‌pressure‌ ‌operation.‌ ‌ 

Finally,‌‌the‌‌effects‌‌of‌‌altering‌‌both‌‌the‌‌concentration‌‌and‌‌total‌‌pressure‌‌of‌‌the‌‌cathode‌‌oxidant‌‌                             

supply‌ ‌can‌ ‌be‌ ‌summarised‌ ‌by‌ ‌substituting‌ ‌Equation‌ ‌4.16‌ ‌into‌ ‌Equation‌ ‌4.11b‌ ‌as‌ ‌shown‌ ‌by‌‌                           

Equation‌ ‌4.17.‌ ‌ 

Where:‌ ‌ 

‌ 

‌ 

‌ln ln  ΔV 0 = zF
RT (ΠcM

products

ΠcM
reactants) + 4F

RT ( p1

p2 )   (4.17)‌ 

‌c    -‌  Concentration‌ ‌of‌ ‌species‌ ‌in‌ ‌reaction‌ ‌(mol/dm‌3‌)‌ ‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌p1    -‌  Initial‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌p2    -‌  Final‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌V  Δ 0   -‌  Change‌ ‌in‌ ‌reversible‌ ‌open‌ ‌circuit‌ ‌voltage‌ ‌(V)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 
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4.5‌ Effects‌ ‌of‌ ‌Operating‌ ‌Temperature‌ ‌ 

Fuel‌ ‌cell‌ ‌operating‌ ‌temperature‌ ‌is‌ ‌a‌ ‌function‌ ‌of‌ ‌the‌ ‌heat‌ ‌generation‌ ‌rate‌ ‌by‌ ‌the‌‌exothermic‌‌                             

electrochemical‌‌reaction‌‌and‌‌the‌‌heat‌‌rejection‌‌rate.‌‌This‌‌process‌‌will‌‌be‌‌covered‌‌in‌‌detail‌‌in‌‌                             

Chapter‌ ‌7‌ ‌where‌ ‌the‌ ‌modelling‌ ‌of‌ ‌fuel‌‌cell‌‌thermal‌‌management‌‌systems‌‌will‌‌be‌‌discussed.‌‌                           

For‌ ‌now,‌ ‌the‌ ‌effects‌ ‌of‌ ‌operating‌ ‌temperature‌ ‌specifically‌ ‌on‌ ‌the‌ ‌electrical‌ ‌performance‌ ‌of‌‌                         

PEMFCs‌ ‌will‌ ‌be‌ ‌discussed.‌ ‌ 

It‌ ‌is‌ ‌well‌ ‌documented‌ ‌for‌ ‌both‌ ‌hydrogen‌ ‌fuelled‌ ‌PEMFCs‌ ‌[37,38]‌ ‌and‌ ‌DMFCs‌ ‌[17,39,40]‌‌                         

increasing‌ ‌the‌ ‌operating‌ ‌temperature‌ ‌up‌ ‌to‌ ‌80‌ ‌℃‌‌of‌‌the‌‌fuel‌‌cell‌‌will‌‌increase‌‌the‌‌electrical‌‌                               

performance.‌ ‌For‌ ‌PEMFCs,‌ ‌increases‌ ‌in‌ ‌peak‌ ‌electrical‌ ‌power‌ ‌output‌ ‌of‌ ‌around‌ ‌30%‌ ‌have‌‌                         

been‌‌observed‌‌as‌‌a‌‌result‌‌of‌‌increasing‌‌the‌‌operating‌‌temperature‌‌from‌‌40‌‌℃‌‌to‌‌80‌‌℃‌‌for‌‌fuel‌‌                                   

cells‌ ‌fuelled‌ ‌with‌ ‌humidified‌ ‌hydrogen‌ ‌and‌ ‌air‌ ‌[37,38].‌ ‌ 

A‌ ‌more‌ ‌varied‌ ‌rise‌ ‌in‌‌peak‌‌electrical‌‌power‌‌has‌‌been‌‌observed‌‌for‌‌DMFCs‌‌as‌‌the‌‌operating‌‌                               

temperature‌ ‌was‌ ‌increased.‌ ‌Values‌ ‌have‌ ‌ranged‌ ‌from‌ ‌16%‌ ‌→‌ ‌38%‌ ‌for‌ ‌air-breathing‌ ‌test‌‌                         

setups‌‌[39,40]‌‌and‌‌28%‌‌→‌‌43%‌‌for‌‌tests‌‌using‌‌pure‌‌oxygen‌‌as‌‌the‌‌oxidant‌‌[17,40]‌‌all‌‌with‌‌a‌‌                                   

temperature‌ ‌rise‌ ‌of‌ ‌approximately‌ ‌20‌ ‌℃.‌ ‌The‌ ‌discrepancy‌ ‌in‌ ‌the‌ ‌results‌ ‌for‌ ‌the‌ ‌DMFCs‌ ‌is‌‌                             

most‌ ‌likely‌ ‌a‌ ‌result‌ ‌of‌‌the‌‌high‌‌variance‌‌in‌‌catalytic‌‌compositions‌‌of‌‌the‌‌electrodes‌‌used.‌‌In‌                               

comparison,‌‌the‌‌understanding‌‌of‌‌PEMFC‌‌electrode‌‌catalytic‌‌loading‌‌(and‌‌materials)‌‌is‌‌more‌‌                       

developed‌ ‌and‌ ‌therefore‌ ‌the‌ ‌published‌ ‌works‌ ‌all‌ ‌use‌ ‌similar‌ ‌test‌ ‌setups.‌ ‌ 

In‌ ‌addition‌ ‌to‌ ‌the‌ ‌published‌‌experimental‌‌results,‌‌it‌‌is‌‌also‌‌possible‌‌to‌‌estimate‌‌the‌‌effect‌‌of‌‌                               

changing‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌operating‌ ‌temperature‌ ‌on‌‌electrical‌‌performance.‌‌If‌‌you‌‌refer‌‌back‌‌to‌‌                           

Equation‌‌4.2,‌‌the‌‌thermodynamic‌‌reversible‌‌voltage‌‌was‌‌shown‌‌to‌‌be‌‌a‌‌function‌‌of‌‌the‌‌change‌‌                             

in‌ ‌Gibbs‌ ‌free‌ ‌energy,‌ ‌ .‌ ‌In‌ ‌turn,‌ ‌ was‌ ‌shown‌ ‌by‌ ‌Equation‌ ‌4.3‌ ‌to‌ ‌be‌ ‌a‌ ‌function‌ ‌of‌‌        gΔ         gΔ                      

temperature.‌ ‌Through‌ ‌the‌ ‌combination‌ ‌of‌ ‌these‌ ‌predefined‌ ‌formulations,‌ ‌an‌ ‌empirical‌‌                   

approximation‌ ‌was‌ ‌made‌ ‌using‌ ‌Equation‌ ‌4.18‌ ‌[41].‌ ‌ 

‌ 

‌ 

‌ 

‌V  Δ 0 = zF
ΔsT (T )− T 0   (4.18)‌ 
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Where:‌ ‌ 

As‌ ‌operating‌ ‌temperature‌ ‌increases‌ ‌the‌ ‌thermodynamically‌ ‌reversible‌ ‌voltage‌ ‌for‌ ‌the‌‌                   

oxidation‌ ‌of‌ ‌hydrogen‌ ‌decreases‌ ‌(1.23‌ ‌V‌ ‌@‌ ‌25‌ ‌℃‌ ‌→‌ ‌≈‌ ‌1.18‌ ‌V‌ ‌@‌‌100‌‌℃).‌‌In‌‌contrast,‌‌as‌‌                                     

operating‌ ‌temperature‌ ‌increases‌ ‌the‌ ‌thermodynamically‌ ‌reversible‌ ‌voltage‌ ‌for‌ ‌the‌‌oxidation‌‌                   

of‌ ‌methanol‌ ‌increases‌ ‌(1.17‌ ‌V‌ ‌@‌ ‌25‌ ‌℃‌ ‌→‌ ‌≈‌ ‌1.18‌ ‌V‌ ‌@‌ ‌100‌ ‌℃).‌ ‌ 

However,‌ ‌as‌ ‌has‌ ‌been‌ ‌shown‌ ‌in‌ ‌published‌ ‌experimental‌ ‌works‌ ‌typically,‌ ‌real‌ ‌fuel‌ ‌cell‌‌                         

performance‌‌increases‌‌with‌‌an‌‌increase‌‌in‌‌temperature‌‌[17,37-40].‌‌This‌‌is‌‌despite‌‌the‌‌fact‌‌that‌‌                           

the‌‌thermodynamically‌‌reversible‌‌voltage‌‌decreases‌‌for‌‌the‌‌hydrogen‌‌oxidation‌‌reaction.‌‌This‌‌                     

discrepancy‌‌is‌‌due‌‌to‌‌the‌‌raised‌‌temperature‌‌increasing‌‌the‌‌chemical‌‌activity‌‌of‌‌the‌‌reactants‌‌                           

and‌ ‌allowing‌ ‌greater‌ ‌accessibility‌ ‌to‌ ‌the‌ ‌catalyst‌ ‌sites.‌ ‌ 

One‌ ‌final‌ ‌consideration‌ ‌to‌ ‌make‌ ‌is‌ ‌that‌ ‌the‌ ‌upper-limit‌ ‌for‌ ‌the‌ ‌operating‌ ‌temperature‌ ‌for‌ ‌a‌‌                             

PEMFC‌ ‌is‌ ‌100‌ ‌℃.‌ ‌This‌ ‌limit‌ ‌is‌ ‌imposed‌‌for‌‌non-pressurised‌‌systems‌‌in‌‌an‌‌effort‌‌to‌‌ensure‌‌                               

the‌ ‌presence‌ ‌of‌ ‌liquid‌ ‌water‌ ‌in‌ ‌the‌ ‌polymer‌ ‌membrane.‌ ‌Dehydrated‌ ‌polymer‌ ‌electrolyte‌‌                       

membranes‌‌have‌‌been‌‌shown‌‌to‌‌consistently‌‌produce‌‌less‌‌electrical‌‌power‌‌than‌‌their‌‌hydrated‌‌                         

(humidified)‌ ‌counterparts‌ ‌in‌ ‌the‌ ‌same‌ ‌cell‌ ‌setup‌ ‌[34,42,43].‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌sΔ T   -‌  Absolute‌ ‌entropy‌ ‌change‌ ‌at‌ ‌temperature‌ ‌“T”‌ ‌(J/mol.K)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌T 0    -‌  Reference‌ ‌temperature‌ ‌(25℃‌ ‌/‌ ‌298.15‌ ‌K)‌ ‌ 

‌VΔ 0    -‌  Change‌ ‌in‌ ‌reversible‌ ‌voltage‌ ‌(V)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌ 
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4.6‌ Stacking‌ ‌ 

As‌‌it‌‌is‌‌common‌‌to‌‌specify‌‌fuel‌‌cell‌‌performance‌‌using‌‌current‌‌density,‌‌it‌‌is‌‌also‌‌important‌‌to‌‌                                 

know‌‌what‌‌the‌‌active‌‌area‌‌of‌‌each‌‌cell‌‌is.‌‌Knowing‌‌these‌‌two‌‌values‌‌allows‌‌the‌‌calculation‌‌of‌‌                                 

the‌ ‌gross‌ ‌fuel‌ ‌cell‌ ‌current‌ ‌using‌ ‌Equation‌ ‌4.19.‌ ‌In‌ ‌order‌ ‌to‌ ‌increase‌ ‌the‌ ‌total‌ ‌current‌‌                             

production‌ ‌potential‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell,‌ ‌either‌ ‌the‌ ‌current‌ ‌density‌ ‌must‌ ‌be‌ ‌improved,‌ ‌or‌‌the‌‌cell‌‌                               

must‌‌be‌‌physically‌‌larger‌‌so‌‌that‌‌that‌‌active‌‌area‌‌is‌‌greater.‌‌Generally,‌‌it‌‌is‌‌easier‌‌and‌‌cheaper‌‌                                 

to‌‌increase‌‌the‌‌active‌‌area‌‌of‌‌a‌‌fuel‌‌cell‌‌as‌‌complex‌‌materials‌‌research‌‌is‌‌usually‌‌required‌‌to‌‌                                 

improve‌ ‌current‌ ‌density.‌ ‌However,‌ ‌the‌ ‌mass‌ ‌and‌ ‌volume‌ ‌limitations‌ ‌associated‌ ‌with‌ ‌the‌‌                       

aeronautical‌ ‌industry‌ ‌may‌ ‌limit‌ ‌the‌ ‌maximum‌ ‌active‌ ‌area‌ ‌possible‌ ‌for‌ ‌any‌ ‌given‌ ‌application.‌ ‌ 

Where:‌ ‌ 

Fuel‌‌cell‌‌stacks‌‌are‌‌an‌‌assembly‌‌of‌‌multiple‌‌individual‌‌fuel‌‌cells,‌‌literally‌‌stacked‌‌one‌‌on‌‌top‌‌                               

of‌ ‌another.‌ ‌Typically,‌ ‌the‌ ‌cells‌ ‌share‌ ‌common‌ ‌fuel‌ ‌and‌ ‌oxidant‌ ‌feeds‌ ‌as‌ ‌this‌ ‌maintains‌‌                           

simplicity‌‌and‌‌helps‌‌reduce‌‌the‌‌mass‌‌and‌‌volume‌‌of‌‌the‌‌stack.‌‌One‌‌of‌‌the‌‌primary‌‌benefits‌‌of‌                                 

fuel‌‌cell‌‌technology‌‌is‌‌the‌‌flexibility‌‌afforded‌‌in‌‌the‌‌electrical‌‌configuration.‌‌Each‌‌of‌‌the‌‌cells‌‌                             

can‌ ‌be‌ ‌electrically‌ ‌connected‌ ‌either‌ ‌in‌ ‌series‌ ‌or‌ ‌parallel‌ ‌with‌ ‌any‌ ‌number‌ ‌of‌ ‌other‌ ‌cells‌ ‌to‌‌                               

produce‌ ‌the‌ ‌current‌ ‌and‌ ‌voltage‌ ‌profiles‌ ‌stipulated‌ ‌by‌ ‌the‌ ‌customer.‌ ‌Electrical‌ ‌power‌‌                       

produced‌‌by‌‌a‌‌fuel‌‌cell‌‌stack‌‌is‌‌a‌‌function‌‌of‌‌the‌‌cell‌‌potential,‌‌current‌‌and‌‌number‌‌of‌‌cells‌‌as‌‌                                     

described‌ ‌by‌ ‌Equation‌ ‌4.20.‌ ‌ 

‌ 

‌ 

‌ 

‌AI = i   (4.19)‌ 

‌A   -‌  Cell‌ ‌active‌ ‌area‌ ‌(cm‌2‌)‌ ‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

i   -‌  Current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌InP e = V c   (4.20)‌ 
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Where:‌ ‌ 

‌ 

4.7‌ Summary‌ ‌ 

Creation‌ ‌of‌ ‌a‌ ‌validated‌ ‌electrical‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌model‌ ‌has‌ ‌been‌ ‌detailed‌ ‌step-by-step‌‌                         

throughout‌ ‌this‌ ‌chapter.‌ ‌Two‌ ‌common‌ ‌idealised‌ ‌fuel‌ ‌cell‌ ‌voltages‌ ‌were‌ ‌defined,‌ ‌where‌ ‌the‌‌                         

thermodynamic‌ ‌reversible‌ ‌voltage,‌ ‌ bears‌ ‌more‌ ‌importance‌ ‌than‌ ‌the‌‌ideal‌‌potential,‌‌      V 0 HHV                

in‌ ‌the‌ ‌prediction‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌electrical‌ ‌behaviour.‌ ‌Whereas,‌ ‌ is‌ ‌used‌ ‌in‌ ‌the‌‌V HHV                     V HHV          

calculation‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌efficiency.‌ ‌ 

Primary‌ ‌fuel‌ ‌cell‌ ‌irreversibilities:‌ ‌activation,‌ ‌fuel‌ ‌crossover,‌‌ohmic‌‌and‌‌mass‌‌transport‌‌have‌‌                       

been‌ ‌defined,‌ ‌both‌ ‌theoretically‌ ‌and‌ ‌empirically.‌ ‌An‌ ‌empirical‌ ‌form‌ ‌of‌ ‌the‌‌Nernst‌‌equation‌‌                         

was‌ ‌used‌ ‌to‌ ‌predict‌ ‌the‌ ‌performance‌ ‌of‌ ‌both‌ ‌a‌ ‌single‌ ‌cell‌ ‌PEMFC‌ ‌and‌ ‌DMFC.‌ ‌The‌‌model‌‌                               

results‌ ‌were‌ ‌validated‌ ‌against‌ ‌experimental‌ ‌data‌ ‌for‌ ‌both‌ ‌fuel‌ ‌cell‌ ‌technologies.‌ ‌Model‌‌                       

prediction‌‌root-mean-square‌‌errors‌‌of‌‌9.52‌‌mV‌‌and‌‌8.72‌‌mV‌‌were‌‌achieved‌‌for‌‌PEMFC‌‌and‌‌                           

DMFC‌ ‌respectively.‌ ‌ 

Combining‌‌Equations‌‌4.2,‌‌4.7,‌‌4.17‌‌and‌‌4.18‌‌gives‌‌the‌‌final‌‌full‌‌cell‌‌equation‌‌(Equation‌‌4.21)‌‌                             

used‌ ‌for‌ ‌the‌ ‌modelling‌ ‌study.‌ ‌It‌ ‌combines‌ ‌the‌ ‌effects‌ ‌of‌ ‌reactant‌ ‌concentration,‌ ‌pressure,‌‌                         

temperature‌ ‌and‌ ‌validated‌ ‌irreversibilities‌ ‌on‌ ‌the‌ ‌temperature‌ ‌dependent‌ ‌reversible‌‌                 

thermodynamic‌ ‌voltage.‌ ‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

‌n   -‌  Number‌ ‌of‌ ‌cells‌ ‌ 

‌P e    -‌  Electrical‌ ‌power‌ ‌(W)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 

‌ln ln  V c = zF
ΔgHHV + zF

RT (ΠcM
products

ΠcM
reactants) + 4F

RT ( p1

p2 ) + zF
ΔsT (T )− T 0 −  

‌ln Ω exp  − RT
zαF ( i0

i + in ) − i − x (yi)  
(4.21)‌ 
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A‌‌summary‌‌of‌‌the‌‌effects‌‌of‌‌changing‌‌several‌‌operating‌‌parameters‌‌covered‌‌in‌‌Equation‌‌4.21‌                           

on‌ ‌real‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌is‌ ‌given‌ ‌in‌ ‌Table‌ ‌4.6.‌ 

Table‌‌4.6:‌‌Influence‌‌of‌‌increasing‌‌different‌‌operating‌‌parameters‌‌on‌‌methanol‌‌crossover‌‌and‌‌                       

fuel‌ ‌cell‌ ‌performance‌ ‌[8]‌ ‌ 

‌ 

4.8‌ References‌ ‌ 

Parameter‌ ‌ 
Methanol‌‌ 
Crossover‌‌ 
(DMFC‌ ‌only)‌ ‌ 

PEMFC‌ ‌/‌ ‌DMFC‌ ‌Performance‌ ‌ 

Low‌ ‌Current‌ ‌Density‌ ‌  High‌ ‌Current‌ ‌Density‌ ‌ 

Cell‌ ‌temperature‌ ‌  Favourable‌ ‌  Favourable‌ ‌  Favourable‌ ‌ 

Cathode‌ ‌pressure‌ ‌  Unfavourable‌ ‌  Favourable‌ ‌  Favourable‌ ‌ 

Fuel‌ ‌concentration‌ ‌  Favourable‌ ‌  Unfavourable‌ ‌  Favourable‌ ‌ 

Current‌ ‌density‌ ‌  Unfavourable‌ ‌  Unfavourable‌ ‌  Unfavourable‌ ‌ 
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Chapter‌ ‌5‌ Fuel‌ ‌System‌ ‌Analysis‌ ‌ 
‌ 

‌ 

5.1‌ Introduction‌ ‌ 

When‌ ‌considering‌ ‌primary‌ ‌galvanic‌ ‌cells‌ ‌of‌ ‌which‌ ‌fuel‌ ‌cells‌‌are‌‌a‌‌type,‌‌the‌‌anode‌‌refers‌‌to‌‌                               

the‌ ‌electrode‌ ‌from‌ ‌which‌ ‌electrons‌ ‌are‌ ‌produced‌‌[1].‌‌Therefore,‌‌electrically‌‌speaking‌‌a‌‌fuel‌‌                         

cell‌ ‌anode‌ ‌is‌ ‌negative‌ ‌which‌ ‌is‌ ‌contrary‌ ‌to‌ ‌the‌ ‌popular‌ ‌convention‌ ‌of‌ ‌electrically‌ ‌positive‌‌                           

anodes‌ ‌for‌ ‌electrolytic‌ ‌cells‌ ‌i.e.‌ ‌electrolysers.‌ ‌ 

A‌ ‌fuel‌ ‌cell‌ ‌anode‌ ‌system‌ ‌is‌ ‌defined‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌ ‌this‌ ‌study‌ ‌as‌ ‌all‌ ‌of‌ ‌the‌ ‌equipment‌‌                                   

required‌‌to‌‌store‌‌and‌‌supply‌‌fuel‌‌to‌‌the‌‌anode‌‌inlet‌‌port‌‌of‌‌the‌‌fuel‌‌cell‌‌stack‌‌as‌‌well‌‌as‌‌items‌‌                                       

which‌ ‌may‌ ‌exist‌ ‌on‌ ‌an‌ ‌anode‌ ‌exhaust.‌ ‌The‌ ‌internal‌ ‌fuel‌ ‌pathway‌ ‌from‌ ‌the‌ ‌anode‌ ‌inlet,‌‌                             

through‌ ‌the‌ ‌flow‌ ‌field‌ ‌and‌ ‌gas‌ ‌diffusion‌ ‌layer‌ ‌to‌ ‌the‌ ‌anode‌ ‌electrode‌ ‌catalyst‌ ‌site‌ ‌was‌‌                             

considered‌ ‌separately‌ ‌as‌ ‌being‌ ‌part‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌itself.‌ ‌ 

As‌ ‌previously‌ ‌discussed,‌ ‌the‌ ‌two‌ ‌fuel‌ ‌cell‌ ‌technologies‌‌focussed‌‌on‌‌in‌‌this‌‌study‌‌have‌‌very‌‌                             

different‌‌fuel‌‌requirements.‌‌Polymer‌‌Electrolyte‌‌Membrane‌‌Fuel‌‌Cells‌‌(PEMFC)‌‌require‌‌pure‌‌                     

hydrogen‌‌gas‌‌to‌‌be‌‌fed‌‌to‌‌the‌‌anode,‌‌typically‌‌under‌‌pressure‌‌[1,2].‌‌Whereas‌‌Direct‌‌Methanol‌‌                             

Fuel‌‌Cells‌‌(DMFC)‌‌require‌‌methanol‌‌as‌‌a‌‌fuel,‌‌typically‌‌fed‌‌to‌‌the‌‌anode‌‌as‌‌a‌‌liquid‌‌solution‌‌                                 

[1,2].‌ ‌ 

Fuel‌ ‌cells‌ ‌can‌ ‌typically‌ ‌have‌ ‌one‌ ‌of‌ ‌three‌ ‌macro-scale‌ ‌anode‌ ‌designs:‌ ‌dead-ended,‌‌                       

open-ended‌ ‌and‌ ‌semi-dead-ended.‌ ‌In‌ ‌a‌ ‌dead-ended‌ ‌design‌ ‌there‌ ‌is‌ ‌no‌ ‌anode‌ ‌exhaust.‌‌                       

Therefore,‌ ‌all‌ ‌of‌ ‌the‌ ‌fuel‌ ‌provided‌ ‌at‌‌the‌‌inlet‌‌must‌‌be‌‌reacted‌‌through‌‌the‌‌fuel‌‌cell.‌‌This‌‌is‌‌                                   

only‌‌possible‌‌in‌‌fuel‌‌cell‌‌designs‌‌where‌‌the‌‌inlet‌‌fuel‌‌is‌‌pure‌‌as‌‌any‌‌impurities‌‌are‌‌unlikely‌‌to‌‌                                   

pass‌ ‌through‌ ‌the‌ ‌polymer‌ ‌electrolyte‌ ‌membrane.‌ ‌ 

‌ 

‌ 
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Alternatively,‌‌open-ended‌‌and‌‌semi-dead-ended‌‌designs‌‌are‌‌able‌‌to‌‌utilise‌‌impure‌‌fuel‌‌stock,‌‌                       

assuming‌ ‌the‌ ‌impurities‌ ‌don’t‌ ‌interfere‌ ‌with‌ ‌the‌ ‌electrochemical‌ ‌reaction‌ ‌or‌ ‌poison‌ ‌the‌‌                       

catalyst‌‌sites.‌‌This‌‌is‌‌particularly‌‌important‌‌with‌‌DMFC’s‌‌where‌‌the‌‌fuel‌‌is‌‌a‌‌diluted‌‌solution‌‌                             

[1,2].‌ ‌An‌‌open-ended‌‌design‌‌is‌‌as‌‌it‌‌sounds,‌‌the‌‌anode‌‌has‌‌an‌‌exhaust‌‌which‌‌is‌‌always‌‌open‌‌                                 

(although‌ ‌it‌ ‌can‌ ‌be‌ ‌restricted‌ ‌to‌ ‌increase‌ ‌back-pressure).‌ ‌The‌ ‌primary‌ ‌disadvantage‌ ‌of‌ ‌this‌‌                         

design‌ ‌is‌ ‌poor‌ ‌fuel‌ ‌utilisation.‌ ‌ 

Semi-dead-ended‌ ‌designs‌ ‌have‌ ‌a‌‌valve‌‌on‌‌the‌‌anode‌‌exhaust.‌‌This‌‌is‌‌normally‌‌in‌‌the‌‌closed‌‌                             

position,‌‌allowing‌‌dwell‌‌times‌‌for‌‌the‌‌fuel‌‌to‌‌react‌‌at‌‌the‌‌catalyst‌‌sites.‌‌Periodically,‌‌the‌‌valve‌‌                               

is‌‌opened‌‌to‌‌remove‌‌excess‌‌fuel‌‌and‌‌any‌‌products‌‌which‌‌may‌‌have‌‌been‌‌produced‌‌or‌‌crossed‌‌                               

over‌‌to‌‌the‌‌anode.‌‌This‌‌process‌‌is‌‌called‌‌purging‌‌[3]‌‌and‌‌the‌‌associated‌‌purge‌‌strategies‌‌are‌‌a‌‌                                 

whole‌ ‌topic‌ ‌of‌ ‌research‌ ‌in‌ ‌themselves‌ ‌and‌ ‌therefore‌ ‌will‌ ‌not‌ ‌be‌ ‌covered‌ ‌in‌ ‌this‌ ‌work.‌ ‌ 

For‌ ‌semi-dead-ended‌ ‌designs‌ ‌incorporating‌ ‌some‌ ‌form‌ ‌of‌ ‌purging,‌ ‌it‌ ‌is‌ ‌also‌ ‌possible‌ ‌to‌‌                         

recirculate‌ ‌the‌‌anode‌‌exhaust‌‌stream‌‌between‌‌purge‌‌events.‌‌Benefits‌‌of‌‌implementing‌‌anode‌‌                       

recirculation‌ ‌are‌ ‌reported‌ ‌to‌ ‌include:‌ ‌improved‌ ‌fuel‌ ‌utilisation,‌ ‌reduced‌ ‌cell-to-cell‌ ‌voltage‌‌                     

variation‌‌across‌‌a‌‌stack,‌‌and‌‌increased‌‌membrane‌‌humidification‌‌for‌‌gas‌‌fed‌‌fuel‌‌cells‌‌[4-6].‌‌                           

However,‌ ‌due‌‌to‌‌the‌‌complex‌‌multi-phase‌‌interactions‌‌associated‌‌with‌‌anode‌‌recirculation‌‌it‌‌                       

will‌ ‌not‌ ‌be‌ ‌considered‌ ‌for‌ ‌use‌ ‌with‌ ‌PEMFCs‌ ‌in‌ ‌this‌ ‌work.‌ ‌ 

In‌ ‌this‌ ‌Chapter,‌ ‌anode‌ ‌system‌ ‌design‌ ‌considerations‌ ‌for‌ ‌both‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌will‌ ‌be‌‌                           

analysed.‌ ‌In‌ ‌addition‌ ‌to‌ ‌fulfilling‌ ‌the‌ ‌fuel‌ ‌flow‌ ‌rate‌ ‌and‌ ‌inlet‌ ‌pressure‌ ‌requirements,‌ ‌key‌‌                           

design‌ ‌priorities‌ ‌for‌ ‌anode‌ ‌fuel‌ ‌systems‌ ‌intended‌ ‌for‌ ‌use‌‌in‌‌aeronautical‌‌must‌‌include‌‌mass‌‌                           

and‌ ‌volume.‌ ‌As‌ ‌fuel‌ ‌cells‌ ‌are‌ ‌fundamentally‌ ‌energy‌ ‌conversion‌ ‌devices,‌ ‌the‌ ‌most‌ ‌suitable‌‌                         

way‌ ‌of‌ ‌analysing‌ ‌these‌ ‌systems‌ ‌would‌ ‌be‌ ‌to‌ ‌use‌ ‌specific‌ ‌energy,‌ ‌ and‌ ‌energy‌‌                       (J kg)  eF CS /    

density,‌ ‌ .‌ ‌   uF CS (J m )/ 3  

‌ 

‌ 

‌ 

‌ 
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5.2‌ Hydrogen‌ ‌ 

Hydrogen‌‌is‌‌a‌‌colourless,‌‌odourless‌‌gas‌‌which‌‌is‌‌utilised‌‌in‌‌its‌‌pure‌‌molecular‌‌form‌‌as‌‌a‌‌fuel‌‌                                 

in‌ ‌PEMFCs.‌ ‌It‌ ‌is‌ ‌generally‌ ‌not‌ ‌found‌ ‌as‌ ‌an‌ ‌isolated‌ ‌molecule‌ ‌in‌ ‌nature‌ ‌(on‌ ‌Earth)‌ ‌but‌ ‌is‌‌                                 

present‌ ‌in‌ ‌many‌ ‌common‌ ‌chemical‌ ‌compounds.‌ ‌As‌ ‌such,‌ ‌it‌ ‌must‌ ‌be‌ ‌extracted‌ ‌and‌ ‌isolated‌‌                           

through‌ ‌an‌ ‌energy‌ ‌consuming‌ ‌process.‌ ‌As‌ ‌a‌ ‌result,‌‌it‌‌is‌‌common‌‌to‌‌refer‌‌to‌‌hydrogen‌‌as‌‌an‌‌                                 

energy‌‌carrier‌‌rather‌‌than‌‌a‌‌fuel.‌‌Properties‌‌of‌‌molecular‌‌hydrogen‌‌which‌‌are‌‌pertinent‌‌to‌‌the‌‌                             

design‌ ‌and‌ ‌analysis‌ ‌of‌ ‌storage‌ ‌and‌ ‌delivery‌ ‌systems‌ ‌are‌ ‌contained‌ ‌within‌ ‌Table‌ ‌5.1.‌‌                         

Additional‌ ‌thermodynamic‌ ‌data‌ ‌for‌ ‌hydrogen‌ ‌can‌ ‌be‌ ‌found‌ ‌in‌ ‌Appendix‌ ‌3.‌ ‌ 

Table‌ ‌5.1:‌ ‌Properties‌ ‌of‌ ‌molecular‌ ‌hydrogen‌ ‌[1,2,7-9]‌ ‌ 

‌ 

A‌ ‌range‌ ‌of‌ ‌advantages‌ ‌and‌ ‌disadvantages‌ ‌are‌ ‌presented‌ ‌by‌ ‌hydrogen’s‌ ‌physical‌ ‌properties.‌‌                       

The‌ ‌low‌ ‌molecular‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌can‌ ‌be‌ ‌seen‌ ‌to‌ ‌be‌ ‌a‌ ‌big‌ ‌advantage,‌ ‌especially‌‌                             

considering‌ ‌the‌ ‌mass‌ ‌sensitive‌ ‌nature‌ ‌of‌ ‌aeronautical‌ ‌applications.‌ ‌However,‌ ‌when‌‌coupled‌‌                     

with‌ ‌the‌ ‌incredibly‌ ‌low‌ ‌density‌ ‌of‌ ‌pure‌ ‌gaseous‌‌hydrogen,‌‌the‌‌volumetric‌‌energy‌‌density‌‌is‌‌                           

somewhat‌ ‌lower‌ ‌than‌ ‌other‌ ‌common‌ ‌fuel‌ ‌types.‌ ‌ 

There‌‌are‌‌three‌‌common‌‌metrics‌‌used‌‌in‌‌the‌‌literature‌‌when‌‌comparing‌‌different‌‌methods‌‌of‌‌                           

hydrogen‌ ‌storage‌ ‌to‌ ‌each‌ ‌other‌ ‌and‌ ‌to‌ ‌other‌ ‌fuel‌ ‌storage‌ ‌solutions.‌ ‌These‌ ‌are‌ ‌weight‌‌                           

percentage,‌ ‌gravimetric‌ ‌energy‌ ‌density‌ ‌and‌ ‌volumetric‌ ‌energy‌ ‌density.‌ ‌Weight‌ ‌percentage,‌‌                   

‌is‌ ‌a‌ ‌useful‌‌metric‌‌for‌‌comparing‌‌different‌‌storage‌‌technologies‌‌for‌‌the‌‌same‌‌fuel‌‌as‌‌it‌‌t.%w                                

avoids‌ ‌any‌ ‌confusion‌ ‌with‌ ‌which‌ ‌heating‌ ‌value‌ ‌was‌‌used‌‌(higher‌‌or‌‌lower).‌‌It‌‌is‌‌defined‌‌as‌‌                               

the‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌stored‌ ‌divided‌ ‌by‌ ‌the‌ ‌total‌ ‌mass‌ ‌of‌ ‌the‌ ‌hydrogen‌ ‌and‌ ‌the‌ ‌storage‌ ‌vessel.‌ ‌ 

Property‌ ‌  Value‌ ‌ 

Molecular‌ ‌weight‌ ‌  2.016‌ ‌g/mol‌ ‌ 

Boiling‌ ‌point‌ ‌  20.4‌ ‌K‌ ‌ 

Calorific‌ ‌value‌ ‌(Higher‌ ‌Heating‌ ‌Value)‌ ‌at‌ ‌298‌ ‌K‌ ‌  141.8‌ ‌MJ/kg‌ ‌(39.38‌ ‌kWh/kg)‌ ‌ 

Gaseous‌ ‌density‌ ‌at‌ ‌100kPa‌ ‌and‌ ‌298‌ ‌K‌ ‌  0.0899‌ ‌kg/m‌3‌ ‌ 

Liquid‌ ‌density‌ ‌at‌ ‌100kPa‌ ‌and‌ ‌20.4‌ ‌K‌ ‌  70.85‌ ‌kg/m‌3‌ ‌ 
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Both‌‌gravimetric‌‌and‌‌volumetric‌‌energy‌‌densities‌‌can‌‌be‌‌used‌‌to‌‌compare‌‌different‌‌fuel‌‌types‌‌                           

in‌ ‌addition‌ ‌to‌ ‌different‌ ‌hydrogen‌ ‌storage‌ ‌methods.‌ ‌Gravimetric‌ ‌energy‌ ‌density‌ ‌(specific‌‌                     

energy),‌‌ is‌‌found‌‌using‌‌the‌‌fuel‌‌calorific‌‌value‌‌and‌‌the‌‌mass‌‌of‌‌the‌‌fuel‌‌and‌‌storage‌‌vessel,‌‌  e                                 

common‌ ‌units‌ ‌are‌ ‌ .‌ ‌Volumetric‌ ‌energy‌ ‌density,‌ ‌ is‌ ‌found‌ ‌using‌ ‌the‌ ‌fuel‌‌calorific‌‌      W h kg  k /         u             

value‌ ‌and‌ ‌the‌ ‌volume‌ ‌of‌ ‌the‌ ‌fuel‌ ‌and‌ ‌storage‌ ‌vessel,‌ ‌common‌ ‌units‌ ‌are‌ ‌ .‌ ‌W h L  k /  

Figure‌ ‌5.1‌ ‌shows‌ ‌the‌ ‌gravimetric‌ ‌and‌ ‌volumetric‌ ‌storage‌ ‌densities‌ ‌of‌ ‌various‌ ‌hydrogen‌‌                       

storage‌ ‌options.‌ ‌As‌ ‌aerospace‌ ‌applications‌ ‌tend‌ ‌to‌ ‌be‌ ‌more‌ ‌mass‌ ‌sensitive‌ ‌than‌ ‌volume‌‌                         

sensitive,‌ ‌metal‌ ‌hydride‌ ‌hydrogen‌ ‌storage‌‌would‌‌be‌‌the‌‌least‌‌suitable‌‌solution.‌‌Ideally,‌‌light‌                         

hydrides‌ ‌would‌ ‌be‌ ‌used,‌ ‌however,‌ ‌they‌ ‌are‌ ‌generally‌ ‌more‌ ‌difficult‌ ‌to‌ ‌re-fuel‌ ‌due‌ ‌to‌ ‌their‌‌                             

availability.‌ ‌This‌ ‌leaves‌ ‌Liquid‌ ‌Hydrogen‌ ‌(LH‌2‌)‌ ‌and‌ ‌high‌ ‌pressure‌ ‌Compressed‌ ‌Gaseous‌‌                     

Hydrogen‌ ‌(CGH‌2‌)‌ ‌as‌ ‌remaining‌ ‌storage‌ ‌options.‌ ‌ 

‌ 

Figure‌‌5.1:‌‌Gravimetric‌‌and‌‌volumetric‌‌densities‌‌of‌‌various‌‌hydrogen‌‌storage‌‌options.‌‌‘DoE‌‌                       

target’‌ ‌represents‌ ‌the‌ ‌US‌ ‌Department‌ ‌of‌ ‌Energy‌ ‌target‌ ‌for‌ ‌hydrogen‌ ‌storage‌ ‌material‌ ‌[10]‌‌                         

(Open‌ ‌access‌ ‌CC‌ ‌BY-NC-ND‌ ‌license)‌ ‌ 
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5.2.1‌ Gaseous‌ ‌Storage‌ ‌ 

Molecular‌‌hydrogen‌‌is‌‌commonly‌‌stored‌‌as‌‌a‌‌compressed‌‌gas‌‌at‌‌around‌‌200‌‌bar‌‌g‌‌[1,11]‌‌and‌‌                               

is‌ ‌commercially‌ ‌available‌ ‌as‌ ‌an‌ ‌industrial‌ ‌fuel‌ ‌gas‌ ‌[12].‌‌Energy‌‌density‌‌of‌‌CGH‌2‌ ‌storage‌‌is‌‌                             

improved‌‌by‌‌increasing‌‌the‌‌storage‌‌pressure‌‌of‌‌the‌‌molecular‌‌hydrogen.‌‌The‌‌pressure‌‌can‌‌be‌‌                           

raised‌ ‌either‌ ‌using‌ ‌a‌ ‌mechanical‌ ‌piston‌ ‌based‌ ‌compressor‌ ‌or‌ ‌using‌ ‌non-mechanical‌‌                     

compression‌ ‌techniques‌ ‌such‌‌as‌‌electrochemical‌‌and‌‌metal-hydride‌‌compression‌‌[11,13].‌‌Of‌‌                   

the‌ ‌different‌‌compression‌‌techniques‌‌available,‌‌non-mechanical‌‌methods‌‌are‌‌preferred‌‌when‌‌                   

compressing‌ ‌hydrogen‌ ‌intended‌ ‌for‌ ‌use‌ ‌in‌ ‌fuel‌ ‌cells‌ ‌as‌ ‌the‌ ‌guarantee‌ ‌that‌ ‌the‌ ‌gas‌ ‌is‌ ‌not‌‌                               

contaminated‌ ‌with‌ ‌the‌ ‌lubricating‌ ‌oil‌ ‌required‌ ‌in‌ ‌mechanical‌ ‌compressors‌ ‌[11].‌ ‌ 

Although‌‌regularly‌‌treated‌‌as‌‌an‌‌ideal‌‌gas‌‌due‌‌to‌‌small‌‌size‌‌and‌‌weak‌‌intermolecular‌‌forces,‌‌                             

this‌ ‌assumption‌ ‌breaks‌ ‌down‌ ‌as‌ ‌the‌ ‌pressure‌ ‌is‌ ‌increased‌ ‌[14].‌ ‌Compressibility‌ ‌factor,‌‌                       

sometimes‌ ‌gas‌ ‌deviation‌ ‌factor,‌ ‌ ‌is‌ ‌used‌ ‌to‌ ‌describe‌ ‌the‌ ‌deviation‌ ‌between‌ ‌the‌ ‌ideal‌ ‌gas‌‌        Z                      

assumption‌ ‌and‌ ‌the‌ ‌behaviour‌ ‌of‌ ‌a‌ ‌real‌ ‌gas‌ ‌whilst‌ ‌being‌ ‌compressed.‌ ‌The‌ ‌variation‌ ‌of‌‌                           

compressibility‌ ‌factor‌ ‌for‌ ‌hydrogen‌ ‌is‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌5.2‌ ‌ 

‌ 

Figure‌ ‌5.2:‌ ‌Variation‌ ‌of‌ ‌compressibility‌ ‌factor‌ ‌of‌ ‌hydrogen‌ ‌with‌ ‌increasing‌ ‌pressure‌ ‌at‌‌                       

temperatures‌ ‌of‌ ‌200,‌ ‌250‌ ‌ad‌ ‌300‌ ‌K‌ ‌[14]‌ ‌ 
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As‌ ‌demonstrated‌ ‌by‌‌Figure‌‌5.2,‌‌changing‌‌storage‌‌temperature‌‌leads‌‌to‌‌deviations‌‌in‌‌the‌‌rate‌                           

of‌ ‌change‌ ‌of‌ ‌compressibility‌ ‌factor‌ ‌with‌ ‌increasing‌ ‌pressure.‌ ‌Up‌ ‌to‌ ‌a‌ ‌storage‌ ‌pressure‌ ‌of‌‌                           

around‌‌100‌‌bar‌‌g,‌‌the‌‌compressibility‌‌factor‌‌for‌‌molecular‌‌hydrogen‌‌is‌‌fairly‌‌consistent‌‌in‌‌the‌‌                             

temperature‌‌range‌‌of‌‌200‌‌K‌‌to‌‌300‌‌K.‌‌Above‌‌this‌‌pressure,‌‌increasing‌‌the‌‌temperature‌‌leads‌‌                             

to‌ ‌a‌ ‌decreasing‌ ‌rate‌ ‌of‌ ‌change‌ ‌in‌ ‌gas‌ ‌deviation‌ ‌factor.‌ ‌Factoring‌ ‌this‌ ‌observation‌ ‌into‌ ‌the‌‌                             

determination‌ ‌of‌ ‌gas‌ ‌density‌ ‌change‌ ‌with‌ ‌increasing‌ ‌pressure‌ ‌leads‌ ‌to‌ ‌the‌ ‌results‌ ‌shown‌ ‌in‌‌                           

Figure‌ ‌5.3.‌ ‌ 

‌ 

Figure‌ ‌5.3:‌ ‌Density‌ ‌evolution‌ ‌of‌ ‌molecular‌ ‌hydrogen‌ ‌with‌ ‌respect‌ ‌to‌ ‌storage‌ ‌pressure‌ ‌for‌‌                         

temperatures‌ ‌of‌ ‌273,‌ ‌298‌ ‌and‌ ‌373‌ ‌K‌ ‌[11,15]‌ ‌ 

An‌ ‌interesting‌ ‌observation‌ ‌from‌ ‌Figure‌ ‌5.3‌ ‌which‌ ‌is‌ ‌particularly‌ ‌relevant‌ ‌to‌ ‌the‌ ‌storage‌ ‌of‌‌                           

molecular‌ ‌hydrogen‌ ‌at‌ ‌very‌ ‌high‌ ‌pressures‌ ‌(>‌ ‌500‌ ‌bar‌ ‌g)‌ ‌is‌ ‌the‌ ‌evolving‌ ‌nonlinearity‌ ‌of‌‌                             

density‌‌evolution‌‌with‌‌increasing‌‌pressure.‌‌It‌‌is‌‌important‌‌that‌‌the‌‌model‌‌developed‌‌as‌‌part‌‌of‌‌                             

this‌ ‌work‌ ‌is‌ ‌able‌ ‌to‌‌account‌‌for‌‌this‌‌deviation‌‌as‌‌it‌‌will‌‌lead‌‌to‌‌variations‌‌in‌‌the‌‌gravimetric‌‌                                   

and‌ ‌volumetric‌ ‌storage‌ ‌efficiencies.‌ ‌ 

‌ 
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In‌ ‌addition‌ ‌to‌ ‌the‌ ‌non-ideal‌ ‌density‌ ‌evolution‌ ‌of‌ ‌molecular‌ ‌hydrogen,‌ ‌the‌ ‌physical‌‌                       

characteristics‌ ‌of‌ ‌the‌‌storage‌‌vessel‌‌will‌‌play‌‌an‌‌important‌‌role‌‌in‌‌determining‌‌the‌‌hydrogen‌                           

storage‌‌efficiency.‌‌Due‌‌to‌‌the‌‌potentially‌‌high‌‌pressures‌‌associated‌‌with‌‌hydrogen‌‌storage,‌‌the‌‌                         

pressure‌ ‌vessel‌ ‌material‌ ‌choice‌ ‌is‌ ‌one‌‌of‌‌the‌‌most‌‌important‌‌considerations‌‌when‌‌designing‌‌                         

CGH‌2‌ ‌systems‌ ‌[16].‌ ‌In‌ ‌addition‌ ‌to‌ ‌being‌ ‌capable‌ ‌of‌‌withstanding‌‌the‌‌high‌‌pressure,‌‌chosen‌‌                           

materials‌‌must‌‌also‌‌be‌‌resistant‌‌to‌‌hydrogen‌‌embrittlement‌‌[17].‌‌Typically,‌‌austenitic‌‌stainless‌‌                       

steels,‌ ‌aluminium‌ ‌and‌ ‌high-density‌ ‌polymers‌ ‌such‌ ‌as‌ ‌HDPE‌ ‌are‌ ‌used.‌ ‌ 

Currently,‌‌there‌‌are‌‌four‌‌commercially‌‌available‌‌CGH‌2‌ ‌storage‌‌cylinders,‌‌Type‌‌I‌‌→‌‌Type‌‌IV‌‌                           

[14,18,19].‌‌Information‌‌relating‌‌to‌‌the‌‌construction‌‌materials‌‌and‌‌capabilities‌‌of‌‌each‌‌cylinder‌‌                       

type‌ ‌are‌ ‌given‌ ‌in‌ ‌Table‌ ‌5.2‌ ‌with‌ ‌key‌ ‌differences‌ ‌graphically‌ ‌represented‌ ‌in‌ ‌Figure‌ ‌5.4.‌ ‌ 

Table‌ ‌5.2:‌ ‌Materials‌ ‌and‌ ‌pressure‌ ‌ranges‌ ‌of‌ ‌Type‌ ‌I,‌ ‌II,‌ ‌III‌ ‌and‌ ‌IV‌ ‌cylinders‌ ‌[14,18-20]‌ ‌ 

‌ 

Figure‌‌5.4:‌‌Representation‌‌of‌‌Type‌‌I,‌‌II,‌‌III‌‌and‌‌IV‌‌compressed‌‌gas‌‌cylinders‌‌[19]‌‌reproduced‌‌                             

with‌ ‌permission‌ ‌from‌ ‌Elsevier‌ ‌(Licence:‌ ‌4860680258275)‌ ‌ 

Cylinder‌ ‌Classification‌  Typical‌ ‌Storage‌ ‌Pressure‌  Construction‌ ‌Materials‌ ‌ 

Type‌ ‌I‌ ‌  150‌ ‌-‌ ‌300‌ ‌bar‌ ‌g‌  All‌ ‌steel‌ ‌construction‌ ‌ 

Type‌ ‌II‌ ‌  <‌ ‌1,000‌ ‌bar‌ ‌g‌ ‌  Load-bearing‌ ‌metallic‌ ‌liner‌ ‌hoop‌‌ 
wrapped‌ ‌with‌ ‌resin‌ ‌impregnated‌‌ 
composite‌ ‌ 

Type‌ ‌III‌ ‌  <‌ ‌450‌ ‌bar‌ ‌g‌ ‌  Non-load-bearing‌ ‌metallic‌ ‌liner‌‌ 
axially‌ ‌and‌ ‌hoop‌ ‌wrapped‌ ‌with‌‌ 
resin‌ ‌impregnated‌ ‌composite‌ ‌ 

Type‌ ‌IV‌ ‌  Up‌ ‌to‌ ‌700‌ ‌bar‌ ‌g‌ ‌  High-density‌ ‌polymer‌ ‌liner,‌ ‌axially‌‌ 
and‌ ‌hoop‌ ‌wrapped‌ ‌with‌ ‌resin‌‌ 
impregnated‌ ‌composite‌ ‌ 
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Although‌‌Type‌‌II‌‌cylinders‌‌currently‌‌have‌‌the‌‌highest‌‌storage‌‌pressure‌‌possible‌‌[19,20],‌‌their‌‌                         

reliance‌ ‌on‌ ‌load-bearing‌ ‌metallic‌ ‌liners‌ ‌means‌ ‌that‌ ‌the‌ ‌fully‌ ‌polymer‌ ‌and‌ ‌composite‌‌                       

construction‌ ‌of‌ ‌Type‌ ‌IV‌ ‌cylinders‌ ‌gives‌ ‌a‌ ‌distinct‌ ‌weight‌ ‌advantage.‌ ‌This‌ ‌is‌ ‌shown‌ ‌by‌‌                           

plotting‌ ‌the‌ ‌specific‌ ‌energy‌ ‌and‌ ‌energy‌‌density‌‌averages‌‌for‌‌current‌‌commercially‌‌available‌‌                       

CGH‌2‌ ‌cylinders‌ ‌at‌ ‌their‌ ‌peak‌ ‌storage‌ ‌pressures,‌ ‌Figure‌ ‌5.5‌ ‌[21-26].‌ ‌Specific‌ ‌energy‌ ‌and‌‌                         

energy‌ ‌density‌ ‌values‌ ‌were‌ ‌found‌ ‌using‌ ‌non-ideal‌ ‌density‌‌evolution‌‌at‌‌298‌‌K‌‌demonstrated‌‌                         

by‌ ‌Figure‌ ‌5.3‌ ‌in‌ ‌addition‌ ‌to‌ ‌the‌ ‌physical‌ ‌mass‌ ‌and‌ ‌liquid‌ ‌volume‌ ‌of‌ ‌the‌ ‌empty‌ ‌cylinders.‌‌                               

These‌‌results‌‌are‌‌valid‌‌for‌‌CGH‌2‌ ‌tanks‌‌capable‌‌of‌‌storing‌‌up‌‌to‌‌10‌‌kg‌‌of‌‌hydrogen‌‌in‌‌a‌‌single‌‌                                     

tank.‌ ‌ 

‌ 

Figure‌ ‌5.5:‌ ‌Specific‌‌energy‌‌and‌‌energy‌‌density‌‌variation‌‌with‌‌storage‌‌pressure‌‌and‌‌cylinder‌‌                         

type‌ ‌for‌ ‌existing‌‌commercially‌‌available‌‌CGH‌2‌ ‌storage‌‌cylinders‌‌(data‌‌for‌‌several‌‌cylinders‌‌                       

has‌ ‌been‌ ‌averaged‌ ‌to‌ ‌produce‌ ‌each‌ ‌plot)‌ ‌[21-26]‌ ‌ 

‌ 

‌ 
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The‌‌analysis‌‌from‌‌Figure‌‌5.5‌‌clearly‌‌shows‌‌general‌‌improvements‌‌in‌‌both‌‌specific‌‌energy‌‌and‌‌                           

energy‌ ‌density‌ ‌as‌ ‌the‌ ‌cylinder‌ ‌technology‌ ‌is‌ ‌advanced‌ ‌from‌ ‌Type‌ ‌I‌ ‌to‌ ‌Type‌ ‌IV.‌ ‌Although‌‌                             

certain‌ ‌Type‌ ‌III‌ ‌cylinders‌ ‌come‌ ‌close‌ ‌to‌ ‌matching‌ ‌the‌ ‌performance‌ ‌of‌ ‌Type‌ ‌IV‌ ‌either‌ ‌on‌‌                             

specific‌ ‌energy‌ ‌or‌ ‌energy‌ ‌density,‌ ‌Type‌ ‌IV‌ ‌cylinders‌ ‌show‌ ‌the‌ ‌best‌ ‌balance.‌ ‌ 

