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Impact of fuel cells on hydrogen energy pathways
in a sustainable energy economy
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The drive to decarbonise the electricity and transport industries when transitioning from a fossil fuel
economy to a hydrogen economy requires careful consideration of techno-environmental implications.
National and regional strategies for adopting hydrogen energy highlight an overarching objective to use
hydrogen for electrification that requires a concomitant transition to fuel cell technologies. We therefore
examine the impact of emergent fuel cell technologies on the sustainability of various hydrogen energy
pathways. Using a technology neutral framework, we show that hydrogen derived from fossil fuels for
use in fuel cells (i.e., blue hydrogen), is techno-environmentally unviable in a future economy. We
propose that a narrative focused on a sustainable energy economy, rather than a hydrogen economy,
shifts the debate to meet the requirements of national and regional strategies with key implications for

rsc.li/sustainable-energy

Introduction

The internationally agreed limitations on greenhouse gas
(GHG) emissions to achieve climate neutrality’ and net zero
emissions> by 2050 have generated a resurgent interest in
hydrogen as a clean energy carrier. This renewed interest rein-
states a transition to a hydrogen economy onto both political
and economic agendas. New national strategy papers and
roadmaps®™ highlight the opportunities for large-scale
domestic and international export/import markets for
hydrogen as well as beneficial contributions to achieving the
United Nations (UN) sustainability development goals (SDG's)"*
and emissions reduction targets." The global annual produc-
tion** of hydrogen reached 70 million tonnes (MT) in 2019, and
is expected to grow to 528 MT year ' according to the IEA's Net
Zero Emissions (NZE) scenario™ with 102 MT year™ ' predicted
to be used in stationary Fuel Cells (FCs).

The NZE scenario predicts'* that 63% of hydrogen demand
by 2050 will be renewable “green” hydrogen and 37% from
fossil fuel (FF) with Carbon Capture Utilisation or Sequestration
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the energy industry and policy maker.

(CCUS) (“blue” hydrogen) of which a large percentage is pre-
dicted to be used in fuel cells to produce clean energy. A recent
analysis®™ of 2050 scenarios indicates a higher hydrogen
demand of 800 MT than IEA's NZE scenario and a likely higher
green hydrogen to blue hydrogen ratio of 80 : 20 based on cost
competitiveness. However, the question of whether blue
hydrogen should be part of the hydrogen energy transition is
a hot topic in the European Union (EU)' and in particular,
Australia.””'® Recently the UK has established a twin track blue
and green hydrogen strategy.*’

An analysis*® of global electrical utilities concluded that
there is significant electricity sector inertia via carbon lock-in of
coal and natural gas (NG) fuels that will be embedded in the
energy system for many decades. The FF industry is now
focusing business plans on blue hydrogen® that expand FF
interests into the growing hydrogen energy industry.” While
this focus may minimize supply disruption(s) during the tran-
sition of the global energy industry, there is a potential risk of
even higher carbon lock-in for blue hydrogen via use of coal and
NG fuels.

A recent analysis®® based on a 20 year Global Warming
Potential (GWP) for methane, indicated that the climate impact
of blue hydrogen from NG may be greater than burning NG
directly for the specific scenario that was analysed. More
importantly, other analyses'”?*?® conclude that hydrogen
derived from FFs has a high economic risk that will put down-
ward pressure on the growth of blue hydrogen production.
Modelling of the global energy system concluded that FF
production will need to decrease by 3% per year to limit
temperature increases below 1.5 °C with nearly 60% of NG and
90% of coal needing to remain unextracted.*”

This journal is © The Royal Society of Chemistry 2022
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While all published hydrogen strategies, roadmaps and
predictions of hydrogen growth are top-down analyses, tech-
nology roadmaps for FCs®® are too broad to provide more
accurate predictions for the growth of hydrogen from different
origins for use in FCs. In this work, this knowledge gap is
addressed by a bottom-up analysis of FCs in a technology
neutral framework that addresses how different FCs such as
Proton Exchange Membrane Fuel Cell (PEMFC) and Solid Oxide
Fuel Cell (SOFC) impact the sustainability outcomes of different
hydrogen energy pathways (HEPs). Three key metrics were
analysed for each HEP: the amount of primary energy, the mass
of fossil fuel consumed and mass of direct CO, that must be
abated for carbon neutrality.