As‌ ‌well‌ ‌as‌ ‌knowledge‌ ‌of‌ ‌the‌ ‌energy‌ ‌density‌ ‌and‌ ‌specific‌ ‌energy,‌ ‌collectively‌ ‌storage‌‌                         

efficiency‌ ‌of‌ ‌different‌ ‌CGH‌2‌ ‌technologies;‌ ‌it‌ ‌would‌ ‌also‌ ‌be‌ ‌beneficial‌ ‌to‌ ‌have‌ ‌direct‌‌                         

relationships‌ ‌between‌‌the‌‌quantity‌‌of‌‌hydrogen‌‌stored‌‌and‌‌the‌‌physical‌‌characteristics‌‌of‌‌the‌‌                         

vessel,‌‌in‌‌particular‌‌its‌‌mass‌‌and‌‌volume.‌‌Commercial‌‌CGH‌2‌ ‌cylinder‌‌data‌‌[21-26]‌‌was‌‌used‌‌                           

to‌ ‌produce‌ ‌the‌‌relationships‌‌for‌‌mass‌‌(Figure‌‌5.6)‌‌and‌‌volume‌‌(Figure‌‌5.7).‌‌For‌‌each‌‌plot,‌‌a‌‌                               

linear‌‌trendline‌‌was‌‌generated‌‌with‌‌the‌‌equations‌‌for‌‌mass‌‌plots‌‌given‌‌in‌‌Table‌‌5.3‌‌and‌‌those‌‌                               

for‌ ‌volume‌ ‌in‌ ‌Table‌ ‌5.4.‌ ‌Data‌ ‌for‌ ‌175‌ ‌bar‌ ‌g‌ ‌hydrogen‌ ‌storage‌ ‌was‌ ‌limited‌ ‌to‌ ‌two‌ ‌cylinder‌‌                                 

types‌ ‌from‌ ‌BOC‌ ‌therefore,‌ ‌the‌ ‌inclusion‌ ‌of‌ ‌this‌ ‌information‌ ‌is‌ ‌meant‌ ‌only‌ ‌for‌ ‌reference.‌ ‌ 

‌ 

Figure‌ ‌5.6:‌ ‌Change‌ ‌in‌ ‌total‌ ‌mass‌ ‌of‌‌hydrogen‌‌and‌‌vessel‌‌with‌‌increasing‌‌mass‌‌of‌‌hydrogen‌‌                             

stored‌ ‌for‌ ‌175,‌ ‌350‌ ‌and‌ ‌700‌ ‌bar‌ ‌g‌ ‌storage‌ ‌pressures‌ ‌[21-26]‌ ‌ 

‌ 
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Table‌ ‌5.3:‌ ‌Fits‌ ‌through‌ ‌origin‌ ‌and‌ ‌R‌2‌‌ ‌values‌ ‌for‌ ‌correlations‌ ‌from‌ ‌Figure‌ ‌5.6‌ ‌ 

‌ 

‌ 

Figure‌‌5.7:‌‌Change‌‌in‌‌total‌‌volume‌‌of‌‌storage‌‌vessel‌‌with‌‌increasing‌‌mass‌‌of‌‌hydrogen‌‌stored‌‌                             

for‌ ‌175,‌ ‌350‌ ‌and‌ ‌700‌ ‌bar‌ ‌g‌ ‌storage‌ ‌pressures‌ ‌[21-26]‌ ‌ 

Table‌ ‌5.4:‌ ‌Fits‌ ‌through‌ ‌origin‌ ‌and‌ ‌R‌2‌‌ ‌values‌ ‌for‌ ‌correlations‌ ‌from‌ ‌Figure‌ ‌5.7‌ ‌ 

Plot‌ ‌  Fitted‌ ‌Correlation‌ ‌(u‌ ‌=‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌stored‌ ‌(kg))‌ ‌  R‌2‌ ‌ 

175‌ ‌bar‌ ‌g‌ ‌  ‌ass  90.592um =     1‌ ‌ 

350‌ ‌bar‌ ‌g‌ ‌  ‌ass  29.13um =     0.99‌ ‌ 

700‌ ‌bar‌ ‌g‌ ‌  ‌ass  21.228um =     0.99‌ ‌ 

Plot‌ ‌  Fitted‌ ‌Correlation‌ ‌(u‌ ‌=‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌stored‌ ‌(kg))‌ ‌  R‌2‌ ‌ 

175‌ ‌bar‌ ‌g‌ ‌  ‌ol  82.199uv =     1‌ ‌ 

350‌ ‌bar‌ ‌g‌ ‌  ‌ol  43.958uv =     1‌ ‌ 

700‌ ‌bar‌ ‌g‌ ‌  ‌ol  23.356uv =     1‌ ‌ 
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All‌ ‌of‌ ‌the‌ ‌presented‌ ‌data‌ ‌and‌ ‌relationships‌ ‌for‌ ‌CGH‌2‌ ‌storage‌ ‌methodologies‌ ‌clearly‌ ‌shows‌‌                         

beneficial‌‌traits‌‌for‌‌storing‌‌hydrogen‌‌at‌‌either‌‌350‌‌bar‌‌g‌‌or‌‌700‌‌bar‌‌g.‌‌In‌‌the‌‌case‌‌of‌‌350‌‌bar‌‌g‌‌                                         

CGH‌2‌,‌‌the‌‌lower‌‌storage‌‌pressure‌‌allows‌‌for‌‌a‌‌lighter‌‌tank‌‌design‌‌when‌‌compared‌‌to‌‌700‌‌bar‌‌                               

g‌ ‌options.‌‌However,‌‌the‌‌volume‌‌advantage‌‌of‌‌storing‌‌at‌‌700‌‌bar‌‌g‌‌is‌‌more‌‌influential‌‌due‌‌to‌‌                                 

the‌ ‌greater‌ ‌slope‌ ‌difference‌ ‌between‌ ‌the‌ ‌two‌ ‌technologies.‌ ‌ 

5.2.2‌ Liquid‌ ‌Storage‌ ‌ 

Molecular‌ ‌hydrogen‌ ‌can‌ ‌be‌ ‌stored‌ ‌cryogenically‌ ‌as‌ ‌a‌‌liquid‌‌if‌‌it‌‌is‌‌cooled‌‌below‌‌its‌‌boiling‌‌                               

point‌ ‌(20.4‌ ‌K).‌ ‌Although‌ ‌the‌ ‌requirement‌ ‌for‌ ‌this‌ ‌extremely‌‌low‌‌temperature‌‌may‌‌dissuade‌‌                         

some‌ ‌from‌ ‌this‌‌storage‌‌technique,‌‌the‌‌major‌‌benefit‌‌of‌‌LH‌2‌ ‌must‌‌be‌‌considered.‌‌This‌‌is‌‌that‌‌                               

the‌‌density‌‌of‌‌LH‌2‌ ‌under‌‌atmospheric‌‌pressure‌‌is‌‌still‌‌79%‌‌higher‌‌than‌‌the‌‌density‌‌of‌‌gaseous‌‌                               

hydrogen‌ ‌which‌ ‌has‌ ‌been‌ ‌compressed‌ ‌to‌ ‌700‌ ‌bar‌ ‌g.‌ ‌The‌ ‌second,‌ ‌is‌ ‌that‌ ‌it‌ ‌is‌ ‌much‌ ‌more‌‌                                 

efficient‌‌to‌‌store‌‌the‌‌potentially‌‌large‌‌quantities‌‌of‌‌hydrogen‌‌required‌‌for‌‌aviation‌‌as‌‌a‌‌liquid‌‌                             

than‌ ‌a‌ ‌compressed‌ ‌gas‌ ‌[27-29].‌ ‌ 

The‌ ‌extremely‌ ‌low‌ ‌temperatures‌ ‌required‌ ‌for‌ ‌LH‌2‌ ‌storage‌ ‌present‌ ‌some‌ ‌unique‌ ‌design‌‌                       

challenges‌ ‌when‌ ‌compared‌ ‌to‌ ‌other‌ ‌hydrogen‌ ‌storage‌ ‌methods.‌ ‌In‌ ‌particular,‌ ‌the‌ ‌internal‌‌                       

vessel‌‌temperature‌‌should‌‌not‌‌be‌‌allowed‌‌to‌‌exceed‌‌20.4‌‌K,‌‌above‌‌which‌‌liquid‌‌hydrogen‌‌will‌‌                             

boil.‌ ‌Given‌ ‌that‌ ‌the‌ ‌density‌ ‌of‌ ‌gaseous‌ ‌hydrogen‌ ‌is‌ ‌over‌ ‌48‌ ‌times‌ ‌smaller‌ ‌than‌ ‌liquid‌‌                             

hydrogen‌ ‌(along‌ ‌the‌ ‌saturation‌ ‌line‌‌at‌‌1.1‌‌bar‌‌absolute)‌‌[30]‌‌any‌‌vaporisation‌‌will‌‌cause‌‌the‌‌                             

vessel‌ ‌internal‌ ‌pressure‌ ‌to‌ ‌rise‌ ‌significantly.‌ ‌Although‌ ‌there‌ ‌are‌ ‌several‌ ‌different‌ ‌insulation‌‌                       

strategies‌ ‌which‌ ‌can‌ ‌be‌ ‌implemented,‌ ‌more‌ ‌on‌ ‌these‌ ‌later,‌ ‌a‌ ‌combination‌ ‌of‌ ‌a‌ ‌significant‌‌                           

temperature‌‌difference‌‌and‌‌inherent‌‌inefficiencies‌‌of‌‌any‌‌physical‌‌system‌‌mean‌‌that‌‌there‌‌will‌‌                         

always‌ ‌be‌ ‌some‌ ‌heat‌ ‌leakage‌ ‌into‌ ‌the‌ ‌LH‌2‌ ‌tank.‌ ‌This‌ ‌energy‌ ‌transfer‌ ‌will‌ ‌always‌ ‌cause‌ ‌a‌‌                               

small‌ ‌amount‌‌of‌‌unavoidable‌‌LH‌2‌ ‌evaporation,‌‌a‌‌phenomena‌‌commonly‌‌referred‌‌to‌‌as‌‌“Boil‌‌                         

off”‌ ‌[27-40]‌  ‌which‌ ‌must‌ ‌be‌ ‌managed.‌ ‌ 

Typical‌ ‌cryogenic‌ ‌storage‌ ‌vessels‌ ‌(cryostat)‌ ‌used‌ ‌to‌ ‌store‌ ‌LH‌2‌ ‌have‌ ‌a‌ ‌double‌ ‌wall‌‌                         

construction‌ ‌and‌ ‌are‌ ‌insulated‌ ‌using‌ ‌a‌ ‌combination‌ ‌of‌ ‌a‌ ‌high-vacuum‌ ‌inter-wall‌ ‌cavity‌‌and‌‌                         

advanced‌ ‌multi-layer‌ ‌reflective‌ ‌insulation‌ ‌[18,36].‌ ‌They‌ ‌are‌ ‌also‌ ‌designed‌ ‌as‌ ‌low-pressure‌‌                     

storage‌ ‌vessels,‌ ‌typically‌ ‌expecting‌ ‌a‌ ‌range‌ ‌of‌ ‌ambient‌ ‌to‌ ‌1,000‌ ‌kPa‌ ‌[33,36,42].‌ ‌ 
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In‌‌addition‌‌to‌‌a‌‌highly‌‌efficient‌‌insulation‌‌design,‌‌it‌‌is‌‌best‌‌practice‌‌to‌‌only‌‌partially‌‌fill‌‌LH‌2‌ ‌                                 

tanks‌‌to‌‌around‌‌85%‌‌to‌‌95%‌‌[41].‌‌The‌‌remaining‌‌5%‌‌to‌‌15%‌‌of‌‌available‌‌volume‌‌is‌‌known‌‌as‌‌                                   

ullage‌‌and‌‌is‌‌present‌‌to‌‌accommodate‌‌some‌‌of‌‌the‌‌space‌‌taken‌‌up‌‌by‌‌the‌‌expansion‌‌of‌‌liquid‌‌                                 

to‌ ‌gaseous‌ ‌hydrogen.‌ ‌Despite‌ ‌the‌ ‌additional‌ ‌volume‌ ‌requirement‌ ‌not‌ ‌directly‌ ‌dedicated‌ ‌to‌‌                       

storing‌‌fuel,‌‌as‌‌shown‌‌by‌‌Figure‌‌5.8,‌‌the‌‌mass‌‌and‌‌volume‌‌of‌‌LH‌2‌ ‌storage‌‌is‌‌still‌‌less‌‌than‌‌that‌‌                                     

of‌ ‌state-of-the-art‌ ‌CGH‌2‌‌ ‌storage.‌ ‌ 

‌ 

Figure‌ ‌5.8:‌ ‌Total‌ ‌mass‌ ‌and‌ ‌volume‌ ‌variation‌ ‌for‌ ‌advanced‌ ‌CGH‌2‌ ‌and‌ ‌LH‌2‌ ‌storage‌ ‌vessels‌‌                           

(data‌ ‌for‌ ‌several‌ ‌vessels‌ ‌has‌ ‌been‌ ‌averaged‌ ‌to‌ ‌produce‌ ‌each‌ ‌plot)‌ ‌[21,23,24,26,43]‌ ‌ 

The‌ ‌main‌ ‌advantage‌ ‌of‌ ‌LH‌2‌ ‌over‌ ‌CGH‌2‌ ‌storage,‌ ‌a‌ ‌far‌ ‌superior‌ ‌specific‌ ‌energy‌ ‌is‌ ‌also‌‌                             

demonstrated‌ ‌by‌ ‌Figure‌‌5.8.‌‌Therefore,‌‌for‌‌larger‌‌aircraft‌‌designs‌‌and/or‌‌extended‌‌missions,‌‌                       

LH‌2‌‌ ‌should‌ ‌be‌ ‌the‌ ‌preferred‌ ‌choice‌ ‌for‌ ‌storing‌ ‌hydrogen‌ ‌in‌ ‌aircraft.‌ ‌ 

‌ 

‌ 
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5.2.3‌ Delivery‌ ‌ 

Hydrogen,‌‌regardless‌‌of‌‌whether‌‌it‌‌is‌‌stored‌‌as‌‌a‌‌gas‌‌or‌‌liquid,‌‌needs‌‌to‌‌be‌‌supplied‌‌to‌‌the‌‌fuel‌‌                                     

cell‌‌anode‌‌inlet‌‌in‌‌gaseous‌‌form‌‌and‌‌at‌‌a‌‌regulated‌‌pressure.‌‌For‌‌CGH‌2‌ ‌storage‌‌solutions,‌‌this‌‌                               

is‌ ‌achieved‌ ‌relatively‌‌simply‌‌through‌‌the‌‌use‌‌of‌‌valves‌‌and‌‌pressure‌‌regulators.‌‌Although,‌‌it‌‌                           

should‌ ‌be‌ ‌noted‌ ‌that‌ ‌it‌ ‌is‌ ‌common‌ ‌to‌ ‌have‌ ‌more‌ ‌than‌ ‌one‌ ‌regulator‌ ‌to‌ ‌ensure‌ ‌that‌ ‌the‌ ‌low‌‌                                   

anode‌‌inlet‌‌pressure,‌‌typically‌‌<‌‌3‌‌bar‌‌gauge‌‌[44-46]‌‌can‌‌be‌‌maintained‌‌across‌‌the‌‌wide‌‌range‌‌                               

of‌ ‌possible‌ ‌storage‌ ‌pressures.‌ ‌ 

For‌ ‌LH‌2‌ ‌storage‌ ‌solutions,‌ ‌fuel‌ ‌delivery‌ ‌is‌ ‌more‌ ‌complicated‌ ‌as‌ ‌it‌ ‌requires‌ ‌the‌ ‌liquid‌‌                           

hydrogen‌‌to‌‌be‌‌vaporised‌‌(and‌ ‌pressure‌‌allowed‌‌to‌‌rise)‌‌before‌‌it‌‌can‌‌be‌‌fed‌‌to‌‌the‌‌fuel‌‌cell.‌‌                                   

This‌‌can‌‌be‌‌achieved‌‌through‌‌careful‌‌design‌‌of‌‌the‌‌tank‌‌insulation‌‌to‌‌control‌‌boil-off‌‌and‌ ‌use‌‌                               

of‌ ‌an‌ ‌electric‌ ‌heater.‌ ‌ 

Regardless‌‌of‌‌the‌‌method‌‌chosen‌‌to‌‌store‌‌hydrogen,‌‌the‌‌fuel‌‌cell‌‌is‌‌always‌‌going‌‌to‌‌require‌‌a‌‌                                 

certain‌ ‌mass‌ ‌flow‌ ‌to‌ ‌allow‌ ‌the‌ ‌electrochemical‌ ‌reaction‌ ‌to‌ ‌move‌ ‌forward.‌ ‌Based‌ ‌on‌ ‌the‌‌                           

fundamental‌ ‌electrochemical‌ ‌reaction‌ ‌in‌ ‌a‌ ‌PEMFC‌ ‌as‌ ‌described‌ ‌chemically‌ ‌in‌ ‌Chapter‌ ‌3‌‌it‌‌                         

can‌ ‌be‌ ‌shown‌ ‌that‌ ‌two‌ ‌electrons‌ ‌are‌ ‌transferred‌ ‌for‌ ‌each‌ ‌molecule‌ ‌of‌ ‌hydrogen‌ ‌reacted.‌‌                           

Therefore,‌ ‌the‌ ‌hydrogen‌ ‌usage‌ ‌can‌ ‌be‌ ‌calculated‌ ‌from‌ ‌Equation‌ ‌5.1.‌ ‌The‌ ‌full‌ ‌derivation‌‌of‌‌                           

this‌ ‌equation‌ ‌is‌ ‌shown‌ ‌by‌ ‌Larminie,‌ ‌J‌ ‌[1].‌ ‌ 

Where:‌ ‌ 

‌ṁH2
= 2F

M InH2 = 2V Fc

M PH2 e
  (5.1)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

‌M H2   -‌  Molecular‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌(2.02‌ ‌g/mol)‌ ‌ 

‌ṁH2   -‌  Hydrogen‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

‌n   -‌  Number‌ ‌of‌ ‌cells‌ ‌ 

‌ P e   -‌  Electrical‌ ‌power‌ ‌(W)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 
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Obtaining‌ ‌the‌ ‌desired‌ ‌mass‌ ‌flow‌ ‌calculated‌ ‌from‌ ‌Equation‌ ‌5.1‌ ‌whilst‌ ‌also‌ ‌maintaining‌ ‌the‌‌                         

specified‌ ‌inlet‌ ‌pressure‌ ‌can‌ ‌generally‌ ‌be‌ ‌achieved‌ ‌by‌ ‌one‌ ‌of‌ ‌two‌ ‌methods.‌‌For‌‌open-ended‌‌                           

anode‌‌designs,‌‌a‌‌mass‌‌flow‌‌controller‌‌should‌‌be‌‌used‌‌to‌‌control‌‌the‌‌flow‌‌of‌‌hydrogen‌‌into‌‌the‌‌                                 

fuel‌‌cell.‌‌Storage‌‌pressure‌‌will‌‌need‌‌to‌‌be‌‌regulated‌‌down‌‌to‌‌the‌‌specified‌‌inlet‌‌pressure‌‌of‌‌the‌‌                                 

mass‌‌flow‌‌controller‌‌to‌‌ensure‌‌correct‌‌function.‌‌In‌‌the‌‌case‌‌of‌‌our‌‌experimental‌‌setup,‌‌this‌‌is‌‌                               

2‌‌bar‌‌g.‌‌The‌‌effective‌‌anode‌‌pressure‌‌in‌‌the‌‌fuel‌‌cell‌‌should‌‌be‌‌controlled‌‌by‌‌a‌‌back-pressure‌‌                                 

valve‌‌on‌‌the‌‌anode‌‌exhaust.‌‌Alternatively,‌‌for‌‌both‌‌dead-ended‌‌and‌‌semi-dead-ended‌‌designs,‌‌                       

the‌ ‌anode‌ ‌pressure‌ ‌is‌ ‌regulated‌ ‌directly‌ ‌from‌ ‌the‌ ‌storage‌ ‌solution‌ ‌and‌ ‌the‌ ‌mass-flow‌ ‌is‌‌                           

roughly‌ ‌equal‌ ‌to‌ ‌the‌ ‌rate‌ ‌of‌ ‌consumption‌ ‌by‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌ 

For‌‌open-ended‌‌designs‌‌where‌‌the‌‌mass‌‌flow‌‌is‌‌controlled‌‌and‌‌an‌‌exhaust‌‌flow‌‌is‌‌expected,‌‌it‌‌                               

is‌ ‌paramount‌ ‌that‌ ‌the‌ ‌hydrogen‌ ‌mass‌ ‌flow‌ ‌into‌ ‌the‌ ‌anode‌ ‌is‌ ‌greater‌ ‌than‌ ‌the‌ ‌rate‌ ‌of‌‌                               

consumption.‌ ‌The‌ ‌ratio‌ ‌of‌ ‌actual‌ ‌fuel‌ ‌mass‌ ‌flow‌ ‌to‌ ‌rate‌ ‌of‌ ‌consumption‌ ‌is‌ ‌termed‌ ‌the‌‌                             

stoichiometric‌ ‌ratio,‌ ‌ ‌[1,2].‌ ‌It‌ ‌is‌‌common‌‌to‌‌run‌‌a‌‌PEMFC‌‌with‌‌a‌‌hydrogen‌‌stoichiometry‌‌    λ                          

greater‌ ‌than‌ ‌one.‌ ‌Actual‌ ‌hydrogen‌ ‌flow‌ ‌rate‌ ‌from‌ ‌the‌ ‌storage‌ ‌solution‌ ‌can‌ ‌be‌ ‌found‌ ‌from‌‌                             

Equation‌ ‌5.2.‌ ‌ 

Where:‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌λṁH  in2
= ṁH2

  (5.2)‌ 

‌ṁH2   -‌  Hydrogen‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

‌ṁH  in2   -‌  Hydrogen‌ ‌mass‌ ‌flow‌ ‌into‌ ‌fuel‌ ‌cell‌ ‌(kg/s)‌ ‌ 

‌λ   -‌  Stoichiometry‌ ‌ 
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5.3‌ Methanol‌ ‌ 

Unlike‌‌hydrogen‌‌fed‌‌PEMFCs‌‌where‌‌the‌‌hydrogen‌‌fuel‌‌must‌‌have‌‌no‌‌impurities,‌‌DMFCs‌‌are‌‌                           

able‌ ‌to‌ ‌operate‌ ‌using‌ ‌a‌ ‌methanol‌ ‌feed‌ ‌of‌ ‌varying‌ ‌concentration.‌ ‌Typically,‌ ‌the‌ ‌literature‌‌                         

prefers‌‌using‌‌a‌‌methanol‌‌concentration‌‌of‌‌1.0‌‌mol/dm‌3‌ ‌[47-50].‌‌However,‌‌it‌‌is‌‌not‌‌uncommon‌‌                           

for‌‌applications‌‌to‌‌use‌‌a‌‌concentration‌‌much‌‌higher‌‌than‌‌this,‌‌even‌‌up‌‌to‌‌pure‌‌methanol‌‌[51].‌‌                               

To‌‌obtain‌‌different‌‌methanol‌‌solutions‌‌for‌‌use‌‌as‌‌a‌‌fuel‌‌in‌‌a‌‌fuel‌‌cell,‌‌it‌‌is‌‌critically‌‌important‌‌                                   

that‌ ‌it‌ ‌is‌ ‌diluted‌ ‌using‌ ‌De-Ionised‌‌(DI)‌‌water.‌‌This‌‌is‌‌to‌‌avoid‌‌potential‌‌contamination‌‌from‌‌                             

impurities‌‌in‌‌the‌‌water‌‌supply.‌‌Properties‌‌of‌‌pure‌‌methanol,‌‌ ‌are‌‌shown‌‌in‌‌Table‌‌5.5‌‌                  H OHC 3            

[52,53].‌ ‌ 

Table‌ ‌5.5:‌ ‌Properties‌ ‌of‌ ‌pure‌ ‌methanol‌ ‌[52,53]‌ ‌ 

‌ 

When‌ ‌compared‌ ‌to‌ ‌hydrogen‌ ‌(either‌ ‌gaseous‌ ‌or‌ ‌liquid),‌ ‌methanol‌ ‌has‌ ‌some‌ ‌significant‌‌                       

advantages.‌‌Indeed,‌‌the‌‌density‌‌of‌‌pure‌‌methanol,‌‌as‌‌illustrated‌‌in‌‌Table‌‌5.5‌‌is‌‌over‌‌ten‌‌times‌                               

greater‌ ‌than‌ ‌that‌ ‌of‌ ‌liquid‌ ‌hydrogen‌ ‌leading‌ ‌to‌ ‌a‌ ‌much‌ ‌higher‌ ‌volumetric‌ ‌energy‌ ‌density.‌‌                           

Additionally,‌ ‌under‌ ‌standard‌ ‌conditions‌ ‌methanol‌ ‌is‌ ‌a‌‌liquid‌‌which‌‌is‌‌significantly‌‌easier‌‌to‌‌                         

store‌ ‌than‌ ‌either‌ ‌CGH‌2‌‌ ‌or‌ ‌LH‌2‌‌ ‌[54].‌ 

When‌ ‌dealing‌ ‌with‌ ‌liquid‌ ‌in‌ ‌applications‌ ‌expected‌ ‌to‌ ‌operate‌ ‌at‌ ‌sub-ambient‌ ‌temperatures;‌‌                       

aircraft‌ ‌flying‌ ‌at‌ ‌altitude‌ ‌being‌ ‌an‌ ‌excellent‌ ‌example,‌ ‌the‌ ‌freezing‌ ‌point‌ ‌of‌ ‌the‌ ‌liquid‌ ‌in‌‌                             

question‌ ‌becomes‌ ‌of‌ ‌great‌ ‌importance.‌‌For‌‌pure‌‌methanol,‌‌this‌‌shouldn’t‌‌be‌‌an‌‌issue‌‌with‌‌a‌‌                             

freezing‌‌point‌‌around‌‌ten‌‌degrees‌‌less‌‌than‌‌the‌‌coldest‌‌temperatures‌‌expected‌‌during‌‌normal‌‌                         

flight‌ ‌[55,56].‌ ‌However,‌ ‌this‌‌is‌‌not‌‌the‌‌case‌‌for‌‌methanol‌‌solutions‌‌diluted‌‌with‌‌DI‌‌water‌‌as‌‌                               

demonstrated‌ ‌by‌ ‌Figure‌ ‌5.9‌ ‌[57,58].‌ ‌ 

Property‌ ‌  Value‌ ‌ 

Molecular‌ ‌weight‌ ‌  32.04‌ ‌g/mol‌ ‌ 

Boiling‌ ‌point‌ ‌  337.7‌ ‌K‌ ‌ 

Freezing‌ ‌point‌ ‌  175‌ ‌K‌ ‌ 

Calorific‌ ‌value‌ ‌(Higher‌ ‌Heating‌ ‌Value)‌ ‌at‌ ‌298‌ ‌K‌ ‌  22.66‌ ‌MJ/kg‌ ‌(6.29‌ ‌kWh/kg)‌ ‌ 

Density‌ ‌at‌ ‌100kPa‌ ‌and‌ ‌298‌ ‌K‌ ‌  791‌ ‌kg/m‌3‌ ‌ 
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‌ 

Figure‌ ‌5.9:‌ ‌Methanol‌ ‌solution‌ ‌freezing‌ ‌point‌ ‌variation‌ ‌with‌ ‌concentration‌ ‌[57,58]‌ ‌ 

The‌‌shape‌‌of‌‌Figure‌‌5.9‌‌is‌‌a‌‌result‌‌of‌‌the‌‌interactions‌‌between‌‌pure‌‌methanol‌‌and‌‌water‌‌in‌‌a‌‌                                   

binary‌‌mixture.‌‌For‌‌the‌‌methanol‌‌/‌‌water‌‌mixture,‌‌the‌‌location‌‌of‌‌the‌‌first‌‌vertex‌‌close‌‌to‌‌-100‌                                 

℃‌ ‌is‌ ‌likely‌ ‌a‌ ‌result‌ ‌of‌ ‌a‌ ‌change‌ ‌in‌ ‌crystalline‌ ‌structure‌ ‌of‌ ‌ice‌ ‌at‌ ‌this‌ ‌temperature.‌ ‌The‌‌                                 

minimum‌ ‌freezing‌ ‌point‌ ‌(eutectic‌ ‌temperature)‌ ‌of‌ ‌a‌ ‌binary‌ ‌mixture‌ ‌occurs‌ ‌at‌ ‌the‌ ‌eutectic‌‌                         

concentration‌ ‌which‌ ‌is‌ ‌around‌ ‌82‌ ‌-‌ ‌88‌ ‌wt%‌ ‌depending‌ ‌on‌ ‌data‌ ‌source‌ ‌[57,58].‌ ‌ 

At‌ ‌the‌ ‌lowest‌ ‌temperature‌ ‌expected‌ ‌at‌ ‌the‌ ‌ceiling‌ ‌of‌ ‌a‌ ‌Global‌ ‌Hawk‌ ‌Unmanned‌ ‌Aerial‌‌                           

Vehicle‌ ‌(UAV)‌ ‌as‌ ‌defined‌ ‌by‌‌MIL-HDBK-310,‌‌187‌‌K‌‌(-86‌‌℃)‌‌[56]‌‌solution‌‌concentrations‌‌                         

of‌ ‌less‌ ‌than‌ ‌18‌ ‌mol/dm‌3‌ ‌(0.65‌ ‌wt%‌ ‌methanol)‌ ‌will‌ ‌freeze.‌ ‌Therefore,‌ ‌careful‌ ‌consideration‌‌                         

will‌ ‌need‌ ‌to‌ ‌be‌ ‌made‌ ‌to‌ ‌the‌ ‌design‌ ‌of‌ ‌methanol‌ ‌storage‌ ‌solutions‌ ‌for‌ ‌aircraft‌ ‌specification‌‌                             

DMFC‌ ‌systems.‌ ‌ 

‌ 

‌ 

‌ 
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5.3.1‌ Anode‌ ‌Configurations‌ ‌ 

Analogies‌ ‌can‌ ‌be‌‌made‌‌between‌‌the‌‌two‌‌common‌‌DMFC‌‌anode‌‌designs,‌‌active‌‌and‌‌passive‌‌                           

to‌ ‌the‌ ‌previously‌ ‌discussed‌‌dead/open-ended.‌‌However,‌‌the‌‌two‌‌sets‌‌of‌‌terminology‌‌can‌‌not‌‌                         

be‌‌used‌‌interchangeably.‌‌This‌‌is‌‌because‌‌fuel‌‌is‌‌actively‌‌fed‌‌to‌‌the‌‌fuel‌‌cell‌‌in‌‌both‌‌dead-‌‌and‌‌                                   

open-ended‌ ‌cases‌ ‌whereas,‌ ‌in‌ ‌a‌ ‌passive‌ ‌DMFC‌ ‌design‌ ‌a‌ ‌fixed‌ ‌tank‌‌of‌‌methanol‌‌solution‌‌is‌‌                             

located‌ ‌in‌ ‌the‌ ‌anode‌ ‌side‌ ‌end‌ ‌plate‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌as‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌5.10.‌ ‌This‌ ‌type‌ ‌of‌‌                                     

DMFC‌ ‌also‌ ‌implements‌ ‌a‌ ‌porous‌ ‌diffusion‌ ‌layer‌ ‌in‌ ‌place‌ ‌of‌ ‌a‌ ‌more‌ ‌traditional‌ ‌flow‌ ‌field.‌ ‌ 

‌ 

Figure‌ ‌5.10:‌ ‌Example‌ ‌layout‌ ‌for‌ ‌a‌ ‌passive‌‌DMFC,‌‌highlighting‌‌the‌‌fixed‌‌methanol‌‌solution‌‌                         

tank‌ ‌and‌ ‌porous‌ ‌anode‌ ‌flow‌ ‌plate‌ ‌ 

For‌ ‌passive‌ ‌DMFC‌ ‌designs,‌ ‌the‌ ‌optimum‌ ‌methanol‌ ‌concentration‌ ‌has‌ ‌been‌ ‌shown‌ ‌to‌ ‌be‌‌                         

around‌ ‌twice‌ ‌that‌ ‌of‌ ‌an‌‌active‌‌design‌‌(≈‌‌4.0‌‌mol/dm‌3‌)‌‌as‌‌the‌‌access‌‌of‌‌the‌‌fuel‌‌to‌‌the‌‌active‌‌                                     

sites‌ ‌is‌ ‌only‌ ‌by‌ ‌diffusion‌ ‌[59,60].‌ ‌Performance‌ ‌results‌ ‌for‌ ‌passive‌ ‌designs‌ ‌are‌ ‌also‌‌                         

significantly‌ ‌lower‌ ‌than‌ ‌those‌ ‌achieved‌ ‌for‌ ‌active‌ ‌designs.‌ ‌This‌ ‌combined‌ ‌with‌ ‌limited‌‌                       

refuelling‌ ‌ability‌ ‌excludes‌ ‌their‌ ‌use‌ ‌in‌ ‌aeronautical‌ ‌applications.‌ ‌ 
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Active‌‌DMFCs‌‌are‌‌most‌‌analogous‌‌to‌‌an‌‌open-ended‌‌PEMFC‌‌design‌‌as‌‌they‌‌are‌‌designed‌‌to‌‌                             

allow‌ ‌the‌ ‌methanol‌ ‌based‌ ‌fuel‌ ‌to‌ ‌flow‌ ‌through‌ ‌the‌ ‌anode‌ ‌flow‌ ‌fields.‌ ‌This‌ ‌increases‌ ‌the‌‌                             

availability‌ ‌of‌ ‌fuel‌‌to‌‌the‌‌reactive‌‌sites‌‌whilst‌‌also‌‌allowing‌‌lower‌‌concentrations‌‌to‌‌be‌‌used‌‌                             

[61,62],‌ ‌reducing‌ ‌the‌ ‌inefficiencies‌ ‌caused‌ ‌by‌ ‌crossover.‌ ‌An‌ ‌example‌ ‌layout‌ ‌for‌ ‌an‌ ‌active‌‌                         

DMFC,‌ ‌highlighting‌ ‌the‌ ‌anode‌ ‌flow‌ ‌channels‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌Figure‌ ‌5.11.‌ ‌ 

‌ 

Figure‌ ‌5.11:‌ ‌Example‌ ‌layout‌ ‌for‌ ‌an‌ ‌active‌ ‌DMFC,‌ ‌highlighting‌ ‌the‌ ‌flow‌ ‌channels‌ ‌on‌ ‌both‌‌                           

anode‌ ‌and‌ ‌cathode‌ ‌and‌ ‌the‌ ‌flowing‌ ‌methanol‌ ‌solution‌ ‌through‌ ‌the‌ ‌anode‌ ‌end‌ ‌plate‌ ‌ 

5.3.2‌ Storage‌ ‌ 

Compared‌‌to‌‌hydrogen,‌‌the‌‌storage‌‌of‌‌methanol‌‌is‌‌fairly‌‌trivial.‌‌In‌‌large‌‌part‌‌this‌‌is‌‌because‌‌it‌‌                                 

has‌‌a‌‌liquid‌‌state‌‌for‌‌the‌‌full‌‌environmental‌‌regime‌‌of‌‌most‌‌aircraft.‌‌However,‌‌the‌‌density‌‌of‌‌                               

liquid‌‌methanol‌‌changes‌‌with‌‌both‌‌temperature‌‌and‌‌concentration.‌‌Both‌‌are‌‌important‌‌factors‌‌                       

and‌ ‌should‌ ‌be‌ ‌considered‌ ‌when‌ ‌designing‌ ‌the‌ ‌storage‌ ‌system‌ ‌for‌ ‌a‌ ‌DMFC.‌ ‌ 

From‌ ‌a‌ ‌materials‌ ‌perspective,‌ ‌methanol‌ ‌can‌ ‌be‌ ‌stored‌ ‌readily‌ ‌in‌ ‌most‌ ‌polymer‌ ‌and‌ ‌ferrous‌‌                           

metal‌‌containers‌‌and‌‌is‌‌also‌‌compatible‌‌with‌‌several‌‌elastomer‌‌seal‌‌materials‌‌[63,64].‌‌In‌‌order‌‌                           

to‌ ‌avoid‌ ‌potential‌ ‌contamination‌ ‌which‌ ‌may‌ ‌leach‌ ‌from‌ ‌wetted‌ ‌materials‌ ‌entering‌ ‌the‌ ‌fuel‌‌                         

cell,‌ ‌it‌ ‌is‌ ‌general‌ ‌practice‌ ‌to‌ ‌use‌ ‌materials‌ ‌such‌ ‌as‌ ‌High‌ ‌Density‌ ‌PolyEthylene‌ ‌(HDPE),‌‌                           

PolyTetraFluoroEthylene‌ ‌(PTFE)‌ ‌and‌ ‌austenitic‌ ‌stainless‌ ‌steels‌ ‌such‌ ‌as‌ ‌316‌ ‌and‌ ‌316L.‌ ‌ 
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Density‌‌evolution‌‌of‌‌methanol‌‌with‌‌changing‌‌temperature‌‌is‌‌an‌‌important‌‌consideration‌‌in‌‌the‌‌                         

design‌‌of‌‌any‌‌type‌‌of‌‌storage‌‌vessel‌‌as‌‌pure‌‌methanol‌‌will‌‌expand‌‌by‌‌up‌‌to‌‌10‌‌%‌‌when‌‌chilled‌‌                                     

from‌‌50‌‌℃‌‌to‌‌-50‌‌℃‌‌[8].‌‌The‌‌density‌‌evolution‌‌is‌‌also‌‌non-linear‌‌with‌‌the‌‌density‌‌increasing‌‌                                 

at‌ ‌a‌ ‌slower‌ ‌rate‌ ‌at‌ ‌lower‌ ‌temperatures.‌ ‌This‌ ‌relationship‌ ‌is‌ ‌demonstrated‌ ‌in‌ ‌Figure‌ ‌5.12.‌ ‌ 

‌ 

Figure‌ ‌5.12:‌ ‌Density‌ ‌variation‌ ‌of‌ ‌pure‌ ‌liquid‌ ‌methanol‌ ‌with‌ ‌temperature‌ ‌[8]‌ ‌ 

As‌‌mentioned,‌‌the‌‌density‌‌of‌‌a‌‌methanol‌‌solution‌‌also‌‌varies‌‌with‌‌concentration‌‌in‌‌addition‌‌to‌‌                             

temperature‌‌as‌‌demonstrated‌‌at‌‌both‌‌0‌‌℃‌‌and‌‌20‌‌℃‌‌in‌‌Figure‌‌5.13‌‌[65].‌‌As‌‌the‌‌concentration‌‌                                 

of‌‌a‌‌methanol‌‌solution‌‌decreases‌‌from‌‌100‌‌wt%‌‌to‌‌1.0‌‌mol/dm‌3‌ ‌(3.6‌‌wt%)‌‌the‌‌liquid‌‌density‌‌                               

increases‌ ‌by‌ ‌25%‌ ‌under‌ ‌a‌ ‌constant‌ ‌temperature‌ ‌of‌ ‌20‌ ‌℃‌ ‌(‌ ‌&‌‌                    91.7 kg m  @ 100 wt%  ρ = 7 / 3    

).‌ ‌ρ 91.8 kg m  @ 3.6 wt%    = 9 / 3  

‌ 

‌ 

‌ 
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The‌ ‌two‌ ‌different‌‌density‌‌evolution‌‌trends‌‌of‌‌liquid‌‌methanol,‌‌one‌‌with‌‌temperature‌‌and‌‌the‌‌                           

other‌ ‌with‌ ‌concentration‌ ‌have‌ ‌shown‌ ‌that‌ ‌the‌ ‌fuel‌ ‌storage‌ ‌subsystem‌ ‌of‌ ‌a‌ ‌DMFC‌ ‌is‌ ‌much‌‌                             

more‌ ‌sensitive‌ ‌to‌‌the‌‌concentration‌‌of‌‌the‌‌fuel‌‌stored‌‌than‌‌it‌‌is‌‌to‌‌temperature.‌‌This‌‌leads‌‌to‌‌                                 

some‌ ‌interesting‌ ‌design‌ ‌concepts‌ ‌for‌ ‌achieving‌ ‌the‌ ‌highest‌ ‌storage‌ ‌efficiency‌ ‌for‌ ‌methanol‌‌                       

fuel.‌ ‌One‌ ‌solution,‌ ‌and‌ ‌the‌ ‌simplest‌ ‌in‌ ‌terms‌ ‌of‌ ‌number‌ ‌of‌ ‌components‌ ‌and‌ ‌control‌ ‌logic‌‌                             

would‌ ‌be‌ ‌to‌ ‌scale‌ ‌up‌ ‌a‌ ‌typical‌ ‌lab‌ ‌setup‌ ‌where‌‌there‌‌is‌‌a‌‌single‌‌storage‌‌vessel‌‌containing‌‌a‌‌                                   

premixed‌‌dilute‌‌methanol‌‌solution.‌‌This‌‌would‌‌be‌‌fed‌‌to‌‌the‌‌fuel‌‌cell‌‌using‌‌an‌‌appropriately‌‌                             

sized‌ ‌positive‌ ‌displacement‌ ‌pump‌ ‌and‌ ‌the‌ ‌exhaust‌ ‌flow‌ ‌to‌ ‌atmosphere.‌ ‌An‌‌example‌‌of‌‌this‌‌                           

design‌ ‌concept‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌Figure‌ ‌5.14.‌ ‌ 

‌ 

Figure‌‌5.13:‌‌Change‌‌in‌‌liquid‌‌density‌‌with‌‌methanol‌‌solution‌‌concentration‌‌at‌‌0‌‌℃‌‌and‌‌20‌‌℃‌‌                               

[65]‌ ‌ 

‌ 

‌ 

‌ 
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‌ 

Figure‌ ‌5.14:‌ ‌Concept‌ ‌design‌ ‌for‌ ‌single‌ ‌tank‌ ‌active‌ ‌DMFC‌ ‌anode‌ ‌system‌ ‌ 

A‌‌more‌‌advanced‌‌concept‌‌would‌‌involve‌‌the‌‌use‌‌of‌‌multiple‌‌(as‌‌little‌‌as‌‌two)‌‌storage‌‌vessels.‌‌                               

One‌ ‌would‌ ‌be‌ ‌purposed‌ ‌with‌ ‌storing‌ ‌pure‌ ‌methanol‌ ‌for‌ ‌maximum‌ ‌energy‌‌density‌‌whereas,‌‌                         

the‌ ‌second‌ ‌tank‌ ‌would‌ ‌be‌ ‌an‌ ‌intermediary‌ ‌for‌ ‌diluting‌ ‌the‌ ‌pure‌ ‌methanol‌ ‌prior‌‌to‌‌injection‌‌                             

into‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌An‌ ‌example‌ ‌schematic‌ ‌for‌ ‌such‌ ‌a‌ ‌system‌ ‌is‌ ‌highlighted‌ ‌in‌ ‌Figure‌ ‌5.15.‌ ‌ 

‌ 

Figure‌ ‌5.15:‌ ‌Concept‌ ‌design‌ ‌for‌ ‌multi-tank‌ ‌active‌ ‌DMFC‌ ‌anode‌ ‌system‌ ‌ 

‌ 

‌ 

‌ 
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5.3.3‌ Delivery‌ ‌ 

Delivering‌‌a‌‌methanol‌‌solution‌‌to‌‌the‌‌anode‌‌inlet‌‌of‌‌an‌‌active‌‌DMFC‌‌is‌‌trivial‌‌in‌‌comparison‌‌                               

to‌‌using‌‌hydrogen‌‌with‌‌a‌‌PEMFC.‌‌However,‌‌positive‌‌displacement‌‌pumps‌‌are‌‌preferred‌‌over‌‌                         

other‌ ‌types‌ ‌to‌ ‌allow‌ ‌the‌ ‌flow‌ ‌rate‌ ‌of‌ ‌methanol‌ ‌solution‌ ‌to‌‌be‌‌carefully‌‌controlled.‌‌We‌‌have‌‌                               

already‌ ‌discussed‌ ‌the‌ ‌material‌ ‌compatibility‌ ‌of‌ ‌methanol‌ ‌and‌ ‌fortunately‌ ‌it‌ ‌shares‌ ‌many‌‌                       

properties‌ ‌with‌ ‌other‌ ‌hydrocarbon‌ ‌fuels.‌ ‌Therefore,‌ ‌nearly‌ ‌all‌ ‌automotive‌ ‌rated‌ ‌fuel‌‌pumps‌‌                       

will‌ ‌be‌ ‌suitable‌ ‌for‌ ‌use‌ ‌with‌ ‌methanol.‌ ‌ 

Based‌ ‌on‌ ‌the‌ ‌fundamental‌ ‌electrochemical‌‌reaction‌‌in‌‌a‌‌DMFC‌‌as‌‌described‌‌in‌‌Chapter‌‌3‌‌it‌‌                             

can‌ ‌be‌ ‌shown‌ ‌that‌ ‌six‌ ‌electrons‌ ‌are‌ ‌transferred‌ ‌for‌ ‌each‌ ‌molecule‌ ‌of‌ ‌methanol‌ ‌reacted.‌‌                           

Therefore,‌ ‌the‌ ‌methanol‌ ‌usage‌ ‌can‌ ‌be‌ ‌calculated‌ ‌from‌ ‌Equation‌ ‌5.3.‌ ‌ 

Where:‌ ‌ 

For‌‌active‌‌DMFC‌‌designs‌‌where‌‌the‌‌mass‌‌flow‌‌is‌‌controlled‌‌and‌‌an‌‌exhaust‌‌flow‌‌is‌‌expected,‌‌                               

it‌ ‌is‌ ‌paramount‌ ‌that‌ ‌the‌ ‌methanol‌ ‌mass‌ ‌flow‌ ‌into‌ ‌the‌ ‌anode‌ ‌is‌ ‌greater‌ ‌than‌ ‌the‌ ‌rate‌ ‌of‌‌                                 

consumption.‌ ‌The‌ ‌ratio‌ ‌of‌ ‌actual‌ ‌fuel‌ ‌mass‌ ‌flow‌ ‌to‌ ‌rate‌ ‌of‌ ‌consumption‌ ‌is‌ ‌termed‌ ‌the‌‌                             

stoichiometric‌ ‌ratio,‌ ‌ ‌[1,2].‌ ‌It‌ ‌is‌ ‌common‌ ‌to‌ ‌run‌ ‌a‌ ‌DMFC‌ ‌with‌ ‌a‌ ‌methanol‌‌stoichiometry‌‌    λ                          

greater‌‌than‌‌one.‌‌Actual‌‌pure‌‌methanol‌‌flow‌‌rate‌‌from‌‌the‌‌storage‌‌solution‌‌can‌‌be‌‌found‌‌from‌‌                               

Equation‌ ‌5.4.‌ ‌ 

‌ṁCH OH3
= 6F

M InCH OH3 = 6V Fc

M PCH OH3 e
  (5.3)‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

M CH OH3   -‌  Molecular‌ ‌mass‌ ‌of‌ ‌methanol‌ ‌(32.04‌ ‌g/mol)‌ ‌ 

‌ṁCH OH3   -‌  Methanol‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

‌n   -‌  Number‌ ‌of‌ ‌cells‌ ‌ 

‌ P e   -‌  Electrical‌ ‌power‌ ‌(W)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 
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Where:‌ ‌ 

Unlike‌‌hydrogen,‌‌as‌‌discussed‌‌it‌‌is‌‌common‌‌to‌‌use‌‌a‌‌dilute‌‌concentration‌‌of‌‌methanol‌‌fuel‌‌in‌‌                               

a‌ ‌DMFC.‌ ‌Therefore,‌ ‌the‌ ‌methanol‌‌flow‌‌rate‌‌calculated‌‌by‌‌Equations‌‌5.3‌‌and‌‌5.4‌‌is‌‌just‌‌that‌‌                               

for‌ ‌the‌ ‌active‌ ‌methanol‌ ‌component‌ ‌of‌ ‌a‌ ‌solution.‌ ‌In‌ ‌order‌ ‌to‌ ‌size‌ ‌fuel‌ ‌pumps‌ ‌and‌ ‌storage‌‌                               

vessels,‌ ‌the‌ ‌gross‌ ‌solution‌‌flow‌‌rate‌‌is‌‌required.‌‌This‌‌is‌‌calculated‌‌by‌‌dividing‌‌the‌‌methanol‌‌                             

mass‌ ‌flow‌ ‌rate‌ ‌into‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌by‌ ‌the‌ ‌solution‌ ‌concentration‌ ‌expressed‌ ‌as‌ ‌a‌ ‌weight‌‌                             

percentage.‌ ‌This‌ ‌is‌ ‌described‌ ‌in‌ ‌Equation‌ ‌5.5.‌ ‌ 

Where:‌ ‌ 

5.4‌ Sub-System‌ ‌Energy‌ ‌Density‌ ‌ 

When‌‌designing‌‌alternative‌‌energy‌‌systems‌‌such‌‌as‌‌fuel‌‌cells‌‌and‌‌batteries,‌‌in‌‌particular‌‌those‌‌                           

systems‌ ‌destined‌ ‌for‌ ‌aeronautical‌ ‌applications;‌ ‌the‌ ‌ability‌ ‌of‌ ‌that‌ ‌system‌ ‌to‌ ‌store‌ ‌energy‌‌                         

efficiently‌ ‌is‌ ‌crucial.‌ ‌In‌ ‌the‌ ‌literature,‌ ‌a‌ ‌multitude‌ ‌of‌ ‌different‌ ‌methods‌ ‌are‌ ‌used‌ ‌to‌ ‌try‌ ‌and‌‌                               

describe‌‌the‌‌storage‌‌efficiency‌‌of‌‌a‌‌fuel‌‌cell‌‌system.‌‌Unfortunately,‌‌a‌‌majority‌‌of‌‌these‌‌seem‌‌                             

to‌ ‌only‌ ‌focus‌ ‌on‌ ‌the‌ ‌storage‌ ‌vessel‌ ‌itself‌ ‌and‌ ‌not‌ ‌the‌ ‌additional‌ ‌balance‌ ‌of‌ ‌plant‌ ‌required.‌‌                               

They‌‌also‌‌seem‌‌to‌‌prefer‌‌expressing‌‌storage‌‌efficiencies‌‌as‌‌weight‌‌percentages,‌‌a‌‌ratio‌‌of‌‌the‌‌                             

mass‌ ‌of‌ ‌fuel‌ ‌stored‌ ‌to‌ ‌the‌ ‌total‌ ‌storage‌ ‌mass,‌ ‌and‌ ‌similarly‌ ‌for‌ ‌volume.‌ ‌ 

‌λṁCH OH  in3
= ṁCH OH3

  (5.4)‌ 

‌ṁCH OH3   -‌  Methanol‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

ṁCH OH  in3   -‌  Methanol‌ ‌mass‌ ‌flow‌ ‌into‌ ‌fuel‌ ‌cell‌ ‌(kg/s)‌ ‌ 

‌λ   -‌  Stoichiometry‌ ‌ 

‌   conc  ṁF uel in = ṁCH OH  in3 / ′   (5.5)‌ 

‌onc  c ′   -‌  Methanol‌ ‌solution‌ ‌concentration‌ ‌ 

ṁCH OH  in3   -‌  Methanol‌ ‌mass‌ ‌flow‌ ‌into‌ ‌fuel‌ ‌cell‌ ‌(kg/s)‌ ‌ 

‌ṁF uel in   -‌  Fuel‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌into‌ ‌fuel‌ ‌cell‌ ‌(kg/s)‌ ‌ 
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So‌ ‌that‌ ‌the‌ ‌reader‌ ‌may‌‌make‌‌easier‌‌comparisons‌‌with‌‌more‌‌traditional‌‌fuel‌‌types,‌‌this‌‌work‌‌                             

will‌‌use‌‌specific‌‌energy,‌‌ ‌and‌‌energy‌‌density,‌‌ ‌to‌‌compare‌‌and‌‌contrast‌‌the‌‌relative‌‌storage‌‌        e         u                

efficiencies‌‌of‌‌the‌‌different‌‌fuel‌‌storage‌‌technologies‌‌previously‌‌discussed‌‌for‌‌both‌‌hydrogen‌‌                       

and‌ ‌methanol.‌ ‌ 

5.4.1‌ Efficiency‌ ‌Calculation‌ ‌ 

Specific‌ ‌energy‌ ‌or‌ ‌energy‌ ‌per‌ ‌unit‌ ‌mass,‌ ‌ ,‌ ‌Equation‌ ‌5.6‌ ‌is‌ ‌often‌ ‌used‌ ‌to‌ ‌define‌ ‌the‌‌              e                  

gravimetric‌‌storage‌‌efficiency‌‌of‌‌a‌‌system.‌‌The‌‌SI‌‌units‌‌for‌‌specific‌‌energy‌‌are‌‌J/kg‌‌however,‌‌                             

due‌‌to‌‌the‌‌scales‌‌involved,‌‌it‌‌is‌‌more‌‌common‌‌to‌‌see‌‌it‌‌expressed‌‌in‌‌kWh/kg.‌‌The‌‌conversion‌‌                                 

from‌ ‌J‌ ‌to‌ ‌kWh‌ ‌is:‌ ‌ .‌ ‌.6 × 0  J   1 kW h3 1 6 =    

Where:‌ ‌ 

Energy‌ ‌density‌ ‌or‌ ‌energy‌ ‌per‌ ‌unit‌ ‌volume,‌ ‌ ,‌ ‌Equation‌ ‌5.7‌ ‌is‌ ‌often‌ ‌used‌ ‌to‌ ‌define‌ ‌the‌‌              u                  

volumetric‌‌storage‌‌efficiency‌‌of‌‌a‌‌system.‌‌The‌‌SI‌‌units‌‌for‌‌specific‌‌energy‌‌are‌‌J/m‌3‌ ‌however,‌‌                             

due‌‌to‌‌the‌‌scales‌‌involved,‌‌it‌‌is‌‌more‌‌common‌‌to‌‌see‌‌it‌‌expressed‌‌in‌‌kWh/L.‌‌The‌‌conversion‌‌                                 

from‌ ‌J/m‌3‌‌ ‌to‌ ‌kWh/L‌ ‌is:‌ ‌ .‌ ‌.6 0  J m   1 kW h L  3 × 1 9 / 3 =   /  

Where:‌ ‌ 

‌eF CS = Enet
mF CS

  (5.6)‌ 

‌Enet   -‌  Available‌ ‌energy‌ ‌from‌ ‌fuel‌ ‌(J)‌ ‌ 

‌eX     -‌  Specific‌ ‌energy‌ ‌of‌ ‌X‌ ‌(J/kg)‌ ‌ 

‌mX     -‌  Mass‌ ‌of‌ ‌X‌ ‌(kg)‌ ‌ 

‌uF CS = Enet
volF CS

  (5.7)‌ 

‌Enet   -‌  Available‌ ‌energy‌ ‌from‌ ‌fuel‌ ‌(J)‌ ‌ 

‌uX     -‌  Energy‌ ‌density‌ ‌of‌ ‌X‌ ‌(J/m‌3‌)‌ ‌ 

‌olv X     -‌  Volume‌ ‌of‌ ‌X‌ ‌(m‌3‌)‌ ‌ 
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5.4.2‌ Hydrogen‌ ‌Storage‌ ‌ 

For‌ ‌hydrogen‌ ‌storage,‌‌the‌‌physical‌‌size‌‌and‌‌mass‌‌of‌‌the‌‌storage‌‌tank(s)‌‌will‌‌be‌‌significantly‌‌                             

higher‌ ‌than‌ ‌that‌‌of‌‌supporting‌‌balance‌‌of‌‌plant‌‌(regulators‌‌and‌‌heaters)‌‌except‌‌in‌‌very‌‌small‌‌                             

hand-held‌ ‌Unmanned‌ ‌Aerial‌ ‌Vehicles‌ ‌(UAV).‌ ‌Therefore,‌ ‌the‌ ‌estimations‌ ‌of‌ ‌specific‌ ‌energy‌‌                     

and‌‌energy‌‌density‌‌of‌‌the‌‌fuel‌‌storage‌‌system‌‌were‌‌performed‌‌solely‌‌on‌‌the‌‌storage‌‌vessel.‌‌To‌‌                               

carry‌ ‌out‌ ‌this‌ ‌analysis‌ ‌data‌ ‌from‌ ‌multiple‌ ‌commercial‌ ‌sources‌ ‌[21,23,24,26,43]‌ ‌was‌ ‌used.‌ ‌ 

For‌ ‌each‌ ‌storage‌ ‌technology,‌ ‌the‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌stored‌‌was‌‌used‌‌to‌‌calculate‌‌the‌‌energy‌‌                             

availability‌ ‌of‌ ‌each‌ ‌storage‌ ‌technology.‌ ‌Specific‌ ‌energy‌ ‌values‌ ‌were‌ ‌calculated‌‌by‌‌dividing‌‌                       

this‌‌energy‌‌by‌‌the‌‌total‌‌mass‌‌of‌‌the‌‌hydrogen‌‌stored‌‌and‌‌the‌‌storage‌‌vessel,‌‌note‌‌that‌‌for‌‌the‌‌                                   

LH‌2‌ ‌case‌ ‌this‌ ‌mass‌ ‌includes‌ ‌the‌ ‌required‌ ‌insulation.‌ ‌To‌ ‌calculate‌ ‌the‌ ‌energy‌ ‌density‌ ‌the‌‌                           

energy‌ ‌content‌ ‌was‌ ‌divided‌ ‌by‌ ‌the‌ ‌total‌ ‌physical‌ ‌volume‌ ‌of‌ ‌the‌ ‌storage‌ ‌vessel.‌ ‌Results‌ ‌are‌‌                             

shown‌ ‌in‌ ‌Figure‌ ‌5.16.‌ ‌ 

‌ 

Figure‌ ‌5.16:‌ ‌Specific‌ ‌energy‌ ‌and‌ ‌energy‌ ‌density‌ ‌variation‌ ‌for‌ ‌advanced‌ ‌CGH‌2‌ ‌and‌ ‌LH‌2‌ ‌                         

storage‌ ‌vessels‌ ‌(data‌ ‌for‌ ‌several‌ ‌vessels‌ ‌has‌ ‌been‌ ‌averaged‌ ‌to‌ ‌produce‌ ‌each‌ ‌plot)‌‌                         

[21,23,24,26,43]‌ ‌ 
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Figure‌‌5.16‌‌demonstrates‌‌the‌‌relative‌‌improvements‌‌in‌‌specific‌‌energy‌‌and‌‌energy‌‌density‌‌as‌‌                         

the‌‌storage‌‌technology‌‌was‌‌advanced‌‌from‌‌350‌‌bar‌‌g‌‌Type‌‌III‌‌cylinders‌‌through‌‌to‌‌LH‌2‌.‌‌The‌‌                               

results‌ ‌show‌ ‌similar‌ ‌specific‌ ‌energy‌ ‌for‌ ‌both‌ ‌CGH‌2‌ ‌storage‌ ‌technologies‌ ‌with‌ ‌an‌‌                       

improvement‌ ‌of‌ ‌over‌ ‌4x‌ ‌for‌ ‌the‌ ‌LH‌2‌‌ ‌case.‌ ‌ 

Compressed‌‌gaseous‌‌storage‌‌options‌‌are‌‌however‌‌separated‌‌by‌‌their‌‌relative‌‌energy‌‌densities,‌‌                       

with‌ ‌the‌ ‌higher‌ ‌pressure‌ ‌Type‌ ‌IV‌ ‌cylinders‌ ‌performing‌ ‌better‌ ‌than‌ ‌the‌‌lower‌‌pressure‌‌Type‌‌                           

III.‌ ‌However,‌ ‌LH‌2‌ ‌storage‌ ‌also‌ ‌outperforms‌ ‌both‌ ‌gaseous‌ ‌options,‌ ‌but‌ ‌by‌ ‌a‌ ‌smaller‌‌margin‌‌                           

than‌ ‌the‌ ‌specific‌ ‌energy‌ ‌case.‌ ‌This‌ ‌is‌ ‌a‌ ‌result‌ ‌of‌ ‌the‌ ‌still‌ ‌relatively‌ ‌low‌ ‌density‌ ‌of‌ ‌liquid‌‌                                 

hydrogen‌ ‌(70.85‌ ‌kg/m‌3‌)‌ ‌and‌ ‌the‌ ‌additional‌ ‌bulk‌ ‌associated‌ ‌with‌ ‌cryogenic‌ ‌insulation.‌ ‌ 

Despite‌ ‌the‌ ‌fact‌ ‌that‌ ‌from‌ ‌a‌ ‌storage‌ ‌efficiency‌ ‌perspective,‌ ‌LH‌2‌ ‌has‌ ‌been‌ ‌shown‌ ‌here‌ ‌to‌‌                             

outperform‌‌all‌‌types‌‌of‌‌CGH‌2‌,‌‌it‌‌is‌‌not‌‌necessarily‌‌the‌‌best‌‌case‌‌for‌‌every‌‌application.‌‌This‌‌is‌‌                                 

due‌ ‌to‌ ‌the‌ ‌complexities‌ ‌of‌ ‌creating‌ ‌and‌ ‌storing‌ ‌cryogenic‌ ‌liquid‌ ‌hydrogen‌ ‌as‌ ‌discussed‌ ‌earlier.‌ ‌ 

5.4.3‌ Methanol‌ ‌Storage‌ ‌-‌ ‌Single‌ ‌vs’‌ ‌Twin‌ ‌Tank‌ ‌Case‌ ‌Study‌ ‌ 

In‌ ‌order‌ ‌to‌ ‌evaluate‌ ‌the‌ ‌storage‌‌efficiency‌‌of‌‌the‌‌two‌‌different‌‌active‌‌DMFC‌‌anode‌‌systems‌‌                             

discussed‌‌earlier,‌‌a‌‌single‌‌pre-diluted‌‌tank‌‌(Figure‌‌5.14)‌‌and‌‌a‌‌multi‌‌tank‌‌system‌‌consisting‌‌of‌‌                             

a‌ ‌pure‌ ‌methanol‌ ‌tank‌ ‌and‌ ‌a‌ ‌separate‌ ‌mixing‌ ‌tank‌ ‌(Figure‌ ‌5.15).‌ ‌ 

To‌ ‌define‌ ‌the‌ ‌operating‌ ‌requirements‌ ‌on‌ ‌the‌ ‌anode‌ ‌feed‌ ‌system,‌ ‌the‌ ‌validated‌ ‌single-cell‌‌                         

DMFC‌ ‌model‌ ‌created‌ ‌in‌ ‌Chapter‌ ‌4‌ ‌was‌ ‌used.‌ ‌The‌ ‌model‌‌was‌‌scaled‌‌by‌‌increasing‌‌the‌‌fuel‌‌                               

cell‌‌active‌‌area,‌‌ ‌from‌‌25‌‌cm‌2‌ ‌to‌‌100‌‌cm‌2‌ ‌to‌‌increase‌‌the‌‌current‌‌output‌‌and‌‌the‌‌number‌‌of‌‌      A                                

cells‌ ‌was‌ ‌increased‌ ‌to‌ ‌raise‌ ‌the‌ ‌voltage.‌ ‌A‌ ‌fixed‌ ‌current‌ ‌density,‌ ‌ ‌of‌‌153‌‌mA/cm‌2‌,‌‌chosen‌‌                      i          

because‌ ‌of‌ ‌its‌ ‌location‌ ‌at‌ ‌the‌ ‌lower‌ ‌end‌ ‌of‌ ‌the‌ ‌ohmic‌ ‌region‌ ‌of‌ ‌the‌ ‌validated‌ ‌polarisation‌‌                               

curve.‌ ‌These‌ ‌points‌ ‌gave‌ ‌a‌ ‌steady‌ ‌state‌ ‌operation‌ ‌case‌ ‌of‌ ‌ ,‌ ‌ ‌and‌‌                      5.3 AI = 1   5.5 VV = 6    

.‌ ‌This‌‌corresponded‌‌to‌‌a‌‌(pure)‌‌methanol‌‌inlet‌‌flow‌‌rate‌‌of‌‌around‌‌15‌‌cc/min‌‌, 01 WP e = 1 0                            

using‌ ‌Equation‌ ‌5.3.‌ ‌ 

‌ 

‌ 

‌ 
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Liquid‌ ‌fuel‌ ‌pumps‌ ‌[66,67]‌ ‌were‌ ‌chosen‌ ‌based‌ ‌on‌ ‌their‌ ‌material‌ ‌compatibility‌ ‌with‌ ‌pure‌‌                         

methanol‌‌and‌‌sized‌‌to‌‌deliver‌‌over‌‌the‌‌desired‌‌flow‌‌rates‌‌to‌‌allow‌‌for‌‌derating‌‌over‌‌time.‌‌Fuel‌‌                                 

tank‌ ‌sizing‌ ‌assumed‌ ‌spherical‌ ‌HDPE‌ ‌vessels‌ ‌with‌ ‌an‌ ‌assumed‌ ‌wall‌ ‌thickness‌‌of‌‌5‌‌mm.‌‌An‌‌                             

overview‌ ‌of‌ ‌the‌ ‌system‌ ‌operating‌ ‌setpoint‌ ‌and‌ ‌component‌ ‌selection‌ ‌has‌ ‌been‌ ‌included‌ ‌in‌‌                         

Table‌‌5.6.‌‌The‌‌component‌‌selections‌‌in‌‌Table‌‌5.6‌‌are‌‌specific‌‌to‌‌the‌‌size‌‌of‌‌fuel‌‌cell‌‌specified‌‌                                 

with‌ ‌the‌ ‌exception‌ ‌of‌ ‌the‌ ‌storage‌ ‌vessels‌ ‌where‌ ‌a‌ ‌conversion‌ ‌factor‌ ‌from‌ ‌volume‌ ‌of‌ ‌fuel‌‌                             

required‌ ‌is‌ ‌given.‌ ‌ 

Table‌ ‌5.6:‌ ‌Overview‌ ‌of‌ ‌designs‌ ‌and‌ ‌system‌ ‌operating‌ ‌setpoint‌ ‌used‌ ‌in‌ ‌case‌ ‌study‌ ‌ 

Overview‌ ‌of‌ ‌Two‌ ‌Design‌ ‌Schematics‌ ‌ 

Single‌ ‌Tank‌ ‌Case‌ 

 

Twin‌ ‌Tank‌ ‌Case‌ ‌ 

 

Component‌ ‌Selection‌ ‌for‌ ‌Case‌ ‌Study‌ ‌and‌ ‌Relevant‌ ‌Sizes‌ ‌ 

Methanol‌ ‌storage‌ ‌tanks‌ ‌can‌ ‌be‌ ‌made‌ ‌from‌‌ 
HDPE‌ ‌[68]‌ ‌which‌ ‌has‌ ‌a‌ ‌density‌ ‌of‌ ‌0.97‌‌ 
g/cm‌3‌ ‌ 
(storage‌ ‌vessels‌ ‌assumed‌ ‌spherical)‌ ‌ 

Tank‌ ‌material‌ ‌mass‌ ‌=‌‌ ‌  
‌.251 iquid vol   (kg)0 × l 0.657  

Tank‌ ‌material‌ ‌volume‌ ‌=‌‌ ‌  
‌.2587 iquid vol   (litres)0 × l 0.657  

Solution‌ ‌pump‌ ‌is‌ ‌a‌ ‌Flojet‌ ‌Triplex‌ ‌design‌‌ 
[66]‌ ‌ 

Pump‌ ‌mass‌ ‌=‌ ‌3.5‌ ‌kg‌ ‌ 
Pump‌ ‌volume‌ ‌=‌ ‌1.97‌ ‌L‌ ‌ 

Concentrated‌ ‌methanol‌ ‌pump‌ ‌is‌ ‌a‌ ‌RS-Pro‌‌ 
micropump‌ ‌[67]‌ ‌ 

Pump‌ ‌mass‌ ‌=‌ ‌0.05‌ ‌kg‌ ‌ 
Pump‌ ‌volume‌ ‌=‌ ‌0.024‌ ‌L‌ ‌ 

Liquid‌ ‌separator‌ ‌data‌ ‌is‌ ‌estimated‌ ‌  Mass‌ ‌=‌ ‌1.0‌ ‌kg‌ ‌ 
Volume‌ ‌=‌ ‌2.0‌ ‌L‌ ‌ 

‌ 
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‌ 

To‌ ‌provide‌ ‌a‌ ‌range‌ ‌of‌ ‌system‌ ‌operating‌ ‌cases‌ ‌the‌ ‌anode‌ ‌inlet‌ ‌stoichiometry‌ ‌of‌ ‌1.5‌ ‌was‌‌                             

assumed‌‌along‌‌with‌‌a‌‌two‌‌hour‌‌run‌‌time.‌‌Methanol‌‌concentration‌‌at‌‌the‌‌inlet‌‌to‌‌the‌‌fuel‌‌cell‌‌                                 

varied‌‌from‌‌1.0‌‌mol/dm‌3‌ ‌to‌‌15.0‌‌mol.dm‌3‌.‌‌The‌‌results‌‌of‌‌this‌‌case‌‌study‌‌are‌‌shown‌‌in‌‌Figure‌                                 

5.17.‌ ‌ 

‌ 

Figure‌ ‌5.17:‌ ‌Energy‌ ‌density‌ ‌and‌‌specific‌‌energy‌‌results‌‌for‌‌methanol‌‌storage‌‌cases‌‌study‌‌at‌‌                           

varying‌ ‌methanol‌ ‌feed‌ ‌concentrations‌ ‌ 

‌ 

System‌ ‌Operating‌ ‌Point‌ ‌for‌ ‌1,001‌ ‌W‌ ‌Electrical‌ ‌Power‌ ‌ 

Current‌ ‌density,‌ ‌ ‌i   0.153‌ ‌A/cm‌2‌ ‌ 

Active‌ ‌area,‌ ‌ ‌A   100‌ ‌cm‌2‌ ‌ 

Stack‌ ‌current,‌ ‌ ‌I   15.3‌ ‌A‌ ‌ 

Number‌ ‌of‌ ‌cells,‌ ‌ ‌n   233‌ ‌ 

Stack‌ ‌voltage,‌ ‌ ‌V   65.5‌ ‌V‌ ‌ 
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As‌ ‌would‌ ‌be‌‌expected,‌‌both‌‌the‌‌system‌‌specific‌‌energy‌‌and‌‌energy‌‌density‌‌are‌‌improved‌‌by‌‌                             

feeding‌‌the‌‌DMFC‌‌with‌‌a‌‌higher‌‌concentration‌‌methanol‌‌solution.‌‌It‌‌was‌‌also‌‌shown‌‌that‌‌the‌‌                             

storage‌ ‌efficiency‌ ‌improvement‌ ‌is‌ ‌much‌ ‌more‌ ‌prominent‌ ‌for‌ ‌the‌ ‌single‌ ‌tank‌ ‌case.‌ ‌This‌ ‌is‌‌                           

because‌ ‌the‌ ‌increase‌ ‌in‌ ‌energy‌ ‌content‌ ‌of‌ ‌a‌ ‌more‌ ‌concentrated‌ ‌solution‌ ‌is‌ ‌the‌ ‌largest‌‌                           

contributor‌ ‌to‌ ‌the‌ ‌size‌ ‌of‌ ‌the‌ ‌pre-dilute‌ ‌tank‌ ‌in‌ ‌that‌ ‌design.‌ ‌ 

Overall,‌ ‌it‌ ‌is‌ ‌clear‌ ‌that‌ ‌a‌ ‌twin‌ ‌tank‌ ‌design‌ ‌with‌ ‌a‌ ‌pure‌ ‌methanol‌ ‌container‌ ‌and‌ ‌a‌ ‌separate‌‌                                 

mixing‌ ‌tank‌ ‌will‌ ‌give‌ ‌both‌ ‌higher‌ ‌system‌ ‌specific‌‌energy‌‌and‌‌energy‌‌density,‌‌unless‌‌highly‌‌                           

concentrated‌ ‌methanol‌ ‌could‌ ‌be‌ ‌fed‌ ‌to‌ ‌the‌ ‌DMFC‌ ‌without‌ ‌prior‌‌dilution.‌‌Given‌‌the‌‌current‌‌                           

mass‌ ‌transport‌ ‌limitations‌ ‌discussed‌‌in‌‌Chapter‌‌4,‌‌it‌‌is‌‌highly‌‌likely‌‌that‌‌any‌‌DMFC‌‌system‌‌                             

would‌ ‌either‌ ‌need‌ ‌to‌ ‌store‌ ‌pre-diluted‌ ‌fuel‌ ‌or‌ ‌incorporate‌ ‌an‌ ‌on-demand‌ ‌dilution‌ ‌system.‌ ‌ 

5.4.4‌ Technology‌ ‌Comparison‌ ‌ 

To‌ ‌compare‌ ‌the‌ ‌gravimetric‌ ‌and‌ ‌volumetric‌ ‌storage‌ ‌efficiencies‌ ‌of‌ ‌hydrogen‌ ‌to‌ ‌methanol,‌‌                       

specific‌‌energy‌‌and‌‌energy‌‌density‌‌values‌‌were‌‌calculated‌‌for‌‌just‌‌the‌‌storage‌‌vessel‌‌for‌‌each‌‌                             

of‌‌the‌‌cases‌‌outlined‌‌in‌‌Figure‌‌5.18.‌‌For‌‌the‌‌methanol‌‌cases,‌‌a‌‌single‌‌tank‌‌with‌‌the‌‌respective‌                                 

concentrations‌‌shown‌‌was‌‌assumed.‌‌Just‌‌the‌‌fuel‌‌and‌‌storage‌‌vessels‌‌were‌‌considered‌‌as‌‌they‌‌                           

scale‌‌with‌‌mission‌‌duration‌‌for‌‌both‌‌fuel‌‌cell‌‌technologies‌‌whereas.‌‌The‌‌additional‌‌associated‌‌                         

componentry‌ ‌for‌ ‌hydrogen‌ ‌systems‌ ‌(regulators,‌ ‌valves)‌ ‌does‌ ‌not‌ ‌scale‌ ‌whereas‌ ‌pumps‌‌                     

required‌ ‌for‌ ‌methanol‌ ‌systems‌ ‌will.‌ ‌The‌ ‌storage‌ ‌efficiency‌ ‌parameters‌ ‌are‌ ‌all‌ ‌based‌ ‌on‌‌the‌‌                           

associated‌ ‌fuel‌ ‌cell‌ ‌(PEMFC‌ ‌or‌ ‌DMFC)‌ ‌operating‌ ‌under‌ ‌the‌‌conditions‌‌described‌‌earlier‌‌in‌‌                         

5.4.3.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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‌ 

Figure‌ ‌5.18:‌ ‌Specific‌ ‌energy‌ ‌and‌ ‌energy‌ ‌density‌ ‌averages‌ ‌for‌ ‌commercial‌ ‌hydrogen‌ ‌and‌‌                       

methanol‌ ‌storage‌ ‌solutions‌ ‌[21,23,24,26,43,68]‌ ‌ 

Firstly,‌‌the‌‌results‌‌highlight‌‌the‌‌excellent‌‌scope‌‌available‌‌from‌‌advanced‌‌LH‌2‌ ‌storage,‌‌both‌‌in‌‌                           

terms‌ ‌of‌ ‌energy‌ ‌density‌ ‌and‌ ‌specific‌ ‌energy.‌ ‌However,‌ ‌it‌ ‌should‌ ‌be‌‌noted‌‌that‌‌an‌‌increased‌‌                             

energy‌‌density‌‌can‌‌be‌‌achieved‌‌with‌‌very‌‌high‌‌concentration‌‌or‌‌pure‌‌methanol.‌‌Additionally,‌‌                         

storing‌ ‌pure‌ ‌methanol‌ ‌is‌ ‌comparatively‌ ‌very‌ ‌simple‌ ‌when‌ ‌compared‌ ‌to‌ ‌LH‌2‌.‌ ‌ 

Methanol‌ ‌storage‌ ‌at‌ ‌lower‌ ‌concentrations‌ ‌of‌ ‌around‌ ‌10.0‌ ‌mol.dm‌3‌ ‌shows‌ ‌comparable‌‌                     

performance‌‌to‌‌highly‌‌pressurised‌‌hydrogen.‌‌Again,‌‌also‌‌without‌‌the‌‌added‌‌complexities‌‌and‌‌                       

difficulties‌ ‌of‌ ‌storing‌ ‌hydrogen.‌ ‌ 

For‌‌use‌‌in‌‌the‌‌aviation‌‌industry,‌‌military‌‌or‌‌civil,‌‌the‌‌use‌‌of‌‌methanol‌‌as‌‌a‌‌fuel‌‌would‌‌result‌‌in‌‌                                     

very‌ ‌few‌ ‌changes‌‌to‌‌existing‌‌infrastructure‌‌and‌‌cost‌‌models.‌‌This‌‌could‌‌be‌‌the‌‌key‌‌factor‌‌in‌‌                               

the‌ ‌wide‌ ‌adoption‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌in‌ ‌the‌ ‌aeronautical‌ ‌industry‌ ‌despite‌ ‌the‌ ‌higher‌‌                           

power‌‌of‌‌similarly‌‌sized‌‌hydrogen‌‌fuel‌‌cell‌‌systems.‌‌It’s‌‌current‌‌limitation‌‌is‌‌the‌‌requirement‌‌                           

for‌ ‌lower‌ ‌power‌ ‌density‌ ‌DMFCs‌ ‌to‌ ‌utilise‌ ‌the‌ ‌fuel.‌ ‌ 
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5.5‌ Summary‌ ‌ 

In‌ ‌this‌ ‌Chapter,‌ ‌the‌ ‌anode‌ ‌subsystems‌ ‌of‌‌both‌‌PEMFCs‌‌and‌‌DMFCs‌‌have‌‌been‌‌analysed‌‌in‌‌                             

detail‌ ‌from‌ ‌the‌ ‌perspective‌ ‌of‌ ‌possible‌ ‌integration‌ ‌into‌ ‌an‌ ‌aircraft.‌ ‌Based‌ ‌purely‌ ‌on‌ ‌the‌‌                           

material‌ ‌properties‌ ‌of‌ ‌both‌ ‌hydrogen‌ ‌and‌ ‌methanol,‌ ‌the‌ ‌primary‌ ‌fuel‌ ‌sources‌ ‌for‌ ‌the‌‌                         

aforementioned‌ ‌fuel‌ ‌cells,‌ ‌interesting‌ ‌comparisons‌ ‌have‌ ‌been‌ ‌made‌ ‌based‌‌on‌‌the‌‌extremely‌‌                       

high‌ ‌specific‌ ‌energy‌ ‌of‌ ‌hydrogen‌ ‌and‌ ‌the‌ ‌comparatively‌ ‌high‌ ‌density‌ ‌of‌ ‌methanol.‌ ‌ 

It‌‌has‌‌been‌‌shown‌‌that‌‌anode‌‌subsystem‌‌specific‌‌energy‌‌and‌‌energy‌‌density‌‌both‌‌improve‌‌for‌‌                             

hydrogen‌ ‌as‌‌the‌‌storage‌‌pressure‌‌is‌‌increased,‌‌cylinder‌‌type‌‌advanced‌‌and‌‌with‌‌liquefaction.‌‌                         

A‌ ‌similar‌ ‌trend‌ ‌has‌ ‌also‌ ‌been‌ ‌shown‌ ‌with‌‌methanol‌‌storage‌‌with‌‌increasing‌‌specific‌‌energy‌‌                           

and‌ ‌energy‌ ‌density‌ ‌with‌ ‌increasing‌ ‌methanol‌ ‌concentration.‌ ‌ 

A‌ ‌case‌ ‌study‌ ‌was‌ ‌carried‌ ‌out‌ ‌to‌ ‌determine‌ ‌whether‌ ‌a‌‌single‌‌or‌‌multi‌‌tank‌‌methanol‌‌storage‌‌                               

solution‌ ‌would‌ ‌be‌ ‌optimal‌ ‌for‌ ‌a‌ ‌DMFC‌ ‌anode‌ ‌feed‌ ‌system.‌ ‌It‌ ‌was‌ ‌found‌ ‌that‌ ‌although‌‌the‌‌                               

performance‌ ‌of‌ ‌the‌ ‌single‌ ‌tank‌ ‌system‌ ‌improved‌ ‌dramatically‌ ‌with‌ ‌increasing‌ ‌methanol‌‌                     

concentration,‌‌the‌‌twin‌‌tank‌‌design‌‌cases‌‌had‌‌higher‌‌specific‌‌energy‌‌and‌‌energy‌‌density‌‌at‌‌the‌‌                             

same‌ ‌inlet‌ ‌feed‌ ‌concentration.‌ ‌ 

Finally,‌ ‌hydrogen‌ ‌and‌ ‌methanol‌ ‌storage‌ ‌solutions‌ ‌were‌‌directly‌‌compared.‌‌Liquid‌‌hydrogen‌‌                     

was‌ ‌found‌ ‌to‌ ‌be‌ ‌the‌ ‌most‌ ‌energy‌ ‌dense‌ ‌fuel‌ ‌cell‌ ‌fuel‌ ‌storage‌ ‌configuration‌ ‌considered.‌‌                           

However,‌‌pure‌‌and‌‌high‌‌concentration‌‌methanol‌‌storage‌‌both‌‌showed‌‌similar‌‌performance‌‌to‌‌                       

those‌ ‌for‌ ‌LH‌2‌ ‌and‌ ‌CGH‌2‌.‌ ‌Given‌ ‌that‌ ‌the‌‌material‌‌properties‌‌favoured‌‌methanol‌‌from‌‌a‌‌cost‌‌                             

and‌‌ease‌‌of‌‌storage‌‌perspective,‌‌the‌‌potential‌‌benefits‌‌of‌‌DMFCs‌‌over‌‌PEMFCS‌‌for‌‌aviation‌‌                           

have‌ ‌been‌ ‌shown.‌ ‌ 
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Chapter‌ ‌6‌ Oxidant‌ ‌System‌ ‌ 
Analysis‌ ‌ 

‌ 

‌ 

6.1‌ Introduction‌ ‌ 

Oxidant,‌ ‌generally‌ ‌oxygen,‌ ‌can‌ ‌either‌ ‌be‌ ‌extracted‌ ‌from‌ ‌the‌ ‌ambient‌‌air‌‌in‌‌an‌‌air-breathing‌‌                           

system‌ ‌or‌ ‌stored‌ ‌on-board‌ ‌in‌ ‌pure‌ ‌form‌ ‌in‌ ‌an‌ ‌air-independent‌ ‌system.‌ ‌The‌ ‌main‌ ‌aircraft‌‌                           

specific‌ ‌consideration‌ ‌for‌ ‌which‌ ‌system‌ ‌should‌ ‌be‌ ‌used‌ ‌is‌ ‌flight‌ ‌altitude.‌‌As‌‌a‌‌result‌‌of‌‌the‌‌                               

temperature‌ ‌and‌ ‌pressure‌ ‌fluctuations‌ ‌associated‌‌with‌‌altitude,‌‌only‌‌closed-cathode‌‌fuel‌‌cell‌‌                     

designs‌ ‌are‌ ‌deemed‌‌suitable.‌‌A‌‌closed-cathode‌‌design‌‌refers‌‌to‌‌one‌‌where‌‌one‌‌where‌‌forced‌‌                           

convection‌ ‌through‌ ‌the‌ ‌cathode‌ ‌flow‌ ‌channels‌ ‌is‌ ‌required.‌ ‌ 

The‌‌first‌‌step‌‌in‌‌system‌‌design,‌‌common‌‌to‌‌both‌‌air-breathing‌‌and‌‌air-independent‌‌systems‌‌is‌‌                           

the‌‌calculation‌‌of‌‌the‌‌required‌‌oxidant‌‌flow‌‌rate‌‌to‌‌maintain‌‌the‌‌chemical‌‌reaction.‌‌The‌‌mass‌‌                             

flow‌‌rate‌‌of‌‌oxygen‌‌required‌‌to‌‌maintain‌‌the‌‌electrochemical‌‌reaction‌‌is‌‌defined‌‌by‌‌Equation‌‌                           

6.1‌ ‌[1].‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ṁO2 = 4F
M InO2 = 4V Fc

M PO2 e   (6.1)‌ 
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Where:‌ ‌ 

‌ 

6.2‌ Air-Breathing‌ ‌ 

A‌ ‌majority‌ ‌of‌ ‌existing‌ ‌commercially‌ ‌available‌ ‌Polymer‌ ‌Electrolyte‌ ‌Membrane‌ ‌Fuel‌ ‌Cell‌‌                     

(PEMFC)‌‌and‌‌Direct‌‌Methanol‌‌Fuel‌‌Cell‌‌(DMFC)‌‌systems‌‌implement‌‌an‌‌air-breathing‌‌design‌‌                       

[2-9].‌ ‌This‌ ‌is‌ ‌done‌ ‌because‌ ‌for‌ ‌a‌ ‌majority‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌use‌ ‌cases:‌ ‌automotive,‌ ‌portable,‌ ‌an‌‌                               

air-breathing‌‌design‌‌is‌‌cheaper‌‌to‌‌implement‌‌as‌‌there‌‌is‌‌no‌‌need‌‌for‌‌onboard‌‌oxidant‌‌storage.‌‌                             

Although,‌ ‌technically‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌would‌ ‌still‌ ‌be‌ ‌considered‌ ‌“air-breathing”‌ ‌if‌ ‌stored‌‌                         

compressed‌‌air‌‌was‌‌used,‌‌in‌‌practice‌‌this‌‌would‌‌not‌‌happen‌‌due‌‌to‌‌the‌‌increased‌‌performance‌‌                             

seen‌ ‌whilst‌ ‌running‌ ‌on‌ ‌oxygen‌ ‌[10].‌ ‌Figure‌ ‌6.1‌ ‌shows‌ ‌a‌ ‌typical‌ ‌schematic‌ ‌diagram‌ ‌for‌‌the‌‌                             

cathode‌ ‌side‌ ‌of‌ ‌an‌ ‌air-breathing‌ ‌low-temperature‌ ‌fuel‌ ‌cell‌ ‌design.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

‌M O2    -‌  Molecular‌ ‌mass‌ ‌of‌ ‌oxygen‌ ‌(32‌ ‌g/mol)‌ ‌ 

‌ṁO2    -‌  Oxygen‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

‌n   -‌  Number‌ ‌of‌ ‌cells‌ ‌ 

‌P e    -‌  Electrical‌ ‌power‌ ‌(W)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 
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‌ 

Figure‌ ‌6.1:‌ ‌Example‌ ‌schematic‌ ‌for‌ ‌the‌ ‌cathode‌ ‌side‌ ‌of‌ ‌a‌ ‌typical‌ ‌air-breathing‌‌                       

low-temperature‌ ‌fuel‌ ‌cell‌ ‌ 

In‌ ‌this‌‌system‌‌configuration,‌‌the‌‌oxygen‌‌required‌‌by‌‌the‌‌fuel‌‌cell‌‌to‌‌maintain‌‌the‌‌reaction‌‌is‌‌                               

supplied‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌air.‌ ‌Compressor‌ ‌air‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌can‌ ‌be‌ ‌used‌ ‌for‌ ‌sizing‌ ‌a‌‌                                 

compressor‌ ‌for‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌system,‌ ‌regardless‌ ‌of‌ ‌altitude‌ ‌because‌ ‌even‌ ‌though‌ ‌the‌ ‌partial‌‌                           

pressure‌‌of‌‌oxygen‌‌reduces‌‌(a‌‌direct‌‌result‌‌of‌‌the‌‌total‌‌pressure‌‌reducing)‌‌the‌‌concentration‌‌of‌‌                             

oxygen‌ ‌in‌ ‌air‌ ‌remains‌‌constant.‌‌The‌‌mass‌‌flow‌‌rate‌‌of‌‌air‌‌required‌‌is‌‌calculated‌‌in‌‌a‌‌similar‌‌                                 

manner‌ ‌to‌ ‌that‌ ‌of‌ ‌oxygen.‌ ‌The‌ ‌calculation‌ ‌for‌ ‌air‌ ‌is‌ ‌described‌ ‌by‌ ‌Equation‌ ‌6.2‌ ‌[1].‌ ‌Where‌‌                               

refers‌ ‌to‌ ‌the‌ ‌volume‌ ‌fraction‌ ‌of‌ ‌oxygen‌ ‌in‌ ‌air.‌ ‌0.21""  

‌ 

‌ 

‌ 

‌ 

‌ 

‌ṁair = M Inair
0.21·4F = M Pair e

0.21·4V Fc
  (6.2)‌ 
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Where:‌ ‌ 

6.2.1‌ Compressor‌ ‌Design‌ ‌ 

The‌ ‌intolerance‌ ‌of‌ ‌low‌ ‌temperature‌ ‌fuel‌ ‌cells‌ ‌to‌ ‌contaminants‌ ‌in‌ ‌either‌ ‌the‌ ‌fuel‌ ‌or‌ ‌oxidant‌‌                             

stream‌ ‌is‌ ‌well‌ ‌documented‌ ‌[1,11-14].‌ ‌As‌ ‌a‌ ‌result,‌ ‌the‌ ‌design‌ ‌and‌ ‌manufacture‌ ‌of‌ ‌dry‌‌                           

compressors‌ ‌utilising‌ ‌air‌ ‌bearing‌ ‌technology‌ ‌has‌ ‌progressed‌ ‌in‌ ‌recent‌ ‌years.‌ ‌At‌ ‌current‌‌                       

technology‌ ‌levels,‌ ‌fuel‌ ‌cell‌ ‌compatible‌ ‌air‌ ‌compressors‌ ‌have‌ ‌an‌ ‌average‌‌gravimetric‌‌power‌‌                       

efficiency‌ ‌of‌ ‌0.45‌ ‌kW/kg‌ ‌and‌ ‌volumetric‌ ‌power‌ ‌efficiency‌ ‌of‌ ‌0.39‌ ‌kW/l‌ ‌[14-19].‌ ‌ 

In‌ ‌addition‌ ‌to‌ ‌the‌ ‌mass‌ ‌and‌ ‌space‌ ‌occupied‌ ‌by‌ ‌the‌ ‌additional‌ ‌component,‌ ‌a‌ ‌compressor‌ ‌or‌‌                             

blower‌ ‌is‌ ‌going‌ ‌to‌ ‌present‌ ‌as‌ ‌a‌ ‌parasitic‌ ‌power‌ ‌draw‌‌on‌‌the‌‌fuel‌‌cell‌‌system.‌‌It‌‌is‌‌therefore‌‌                                   

very‌‌important‌‌that‌‌a‌‌compressor‌‌is‌‌sized‌‌such‌‌that‌‌it‌‌can‌‌be‌‌as‌‌small‌‌and‌‌efficient‌‌as‌‌possible‌‌                                   

whilst‌ ‌still‌ ‌delivering‌ ‌the‌ ‌required‌ ‌oxygen‌ ‌mass‌ ‌flow.‌ ‌Operating‌ ‌fuel‌ ‌cell‌ ‌systems‌ ‌in‌ ‌an‌‌                           

aeronautical‌ ‌environment‌ ‌presents‌ ‌particular‌ ‌challenges‌ ‌for‌ ‌the‌ ‌cathode‌ ‌system‌ ‌due‌ ‌to‌ ‌the‌‌                       

reduced‌ ‌air‌ ‌pressure‌ ‌and‌ ‌lower‌ ‌availability‌ ‌of‌ ‌oxygen‌ ‌at‌ ‌altitude.‌ ‌ 

To‌ ‌investigate‌ ‌the‌ ‌effect‌ ‌of‌ ‌increasing‌ ‌altitude‌ ‌on‌ ‌the‌‌operation‌‌of‌‌an‌‌air‌‌breathing‌‌fuel‌‌cell‌‌                               

system,‌‌the‌‌power‌‌required‌‌to‌‌compress‌‌the‌‌necessary‌‌inlet‌‌air‌‌was‌‌calculated‌‌over‌‌a‌‌range‌‌of‌‌                               

altitudes.‌ ‌The‌ ‌power‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌suitable‌ ‌compressor‌ ‌can‌ ‌be‌ ‌found‌ ‌from‌ ‌Equation‌ ‌6.3‌ ‌[1,20].‌ ‌ 

‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

‌M air    -‌  Molecular‌ ‌mass‌ ‌of‌ ‌air‌ ‌(28.96‌ ‌g/mol)‌ ‌ 

‌ṁair    -‌  Air‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

‌n   -‌  Number‌ ‌of‌ ‌cells‌ ‌ 

‌P e    -‌  Electrical‌ ‌power‌ ‌(W)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 

‌ P comp = ηcomp

c ṁ Tp air 1 (( p1

p2 ) γ
γ 1−

− 1)   (6.3)‌ 
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Where:‌ ‌ 

Air‌ ‌pressure‌ ‌and‌ ‌temperature‌ ‌both‌ ‌vary‌ ‌with‌ ‌altitude‌ ‌as‌ ‌discussed‌ ‌in‌ ‌Chapter‌ ‌2‌ ‌[21].‌ ‌Data‌                             

from‌‌the‌‌International‌‌Standard‌‌Atmosphere‌‌(ISA)‌‌[21]‌‌was‌‌used‌‌to‌‌calculate‌‌the‌‌compressor‌‌                         

power‌‌requirement‌‌for‌‌a‌‌two‌‌stoichiometry‌‌flow‌‌at‌‌a‌‌range‌‌of‌‌altitudes‌‌as‌‌a‌‌percentage‌‌of‌‌net‌‌                                 

fuel‌‌cell‌‌power.‌‌The‌‌results,‌‌shown‌‌in‌‌Figure‌‌6.2‌‌are‌‌independent‌‌of‌‌fuel‌‌cell‌‌power.‌‌There‌‌are‌‌                                 

many‌ ‌fuel‌ ‌cell‌ ‌subsystems‌ ‌which‌ ‌may‌ ‌require‌ ‌electrical‌ ‌power.‌ ‌The‌ ‌power‌ ‌that‌ ‌these‌‌                         

subsystems‌ ‌consume‌ ‌is‌ ‌deemed‌ ‌to‌ ‌be‌ ‌parasitic‌ ‌and‌ ‌the‌ ‌largest‌ ‌is‌ ‌the‌ ‌compressor‌‌or‌‌blower‌‌                             

required‌‌in‌‌an‌‌air-breathing‌‌cathode‌‌design.‌‌It‌‌would‌‌not‌‌be‌‌unreasonable‌‌to‌‌impose‌‌a‌‌limit‌‌of‌‌                               

20%‌ ‌of‌ ‌the‌‌net‌‌fuel‌‌cell‌‌rated‌‌power‌‌as‌‌an‌‌upper‌‌limit‌‌for‌‌any‌‌individual‌‌system‌‌component‌‌                                 

[22].‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌cp    -‌  Specific‌ ‌heat‌ ‌at‌ ‌constant‌ ‌pressure‌ ‌(J/kgK)‌ ‌ 

‌ṁair    -‌  Air‌ ‌mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

‌P comp    -‌  Compressor‌ ‌power‌ ‌(W)‌ ‌ 

‌p1    -‌  Compressor‌ ‌inlet‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌p2    -‌  Compressor‌ ‌exit‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌T 1    -‌  Temperature‌ ‌at‌ ‌compressor‌ ‌inlet‌ ‌(K)‌ ‌ 

‌γ   -‌  Specific‌ ‌heat‌ ‌ratio‌ ‌ 

‌ηcomp    -‌  Compressor‌ ‌efficiency‌ ‌ 
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Figure‌‌6.2:‌‌Compressor‌‌power‌‌variation‌‌with‌‌altitude‌‌as‌‌a‌‌percentage‌‌of‌‌net‌‌fuel‌‌cell‌‌power.‌                             

Assumes‌ ‌fuel‌ ‌cell‌ ‌operating‌ ‌at‌ ‌2.5‌ ‌air‌ ‌stoichiometries‌ ‌and‌ ‌a‌ ‌compressor‌ ‌efficiency‌ ‌of‌ ‌67%‌ ‌ 

At‌‌an‌‌altitude‌‌of‌‌≈‌‌20,000‌‌ft‌‌the‌‌power‌‌required‌‌by‌‌the‌‌compressor‌‌to‌‌meet‌‌the‌‌inlet‌‌air‌‌mass‌‌                                     

flow‌ ‌requirement‌ ‌was‌ ‌20%‌ ‌of‌ ‌that‌ ‌produced‌ ‌by‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌This‌‌is‌‌an‌‌excessive‌‌parasitic‌‌                               

load‌ ‌for‌ ‌an‌ ‌aircraft‌ ‌fuel‌ ‌cell‌ ‌therefore,‌ ‌an‌ ‌air‌ ‌independent‌ ‌system‌ ‌will‌ ‌be‌ ‌required‌ ‌for‌ ‌any‌‌                               

aircraft‌ ‌operating‌ ‌at‌ ‌an‌ ‌altitude‌ ‌above‌ ‌20,000‌ ‌ft.‌ ‌An‌ ‌air‌ ‌breathing‌ ‌design‌ ‌will‌ ‌be‌ ‌used‌ ‌for‌‌                               

altitudes‌ ‌less‌ ‌than‌ ‌20,000‌ ‌ft.‌ ‌ 

An‌ ‌alternative‌ ‌compressor‌ ‌design‌ ‌which‌ ‌could‌‌be‌‌considered‌‌for‌‌use‌‌in‌‌this‌‌application‌‌is‌‌a‌‌                             

turbo‌‌compressor.‌‌For‌‌this‌‌design,‌‌some‌‌of‌‌the‌‌energy‌‌contained‌‌within‌‌the‌‌cathode‌‌exhaust‌‌is‌‌                             

used‌ ‌to‌ ‌help‌ ‌compress‌ ‌and‌ ‌feed‌ ‌oxygen‌ ‌to‌ ‌the‌ ‌inlet.‌ ‌This‌ ‌type‌ ‌of‌ ‌compressor‌ ‌has‌‌not‌‌been‌‌                                 

considered‌ ‌here‌ ‌as‌ ‌it‌ ‌would‌ ‌require‌ ‌a‌ ‌separate‌ ‌detailed‌ ‌study‌ ‌on‌ ‌the‌ ‌behaviour‌ ‌of‌ ‌turbine‌‌                             

wheels‌ ‌in‌ ‌fully‌ ‌humidified‌ ‌and‌ ‌super-saturated‌ ‌flows.‌ ‌ 

‌ 

‌ 
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6.2.2‌ Additional‌ ‌Balance‌ ‌of‌ ‌Plant‌ ‌ 

In‌‌addition‌‌to‌‌the‌‌air‌‌compressor,‌‌other‌‌Balance‌‌of‌‌Plant‌‌(BoP)‌‌components‌‌demonstrated‌‌in‌‌                           

Figure‌‌6.1‌‌such‌‌as‌‌heat‌‌exchangers‌‌and‌‌water‌‌separation‌‌need‌‌to‌‌be‌‌considered.‌‌Depending‌‌on‌‌                             

the‌ ‌operating‌ ‌environment‌ ‌and‌ ‌specific‌ ‌fuel‌ ‌cell‌ ‌requirements,‌ ‌the‌ ‌air‌ ‌flow‌ ‌exiting‌ ‌the‌‌                         

compressor‌‌may‌‌need‌‌to‌‌be‌‌cooled‌‌prior‌‌to‌‌inlet‌‌into‌‌the‌‌fuel‌‌cell.‌‌It‌‌is‌‌well‌‌documented‌‌that‌‌                                   

an‌ ‌operating‌ ‌temperature‌ ‌of‌ ‌around‌ ‌80‌ ‌℃‌ ‌is‌ ‌favourable‌ ‌for‌ ‌low‌ ‌temperature‌ ‌fuel‌ ‌cells‌‌                           

[23-27].‌ ‌Specifics‌ ‌on‌ ‌the‌ ‌different‌ ‌thermal‌ ‌management‌ ‌systems‌ ‌required‌ ‌to‌ ‌maintain‌ ‌this‌‌                       

temperature‌‌will‌‌be‌‌detailed‌‌in‌‌Chapter‌‌7.‌‌For‌‌now‌‌it‌‌is‌‌sufficient‌‌to‌‌note‌‌that‌‌low‌‌power‌‌fuel‌‌                                   

cells‌‌(<‌‌5‌‌kW)‌‌are‌‌typically‌‌air‌‌cooled‌‌and‌‌higher‌‌power‌‌fuel‌‌cells‌‌have‌‌a‌‌separate‌‌dedicated‌‌                                 

cooling‌ ‌system‌ ‌ 

Based‌ ‌on‌ ‌this‌ ‌understanding‌ ‌and‌ ‌the‌ ‌knowledge‌ ‌that‌ ‌fuel‌ ‌cells‌ ‌are‌ ‌generally‌ ‌insensitive‌ ‌to‌‌                           

changes‌ ‌in‌ ‌cathode‌ ‌inlet‌ ‌temperature‌ ‌[28]‌ ‌as‌ ‌long‌ ‌as‌ ‌it‌ ‌is‌ ‌below‌ ‌the‌ ‌maximum‌ ‌limit,‌‌                             

determination‌ ‌of‌ ‌compressor‌ ‌exit‌ ‌temperature‌ ‌variation‌ ‌with‌ ‌altitude‌ ‌will‌ ‌reveal‌ ‌any‌‌                     

requirement‌ ‌of‌ ‌inlet‌ ‌charge‌ ‌cooling.‌ ‌The‌ ‌first‌ ‌step‌ ‌in‌ ‌this‌ ‌determination‌ ‌is‌ ‌to‌ ‌apply‌ ‌the‌‌                             

isentropic‌ ‌pressure‌ ‌/‌ ‌temperature‌ ‌relationship‌ ‌to‌ ‌a‌ ‌compressor‌ ‌using‌ ‌the‌ ‌standard‌ ‌NASA‌‌                       

equation,‌ ‌Equation‌ ‌6.4‌ ‌[20].‌ ‌ 

Where:‌ ‌ 

‌P RC = pt1

pt2 = ( T 1

T 2 )
γ

γ 1−   (6.4)‌ 

‌P RC   -‌  Compressor‌ ‌pressure‌ ‌ratio‌ ‌ 

‌pt1   -‌  Total‌ ‌inlet‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌ pt2   -‌  Total‌ ‌exit‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌T 1   -‌  Compressor‌ ‌inlet‌ ‌temperature‌ ‌(K)‌ ‌ 

‌T 2   -‌  Compressor‌ ‌exit‌ ‌temperature‌ ‌(K)‌ ‌ 

‌γ   -‌  Specific‌ ‌heat‌ ‌ratio‌ ‌ 
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Rearranging‌‌Equation‌‌6.4‌‌for‌‌ ,‌‌using‌‌a‌‌standardised‌‌compressor‌‌exit‌‌pressure‌‌of‌‌500‌‌mbar‌‌        T 2                    

gauge‌ ‌along‌ ‌with‌ ‌a‌ ‌specific‌ ‌heat‌ ‌ratio‌ ‌of‌ ‌ ‌it‌ ‌is‌ ‌possible‌ ‌to‌ ‌calculate‌ ‌the‌ ‌change‌ ‌in‌‌                .4γ = 1                  

compressor‌ ‌exit‌ ‌temperature‌ ‌based‌ ‌on‌ ‌the‌ ‌changing‌ ‌ambient‌ ‌pressure‌‌and‌‌temperature‌‌with‌‌                       

altitude.‌ ‌Standardised‌ ‌ISA‌ ‌data‌ ‌[21]‌ ‌was‌ ‌used‌ ‌to‌ ‌provide‌ ‌the‌ ‌ambient‌ ‌temperature‌ ‌and‌‌                         

pressure‌ ‌variation.‌ ‌ 

The‌‌results,‌‌shown‌‌in‌‌Figure‌‌6.3‌‌demonstrate‌‌how‌‌the‌‌compressor‌‌exit‌‌temperature‌‌increases‌‌                         

with‌‌increasing‌‌altitude.‌‌This‌‌is‌‌a‌‌result‌‌of‌‌the‌‌increasing‌‌pressure‌‌ratio‌‌required‌‌to‌‌maintain‌‌                             

the‌ ‌same‌ ‌exit‌ ‌pressure‌ ‌at‌ ‌altitude.‌ ‌Up‌ ‌to‌ ‌a‌ ‌flight‌ ‌altitude‌ ‌of‌ ‌24,000‌ ‌ft‌ ‌the‌ ‌compressor‌ ‌exit‌‌                                 

temperature‌ ‌remains‌ ‌below‌ ‌80‌ ‌℃,‌ ‌if‌ ‌it‌ ‌is‌ ‌assumed‌ ‌that‌ ‌the‌ ‌compressor‌ ‌inlet‌ ‌is‌ ‌at‌ ‌ambient.‌‌                               