This analysis determined that key differences between
stationary PEMFC and SOFC technologies create an interde-
pendence between the energy source and the available FC
technology at the final point of electricity generation. Further,
the impact of fugitive emissions is discussed for the analysed
HEPs because of the much higher Global Warming Potential
(GWP) of methane.

This analysis within the energy-environment nexus suggests
that a sustainable energy economy should be the ultimate
objective rather than a hydrogen economy alone due to the
potential to entrench unwanted HEPs with poor sustainability
outcomes. We propose a technology neutral sustainable energy
framework to evaluate these possible future economies. With
this framework, we determine that blue hydrogen use in
PEMFCs for stationary electricity generation has poor environ-
mental outcomes. This determination is based on the level of
direct CO, emissions and fossil fuel consumption, compared
with direct conversion of fossil fuels to electricity via SOFCs: an
approach that does not first require conversion to hydrogen.
This outcome points to the conclusion that stationary PEMFCs
will trend more strongly towards using green hydrogen than
blue hydrogen. Furthermore, we propose that these alternative
energy pathways will impact the 63 : 37 green to blue hydrogen
ratio predicted by the IEA for the NZE scenario by 2050.

Hydrogen energy and fuel cell transition

Japan is one of the largest consumers of NG and imports 77 MT
per year (2019) with 39% from Australia, 28% from South East
Asia, 18% from the Middle East with the remaining 15% from
Russia, USA and other exporters.> About 50 MT of NG is used in
Japan's power industry to generate 323 TW h of electricity.”®
Japan has announced interest in the commercial supply of clean
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hydrogen for use in FCs to transition away from FF imports
while limiting a return to nuclear power to meet international
climate obligations. An active FC development and imple-
mentation program also aims to progress Japan's hydrogen and
FC transition.**® Other countries®*° have also announced
interest in clean hydrogen, with several countries, such as
Australia,® Norway" and Saudi Arabia ramping up their
renewable energy production to be part of a future hydrogen
energy export market.

Hydrogen is already an important chemical that is widely
used through an established global industry for its generation,
distribution and use. Most of today's hydrogen is produced by
steam reforming of natural gas (NG) (“grey” hydrogen) and to
a lesser degree by coal gasification (“black” or “brown”
hydrogen for bituminous and lignite, respectively) without
CCUS. We note the introduction of technology alternatives that
may reduce GHGs such as CO, and CH, when used via a FF
pathway. Examples of such alternative technologies include
autothermal reforming,*~* pyrolysis and plasma process-
ing.*® Each of these technologies have the potential for lower
GHG emissions from the production of H, using FF sources.
However, for this work we focus on existing, large-scale
processes for H, production using FF sources such as Steam
Reforming (SR) and Coal Gasification (CG) for which there are
well-defined input/output and efficiency parameters.

Given the IEA's recent projections for hydrogen demand, the
current commensurate carbon dioxide (CO,) annual emissions
of ~685 MT per annum from FF derived hydrogen could rise to
over 5000 MT by 2050 if the established practice continues.*
Most of the hydrogen produced today is used across many
chemical and physical industry sectors. For example, 55% of
global hydrogen is used by the oil refining and agricultural
industries."”® The hydrogen industry is now transitioning to
include energy use applications and, in particular, to convert it
to electrical energy via FCs for stationary and mobile power
applications.™ In the context of electricity as the end use, many
HEPs can be defined where FCs convert either natural gas or
hydrogen sustainably, when combined with CCUS. Recently
published hydrogen roadmaps and strategies show that
a number of countries and regions®** have significant aspira-
tions for new large-scale applications of hydrogen as an energy
carrier with a focus on electricity generation for both stationary
power and transportation. These roadmaps describe a range of
transition scenarios including production of hydrogen using FF
with no CCUS and the production of clean hydrogen from

35-37

Table 1 The hydrogen and fuel cell transition from established industries to the emerging energy industry

Transition sector Established industry

Emerging energy industry

Hydrogen production industry

and lignite coal respectively
Hydrogen use industry

This journal is © The Royal Society of Chemistry 2022

Hydrogen produced from fossil fuels with CO,
emitted to the atmosphere: “grey”, “black” and
“brown” hydrogen from NG, bituminous coal,

Hydrogen used predominantly in chemical
processing and physical industries

Hydrogen produced from renewable and
sustainable methods: “green”, “clean” and
sustainable hydrogen

Hydrogen used predominantly as an energy

carrier in FCs for stationary and mobile power
applications
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renewable energy. We designate the hydrogen energy and FC
transition in terms of hydrogen production and utilization as
shown in Table 1. This table illustrates that the emerging
hydrogen energy industry (HEI) is distinct from the established
hydrogen industry in that FCs and their flexibility of perfor-
mance are major influencing factors not evident in the latter
category. Our analysis includes the interdependence of
hydrogen use in FCs and the hydrogen production process.

Methods

Analysis of hydrogen energy pathways

In a hydrogen energy and FC transition, we consider the avail-
able HEPs and provide an analysis of the many options available
using a technology neutral framework. The focus of this work is
on the transition to clean electricity in stationary power appli-
cations as a primary goal for hydrogen energy use, while
considering combined heat and power where relevant. A similar
analysis can be applied to mobile applications but is not pre-
sented here.

This work focusses on the techno-environmental aspects of
the available HEPs, omitting consideration of their economics.
We note that questions on the veracity of economic data* for
different energy forms may benefit from more reliable quanti-
fication via this “bottom up” approach to technology choices. In
order to provide the technical basis for future economic anal-
yses, this work focusses on the important techno-environmental
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aspects given the rapid requirement for a NZE scenario rather
than assessing over-arching, or high-level, financial consider-
ations and questions of subsidies.

Here, the clean HEPs considered in a technology neutral
framework for the emerging HEI are shown in Fig. 1. The
primary source of energy proceeds via an Energy Source (ES)
pathway and is transferred via a Fuel Distribution (FD) pathway
for use as electricity in stationary and mobile power applica-
tions via a Fuel to Power pathway (F2P). The ES and F2P path-
ways are at different locations for hydrogen export applications.
Both the ES and the F2P pathways can also be in proximate
locations for domestic applications where the fuel is used as
a long-term energy storage medium.

Clean hydrogen has been defined** as both renewable
(“green”) hydrogen and “blue” hydrogen that is “produced with
minimal emissions, so it can include non-renewable sourced
electricity paired with offsets or carbon capture and storage
(CCS) to mitigate carbon emissions from its production”. We
expand this definition to carbon capture, utilisation and storage
(ccus).

There are two hydrogen energy vectors: “blue” and “green”
hydrogen that are “energy-rich substances that facilitates the
translocation and/or storage of energy with the intention of
using it at a distance in time and/or space from the primary
production site”** and identified in the schematic in Fig. 1.
Further detail is provided in ESI Fig. S1t including the different
emission species: direct CO,, fugitive methane and hydrogen.