Above‌‌this‌‌altitude‌‌it‌‌would‌‌be‌‌necessary‌‌to‌‌implement‌‌a‌‌heat‌‌exchange‌‌system‌‌between‌‌the‌‌                             

compressor‌ ‌exit‌ ‌and‌ ‌fuel‌ ‌cell‌ ‌inlet.‌ ‌ 

For‌ ‌system‌ ‌configurations‌ ‌that‌ ‌require‌ ‌the‌ ‌compressor‌ ‌exit‌ ‌air‌ ‌to‌ ‌be‌ ‌cooled,‌ ‌the‌ ‌amount‌‌of‌‌                             

heat‌ ‌rejection‌ ‌required‌ ‌to‌ ‌lower‌ ‌the‌ ‌temperature‌ ‌should‌ ‌be‌ ‌calculated.‌ ‌This‌ ‌is‌ ‌achieved‌‌                         

through‌ ‌the‌ ‌implementation‌ ‌of‌ ‌Equation‌ ‌6.5‌ ‌[20].‌ ‌The‌ ‌results,‌ ‌also‌ ‌included‌ ‌in‌ ‌Figure‌ ‌6.3‌‌                           

demonstrate‌ ‌a‌ ‌more‌ ‌linear‌ ‌response‌ ‌to‌ ‌heat‌ ‌generation‌ ‌rate‌ ‌with‌ ‌altitude‌ ‌than‌ ‌simply‌ ‌exit‌‌                           

temperature.‌ ‌ 

Where:‌ ‌ 

Q̇ ‌ ‌=‌‌ ‌‌ṁ‌ ‌ΔTcp   (6.5)‌ 

‌cp   -‌  Specific‌ ‌heat‌ ‌at‌ ‌constant‌ ‌pressure‌ ‌(J/kgK)‌ ‌ 

ṁ‌ ‌  -‌  Mass‌ ‌flow‌ ‌rate‌ ‌(kg/s)‌ ‌ 

Q̇ ‌ ‌  -‌  Heating‌ ‌rate‌ ‌(W)‌ ‌ 

‌TΔ   -‌  Change‌ ‌in‌ ‌temperature‌ ‌(K)‌ ‌ 



118‌ ‌ 

‌ 

Figure‌ ‌6.3:‌ ‌Compressor‌ ‌exit‌ ‌temperature‌ ‌variation‌ ‌and‌ ‌heat‌ ‌generation‌ ‌per‌‌unit‌‌mass‌‌with‌‌                         

altitude‌ ‌ 

6.3‌ Air-Independent‌ ‌ 

Air-independent‌ ‌fuel‌ ‌cell‌ ‌cathode‌ ‌systems‌ ‌are‌ ‌characterised‌ ‌by‌ ‌their‌ ‌isolation‌ ‌from‌ ‌the‌‌                       

atmosphere.‌ ‌The‌ ‌main‌ ‌component‌ ‌of‌ ‌an‌‌air‌‌independent‌‌system‌‌is‌‌a‌‌method‌‌of‌‌storing‌‌pure‌‌                             

oxygen‌ ‌on-board‌ ‌the‌ ‌aircraft‌ ‌in‌ ‌a‌ ‌sufficient‌ ‌quantity‌ ‌to‌ ‌meet‌ ‌the‌ ‌desired‌ ‌endurance‌ ‌and‌‌                           

cooling‌ ‌requirements.‌ ‌An‌ ‌example‌ ‌layout‌ ‌of‌ ‌an‌ ‌air-independant‌ ‌low-temperature‌ ‌fuel‌ ‌cell‌‌                     

system‌ ‌is‌ ‌given‌ ‌in‌ ‌Figure‌ ‌6.4.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 



119‌ ‌ 

‌ 

Figure‌ ‌6.4:‌ ‌Example‌ ‌schematic‌ ‌for‌ ‌the‌ ‌cathode‌ ‌side‌ ‌of‌ ‌a‌ ‌typical‌ ‌air-independent‌‌                       

low-temperature‌ ‌fuel‌ ‌cell‌ ‌ 

The‌ ‌requirement‌ ‌of‌ ‌an‌ ‌air-independent‌ ‌system‌ ‌to‌ ‌store‌ ‌all‌ ‌of‌ ‌the‌ ‌oxidant‌ ‌required‌ ‌for‌ ‌the‌‌                             

mission‌‌should‌‌not‌‌be‌‌underestimated‌‌as‌‌the‌‌total‌‌mass‌‌and‌‌volume‌‌of‌‌the‌‌oxidant‌‌system‌‌will‌‌                               

vary‌ ‌based‌ ‌on‌ ‌mission‌ ‌requirements.‌ ‌Whereas,‌ ‌an‌ ‌air-breathing‌ ‌design‌‌will‌‌be‌‌sized‌‌for‌‌the‌‌                           

fuel‌ ‌cell‌ ‌in‌ ‌use‌ ‌and‌ ‌operating‌ ‌environment‌ ‌of‌ ‌the‌ ‌mission.‌ ‌ 

6.3.1‌ Oxygen‌ ‌Storage‌ ‌ 

Storing‌‌pure‌‌oxygen‌‌in‌‌large‌‌quantities‌‌either‌‌under‌‌pressure‌‌as‌‌a‌‌gas‌‌or‌‌at‌‌low‌‌temperature‌‌as‌‌                                 

a‌‌liquid,‌‌although‌‌technically‌‌more‌‌straight‌‌forward‌‌than‌‌hydrogen,‌‌poses‌‌a‌‌greater‌‌risk‌‌to‌‌the‌‌                             

user‌‌due‌‌to‌‌its‌‌unique‌‌properties.‌‌Pure‌‌oxygen‌‌is‌‌an‌‌excellent‌‌oxidising‌‌agent‌‌and‌‌if‌‌present‌‌in‌‌                                 

sufficient‌‌concentration‌‌in‌‌combination‌‌with‌‌certain‌‌materials‌‌can‌‌cause‌‌violent‌‌reactions‌‌and‌‌                       

spontaneous‌ ‌combustion‌ ‌[29,30].‌ ‌For‌ ‌reference,‌ ‌the‌ ‌properties‌‌of‌‌molecular‌‌oxygen‌‌used‌‌in‌‌                       

this‌ ‌study‌ ‌have‌ ‌been‌ ‌included‌ ‌in‌ ‌Table‌ ‌6.1.‌ ‌ 
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Table‌ ‌6.1:‌ ‌Properties‌ ‌of‌ ‌molecular‌ ‌oxygen‌ ‌[30,31]‌ ‌ 

‌ 

The‌‌same‌‌methodology‌‌that‌‌was‌‌used‌‌for‌‌hydrogen‌‌storage‌‌in‌‌Chapter‌‌5‌‌was‌‌used‌‌to‌‌find‌‌the‌‌                                 

most‌ ‌suitable‌ ‌oxygen‌ ‌storage‌ ‌method‌ ‌between‌ ‌Compressed‌ ‌Gaseous‌ ‌Oxygen‌ ‌(CGO‌2‌)‌ ‌and‌‌                     

Liquid‌‌Oxygen‌‌(LO‌2‌).‌‌Data‌‌from‌‌commercially‌‌available‌‌storage‌‌cylinders‌‌was‌‌gathered‌‌and‌‌                       

analysed‌‌for‌‌the‌‌purpose‌‌of‌‌comparison‌‌[32-39].‌‌The‌‌results‌‌of‌‌this‌‌analytical‌‌comparison‌‌are‌‌                           

shown‌ ‌in‌ ‌Figure‌ ‌6.5.‌ ‌ 

Unlike‌‌hydrogen,‌‌the‌‌total‌‌storage‌‌mass‌‌of‌‌gaseous‌‌oxygen‌‌isn’t‌‌improved‌‌by‌‌increasing‌‌the‌                           

storage‌ ‌pressure‌ ‌for‌ ‌current‌ ‌tank‌ ‌technologies.‌ ‌However,‌ ‌liquefaction‌ ‌is‌ ‌still‌ ‌an‌ ‌effective‌‌                       

method‌ ‌of‌ ‌increasing‌ ‌the‌ ‌gravimetric‌ ‌storage‌ ‌efficiency‌ ‌of‌ ‌oxygen.‌ ‌The‌ ‌evolution‌ ‌of‌‌                       

volumetric‌ ‌storage‌‌efficiency‌‌of‌‌oxygen‌‌storage‌‌does‌‌follow‌‌the‌‌same‌‌trend‌‌as‌‌for‌‌hydrogen‌‌                           

with‌‌the‌‌efficiency‌‌increasing‌‌as‌‌the‌‌gaseous‌‌storage‌‌pressure‌‌is‌‌increased‌‌and‌‌further‌‌still‌‌as‌‌                             

a‌ ‌result‌ ‌of‌ ‌liquefaction.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Property‌ ‌  Value‌ ‌ 

Molecular‌ ‌weight‌ ‌  32‌ ‌g/mol‌ ‌ 

Boiling‌ ‌point‌ ‌  90.2‌ ‌K‌ ‌ 

Gaseous‌ ‌density‌ ‌at‌ ‌100kPa‌ ‌and‌ ‌298‌ ‌K‌ ‌  1.33‌ ‌kg/m‌3‌ ‌ 

Liquid‌ ‌density‌ ‌at‌ ‌100kPa‌ ‌and‌ ‌20.4‌ ‌K‌ ‌  1,142‌ ‌kg/m‌3‌ ‌ 
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Figure‌ ‌6.5:‌ ‌Comparison‌ ‌of‌ ‌molecular‌ ‌oxygen‌ ‌storage‌ ‌methods‌ ‌[32-39]‌ ‌ 

Overall,‌ ‌based‌ ‌on‌ ‌the‌ ‌total‌ ‌mass‌ ‌and‌ ‌volume‌ ‌of‌ ‌the‌‌storage‌‌systems,‌‌LO‌2‌ ‌outperforms‌‌both‌‌                             

compressed‌ ‌gas‌ ‌options.‌ ‌This‌ ‌is‌ ‌because‌ ‌the‌ ‌higher‌ ‌(relative‌ ‌to‌ ‌hydrogen)‌ ‌boiling‌ ‌point‌ ‌of‌‌                           

oxygen‌‌as‌‌shown‌‌in‌‌Table‌‌6.1‌‌allows‌‌for‌‌a‌‌simpler,‌‌more‌‌lightweight‌‌tank‌‌insulation‌‌design.‌‌                             

However,‌ ‌if‌ ‌weight‌ ‌isn’t‌ ‌the‌ ‌limiting‌ ‌factor‌ ‌in‌ ‌the‌ ‌system‌ ‌design,‌ ‌storing‌ ‌oxygen‌ ‌as‌ ‌a‌‌                             

compressed‌ ‌gas‌ ‌at‌ ‌a‌ ‌pressure‌ ‌of‌ ‌700‌ ‌bar‌ ‌gauge‌ ‌provides‌ ‌similar‌ ‌volumetric‌ ‌storage‌ ‌efficiency.‌ ‌ 

6.4‌ Hybrid,‌ ‌Semi-Independent‌ ‌ 

To‌ ‌minimise‌ ‌the‌ ‌parasitic‌ ‌current‌ ‌draw‌ ‌on‌ ‌the‌ ‌fuel‌ ‌cell‌‌system‌‌and‌‌the‌‌amount‌‌of‌‌on-board‌‌                               

oxygen‌ ‌required‌ ‌it‌ ‌is‌ ‌hypothesised‌ ‌that‌ ‌a‌ ‌hybrid‌ ‌system‌ ‌combining‌ ‌both‌ ‌a‌ ‌compressor‌ ‌and‌‌                           

on-board‌ ‌“top-up”‌ ‌oxygen‌ ‌storage‌ ‌could‌ ‌be‌ ‌used.‌ ‌An‌ ‌example‌ ‌schematic‌ ‌for‌ ‌this‌ ‌type‌ ‌of‌‌                           

system‌ ‌has‌ ‌been‌ ‌included‌ ‌as‌ ‌Figure‌ ‌6.6.‌ ‌ 

Another‌ ‌potential‌ ‌use‌ ‌of‌ ‌this‌ ‌type‌ ‌of‌ ‌cathode‌ ‌system‌ ‌configuration‌ ‌would‌ ‌be‌ ‌to‌ ‌supply‌‌                           

supplemental‌ ‌oxygen‌ ‌to‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌under‌ ‌periods‌ ‌of‌ ‌high-altitude‌ ‌operation.‌ ‌This‌ ‌would‌‌                         

allow‌ ‌greater‌ ‌mission‌ ‌flexibility‌ ‌from‌ ‌a‌ ‌singular‌ ‌system‌ ‌design.‌ ‌ 

‌ 
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Figure‌ ‌6.6:‌ ‌Example‌ ‌schematic‌ ‌for‌ ‌the‌ ‌cathode‌ ‌side‌ ‌of‌ ‌a‌ ‌hybrid‌ ‌semi-independent‌‌                       

low-temperature‌ ‌fuel‌ ‌cell‌ ‌ 

6.5‌ System‌ ‌Comparison‌ ‌ 

An‌ ‌investigation‌ ‌was‌ ‌carried‌ ‌out‌ ‌into‌ ‌the‌ ‌potential‌ ‌advantage‌ ‌of‌ ‌implementing‌ ‌a‌ ‌hybrid‌‌                         

semi-independent‌ ‌system,‌ ‌analogous‌ ‌to‌ ‌the‌ ‌one‌ ‌discussed‌ ‌in‌ ‌Section‌ ‌6.4.‌ ‌Results‌ ‌were‌‌                       

achieved‌‌by‌‌derating‌‌the‌‌compressor‌‌component‌‌of‌‌the‌‌system‌‌to‌‌reduce‌‌the‌‌airflow‌‌rate‌‌into‌‌                             

the‌ ‌fuel‌ ‌cell‌ ‌and‌ ‌then‌ ‌calculating‌ ‌the‌ ‌additional‌ ‌oxygen‌ ‌required‌ ‌to‌ ‌bring‌ ‌the‌ ‌cathode‌‌                           

stoichiometry,‌ ‌ ‌back‌ ‌up‌ ‌to‌ ‌2.0.‌ ‌The‌ ‌study‌ ‌was‌ ‌conducted‌ ‌for‌ ‌the‌ ‌system‌ ‌configurations‌‌  λ                          

shown‌ ‌in‌‌Table‌‌6.2‌‌over‌‌a‌‌range‌‌of‌‌altitudes‌‌from‌‌0‌‌ft‌‌to‌‌65,600‌‌ft‌‌and‌‌range‌‌of‌‌flight‌‌times‌‌                                       

from‌ ‌30‌ ‌minutes‌ ‌to‌ ‌ten‌ ‌hours.‌ ‌ 

‌ 

‌ 
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Table‌ ‌6.2:‌ ‌Cathode‌ ‌system‌ ‌configurations‌ ‌for‌ ‌system‌ ‌comparison‌ ‌study‌ ‌ 

‌ 

The‌‌primary‌‌outputs‌‌of‌‌this‌‌study‌‌were‌‌comparisons‌‌of‌‌the‌‌mass‌‌and‌‌volume‌‌of‌‌air-breathing,‌‌                             

hybrid‌‌and‌‌air-independent‌‌cathode‌‌systems‌‌for‌‌a‌‌fuel‌‌cell‌‌operating‌‌over‌‌a‌‌range‌‌of‌‌altitudes‌‌                             

and‌ ‌for‌‌a‌‌variety‌‌of‌‌mission‌‌durations.‌‌The‌‌first‌‌step‌‌was‌‌to‌‌define‌‌an‌‌operating‌‌map‌‌for‌‌the‌‌                                   

compressor‌ ‌based‌ ‌on‌ ‌parasitic‌ ‌power‌ ‌draw.‌ ‌Using‌ ‌Equation‌ ‌6.2‌ ‌for‌ ‌cathode‌ ‌airflow‌ ‌with‌ ‌a‌‌                           

stoichiometry‌ ‌of‌ ‌2.0‌ ‌and‌ ‌Equation‌ ‌6.3‌ ‌the‌ ‌variation‌ ‌of‌ ‌compressor‌ ‌power‌ ‌with‌ ‌altitude‌ ‌is‌‌                           

expressed‌‌as‌‌a‌‌function‌‌of‌‌net‌‌fuel‌‌cell‌‌power‌‌in‌‌Figure‌‌6.7.‌‌Compressor‌‌flow‌‌rates‌‌required‌                               

to‌ ‌deliver‌ ‌25%,‌ ‌50%,‌ ‌75%‌ ‌and‌ ‌100%‌ ‌of‌ ‌the‌ ‌2.0‌ ‌stoichiometry‌ ‌flow‌ ‌rate‌ ‌are‌ ‌included‌ ‌to‌‌                               

represent‌ ‌the‌ ‌system‌ ‌configurations‌ ‌from‌ ‌Table‌ ‌6.2.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Configuration‌ ‌  %‌ ‌O‌2‌‌ ‌from‌ ‌Compressor‌ ‌  %‌ ‌O‌2‌‌ ‌from‌ ‌LO‌2‌‌ ‌Storage‌ ‌ 

Air-breathing‌  100%‌ ‌  0%‌ ‌ 

Hybrid‌‌ ‌   75%‌ ‌  25%‌ ‌ 

50%‌ ‌  50%‌ ‌ 

25%‌ ‌  75%‌ ‌ 

Air-independent‌ ‌  0%‌ ‌  100%‌ ‌ 
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Figure‌ ‌6.7:‌ ‌Compressor‌ ‌power‌ ‌as‌ ‌a‌ ‌percentage‌ ‌of‌ ‌net‌ ‌fuel‌ ‌cell‌ ‌power‌ ‌ 

A‌ ‌dotted‌ ‌line‌ ‌on‌ ‌Figure‌ ‌6.7‌ ‌represents‌ ‌a‌ ‌compressor‌ ‌power‌ ‌draw‌ ‌of‌ ‌20%‌ ‌of‌ ‌net‌ ‌fuel‌ ‌cell‌‌                                 

power.‌‌As‌‌this‌‌has‌‌already‌‌been‌‌deemed‌‌excessive,‌‌only‌‌case‌‌studies‌‌in‌‌which‌‌the‌‌compressor‌‌                             

power‌ ‌draw‌ ‌is‌ ‌below‌ ‌this‌ ‌limit‌ ‌were‌ ‌considered‌ ‌in‌ ‌the‌ ‌study.‌ ‌ 

Three‌ ‌flight‌ ‌times;‌ ‌30‌ ‌minutes,‌ ‌one‌ ‌hour‌ ‌and‌ ‌ten‌ ‌hours‌ ‌were‌ ‌used‌ ‌to‌ ‌demonstrate‌ ‌the‌‌                             

sensitivity‌ ‌of‌ ‌system‌ ‌configuration‌ ‌to‌ ‌mission‌ ‌duration.‌ ‌As‌ ‌all‌ ‌design‌ ‌points‌ ‌have‌ ‌been‌‌                         

normalised‌‌to‌‌an‌‌air-independent‌‌case‌‌and‌‌compressor‌‌power‌‌normalised‌‌to‌‌fuel‌‌cell‌‌power‌‌it‌‌                           

was‌‌found‌‌that‌‌the‌‌results‌‌presented‌‌were‌‌insensitive‌‌to‌‌fuel‌‌cell‌‌power.‌‌Mass‌‌and‌‌volume‌‌of‌                               

the‌ ‌compressor‌ ‌and‌ ‌liquid‌ ‌oxygen‌ ‌storage‌ ‌were‌ ‌calculated‌ ‌using‌ ‌the‌ ‌relationships‌ ‌derived‌‌                       

during‌ ‌this‌ ‌Chapter.‌ ‌ 

‌ 

‌ 

‌ 

‌ 
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Figure‌ ‌6.8‌ ‌shows‌ ‌the‌ ‌system‌ ‌configuration‌ ‌comparison‌‌for‌‌a‌‌30‌‌minute‌‌flight‌‌time.‌‌The‌‌red‌‌                             

dotted‌ ‌line‌ ‌represents‌ ‌the‌ ‌mass‌ ‌and‌ ‌volume‌ ‌of‌ ‌a‌ ‌fully‌ ‌air-independent‌ ‌system‌ ‌using‌ ‌LO‌2‌ ‌                           

storage.‌‌Each‌‌of‌‌the‌‌solid‌‌lines‌‌represent‌‌the‌‌mass‌‌of‌‌a‌‌system‌‌configuration‌‌as‌‌a‌‌percentage‌‌                               

of‌‌the‌‌air-independent‌‌system.‌‌The‌‌dashed‌‌lines‌‌show‌‌the‌‌same‌‌relationship‌‌for‌‌volume.‌‌The‌‌                           

lengths‌ ‌of‌ ‌each‌ ‌line‌‌represents‌‌the‌‌maximum‌‌altitude‌‌possible‌‌for‌‌each‌‌configuration‌‌before‌‌                         

the‌ ‌compressor‌ ‌power‌ ‌exceeds‌ ‌20%‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌power.‌ ‌ 

‌ 

Figure‌‌6.8:‌‌Cathode‌‌system‌‌mass‌‌and‌‌volume‌‌change‌‌with‌‌altitude‌‌as‌‌a‌‌percentage‌‌of‌‌a‌‌fully‌‌                               

air-independent‌ ‌design‌ ‌for‌ ‌a‌ ‌30‌ ‌minute‌ ‌flight‌ ‌time‌ ‌ 

Results‌ ‌from‌ ‌the‌ ‌30‌ ‌minute‌ ‌design‌ ‌point‌ ‌show‌ ‌that‌ ‌for‌ ‌altitudes‌ ‌in‌ ‌excess‌ ‌of‌ ‌30,800‌ ‌ft‌ ‌an‌‌                                 

air-independent‌ ‌cathode‌ ‌configuration‌ ‌has‌ ‌the‌ ‌lowest‌ ‌overall‌ ‌mass‌ ‌and‌ ‌volume.‌ ‌As‌ ‌the‌‌                       

altitude‌ ‌is‌ ‌decreased,‌ ‌the‌ ‌optimum‌ ‌configuration‌ ‌in‌ ‌terms‌ ‌of‌ ‌mass‌ ‌includes‌ ‌a‌ ‌larger‌‌                         

compressor‌ ‌contribution‌ ‌until‌ ‌below‌ ‌20,000‌ ‌ft‌ ‌where‌ ‌a‌ ‌fully‌ ‌air-breathing‌ ‌system‌ ‌is‌ ‌most‌‌                         

advantageous.‌ ‌An‌ ‌air-independent‌ ‌configuration‌ ‌remains‌ ‌the‌ ‌most‌ ‌promising‌ ‌in‌ ‌terms‌ ‌of‌‌                     

volume‌ ‌until‌ ‌altitude‌ ‌is‌ ‌decreased‌ ‌below‌ ‌17,000‌ ‌ft‌ ‌in‌ ‌which‌ ‌case‌‌an‌‌air-breathing‌‌design‌‌is‌‌                             

smaller.‌ ‌ 
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When‌ ‌the‌ ‌flight‌ ‌time‌ ‌was‌ ‌doubled‌ ‌to‌ ‌one‌ ‌hour‌ ‌an‌ ‌air-independent‌ ‌configuration‌ ‌was‌ ‌only‌‌                           

beneficial‌ ‌in‌ ‌terms‌‌of‌‌mass‌‌and‌‌volume‌‌at‌‌altitudes‌‌above‌‌56,000‌‌ft‌‌as‌‌shown‌‌in‌‌Figure‌‌6.9.‌‌                                 

Below‌‌this‌‌altitude,‌‌having‌‌an‌‌air-breathing‌‌cathode‌‌topped‌‌up‌‌with‌‌stored‌‌oxygen‌‌saves‌‌both‌‌                           

mass‌‌and‌‌space.‌‌At‌‌a‌‌typical‌‌altitude‌‌for‌‌a‌‌commercial‌‌passenger‌‌aircraft,‌‌35,000‌‌ft‌‌based‌‌on‌‌                               

this‌‌study‌‌a‌‌hybrid‌‌cathode‌‌system‌‌would‌‌be‌‌most‌‌suited‌‌with‌‌the‌‌compressor‌‌supplying‌‌50%‌‌                             

of‌ ‌the‌ ‌required‌ ‌oxidant‌ ‌flow.‌ ‌ 

‌ 

Figure‌‌6.9:‌‌Cathode‌‌system‌‌mass‌‌and‌‌volume‌‌change‌‌with‌‌altitude‌‌as‌‌a‌‌percentage‌‌of‌‌a‌‌fully‌‌                               

air-independent‌ ‌design‌ ‌for‌ ‌a‌ ‌one‌ ‌hour‌ ‌flight‌ ‌time‌ ‌ 

To‌‌demonstrate‌‌the‌‌effect‌‌of‌‌further‌‌increasing‌‌the‌‌flight‌‌time‌‌on‌‌the‌‌relative‌‌performance‌‌of‌‌                             

the‌‌defined‌‌cathode‌‌configurations,‌‌a‌‌ten‌‌hour‌‌flight‌‌time‌‌was‌‌considered.‌‌The‌‌results,‌‌Figure‌‌                           

6.10‌‌show‌‌that‌‌for‌‌extended‌‌mission‌‌durations‌‌it‌‌is‌‌always‌‌beneficial‌‌to‌‌utilise‌‌some‌‌form‌‌of‌‌                               

hybrid‌ ‌or‌ ‌fully‌ ‌air-breathing‌ ‌cathode‌ ‌design.‌ ‌This‌ ‌relationship‌ ‌is‌ ‌reliant‌ ‌on‌ ‌the‌ ‌calculation‌‌                         

methodology‌‌and‌‌physical‌‌relationships‌‌defined‌‌in‌‌this‌‌Chapter‌‌and‌‌may‌‌change‌‌if‌‌significant‌                         

advances‌ ‌in‌ ‌either‌ ‌compressor‌ ‌design‌ ‌or‌ ‌oxygen‌ ‌storage‌ ‌are‌ ‌realised.‌ ‌ 
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Figure‌‌6.10:‌‌Cathode‌‌system‌‌mass‌‌and‌‌volume‌‌change‌‌with‌‌altitude‌‌as‌‌a‌‌percentage‌‌of‌‌a‌‌fully‌‌                               

air-independent‌ ‌design‌ ‌for‌ ‌a‌ ‌ten‌ ‌hour‌ ‌flight‌ ‌time‌ ‌ 

6.6‌ Summary‌ ‌ 

In‌‌this‌‌Chapter‌‌both‌‌air-breathing‌‌and‌‌air-independent‌‌fuel‌‌cell‌‌cathode‌‌subsystems‌‌have‌‌been‌                         

discussed‌ ‌and‌ ‌analysed.‌ ‌Both‌ ‌systems‌ ‌can‌ ‌be‌ ‌and‌ ‌have‌ ‌been‌ ‌used‌ ‌for‌ ‌both‌ ‌PEMFC‌ ‌and‌‌                             

DMFC‌ ‌systems‌ ‌although‌ ‌commercially,‌ ‌air-breathing‌ ‌systems‌ ‌are‌ ‌nearly‌ ‌always‌ ‌preferred‌‌                   

due‌ ‌to‌ ‌their‌ ‌lower‌ ‌cost‌ ‌and‌ ‌less‌ ‌difficult‌ ‌integration.‌ ‌ 

Key‌‌design‌‌considerations‌‌for‌‌both‌‌cathode‌‌system‌‌types‌‌have‌‌been‌‌discussed;‌‌primarily,‌‌the‌‌                         

compressor‌‌design‌‌for‌‌an‌‌air-breathing‌‌system‌‌and‌‌consideration‌‌of‌‌oxygen‌‌storage‌‌methods‌‌                       

for‌ ‌air-independent‌ ‌systems.‌ ‌How‌ ‌these‌ ‌considerations‌ ‌relate‌ ‌to‌ ‌system‌ ‌gravimetric‌ ‌and‌‌                     

volumetric‌ ‌efficiencies‌ ‌have‌ ‌also‌ ‌been‌ ‌discussed.‌ ‌ 

It‌ ‌was‌ ‌shown‌ ‌that‌ ‌for‌ ‌air-independent‌ ‌systems,‌‌the‌‌most‌‌efficient‌‌method‌‌of‌‌storing‌‌oxygen‌‌                           

both‌‌in‌‌terms‌‌of‌‌mass‌‌and‌‌volume‌‌is‌‌in‌‌a‌‌liquified‌‌state.‌‌It‌‌was‌‌also‌‌shown‌‌that‌‌the‌‌difference‌‌                                     

in‌ ‌storage‌ ‌efficiency‌ ‌between‌ ‌liquefied‌ ‌oxygen‌ ‌and‌ ‌high-pressure‌ ‌compressed‌ ‌gaseous‌‌                   

storage‌ ‌was‌ ‌less‌ ‌extreme‌ ‌than‌ ‌that‌ ‌previously‌ ‌demonstrated‌ ‌for‌ ‌hydrogen.‌ ‌ 
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A‌ ‌hypothesis‌ ‌was‌ ‌made‌ ‌and‌ ‌proven‌ ‌that‌ ‌combining‌ ‌elements‌ ‌from‌ ‌both‌ ‌air-breathing‌ ‌and‌‌                         

air-independent‌‌systems‌‌into‌‌a‌‌hybrid‌‌semi-independent‌‌system‌‌might‌‌lead‌‌to‌‌gravimetric‌‌and‌‌                       

volumetric‌ ‌efficiency‌ ‌gains.‌ ‌The‌ ‌results‌ ‌yielded‌ ‌from‌ ‌this‌ ‌investigation‌ ‌showed‌ ‌that‌‌                     

incorporating‌ ‌onboard‌ ‌oxygen‌ ‌storage‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌LO‌2‌ ‌(air-independent)‌ ‌into‌ ‌an‌‌                       

air-breathing‌ ‌design‌ ‌would‌ ‌lead‌ ‌to‌ ‌improvements‌ ‌in‌ ‌efficiency‌ ‌for‌‌high‌‌altitude‌‌flights.‌‌For‌‌                         

very‌ ‌short‌ ‌flight‌ ‌times,‌ ‌a‌ ‌fully‌ ‌air-independent‌ ‌system‌ ‌was‌ ‌shown‌ ‌to‌ ‌offer‌ ‌both‌ ‌mass‌ ‌and‌‌                             

space‌ ‌savings.‌ ‌ 

Given‌ ‌the‌ ‌additional‌ ‌mission‌ ‌flexibility‌ ‌and‌ ‌performance‌ ‌improvements‌ ‌garnered‌ ‌from‌ ‌the‌‌                     

inclusion‌ ‌of‌ ‌onboard‌ ‌oxygen‌ ‌to‌ ‌supplement‌ ‌the‌ ‌cathode‌ ‌supply‌ ‌to‌ ‌a‌ ‌fuel‌ ‌cell,‌ ‌it‌ ‌is‌ ‌the‌‌                               

recommendation‌ ‌of‌ ‌this‌ ‌work‌ ‌that‌ ‌any‌ ‌mid‌ ‌to‌ ‌large‌ ‌scale‌ ‌fuel‌ ‌cell‌‌integration‌‌effort‌‌should‌‌                             

include‌ ‌a‌ ‌hybrid‌ ‌semi-independent‌‌cathode‌‌design.‌‌This‌‌will‌‌enable‌‌flexibility‌‌for‌‌operation‌‌                       

at‌ ‌higher‌ ‌altitudes‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌ability‌ ‌to‌ ‌artificially‌ ‌boost‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌by‌‌                               

operating‌ ‌an‌ ‌oxygen‌ ‌rich‌ ‌cathode.‌ ‌ 
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Chapter‌ ‌7‌ Thermal‌ ‌Management‌ ‌ 
System‌ ‌Modelling‌ ‌ 

‌ 

‌ 

7.1‌ Introduction‌ ‌ 

It‌ ‌is‌ ‌critical‌ ‌to‌ ‌the‌ ‌performance‌ ‌and‌‌durability‌‌of‌‌the‌‌fuel‌‌cell‌‌to‌‌ensure‌‌adequate‌‌cooling‌‌to‌‌                                 

maintain‌ ‌the‌ ‌operating‌ ‌temperature‌ ‌of‌ ‌polymer‌ ‌electrolyte‌ ‌based‌ ‌fuel‌ ‌cells‌ ‌below‌ ‌100‌ ‌°C.‌‌                         

This‌ ‌ensures‌ ‌adequate‌ ‌membrane‌ ‌hydration‌ ‌for‌ ‌optimum‌ ‌proton‌‌conductivity‌‌[1].‌‌Zhang,‌‌G‌‌                       

[2]‌ ‌gives‌ ‌the‌ ‌four‌ ‌main‌ ‌sources‌ ‌of‌ ‌heat‌ ‌generation‌ ‌in‌ ‌PEMFCs.‌ ‌These‌ ‌are:‌ ‌ 

1. Entropic‌ ‌heat‌ ‌of‌ ‌reactions‌ ‌ 

2. Irreversible‌ ‌heat‌ ‌of‌ ‌electrochemical‌ ‌reactions‌ ‌ 

3. Heat‌ ‌from‌ ‌ohmic‌ ‌resistances‌ ‌ 

4. Heat‌ ‌from‌ ‌condensation‌ ‌of‌ ‌water‌ ‌vapour‌ ‌ 

The‌ ‌low-quality‌ ‌heat‌ ‌produced‌ ‌by‌ ‌fuel‌ ‌cells‌ ‌[3],‌‌a‌‌result‌‌of‌‌their‌‌low‌‌operating‌‌temperature‌‌                             

leads‌ ‌to‌ ‌added‌ ‌complexity‌ ‌in‌ ‌the‌ ‌thermal‌ ‌management‌ ‌system‌ ‌design.‌ ‌As‌ ‌heat‌ ‌transfer‌ ‌is‌‌                           

fundamentally‌‌a‌‌factor‌‌of‌‌an‌‌area,‌‌a‌‌temperature‌‌difference‌‌and‌‌a‌‌thermal‌‌conductivity‌‌[4],‌‌the‌‌                             

design‌ ‌complexities‌ ‌take‌ ‌the‌ ‌form‌ ‌of‌ ‌either‌ ‌an‌‌increased‌‌transfer‌‌area‌‌or‌‌the‌‌utilisation‌‌of‌‌a‌‌                               

heat‌ ‌transfer‌ ‌medium‌ ‌with‌ ‌a‌ ‌higher‌ ‌thermal‌ ‌conductivity.‌ ‌ 

As‌‌cases‌‌in‌‌which‌‌the‌‌exhaust‌‌water‌‌is‌‌in‌‌liquid‌‌form‌‌are‌‌very‌‌rare‌‌[5,6]‌‌it‌‌is‌‌usual‌‌to‌‌use‌‌the‌‌                                         

Lower‌‌Heating‌‌Value‌‌(LHV)‌‌for‌‌the‌‌thermodynamic‌‌reversible‌‌voltage‌‌when‌‌calculating‌‌the‌‌                       

heat‌ ‌generation‌ ‌rate‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell.‌ ‌This‌ ‌equates‌ ‌to‌ ‌1.23‌ ‌V‌ ‌for‌ ‌a‌ ‌Polymer‌ ‌Electrolyte‌‌                               

Membrane‌ ‌Fuel‌ ‌Cell‌ ‌(PEMFC)‌ ‌and‌ ‌1.22‌ ‌V‌ ‌for‌ ‌a‌ ‌Direct‌ ‌Methanol‌‌Fuel‌‌Cell‌‌(DMFC).‌‌Fuel‌‌                             

cell‌ ‌heating‌ ‌rate‌ ‌can‌ ‌be‌ ‌calculated‌ ‌using‌ ‌Equation‌ ‌7.1.‌ 

‌ 
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Where:‌ ‌ 

If‌‌the‌‌cells‌‌within‌‌the‌‌stack‌‌are‌‌not‌‌adequately‌‌hydrated,‌‌then‌‌the‌‌proton‌‌exchange‌‌membranes‌‌                             

will‌‌dry‌‌out‌‌and‌‌overheat.‌‌Overheating‌‌can‌‌cause‌‌further‌‌issues‌‌such‌‌as‌‌melting‌‌of‌‌materials‌‌                             

or‌ ‌a‌ ‌fire.‌ ‌This‌ ‌leads‌ ‌to‌ ‌the‌ ‌need‌ ‌for‌ ‌a‌ ‌robust‌ ‌cooling‌ ‌solution‌ ‌for‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌ 

Four‌ ‌main‌ ‌approaches‌ ‌to‌ ‌the‌ ‌thermal‌ ‌management‌ ‌of‌ ‌PEMFCs‌‌exist‌‌depending‌‌on‌‌the‌‌heat‌‌                           

dissipation‌ ‌and‌ ‌system‌‌packaging‌‌requirements:‌‌physical‌‌contact,‌‌air-cooling,‌‌liquid-cooling‌‌                 

and‌‌phase-change-cooling‌‌[1,2,5,6].‌‌Each‌‌cooling‌‌strategy‌‌will‌‌be‌‌discussed‌‌and‌‌a‌‌modelling‌‌                       

strategy‌ ‌devised‌ ‌for‌ ‌the‌ ‌one(s)‌ ‌deemed‌ ‌most‌ ‌suitable‌ ‌for‌ ‌use‌ ‌in‌ ‌aeronautical‌ ‌applications.‌ ‌ 

As‌ ‌thermal‌ ‌management‌ ‌is‌ ‌only‌ ‌a‌ ‌small‌ ‌component‌ ‌of‌ ‌this‌ ‌work‌ ‌package,‌ ‌a‌ ‌simplified‌‌                           

approach‌ ‌to‌ ‌modelling‌ ‌fuel‌ ‌cell‌ ‌thermal‌ ‌management‌ ‌will‌ ‌be‌ ‌implemented.‌ ‌The‌ ‌generally‌‌                       

accepted‌ ‌approach‌ ‌[7-9]‌ ‌of‌ ‌modelling‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌as‌ ‌a‌ ‌single‌ ‌control‌ ‌volume‌ ‌and‌ ‌using‌‌                             

average‌ ‌stack‌ ‌thermal‌ ‌properties‌ ‌(temperature,‌ ‌heat‌‌capacity,‌‌and‌‌thermal‌‌conductivity)‌‌will‌‌                     

be‌ ‌implemented‌ ‌in‌ ‌this‌ ‌Chapter.‌ ‌This‌ ‌approach‌ ‌is‌ ‌a‌ ‌good‌ ‌approximation‌ ‌to‌ ‌a‌ ‌real‌ ‌fuel‌ ‌cell‌‌                               

because‌‌the‌‌material‌‌balance,‌‌both‌‌in‌‌terms‌‌of‌‌mass‌‌and‌‌volume‌‌is‌‌dominated‌‌by‌‌the‌‌material‌‌                               

used‌ ‌for‌ ‌the‌ ‌bipolar‌ ‌plates.‌ ‌ 

‌ 

‌ 

Q̇ ‌gen‌‌ ‌ ‌n  = I (V )LHV − V c = P e ( V c

V LHV − 1)   (7.1)‌ 

‌I   -‌  Current‌ ‌(A)‌ ‌ 

‌n   -‌  Number‌ ‌of‌ ‌cells‌ ‌ 

‌P e    -‌  Electrical‌ ‌power‌ ‌(W)‌ ‌ 

Q̇ ‌gen‌ ‌  -‌  Heat‌ ‌generation‌ ‌rate‌ ‌(W)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 

‌V LHV     -‌  Thermodynamic‌ ‌neutral‌ ‌voltage‌ ‌based‌ ‌on‌ ‌the‌ ‌LHV‌ ‌(V)‌ ‌ 
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7.2‌ PEMFC‌ ‌Cooling‌ ‌Methodologies‌ ‌ 

7.2.1‌ Physical‌ ‌Contact‌ ‌Heat‌ ‌Sink‌ ‌ 

For‌‌very‌‌small,‌‌low-power‌‌fuel‌‌cells‌‌heat‌‌rejection‌‌through‌‌physical‌‌contact‌‌with‌‌some‌‌sort‌‌of‌‌                             

heatsink‌ ‌may‌ ‌be‌ ‌the‌ ‌only‌ ‌feasible‌ ‌possibility.‌ ‌This‌ ‌is‌ ‌especially‌ ‌true‌ ‌if‌‌such‌‌a‌‌fuel‌‌cell‌‌was‌‌                                 

located‌ ‌in‌‌an‌‌area‌‌with‌‌limited‌‌direct‌‌access‌‌to‌‌an‌‌ambient‌‌airflow.‌‌Such‌‌applications‌‌of‌‌this‌‌                               

type‌‌of‌‌fuel‌‌cell‌‌might‌‌include‌‌portable‌‌electronics‌‌such‌‌as‌‌laptops‌‌and‌‌smartphones‌‌[10,11].‌‌                           

It‌‌is‌‌also‌‌hypothesised‌‌by‌‌the‌‌author‌‌that‌‌this‌‌type‌‌of‌‌fuel‌‌cell‌‌architecture‌‌may‌‌also‌‌find‌‌a‌‌use‌‌                                     

as‌ ‌part‌ ‌of‌ ‌a‌ ‌distributed‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌on‌ ‌board‌ ‌an‌ ‌aircraft.‌ ‌In‌ ‌particular,‌ ‌small‌ ‌fuel‌ ‌cells‌‌                                 

located‌ ‌in‌ ‌space-limited‌ ‌areas‌ ‌such‌ ‌as‌ ‌wing‌ ‌tips‌ ‌could‌ ‌utilise‌ ‌the‌ ‌skin‌ ‌of‌ ‌the‌ ‌aircraft‌ ‌as‌ ‌a‌‌                                 

heatsink‌ ‌in‌ ‌subsonic‌ ‌designs.‌ ‌ 

Physical‌ ‌contact‌ ‌cooling,‌ ‌otherwise‌ ‌referred‌ ‌to‌ ‌as‌ ‌“cooling‌ ‌with‌ ‌heat‌ ‌spreaders”‌ ‌or‌ ‌“edge‌‌                         

cooling”‌‌relies‌‌on‌‌in-plane‌‌heat‌‌conduction‌‌between‌‌the‌‌fuel‌‌cell‌‌and‌‌the‌‌heat‌‌sink‌‌[2].‌‌When‌‌                               

implementing‌‌this‌‌cooling‌‌method,‌‌it‌‌is‌‌essential‌‌that‌‌the‌‌in-plane‌‌thermal‌‌conductivity‌‌of‌‌the‌‌                           

cooling‌ ‌plates‌ ‌is‌ ‌high.‌‌Two‌‌common‌‌methods‌‌for‌‌implementing‌‌edge‌‌cooling‌‌are‌‌heat‌‌pipes‌‌                           

and‌ ‌cooling‌ ‌plates‌ ‌constructed‌ ‌from‌ ‌highly‌ ‌conductive‌ ‌graphite-based‌ ‌materials.‌ ‌ 

The‌‌key‌‌benefit‌‌of‌‌physical‌‌contact‌‌cooling‌‌is‌‌a‌‌significant‌‌reduction‌‌in‌‌the‌‌Balance‌‌of‌‌Plant‌‌                               

(BoP)‌ ‌required.‌ ‌There‌ ‌is‌ ‌no‌ ‌need‌ ‌for‌ ‌dedicated‌ ‌coolant‌ ‌delivery‌ ‌therefore,‌ ‌eliminating‌‌                       

components‌‌including‌‌pumps‌‌reducing‌‌the‌‌overall‌‌mass,‌‌volume‌‌and‌‌parasitic‌‌current‌‌draw‌‌of‌‌                         

the‌‌cooling‌‌system.‌‌However,‌‌major‌‌challenges‌‌with‌‌this‌‌cooling‌‌strategy‌‌include‌‌being‌‌able‌‌                         

to‌ ‌control‌ ‌the‌ ‌temperature‌ ‌variation‌ ‌across‌ ‌the‌ ‌active‌ ‌area‌ ‌of‌‌the‌‌fuel‌‌cell‌‌and‌‌scalability‌‌to‌‌                               

higher‌ ‌power‌ ‌applications.‌ ‌ 

‌ 

‌ 

‌ 

‌ 
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7.2.2‌ Air-Cooling‌ ‌ 

Cooling‌‌by‌‌means‌‌of‌‌passing‌‌a‌‌separate‌‌airflow‌‌across‌‌the‌‌fuel‌‌cell‌‌stack‌‌is‌‌the‌‌most‌‌popular‌‌                                 

cooling‌‌method‌‌for‌‌lower‌‌power‌‌fuel‌‌cells‌‌(<‌‌4‌‌kW)‌‌[12].‌‌This‌‌cooling‌‌strategy‌‌makes‌‌use‌‌of‌‌                                 

heat‌ ‌transfer‌ ‌by‌ ‌convection‌ ‌from‌ ‌the‌ ‌fuel‌‌cell‌‌assembly‌‌to‌‌the‌‌forced‌‌airflow.‌‌In‌‌addition‌‌to‌‌                               

the‌ ‌balance‌ ‌of‌ ‌plant‌ ‌requirement,‌ ‌an‌ ‌open-cathode‌ ‌fuel‌ ‌cell‌ ‌design‌ ‌is‌ ‌also‌ ‌necessary‌ ‌to‌‌                           

implement‌ ‌this‌ ‌cooling‌ ‌strategy.‌ ‌Figure‌ ‌7.1‌ ‌gives‌ ‌an‌ ‌example‌ ‌schematic‌ ‌of‌ ‌how‌ ‌an‌ ‌open‌‌                           

cathode‌ ‌PEMFC‌ ‌design‌ ‌may‌ ‌be‌ ‌implemented,‌ ‌notice‌ ‌the‌ ‌additional‌ ‌cooling‌ ‌channels‌ ‌and‌‌                       

discrete‌ ‌anode‌ ‌and‌ ‌cathode‌ ‌flow‌ ‌fields‌ ‌for‌ ‌each‌ ‌Membrane‌ ‌Electrode‌ ‌Assembly‌ ‌(MEA).‌ ‌ 

‌ 

Figure‌ ‌7.1:‌ ‌Example‌ ‌schematic‌ ‌of‌ ‌an‌ ‌open-cathode‌ ‌air-cooled‌ ‌fuel‌ ‌cell‌ ‌with‌ ‌a‌ ‌dead-ended‌‌                         

anode‌ ‌fed‌ ‌by‌ ‌a‌ ‌common‌ ‌hydrogen‌ ‌manifold‌ ‌ 

Supporting‌‌BoP‌‌for‌‌an‌‌open-cathode‌‌air-cooled‌‌fuel‌‌cell‌‌design‌‌primarily‌‌consists‌‌of‌‌cooling‌‌                         

fan(s),‌‌their‌‌power‌‌supply‌‌and‌‌associated‌‌ducting.‌‌As‌‌the‌‌open-cathode‌‌design‌‌does‌‌not‌‌allow‌‌                           

for‌‌in-line‌‌humidification,‌‌care‌‌must‌‌be‌‌taken‌‌both‌‌in‌‌design‌‌and‌‌operation‌‌to‌‌ensure‌‌adequate‌‌                             

membrane‌ ‌hydration.‌ ‌ 

Sizing‌‌the‌‌BoP‌‌required‌‌to‌‌support‌‌an‌‌air-cooled‌‌PEMFC‌‌is‌‌a‌‌multi-step‌‌process.‌‌The‌‌goal‌‌is‌‌                               

to‌ ‌determine‌ ‌the‌ ‌mass‌ ‌flow‌ ‌of‌ ‌air‌ ‌required‌ ‌to‌ ‌maintain‌ ‌the‌ ‌desired‌ ‌fuel‌ ‌cell‌ ‌operating‌‌                             

temperature.‌‌The‌‌heat‌‌generation‌‌rate,‌‌defined‌‌earlier‌‌in‌‌Equation‌‌7.1‌‌gives‌‌the‌‌minimum‌‌heat‌‌                           

that‌ ‌must‌ ‌be‌ ‌rejected‌ ‌to‌ ‌maintain‌ ‌a‌ ‌constant‌ ‌temperature.‌ ‌Mass‌ ‌flow‌ ‌rate‌ ‌of‌ ‌air,‌ ‌ is‌‌                            ṁair  

directly‌ ‌proportional‌ ‌to‌ ‌the‌ ‌heating‌ ‌rate‌ ‌of‌ ‌the‌ ‌cooling‌ ‌airflow‌ ‌as‌ ‌defined‌ ‌by‌ ‌Equation‌ ‌7.2.‌ ‌ 

‌ 
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Where:‌ ‌ 

Using‌‌a‌‌modified‌‌form‌‌of‌‌Equation‌‌7.2,‌‌this‌‌time‌‌relating‌‌to‌‌the‌‌thermal‌‌properties‌‌of‌‌the‌‌fuel‌‌                                 

cell‌ ‌it‌ ‌is‌‌possible‌‌to‌‌derive‌‌a‌‌formula‌‌for‌‌the‌‌rate‌‌of‌‌temperature‌‌change‌‌of‌‌the‌‌fuel‌‌cell‌‌as‌‌a‌‌                                       

result‌ ‌of‌ ‌the‌ ‌energy‌ ‌balance‌ ‌between‌ ‌heat‌ ‌generation‌ ‌and‌‌removal‌‌by‌‌air.‌‌The‌‌final‌‌form‌‌of‌‌                               

this‌‌is‌‌included‌‌as‌‌Equation‌‌7.3.‌‌The‌‌average‌‌fuel‌‌cell‌‌stack‌‌heat‌‌capacity,‌‌ ‌is‌‌determined‌‌                          cpF C
     

using‌ ‌the‌ ‌heat‌ ‌capacity‌ ‌of‌ ‌the‌ ‌bulk‌ ‌material,‌ ‌usually‌ ‌stainless‌ ‌steel.‌ ‌ 

Where:‌ ‌ 

Multiplying‌‌Equation‌‌7.3‌‌through‌‌by‌‌time‌‌and‌‌adding‌‌the‌‌initial‌‌fuel‌‌cell‌‌starting‌‌temperature,‌‌                           

‌gives‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌temperature‌ ‌at‌ ‌that‌ ‌particular‌ ‌instant.‌ ‌This‌ ‌process‌ ‌is‌‌T F C int                            

described‌ ‌by‌ ‌Equation‌ ‌7.4.‌ ‌ 

‌ 

‌ 

Q̇ ‌air‌‌ ‌ ‌c ΔT= ṁair  p  air   (7.2)‌ 

‌cp   -‌  Specific‌ ‌heat‌ ‌at‌ ‌constant‌ ‌pressure‌ ‌(J/kgK)‌ ‌ 

‌ṁair   -‌  Mass‌ ‌flow‌ ‌of‌ ‌air‌ ‌(kg/s)‌ ‌ 

Q̇ ‌air‌ ‌  -‌  Heat‌ ‌transfer‌ ‌rate‌ ‌to‌ ‌air‌ ‌(W)‌ ‌ 

‌TΔ air   -‌  Change‌ ‌in‌ ‌air‌ ‌temperature‌ ‌(K)‌ ‌ 

Ṫ‌FC‌‌ ‌ ‌= m  cF C pF C

Q̇  Q̇( gen− air)   (7.3)‌ 

‌cpF C
  -‌  Average‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌heat‌ ‌capacity‌ ‌(J/kgK)‌ ‌ 

‌mF C   -‌  Fuel‌ ‌cell‌ ‌mass‌ ‌(kg)‌ ‌ 

Q̇ ‌air‌ ‌  -‌  Heat‌ ‌transfer‌ ‌rate‌ ‌to‌ ‌air‌ ‌(W)‌ ‌ 

Q̇ ‌gen‌ ‌  -‌  Heat‌ ‌generation‌ ‌rate‌ ‌(W)‌ ‌ 

Ṫ‌FC‌ ‌  -‌  Rate‌ ‌of‌ ‌change‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌temperature‌ ‌(K/s)‌ ‌ 
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Where:‌ ‌ 

Over‌ ‌recent‌ ‌years,‌ ‌significant‌ ‌work‌ ‌has‌ ‌been‌ ‌carried‌ ‌out‌ ‌in‌ ‌industry‌ ‌to‌ ‌improve‌ ‌the‌‌                           

performance‌ ‌of‌ ‌lightweight‌‌air-cooled‌‌PEMFCs‌‌for‌‌the‌‌purpose‌‌of‌‌powering‌‌small‌‌remotely‌‌                       

piloted‌ ‌Unmanned‌ ‌Aerial‌ ‌Vehicles‌ ‌(UAV).‌ ‌A‌ ‌selection‌ ‌of‌ ‌the‌ ‌most‌ ‌advanced‌ ‌modern‌ ‌fuel‌‌                         

cells‌ ‌have‌ ‌been‌ ‌included‌ ‌in‌ ‌Table‌ ‌7.1.‌ ‌ 

Table‌ ‌7.1:‌ ‌Current‌ ‌state-of-the-art‌ ‌commercial‌ ‌air-cooled‌ ‌PEMFCs‌ ‌[13-16]‌ ‌ 

‌ 

Based‌‌on‌‌the‌‌available‌‌data‌‌included‌‌within‌‌Table‌‌7.1,‌‌a‌‌specific‌‌power‌‌of‌‌2,000‌‌W/kg‌‌and‌‌a‌‌                                 

power‌ ‌density‌ ‌of‌ ‌600‌ ‌W/L‌ ‌will‌ ‌be‌ ‌used‌ ‌specifically‌ ‌for‌ ‌air-cooled‌ ‌PEMFCs‌ ‌in‌ ‌this‌ ‌work.‌‌                             

Temperature‌ ‌regulation‌ ‌using‌ ‌air-cooling‌ ‌is‌ ‌managed‌ ‌by‌ ‌varying‌ ‌cooling‌ ‌fan‌ ‌speed‌ ‌as‌ ‌a‌‌                         

function‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌temperature.‌‌This‌‌can‌‌vary‌‌from‌‌a‌‌set‌‌of‌‌simple‌‌limit‌‌switches‌‌to‌‌more‌‌                                 

refined‌ ‌methodologies‌ ‌based‌ ‌on‌ ‌predictive‌ ‌control.‌ ‌It‌ ‌would‌ ‌be‌ ‌typical‌ ‌to‌ ‌include‌ ‌a‌ ‌safety‌‌                           

factor‌ ‌in‌ ‌the‌ ‌upper‌ ‌temperature‌ ‌limit‌ ‌to‌ ‌allow‌ ‌for‌ ‌temperature‌ ‌variations‌ ‌with‌ ‌the‌ ‌stack.‌ ‌ 

‌T F C t = T F C int + (T ̇  t)F C     (7.4)‌ 

‌T F C   -‌  Fuel‌ ‌cell‌ ‌temperature‌ ‌at‌ ‌time‌ ‌t‌ ‌(K)‌ ‌ 

T F C int   -‌  Initial‌ ‌fuel‌ ‌cell‌ ‌temperature‌ ‌(K)‌ ‌ 

Ṫ‌FC‌ ‌  -‌  Rate‌ ‌of‌ ‌change‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌temperature‌ ‌(K/s)‌ ‌ 

‌t   -‌  Time‌ ‌(s)‌ ‌ 

Fuel‌ ‌Cell‌ ‌  Rated‌ ‌Power‌‌ 
(W)‌ ‌ 

Specific‌ ‌Power‌‌ 
(W/kg)‌ ‌ 

Power‌ ‌Density‌‌ 
(W/L)‌ ‌ 

Intelligent‌ ‌Energy‌ ‌AC64‌ ‌[13]‌ ‌  2,760‌ ‌  2,110‌ ‌  670‌ ‌ 

Intelligent‌ ‌Energy‌ ‌AC10‌ ‌[14]‌ ‌  650‌ ‌  1,140‌ ‌  595‌ ‌ 

Horizon‌ ‌Aerostacks‌ ‌[15]‌ ‌  1,000‌ ‌  444‌ ‌  166‌ ‌ 

Ballard‌ ‌FCair‌ ‌[16]‌ ‌  1,300‌ ‌  325‌ ‌  68‌ ‌ 
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7.2.3‌ Liquid-Cooling‌ ‌ 

Liquid-cooling‌ ‌of‌ ‌a‌ ‌PEMFC‌‌stack‌‌works‌‌on‌‌a‌‌similar‌‌principle‌‌to‌‌the‌‌cooling‌‌of‌‌an‌‌internal‌‌                               

combustion‌ ‌engine.‌ ‌Extra‌ ‌plates‌ ‌with‌ ‌embedded‌ ‌coolant‌ ‌channels‌ ‌are‌ ‌normally‌ ‌included‌ ‌in‌‌                       

the‌‌fuel‌‌cell‌‌construction.‌‌This‌‌increases‌‌the‌‌mass‌‌and‌‌volume‌‌of‌‌the‌‌fuel‌‌cell‌‌stack,‌‌therefore‌‌                               

decreasing‌ ‌the‌ ‌gravimetric‌ ‌and‌ ‌volumetric‌ ‌densities.‌ ‌ 

A‌‌liquid‌‌based‌‌thermal‌‌management‌‌strategy‌‌offers‌‌several‌‌benefits‌‌when‌‌compared‌‌with‌‌air‌‌                         

cooling.‌‌Firstly,‌‌the‌‌increased‌‌heat‌‌capacity‌‌of‌‌the‌‌liquid‌‌coolant‌‌allows‌‌for‌‌a‌‌higher‌‌degree‌‌of‌‌                               

heat‌‌rejection.‌‌Therefore‌‌it‌‌is‌‌not‌‌uncommon‌‌to‌‌find‌‌liquid-cooled‌‌PEMFCs‌‌stacks‌‌with‌‌rated‌‌                           

power‌ ‌in‌ ‌excess‌ ‌of‌ ‌5‌ ‌kW‌ ‌[17,18].‌ ‌Secondly,‌ ‌the‌ ‌use‌ ‌of‌ ‌a‌ ‌cooling‌ ‌fluid‌ ‌as‌ ‌a‌ ‌heat‌ ‌transfer‌‌                                   

medium‌‌allows‌‌the‌‌heat‌‌to‌‌be‌‌transferred‌‌more‌‌efficiently‌‌over‌‌a‌‌greater‌‌distance‌‌from‌‌where‌‌                             

it‌ ‌is‌ ‌generated‌ ‌in‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌to‌ ‌where‌‌it‌‌is‌‌exchanged‌‌with‌‌the‌‌environment.‌‌An‌‌exemplar‌‌                                 

schematic‌ ‌of‌ ‌a‌ ‌liquid‌ ‌cooled‌ ‌PEMFC‌ ‌system‌ ‌is‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌7.2.‌ ‌ 

‌ 

Figure‌ ‌7.2:‌ ‌Exemplar‌ ‌schematic‌ ‌of‌ ‌a‌ ‌liquid-cooled,‌ ‌externally‌ ‌humidified‌  ‌PEMFC‌ ‌system‌ ‌ 

Ideally,‌‌De-Ionised‌‌(DI)‌‌water‌‌is‌‌used‌‌as‌‌the‌‌coolant‌‌due‌‌to‌‌its‌‌very‌‌high‌‌heat‌‌capacity‌‌(4.18‌‌                                 

kJ/kgK)‌‌[2]‌‌and‌‌the‌‌reduced‌‌risk‌‌of‌‌contaminating‌‌the‌‌fuel‌‌cell‌‌MEA.‌‌However,‌‌generally‌‌and‌                             

especially‌ ‌in‌ ‌colder‌ ‌climates‌ ‌where‌ ‌freezing‌‌may‌‌pose‌‌a‌‌threat,‌‌it‌‌is‌‌also‌‌common‌‌to‌‌use‌‌an‌‌                                 

antifreeze‌ ‌mixture‌ ‌of‌  ‌water‌ ‌and‌ ‌ethylene-glycol.‌ ‌ 
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Figure‌ ‌7.3‌ ‌demonstrates‌ ‌how‌ ‌the‌ ‌freezing‌ ‌point‌ ‌of‌ ‌a‌ ‌water/ethylene‌ ‌glycol‌ ‌solution‌ ‌varies‌‌                         

with‌ ‌the‌ ‌percentage‌ ‌composition‌ ‌by‌ ‌mass‌ ‌of‌ ‌ethylene‌ ‌glycol‌ ‌[19,20].‌ ‌At‌ ‌a‌‌solution‌‌of‌‌37%‌‌                             

water‌‌/‌‌63%‌‌ethylene-glycol‌‌by‌‌mass‌‌(40/60‌‌by‌‌volume),‌‌the‌‌freezing‌‌point‌‌of‌‌the‌‌coolant‌‌is‌‌                               

-53‌ ‌℃‌ ‌(220‌ ‌K)‌ ‌compared‌ ‌with‌ ‌0‌ ‌℃‌ ‌(273‌ ‌K)‌ ‌for‌ ‌pure‌ ‌DI‌ ‌water.‌ ‌ 

‌ 

Figure‌‌7.3:‌‌Freezing‌‌point‌‌of‌‌water/ethylene‌‌glycol‌‌solutions‌‌with‌‌varying‌‌mass‌‌compositions‌‌                       

of‌ ‌ethylene‌ ‌glycol‌ ‌[19,20]‌ ‌ 

A‌ ‌disadvantage‌ ‌of‌ ‌a‌ ‌liquid-cooled‌ ‌system‌ ‌is‌ ‌that‌ ‌it‌ ‌requires‌ ‌the‌ ‌largest‌ ‌BoP‌ ‌of‌ ‌any‌ ‌of‌ ‌the‌‌                                 

cooling‌ ‌methodologies.‌ ‌This‌ ‌is‌ ‌because,‌ ‌as‌ ‌well‌ ‌as‌‌requiring‌‌a‌‌coolant‌‌storage‌‌and‌‌delivery‌‌                           

system,‌‌it‌‌is‌‌also‌‌necessary‌‌to‌‌have‌‌a‌‌separate‌‌humidifier.‌‌The‌‌humidifier‌‌is‌‌required‌‌to‌‌ensure‌‌                               

the‌‌cells‌‌remain‌‌wetted‌‌through‌‌high‌‌power‌‌operation.‌‌The‌‌key‌‌challenge‌‌is‌‌the‌‌optimisation‌‌                           

of‌ ‌the‌ ‌coolant‌ ‌flow‌ ‌field‌ ‌[2].‌ ‌This‌ ‌is‌ ‌usually‌ ‌achieved‌ ‌by‌ ‌controlling‌ ‌the‌ ‌coolant‌ ‌inlet‌‌                             

temperature‌ ‌and‌ ‌the‌ ‌coolant‌ ‌flow‌ ‌rate‌ ‌[21].‌ ‌ 

‌ 

‌ 
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Liquid-cooled‌ ‌PEMFCs‌ ‌have‌ ‌been‌ ‌the‌ ‌primary‌ ‌choice‌ ‌for‌ ‌automotive‌ ‌manufacturers,‌‌                   

including‌ ‌Toyota‌ ‌and‌ ‌Hyundai‌ ‌[22].‌ ‌Unfortunately,‌ ‌detailed‌ ‌information‌ ‌on‌ ‌the‌ ‌specific‌‌                     

systems‌ ‌is‌ ‌not‌ ‌widely‌ ‌available‌ ‌due‌ ‌to‌ ‌their‌ ‌respective‌ ‌company‌ ‌intellectual‌ ‌property.‌‌                       

However,‌ ‌information‌ ‌on‌ ‌other‌ ‌commercially‌ ‌available‌ ‌liquid-cooled‌ ‌PEMFCs‌ ‌is‌ ‌available‌‌                   

and‌ ‌is‌ ‌summarised‌ ‌in‌ ‌Table‌ ‌7.2.‌ ‌ 

Table‌ ‌7.2:‌ ‌Current‌ ‌state-of-the-art‌ ‌commercial‌ ‌liquid-cooled‌ ‌PEMFCs‌ ‌[17,18,23,24]‌ ‌ 

*‌ ‌Stack‌ ‌only,‌ ‌does‌ ‌not‌ ‌include‌ ‌any‌ ‌of‌ ‌the‌ ‌thermal‌ ‌system‌ ‌balance‌ ‌of‌ ‌plant‌ ‌ 

Specific‌ ‌power‌ ‌and‌ ‌power‌ ‌density‌ ‌are‌ ‌shown,‌ ‌using‌ ‌the‌ ‌data‌‌in‌‌Table‌‌7.2,‌‌to‌‌scale‌‌with‌‌the‌                                 

rated‌ ‌power‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌This‌ ‌holds‌ ‌true‌ ‌even‌ ‌when‌ ‌comparing‌ ‌between‌ ‌the‌ ‌different‌‌                             

manufactures.‌‌Generally,‌‌the‌‌specific‌‌power‌‌and‌‌power‌‌density‌‌of‌‌liquid-cooled‌‌fuel‌‌cells‌‌will‌‌                         

be‌‌lower‌‌than‌‌that‌‌of‌‌air-cooled‌‌systems‌‌due‌‌to‌‌the‌‌extra‌‌BoP‌‌required.‌‌Based‌‌on‌‌the‌‌supplied‌‌                                 

data,‌ ‌a‌ ‌specific‌ ‌power‌ ‌of‌ ‌500‌ ‌W/kg‌ ‌and‌ ‌a‌ ‌power‌ ‌density‌ ‌of‌ ‌200‌ ‌W/L‌ ‌will‌ ‌be‌ ‌used‌ ‌for‌‌                                   

liquid-cooled‌ ‌PEMFCs‌ ‌in‌ ‌the‌ ‌modelling‌ ‌work.‌ ‌ 

The‌‌solution‌‌used‌‌to‌‌model‌‌the‌‌liquid-cooled‌‌thermal‌‌management‌‌system‌‌was‌‌based‌‌heavily‌‌                         

on‌ ‌the‌ ‌one‌ ‌used‌ ‌for‌ ‌air-cooled‌ ‌systems.‌ ‌The‌ ‌primary‌ ‌difference‌ ‌was‌ ‌the‌ ‌inclusion‌ ‌of‌ ‌a‌‌                             

0.37/0.63‌ ‌DI‌ ‌water/ethylene‌ ‌glycol‌ ‌coolant‌ ‌to‌ ‌act‌ ‌as‌‌an‌‌energy‌‌carrier‌‌between‌‌the‌‌fuel‌‌cell‌‌                             

and‌‌the‌‌heat‌‌exchanger.‌‌The‌‌required‌‌flow‌‌rate‌‌of‌‌liquid‌‌coolant‌‌can‌‌be‌‌found‌‌using‌‌Equation‌‌                               

7.5.‌ ‌ 

‌ 

‌ 

‌ 

Fuel‌ ‌Cell‌ ‌  Rated‌ ‌Power‌‌ 
(kW)‌ ‌ 

Specific‌ ‌Power‌‌ 
(W/kg)‌ ‌ 

Power‌ ‌Density‌‌ 
(W/L)‌ ‌ 

Ballard‌ ‌FCvelocity-9SSL*‌ ‌[23]‌  21‌ ‌  1,235‌ ‌  1,522‌ ‌ 

Ballard‌ ‌FCveloCity-HD‌ ‌[24]‌ ‌  100‌ ‌  551‌ ‌  190‌ ‌ 

Hydrogenics‌ ‌HyPM-XR‌ ‌[25]‌ ‌  12.5‌ ‌  156‌ ‌  115‌ ‌ 

Hydrogenics‌ ‌HyPM-HD‌ ‌[26]‌ ‌  33‌ ‌  449‌ ‌  471‌ ‌ 
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Where:‌ ‌ 

The‌ ‌heat‌ ‌capacity‌ ‌of‌ ‌water/ethylene‌ ‌glycol‌ ‌solutions‌ ‌varies‌ ‌with‌ ‌both‌ ‌temperature‌ ‌and‌‌                       

composition‌‌[20].‌‌These‌‌relationships‌‌are‌‌outlined‌‌in‌‌Figure‌‌7.4‌‌with‌‌specific‌‌attention‌‌drawn‌‌                         

to‌ ‌a‌ ‌mass‌ ‌composition‌ ‌of‌ ‌37%‌ ‌water,‌ ‌63%‌ ‌ethylene‌ ‌glycol‌‌earlier‌‌identified‌‌as‌‌the‌‌solution‌‌                             

with‌ ‌the‌ ‌lowest‌ ‌freezing‌ ‌point.‌ ‌ 

‌ 

Figure‌ ‌7.4:‌ ‌Relationships‌ ‌between‌ ‌specific‌ ‌heat‌ ‌and‌ ‌temperature‌ ‌for‌ ‌water/ethylene‌ ‌glycol‌‌                     

solutions‌ ‌with‌ ‌mass‌ ‌percentages‌ ‌of‌ ‌ethylene‌ ‌glycol‌ ‌ranging‌ ‌from‌ ‌11%‌ ‌to‌ ‌91%‌ ‌[20]‌ ‌ 

Q̇ ‌c‌‌ ‌ ‌c ΔT= ṁc  p c  c   (7.5)‌ 

‌cp c   -‌  Coolant‌ ‌specific‌ ‌heat‌ ‌capacity‌ ‌(J/kgK)‌ ‌ 

‌ṁc   -‌  Mass‌ ‌flow‌ ‌of‌ ‌coolant‌ ‌(kg/s)‌ ‌ 

Q̇ ‌c‌ ‌  -‌  Heat‌ ‌transfer‌ ‌rate‌ ‌to‌ ‌coolant‌ ‌(W)‌ ‌ 

‌TΔ c   -‌  Change‌ ‌in‌ ‌coolant‌ ‌temperature‌ ‌(K)‌ ‌ 
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Many‌ ‌researchers‌ ‌have‌ ‌written‌ ‌excellent‌ ‌works‌ ‌detailing‌ ‌the‌ ‌design‌ ‌process‌ ‌of‌ ‌heat‌‌                       

exchangers,‌ ‌these‌ ‌were‌ ‌expertly‌ ‌summarised‌ ‌and‌ ‌implemented‌ ‌by‌ ‌my‌ ‌colleague‌ ‌Dr‌ ‌A.‌ ‌Fly‌‌                         

[25].‌‌As‌‌such‌‌it‌‌should‌‌be‌‌sufficient‌‌to‌‌use‌‌the‌‌specific‌‌power‌‌and‌‌power‌‌density‌‌relationships‌‌                               

deduced‌‌earlier.‌‌Especially‌‌as‌‌a‌‌majority‌‌of‌‌these‌‌also‌‌include‌‌the‌‌liquid-cooling‌‌BoP‌‌such‌‌as‌‌                             

heat‌ ‌exchangers‌ ‌and‌ ‌pumps.‌ ‌ 

7.2.4‌ Phase-Change-Cooling‌ ‌ 

Two‌ ‌main‌ ‌approaches‌ ‌to‌ ‌phase-change-cooling‌ ‌have‌ ‌been‌ ‌suggested‌ ‌[2];‌ ‌evaporative‌ ‌and‌‌                     

cooling‌‌through‌‌boiling.‌‌Evaporative-cooling‌‌shows‌‌more‌‌promise‌‌as‌‌cooling‌‌through‌‌boiling‌‌                     

introduces‌ ‌two-phase‌ ‌flow‌ ‌instabilities.‌ ‌Evaporative-cooling‌ ‌works‌ ‌by‌ ‌the‌ ‌removal‌ ‌of‌ ‌heat‌‌                     

through‌ ‌the‌ ‌evaporation‌ ‌of‌ ‌ultra‌ ‌pure‌ ‌DI‌ ‌within‌ ‌the‌ ‌flow‌ ‌channels,‌ ‌both‌ ‌cooling‌ ‌and‌‌                           

humidifying‌ ‌the‌ ‌cells‌ ‌[21,26].‌ ‌ 

Numerous‌ ‌advantages‌ ‌of‌ ‌phase-change-cooling‌ ‌exist‌ ‌in‌ ‌relation‌ ‌to‌ ‌the‌ ‌performance‌ ‌of‌ ‌a‌‌                       

PEMFC‌ ‌system.‌ ‌The‌ ‌coolant‌ ‌flow‌ ‌rate‌ ‌is‌ ‌reduced‌ ‌in‌ ‌comparison‌ ‌with‌ ‌liquid-cooling‌ ‌as‌‌                         

phase-change-cooling‌ ‌utilises‌ ‌the‌ ‌latent‌ ‌heat‌ ‌of‌ ‌vaporisation‌ ‌of‌ ‌the‌ ‌cooling‌ ‌fluid‌ ‌which‌ ‌is‌‌                         

usually‌‌considerably‌‌higher‌‌than‌‌the‌‌sensible‌‌heat‌‌of‌‌the‌‌fluid.‌‌An‌‌example‌‌of‌‌this‌‌is‌‌the‌‌latent‌‌                                 

heat‌‌of‌‌water,‌‌2250‌‌kJ/kg‌‌at‌‌100‌‌kPa,‌‌which‌‌is‌‌more‌‌than‌‌500‌‌times‌‌greater‌‌than‌‌the‌‌sensible‌‌                                   

heat‌ ‌absorbed‌ ‌by‌ ‌the‌ ‌temperature‌ ‌of‌ ‌liquid‌ ‌water‌ ‌increasing‌ ‌by‌ ‌1‌ ‌°C‌ ‌[2].‌‌ ‌  

Phase-change-cooling‌‌also‌‌has‌‌a‌‌reduced‌‌BoP‌‌when‌‌compared‌‌with‌‌liquid-cooling‌‌due‌‌in‌‌part‌‌                         

to‌ ‌its‌ ‌self-humidifying‌ ‌nature.‌ ‌Additionally,‌ ‌all‌ ‌of‌‌the‌‌heat‌‌rejected‌‌from‌‌the‌‌fuel‌‌cell‌‌to‌‌the‌‌                               

cooling‌‌fluid‌‌does‌‌not‌‌need‌‌to‌‌be‌‌rejected‌‌to‌‌the‌‌atmosphere‌‌prior‌‌to‌‌reinjection‌‌into‌‌the‌‌fuel‌‌                                 

cell.‌‌Only‌‌sufficient‌‌heat‌‌needs‌‌to‌‌be‌‌rejected‌‌from‌‌the‌‌coolant‌‌stream‌‌to‌‌condense‌‌sufficient‌‌                             

water‌ ‌to‌ ‌maintain‌ ‌a‌ ‌positive‌ ‌water‌ ‌balance.‌ ‌Although‌ ‌heat‌ ‌rejection‌ ‌from‌ ‌an‌‌                       

evaporatively-cooled‌‌fuel‌‌cell‌‌system‌‌has‌‌been‌‌shown‌‌to‌‌be‌‌up‌‌to‌‌three‌‌times‌‌greater‌‌than‌‌that‌‌                               

of‌ ‌a‌ ‌liquid-cooled‌ ‌system‌ ‌[1].‌ ‌ 

A‌ ‌positive‌ ‌water‌ ‌balance‌ ‌refers‌‌to‌‌a‌‌state‌‌where‌‌the‌‌system‌‌is‌‌producing‌‌more‌‌water‌‌than‌‌is‌‌                                 

required‌ ‌to‌ ‌be‌ ‌injected‌ ‌into‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌As‌ ‌water‌ ‌is‌ ‌produced‌ ‌as‌ ‌a‌ ‌byproduct‌ ‌of‌ ‌the‌‌                                 

electrochemical‌ ‌reaction‌ ‌inside‌ ‌the‌ ‌fuel‌ ‌cell,‌ ‌not‌ ‌all‌ ‌of‌ ‌the‌ ‌water‌ ‌evaporated‌ ‌needs‌ ‌to‌ ‌be‌‌                             

condensed‌ ‌to‌ ‌maintain‌ ‌this‌ ‌positive‌ ‌water‌ ‌balance.‌ ‌An‌ ‌exemplar‌ ‌schematic‌ ‌for‌ ‌an‌‌                       

evaporatively‌ ‌cooled‌ ‌PEMFC‌ ‌system‌ ‌is‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌7.5.‌ ‌ 
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‌ 

Figure‌ ‌7.5:‌ ‌Exemplar‌ ‌schematic‌ ‌of‌ ‌an‌ ‌evaporatively-cooled‌ ‌PEMFC‌ ‌system‌ ‌ 

The‌ ‌key‌ ‌challenge‌‌with‌‌evaporative-cooling‌‌is‌‌avoiding‌‌premature‌‌degradation‌‌of‌‌the‌‌active‌‌                       

components‌‌within‌‌the‌‌fuel‌‌cell.‌‌As‌‌the‌‌coolant‌‌is‌‌injected‌‌directly‌‌into‌‌the‌‌flow‌‌channels,‌‌it‌‌                               

will‌ ‌interact‌ ‌with‌ ‌the‌ ‌cells‌ ‌and‌ ‌the‌ ‌polymer‌ ‌electrolyte‌ ‌membrane.‌ ‌Due‌ ‌to‌ ‌this‌ ‌prolonged‌‌                           

contact‌ ‌with‌ ‌the‌ ‌active‌ ‌surfaces‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell,‌ ‌it‌ ‌is‌ ‌critical‌ ‌that‌ ‌the‌ ‌coolant‌ ‌remains‌‌                               

non-conductive.‌ ‌ 

Ultra-pure‌ ‌DI‌ ‌water‌ ‌is‌ ‌non-conductive‌ ‌as‌ ‌all‌ ‌the‌ ‌charged‌ ‌particles‌ ‌are‌ ‌removed‌ ‌during‌ ‌the‌‌                           

de-ionisation‌‌process.‌‌However,‌‌DI‌‌water‌‌has‌‌a‌‌very‌‌strong‌‌ionic‌‌affinity,‌‌meaning‌‌that‌‌it‌‌will‌‌                             

readily‌ ‌strip‌ ‌ions‌ ‌from‌ ‌exposed‌ ‌surfaces‌ ‌within‌ ‌the‌ ‌fuel‌ ‌cell.‌ ‌It‌ ‌is‌ ‌therefore‌ ‌important‌ ‌to‌‌                             

ensure‌ ‌that‌ ‌the‌ ‌materials‌ ‌which‌ ‌are‌ ‌in‌ ‌contact‌ ‌with‌ ‌the‌ ‌coolant‌ ‌are‌ ‌chosen‌ ‌for‌ ‌their‌‌                             

compatibility‌ ‌with‌ ‌DI‌ ‌water.‌ ‌ 

At‌‌the‌‌time‌‌of‌‌writing,‌‌evaporatively-cooled‌‌PEMFCs‌‌are‌‌yet‌‌to‌‌garner‌‌commercial‌‌maturity.‌‌                         

However,‌ ‌they‌ ‌have‌‌been‌‌the‌‌subject‌‌of‌‌continued‌‌research‌‌and‌‌development‌‌for‌‌at‌‌least‌‌the‌‌                             

past‌ ‌20‌ ‌years‌ ‌[21,25-29].‌ ‌As‌ ‌such,‌ ‌detailed‌ ‌information‌ ‌regarding‌ ‌this‌ ‌specific‌ ‌PEMFC‌‌                       

technology‌ ‌remains‌ ‌proprietary.‌ ‌This‌ ‌fact‌ ‌combined‌ ‌with‌ ‌the‌ ‌higher‌ ‌confidence‌ ‌in‌ ‌mature‌‌                       

liquid-cooled‌‌alternatives,‌‌excludes‌‌further‌‌investigation‌‌of‌‌evaporatively-cooled‌‌PEMFCs‌‌as‌‌                 

part‌ ‌of‌ ‌this‌ ‌work.‌ ‌ 

‌ 

‌ 
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7.3‌ DMFC‌ ‌Thermal‌ ‌Management‌ ‌ 

Heat‌ ‌is‌ ‌rejected‌‌through‌‌two‌‌processes‌‌in‌‌direct‌‌methanol‌‌fuel‌‌cells.‌‌Firstly,‌‌a‌‌small‌‌fraction‌‌                             

of‌ ‌the‌ ‌generated‌ ‌heat‌ ‌is‌ ‌rejected‌ ‌directly‌ ‌from‌ ‌the‌ ‌outermost‌ ‌surfaces‌ ‌to‌ ‌ambient‌ ‌through‌‌                           

either‌ ‌natural‌ ‌or‌ ‌forced‌ ‌convection‌ ‌[30].‌ ‌Most‌ ‌of‌ ‌the‌ ‌heat‌‌generated‌‌by‌‌the‌‌electrochemical‌‌                           

reaction‌ ‌in‌ ‌a‌ ‌DMFC‌ ‌is‌ ‌rejected‌ ‌to‌ ‌the‌ ‌reactant‌ ‌flows,‌ ‌with‌ ‌the‌ ‌temperatures‌ ‌of‌ ‌both‌ ‌being‌‌                               

raised‌ ‌and‌ ‌the‌ ‌liquid‌ ‌solution‌ ‌on‌ ‌the‌ ‌anode‌ ‌being‌ ‌vaporised‌ ‌[30-34].‌ ‌ 

Unlike‌ ‌the‌ ‌typical‌ ‌evaporative‌ ‌system‌ ‌required‌ ‌for‌ ‌a‌ ‌PEMFC‌ ‌(Figure‌ ‌7.5),‌ ‌DMFCs‌ ‌do‌ ‌not‌‌                           

require‌ ‌additional‌ ‌DI‌ ‌water‌ ‌to‌ ‌be‌ ‌injected‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌ ‌heat‌ ‌rejection.‌ ‌Instead,‌ ‌they‌‌                             

utilise‌ ‌the‌ ‌abundance‌ ‌of‌‌liquid‌‌solution‌‌(methanol‌‌in‌‌water)‌‌already‌‌present‌‌on‌‌the‌‌anode‌‌as‌‌                             

coolant.‌‌An‌‌example‌‌schematic‌‌of‌‌a‌‌DMFC‌‌system‌‌is‌‌shown‌‌in‌‌Figure‌‌7.6.‌‌It‌‌is‌‌important‌‌to‌‌                                 

note‌ ‌that‌ ‌the‌ ‌primary‌ ‌function‌ ‌of‌ ‌a‌ ‌DMFC’s‌ ‌thermal‌ ‌management‌ ‌system‌ ‌is‌ ‌enabling‌ ‌the‌‌                           

recycling‌ ‌of‌ ‌unused‌ ‌reactants‌ ‌from‌ ‌the‌ ‌anode‌ ‌and‌ ‌product‌ ‌water‌ ‌from‌ ‌the‌ ‌cathode.‌ ‌ 

‌ 

Figure‌ ‌7.6:‌ ‌Example‌ ‌schematic‌ ‌of‌ ‌a‌ ‌DMFC‌ ‌system,‌ ‌highlighting‌ ‌the‌ ‌thermal‌ ‌management‌‌                       

balance‌ ‌of‌ ‌plant‌ ‌ 
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Sufficient‌‌heat‌‌must‌‌be‌‌rejected‌‌from‌‌the‌‌exhaust‌‌stream‌‌to‌‌condense‌‌all‌‌unused‌‌methanol‌‌for‌‌                             

recirculation‌‌into‌‌the‌‌fuel‌‌cell.‌‌As‌‌the‌‌latent‌‌heat‌‌of‌‌evaporation‌‌of‌‌methanol‌‌is‌‌around‌‌50%‌‌of‌‌                                 

that‌‌of‌‌water‌‌[35],‌‌less‌‌heat‌‌exchange‌‌is‌‌required‌‌when‌‌compared‌‌to‌‌a‌‌hydrogen‌‌fed‌‌PEMFC.‌‌                               

Considering‌ ‌that‌ ‌a‌ ‌majority‌ ‌of‌ ‌the‌ ‌anode‌ ‌exhaust‌ ‌flow‌ ‌is‌ ‌in‌ ‌liquid‌ ‌form,‌ ‌heat‌ ‌rejection‌ ‌is‌‌                               

centred‌ ‌predominantly‌ ‌around‌ ‌sensible‌ ‌cooling‌ ‌rather‌ ‌than‌ ‌condensing‌ ‌phase-change.‌ ‌In‌‌                   

addition,‌‌sufficient‌‌water‌‌must‌‌be‌‌condensed‌‌from‌‌the‌‌cathode‌‌exhaust‌‌stream‌‌to‌‌maintain‌‌the‌‌                           

desired‌ ‌fuel‌ ‌concentration‌ ‌in‌ ‌the‌ ‌mixing‌ ‌tank‌ ‌highlighted‌ ‌in‌ ‌Figure‌ ‌7.6.‌ ‌ 

Ultimately,‌ ‌the‌ ‌thermal‌ ‌management‌ ‌of‌ ‌a‌ ‌DMFC‌ ‌is‌ ‌a‌‌complex‌‌interaction‌‌between‌‌the‌‌way‌‌                           

the‌‌system‌‌is‌‌physically‌‌designed‌‌and‌‌the‌‌operating‌‌parameters.‌‌An‌‌excellent‌‌review‌‌of‌‌how‌‌                           

these‌‌parameters‌‌affect‌‌the‌‌operating‌‌temperature‌‌of‌‌DMFCs‌‌was‌‌given‌‌over‌‌20‌‌years‌‌ago‌‌by‌‌                             

Argyropoulos,‌ ‌P.‌ ‌et‌ ‌al‌ ‌[32],‌ ‌summarised‌ ‌in‌ ‌Table‌ ‌7.3.‌ ‌They‌ ‌concluded‌ ‌in‌ ‌their‌ ‌study‌ ‌that‌‌                             

DMFC‌ ‌operating‌ ‌temperature‌ ‌is‌ ‌weakly‌ ‌affected‌ ‌by‌ ‌inlet‌ ‌flow‌ ‌conditions‌ ‌and‌ ‌is‌ ‌strongly‌‌                         

affected‌ ‌by‌ ‌the‌ ‌physical‌ ‌size‌ ‌and‌ ‌load‌ ‌profile.‌ ‌ 

Table‌ ‌7.3:‌ ‌Summary‌ ‌of‌ ‌the‌ ‌effects‌ ‌of‌ ‌changing‌ ‌various‌ ‌DMFC‌ ‌design‌ ‌and/or‌ ‌operation‌‌                         

parameters‌ ‌on‌ ‌temperature‌ ‌[32]‌ ‌reproduced‌ ‌with‌ ‌permission‌ ‌from‌ ‌Elsevier‌ ‌(Licence:‌‌                   

4916440413416)‌ ‌ 

‌ 

Parameter‌ ‌  Effect‌ ‌on‌ ‌DMFC‌‌ 
Temperature‌ ‌ 

Comments‌ ‌ 

Increasing‌ ‌the‌ ‌number‌ ‌of‌ ‌stacked‌ ‌cells‌ ‌  Increase‌ ‌  Critical‌ ‌effect‌ ‌ 

Increasing‌ ‌the‌ ‌ratio‌ ‌of‌ ‌active‌ ‌to‌ ‌total‌ ‌cross‌‌ 
sectional‌ ‌area‌ ‌ 

Small‌ ‌  -‌ ‌ 

Increasing‌ ‌the‌ ‌current‌ ‌density‌ ‌  Increase‌ ‌  Critical‌ ‌effect‌ ‌ 

Increasing‌ ‌the‌ ‌anode‌ ‌side‌ ‌inlet‌ ‌temperature‌‌ ‌   Increase‌ ‌  Critical‌ ‌effect‌ ‌ 

Increasing‌ ‌the‌ ‌anode‌ ‌side‌ ‌inlet‌ ‌flow‌ ‌rate‌ ‌  Small‌ ‌Increase‌ ‌  Convective‌ ‌heat‌‌ 
transfer‌ ‌not‌ ‌critical‌ ‌ 

Increasing‌ ‌the‌ ‌cathode‌ ‌side‌ ‌inlet‌ ‌temperature‌‌ ‌   Increase‌ ‌  Weak‌ ‌Effect‌ ‌ 

Increasing‌ ‌the‌ ‌cathode‌ ‌side‌ ‌inlet‌ ‌flow‌ ‌rate‌ ‌  Small‌ ‌decrease‌ ‌  Based‌ ‌on‌‌ 
assumptions‌ ‌made‌ ‌ 
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7.4‌ Effect‌ ‌of‌ ‌Altitude‌ ‌on‌ ‌Heat‌ ‌Removal‌ ‌ 

Fundamentally,‌ ‌all‌ ‌of‌ ‌the‌ ‌thermal‌ ‌management‌ ‌strategies‌ ‌outlined‌ ‌in‌ ‌this‌ ‌Chapter‌ ‌can‌ ‌be‌‌                         

summarised‌‌as‌‌different‌‌techniques‌‌for‌‌moving‌‌the‌‌heat‌‌from‌‌the‌‌active‌‌sites‌‌in‌‌the‌‌fuel‌‌cell‌‌to‌‌                                 

some‌ ‌form‌ ‌of‌ ‌heat‌ ‌exchanger‌ ‌to‌ ‌be‌ ‌exchanged‌ ‌with‌‌the‌‌atmosphere.‌‌This‌‌final‌‌step‌‌in‌‌each‌‌                               

process,‌‌the‌‌exchange‌‌of‌‌heat‌‌with‌‌the‌‌atmosphere‌‌will‌‌be‌‌affected‌‌by‌‌an‌‌aircraft’s‌‌altitude‌‌in‌‌                               

the‌ ‌same‌ ‌manner.‌ ‌ 

As‌‌discussed‌‌in‌‌Chapters‌‌2‌‌and‌‌6,‌‌the‌‌variation‌‌with‌‌altitude‌‌of‌‌the‌‌properties‌‌of‌‌air‌‌are‌‌well‌‌                                   

understood.‌‌To‌‌recap,‌‌as‌‌altitude‌‌increases‌‌from‌‌sea‌‌level‌‌to‌‌20‌‌km‌‌(65,000‌‌ft)‌‌the‌‌ambient‌‌air‌‌                                 

temperature‌ ‌decreases‌ ‌from‌ ‌288‌ ‌K‌‌to‌‌216‌‌K‌‌and‌‌the‌‌pressure‌‌decreases‌‌from‌‌101‌‌kPa‌‌to‌‌55‌‌                                 

kPa‌‌[2,36].‌‌The‌‌variation‌‌of‌‌the‌‌thermal‌‌conductivity‌‌of‌‌air‌‌with‌‌increasing‌‌altitude‌‌is‌‌directly‌‌                             

proportional‌ ‌to‌ ‌the‌ ‌change‌ ‌in‌ ‌temperature‌ ‌[36].‌ ‌Finally,‌ ‌the‌ ‌density‌ ‌of‌ ‌air‌ ‌decreases‌ ‌with‌‌                           

increasing‌ ‌altitude‌ ‌following‌ ‌a‌ ‌similar‌ ‌trend‌ ‌to‌ ‌that‌ ‌of‌ ‌pressure.‌ ‌ 

Using‌‌the‌‌standard‌‌equation‌‌for‌‌heat‌‌transfer‌‌and‌‌the‌‌associated‌‌relationships,‌‌Equation‌‌7.6,‌‌it‌‌                           

is‌ ‌possible‌ ‌to‌ ‌relate‌ ‌how‌ ‌the‌ ‌altitude‌‌variance‌‌of‌‌each‌‌of‌‌the‌‌thermal‌‌properties‌‌of‌‌air‌‌affect‌‌                                 

the‌ ‌potential‌ ‌heat‌ ‌transfer‌ ‌rate.‌ ‌As‌ ‌altitude‌ ‌is‌ ‌increased,‌ ‌assuming‌ ‌that‌ ‌the‌ ‌operating‌‌                         

temperature‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌remains‌ ‌unchanged,‌ ‌the‌ ‌temperature‌ ‌difference,‌ ‌ ‌will‌‌                    TΔ    

increase.‌‌From‌‌Figure‌‌7.7‌‌[35,36],‌‌it‌‌can‌‌be‌‌seen‌‌that‌‌increasing‌‌altitude‌‌will‌‌reduce‌‌the‌‌heat‌‌                               

transfer‌‌coefficient,‌‌ ‌as‌‌both‌‌the‌‌thermal‌‌conductivity‌‌and‌‌reciprocal‌‌of‌‌thermal‌‌diffusivity‌‌    K                      

decrease‌‌with‌‌increasing‌‌altitude.‌‌This‌‌results‌‌in‌‌a‌‌need‌‌for‌‌an‌‌increased‌‌heat‌‌transfer‌‌surface‌‌                             

area‌ ‌to‌ ‌achieve‌ ‌the‌ ‌same‌ ‌overall‌ ‌heat‌ ‌transfer‌ ‌at‌ ‌higher‌ ‌altitudes.‌ ‌ 

As‌ ‌well‌ ‌as‌ ‌the‌ ‌performance‌ ‌of‌ ‌the‌ ‌heat‌ ‌exchange‌ ‌process‌ ‌at‌ ‌altitude,‌ ‌the‌ ‌ability‌ ‌of‌ ‌air‌ ‌to‌‌                                 

remove‌‌the‌‌desired‌‌heat‌‌must‌‌also‌‌be‌‌considered.‌‌As‌‌the‌‌ability‌‌of‌‌air‌‌to‌‌hold‌‌thermal‌‌energy‌                                 

is‌‌dominated‌‌by‌‌the‌‌change‌‌in‌‌temperature‌‌between‌‌hot‌‌and‌‌cold‌‌(Equation‌‌7.2).‌‌This‌‌means‌‌                             

that‌ ‌as‌‌the‌‌altitude‌‌is‌‌increased,‌‌and‌‌temperature‌‌decreased,‌‌less‌‌air‌‌mass‌‌flow‌‌is‌‌required‌‌to‌‌                               

remove‌‌the‌‌same‌‌quantity‌‌of‌‌heat.‌‌This‌‌is‌‌demonstrated‌‌graphically‌‌in‌‌Figure‌‌7.8‌‌for‌‌a‌‌fixed‌‌                               

heat‌ ‌load‌ ‌of‌ ‌50‌ ‌kW.‌ ‌The‌ ‌mas‌ ‌flow‌ ‌plateau‌ ‌noted‌ ‌in‌ ‌Figure‌ ‌7.8‌‌is‌‌a‌‌direct‌‌result‌‌of‌‌the‌‌ISA‌‌                                       

temperature‌ ‌profile‌ ‌in‌ ‌the‌ ‌atmosphere‌ ‌as‌ ‌shown‌ ‌by‌ ‌Figure‌ ‌2.4‌ ‌in‌ ‌Chapter‌ ‌2.‌ ‌ 

‌ 
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‌ 

Where:‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Q̇ ‌‌ ‌ ‌A  &  K ∝ k,   &  α  = K S T( w − T f)     1
αt t = k

ρcp 
  (7.6)‌ 

‌AS   -‌  Surface‌ ‌area‌ ‌(m‌2‌)‌ ‌ 

‌cp   -‌  Specific‌ ‌heat‌ ‌capacity‌ ‌at‌ ‌constant‌ ‌pressure‌ ‌(J/kgK)‌ ‌ 

‌K   -‌  Heat‌ ‌transfer‌ ‌coefficient‌ ‌(W/m‌2‌K)‌ ‌ 

‌k   -‌  Thermal‌ ‌conductivity‌ ‌(W/mK)‌ ‌ 

Q̇ ‌ ‌  -‌  Heat‌ ‌transfer‌ ‌rate‌ ‌(W)‌ ‌ 

‌T f   -‌  Flow‌ ‌temperature‌ ‌(K)‌ ‌ 

‌T w   -‌  Wall‌ ‌temperature‌ ‌(K)‌ ‌ 

‌αt   -‌  Thermal‌ ‌diffusivity‌ ‌(m‌2‌/s)‌ ‌ 

‌ρ   -‌  Density‌ ‌(kg/m‌3‌)‌ ‌ 
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‌ 

‌ 

Figure‌ ‌7.7:‌ ‌Change‌ ‌in‌ ‌thermal‌ ‌diffusivity‌ ‌and‌ ‌thermal‌ ‌conductivity‌ ‌of‌ ‌air‌ ‌with‌ ‌increasing‌‌                         

altitude‌ ‌based‌ ‌on‌ ‌the‌ ‌International‌ ‌Standard‌ ‌Atmosphere‌ ‌[35,36]‌ ‌ 
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‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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‌ 

‌ 

Figure‌‌7.8:‌‌Change‌‌in‌‌mass‌‌flow‌‌rate‌‌of‌‌air‌‌required‌‌to‌‌remove‌‌a‌‌thermal‌‌load‌‌of‌‌50‌‌kW‌‌with‌‌                                     

altitude‌ ‌ 

Considering‌‌what‌‌has‌‌been‌‌discussed,‌‌the‌‌most‌‌suitable‌‌fuel‌‌cell‌‌thermal‌‌management‌‌system‌‌                         

for‌‌high-altitude‌‌flight‌‌is‌‌an‌‌evaporative‌‌phase-change‌‌design.‌‌This‌‌deduction‌‌is‌‌based‌‌on‌‌the‌‌                           

notion‌ ‌that‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌temperature‌ ‌for‌ ‌both‌ ‌air-cooled‌ ‌and‌ ‌liquid-cooled‌ ‌systems‌ ‌is‌‌                           

directly‌ ‌linked‌ ‌to‌ ‌the‌ ‌ability‌ ‌of‌ ‌the‌ ‌thermal‌ ‌management‌ ‌system‌ ‌to‌ ‌reject‌ ‌heat‌ ‌to‌ ‌the‌‌                             

environment.‌ ‌However,‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌phase-change‌ ‌systems‌ ‌(and‌ ‌DMFC‌ ‌systems)‌ ‌the‌‌                       

purpose‌ ‌of‌ ‌the‌ ‌heat‌ ‌exchange‌ ‌is‌ ‌to‌ ‌recover‌ ‌liquid‌ ‌water‌ ‌for‌ ‌recycling.‌ ‌In‌ ‌these‌ ‌designs‌ ‌the‌‌                               

bulk‌ ‌temperature‌ ‌of‌ ‌the‌ ‌cathode‌ ‌exit‌ ‌flow‌ ‌only‌ ‌needs‌ ‌reducing‌ ‌sufficiently‌ ‌to‌ ‌recover‌‌                         

sufficient‌ ‌liquid‌ ‌water‌ ‌before‌ ‌being‌ ‌exhausted‌ ‌off‌ ‌the‌ ‌aircraft.‌ ‌ 

To‌ ‌its‌ ‌detriment,‌ ‌when‌ ‌considering‌ ‌the‌ ‌desire‌ ‌for‌ ‌a‌ ‌reduced‌ ‌heat‌ ‌signature‌ ‌and‌ ‌visible‌‌                           

signature‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌reduced‌ ‌contrails‌ ‌the‌ ‌evaporative-cooling‌ ‌designs‌ ‌do‌ ‌lose‌ ‌favour‌‌                         

when‌ ‌compared‌ ‌to‌ ‌the‌ ‌closed‌ ‌nature‌ ‌of‌ ‌a‌ ‌liquid-cooled‌ ‌design.‌ ‌ 

‌ 
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7.5‌ Summary‌ ‌ 

In‌ ‌this‌ ‌Chapter‌ ‌the‌ ‌four‌ ‌primary‌ ‌cooling‌ ‌strategies‌ ‌for‌ ‌hydrogen‌ ‌fed‌ ‌polymer‌ ‌electrolyte‌‌                         

membrane‌ ‌fuel‌ ‌cells‌ ‌have‌ ‌been‌ ‌introduced‌ ‌and‌ ‌compared.‌ ‌Two‌ ‌primary‌ ‌methods‌ ‌were‌‌                       

identified‌ ‌based‌ ‌on‌ ‌net‌ ‌fuel‌ ‌cell‌ ‌electrical‌ ‌power,‌ ‌air-cooling‌ ‌and‌ ‌liquid-cooling.‌ ‌For‌‌lower‌‌                         

power‌ ‌output‌ ‌fuel‌ ‌cells‌ ‌<‌ ‌4‌‌kW,‌‌air-cooling‌‌would‌‌be‌‌the‌‌preferred‌‌method‌‌due‌‌to‌‌its‌‌lower‌‌                                 

cost‌ ‌and‌ ‌simpler‌ ‌system‌ ‌design.‌ ‌Liquid-cooling‌ ‌has‌‌been‌‌identified‌‌as‌‌the‌‌preferred‌‌cooling‌‌                         

methodology‌‌for‌‌higher‌‌power‌‌fuel‌‌cell‌‌systems‌‌due‌‌to‌‌higher‌‌technology‌‌maturity‌‌and‌‌more‌‌                           

robust‌ ‌nature.‌ ‌ 

Simplified‌ ‌modelling‌‌strategies‌‌have‌‌been‌‌developed‌‌for‌‌both‌‌air-cooling‌‌and‌‌liquid-cooling‌‌                     

scenarios.‌‌These‌‌were‌‌both‌‌based‌‌on‌‌the‌‌assumption‌‌that‌‌the‌‌fuel‌‌cell‌‌stack‌‌can‌‌be‌‌treated‌‌as‌‌a‌‌                                   

single‌ ‌control‌ ‌volume‌ ‌and‌‌used‌‌average‌‌stack‌‌thermal‌‌properties.‌‌This‌‌assumption‌‌produces‌‌                       

reasonable‌ ‌results‌ ‌as‌ ‌the‌ ‌bulk‌ ‌material‌ ‌properties‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌are‌ ‌generally‌ ‌the‌ ‌same‌ ‌and‌‌                               

relate‌ ‌directly‌ ‌to‌ ‌the‌ ‌material‌ ‌choice‌ ‌of‌ ‌the‌ ‌bipolar‌ ‌plates.‌ ‌ 

The‌ ‌current‌ ‌status‌ ‌and‌ ‌primary‌ ‌function‌ ‌of‌ ‌direct‌ ‌methanol‌ ‌fuel‌ ‌cell‌ ‌thermal‌ ‌management‌‌                         

systems‌ ‌has‌ ‌been‌ ‌identified.‌ ‌In‌ ‌general,‌ ‌the‌ ‌literature‌ ‌does‌ ‌not‌ ‌suggest‌ ‌any‌ ‌active‌ ‌thermal‌‌                           

management‌‌strategy‌‌for‌‌this‌‌fuel‌‌cell‌‌technology‌‌other‌‌than‌‌the‌‌initial‌‌fuel‌‌cell‌‌stack‌‌design‌‌                             

and‌‌operating‌‌envelope.‌‌This‌‌is‌‌because,‌‌in‌‌most‌‌cases‌‌their‌‌temperature‌‌is‌‌self-regulating‌‌due‌‌                           

to‌ ‌the‌ ‌liquid‌ ‌fuel‌‌supplied‌‌to‌‌the‌‌anode‌‌providing‌‌ample‌‌evaporative‌‌cooling.‌‌Therefore,‌‌the‌‌                           

primary‌ ‌function‌ ‌of‌ ‌thermal‌ ‌management‌ ‌here‌ ‌is‌ ‌to‌ ‌enable‌ ‌reactant‌ ‌and‌ ‌water‌ ‌recycling.‌ ‌ 

As‌ ‌altitude‌ ‌is‌ ‌increased‌ ‌the‌ ‌ability‌ ‌of‌ ‌the‌ ‌ambient‌ ‌air‌ ‌to‌ ‌remove‌ ‌heat‌ ‌from‌ ‌the‌ ‌system‌ ‌is‌‌                                 

improved‌‌per‌‌unit‌‌mass.‌‌However,‌‌the‌‌heat‌‌transfer‌‌ability‌‌of‌‌the‌‌heat‌‌exchanger‌‌is‌‌reduced.‌‌                             

Therefore,‌ ‌a‌ ‌larger‌ ‌heat‌ ‌transfer‌ ‌surface‌ ‌area‌ ‌is‌ ‌required‌ ‌to‌ ‌dissipate‌ ‌the‌ ‌same‌ ‌heat‌ ‌load‌ ‌at‌‌                               

high‌ ‌altitude‌ ‌compared‌ ‌to‌ ‌at‌ ‌sea‌ ‌level.‌ ‌ 

‌ 

‌ 

‌ 
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Chapter‌ ‌8‌ Dynamic‌ ‌Modelling‌ ‌ 
‌ 

‌ 

8.1‌ Overview‌ ‌of‌ ‌Previous‌ ‌Chapters‌ ‌ 

8.1.1‌ Aircraft‌ ‌Submodel‌ ‌-‌ ‌Chapter‌ ‌2‌ ‌ 

In‌ ‌Chapter‌ ‌2,‌ ‌a‌ ‌predictive‌ ‌aircraft‌ ‌model‌ ‌was‌ ‌developed‌ ‌in‌ ‌conjunction‌ ‌with‌ ‌atmospheric‌‌                         

models‌ ‌for‌ ‌both‌ ‌temperature‌ ‌and‌ ‌pressure.‌ ‌The‌ ‌work‌ ‌carried‌ ‌out‌ ‌on‌ ‌the‌ ‌predictive‌ ‌aircraft‌‌                           

model‌ ‌was‌ ‌published‌ ‌as‌ ‌an‌ ‌SAE‌ ‌Technical‌ ‌Paper‌ ‌in‌ ‌2017‌ ‌[1].‌ ‌ 

The‌‌rate‌‌of‌‌aircraft‌‌electrification‌‌has‌‌been‌‌shown‌‌to‌‌be‌‌growing.‌‌Combined‌‌with‌‌increasing‌‌                           

environmental‌ ‌pressures‌ ‌a‌ ‌model‌ ‌was‌ ‌developed‌ ‌to‌ ‌enable‌ ‌efficient‌ ‌preliminary‌ ‌design‌‌                     

decisions‌‌on‌‌fuel‌‌cell‌‌systems‌‌for‌‌aeronautical‌‌applications,‌‌a‌‌predictive‌‌tool‌‌was‌‌constructed‌‌                         

to‌ ‌quickly‌ ‌estimate‌ ‌the‌ ‌peak‌ ‌electrical‌ ‌demand‌ ‌of‌ ‌the‌ ‌user's‌ ‌aircraft.‌ ‌ 