DISTRIBUTION
ENERGY SOURCE PATHWAY FUEL TO POWER PATHWAY
PATHWAY
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Fig. 1 The clean energy pathways assessed in this work for the emerging HEI related to the production of clean electricity for stationary
applications. Blue and green hydrogen energy variants are identified via the colour scheme. This work focusses on the zone highlighted in red for
the electrochemical conversion of fuel to electricity in fuel cells to determine impacts on HEPs. C1-C3 energy pathways from coal. N1-N3
energy pathways from NG. R1 renewable energy pathway. CG: coal gasification, CFPP: coal fired power plant, SR: steam reforming, WE: water
electrolysis, CCGT: combined cycle gas turbine; LNG: liquified natural gas; CNG: compressed natural gas; LH2: liquified hydrogen; CH2:
compressed hydrogen; SOFC: solid oxide fuel cell; H2-PEMFC: hydrogen proton exchange membrane fuel cell; CC: carbon capture.
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Electricity generated from blue and green hydrogen are also
identified in a similar manner. HEPs involve various energy
conversion processes such as (i) fossil fuel to hydrogen (ii) fossil
fuel to power (iii) power to hydrogen and (iv) hydrogen to power.
This work focusses on the performance of specific FCs for the
F2P pathway as highlighted in Fig. 1 and on the impact of FC
performance on the sustainability of hydrogen production
methods in the ES pathway.

The FC that is expected to be predominantly used in the
emerging HEI is the hydrogen PEMFC (H2-PEMFC) due to
current commercial advantages. The alternative FCs that are
analysed in this work operate at higher temperatures and
encompass both Molten Carbonate Fuel Cells (MCFC) and
SOFC. Although a similar analysis applies to MCFC, this work
will focus on SOFCs as a comparator to H2-PEMFCs.

Comparisons of different FCs are widely reported®***-¢ with
further information provided in the results section and ESI
Fig. S2, S3 and ESI Note 1.1 Two important performance char-
acteristics for H2-PEMFCs and SOFCs are compared in this
work because they determine key sustainability outcomes of
HEPs. Firstly, H2-PEMFCs must use high purity hydrogen***
whereas SOFCs can operate on a flexible range of fuels
including natural gas, coal gasification product, synthetic fuels
and biofuels as well as lower purity hydrogen.*® Secondly, as
described in the results section, SOFCs have an inherent
advantage due to higher electrical efficiency than H2-PEMFCs
and provide higher overall/system efficiencies for combined
heat and power (CHP) applications in distributed generation.

Key metrics

This method focusses on three metrics (ESI Table S17) for each
available HEP in a technology neutral framework that delivers
the same electrical energy (E,) at an end use location. Metric 1 is
the amount of primary energy (Egs ) required at the start of the
Energy Source pathway for jth Hydrogen Energy Pathway. This
metric is analysed because each hydrogen energy pathway
needs different amounts of primary energy due to the different
aggregate efficiencies (II(¢)) of the unit processes in the
pathway to deliver the same final hydrogen demand and elec-
trical energy (E,). Metric 2 is the corresponding amount of fossil
fuel (M(FF)gg ) that is consumed to deliver the final amount of
electricity (E,). This metric is analysed to highlight the
consumption of a finite amount of an essential natural
resource. Metric 3 is the mass of direct CO, (M(CO,);) that must
be fully abated for jth HEP. This metric is analysed because each
HEP has different environmental risk and cost outcomes asso-
ciated with direct CO, emissions and its abatement.

The final electricity used at the end of the HEPs (E,) is
derived [eqn (1)] from the predicted hydrogen demand per year
in 2050 for stationary power applications (My,), set for the
application as My, = 102 MT year ' to achieve NZE targets.™
This quantity of hydrogen will produce E, = 1969 TW h. of
electrical energy per year based on the higher heating value
(HHV) of hydrogen (HHVy, = 39.4 x 10~ ® TW h T~ ') and using
the HHV efficiency for H2-PEMFC (epppemrc = 49%) (see
below). For reference, in 2018 the amount of electricity

This journal is © The Royal Society of Chemistry 2022
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consumed in the global electricity system was 22 315 TW h,
with electricity consumption increasing at about 900 TW h,
every year.*

E, = Myy; x HHVy; X emo.pemrc (1)

The first metric is the amount of primary energy (Egs)
required at the start of the ES pathway for HEP (j) and is given in
leqn (2)]-

E,
1(e;)
where II(g;) is the aggregate efficiency for HEP(j) calculated as
the product of the HHV efficiencies for processes between the
start of the ES pathway to the end of the F2P pathway. Major
energy loss processes are included. The energy required to
manufacture infrastructure is not included in this work.