Fifteen‌ ‌aircraft‌ ‌categories‌ ‌have‌ ‌been‌ ‌defined‌ ‌based‌ ‌on‌ ‌the‌ ‌aircrafts‌ ‌primary‌ ‌function‌ ‌and‌‌                         

propulsion‌‌method.‌‌A‌‌model‌‌was‌‌then‌‌developed‌‌which‌‌can‌‌predict‌‌the‌‌electrical‌‌generation‌‌                         

capability‌ ‌and‌ ‌propulsive‌ ‌requirements.‌ ‌Validating‌ ‌the‌ ‌categorisation‌ ‌model‌ ‌against‌ ‌real‌‌                   

aircraft‌ ‌data‌ ‌showed‌ ‌a‌ ‌good‌ ‌correlation‌ ‌between‌ ‌the‌ ‌real‌ ‌and‌ ‌modelled‌ ‌data.‌ ‌Generally,‌ ‌an‌‌                           

error‌ ‌of‌ ‌less‌ ‌than‌ ‌5%‌ ‌was‌‌obtained‌‌by‌‌the‌‌model.‌‌Certain‌‌instances,‌‌higher‌‌than‌‌this‌‌cut-off‌‌                               

percentage‌ ‌arose‌ ‌when‌ ‌the‌ ‌model‌ ‌was‌ ‌based‌ ‌on‌ ‌a‌ ‌small‌ ‌dataset.‌ ‌ 

Variation‌‌of‌‌atmospheric‌‌properties‌‌with‌‌altitude‌‌which‌‌could‌‌affect‌‌the‌‌performance‌‌of‌‌a‌‌fuel‌‌                           

cell‌‌system‌‌were‌‌given‌‌according‌‌to‌‌the‌‌International‌‌Standard‌‌Atmosphere‌‌(ISA)‌‌along‌‌with‌‌                         

MIL-HDBK-310‌ ‌Hot‌ ‌and‌ ‌MIL-HDBK-310‌ ‌Cold.‌ ‌The‌ ‌atmospheric‌ ‌models‌ ‌provided‌ ‌by‌‌                   

MIL-HDBK-310‌ ‌gave‌ ‌the‌ ‌extremes‌ ‌of‌ ‌both‌ ‌hot‌ ‌and‌ ‌cold‌ ‌environments.‌ ‌ 

‌ 

‌ 

‌ 
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8.1.2‌ Fuel‌ ‌Cell‌ ‌Submodel‌ ‌-‌ ‌Chapter‌ ‌4‌ ‌ 

Creation‌ ‌of‌ ‌a‌ ‌validated‌ ‌electrical‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌model‌ ‌has‌ ‌been‌ ‌detailed‌ ‌step-by-step‌ ‌in‌‌                           

Chapter‌ ‌4.‌ ‌Importance‌ ‌of‌ ‌the‌ ‌thermodynamic‌ ‌reversible‌ ‌voltage,‌ ‌ was‌ ‌discussed‌ ‌in‌‌                V 0 HHV        

relation‌ ‌to‌ ‌the‌ ‌modelling‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌electrical‌ ‌behaviour.‌ 

Primary‌ ‌fuel‌ ‌cell‌ ‌irreversibilities:‌ ‌activation,‌ ‌fuel‌ ‌crossover,‌‌ohmic‌‌and‌‌mass‌‌transport‌‌have‌‌                       

been‌ ‌defined,‌ ‌both‌ ‌theoretically‌ ‌and‌ ‌empirically.‌ ‌An‌ ‌empirical‌ ‌form‌ ‌of‌ ‌the‌‌Nernst‌‌equation‌‌                         

was‌‌used‌‌to‌‌predict‌‌the‌‌performance‌‌of‌‌both‌‌a‌‌single‌‌cell‌‌Polymer‌‌Electrolyte‌‌Membrane‌‌Fuel‌‌                             

Cell‌ ‌(PEMFC)‌ ‌and‌ ‌Direct‌ ‌Methanol‌ ‌Fuel‌ ‌Cell‌ ‌(DMFC).‌ ‌The‌ ‌model‌ ‌results‌ ‌were‌ ‌validated‌‌                         

against‌ ‌experimental‌ ‌data‌ ‌for‌ ‌both‌ ‌fuel‌ ‌cell‌ ‌technologies.‌ ‌Root‌ ‌mean‌ ‌square‌ ‌errors‌ ‌in‌ ‌the‌‌                           

predicted‌ ‌real‌ ‌cell‌ ‌voltage‌ ‌were‌ ‌9.52‌ ‌mV‌ ‌and‌ ‌8.72‌ ‌mV‌ ‌for‌ ‌the‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌‌                             

respectively.‌ ‌ 

8.1.3‌ Anode‌ ‌Submodel‌ ‌-‌ ‌Chapter‌ ‌5‌ ‌ 

It‌‌has‌‌been‌‌shown‌‌that‌‌anode‌‌subsystem‌‌specific‌‌energy‌‌and‌‌energy‌‌density‌‌both‌‌improve‌‌for‌‌                             

hydrogen‌ ‌as‌‌the‌‌storage‌‌pressure‌‌is‌‌increased,‌‌cylinder‌‌type‌‌advanced‌‌and‌‌with‌‌liquefaction.‌‌                         

A‌ ‌similar‌ ‌trend‌ ‌has‌ ‌also‌ ‌been‌ ‌shown‌ ‌with‌‌methanol‌‌storage‌‌with‌‌increasing‌‌specific‌‌energy‌‌                           

and‌ ‌energy‌ ‌density‌ ‌with‌ ‌increasing‌ ‌methanol‌ ‌concentration.‌ ‌ 

A‌ ‌case‌ ‌study‌ ‌was‌ ‌carried‌ ‌out‌ ‌to‌ ‌determine‌ ‌whether‌ ‌a‌‌single‌‌or‌‌multi‌‌tank‌‌methanol‌‌storage‌‌                               

solution‌ ‌would‌ ‌be‌ ‌optimal‌ ‌for‌ ‌a‌ ‌DMFC‌ ‌anode‌ ‌feed‌ ‌system.‌ ‌It‌ ‌was‌ ‌found‌ ‌that‌ ‌although‌‌the‌‌                               

performance‌ ‌of‌ ‌the‌ ‌single‌ ‌tank‌ ‌system‌ ‌improved‌ ‌dramatically‌ ‌with‌ ‌increasing‌ ‌methanol‌‌                     

concentration,‌ ‌the‌ ‌twin‌ ‌tank‌ ‌design‌ ‌case‌ ‌always‌ ‌had‌ ‌higher‌ ‌specific‌ ‌energy‌ ‌and‌ ‌energy‌‌                         

density‌ ‌at‌ ‌the‌ ‌same‌ ‌inlet‌ ‌feed‌ ‌concentration.‌ ‌ 

Finally,‌‌hydrogen‌‌and‌‌methanol‌‌storage‌‌solutions‌‌were‌‌directly‌‌compared,‌‌Figure‌‌8.1.‌‌Liquid‌‌                       

Hydrogen‌ ‌(LH‌2‌)‌ ‌was‌ ‌found‌ ‌to‌ ‌be‌‌the‌‌most‌‌energy‌‌dense‌‌fuel‌‌cell‌‌fuel‌‌storage‌‌configuration‌‌                             

considered.‌ ‌However,‌ ‌pure‌ ‌and‌ ‌high‌ ‌concentration‌ ‌methanol‌ ‌storage‌ ‌both‌ ‌showed‌ ‌similar‌‌                     

performance‌ ‌to‌ ‌those‌ ‌for‌ ‌LH‌2‌ ‌and‌ ‌compressed‌ ‌gaseous‌ ‌hydrogen.‌ ‌Given‌ ‌that‌ ‌the‌ ‌material‌‌                         

properties‌ ‌favoured‌ ‌methanol‌ ‌from‌ ‌a‌ ‌cost‌ ‌and‌ ‌ease‌ ‌of‌ ‌storage‌ ‌perspective,‌ ‌the‌ ‌potential‌‌                         

benefits‌ ‌of‌ ‌DMFCs‌ ‌over‌ ‌PEMFCS‌ ‌for‌ ‌aviation‌ ‌have‌ ‌been‌ ‌shown.‌ ‌ 
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‌ 

Figure‌ ‌8.1:‌ ‌Specific‌ ‌energy‌ ‌and‌ ‌energy‌ ‌density‌ ‌averages‌ ‌for‌ ‌commercial‌ ‌hydrogen‌ ‌and‌‌                       

methanol‌ ‌storage‌ ‌subsystems‌ ‌[2-7]‌ ‌ 

8.1.4‌ Cathode‌ ‌Submodel‌ ‌-‌ ‌Chapter‌ ‌6‌ ‌ 

Key‌ ‌design‌ ‌considerations‌ ‌for‌ ‌both‌ ‌air-breathing‌ ‌and‌‌air-independant‌‌cathode‌‌systems‌‌were‌‌                     

discussed,‌ ‌primarily‌ ‌the‌ ‌compressor‌‌design‌‌for‌‌an‌‌air-breathing‌‌system‌‌and‌‌consideration‌‌of‌‌                       

oxygen‌ ‌storage‌ ‌method‌ ‌for‌ ‌air-independent‌ ‌systems.‌ ‌How‌ ‌these‌ ‌considerations‌ ‌relate‌ ‌to‌‌                     

system‌ ‌gravimetric‌ ‌and‌ ‌volumetric‌ ‌efficiencies‌ ‌have‌ ‌also‌ ‌been‌ ‌discussed.‌ ‌ 

It‌ ‌was‌ ‌shown‌ ‌that‌ ‌for‌ ‌air-independent‌ ‌systems,‌‌the‌‌most‌‌efficient‌‌method‌‌of‌‌storing‌‌oxygen‌‌                           

both‌‌in‌‌terms‌‌of‌‌mass‌‌and‌‌volume‌‌is‌‌in‌‌a‌‌liquified‌‌state.‌‌It‌‌was‌‌also‌‌shown‌‌that‌‌the‌‌difference‌‌                                     

in‌ ‌storage‌ ‌efficiency‌ ‌between‌ ‌liquefied‌ ‌oxygen‌ ‌and‌ ‌high-pressure‌ ‌compressed‌ ‌gaseous‌‌                   

storage‌ ‌was‌ ‌less‌ ‌extreme‌ ‌than‌ ‌that‌ ‌previously‌ ‌demonstrated‌ ‌for‌ ‌hydrogen.‌ ‌ 

‌ 

‌ 
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A‌ ‌hypothesis‌ ‌was‌ ‌made‌ ‌and‌ ‌proven‌ ‌that‌ ‌combining‌ ‌elements‌ ‌from‌ ‌both‌ ‌air-breathing‌ ‌and‌‌                         

air-independent‌‌systems‌‌into‌‌a‌‌hybrid‌‌semi-independent‌‌system‌‌might‌‌lead‌‌to‌‌gravimetric‌‌and‌‌                       

volumetric‌ ‌efficiency‌ ‌gains.‌ ‌The‌ ‌results‌ ‌yielded‌ ‌from‌ ‌this‌ ‌investigation‌ ‌showed‌ ‌that‌‌                     

incorporating‌ ‌onboard‌ ‌oxygen‌ ‌storage‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌LO‌2‌ ‌(air-independent)‌ ‌into‌ ‌an‌‌                       

air-breathing‌ ‌design‌ ‌would‌ ‌lead‌ ‌to‌ ‌improvements‌ ‌in‌ ‌efficiency‌ ‌for‌‌high‌‌altitude‌‌flights.‌‌For‌‌                         

very‌ ‌short‌ ‌flight‌ ‌times,‌ ‌a‌ ‌fully‌ ‌air-independent‌ ‌system‌ ‌was‌ ‌shown‌ ‌to‌ ‌offer‌ ‌both‌ ‌mass‌ ‌and‌‌                             

space‌ ‌savings.‌ ‌ 

Given‌ ‌the‌ ‌additional‌ ‌mission‌ ‌flexibility‌ ‌and‌ ‌performance‌ ‌improvements‌ ‌garnered‌ ‌from‌ ‌the‌‌                     

inclusion‌ ‌of‌ ‌onboard‌ ‌oxygen‌ ‌to‌ ‌supplement‌ ‌the‌ ‌cathode‌ ‌supply‌ ‌to‌ ‌a‌ ‌fuel‌ ‌cell,‌ ‌it‌ ‌is‌ ‌the‌‌                               

recommendation‌ ‌of‌ ‌this‌ ‌work‌ ‌that‌ ‌any‌ ‌mid‌ ‌to‌ ‌large‌ ‌scale‌ ‌fuel‌ ‌cell‌‌integration‌‌effort‌‌should‌‌                             

include‌ ‌a‌ ‌hybrid‌ ‌semi-independent‌‌cathode‌‌design.‌‌This‌‌will‌‌enable‌‌flexibility‌‌for‌‌operation‌‌                       

at‌ ‌higher‌ ‌altitudes‌ ‌as‌ ‌well‌ ‌as‌ ‌the‌ ‌ability‌ ‌to‌ ‌artificially‌ ‌boost‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌by‌‌                               

operating‌ ‌an‌ ‌oxygen‌ ‌rich‌ ‌cathode.‌ ‌ 

8.1.5‌ Thermal‌ ‌Management‌ ‌Submodel‌ ‌-‌ ‌Chapter‌ ‌7‌ ‌ 

Simplified‌ ‌modelling‌‌strategies‌‌have‌‌been‌‌developed‌‌for‌‌both‌‌air-cooling‌‌and‌‌liquid-cooling‌‌                     

scenarios.‌‌These‌‌were‌‌both‌‌based‌‌on‌‌the‌‌assumption‌‌that‌‌the‌‌fuel‌‌cell‌‌stack‌‌can‌‌be‌‌treated‌‌as‌‌a‌‌                                   

single‌ ‌control‌ ‌volume‌ ‌and‌ ‌used‌ ‌average‌ ‌stack‌ ‌thermal‌ ‌properties.‌ ‌ 

The‌ ‌current‌ ‌status‌ ‌and‌ ‌primary‌ ‌function‌ ‌of‌ ‌direct‌ ‌methanol‌ ‌fuel‌ ‌cell‌ ‌thermal‌ ‌management‌‌                         

systems‌ ‌has‌ ‌been‌ ‌identified.‌ ‌In‌ ‌general,‌ ‌the‌ ‌literature‌ ‌does‌ ‌not‌ ‌suggest‌ ‌any‌ ‌active‌ ‌thermal‌‌                           

management‌‌strategy‌‌for‌‌this‌‌fuel‌‌cell‌‌technology‌‌other‌‌than‌‌the‌‌initial‌‌fuel‌‌cell‌‌stack‌‌design‌‌                             

and‌‌operating‌‌envelope.‌‌This‌‌is‌‌because,‌‌in‌‌most‌‌cases‌‌their‌‌temperature‌‌is‌‌self-regulating‌‌due‌‌                           

to‌ ‌the‌ ‌liquid‌ ‌fuel‌‌supplied‌‌to‌‌the‌‌anode‌‌providing‌‌ample‌‌evaporative‌‌cooling.‌‌Therefore,‌‌the‌‌                           

primary‌ ‌function‌ ‌of‌ ‌thermal‌ ‌management‌ ‌here‌ ‌is‌ ‌to‌ ‌enable‌ ‌reactant‌ ‌and‌ ‌water‌ ‌recycling.‌ ‌ 

As‌ ‌altitude‌ ‌is‌ ‌increased‌ ‌the‌ ‌ability‌ ‌of‌ ‌the‌ ‌ambient‌ ‌air‌ ‌to‌ ‌remove‌ ‌heat‌ ‌from‌ ‌the‌ ‌system‌ ‌is‌‌                                 

improved‌‌per‌‌unit‌‌mass.‌‌However,‌‌the‌‌heat‌‌transfer‌‌ability‌‌of‌‌the‌‌heat‌‌exchanger‌‌is‌‌reduced.‌‌                             

Therefore,‌ ‌a‌ ‌larger‌ ‌heat‌ ‌transfer‌ ‌surface‌ ‌area‌ ‌is‌ ‌required‌ ‌to‌ ‌dissipate‌ ‌the‌ ‌same‌ ‌heat‌ ‌load‌ ‌at‌‌                               

altitude‌ ‌compared‌ ‌to‌ ‌at‌ ‌sea‌ ‌level.‌ ‌ 

‌ 



158‌ ‌ 

8.2‌ Additional‌ ‌Submodels‌ ‌ 

8.2.1‌ Battery‌ ‌Model‌ ‌ 

High‌ ‌specific‌ ‌energy‌ ‌fuel‌ ‌cell‌ ‌systems‌ ‌have‌ ‌already‌ ‌been‌ ‌shown‌ ‌to‌ ‌be‌ ‌essential‌ ‌for‌‌                           

aeronautical‌ ‌applications.‌ ‌However,‌‌in‌‌some‌‌cases‌‌the‌‌relatively‌‌poor‌‌specific‌‌power‌‌of‌‌fuel‌‌                         

cells‌ ‌compared‌ ‌to‌ ‌alternative‌ ‌electrical‌ ‌power‌ ‌providers,‌ ‌batteries‌ ‌and‌ ‌capacitors‌ ‌calls‌ ‌for‌‌                       

some‌‌form‌‌of‌‌hybridised‌‌system.‌‌Chao,‌‌C‌‌H.‌‌[8]‌‌gives‌‌an‌‌excellent‌‌comparison‌‌of‌‌the‌‌relative‌‌                               

specific‌ ‌energy‌ ‌and‌ ‌specific‌ ‌power‌ ‌of‌ ‌the‌ ‌main‌ ‌technology‌ ‌options‌ ‌Figure‌ ‌8.2.‌ ‌ 

‌ 

Figure‌ ‌8.2:‌ ‌Specific‌ ‌Energy‌ ‌vs.‌ ‌Specific‌ ‌Power‌ ‌for‌ ‌various‌ ‌energy‌ ‌storage‌ ‌technologies,‌‌                       

including‌ ‌fuel‌ ‌cells‌ ‌and‌ ‌advanced‌ ‌Li-ion‌ ‌batteries‌ ‌[8]‌ ‌reproduced‌ ‌with‌ ‌permission‌ ‌from‌‌                       

Elsevier‌ ‌(Licence:‌ ‌4927150372144)‌ ‌ 

‌ 

‌ 
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A‌‌“Lithium-Ion‌‌Temperature‌‌Dependent‌‌Battery‌‌Model”‌‌[9]‌‌built‌‌into‌‌MATLAB®‌‌Simulink‌‌                     

was‌ ‌adapted‌ ‌and‌ ‌used‌ ‌for‌ ‌battery‌ ‌simulations.‌ ‌This‌ ‌model‌ ‌provides‌ ‌an‌ ‌experimentally‌‌                       

validated‌‌method‌‌of‌‌simulating‌‌a‌‌battery's‌‌charge‌‌and‌‌discharge‌‌characteristics‌‌under‌‌varying‌‌                       

temperatures‌‌[9].‌‌The‌‌model‌‌is‌‌based‌‌on‌‌an‌‌equivalent‌‌circuit‌‌with‌‌multiple‌‌laplace‌‌functions‌‌                           

to‌‌represent‌‌the‌‌various‌‌compatible‌‌battery‌‌chemistries‌‌and‌‌discharge‌‌characteristics‌‌obtained‌‌                     

from‌ ‌manufacturer’s‌ ‌published‌ ‌data.‌ ‌Model‌ ‌assumptions‌ ‌include‌ ‌[9]:‌ ‌ 

● Minimum‌ ‌battery‌ ‌potential‌ ‌is‌ ‌0‌ ‌V‌ ‌ 

● Discharging‌ ‌and‌ ‌charging‌ ‌characteristics‌ ‌are‌ ‌assumed‌ ‌to‌ ‌be‌ ‌equal‌ ‌ 

● Peukert‌ ‌effect,‌ ‌capacity‌ ‌change‌ ‌with‌ ‌current‌ ‌amplitude‌ ‌is‌ ‌ignored‌ ‌ 

● Batteries‌ ‌have‌ ‌no‌ ‌self-discharge‌ ‌or‌ ‌memory‌ ‌effects‌ ‌ 

Significant‌‌advances‌‌are‌‌being‌‌made‌‌every‌‌year‌‌in‌‌the‌‌field‌‌of‌‌lithium-ion‌‌battery‌‌technology‌‌                           

however,‌ ‌the‌ ‌technology‌ ‌chosen‌ ‌for‌ ‌simulation‌ ‌was‌ ‌Lithium‌‌Cobalt‌‌Oxide‌‌(LiCoO‌2‌)‌‌as‌‌this‌‌                         

chemistry‌ ‌has‌ ‌been‌ ‌proven‌ ‌safe‌ ‌for‌ ‌aviation‌ ‌in‌‌the‌‌Boeing‌‌787‌‌[10].‌‌The‌‌specific‌‌energy‌‌of‌‌                               

this‌ ‌battery‌ ‌technology‌ ‌was‌ ‌taken‌ ‌as‌ ‌155‌ ‌Wh/kg‌ ‌[11]‌ ‌and‌ ‌an‌ ‌energy‌‌density‌‌assumed‌‌to‌‌be‌‌                               

240‌ ‌Wh/litre.‌ ‌ 

Atmospheric‌ ‌temperature‌ ‌variation‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌changing‌‌altitude‌‌was‌‌used‌‌as‌‌the‌‌input‌‌to‌‌                             

the‌‌temperature‌‌dependent‌‌battery‌‌model‌‌as‌‌shown‌‌by‌‌Figure‌‌8.3.‌‌The‌‌user‌‌was‌‌able‌‌to‌‌select‌‌                               

which‌ ‌atmospheric‌ ‌model,‌ ‌from‌ ‌ISA‌ ‌and‌ ‌MIL-HDBK-310‌ ‌Hot/Cold‌ ‌the‌ ‌temperature‌‌                   

variation‌ ‌was‌ ‌based‌ ‌on.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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Figure‌ ‌8.3:‌ ‌Matlab®‌ ‌Simulink‌ ‌battery‌ ‌submodel‌ ‌showing‌ ‌the‌ ‌integration‌ ‌of‌ ‌atmospheric‌‌                     

temperature‌ ‌variation‌ ‌and‌ ‌output‌ ‌links‌ ‌ 

8.2.2‌ Submodel‌ ‌Integration‌ ‌ 

Power‌ ‌electronics‌ ‌interlink‌ ‌between‌ ‌fuel‌ ‌cell‌ ‌and‌‌battery‌‌assumed‌‌to‌‌be‌‌an‌‌dual‌‌ideal‌‌diode‌‌                             

powerpath‌‌controller,‌‌a‌‌form‌‌of‌‌parallel‌‌hybridisation‌‌[12].‌‌This‌‌utilises‌‌the‌‌theory‌‌of‌‌natural‌‌                           

balancing,‌ ‌where‌ ‌the‌ ‌higher‌ ‌voltage‌ ‌supply‌ ‌supplies‌ ‌the‌ ‌initial‌ ‌load.‌ ‌As‌ ‌the‌ ‌voltage‌ ‌of‌ ‌the‌‌                             

primary‌‌supply‌‌(fuel‌‌cell)‌‌drops‌‌(polarisation‌‌curve)‌‌the‌‌voltage‌‌will‌‌balance‌‌with‌‌that‌‌of‌‌the‌‌                             

secondary‌‌power‌‌source‌‌(battery).‌‌From‌‌this‌‌point,‌‌both‌‌the‌‌fuel‌‌cell‌‌and‌‌battery‌‌will‌‌supply‌‌                             

the‌ ‌load‌‌(with‌‌equal‌‌and‌‌‘balanced’‌‌voltage).‌‌This‌‌link‌‌is‌‌represented‌‌by‌‌the‌‌red‌‌dashed‌‌line‌‌                               

between‌ ‌the‌ ‌two‌ ‌bus‌ ‌bars‌ ‌of‌ ‌Figure‌ ‌8.4.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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Figure‌ ‌8.4:‌ ‌Simplified‌ ‌schematic‌ ‌for‌ ‌MATLAB®‌ ‌Simulink‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌model.‌‌                       

Fuel‌ ‌cell‌ ‌and‌ ‌battery‌ ‌assumed‌ ‌to‌ ‌be‌ ‌interlinked‌ ‌with‌ ‌a‌ ‌dual‌ ‌ideal‌ ‌diode‌ ‌powerpath‌ ‌controller.‌ ‌ 

The‌‌model‌‌schematic‌‌(Figure‌‌8.4)‌‌also‌‌shows‌‌the‌‌dependence‌‌of‌‌each‌‌submodel‌‌on‌‌the‌‌other,‌‌                             

represented‌ ‌by‌ ‌double-headed‌ ‌arrows.‌ ‌A‌ ‌key‌ ‌novel‌ ‌aspect‌ ‌of‌ ‌this‌ ‌model‌ ‌in‌ ‌comparison‌ ‌to‌‌                           

others‌‌in‌‌the‌‌literature‌‌[13-23]‌‌is‌‌the‌‌deep‌‌integration‌‌of‌‌the‌‌dependence‌‌on‌‌ambient‌‌operating‌‌                             

conditions.‌ ‌This‌ ‌is‌ ‌of‌ ‌vital‌ ‌importance‌ ‌for‌ ‌an‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌integration‌ ‌into‌ ‌an‌ ‌aircraft‌‌                             

designed‌ ‌to‌ ‌operate‌ ‌at‌ ‌elevated‌ ‌altitudes.‌ ‌ 

8.3‌ Model‌ ‌Calibration‌ ‌ 

A‌ ‌full‌ ‌cell‌ ‌equation‌ ‌(Equation‌ ‌8.1)‌ ‌was‌ ‌derived‌ ‌in‌ ‌Chapter‌ ‌4‌ ‌by‌ ‌combining‌ ‌the‌ ‌effects‌ ‌of‌‌                               

reactant‌ ‌concentration,‌ ‌pressure,‌ ‌temperature‌ ‌and‌ ‌validated‌ ‌irreversibilities‌ ‌on‌ ‌the‌‌                 

temperature‌ ‌dependent‌ ‌reversible‌ ‌thermodynamic‌ ‌voltage‌ ‌[24-26].‌ ‌Experimental‌ ‌data‌ ‌was‌‌                 

obtained‌ ‌for‌ ‌both‌ ‌a‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌ ‌calibrating‌ ‌the‌ ‌model.‌ ‌ 
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Where:‌ ‌ 

‌ 

‌ 

‌ 

‌ln ln  V c = zF
Δg  + zF

RT (ΠcM
products

ΠcM
reactants) + 4F

RT ( p1

p2 ) + zF
ΔsT (T )− T 0 −  

‌ln Ω exp  − RT
zαF ( i0

i + in ) − i − x (yi)  
(8.1)‌ 

‌c    -‌  Concentration‌ ‌of‌ ‌species‌ ‌in‌ ‌reaction‌ ‌(mol/dm‌3‌)‌ ‌ 

‌F   -‌  Faraday‌ ‌constant‌ ‌(96,485‌ ‌C/mol)‌ ‌ 

‌gΔ     -‌  Absolute‌ ‌Gibbs‌ ‌free‌ ‌energy‌ ‌change‌ ‌(J/mol)‌ ‌ 

i   -‌  Current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌i0    -‌  Exchange‌ ‌current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌in    -‌  Internal‌ ‌current‌ ‌density‌ ‌(A/cm‌2‌)‌ ‌ 

‌p1    -‌  Initial‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌p2    -‌  Final‌ ‌system‌ ‌pressure‌ ‌(Pa)‌ ‌ 

‌R   -‌  Universal‌ ‌gas‌ ‌constant‌ ‌(8.314‌ ‌J/molK)‌ ‌ 

‌sΔ T   -‌  Absolute‌ ‌entropy‌ ‌change‌ ‌at‌ ‌temperature‌ ‌“T”‌ ‌(J/mol.K)‌ ‌ 

‌T   -‌  Temperature‌ ‌(K)‌ ‌ 

‌T 0    -‌  Reference‌ ‌temperature‌ ‌(25℃‌ ‌/‌ ‌298.15‌ ‌K)‌ ‌ 

‌V c    -‌  Cell‌ ‌potential‌ ‌(V)‌ ‌ 

‌x   -‌  Mass‌ ‌transport‌ ‌loss‌ ‌empirical‌ ‌constant‌ ‌1‌ ‌(V)‌ ‌ 

‌y   -‌  Mass‌ ‌transport‌ ‌loss‌ ‌empirical‌ ‌constant‌ ‌2‌ ‌(cm‌2‌/A)‌ ‌ 

‌z   -‌  Number‌ ‌of‌ ‌electrons‌ ‌transferred‌ ‌per‌ ‌mole‌ ‌of‌ ‌fuel‌ ‌ 

α   -‌  Charge‌ ‌transfer‌ ‌coefficient‌ ‌ 

‌Ω   -‌  Area‌ ‌specific‌ ‌resistance‌ ‌(Ωcm‌2‌)‌ ‌ 



163‌ ‌ 

Literature‌ ‌derived‌ ‌[24-27]‌ ‌ranges‌ ‌were‌ ‌used‌ ‌as‌ ‌the‌ ‌starting‌ ‌point‌ ‌for‌ ‌the‌ ‌iterative‌‌                         

determination‌‌of‌‌fit‌‌parameters‌‌for‌‌the‌‌full‌‌cell‌‌equation‌‌(Equation‌‌8.1).‌‌These‌‌starting‌‌points‌‌                           

were:‌ ‌ ,‌ ‌ ,‌ ‌ ,‌‌  .0E → 6.7E  A cm  i0  = 3 6− 5− / 2   .003 → 0.02 A cm  in  = 0 / 2   .01 → 0.245 ΩcmΩ = 0 2  

,‌‌ ,‌‌and‌‌ .‌‌It‌‌is‌‌expected‌‌that‌‌the‌‌values‌‌required‌‌to‌‌fit‌‌.0E  Vx = 3 4−   .45 cm A  y = 9 2/      → 1α = 0                    

the‌‌experimental‌‌data‌‌may‌‌differ‌‌slightly‌‌from‌‌these‌‌ranges‌‌due‌‌in‌‌part‌‌to‌‌the‌‌age‌‌of‌‌available‌‌                                 

references‌ ‌and‌ ‌the‌ ‌experimental‌ ‌nature‌ ‌of‌ ‌the‌ ‌tested‌ ‌fuel‌ ‌cells.‌ ‌ 

8.3.1‌ Experimental‌ ‌Method‌ ‌ 

Membrane‌ ‌Electrode‌ ‌Assemblies‌ ‌(MEA)‌ ‌were‌ ‌manufactured‌ ‌for‌ ‌both‌ ‌operation‌ ‌with‌‌                   

hydrogen‌ ‌(PEMFC)‌ ‌and‌ ‌methanol‌ ‌(DMFC).‌ ‌A‌‌MEA‌‌typically‌‌consists‌‌of‌‌seven‌‌layers:‌‌two‌‌                         

Gas‌ ‌Diffusion‌ ‌Layers‌ ‌(GDL),‌ ‌two‌ ‌MicroPorous‌ ‌Layers‌ ‌(MPL),‌ ‌two‌ ‌catalyst‌ ‌layers‌ ‌and‌ ‌a‌‌                         

membrane.‌‌The‌‌arrangement‌‌of‌‌these‌‌layers‌‌in‌‌a‌‌complete‌‌MEA‌‌is‌‌shown‌‌in‌‌Figure‌‌8.5.‌‌It‌‌is‌‌                                 

also‌‌common‌‌practice‌‌to‌‌refer‌‌to‌‌the‌‌sub-assembly‌‌of‌‌GDL,‌‌MPL‌‌and‌‌catalyst‌‌layer‌‌as‌‌a‌‌Gas‌‌                                 

Diffusion‌ ‌Electrode‌ ‌(GDE).‌ ‌ 

‌ 

Figure‌ ‌8.5:‌ ‌Arrangement‌ ‌of‌ ‌a‌ ‌seven-layer‌ ‌membrane‌ ‌electrode‌ ‌assembly‌ ‌ 

A‌ ‌commercially‌ ‌available‌ ‌GDE‌ ‌with‌ ‌a‌ ‌catalyst‌ ‌loading‌ ‌of‌ ‌0.50‌ ‌mg/cm‌2‌ ‌60‌ ‌wt%‌ ‌Pt/C‌‌                           

(FuelCellStore.com‌‌1610004)‌‌was‌‌used‌‌for‌‌both‌‌the‌‌anode‌‌and‌‌cathode‌‌of‌‌the‌‌PEMFC‌‌MEA‌‌                           

and‌ ‌the‌ ‌cathode‌ ‌of‌ ‌the‌ ‌DMFC‌ ‌MEA.‌ ‌A‌ ‌novel‌ ‌platinum‌ ‌nickel‌ ‌titanate‌ ‌(Pt.NiTiO‌3‌)‌ ‌catalyst‌‌                           

was‌‌used‌‌on‌‌the‌‌DMFC‌‌anode‌‌GDE‌‌as‌‌it‌‌has‌‌been‌‌shown‌‌to‌‌offer‌‌increased‌‌performance‌‌over‌‌                                 

traditional‌ ‌catalysts‌ ‌[28-30].‌ ‌Due‌ ‌to‌ ‌its‌ ‌novel‌ ‌nature,‌ ‌the‌ ‌DMFC‌ ‌anode‌ ‌GDE‌ ‌had‌ ‌to‌ ‌be‌‌                             

manufactured‌ ‌in-house.‌ ‌ 

‌ 
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Anode‌‌catalyst‌‌ink‌‌was‌‌prepared‌‌using‌‌Pt.NiTiO‌3‌/C‌‌novel‌‌catalyst‌‌powder,‌‌manufactured‌‌by‌‌                       

PSG‌ ‌College‌ ‌of‌ ‌Technology,‌ ‌India‌ ‌as‌ ‌per‌ ‌Thiagarajan‌‌et‌‌al.‌‌using‌‌the‌‌wet‌‌chemical‌‌method‌‌                             

[29]‌ ‌with‌ ‌a‌ ‌mass‌‌breakdown‌‌of‌‌40%‌‌platinum,‌‌20%‌‌NiTiO‌3‌ ‌and‌‌40%‌‌carbon‌‌support,‌‌water‌‌                             

based‌ ‌D1021‌ ‌Nafion‌TM‌‌ ‌ionomer‌ ‌dispersion‌ ‌and‌ ‌IsoPropyl‌ ‌Alcohol‌ ‌(IPA)‌ ‌≥99.7%‌ ‌solvent.‌ ‌ 

Appropriate‌ ‌quantities‌‌of‌‌each‌‌of‌‌the‌‌catalyst‌‌ink‌‌constituents‌‌were‌‌measured‌‌out‌‌and‌‌added‌‌                           

to‌ ‌a‌ ‌mixing‌ ‌vial‌ ‌in‌ ‌the‌ ‌following‌ ‌order‌ ‌to‌ ‌avoid‌ ‌ignition‌ ‌of‌ ‌the‌ ‌platinum-based‌ ‌catalyst‌‌                             

powder:‌ ‌Catalyst‌ ‌powder‌ ‌→‌ ‌Ionomer‌ ‌→‌ ‌Solvent.‌ ‌The‌ ‌ratios‌ ‌by‌ ‌wet‌ ‌mass‌ ‌used‌ ‌were:‌ ‌3%‌‌                             

catalyst‌ ‌powder,‌ ‌40%‌ ‌ionomer‌ ‌and‌ ‌57%‌ ‌IPA‌ ‌as‌ ‌per‌ ‌[28].‌ ‌ 

The‌ ‌ink‌ ‌mixture‌ ‌was‌ ‌swirled‌ ‌by‌ ‌hand‌ ‌after‌ ‌the‌ ‌addition‌ ‌of‌ ‌the‌ ‌ionomer‌ ‌and‌ ‌before‌ ‌the‌‌                               

addition‌ ‌of‌‌the‌‌IPA‌‌to‌‌ensure‌‌that‌‌all‌‌the‌‌catalyst‌‌powder‌‌had‌‌been‌‌wetted.‌‌The‌‌mixture‌‌was‌‌                                 

then‌ ‌sonicated‌ ‌for‌ ‌120‌ ‌mins‌ ‌using‌ ‌a‌ ‌camlab‌ ‌camSonix‌ ‌C175‌ ‌digital‌ ‌ultrasound‌ ‌bath‌ ‌at‌ ‌a‌‌                             

frequency‌ ‌of‌ ‌37‌ ‌kHz‌ ‌to‌ ‌ensure‌ ‌a‌ ‌colloidal‌ ‌suspension.‌ ‌The‌ ‌sonication‌ ‌time‌‌was‌‌based‌‌on‌‌a‌‌                               

literature‌ ‌survey‌ ‌where‌ ‌two‌ ‌hours‌ ‌was‌ ‌found‌ ‌to‌ ‌be‌ ‌typical‌ ‌[31,32].‌ ‌ 

Catalyst‌ ‌ink‌ ‌was‌ ‌coated‌ ‌onto‌ ‌CeTech‌ ‌carbon‌ ‌cloth‌ ‌with‌ ‌microporous‌ ‌layer‌ ‌GDL‌‌                       

(FuelCellStore.com‌ ‌1595000)‌ ‌using‌ ‌a‌ ‌bar‌ ‌coater‌ ‌at‌ ‌a‌ ‌speed‌ ‌of‌ ‌1.0‌ ‌mm/s.‌ ‌To‌ ‌ensure‌‌                           

consistency,‌ ‌the‌ ‌coating‌ ‌was‌ ‌carried‌ ‌out‌ ‌in‌ ‌a‌ ‌single‌ ‌layer.‌ ‌Single‌ ‌layer‌ ‌coating‌ ‌is‌ ‌also‌‌                             

beneficial‌ ‌from‌ ‌a‌ ‌mass‌ ‌manufacturing‌ ‌perspective‌ ‌as‌ ‌it‌ ‌helps‌ ‌to‌ ‌simplify‌ ‌the‌ ‌process.‌ ‌The‌‌                           

coating‌ ‌Wet-Layer‌ ‌Thickness‌ ‌(WLT)‌ ‌defined‌ ‌by‌ ‌Equation‌ ‌8.2,‌ ‌was‌ ‌used‌ ‌to‌‌obtain‌‌different‌‌                         

platinum‌ ‌loadings,‌ ‌where‌ ‌  ‌is‌ ‌the‌ ‌area‌ ‌density‌ ‌of‌ ‌platinum,‌ ‌commonly‌ ‌given‌ ‌in‌ ‌mg/cm‌2‌.‌ ‌ρP t   

Where:‌ ‌ 

‌ 

‌ 

‌ 

‌LTW = mP t 

T arget P t loading × Ink volume   (8.2)‌ 

‌mP t    -‌  Mass‌ ‌of‌ ‌platinum‌ ‌(kg)‌ ‌ 

‌LTW   -‌  Wet-Layer‌ ‌Thickness‌ ‌(m)‌ ‌ 



165‌ ‌ 

An‌‌oversized‌‌section‌‌of‌‌GDL‌‌was‌‌used‌‌so‌‌that‌‌the‌‌uniformly‌‌coated‌‌middle‌‌section‌‌could‌‌be‌‌                               

used‌‌in‌‌the‌‌assembly‌‌of‌‌the‌‌MEA.‌‌After‌‌coating,‌‌the‌‌catalyst‌‌ink‌‌mixture‌‌was‌‌allowed‌‌to‌‌dry‌‌                                 

for‌ ‌a‌ ‌minimum‌ ‌of‌‌24‌‌hours‌‌in‌‌ambient‌‌conditions.‌‌Once‌‌fully‌‌dry,‌‌the‌‌correct‌‌active‌‌area‌‌of‌‌                                 

GDE‌ ‌was‌ ‌cut‌ ‌out‌‌and‌‌its‌‌mass‌‌measured.‌‌The‌‌difference‌‌in‌‌area‌‌density‌‌between‌‌the‌‌coated‌‌                               

GDE,‌ ‌ ‌and‌ ‌uncoated‌ ‌GDL,‌ ‌ ‌was‌ ‌used‌ ‌to‌ ‌find‌ ‌the‌ ‌final‌ ‌platinum‌ ‌loading‌ ‌using‌‌  ρGDE          ρGDL                     

Equation‌ ‌8.3.‌ ‌ 

Where:‌ ‌ 

Where‌ ‌the‌ ‌percentage‌ ‌of‌ ‌platinum‌ ‌in‌ ‌the‌ ‌dry‌ ‌mix,‌ ‌  ‌was‌ ‌defined‌ ‌by‌ ‌Equation‌ ‌8.4.‌ ‌P t% dry mix  

Where:‌ ‌ 

The‌ ‌mass‌ ‌of‌ ‌the‌ ‌dry‌ ‌ionomer‌‌was‌‌calculated‌‌using‌‌the‌‌“equivalent‌‌dry‌‌density”,‌‌ ‌                          ρdry ionomer  

which‌‌was‌‌deduced‌‌experimentally.‌‌This‌‌was‌‌done‌‌by‌‌pipetting‌‌a‌‌known‌‌quantity‌‌of‌‌Nafion‌TM‌ ‌                           

D1021‌‌Dispersion‌‌liquid‌‌into‌‌a‌‌vial,‌‌allowing‌‌it‌‌to‌‌dry‌‌naturally‌‌and‌‌weighing‌‌the‌‌remaining‌‌                             

solid.‌ ‌Other‌ ‌masses‌ ‌and‌ ‌volumes‌ ‌were‌ ‌measured‌ ‌experimentally.‌ ‌ 

‌ctual P t loading  P tA =   (ρ ρ )GDE  −   GDL × % dry mix   (8.3)‌ 

P t% dry mix   -‌  Percentage‌ ‌of‌ ‌platinum‌ ‌in‌ ‌the‌ ‌dry‌ ‌mix‌ ‌ 

‌ρGDE   -‌  Area‌ ‌density‌ ‌of‌ ‌GDE‌ ‌(kg/m‌2‌)‌ ‌ 

‌ρGDL   -‌  Area‌ ‌density‌ ‌of‌ ‌GDL‌ ‌(kg/m‌2‌)‌ ‌ 

‌P t  % dry mix =
m  × %P t( catalyst powder catalyst powder)

m  +  vol  × ρcatalyst powder ( ionomer dry ionomer)
  (8.4)‌ 

P t% catalyst powder   -‌  Percentage‌ ‌of‌ ‌platinum‌ ‌in‌ ‌the‌ ‌catalyst‌ ‌powder‌ ‌ 

‌P t% dry mix   -‌  Percentage‌ ‌of‌ ‌platinum‌ ‌in‌ ‌the‌ ‌dry‌ ‌mix‌ ‌ 

‌mcatalyst powder   -‌  Mass‌ ‌of‌ ‌catalyst‌ ‌powder‌ ‌(kg)‌ ‌ 

‌volionomer   -‌  Volume‌ ‌of‌ ‌ionomer‌ ‌solution‌ ‌(m‌3‌)‌ ‌ 

‌ρdry ionomer   -‌  Equivalent‌ ‌dry‌ ‌density‌ ‌of‌ ‌ionomer‌ ‌(kg/m‌3‌)‌ ‌ 
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Final‌‌assembly‌‌of‌‌both‌‌the‌‌PEMFC‌‌and‌‌DMFC‌‌MEAs‌‌was‌‌carried‌‌out‌‌by‌‌hot-pressing‌‌under‌‌                             

a‌ ‌pressure‌ ‌of‌ ‌5.0‌ ‌MPa‌ ‌at‌ ‌a‌ ‌temperature‌ ‌of‌ ‌120‌ ‌°C‌ ‌for‌ ‌180‌ ‌s‌ ‌with‌ ‌a‌‌sheet‌‌of‌ ‌Nafion‌TM‌ ‌117‌‌                                       

membrane‌ ‌(FuelCellStore.com‌ ‌591239).‌ ‌Technical‌ ‌specifications‌ ‌for‌ ‌both‌ ‌MEAs‌ ‌are‌‌                 

summarised‌ ‌in‌ ‌Table‌ ‌8.1.‌ ‌ 

Table‌ ‌8.1:‌ ‌Technical‌ ‌specifications‌ ‌for‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌MEAs‌ ‌used‌ ‌in‌ ‌experimental‌ ‌work‌ ‌ 

‌ 

Each‌‌MEA‌‌was‌‌installed‌‌in‌‌the‌‌Scribner‌‌single‌‌cell‌‌test‌‌fixture‌‌and‌‌clamping‌‌bolts‌‌torqued‌‌to‌                               

3‌ ‌Nm‌ ‌as‌ ‌per‌ ‌the‌ ‌manufacturer's‌ ‌instructions.‌ ‌Fuel‌ ‌cell‌ ‌temperature‌ ‌was‌ ‌controlled‌ ‌using‌‌                         

cartridge‌‌heaters‌‌in‌‌each‌‌end‌‌plate‌‌and‌‌a‌‌closed‌‌loop‌‌temperature‌‌controlled.‌‌Electrically‌‌the‌‌                           

fuel‌‌cell‌‌was‌‌connected‌‌to‌‌a‌‌TDI‌‌RBL488‌‌50-150-800‌‌electronic‌‌load,‌‌controlled‌‌digitally‌‌by‌‌                           

in-house‌ ‌National‌‌Instruments‌TM‌ ‌LabVIEW‌‌software.‌‌Pressure‌‌and‌‌temperature‌‌signals‌‌were‌‌                   

logged‌ ‌throughout‌ ‌the‌ ‌tests‌ ‌using‌ ‌the‌ ‌same‌ ‌LabVIEW‌ ‌software.‌ ‌ 

Oxidant,‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌air,‌ ‌was‌ ‌fed‌ ‌via‌ ‌a‌ ‌heater/dehumidifier‌ ‌unit‌ ‌at‌ ‌500‌ ‌ml/min.‌ ‌The‌‌                               

heater/humidifier‌ ‌was‌ ‌set‌ ‌such‌ ‌that‌ ‌the‌ ‌cathode‌ ‌inlet‌ ‌was‌ ‌at‌ ‌60‌ ‌℃‌ ‌and‌ ‌100%‌ ‌Relative‌‌                             

Humidity‌‌(RH).‌‌Hydrogen‌‌fuel‌‌was‌‌fed‌‌to‌‌the‌‌anode‌‌(when‌‌configured‌‌as‌‌a‌‌PEMFC)‌‌also‌‌via‌‌                               

the‌ ‌heater/humidifier‌ ‌unit‌ ‌as‌ ‌was‌ ‌also‌ ‌fed‌ ‌at‌ ‌60‌ ‌℃‌ ‌and‌ ‌100%‌ ‌RH.‌ ‌When‌ ‌configured‌ ‌as‌ ‌a‌‌                                 

DMFC,‌‌a‌‌dilute‌‌solution‌‌of‌‌deionised‌‌water‌‌and‌‌methanol‌‌with‌‌a‌‌molar‌‌concentration‌‌of‌‌1.0‌‌                             

mol/dm‌3‌ ‌was‌ ‌fed‌ ‌at‌ ‌3‌ ‌ml/min‌ ‌via‌ ‌a‌ ‌MASTERflex‌‌L/S‌‌Series‌‌peristaltic‌‌pump.‌‌A‌‌schematic‌‌                             

representation‌ ‌of‌ ‌the‌ ‌experimental‌ ‌test‌ ‌setup‌ ‌has‌ ‌been‌ ‌included‌ ‌as‌ ‌Figure‌ ‌8.6‌ ‌for‌ ‌reference.‌ ‌ 

‌ 

‌ 

‌  PEMFC‌ ‌MEA‌ ‌  DMFC‌ ‌MEA‌ ‌ 

Active‌ ‌area‌ ‌  25‌ ‌cm‌2‌ ‌  25‌ ‌cm‌2‌ ‌ 

Anode‌ ‌catalyst‌ ‌and‌ ‌loading‌ ‌  0.5‌ ‌mg/cm‌2‌‌ ‌Pt/C‌ ‌  0.66‌ ‌mg/cm‌2‌‌ ‌Pt.NiTiO‌3‌/C‌ ‌ 

Cathode‌ ‌catalyst‌ ‌and‌ ‌loading‌ ‌  0.5‌ ‌mg/cm‌2‌‌ ‌Pt/C‌ ‌  0.5‌ ‌mg/cm‌2‌‌ ‌Pt/C‌ ‌ 

Membrane‌ ‌  Nafion‌TM‌‌ ‌117‌ ‌  Nafion‌TM‌‌ ‌117‌ ‌ 

Gas‌ ‌diffusion‌ ‌layer‌ ‌  Carbon‌ ‌cloth‌ ‌with‌ ‌MPL‌ ‌  Carbon‌ ‌cloth‌ ‌with‌ ‌MPL‌ ‌ 
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‌ 

Figure‌ ‌8.6:‌ ‌Dual-purpose‌ ‌experimental‌ ‌test‌ ‌setup.‌ ‌Anode‌ ‌configuration‌ ‌can‌ ‌be‌ ‌quickly‌‌                     

modified‌ ‌to‌ ‌allow‌ ‌either‌ ‌PEMFC‌ ‌testing‌ ‌with‌ ‌hydrogen‌ ‌or‌ ‌DMFC‌ ‌testing‌ ‌with‌ ‌methanol.‌ ‌ 

Conditioning,‌‌sometimes‌‌“activation”‌‌is‌‌considered‌‌to‌‌play‌‌an‌‌important‌‌role‌‌in‌‌achieving‌‌the‌‌                         

best‌ ‌fuel‌ ‌cell‌ ‌performance‌ ‌possible‌ ‌[33].‌ ‌The‌ ‌protocol‌ ‌outlined‌ ‌in‌ ‌Table‌ ‌8.2‌ ‌was‌ ‌used‌ ‌to‌‌                             

activate‌ ‌the‌ ‌MEAs‌ ‌in‌ ‌this‌ ‌study.‌ ‌Each‌ ‌current‌ ‌setpoint,‌ ‌ ‌used‌ ‌was‌ ‌a‌ ‌certain‌‌                   of  I% max           

percentage‌ ‌of‌ ‌the‌ ‌maximum‌ ‌possible‌ ‌current‌ ‌for‌ ‌that‌ ‌MEA.‌ ‌ 

Table‌ ‌8.2:‌ ‌Membrane‌ ‌electrode‌ ‌assembly‌ ‌conditioning‌ ‌protocol‌ ‌ 

‌ 

Step‌ ‌  Setpoint‌ ‌(≈%‌ ‌of‌ ‌I‌max‌)‌ ‌  Time‌ ‌(s)‌ ‌  Step‌ ‌  Setpoint‌ ‌(≈%‌ ‌of‌ ‌I‌max‌)‌ ‌  Time‌ ‌(s)‌ ‌ 

1‌ ‌  0%‌ ‌  300‌ ‌  6‌ ‌  40%‌ ‌  300‌ ‌ 

2‌ ‌  7.5%‌ ‌  300‌ ‌  7‌ ‌  50%‌ ‌  300‌ ‌ 

3‌ ‌  15%‌ ‌  300‌ ‌  8‌ ‌  75%‌ ‌  300‌ ‌ 

4‌ ‌  20%‌ ‌  300‌ ‌  9‌ ‌  0%‌ ‌  300‌ ‌ 

5‌ ‌  30%‌ ‌  300‌ ‌  10‌ ‌  Polarisation‌ ‌(OCV‌ ‌–‌ ‌0.1V)‌ ‌ 
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Fuel‌ ‌cell‌ ‌performance‌ ‌was‌ ‌evaluated‌ ‌by‌ ‌holding‌ ‌Open‌ ‌Circuit‌ ‌Voltage‌ ‌(OCV)‌ ‌for‌ ‌300‌ ‌s‌ ‌to‌‌                             

check‌‌stability‌‌and‌‌then‌‌running‌‌extended‌‌polarisations‌‌with‌‌a‌‌scan‌‌rate‌‌of‌‌0.5‌‌mV/s‌‌to‌‌ensure‌‌                               

a‌ ‌pseudo‌ ‌steady-state‌ ‌response.‌ ‌ 

8.3.2‌ PEMFC‌ ‌ 

Empirical‌ ‌parameters‌ ‌used‌ ‌to‌ ‌fit‌ ‌the‌ ‌full‌ ‌cell‌ ‌equation‌‌to‌‌experimental‌‌data‌‌for‌‌the‌‌PEMFC‌‌                             

operating‌ ‌at‌ ‌a‌ ‌temperature‌ ‌of‌ ‌70‌ ‌℃‌ ‌with‌ ‌pure‌ ‌hydrogen‌‌as‌‌a‌‌fuel‌‌and‌‌humidified‌‌air‌‌as‌‌the‌‌                                   

oxidant‌ ‌were:‌ ‌ ,‌ ‌ ,‌ ‌ ,‌ ‌ ,‌‌    .0E  A cm  i0  = 1 5− / 2   .07 A cm  in  = 0 / 2   .35 ΩcmΩ = 0 2   .5E  Vx = 3 4−  

‌and‌‌the‌‌charge‌‌transfer‌‌coefficient,‌‌ ‌was‌‌set‌‌at‌‌0.29.‌‌Figure‌‌8.7‌‌contains‌‌the‌‌1 cm A  y = 1 2/             α                  

experimental‌ ‌and‌ ‌theoretical‌ ‌polarisation‌ ‌curves.‌ ‌The‌ ‌Root-Mean-Square‌‌Error‌‌(RMSE)‌‌for‌‌                   

the‌ ‌calibrated‌ ‌PEMFC‌ ‌model‌ ‌was‌‌9.52‌‌mV.‌‌Full‌‌details‌‌on‌‌the‌‌calculation‌‌of‌‌RMSE‌‌and‌‌its‌‌                               

advantages‌ ‌over‌ ‌other‌ ‌error‌ ‌measurements‌ ‌was‌ ‌discussed‌ ‌in‌ ‌Chapter‌ ‌4.‌ ‌ 

‌ 

Figure‌ ‌8.7:‌ ‌Comparison‌ ‌of‌ ‌theoretical‌ ‌and‌ ‌experimental‌ ‌results‌ ‌for‌ ‌a‌ ‌single‌ ‌cell‌ ‌25cm‌2‌ ‌                         

polymer‌ ‌electrolyte‌ ‌membrane‌ ‌fuel‌ ‌cell‌ ‌ 

‌ 
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8.3.3‌ DMFC‌ ‌ 

Experimental‌ ‌conditions‌ ‌were‌ ‌varied‌ ‌slightly‌ ‌for‌ ‌the‌ ‌DMFC‌ ‌MEA‌ ‌compared‌ ‌with‌ ‌the‌‌                       

PEMFC.‌ ‌An‌ ‌operating‌‌temperature‌‌of‌‌60‌‌℃‌‌was‌‌used‌‌due‌‌to‌‌rig‌‌limitations.‌‌Humidified‌‌air‌‌                             

was‌‌used‌‌as‌‌the‌‌oxidant‌‌and‌‌dilute‌‌methanol‌‌as‌‌the‌‌fuel.‌‌A‌‌theoretical‌‌polarisation‌‌curve‌‌was‌‌                               

fitted‌‌to‌‌the‌‌experimental‌‌data‌‌using‌‌the‌‌following‌‌empirical‌‌parameters:‌‌ ,‌‌                    .5E  A cm  i0  = 2 7− / 2  

,‌ ,‌‌ ,‌‌ ‌and‌‌ .‌‌Figure‌‌.0045 A cm  in  = 0 / 2   .37 ΩcmΩ = 0 2   .5E  Vx = 1 4−   8.9 cm A  y = 2 2/     .074α = 0    

8.8‌ ‌contains‌ ‌the‌ ‌corresponding‌‌experimental‌‌and‌‌theoretical‌‌polarisation‌‌curves.‌‌The‌‌RMSE‌‌                     

for‌ ‌the‌ ‌calibrated‌ ‌DMFC‌ ‌model‌ ‌was‌ ‌calculated‌ ‌to‌ ‌be‌ ‌8.72‌ ‌mV.‌ ‌ 

‌ 

Figure‌‌8.8:‌‌Comparison‌‌of‌‌theoretical‌‌and‌‌experimental‌‌results‌‌for‌‌a‌‌single‌‌cell‌‌25cm‌2‌ ‌direct‌‌                           

methanol‌ ‌fuel‌ ‌cell‌ ‌ 

‌ 

‌ 

‌ 

‌ 
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8.4‌ Modelling‌ ‌Evaluation‌ ‌ 

Two‌ ‌aircraft‌ ‌were‌ ‌chosen‌ ‌as‌ ‌modelling‌ ‌case‌ ‌studies‌ ‌to‌ ‌test‌ ‌the‌ ‌outputs‌ ‌of‌ ‌the‌ ‌dynamic‌‌                             

MATLAB®‌ ‌Simulink‌ ‌model.‌ ‌The‌ ‌first‌ ‌was‌ ‌the‌ ‌Skywalker‌ ‌X8,‌ ‌a‌ ‌small‌ ‌(<‌ ‌7‌ ‌kg)‌ ‌remotely‌‌                             

operated‌ ‌model‌ ‌Unmanned‌ ‌Aerial‌ ‌Vehicle‌ ‌(UAV).‌ ‌This‌ ‌aircraft‌ ‌was‌ ‌chosen‌ ‌as‌ ‌a‌ ‌good‌‌                         

representation‌ ‌of‌ ‌the‌ ‌type‌ ‌of‌ ‌small‌ ‌surveillance‌ ‌UAV‌ ‌used‌ ‌by‌ ‌the‌ ‌military‌ ‌which‌ ‌would‌‌                           

greatly‌ ‌benefit‌ ‌from‌ ‌the‌ ‌increased‌ ‌range‌ ‌afforded‌ ‌by‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌over‌ ‌the‌ ‌more‌‌                             

traditional‌ ‌battery‌ ‌only‌ ‌systems.‌ ‌ 

A‌ ‌General‌ ‌Atomics‌ ‌MQ-1‌ ‌Predator‌ ‌was‌ ‌chosen‌ ‌as‌ ‌the‌ ‌second‌ ‌aircraft‌ ‌case‌ ‌study.‌ ‌This‌‌                           

represents‌ ‌a‌ ‌typical‌ ‌military‌ ‌multi-role‌ ‌Medium-Altitude‌ ‌Long-Endurance‌ ‌(MALE)‌ ‌UAV.‌‌                 

Additionally,‌‌this‌‌type‌‌of‌‌UAV‌‌could‌‌see‌‌many‌‌civilian‌‌applications,‌‌performing‌‌roles‌‌such‌‌as‌‌                           

search‌ ‌and‌ ‌rescue‌ ‌and‌ ‌aerial‌ ‌mapping.‌ ‌ 

8.4.1‌ Aircraft‌ ‌1‌ ‌-‌ ‌Skywalker‌ ‌X8‌ ‌ 

A‌ ‌Skywalker‌ ‌X8‌ ‌remotely‌ ‌piloted‌ ‌model‌ ‌UAV‌ ‌(Figure‌ ‌8.9)‌ ‌was‌ ‌chosen‌ ‌as‌ ‌a‌ ‌case‌ ‌study‌ ‌to‌‌                               

represent‌‌the‌‌growing‌‌market‌‌of‌‌small,‌‌easily‌‌transportable‌‌surveillance‌‌aircraft.‌‌This‌‌type‌‌of‌‌                         

aircraft‌ ‌has‌ ‌multiple‌ ‌uses,‌ ‌both‌ ‌in‌ ‌the‌ ‌civilian‌ ‌and‌ ‌military‌ ‌sectors.‌ ‌Table‌ ‌8.3‌ ‌contains‌ ‌the‌‌                             

standard‌ ‌specification‌‌for‌‌this‌‌type‌‌of‌‌aircraft.‌‌The‌‌power‌‌requirements,‌‌both‌‌propulsive‌‌and‌‌                         

electrical‌ ‌were‌ ‌generated‌ ‌using‌ ‌the‌ ‌previously‌ ‌developed‌ ‌aircraft‌ ‌sizing‌ ‌tool‌ ‌[1].‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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‌ 

Figure‌ ‌8.9:‌ ‌Skywalker‌ ‌X8‌ ‌model‌ ‌unmanned‌ ‌aerial‌ ‌vehicle‌ ‌ 

Table‌ ‌8.3:‌ ‌Technical‌ ‌specifications‌ ‌of‌ ‌Skywalker‌ ‌X8‌ ‌[1,34,35]‌ ‌ 

‌ 

Based‌‌on‌‌the‌‌research‌‌set‌‌out‌‌in‌‌this‌‌Thesis,‌‌the‌‌relatively‌‌low‌‌power‌‌requirement‌‌(<‌‌500‌‌W)‌‌                                 

and‌ ‌the‌ ‌very‌ ‌low‌ ‌payload‌ ‌availability‌ ‌for‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌(≈‌ ‌2‌ ‌kg)‌ ‌of‌ ‌this‌ ‌aircraft‌ ‌an‌‌                                   

air-cooled‌ ‌open-cathode‌ ‌PEMFC‌ ‌system‌ ‌with‌‌onboard‌‌CGH‌2‌ ‌storage‌‌is‌‌recommended.‌‌This‌‌                     

system‌‌will‌‌be‌‌intended‌‌to‌‌be‌‌the‌‌primary‌‌power‌‌provider‌‌to‌‌both‌‌the‌‌propulsion‌‌and‌‌auxiliary‌‌                               

systems‌ ‌onboard‌ ‌the‌ ‌aircraft.‌ ‌ 

‌ 

‌ 

MTOW‌ ‌  4.5‌ ‌kg‌ ‌  Endurance‌ ‌  25‌ ‌min‌ ‌ 

Weight‌ ‌empty‌ ‌  2.0‌ ‌kg‌ ‌  Propulsive‌ ‌power‌‌ 
requirement‌ ‌[1]‌ ‌ 

250‌ ‌W‌ ‌ 

Wingspan‌ ‌  2.1‌ ‌m‌ ‌  Electrical‌ ‌power‌‌ 
requirement‌ ‌[1]‌ ‌ 

250‌ ‌W‌ ‌ 

Altitude‌ ‌  200‌ ‌m‌ ‌ 
(650‌ ‌ft)‌ ‌ 

Total‌ ‌power‌‌ 
requirement‌ ‌ 

500‌ ‌W‌ ‌ 
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The‌‌key‌‌question‌‌to‌‌answer‌‌as‌‌part‌‌of‌‌this‌‌modelling‌‌case‌‌study‌‌is‌‌the‌‌degree‌‌of‌‌benefit‌‌which‌‌                                   

may‌ ‌be‌ ‌obtained‌‌by‌‌hybridising‌‌the‌‌fuel‌‌cell‌‌with‌‌a‌‌battery‌‌as‌‌a‌‌secondary‌‌power‌‌source.‌‌In‌‌                                 

the‌ ‌case‌ ‌of‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌/‌ ‌battery‌ ‌hybrid‌ ‌system,‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌will‌ ‌be‌ ‌sized‌ ‌such‌ ‌that‌ ‌it‌ ‌can‌‌                                       

deliver‌ ‌the‌ ‌cruise‌ ‌power‌ ‌demand.‌ ‌In‌ ‌this‌ ‌case‌ ‌the‌ ‌cruise‌ ‌power‌ ‌demand‌ ‌is‌ ‌20‌ ‌A‌ ‌at‌ ‌12‌ ‌VDC.‌ ‌ 

Technical‌ ‌data‌ ‌contained‌ ‌within‌ ‌Table‌ ‌8.3‌ ‌will‌ ‌be‌‌used‌‌for‌‌the‌‌physical‌‌sizing‌‌of‌‌the‌‌power‌‌                               

system.‌ ‌An‌ ‌experimentally‌ ‌derived‌ ‌flight‌ ‌profile,‌ ‌Figure‌ ‌8.10‌ ‌will‌ ‌be‌ ‌used‌ ‌to‌ ‌ascertain‌ ‌the‌‌                           

dynamic‌‌response‌‌of‌‌the‌‌fuel‌‌cell‌‌system.‌‌The‌‌discrepancy‌‌in‌‌current‌‌demand‌‌during‌‌straight‌‌                           

and‌ ‌level‌ ‌flight‌ ‌was‌ ‌due‌ ‌to‌ ‌changing‌ ‌wind‌ ‌conditions‌ ‌during‌ ‌the‌ ‌data‌ ‌collection‌ ‌flight.‌ ‌ 

‌ 

Figure‌ ‌8.10:‌ ‌Experimentally‌ ‌derived‌ ‌flight‌ ‌and‌ ‌current‌ ‌demand‌ ‌profile‌ ‌for‌ ‌Skywalker‌ ‌X8‌‌                       

operating‌ ‌at‌ ‌a‌ ‌nominal‌ ‌voltage‌ ‌of‌ ‌12‌ ‌VDC‌ ‌ 

‌ 

‌ 

‌ 

‌ 
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8.4.2‌ Aircraft‌ ‌2‌ ‌-‌ ‌MQ-1‌ ‌Predator‌ ‌ 

The‌ ‌General‌ ‌Atomics‌ ‌MQ-1‌ ‌Predator,‌ ‌Figure‌ ‌8.11‌ ‌is‌ ‌a‌ ‌multi-role‌ ‌medium-range‌‌                     

long-endurance‌ ‌unmanned‌ ‌aerial‌ ‌vehicle.‌ ‌Its‌ ‌primary‌ ‌role‌ ‌is‌ ‌as‌ ‌an‌ ‌aerial‌ ‌reconnaissance‌‌                       

aircraft‌ ‌for‌ ‌American‌ ‌military‌ ‌organisations‌ ‌however,‌ ‌it‌ ‌can‌ ‌also‌ ‌be‌ ‌fitted‌ ‌with‌ ‌offensive‌‌                         

weaponry‌ ‌in‌ ‌order‌ ‌to‌ ‌undertake‌ ‌combat‌ ‌operations.‌ ‌ 

‌ 

Figure‌ ‌8.11:‌ ‌General‌ ‌Atomics‌ ‌MQ-1‌ ‌Predator‌ ‌(image‌ ‌in‌ ‌Public‌ ‌Domain)‌ ‌[36]‌‌ ‌  

As‌ ‌standard,‌ ‌propulsion‌ ‌is‌ ‌provided‌‌courtesy‌‌of‌‌a‌‌Rotax‌‌914F‌‌piston‌‌engine‌‌rated‌‌at‌‌75‌‌kW‌‌                               

with‌‌a‌‌3‌‌kW‌‌starter‌‌generator‌‌used‌‌for‌‌both‌‌starting‌‌the‌‌engine‌‌and‌‌providing‌‌electrical‌‌power‌‌                               

to‌‌aircraft‌‌systems.‌‌The‌‌power‌‌requirements‌‌predicted‌‌by‌‌the‌‌sizing‌‌model‌‌are‌‌shown‌‌to‌‌be‌‌in‌‌                               

good‌‌agreement‌‌with‌‌the‌‌original‌‌aircraft‌‌specification.‌‌These‌‌have‌‌been‌‌included‌‌with‌‌other‌‌                         

key‌ ‌technical‌ ‌specifications‌ ‌for‌ ‌the‌ ‌aircraft‌ ‌in‌ ‌Table‌ ‌8.4.‌ ‌ 

Table‌ ‌8.4:‌ ‌Technical‌ ‌specifications‌ ‌of‌ ‌General‌ ‌Atomics‌ ‌MQ-1‌ ‌Predator‌ ‌[1,37]‌ ‌ 

MTOW‌ ‌  1,020‌ ‌kg‌ ‌  Endurance‌ ‌  20‌ ‌hrs‌ ‌ 

Weight‌ ‌empty‌ ‌  512‌ ‌kg‌ ‌  Propulsive‌ ‌power‌‌ 
requirement‌ ‌[1]‌ ‌ 

76‌ ‌kW‌ ‌ 

Wingspan‌ ‌  16.8‌ ‌m‌ ‌  Electrical‌ ‌power‌‌ 
requirement‌ ‌[1]‌ ‌ 

2‌ ‌kW‌ ‌ 

Altitude‌ ‌  7,620‌ ‌m‌ ‌ 
(25,000‌ ‌ft)‌ ‌ 

Total‌ ‌power‌‌ 
requirement‌ ‌ 

78‌ ‌kW‌ ‌ 
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Of‌ ‌the‌ ‌508‌ ‌kg‌ ‌difference‌ ‌between‌ ‌the‌ ‌MTOW‌ ‌and‌ ‌weight‌ ‌empty,‌ ‌204‌ ‌kg‌ ‌is‌ ‌designated‌ ‌as‌‌                               

payload‌‌leaving‌‌304‌‌kg‌‌for‌‌fuel‌‌and‌‌fluids.‌‌When‌‌the‌‌mass‌‌of‌‌the‌‌engine,‌‌78‌‌kg‌‌and‌‌necessary‌‌                                   

ancillaries‌‌are‌‌added‌‌to‌‌the‌‌equation‌‌the‌‌total‌‌mass‌‌available‌‌for‌‌the‌‌fuel‌‌cell‌‌system‌‌(without‌‌                               

changing‌ ‌the‌ ‌range‌ ‌or‌ ‌payload)‌ ‌is‌ ‌≈‌ ‌400‌ ‌kg.‌ ‌ 

A‌ ‌high‌ ‌power‌ ‌density‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌would‌ ‌be‌ ‌essential‌ ‌as‌ ‌it‌ ‌will‌ ‌be‌ ‌the‌ ‌primary‌‌motive‌‌                                 

power‌ ‌provider‌ ‌and‌‌it‌‌will‌‌need‌‌to‌‌physically‌‌fit‌‌inside‌‌the‌‌constraints‌‌of‌‌the‌‌small‌‌diameter‌‌                               

highly‌ ‌aerodynamic‌ ‌high‌ ‌aspect‌ ‌ratio‌ ‌airframe.‌ ‌Combined‌ ‌with‌ ‌the‌ ‌power‌ ‌requirement‌ ‌of‌‌                       

nearly‌ ‌80‌ ‌kW,‌ ‌a‌ ‌liquid-cooled‌ ‌PEMFC‌ ‌will‌ ‌be‌ ‌used.‌ ‌Based‌ ‌on‌ ‌the‌ ‌endurance‌ ‌and‌ ‌altitude‌‌                             

requirements‌ ‌of‌ ‌the‌ ‌aircraft,‌‌hydrogen‌‌fuel‌‌will‌‌be‌‌stored‌‌in‌‌liquid‌‌form‌‌and‌‌oxidant‌‌will‌‌be‌‌                               

supplied‌‌via‌‌an‌‌air-breathing‌‌design‌‌utilising‌‌a‌‌compressor‌‌as‌‌the‌‌additional‌‌parasitic‌‌current‌‌                         

draw‌ ‌was‌ ‌preferential‌ ‌due‌ ‌to‌ ‌the‌ ‌associated‌ ‌mass‌ ‌and‌ ‌volume‌ ‌benefits.‌ ‌ 

This‌‌modelling‌‌evaluation‌‌exercise‌‌is‌‌primarily‌‌concerned‌‌with‌‌determining‌‌the‌‌suitability‌‌of‌‌                       

a‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌based‌ ‌on‌ ‌power,‌ ‌mass‌ ‌and‌ ‌volume‌ ‌metrics.‌ ‌However,‌‌additional‌‌mission‌‌                           

benefits‌ ‌are‌ ‌associated‌ ‌with‌ ‌replacing‌ ‌the‌ ‌internal‌ ‌combustion‌ ‌powertrain‌ ‌with‌ ‌a‌ ‌hydrogen‌‌                       

fuel‌ ‌cell‌ ‌system.‌ ‌The‌ ‌lower‌ ‌exhaust‌ ‌temperature‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌will‌ ‌reduce‌ ‌the‌‌                             

thermal‌‌signature‌‌of‌‌the‌‌aircraft‌‌in‌‌flight.‌‌Additionally,‌‌the‌‌silent,‌‌vibration‌‌free‌‌operation‌‌of‌‌                           

the‌ ‌fuel‌ ‌cell‌‌will‌‌lower‌‌the‌‌acoustic‌‌emissions.‌‌Both‌‌of‌‌these‌‌fuel‌‌cell‌‌characteristics‌‌aid‌‌the‌‌                               

low‌ ‌observability‌ ‌desirable‌ ‌during‌ ‌reconnaissance‌ ‌missions.‌ ‌ 

A‌‌theoretical‌‌flight‌‌profile‌‌for‌‌the‌‌MQ-1‌‌Predator‌‌carrying‌‌out‌‌a‌‌reconnaissance‌‌mission‌‌with‌‌                           

an‌‌eight‌‌hour‌‌loiter‌‌period‌‌over‌‌the‌‌target‌‌area‌‌is‌‌shown‌‌in‌‌Figure‌‌8.12.‌‌The‌‌current‌‌demand‌‌is‌‌                                   

based‌ ‌on‌ ‌generating‌ ‌the‌ ‌total‌ ‌power‌ ‌requirements‌ ‌at‌ ‌a‌ ‌nominal‌ ‌voltage‌ ‌of‌ ‌300‌ ‌V.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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‌ 

Figure‌ ‌8.12:‌ ‌Theoretical‌ ‌profile‌ ‌for‌ ‌a‌ ‌typical‌ ‌reconnaissance‌ ‌flight‌ ‌for‌ ‌MQ-1‌ ‌Predator‌ ‌ 

8.5‌ Results‌ ‌ 

8.5.1‌ Aircraft‌ ‌1‌ ‌-‌ ‌Skywalker‌ ‌X8‌ ‌ 

Based‌‌on‌‌the‌‌operating‌‌regime,‌‌Figure‌‌8.12‌‌and‌‌the‌‌physical‌‌constraints‌‌of‌‌the‌‌Skywalker‌‌X8‌‌                             

an‌‌air-cooled‌‌air-breathing‌‌PEMFC‌‌fuelled‌‌by‌‌gaseous‌‌hydrogen‌‌compressed‌‌to‌‌700‌‌barg‌‌was‌‌                         

modelled‌ ‌as‌‌the‌‌solitary‌‌motive‌‌power‌‌provider‌‌for‌‌the‌‌aircraft.‌‌To‌‌allow‌‌the‌‌delivery‌‌of‌‌the‌‌                               

full‌ ‌flight‌ ‌profile‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌was‌ ‌based‌ ‌on‌ ‌the‌ ‌validated‌ ‌polarisation‌ ‌curve‌ ‌and‌ ‌an‌ ‌active‌‌                               

area,‌‌ ‌of‌‌80‌‌cm‌2‌.‌‌Due‌‌to‌‌the‌‌highly‌‌modular‌‌nature‌‌of‌‌hydrogen‌‌fuel‌‌cells,‌‌this‌‌active‌‌area‌‌  A                                  

would‌ ‌likely‌ ‌be‌ ‌split‌ ‌into‌ ‌two‌ ‌separate‌ ‌stacks,‌ ‌each‌ ‌with‌ ‌40‌ ‌cm‌2‌‌ ‌to‌ ‌allow‌ ‌better‌ ‌packaging.‌ 

‌ 

‌ 

‌ 

‌ 
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Each‌ ‌key‌ ‌subsystem‌ ‌of‌ ‌the‌ ‌complete‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌was‌ ‌sized‌ ‌by‌ ‌the‌ ‌model‌ ‌to‌ ‌meet‌ ‌the‌‌                                 

requirements‌ ‌of‌ ‌the‌ ‌aircraft‌ ‌and‌ ‌mission‌ ‌profile.‌ ‌As‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌is‌ ‌a‌ ‌closed‌ ‌cathode,‌‌                             

air-cooled‌ ‌design,‌ ‌gravimetric‌ ‌and‌ ‌volumetric‌ ‌power‌ ‌densities‌ ‌of‌ ‌2,000‌ ‌W/kg‌ ‌and‌ ‌600‌ ‌W/l‌‌                         

were‌‌used‌‌to‌‌assign‌‌dimensionality‌‌to‌‌the‌‌fuel‌‌cell‌‌stack.‌‌These‌‌numbers‌‌were‌‌obtained‌‌from‌‌                             

commercial‌‌data‌‌as‌‌discussed‌‌in‌‌Chapter‌‌7.‌‌A‌‌nominal‌‌mass‌‌of‌‌0.125‌‌kg‌‌and‌‌volume‌‌of‌‌0.30‌‌l‌‌                                   

was‌ ‌assigned‌ ‌to‌ ‌the‌ ‌air-cooling‌ ‌thermal‌‌management‌‌system‌‌which‌‌comprises‌‌a‌‌cooling‌‌fan‌‌                         

and‌ ‌cowl.‌ ‌ 

For‌ ‌the‌ ‌fuel‌ ‌system,‌ ‌the‌ ‌mass‌ ‌of‌ ‌hydrogen‌‌required‌‌for‌‌the‌‌total‌‌flight‌‌was‌‌calculated‌‌using‌‌                               

the‌ ‌methodology‌ ‌outlined‌ ‌in‌ ‌Chapter‌ ‌5.‌ ‌The‌ ‌relationships:‌ ‌ ‌and‌‌                ass  21.228um =      

‌which‌‌describe‌‌the‌‌total‌‌storage‌‌system‌‌mass‌‌(kg)‌‌and‌‌volume‌‌(l)‌‌where‌‌“‌ ”‌‌ol  23.356uv =                             u  

is‌ ‌the‌ ‌mass‌ ‌of‌ ‌hydrogen‌ ‌stored‌ ‌were‌ ‌used‌ ‌for‌ ‌subsystem‌ ‌sizing.‌ ‌Derivation‌ ‌of‌ ‌these‌‌                           

relationships‌ ‌was‌ ‌detailed‌ ‌in‌ ‌Chapter‌ ‌5.‌ ‌ 

Commercial‌‌compressor‌‌data‌‌was‌‌analysed‌‌in‌‌Chapter‌‌6‌‌to‌‌derive‌‌gravimetric‌‌and‌‌volumetric‌‌                         

power‌‌efficiencies‌‌of‌‌0.45‌‌kW/kg‌‌and‌‌0.39‌‌kW/l‌‌respectively.‌‌Compressor‌‌power,‌‌calculated‌‌                       

using‌‌Equation‌‌6.3‌‌and‌‌the‌‌desired‌‌flow‌‌rate‌‌for‌‌the‌‌fuel‌‌cell‌‌(Equation‌‌6.2)‌‌was‌‌used‌‌to‌‌feed‌‌                                   

these‌ ‌relationships..‌ ‌ 

A‌ ‌summary‌ ‌of‌ ‌their‌ ‌masses‌ ‌and‌‌volumes‌‌is‌‌included‌‌in‌‌Table‌‌8.5.‌‌Note,‌‌that‌‌as‌‌the‌‌mission‌‌                                 

length‌‌is‌‌extended,‌‌only‌‌the‌‌mass‌‌and‌‌volume‌‌of‌‌the‌‌hydrogen‌‌storage‌‌and‌‌delivery‌‌subsystem‌‌                             

will‌ ‌change‌ ‌due‌ ‌to‌ ‌the‌ ‌nature‌ ‌of‌ ‌the‌ ‌other‌ ‌systems’‌ ‌design.‌ ‌ 

Table‌ ‌8.5:‌ ‌Subsystem‌ ‌sizing‌ ‌for‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌only‌ ‌system‌ ‌suitable‌ ‌for‌ ‌a‌ ‌Skywalker‌ ‌X8‌ ‌ 

‌ 

Subsystem‌ ‌  Mass‌ ‌(kg)‌ ‌  Volume‌ ‌(litres)‌ ‌ 

Fuel‌ ‌cell‌ ‌stack‌ ‌  0.299‌ ‌  0.996‌ ‌ 

Hydrogen‌ ‌storage‌ ‌and‌‌ 
delivery‌ ‌ 

0.164‌ ‌  0.181‌ ‌ 

Oxidant‌ ‌delivery‌ ‌  0.125‌ ‌  0.144‌ ‌ 

Thermal‌ ‌management‌ ‌  0.125‌ ‌  0.30‌ ‌ 

Totals:‌  0.713‌ ‌  1.62‌ ‌ 
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The‌ ‌model's‌ ‌dynamic‌ ‌response‌ ‌to‌ ‌a‌ ‌single‌ ‌10‌ ‌minute‌ ‌flight‌ ‌profile‌ ‌for‌ ‌the‌ ‌sized‌ ‌fuel‌ ‌cell‌‌                               

system‌ ‌can‌ ‌be‌ ‌seen‌ ‌in‌ ‌Figure‌ ‌8.13.‌ ‌Here‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌delivers‌ ‌the‌ ‌full‌ ‌current‌ ‌demand‌‌                               

according‌ ‌to‌ ‌the‌‌flight‌‌profile.‌‌As‌‌the‌‌altitude‌‌of‌‌the‌‌aircraft‌‌remained‌‌fairly‌‌low‌‌(<‌‌200‌‌m),‌‌                                 

there‌ ‌are‌ ‌very‌ ‌few‌ ‌altitude‌ ‌effects‌ ‌on‌ ‌the‌ ‌performance‌‌of‌‌the‌‌fuel‌‌cell‌‌system.‌‌The‌‌fuel‌‌cell‌‌                                 

upper‌ ‌temperature‌ ‌limit‌ ‌was‌ ‌set‌ ‌to‌ ‌80‌ ‌℃‌ ‌to‌ ‌enable‌ ‌the‌ ‌highest‌ ‌performance‌ ‌with‌ ‌minimal‌‌                             

parastics‌ ‌from‌ ‌the‌ ‌thermal‌ ‌management‌ ‌system.‌ ‌ 

‌ 

Figure‌ ‌8.13:‌ ‌Model‌ ‌output‌ ‌in‌ ‌response‌ ‌to‌ ‌a‌ ‌single‌ ‌Skywalker‌ ‌X8‌ ‌flight‌ ‌profile‌ ‌for‌ ‌an‌‌                             

air-cooled‌ ‌air-breathing‌ ‌polymer‌ ‌electrolyte‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌with‌ ‌700‌ ‌barg‌ ‌compressed‌‌                     

hydrogen‌ ‌storage‌ ‌ 

It‌ ‌was‌ ‌hypothesised‌ ‌that‌ ‌the‌ ‌overall‌ ‌system‌ ‌energy‌ ‌density‌ ‌and‌ ‌specific‌ ‌energy‌ ‌could‌ ‌be‌‌                           

improved‌‌by‌‌hybridising‌‌the‌‌fuel‌‌cell‌‌system‌‌with‌‌a‌‌secondary‌‌energy‌‌source‌‌in‌‌the‌‌form‌‌of‌‌a‌‌                                 

LiCoO‌2‌ ‌battery.‌‌A‌‌hybrid‌‌system‌‌of‌‌systems‌‌was‌‌designed‌‌such‌‌that‌‌the‌‌fuel‌‌cell‌‌was‌‌capable‌‌                               

of‌‌providing‌‌the‌‌full‌‌cruise‌‌power‌‌demand‌‌(20‌‌A‌‌at‌‌12‌‌V).‌‌The‌‌battery‌‌component‌‌was‌‌sized‌‌                                 

such‌‌that‌‌at‌‌the‌‌end‌‌of‌‌the‌‌flight‌‌profile,‌‌the‌‌State‌‌of‌‌Charge‌‌(SOC)‌‌was‌‌at‌‌least‌‌30‌‌%‌‌and‌‌that‌‌                                         

the‌ ‌maximum‌ ‌current‌ ‌draw‌ ‌was‌ ‌never‌ ‌more‌ ‌than‌ ‌10‌ ‌times‌ ‌the‌ ‌capacity.‌ ‌These‌ ‌steps‌ ‌were‌‌                             

taken‌ ‌to‌ ‌prolong‌ ‌battery‌ ‌life.‌ ‌ 

‌ 



178‌ ‌ 

An‌ ‌active‌ ‌area‌ ‌of‌ ‌45‌‌cm‌2‌ ‌and‌‌minimum‌‌cell‌‌voltage‌‌of‌‌0.5‌‌V‌‌were‌‌selected‌‌for‌‌the‌‌fuel‌‌cell‌‌                                     

stack‌‌subsystem.‌‌For‌‌a‌‌single‌‌10‌‌minute‌‌flight‌‌profile‌‌a‌‌2.0‌‌Ah‌‌capacity‌‌battery‌‌was‌‌required‌‌                               

in‌‌order‌‌to‌‌ensure‌‌the‌‌discharge‌‌rate‌‌was‌‌below‌‌the‌‌predefined‌‌limit.‌‌The‌‌dynamic‌‌response‌‌of‌‌                               

the‌‌hybrid‌‌system‌‌model,‌‌Figure‌‌8.14‌‌shows‌‌how‌‌the‌‌fuel‌‌cell‌‌supplies‌‌the‌‌baseline‌‌load‌‌up‌‌to‌‌                                 

20‌ ‌A.‌ ‌This‌ ‌baseline‌ ‌load‌ ‌was‌ ‌determined‌ ‌by‌ ‌the‌ ‌current‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌could‌ ‌provide‌ ‌at‌ ‌a‌‌                                 

minimum‌ ‌cell‌ ‌voltage‌ ‌of‌ ‌0.5‌ ‌V.‌ ‌Peak‌ ‌loads‌ ‌above‌ ‌this‌ ‌threshold‌ ‌are‌ ‌provided‌ ‌by‌ ‌the‌ ‌battery.‌ ‌ 

Due‌ ‌to‌ ‌the‌ ‌lower‌ ‌power‌ ‌output‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌required‌ ‌for‌ ‌this‌ ‌design‌ ‌case,‌ ‌an‌ ‌upper‌‌                                 

temperature‌ ‌limit‌ ‌of‌ ‌70‌ ‌℃‌ ‌was‌ ‌used.‌ ‌This‌ ‌could‌ ‌be‌ ‌achieved‌ ‌using‌ ‌the‌ ‌same‌ ‌size‌ ‌thermal‌‌                               

management‌‌system‌‌used‌‌for‌‌the‌‌higher‌‌output‌‌case.‌‌To‌‌achieve‌‌a‌‌core‌‌temperature‌‌of‌‌70‌‌℃‌‌                               

and‌ ‌airflow‌ ‌rate‌ ‌of‌ ‌0.03‌ ‌kg/s‌ ‌was‌ ‌applied‌ ‌when‌ ‌the‌ ‌core‌ ‌temperature‌ ‌exceeded‌ ‌72‌ ‌℃,‌ ‌this‌‌                               

airflow‌ ‌was‌ ‌then‌ ‌removed‌ ‌when‌ ‌the‌ ‌core‌ ‌temperature‌ ‌reduced‌ ‌to‌ ‌67‌ ‌℃.‌ ‌ 

‌ 

Figure‌ ‌8.14:‌ ‌Model‌ ‌output‌ ‌in‌ ‌response‌ ‌to‌ ‌a‌ ‌single‌ ‌Skywalker‌ ‌X8‌ ‌flight‌ ‌profile‌ ‌for‌ ‌an‌‌                             

air-cooled‌ ‌air-breathing‌ ‌polymer‌ ‌electrolyte‌ ‌fuel‌ ‌cell‌ ‌with‌ ‌700‌ ‌barg‌ ‌compressed‌ ‌hydrogen‌                     

storage‌ ‌hybridised‌ ‌with‌ ‌a‌ ‌2.0‌ ‌Ah‌ ‌LiCoO‌2‌‌ ‌4-cell‌ ‌battery‌ ‌ 

Table‌ ‌8.6‌ ‌contains‌ ‌a‌ ‌sizing‌ ‌breakdown‌ ‌of‌ ‌the‌ ‌system‌ ‌of‌ ‌systems‌ ‌for‌ ‌a‌ ‌hybrid‌ ‌architecture‌‌                             

Skywalker‌‌X8‌‌for‌‌a‌‌single‌‌flight‌‌profile.‌‌In‌‌comparison‌‌to‌‌the‌‌similar‌‌analysis‌‌carried‌‌out‌‌on‌‌                               

the‌ ‌fuel‌ ‌cell‌‌only‌‌system‌‌it‌‌has‌‌been‌‌shown‌‌that‌‌the‌‌hybrid‌‌system‌‌has‌‌a‌‌lower‌‌overall‌‌mass‌‌                                   

and‌ ‌requires‌ ‌less‌ ‌physical‌ ‌space‌ ‌within‌ ‌the‌ ‌airframe.‌ ‌ 
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Table‌ ‌8.6:‌ ‌Subsystem‌ ‌sizing‌ ‌for‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌/‌ ‌battery‌ ‌hybrid‌ ‌system‌ ‌suitable‌ ‌for‌ ‌a‌ ‌Skywalker‌ ‌X8‌ ‌ 

‌ 

To‌ ‌compare‌ ‌the‌ ‌overall‌ ‌performance‌ ‌of‌‌both‌‌the‌‌fuel‌‌cell‌‌only‌‌and‌‌fuel‌‌cell‌‌/‌‌battery‌‌hybrid‌‌                                 

system,‌ ‌they‌ ‌were‌ ‌compared‌ ‌to‌ ‌the‌ ‌battery‌ ‌only‌ ‌system‌ ‌traditionally‌ ‌used‌ ‌in‌ ‌this‌ ‌type‌ ‌of‌‌                             

aircraft.‌ ‌This‌ ‌analysis‌ ‌involved‌ ‌re-sizing‌ ‌the‌ ‌three‌ ‌different‌ ‌power‌ ‌system‌ ‌architectures‌ ‌for‌‌                       

each‌ ‌flight‌ ‌condition.‌ ‌Flight‌ ‌conditions‌ ‌were‌ ‌defined‌ ‌as‌ ‌multiples‌ ‌of‌ ‌the‌ ‌original‌ ‌giving‌ ‌a‌‌                           

flight‌ ‌time‌ ‌range‌ ‌of‌ ‌10‌ ‌mins‌ ‌to‌ ‌100‌ ‌mins.‌ ‌Analysis‌ ‌results‌ ‌are‌ ‌contained‌ ‌within‌ ‌Figure‌ ‌8.15.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Subsystem‌ ‌  Mass‌ ‌(kg)‌ ‌  Volume‌ ‌(litres)‌ ‌ 

Fuel‌ ‌cell‌ ‌stack‌ ‌  0.157‌ ‌  0.522‌ ‌ 

Hydrogen‌ ‌storage‌ ‌and‌‌ 
delivery‌ ‌ 

0.114‌ ‌  0.125‌ ‌ 

Oxidant‌ ‌delivery‌ ‌  0.062‌ ‌  0.072‌ ‌ 

Thermal‌ ‌management‌ ‌  0.125‌ ‌  0.30‌ ‌ 

Battery‌ ‌  0.180‌ ‌  0.115‌ ‌ 

Totals:‌  0.64‌ ‌  1.13‌ ‌ 
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‌ 

Figure‌ ‌8.15:‌ ‌Variation‌ ‌of‌ ‌total‌‌system‌‌mass‌‌with‌‌increasing‌‌flight‌‌time‌‌for‌‌battery‌‌only,‌‌fuel‌‌                             

cell‌ ‌only‌ ‌and‌ ‌fuel‌ ‌cell‌ ‌/‌ ‌battery‌ ‌hybrid‌ ‌systems‌ ‌for‌ ‌the‌ ‌Skywalker‌ ‌X8‌ ‌ 

System‌ ‌analysis‌ ‌results‌ ‌clearly‌ ‌show‌ ‌that‌ ‌for‌ ‌all‌ ‌but‌ ‌the‌ ‌very‌ ‌shortest‌ ‌flight‌ ‌times‌ ‌a‌ ‌power‌‌                               

system‌‌containing‌‌a‌‌fuel‌‌cell‌‌is‌‌always‌‌lighter‌‌than‌‌using‌‌a‌‌battery‌‌system‌‌alone.‌‌If‌‌the‌‌power‌‌                                 

delivery‌ ‌system‌ ‌is‌ ‌designed‌ ‌for‌ ‌the‌ ‌maximum‌ ‌payload‌ ‌of‌ ‌the‌ ‌aircraft‌ ‌then‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌only‌‌                               

system‌ ‌can‌ ‌provide‌ ‌twice‌ ‌the‌ ‌energy‌ ‌of‌ ‌a‌ ‌battery‌ ‌only‌ ‌system.‌ ‌ 

When‌ ‌considering‌ ‌the‌ ‌volume‌ ‌occupied‌ ‌by‌ ‌the‌ ‌three‌ ‌different‌ ‌systems‌ ‌and‌ ‌how‌ ‌it‌ ‌evolves‌‌                           

through‌‌increased‌‌flight‌‌time‌‌the‌‌battery‌‌only‌‌system‌‌shows,‌‌in‌‌Figure‌‌8.16‌‌clear‌‌advantages‌‌                           

over‌ ‌the‌ ‌other‌ ‌alternatives.‌ ‌However,‌ ‌given‌ ‌that‌ ‌the‌‌available‌‌volume‌‌within‌‌the‌‌Skywalker‌‌                         

X8‌ ‌airframe‌ ‌is‌ ‌9.55‌ ‌litres‌ ‌[35],‌ ‌even‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌only‌ ‌system‌ ‌can‌ ‌be‌‌comfortably‌‌integrated‌‌                               

when‌ ‌only‌ ‌considering‌ ‌the‌ ‌space‌ ‌occupied.‌ ‌ 

‌ 

‌ 

‌ 
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‌ 

Figure‌‌8.16:‌‌Variation‌‌of‌‌total‌‌system‌‌volume‌‌with‌‌increasing‌‌flight‌‌time‌‌for‌‌battery‌‌only,‌‌fuel‌‌                             

cell‌ ‌only‌ ‌and‌ ‌fuel‌ ‌cell‌ ‌/‌ ‌battery‌ ‌hybrid‌ ‌systems‌ ‌for‌ ‌the‌ ‌Skywalker‌ ‌X8‌ ‌ 

The‌ ‌modelling‌ ‌results‌ ‌for‌ ‌the‌ ‌Skywalker‌ ‌X8‌ ‌have‌ ‌shown‌ ‌that‌ ‌the‌ ‌benefits‌ ‌of‌ ‌fuel‌ ‌cell‌ ‌and‌‌                               

hybrid‌ ‌systems‌ ‌over‌ ‌more‌ ‌conventional‌ ‌battery‌ ‌architecture‌ ‌are‌ ‌generally‌ ‌related‌ ‌to‌‌                     

gravimetric‌ ‌efficiency.‌ ‌This‌ ‌means‌ ‌that‌ ‌for‌ ‌the‌ ‌same‌ ‌take-off‌ ‌weight,‌ ‌the‌ ‌aircraft‌ ‌can‌ ‌fly‌‌                           

further‌ ‌using‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌than‌ ‌a‌ ‌battery.‌ 

8.5.2‌ Aircraft‌ ‌2‌ ‌-‌ ‌MQ-1‌ ‌Predator‌ ‌ 

A‌‌fuel‌‌cell‌‌system‌‌was‌‌sized‌‌to‌‌suit‌‌the‌‌Predator‌‌UAV‌‌and‌‌dynamically‌‌modelled‌‌based‌‌on‌‌the‌‌                                 

flight‌ ‌profile‌ ‌and‌ ‌operating‌ ‌assumptions‌ ‌described‌ ‌in‌ ‌Section‌ ‌8.4.2.‌ ‌The‌ ‌system‌ ‌was‌‌                       

configured‌ ‌assuming‌ ‌no‌ ‌change‌ ‌in‌ ‌the‌‌mission‌‌requirements‌‌of‌‌the‌‌aircraft.‌‌A‌‌liquid-cooled‌‌                         

polymer‌ ‌electrolyte‌ ‌membrane‌ ‌fuel‌ ‌cell‌ ‌with‌ ‌an‌ ‌active‌ ‌area‌ ‌of‌ ‌700‌ ‌cm‌2‌ ‌and‌ ‌745‌ ‌cells‌ ‌was‌‌                               

required‌ ‌to‌ ‌meet‌ ‌the‌ ‌peak‌ ‌power‌ ‌requirement‌ ‌without‌ ‌requiring‌ ‌a‌ ‌secondary‌ ‌power‌ ‌source.‌‌                         

Liquid‌‌hydrogen‌‌fuel‌‌was‌‌used‌‌along‌‌with‌‌an‌‌air‌‌compressor.‌‌Mass‌‌and‌‌volume‌‌breakdowns‌‌                           

of‌ ‌the‌ ‌main‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌components‌ ‌are‌ ‌given‌ ‌in‌ ‌Table‌ ‌8.7.‌ ‌ 

‌ 
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Table‌ ‌8.7:‌ ‌Subsystem‌ ‌sizing‌ ‌for‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌suitable‌ ‌for‌ ‌a‌ ‌MQ-1‌ ‌Predator‌ ‌ 

‌ 

The‌‌initial‌‌mass‌‌allowance‌‌given‌‌for‌‌the‌‌fuel‌‌cell‌‌system‌‌in‌‌modelling‌‌study‌‌outline‌‌was‌‌400‌‌                               

kg‌‌of‌‌which‌‌340‌‌kg‌‌was‌‌set‌‌aside‌‌for‌‌fuel.‌‌Unfortunately,‌‌at‌‌current‌‌technology‌‌levels‌‌based‌‌                               

on‌‌the‌‌sizing‌‌results‌‌in‌‌Table‌‌8.7,‌‌it‌‌is‌‌not‌‌possible‌‌to‌‌directly‌‌replace‌‌the‌‌fossil‌‌fuelled‌‌power‌‌                                   

plant‌ ‌with‌ ‌a‌ ‌hydrogen‌ ‌fuelled‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌whilst‌ ‌maintaining‌ ‌the‌ ‌same‌ ‌mission‌‌                         

endurance.‌ ‌ 

When‌‌considering‌‌the‌‌two‌‌main‌‌components‌‌in‌‌terms‌‌of‌‌mass,‌‌the‌‌fuel‌‌cell‌‌and‌‌the‌‌hydrogen‌‌                               

storage,‌ ‌improvements‌ ‌can‌ ‌be‌ ‌made‌ ‌to‌ ‌both‌ ‌when‌‌compared‌‌to‌‌the‌‌legacy‌‌equipment‌‌being‌‌                           

replaced.‌ ‌In‌ ‌this‌ ‌particular‌ ‌instance,‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌and‌ ‌thermal‌ ‌management‌ ‌has‌ ‌more‌‌                           

than‌ ‌double‌ ‌the‌ ‌mass‌ ‌of‌ ‌the‌ ‌Rotax‌ ‌914F‌ ‌piston‌ ‌engine‌ ‌and‌ ‌associated‌ ‌starter‌ ‌/‌ ‌generator.‌‌                             

Whereas‌ ‌the‌ ‌original‌ ‌mass‌ ‌allowance‌ ‌for‌ ‌fuel‌ ‌and‌‌fluids‌‌is‌‌around‌‌75%‌‌of‌‌that‌‌required‌‌for‌‌                               

the‌ ‌hydrogen‌ ‌storage‌ ‌system.‌ ‌ 

Using‌ ‌currently‌ ‌available‌ ‌technology,‌‌it‌‌would‌‌be‌‌possible‌‌to‌‌physically‌‌integrate‌‌a‌‌fuel‌‌cell‌‌                           

system,‌‌like‌‌the‌‌one‌‌designed‌‌into‌‌a‌‌MQ-1‌‌Predator‌‌by‌‌sacrificing‌‌the‌‌endurance‌‌requirement‌‌                           

and‌ ‌therefore‌ ‌the‌ ‌amount‌ ‌of‌ ‌hydrogen‌ ‌storage‌ ‌required.‌ ‌Alternatively,‌ ‌improvements‌‌in‌‌the‌‌                       

specific‌ ‌power‌ ‌of‌ ‌the‌ ‌fuel‌ ‌cell‌ ‌stack‌‌above‌‌500‌‌W/kg‌‌would‌‌also‌‌better‌‌suit‌‌the‌‌adoption‌‌of‌‌                                 

fuel‌‌cells‌‌in‌‌these‌‌types‌‌of‌‌aircraft.‌‌Although‌‌specific‌‌powers‌‌above‌‌this‌‌threshold‌‌have‌‌been‌‌                             

readily‌ ‌reported‌ ‌in‌ ‌the‌ ‌literature,‌ ‌the‌ ‌numbers‌ ‌used‌ ‌in‌ ‌this‌ ‌work‌ ‌are‌ ‌based‌ ‌on‌ ‌real‌‌                             

commercially‌ ‌available‌ ‌data‌ ‌[38-41].‌‌A‌‌doubling‌‌of‌‌the‌‌current‌‌figure‌‌to‌‌1,000‌‌W/kg‌‌would‌‌                           

allow‌ ‌the‌ ‌design‌ ‌architecture‌ ‌to‌ ‌fit‌ ‌within‌ ‌the‌ ‌original‌ ‌400‌ ‌kg‌ ‌limit.‌ ‌ 

Subsystem‌ ‌  Mass‌ ‌(kg)‌ ‌  Volume‌ ‌(litres)‌ ‌ 

Fuel‌ ‌cell‌ ‌stack‌ ‌(+‌ ‌thermal‌‌ 
management)‌ ‌ 

242‌ ‌  605‌ ‌ 

Hydrogen‌ ‌storage‌ ‌and‌‌ 
delivery‌ ‌ 

414‌ ‌  1,455‌ ‌ 

Oxidant‌ ‌delivery‌ ‌  24‌ ‌  28‌ ‌ 

Totals:‌  680‌ ‌  2088‌ ‌ 
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Dynamic‌‌response‌‌plots‌‌for‌‌the‌‌modelled‌‌fuel‌‌cell‌‌to‌‌the‌‌input‌‌altitude‌‌and‌‌current‌‌profiles‌‌are‌‌                               

shown‌ ‌in‌ ‌Figure‌ ‌8.17.‌‌The‌‌upper‌‌plot‌‌shows‌‌the‌‌overall‌‌current‌‌and‌‌voltage‌‌response‌‌of‌‌the‌‌                               

complete‌‌fuel‌‌cell‌‌system.‌‌As‌‌the‌‌boundary‌‌of‌‌the‌‌model‌‌is‌‌the‌‌fuel‌‌cell‌‌system,‌‌no‌‌details‌‌are‌‌                                   

given‌ ‌on‌ ‌how‌ ‌power‌ ‌is‌ ‌utilised‌ ‌however,‌ ‌it‌ ‌can‌ ‌be‌ ‌assumed‌ ‌that‌ ‌a‌ ‌majority‌ ‌is‌ ‌for‌ ‌propulsion.‌ ‌ 

The‌‌lower‌‌section‌‌of‌‌Figure‌‌8.17‌‌shows‌‌the‌‌breakdown‌‌of‌‌the‌‌three‌‌main‌‌current‌‌demands‌‌on‌‌                               

the‌ ‌fuel‌ ‌cell‌ ‌stack,‌ ‌aircraft‌ ‌demand,‌ ‌air‌ ‌compressor‌ ‌demand‌ ‌and‌‌coolant‌‌pump‌‌demand‌‌and‌‌                           

the‌‌total‌‌response‌‌of‌‌the‌‌fuel‌‌cell.‌‌It‌‌is‌‌shown‌‌that‌‌although‌‌the‌‌air‌‌compressor‌‌is‌‌a‌‌relatively‌‌                                   

high‌‌parasitic‌‌power‌‌drain‌‌on‌‌the‌‌overall‌‌system,‌‌the‌‌coolant‌‌pump‌‌is‌‌not.‌‌This‌‌is‌‌because‌‌of‌‌                                 

the‌ ‌low‌ ‌coolant‌ ‌flow‌ ‌rate‌ ‌when‌ ‌compared‌ ‌to‌ ‌air‌ ‌flow‌ ‌rate.‌ ‌ 

‌ 

Figure‌ ‌8.17:‌ ‌Model‌‌output‌‌response‌‌to‌‌flight‌‌profile‌‌for‌‌MQ-1‌‌Predator‌‌described‌‌in‌‌Figure‌‌                           

8.12.‌ ‌Specific‌ ‌breakdown‌ ‌of‌ ‌key‌ ‌current‌ ‌demands‌ ‌and‌ ‌outputs‌ ‌given‌ ‌in‌ ‌lower‌ ‌half.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 
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8.6‌ Additional‌ ‌Model‌ ‌Scope‌ ‌ 

The‌‌models‌‌and‌‌associated‌‌strategy‌‌discussed‌‌throughout‌‌this‌‌work‌‌were‌‌used‌‌to‌‌carry‌‌out‌‌a‌‌                             

sensitivity‌ ‌study‌ ‌on‌ ‌potential‌ ‌future‌ ‌improvements‌ ‌in‌ ‌fuel‌ ‌cell‌ ‌stack‌ ‌and‌ ‌hydrogen‌ ‌storage‌‌                         

technologies.‌ ‌The‌ ‌sensitivity‌‌study‌‌looked‌‌at‌‌three‌‌technology‌‌level‌‌scenarios.‌‌The‌‌first‌‌was‌‌                         

using‌ ‌the‌ ‌specific‌ ‌power/energies‌ ‌and‌ ‌power/energy‌ ‌densities‌ ‌of‌ ‌today’s‌ ‌levels‌ ‌which‌ ‌have‌‌                       

been‌ ‌discussed‌ ‌already‌ ‌in‌ ‌this‌‌Thesis.‌‌The‌‌second‌‌level‌‌assumes‌‌the‌‌specific‌‌stack‌‌power‌‌is‌‌                             

increased‌‌from‌‌500‌‌W/kg‌‌to‌‌2.0‌‌kW/kg‌‌and‌‌stack‌‌power‌‌density‌‌from‌‌200‌‌W/l‌‌to‌‌2.5‌‌kW/l‌‌for‌‌                                   

all‌‌fuel‌‌cell‌‌types.‌‌Thirdly,‌‌an‌‌increase‌‌in‌‌the‌‌specific‌‌energy‌‌and‌‌energy‌‌density‌‌of‌‌hydrogen‌‌                               

storage‌ ‌by‌ ‌one‌ ‌third‌ ‌was‌ ‌considered.‌ ‌The‌ ‌aim‌‌of‌‌this‌‌study‌‌was‌‌to‌‌determine‌‌which‌‌area‌‌of‌‌                                 

fuel‌ ‌cell‌ ‌system‌ ‌design‌ ‌is‌ ‌most‌ ‌limiting‌ ‌in‌ ‌terms‌ ‌of‌ ‌overall‌ ‌system‌ ‌mass‌ ‌and‌ ‌volume.‌‌Five‌‌                               

aircraft‌ ‌of‌ ‌varying‌ ‌types‌ ‌were‌ ‌used‌ ‌in‌ ‌the‌ ‌sensitivity‌ ‌study.‌ ‌Summaries‌ ‌of‌ ‌key‌ ‌design‌ ‌and‌‌                             

mission‌ ‌criteria‌ ‌are‌ ‌contained‌ ‌in‌ ‌Table‌ ‌8.8.‌ ‌ 

Table‌ ‌8.8:‌ ‌Summary‌ ‌of‌ ‌aircraft‌ ‌used‌ ‌in‌ ‌sensitivity‌ ‌study‌ ‌ 

‌ 

‌ 

‌ 

Aircraft‌ ‌  MTOW‌ ‌(kg)‌  Flight‌ ‌Time‌‌ 
(hrs)‌ ‌ 

Fuel‌ ‌Cell‌‌ 
Power‌ ‌(kW)‌ ‌ 

Fuel‌ ‌Cell‌‌ 
Cooling‌ ‌ 

Fuel‌ ‌Cell‌‌ 
Use‌ ‌ 

Skywalker‌‌ 
X8‌ ‌ 

4.5‌ ‌  0.6‌ ‌  0.5‌ ‌  Air‌ ‌  Propulsion‌ ‌ 

MQ-1‌‌ 
Predator‌ ‌ 

1,020‌ ‌  15‌ ‌  80‌ ‌  Liquid‌ ‌  Propulsion‌ ‌ 

Medium‌‌ 
Business‌ ‌ 

3,000‌ ‌  4‌ ‌  840‌ ‌  Liquid‌ ‌  Propulsion‌ ‌ 

Narrow‌‌ 
Body‌‌ 
Passenger‌ ‌ 

73,500‌ ‌  6‌ ‌  135‌ ‌  Liquid‌ ‌  APU‌ ‌ 

Wide‌ ‌Body‌‌ 
Passenger‌ ‌ 

500,000‌ ‌  10‌ ‌  466‌ ‌  Liquid‌ ‌  APU‌ ‌ 
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Results‌ ‌for‌‌the‌‌sensitivity‌‌study‌‌carried‌‌out‌‌on‌‌the‌‌aircraft‌‌in‌‌Table‌‌8.8‌‌using‌‌the‌‌technology‌‌                               

levels‌ ‌discussed‌ ‌earlier‌ ‌are‌ ‌shown‌ ‌in‌ ‌Figure‌‌8.18.‌‌The‌‌results‌‌suggest‌‌that‌‌for‌‌aircraft‌‌using‌‌                             

fuel‌ ‌cells‌ ‌for‌ ‌propulsion,‌ ‌increasing‌ ‌specific‌ ‌power‌ ‌and‌‌power‌‌density‌‌of‌‌the‌‌fuel‌‌cell‌‌stack‌‌                             

lead‌‌to‌‌significant‌‌reductions‌‌in‌‌system‌‌mass‌‌and‌‌volume.‌‌The‌‌level‌‌of‌‌system‌‌improvement‌‌                           

appears‌‌to‌‌be‌‌fairly‌‌insensitive‌‌to‌‌flight‌‌duration.‌‌However,‌‌system‌‌configurations‌‌with‌‌higher‌‌                         

power‌ ‌fuel‌ ‌cell‌ ‌stacks‌ ‌such‌ ‌as‌ ‌the‌ ‌MQ-1‌ ‌Predator‌ ‌see‌‌significant‌‌mass‌‌and‌‌volume‌‌savings‌‌                             

with‌ ‌the‌ ‌increase‌ ‌in‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌level.‌ ‌ 

‌ 

Figure‌ ‌8.18:‌ ‌Percentage‌ ‌change‌ ‌in‌ ‌overall‌ ‌system‌ ‌mass‌ ‌and‌ ‌volume‌ ‌for‌ ‌doubling‌ ‌fuel‌ ‌cell‌‌                           

sizing‌ ‌efficiency‌ ‌and‌ ‌doubling‌ ‌hydrogen‌ ‌storage‌ ‌efficiency‌ ‌ 

For‌‌systems‌‌using‌‌fuel‌‌cells‌‌as‌‌an‌‌Auxiliary‌‌Power‌‌Unit‌‌(APU),‌‌the‌‌system‌‌mass‌‌and‌‌volume‌‌                               

savings‌ ‌are‌ ‌directly‌ ‌related‌ ‌to‌ ‌the‌ ‌relative‌ ‌fuel‌ ‌cell‌ ‌power‌ ‌and‌ ‌mission‌ ‌duration.‌ ‌For‌ ‌the‌‌                             

Narrow‌ ‌Body‌ ‌(NB)‌ ‌aircraft‌ ‌which‌ ‌had‌ ‌a‌ ‌smaller‌ ‌fuel‌ ‌cell‌‌and‌‌shorter‌‌mission‌‌duration‌‌it‌‌is‌‌                               

shown‌‌that‌‌the‌‌savings‌‌are‌‌less‌‌than‌‌the‌‌Wide‌‌Body‌‌(WB)‌‌aircraft‌‌with‌‌a‌‌more‌‌powerful‌‌fuel‌‌                                 

cell‌ ‌and‌ ‌longer‌ ‌range.‌ ‌ 
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The‌ ‌results‌ ‌also‌ ‌show‌ ‌that‌ ‌for‌ ‌a‌ ‌majority‌ ‌of‌ ‌aircraft,‌ ‌which‌ ‌have‌ ‌relatively‌ ‌short‌ ‌flight‌‌                             

profiles,‌ ‌the‌ ‌overall‌ ‌system‌ ‌mass‌ ‌and‌ ‌volume‌ ‌is‌ ‌currently‌ ‌more‌ ‌sensitive‌ ‌to‌ ‌changes‌ ‌in‌‌the‌‌                             

fuel‌ ‌cell‌ ‌stack‌ ‌power‌ ‌density‌ ‌and‌ ‌specific‌ ‌power‌ ‌than‌ ‌it‌ ‌is‌ ‌the‌ ‌storage‌ ‌efficiency‌ ‌of‌ ‌hydrogen.‌ ‌ 

8.7‌ Summary‌ ‌ 

For‌‌both‌‌case‌‌studies‌‌used‌‌in‌‌this‌‌modelling‌‌evaluation‌‌the‌‌high‌‌specific‌‌power‌‌requirements‌‌                           

favoured‌‌the‌‌use‌‌of‌‌a‌‌hydrogen‌‌fed‌‌polymer‌‌electrolyte‌‌fuel‌‌cell‌‌systems.‌‌It‌‌has‌‌been‌‌shown‌‌                               

previously‌‌in‌‌this‌‌work‌‌that‌‌the‌‌specific‌‌energy‌‌of‌‌a‌‌liquid‌‌fed‌‌direct‌‌methanol‌‌fuel‌‌cell‌‌can‌‌be‌‌                                   

higher‌ ‌than‌ ‌an‌ ‌equivalent‌ ‌PEMFC‌ ‌fed‌ ‌by‌ ‌gaseous‌ ‌hydrogen.‌ ‌However,‌ ‌for‌ ‌the‌‌                       

high-endurance‌ ‌case‌ ‌(MQ-1‌ ‌Predator)‌ ‌hydrogen‌ ‌was‌ ‌stored‌ ‌in‌ ‌its‌ ‌liquid‌ ‌state‌ ‌therefore,‌‌                       

providing‌ ‌the‌ ‌highest‌ ‌specific‌ ‌energy‌ ‌of‌ ‌any‌ ‌system‌ ‌described‌ ‌in‌ ‌this‌ ‌work.‌ ‌ 

Development‌ ‌of‌ ‌a‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌model‌ ‌which‌ ‌accounts‌ ‌for‌ ‌environmental‌ ‌conditions‌‌                       

associated‌‌with‌‌aeronautical‌‌applications‌‌has‌‌been‌‌shown.‌‌The‌‌developed‌‌model‌‌was‌‌used‌‌in‌‌                         

conjunction‌ ‌with‌ ‌a‌ ‌simple‌ ‌battery‌ ‌model‌ ‌from‌ ‌the‌ ‌Simulink‌ ‌library‌ ‌and‌ ‌an‌ ‌experimentally‌‌                         

derived‌ ‌flight‌ ‌profile‌ ‌to‌ ‌investigate‌ ‌the‌ ‌consequences‌ ‌of‌ ‌hybridisation‌ ‌on‌ ‌a‌ ‌Skywalker‌ ‌X8‌‌                         

model‌ ‌aircraft‌ ‌ 

Three‌ ‌system‌ ‌architectures‌ ‌were‌ ‌derived‌ ‌for‌ ‌testing:‌ ‌fuel‌ ‌cell‌ ‌only,‌ ‌battery‌ ‌only‌ ‌and‌ ‌fuel‌‌                           

cell/battery‌‌hybrid.‌‌The‌‌flight‌‌profile,‌‌which‌‌is‌‌representative‌‌of‌‌a‌‌10‌‌minute‌‌flight,‌‌was‌‌used‌‌                             

as‌ ‌the‌ ‌input‌ ‌to‌ ‌each‌ ‌modelled‌ ‌architecture.‌ ‌Using‌ ‌the‌ ‌battery‌ ‌only‌ ‌model‌ ‌as‌‌a‌‌baseline,‌‌the‌‌                               

gravimetric‌‌and‌‌volumetric‌‌performance‌‌of‌‌the‌‌fuel‌‌cell‌‌and‌‌hybrid‌‌systems‌‌were‌‌shown‌‌for‌‌a‌‌                             

varying‌ ‌number‌ ‌of‌ ‌looped‌ ‌flight‌ ‌profiles.‌ ‌ 

The‌ ‌modelling‌ ‌work‌ ‌has‌ ‌shown‌ ‌that‌ ‌substantial‌ ‌mass‌ ‌and‌ ‌volume‌ ‌savings‌ ‌can‌ ‌be‌ ‌made‌ ‌by‌‌                             

replacing‌ ‌a‌‌battery‌‌system‌‌with‌‌a‌‌fuel‌‌cell‌‌system.‌‌Hybridising‌‌a‌‌fuel‌‌cell‌‌with‌‌a‌‌battery‌‌has‌‌                                 

also‌ ‌been‌ ‌shown‌‌to‌‌offer‌‌improvements‌‌in‌‌volumetric‌‌efficiency‌‌when‌‌compared‌‌to‌‌a‌‌solely‌‌                           

fuel‌ ‌cell‌ ‌system.‌ ‌However,‌ ‌these‌ ‌observations‌ ‌are‌ ‌dependent‌ ‌on‌ ‌mission‌ ‌flight‌ ‌time.‌ ‌For‌‌                         

shorter‌ ‌flights‌ ‌a‌ ‌fully‌ ‌battery‌ ‌system‌ ‌is‌ ‌suggested‌ ‌to‌ ‌be‌ ‌more‌ ‌suitable.‌ ‌Whereas,‌‌for‌‌longer‌‌                             

flights‌ ‌a‌ ‌fuel‌ ‌cell‌ ‌or‌ ‌hybrid‌ ‌system‌ ‌gives‌ ‌the‌ ‌advantages‌ ‌of‌ ‌lower‌ ‌mass‌ ‌and‌ ‌volume.‌ 

‌ 
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For‌‌a‌‌medium-range‌‌long-endurance‌‌unmanned‌‌aerial‌‌vehicle‌‌such‌‌as‌‌the‌‌MQ-1‌‌Predator‌‌the‌‌                         

use‌ ‌of‌ ‌hydrogen‌ ‌fed‌ ‌liquid-cooled‌ ‌fuel‌ ‌cells‌ ‌has‌ ‌been‌ ‌shown‌ ‌to‌ ‌be‌ ‌feasible‌ ‌using‌ ‌current‌‌                             

technology‌ ‌levels‌ ‌if‌ ‌the‌ ‌mission‌ ‌requirements‌ ‌of‌ ‌the‌ ‌aircraft‌‌are‌‌modified.‌‌It‌‌was‌‌also‌‌clear‌‌                             

from‌ ‌the‌ ‌results‌ ‌that‌ ‌hydrogen‌ ‌storage‌ ‌is‌ ‌not‌ ‌the‌‌only‌‌limiting‌‌factor.‌‌Commercialisation‌‌of‌‌                           

higher‌ ‌specific‌ ‌power‌ ‌liquid-cooled‌ ‌fuel‌ ‌cell‌ ‌systems‌ ‌in‌ ‌the‌ ‌region‌ ‌of‌ ‌1,000‌ ‌W/kg‌ ‌would‌‌                           

allow‌ ‌full‌ ‌integration‌ ‌with‌ ‌no‌ ‌performance‌ ‌limitations.‌ ‌ 

Reference‌‌was‌‌made‌‌to‌‌the‌‌additional‌‌mission‌‌benefits‌‌associated‌‌with‌‌replacing‌‌the‌‌internal‌‌                         

combustion‌ ‌powertrain‌ ‌with‌ ‌a‌ ‌hydrogen‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌in‌ ‌particular,‌‌the‌‌reduced‌‌acoustic‌                         

and‌ ‌thermal‌ ‌emissions‌ ‌from‌ ‌the‌ ‌aircraft.‌ ‌Both‌ ‌of‌ ‌which‌ ‌aid‌ ‌the‌ ‌low‌ ‌observability‌‌desirable‌‌                           

during‌ ‌reconnaissance‌ ‌missions.‌ ‌ 

A‌‌study‌‌was‌‌carried‌‌out‌‌using‌‌the‌‌model‌‌to‌‌determine‌‌the‌‌sensitivity‌‌of‌‌overall‌‌system‌‌mass‌‌                               

and‌‌volume‌‌to‌‌changes‌‌in‌‌the‌‌technology‌‌level‌‌of‌‌fuel‌‌cell‌‌stacks‌‌and‌‌hydrogen‌‌storage.‌‌The‌‌                               

results‌ ‌across‌‌a‌‌range‌‌of‌‌aircraft‌‌types‌‌and‌‌mission‌‌durations‌‌show‌‌that‌‌based‌‌on‌‌the‌‌current‌‌                               

liquid-cooled‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌levels‌ ‌presented‌ ‌in‌ ‌this‌ ‌work,‌ ‌the‌‌overall‌‌system‌‌is‌‌more‌‌                           

sensitive‌ ‌to‌ ‌improvements‌ ‌in‌ ‌this‌ ‌than‌ ‌it‌ ‌is‌ ‌in‌ ‌hydrogen‌ ‌storage‌ ‌efficiency.‌ ‌ 
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Chapter‌ ‌9‌ Conclusions‌ ‌ 
‌ 

‌ 

In‌ ‌response‌ ‌to‌ ‌the‌ ‌increased‌ ‌demand‌ ‌for‌ ‌aircraft‌ ‌electrification‌ ‌and‌‌growing‌‌interest‌‌in‌‌fuel‌‌                           

cell‌ ‌technology,‌ ‌a‌ ‌comprehensive‌ ‌study‌ ‌has‌‌been‌‌carried‌‌out‌‌to‌‌assess‌‌the‌‌suitability‌‌of‌‌fuel‌‌                             

cells‌ ‌for‌ ‌a‌ ‌range‌ ‌of‌ ‌aircraft.‌ ‌The‌ ‌aim‌ ‌of‌ ‌this‌ ‌study‌ ‌was‌ ‌to‌ ‌explore‌ ‌the‌ ‌applicability‌ ‌and‌‌                                 

limitations‌‌of‌‌utilising‌‌fuel‌‌cells‌‌for‌‌the‌‌purpose‌‌of‌ ‌aircraft‌‌electrification‌‌with‌‌key‌‌objectives‌‌                           

to:‌ ‌ 

1. Define‌‌a‌‌methodology‌‌to‌‌predict‌‌the‌‌electrical‌‌requirements,‌‌propulsive‌‌or‌‌auxiliary‌‌of‌‌                       

any‌ ‌aircraft‌ ‌based‌ ‌on‌ ‌the‌ ‌highest‌ ‌level‌ ‌design‌ ‌information.‌ ‌ 

2. Critically‌‌analyse‌‌existing‌‌fuel‌‌cell‌‌technologies‌‌and‌‌down-select‌‌to‌‌two‌‌technologies.‌‌                     

Assess‌ ‌the‌ ‌required‌ ‌balance‌ ‌of‌ ‌plant‌ ‌for‌ ‌the‌ ‌down-selected‌ ‌fuel‌ ‌cell‌ ‌technologies.‌ ‌ 

3. Produce‌ ‌and‌ ‌evaluate‌ ‌a‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌system‌ ‌sizing‌ ‌model‌ ‌to‌ ‌assist‌ ‌aircraft‌‌                         

designers‌ ‌during‌ ‌an‌ ‌aircraft's‌ ‌preliminary‌ ‌design‌ ‌phase.‌ ‌ 

For‌ ‌Objective‌ ‌1,‌ ‌fifteen‌ ‌aircraft‌ ‌categories‌ ‌were‌ ‌defined‌ ‌based‌ ‌on‌ ‌the‌ ‌aircrafts‌ ‌primary‌‌                         

function‌ ‌and‌ ‌propulsion‌ ‌method.‌ ‌A‌ ‌model‌ ‌was‌ ‌then‌ ‌developed‌ ‌to‌ ‌predict‌ ‌the‌ ‌electrical‌‌                         

generation‌ ‌capability‌ ‌and‌ ‌propulsive‌ ‌requirements.‌ ‌Validating‌ ‌the‌ ‌categorisation‌ ‌model‌‌                 

against‌ ‌real‌ ‌aircraft‌ ‌data‌ ‌showed‌ ‌a‌ ‌good‌ ‌correlation‌ ‌between‌ ‌the‌ ‌real‌ ‌and‌ ‌modelled‌ ‌data.‌‌                           

Generally,‌‌an‌‌error‌‌of‌‌less‌‌than‌‌5%‌‌was‌‌obtained‌‌by‌‌the‌‌model.‌‌Certain‌‌instances,‌‌higher‌‌than‌‌                               

this‌ ‌cut-off‌ ‌percentage‌ ‌arose‌ ‌when‌ ‌the‌ ‌model‌ ‌was‌ ‌based‌ ‌on‌‌a‌‌small‌‌dataset.‌‌The‌‌results‌‌for‌‌                               

this‌‌section‌‌of‌‌work‌‌were‌‌published‌‌as‌‌a‌‌peer‌‌reviewed‌‌technical‌‌paper‌‌by‌‌SAE‌‌International‌‌                             

in‌ ‌2017‌ ‌(Appendix‌ ‌1,‌ ‌Entry‌ ‌1).‌ 

‌ 

‌ 

‌ 

‌ 
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Six‌ ‌commercially‌ ‌available‌ ‌fuel‌ ‌cell‌ ‌technologies‌ ‌were‌ ‌reviewed‌ ‌for‌ ‌use‌ ‌in‌ ‌aeronautical‌‌                       

applications.‌ ‌Key‌ ‌decision‌ ‌factors‌ ‌for‌ ‌the‌ ‌down-selection‌ ‌of‌ ‌two‌ ‌technologies‌ ‌from‌ ‌the‌ ‌six‌‌                         

were‌ ‌operating‌ ‌temperature‌ ‌and‌‌technology‌‌maturity.‌‌A‌‌low‌‌operating‌‌temperature‌‌of‌‌<‌‌100‌‌                         

℃‌‌was‌‌seen‌‌as‌‌advantageous‌‌to‌‌minimising‌‌an‌‌aircraft‌‌thermal‌‌signature,‌‌a‌‌key‌‌requirement‌‌                           

for‌ ‌most‌ ‌military‌ ‌aircraft.‌ ‌Combined‌ ‌with‌ ‌the‌ ‌high‌ ‌maturity‌ ‌level‌ ‌of‌ ‌the‌ ‌solid‌ ‌polymer‌‌                           

membrane,‌‌hydrogen‌‌fed‌‌Polymer‌‌Electrolyte‌‌Membrane‌‌and‌‌liquid‌‌fed‌‌Direct‌‌Methanol‌‌Fuel‌‌                       

Cells‌ ‌(PEMFC‌ ‌&‌ ‌DMFC)‌ ‌were‌ ‌selected‌ ‌as‌ ‌the‌ ‌best‌ ‌solutions‌ ‌for‌ ‌further‌ ‌study.‌ ‌ 

A‌ ‌system‌ ‌of‌ ‌systems‌ ‌design‌ ‌approach‌ ‌was‌ ‌adopted‌ ‌for‌ ‌each‌ ‌of‌ ‌the‌ ‌down-selected‌ ‌fuel‌ ‌cell‌‌                             

technologies.‌ ‌This‌ ‌holistic‌ ‌approach‌ ‌was‌ ‌vital‌ ‌as‌ ‌both‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌ ‌systems‌ ‌have‌‌                         

distinct‌ ‌advantages‌ ‌over‌ ‌each‌ ‌other‌ ‌and‌‌the‌‌full‌‌system‌‌must‌‌always‌‌be‌‌considered‌‌to‌‌avoid‌‌                             

bias.‌‌Primary‌‌fuel‌‌cell‌‌subsystems‌‌were‌‌grouped‌‌into‌‌four‌‌categories‌‌to‌‌aid‌‌comparison.‌‌Each‌‌                           

of‌‌these‌‌categories‌‌also‌‌represents‌‌a‌‌distinct‌‌submodel‌‌of‌‌the‌‌complete‌‌dynamic‌‌model‌‌shown‌‌                           

in‌ ‌Figure‌ ‌8.4‌ ‌in‌ ‌Chapter‌ ‌8.‌ ‌ 

An‌ ‌electrochemical‌ ‌submodel,‌ ‌Equation‌ ‌9.1,‌ ‌was‌ ‌developed‌ ‌which‌ ‌allowed‌ ‌maximum‌‌                   

flexibility‌ ‌in‌ ‌that‌ ‌it‌ ‌could‌ ‌be‌ ‌used‌ ‌for‌ ‌either‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌and‌ ‌incorporated‌‌                           

performance‌ ‌effects‌ ‌of‌ ‌altitude‌ ‌related‌ ‌flight‌ ‌conditions.‌ ‌It‌ ‌combined‌ ‌the‌‌effects‌‌of‌‌reactant‌‌                         

concentration,‌ ‌pressure,‌ ‌temperature‌ ‌and‌ ‌validated‌ ‌irreversibilities‌ ‌on‌ ‌the‌ ‌temperature‌‌                 

dependent‌ ‌reversible‌ ‌thermodynamic‌ ‌voltage.‌ ‌This‌ ‌full‌ ‌cell‌ ‌model‌ ‌is‌ ‌a‌ ‌combination‌ ‌of‌‌                       

equations‌ ‌published‌ ‌separately‌ ‌in‌ ‌the‌ ‌literature.‌ ‌ 

Fuel,‌ ‌or‌ ‌anode‌ ‌reactant,‌ ‌is‌ ‌the‌ ‌primary‌ ‌area‌ ‌of‌ ‌divergence‌ ‌between‌ ‌PEMFC‌ ‌and‌ ‌DMFC‌‌                           

systems.‌ ‌Polymer‌ ‌electrolyte‌ ‌membrane‌ ‌fuel‌ ‌cells‌‌require‌‌a‌‌supply‌‌of‌‌purified‌‌hydrogen‌‌for‌‌                         

optimum‌ ‌performance‌ ‌and‌ ‌durability.‌ ‌Although‌ ‌hydrogen‌‌has‌‌the‌‌highest‌‌specific‌‌energy‌‌of‌‌                       

any‌‌fuel,‌‌it‌‌has‌‌one‌‌of‌‌the‌‌lowest‌‌energy‌‌densities.‌‌This‌‌means‌‌that‌‌its‌‌usefulness‌‌as‌‌a‌‌fuel‌‌is‌‌                                     

dependent‌ ‌on‌ ‌high‌ ‌pressure‌ ‌compression‌ ‌or‌ ‌complex‌ ‌liquefaction.‌ ‌ 

‌ln ln  V c = zF
ΔgHHV + zF

RT (ΠcM
products

ΠcM
reactants) + 4F

RT ( p1

p2 ) + zF
ΔsT (T )− T 0 −  

‌ln Ω exp  − RT
zαF ( i0

i + in ) − i − x (yi)  
(9.1)‌ 



193‌ ‌ 

Direct‌ ‌methanol‌ ‌fuel‌ ‌cells‌ ‌on‌ ‌the‌ ‌other‌ ‌hand‌ ‌utilise‌ ‌methanol‌ ‌as‌ ‌a‌ ‌fuel‌ ‌without‌ ‌prior‌‌                             

reformation.‌‌As‌‌a‌‌result,‌‌a‌‌potential‌‌140‌‌%‌‌rise‌‌in‌‌energy‌‌density‌‌can‌‌be‌‌realised.‌‌Additional‌‌                               

benefits‌ ‌arise‌ ‌from‌ ‌the‌ ‌use‌ ‌of‌ ‌liquid‌ ‌methanol‌ ‌as‌ ‌a‌ ‌fuel‌ ‌as‌ ‌its‌ ‌storage‌ ‌and‌ ‌handling‌‌                               

requirements‌ ‌are‌‌very‌‌similar‌‌to‌‌traditional‌‌hydrocarbon‌‌fuels.‌‌Meaning‌‌that‌‌integration‌‌into‌‌                       

existing‌‌aircraft‌‌designs‌‌and‌‌adoption‌‌by‌‌both‌‌civilian‌‌and‌‌military‌‌aircraft‌‌operators‌‌will‌‌be‌‌                           

seamless‌ ‌when‌ ‌compared‌ ‌to‌ ‌that‌‌of‌‌hydrogen.‌‌A‌‌summary‌‌of‌‌the‌‌key‌‌findings‌‌are‌‌shown‌‌in‌‌                               

Figure‌ ‌9.1.‌ ‌ 

Direct‌‌methanol‌‌fuel‌‌cells‌‌are‌‌known‌‌to‌‌have‌‌a‌‌much‌‌lower‌‌specific‌‌power‌‌than‌‌PEMFCs‌‌at‌‌                               

today's‌ ‌technology‌ ‌levels.‌ ‌However,‌ ‌the‌ ‌advantages‌ ‌of‌ ‌the‌ ‌fuel‌ ‌type‌ ‌mean‌ ‌it‌ ‌will‌ ‌still‌ ‌be‌ ‌a‌‌                               

suitable‌ ‌choice‌ ‌for‌ ‌auxiliary‌ ‌electrical‌ ‌generation‌ ‌onboard‌ ‌larger‌ ‌aircraft.‌ ‌ 

‌ 

Figure‌ ‌9.1:‌ ‌Summary‌ ‌of‌ ‌low-temperature‌ ‌fuel‌ ‌cell,‌ ‌aircraft‌ ‌suitable‌ ‌fuel‌ ‌storage‌ ‌technologies‌ ‌ 

Both‌‌down-selected‌‌fuel‌‌cell‌‌technologies‌‌have‌‌the‌‌same‌‌oxidant‌‌requirements‌‌at‌‌the‌‌cathode.‌‌                         

Either‌‌an‌‌air-breathing‌‌or‌‌air-independent‌‌design‌‌can‌‌be‌‌implemented‌‌where‌‌an‌‌air-breathing‌‌                       

solution‌ ‌would‌ ‌utilise‌ ‌some‌ ‌form‌ ‌of‌ ‌atmospheric‌ ‌air‌ ‌compression‌ ‌whereas,‌ ‌air-independent‌‌                     

uses‌ ‌an‌ ‌onboard‌ ‌oxygen‌ ‌supply.‌ ‌ 
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A‌ ‌hypothesis‌ ‌was‌ ‌made‌ ‌and‌ ‌proven‌ ‌that‌ ‌combining‌ ‌elements‌ ‌from‌ ‌both‌ ‌air-breathing‌ ‌and‌‌                         

air-independent‌‌systems‌‌into‌‌a‌‌hybrid‌‌semi-independent‌‌system‌‌might‌‌lead‌‌to‌‌gravimetric‌‌and‌‌                       

volumetric‌ ‌efficiency‌ ‌gains.‌ ‌The‌ ‌results‌ ‌yielded‌ ‌from‌ ‌this‌ ‌investigation‌ ‌showed‌ ‌that‌‌                     

incorporating‌ ‌onboard‌ ‌oxygen‌ ‌storage‌ ‌in‌ ‌liquid‌‌form‌‌(air-independent)‌‌into‌‌an‌‌air-breathing‌‌                     

design‌ ‌would‌ ‌lead‌ ‌to‌ ‌improvements‌ ‌in‌ ‌efficiency‌ ‌for‌ ‌high‌ ‌altitude‌ ‌mission‌ ‌profiles.‌ ‌ 

However,‌ ‌for‌ ‌missions‌ ‌at‌ ‌an‌ ‌altitude‌ ‌below‌ ‌20,000‌ ‌ft‌ ‌it‌ ‌was‌ ‌shown‌ ‌that‌ ‌an‌ ‌air-breathing‌‌                             

system‌ ‌would‌ ‌be‌ ‌the‌ ‌most‌ ‌efficient‌ ‌from‌ ‌both‌ ‌a‌ ‌gravimetric‌ ‌and‌ ‌volumetric‌ ‌perspective.‌‌                         

Ultimately,‌ ‌future‌ ‌advances‌ ‌in‌ ‌either‌ ‌compressor‌ ‌or‌ ‌oxygen‌ ‌storage‌ ‌technologies‌ ‌may‌ ‌alter‌‌                       

these‌ ‌findings.‌ ‌ 

The‌‌final‌‌component‌‌of‌‌Objective‌‌2‌‌was‌‌the‌‌thermal‌‌management‌‌subsystem.‌‌When‌‌choosing‌‌                         

the‌‌appropriate‌‌cooling‌‌strategy‌‌for‌‌a‌‌hydrogen‌‌fed‌‌fuel‌‌cell‌‌the‌‌primary‌‌consideration‌‌is‌‌the‌‌                             

rate‌ ‌of‌ ‌heat‌ ‌generation.‌ ‌For‌ ‌lower‌‌power‌‌output‌‌fuel‌‌cells‌‌<‌‌4‌‌kW,‌‌air-cooling‌‌would‌‌be‌‌the‌‌                                 

preferred‌ ‌method‌ ‌due‌ ‌to‌ ‌its‌ ‌lower‌ ‌cost‌ ‌and‌ ‌simpler‌‌system‌‌design.‌‌Liquid-cooling‌‌has‌‌been‌‌                           

identified‌ ‌as‌ ‌the‌ ‌preferred‌ ‌cooling‌ ‌methodology‌ ‌for‌ ‌higher‌ ‌power‌ ‌fuel‌ ‌cell‌ ‌systems‌ ‌due‌ ‌to‌‌                           

higher‌ ‌technology‌ ‌maturity‌ ‌and‌ ‌more‌ ‌robust‌ ‌nature.‌ ‌ 

The‌ ‌current‌ ‌status‌ ‌and‌ ‌primary‌ ‌function‌ ‌of‌ ‌direct‌ ‌methanol‌ ‌fuel‌ ‌cell‌ ‌thermal‌ ‌management‌‌                         

systems‌ ‌has‌ ‌been‌ ‌identified.‌ ‌In‌ ‌general,‌ ‌the‌ ‌literature‌ ‌does‌ ‌not‌ ‌suggest‌ ‌any‌ ‌active‌ ‌thermal‌‌                           

management‌‌strategy‌‌for‌‌this‌‌fuel‌‌cell‌‌technology‌‌other‌‌than‌‌the‌‌initial‌‌fuel‌‌cell‌‌stack‌‌design‌‌                             

and‌‌operating‌‌envelope.‌‌This‌‌is‌‌because,‌‌in‌‌most‌‌cases‌‌their‌‌temperature‌‌is‌‌self-regulating‌‌due‌‌                           

to‌ ‌the‌ ‌liquid‌ ‌fuel‌‌supplied‌‌to‌‌the‌‌anode‌‌providing‌‌ample‌‌evaporative‌‌cooling.‌‌Therefore,‌‌the‌‌                           

primary‌ ‌function‌ ‌of‌ ‌thermal‌ ‌management‌ ‌here‌ ‌is‌ ‌to‌ ‌enable‌ ‌reactant‌ ‌and‌ ‌water‌ ‌recycling.‌ ‌ 

As‌ ‌altitude‌ ‌is‌ ‌increased‌ ‌the‌ ‌ability‌ ‌of‌ ‌the‌ ‌ambient‌ ‌air‌ ‌to‌ ‌remove‌ ‌heat‌ ‌from‌ ‌the‌ ‌system‌ ‌is‌‌                                 

improved‌‌per‌‌unit‌‌mass.‌‌However,‌‌the‌‌heat‌‌transfer‌‌ability‌‌of‌‌the‌‌heat‌‌exchanger‌‌is‌‌reduced.‌‌                             

Therefore,‌ ‌a‌ ‌larger‌ ‌heat‌ ‌transfer‌ ‌surface‌ ‌area‌ ‌is‌ ‌required‌ ‌to‌ ‌dissipate‌ ‌the‌ ‌same‌ ‌heat‌ ‌load‌ ‌at‌‌                               

altitude‌ ‌compared‌ ‌to‌ ‌at‌ ‌sea‌ ‌level.‌ ‌ 

A‌ ‌dynamic‌ ‌fuel‌ ‌cell‌ ‌sizing‌ ‌model‌ ‌was‌ ‌created‌ ‌by‌ ‌combining‌ ‌the‌ ‌previously‌ ‌discussed‌‌                         

submodels.‌‌It‌‌was‌‌calibrated‌‌using‌‌both‌‌a‌‌single-cell‌‌PEMFC‌‌and‌‌DMFC‌‌each‌‌with‌‌an‌‌active‌‌                             

area‌‌of‌‌25cm‌2‌.‌‌The‌‌model‌‌was‌‌shown‌‌to‌‌be‌‌in‌‌excellent‌‌agreement‌‌with‌‌errors‌‌in‌‌the‌‌region‌‌of‌‌                                   

5‌ ‌%‌ ‌and‌ ‌predominantly‌ ‌in‌ ‌the‌ ‌difficult‌ ‌to‌ ‌simulate‌ ‌mass‌ ‌transport‌ ‌region.‌ ‌ 
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Model‌ ‌evaluation‌ ‌was‌ ‌carried‌ ‌out‌ ‌using‌ ‌two‌ ‌case‌ ‌study‌ ‌aircraft,‌ ‌a‌ ‌Skywalker‌ ‌X8‌ ‌and‌ ‌a‌‌                             

General‌‌Atomics‌‌MQ-1‌‌Predator.‌‌Results‌‌from‌‌the‌‌Skywalker‌‌X8‌‌study‌‌showed‌‌the‌‌benefit‌‌of‌‌                           

fuel‌ ‌cell‌ ‌systems‌ ‌over‌ ‌modern‌ ‌Li-ion‌ ‌batteries.‌‌A‌‌fuel‌‌cell‌‌system‌‌was‌‌shown‌‌to‌‌offer‌‌mass‌‌                               

savings‌ ‌for‌ ‌all‌ ‌but‌ ‌the‌ ‌shortest‌ ‌flights‌ ‌with‌ ‌the‌ ‌potential‌ ‌for‌ ‌volumetric‌ ‌savings‌ ‌on‌ ‌longer‌‌                             

flight‌ ‌times.‌ ‌The‌ ‌larger‌ ‌MQ-1‌ ‌Predator‌ ‌case‌ ‌study‌ ‌showed‌ ‌that‌ ‌the‌ ‌integration‌ ‌of‌ ‌current‌‌                           

commercially‌ ‌available‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌is‌ ‌feasible‌ ‌with‌ ‌small‌ ‌mission‌ ‌modifications.‌‌                     

Commercialisation‌ ‌of‌ ‌higher‌ ‌specific‌ ‌power‌ ‌liquid-cooled‌‌fuel‌‌cell‌‌systems‌‌in‌‌the‌‌region‌‌of‌‌                         

1,000‌ ‌W/kg‌ ‌would‌ ‌allow‌ ‌full‌ ‌integration‌ ‌with‌ ‌no‌ ‌performance‌ ‌limitations.‌ ‌ 

A‌‌study‌‌was‌‌carried‌‌out‌‌using‌‌the‌‌model‌‌to‌‌determine‌‌the‌‌sensitivity‌‌of‌‌overall‌‌system‌‌mass‌‌                               

and‌‌volume‌‌to‌‌changes‌‌in‌‌the‌‌technology‌‌level‌‌of‌‌fuel‌‌cell‌‌stacks‌‌and‌‌hydrogen‌‌storage.‌‌The‌‌                               

results‌ ‌across‌‌a‌‌range‌‌of‌‌aircraft‌‌types‌‌and‌‌mission‌‌durations‌‌show‌‌that‌‌based‌‌on‌‌the‌‌current‌‌                               

liquid-cooled‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌levels‌ ‌presented‌ ‌in‌ ‌this‌ ‌work,‌ ‌the‌‌overall‌‌system‌‌is‌‌more‌‌                           

sensitive‌ ‌to‌ ‌improvements‌ ‌in‌ ‌this‌ ‌than‌ ‌it‌ ‌is‌ ‌in‌ ‌hydrogen‌ ‌storage‌ ‌efficiency.‌ ‌ 

‌ 

Future‌ ‌Work‌ ‌ 

An‌ ‌alternative‌ ‌compressor‌ ‌design‌ ‌which‌ ‌could‌‌be‌‌considered‌‌for‌‌use‌‌in‌‌this‌‌application‌‌is‌‌a‌‌                             

turbo‌‌compressor.‌‌For‌‌this‌‌design,‌‌some‌‌of‌‌the‌‌energy‌‌contained‌‌within‌‌the‌‌cathode‌‌exhaust‌‌is‌‌                             

used‌ ‌to‌ ‌help‌ ‌compress‌ ‌and‌ ‌feed‌ ‌oxygen‌ ‌to‌ ‌the‌ ‌inlet.‌ ‌This‌ ‌type‌ ‌of‌ ‌compressor‌ ‌has‌‌not‌‌been‌‌                                 

considered‌ ‌here‌ ‌as‌ ‌it‌ ‌would‌ ‌require‌ ‌a‌ ‌separate‌ ‌detailed‌ ‌study‌ ‌on‌ ‌the‌ ‌behaviour‌ ‌of‌ ‌turbine‌‌                             

wheels‌ ‌in‌ ‌fully‌ ‌humidified‌ ‌and‌ ‌super-saturated‌ ‌flows.‌ ‌ 

More‌‌detailed‌‌sensitivity‌‌studies‌‌could‌‌be‌‌carried‌‌out‌‌using‌‌the‌‌model‌‌and‌‌associated‌‌aircraft‌‌                           

database‌‌to‌‌test‌‌how‌‌changing‌‌system‌‌components‌‌can‌‌affect‌‌the‌‌overall‌‌mass‌‌and‌‌volume.‌‌If‌‌                             

detail,‌ ‌in‌ ‌the‌ ‌form‌ ‌of‌ ‌increased‌ ‌component‌ ‌resolution‌ ‌was‌ ‌added‌ ‌into‌ ‌the‌ ‌model‌‌then‌‌these‌‌                             

sensitivity‌ ‌studies‌ ‌could‌ ‌theoretically‌ ‌be‌ ‌run‌ ‌on‌ ‌anything‌‌down‌‌to‌‌the‌‌type‌‌of‌‌valve‌‌used‌‌to‌‌                               

actuate‌ ‌the‌ ‌purge‌ ‌valve‌ ‌of‌ ‌a‌ ‌hydrogen‌ ‌fuel‌ ‌cell‌ ‌system.‌ ‌ 

‌ 

‌ 
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Continual‌ ‌updating‌ ‌of‌ ‌the‌ ‌models‌ ‌parameters‌ ‌will‌ ‌allow‌ ‌it‌ ‌to‌ ‌better‌ ‌represent‌ ‌changing‌‌                         

technology‌ ‌levels‌ ‌in‌ ‌all‌ ‌of‌ ‌the‌ ‌systems‌ ‌mentioned‌ ‌in‌‌this‌‌work.‌‌Of‌‌particular‌‌interest‌‌to‌‌the‌‌                               

author‌ ‌would‌ ‌be‌‌an‌‌increase‌‌in‌‌research‌‌effort‌‌on‌‌the‌‌improving‌‌of‌‌direct‌‌methanol‌‌fuel‌‌cell‌‌                               

power‌ ‌densities.‌ ‌Or‌ ‌alternative‌ ‌systems‌ ‌which‌ ‌would‌ ‌allow‌ ‌the‌ ‌utilisation‌ ‌of‌ ‌a‌ ‌liquid,‌‌                         

methanol‌‌like‌‌fuel‌‌by‌‌a‌‌fuel‌‌cell‌‌system.‌‌This‌‌would‌‌have‌‌profound‌‌effects‌‌on‌‌the‌‌adoption‌‌of‌‌                                 

low‌ ‌and/or‌ ‌zero‌ ‌emission‌ ‌fuel‌ ‌cell‌ ‌technology‌ ‌by‌ ‌the‌ ‌aviation‌ ‌industry.‌ ‌ 

‌   
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Appendix‌ ‌2‌ ‌-‌ ‌Aircraft‌ ‌Categorisation‌‌ 
Empirical‌ ‌Correlations‌ ‌ 

‌ 

‌ 

Figure‌ ‌A2.1:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌all‌ ‌electric‌ ‌aircraft‌ ‌ 
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‌ 

Figure‌ ‌A2.2:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌unmanned‌ ‌aerial‌ ‌vehicles‌ ‌ 

‌ 

Figure‌ ‌A2.3:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌jet‌ ‌propelled‌ ‌fighter‌ ‌and‌ ‌trainer‌ ‌aircraft‌ ‌ 
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‌ 

Figure‌ ‌A2.4:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌fighter‌ ‌and‌ ‌trainer‌ ‌aircraft‌ ‌ 

‌ 

Figure‌ ‌A2.5:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌jet‌ ‌propelled‌ ‌transport‌ ‌aircraft‌ ‌ 
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‌ 

Figure‌ ‌A2.6:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌transport‌ ‌aircraft‌ ‌ 

‌ 

Figure‌ ‌A2.7:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌jet‌ ‌propelled‌ ‌airliner‌ ‌and‌ ‌freighter‌ ‌aircraft‌ ‌ 
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‌ 

Figure‌ ‌A2.8:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌airliner‌ ‌and‌ ‌freighter‌ ‌aircraft‌ ‌ 

‌ 

Figure‌ ‌A2.9:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌jet‌ ‌propelled‌ ‌business‌ ‌aircraft‌ ‌ 
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‌ 

Figure‌ ‌A2.10:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌business‌ ‌aircraft‌ ‌ 

‌ 

Figure‌ ‌A2.11:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌utility‌ ‌aircraft‌ ‌ 
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‌ 

Figure‌ ‌A2.12:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌amphibian‌ ‌aircraft‌ ‌ 

‌ 

Figure‌ ‌A2.13:‌ ‌Refined‌ ‌correlations‌ ‌for‌ ‌existing‌ ‌propeller‌ ‌driven‌ ‌light‌ ‌aircraft‌ ‌ 

‌   



230‌ ‌ 

Appendix‌ ‌3‌ ‌-‌ ‌Chemical‌ ‌Information‌ ‌ 
‌ 

A3.1‌ Hydrogen‌ ‌ 

Thermodynamic‌ ‌data‌ ‌from‌ ‌O’Hayre,‌ ‌R‌ ‌(2016)‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

200‌ ‌  -26660‌ ‌  -2770‌ ‌  119.42‌ ‌  27.26‌ ‌ 

220‌ ‌  -29070‌ ‌  -2220‌ ‌  122.05‌ ‌  27.81‌ ‌ 

240‌ ‌  -31540‌ ‌  -1660‌ ‌  124.48‌ ‌  28.21‌ ‌ 

260‌ ‌  -34050‌ ‌  -1090‌ ‌  126.75‌ ‌  28.49‌ ‌ 

280‌ ‌  -36610‌ ‌  -520‌ ‌  128.87‌ ‌  28.7‌ ‌ 

298‌ ‌  -38960‌ ‌  0‌ ‌  130.68‌ ‌  28.84‌ ‌ 

300‌ ‌  -39200‌ ‌  50‌ ‌  130.86‌ ‌  28.85‌ ‌ 

320‌ ‌  -41840‌ ‌  630‌ ‌  132.72‌ ‌  28.96‌ ‌ 

340‌ ‌  -44510‌ ‌  1210‌ ‌  134.38‌ ‌  29.04‌ ‌ 

360‌ ‌  -47220‌ ‌  1790‌ ‌  136.14‌ ‌  29.1‌ ‌ 

380‌ ‌  -49960‌ ‌  2380‌ ‌  137.72‌ ‌  29.15‌ ‌ 

400‌ ‌  -52730‌ ‌  2960‌ ‌  139.22‌ ‌  29.18‌ ‌ 
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A3.2‌ Methanol‌ ‌ 

Thermodynamic‌ ‌data‌ ‌from‌ ‌O’Hayre,‌ ‌R‌ ‌(2016)‌ ‌ 

Liquid‌ ‌ 

‌ 

Gas‌ ‌ 

‌ 

‌ 

‌ 

‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

298‌ ‌  -276370‌ ‌  -238500‌ ‌  127.19‌ ‌  81.59‌ ‌ 

300‌ ‌  -276610‌ ‌  -238420‌ ‌  127.28‌ ‌  81.59‌ ‌ 

400‌ ‌  -290560‌ ‌  -230260‌ ‌  150.75‌ ‌  81.59‌ ‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

280‌ ‌  -268110‌ ‌  -201730‌ ‌  237.08‌ ‌  42.95‌ ‌ 

298‌ ‌  -272440‌ ‌  -200940‌ ‌  239.81‌ ‌  44.04‌ ‌ 

300‌ ‌  -272880‌ ‌  -200860‌ ‌  240.08‌ ‌  44.15‌ ‌ 

320‌ ‌  -277710‌ ‌  -199960‌ ‌  242.97‌ ‌  45.46‌ ‌ 

340‌ ‌  -282600‌ ‌  -199040‌ ‌  245.77‌ ‌  46.85‌ ‌ 

360‌ ‌  -287540‌ ‌  -198090‌ ‌  248.49‌ ‌  48.31‌ ‌ 

380‌ ‌  -292540‌ ‌  -197110‌ ‌  251.14‌ ‌  49.83‌ ‌ 

400‌ ‌  -297590‌ ‌  196090‌ ‌  253.74‌ ‌  51.4‌ ‌ 



232‌ ‌ 

A3.3‌ Water‌ ‌ 

Thermodynamic‌ ‌data‌ ‌from‌ ‌O’Hayre,‌ ‌R‌ ‌(2016)‌ ‌ 

Liquid‌ ‌ 

‌ 

Gas‌ ‌ 

‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

273‌ ‌  -305010‌ ‌  -287730‌ ‌  63.28‌ ‌  76.1‌ ‌ 

280‌ ‌  -305460‌ ‌  -287200‌ ‌  65.21‌ ‌  75.81‌ ‌ 

298‌ ‌  -306690‌ ‌  -285830‌ ‌  69.95‌ ‌  75.37‌ ‌ 

300‌ ‌  -306820‌ ‌  -285690‌ ‌  70.42‌ ‌  75.35‌ ‌ 

320‌ ‌  -308270‌ ‌  -284180‌ ‌  75.28‌ ‌  75.27‌ ‌ 

340‌ ‌  -309820‌ ‌  -282680‌ ‌  79.85‌ ‌  75.41‌ ‌ 

360‌ ‌  -311460‌ ‌  -281170‌ ‌  84.16‌ ‌  75.72‌ ‌ 

373‌ ‌  -312580‌ ‌  -280180‌ ‌  86.85‌ ‌  75.99‌ ‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

280‌ ‌  -294720‌ ‌  -242440‌ ‌  186.73‌ ‌  33.53‌ ‌ 

298‌ ‌  -298130‌ ‌  -241830‌ ‌  188.84‌ ‌  33.59‌ ‌ 

300‌ ‌  -298480‌ ‌  -241770‌ ‌  189.04‌ ‌  33.6‌ ‌ 

320‌ ‌  -302280‌ ‌  -241090‌ ‌  191.21‌ ‌  33.69‌ ‌ 

340‌ ‌  -306130‌ ‌  -240420‌ ‌  193.26‌ ‌  33.81‌ ‌ 

360‌ ‌  -310010‌ ‌  -239740‌ ‌  195.2‌ ‌  33.95‌ ‌ 

380‌ ‌  -313940‌ ‌  -239060‌ ‌  197.04‌ ‌  34.1‌ ‌ 

400‌ ‌  -317890‌ ‌  -238380‌ ‌  198.79‌ ‌  34.26‌ ‌ 



233‌ ‌ 

A3.4‌ Oxygen‌ ‌ 

Thermodynamic‌ ‌data‌ ‌from‌ ‌O’Hayre,‌ ‌R‌ ‌(2016)‌ ‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

200‌ ‌  -41540‌ ‌  -2710‌ ‌  194.16‌ ‌  25.35‌ ‌ 

220‌ ‌  -45450‌ ‌  -2190‌ ‌  196.63‌ ‌  26.41‌ ‌ 

240‌ ‌  -49410‌ ‌  -1660‌ ‌  198.97‌ ‌  27.25‌ ‌ 

260‌ ‌  -53410‌ ‌  -1100‌ ‌  201.18‌ ‌  27.93‌ ‌ 

280‌ ‌  -57450‌ ‌  -540‌ ‌  203.27‌ ‌  28.48‌ ‌ 

298‌ ‌  -61120‌ ‌  0‌ ‌  205‌ ‌  28.91‌ ‌ 

300‌ ‌  -61540‌ ‌  30‌ ‌  205.25‌ ‌  28.96‌ ‌ 

320‌ ‌  -65660‌ ‌  620‌ ‌  207.13‌ ‌  29.36‌ ‌ 

340‌ ‌  -69820‌ ‌  1210‌ ‌  208.92‌ ‌  29.71‌ ‌ 

360‌ ‌  -74020‌ ‌  1810‌ ‌  210.63‌ ‌  30.02‌ ‌ 

380‌ ‌  -78250‌ ‌  2410‌ ‌  212.26‌ ‌  30.3‌ ‌ 

400‌ ‌  -82510‌ ‌  3020‌ ‌  213.82‌ ‌  30.56‌ ‌ 



234‌ ‌ 

A3.5‌ Carbon‌ ‌Dioxide‌ ‌ 

Thermodynamic‌ ‌data‌ ‌from‌ ‌O’Hayre,‌ ‌R‌ ‌(2016)‌ ‌ 

‌ 

‌ 

Temperature‌‌ 
(K)‌ ‌ 

ĝ‌T‌‌ ‌(J/mol)‌ ‌  ĥ‌T‌‌ ‌(J/mol)‌ ‌  ŝ‌T‌‌ ‌(J/mol.K)‌ ‌  Cp‌T‌‌ ‌(J/molK)‌ ‌ 

200‌ ‌  -436930‌ ‌  -396900‌ ‌  200.1‌ ‌  31.33‌ ‌ 

220‌ ‌  -440950‌ ‌  -396250‌ ‌  203.16‌ ‌  32.77‌ ‌ 

240‌ ‌  -445040‌ ‌  -395590‌ ‌  206.07‌ ‌  34.04‌ ‌ 

260‌ ‌  -449190‌ ‌  -394890‌ ‌  208.84‌ ‌  35.19‌ ‌ 

280‌ ‌  -453390‌ ‌  -394180‌ ‌  211.48‌ ‌  36.24‌ ‌ 

298‌ ‌  -457250‌ ‌  -393510‌ ‌  213.79‌ ‌  37.13‌ ‌ 

300‌ ‌  -457650‌ ‌  -393440‌ ‌  214.02‌ ‌  37.22‌ ‌ 

320‌ ‌  -461950‌ ‌  -392690‌ ‌  216.45‌ ‌  38.13‌ ‌ 

340‌ ‌  -466310‌ ‌  -391920‌ ‌  218.79‌ ‌  39‌ ‌ 

360‌ ‌  -470710‌ ‌  -391130‌ ‌  221.04‌ ‌  39.81‌ ‌ 

380‌ ‌  -475150‌ ‌  -390330‌ ‌  223.21‌ ‌  40.59‌ ‌ 

400‌ ‌  -479630‌ ‌  -389510‌ ‌  225.31‌ ‌  41.34‌ ‌ 