The second metric is the mass of fossil fuel (M(FF)gs))
relating to the FF energy Egs; given by [eqn (3)] where HHVg is
the HHV for the FF required for HEP(j).

Egs; = (2)

M(FF)ES,/ = L (3)

The third metric relates to waste products such as CO, or
GHG equivalent(s) from the HEPs that are key performance
indicators for the global energy industry and highlighted in ESI
Fig. S1.7 This metric is an indicator of commercial risk and
therefore, of cost to an emerging industry as well as a risk in
achieving the UN SDG's and NZE targets.

CO, emissions during materials mining, processing and
transport of energy assets have not been analysed. A lifecycle
analysis (LCA) for the energy systems predicted in 2050 is
beyond the scope of this work but will be important to under-
take in the future.

Both hydrogen and methane may also enter the atmosphere
through fugitive emissions or deliberate venting for safety
reasons. In the case of methane, the probability of fugitive
emissions occurring from FF**~°* and NG use®>**~” with negative
consequences to the environment®® amplifies the risk associ-
ated with direct NG use and for NG to blue hydrogen pathways,
particularly as distribution and downstream networks age.**>*>¢
Methane emissions from coal mines*® is also a concern® and
have a similar negative impact on the blue hydrogen pathway
from coal. The formation of nitrous oxide (N,O) in some path-
ways is also a significant risk.**

We have not quantified the equivalent CO, emissions from
methane, hydrogen and nitrous oxide in each HEP in our work
due to (i) the dearth of reliable industry data on the percent
emission rates, (ii) the speculative nature of emerging energy
conversion technologies implemented at industrial scale, (iii)
technology, operations and policy improvements anticipated to
abate methane and N,O emissions and (iv) different views on
GWP values for short lived climate pollutants.®® This is a topic of
significant importance needing careful detailed evidence-based
analysis using reliable industry data to ensure the future energy
system is more sustainable than todays. Although detailed

Sustainable Energy Fuels, 2022, 6, 4008-4023 | 4011


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2se00923d

Open Access Article. Published on 21 luglio 2022. Downloaded on 22/08/2025 09:11:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

analysis of fugitive emissions is beyond the scope of this work,
the impact of methane, nitrous oxide and hydrogen emissions
are addressed in the discussion section below.

To simplify our analysis, we quantify only the amount of CO,
directly emitted that must be fully abated with each HEP
(M(CO,)uEp,) [eqn (4)] to achieve NZE targets.

M(COy), = 3.67 x M(FF)gs, X fcrr (4)

where the factor 3.67 is the ratio of molecular masses for CO, to
carbon and fc rr is the fraction of carbon in the particular FF on
an as-received basis. The energy loss that is associated with
CCUS has not been analysed in this work nor its effectiveness.
These aspects warrant further analysis.

Heat lost to the environment during energy conversion
pathways is not shown in Fig. 1. Distributed stationary FCs in
close proximity to a user's heat demand may provide heat as
a complementary product for end users. However, this work
focusses on electrification outcomes and does not analyse any
subsequent heat use that favours SOFCs over PEMFCs.

ESI Table S21 shows the analysis outcomes for a number of
HEPs shown in Fig. 1. A selection of these results are described
further.

Results
PEMFC operating with blue hydrogen

The use of blue hydrogen from NG to generate clean electricity
in H2-PEMFCs for stationary applications (HEP,j = N2 in Fig. 1)
includes two sequential processes where significant energy is
lost along with the energy lost during the storage and transport
of hydrogen. The aggregate efficiency (HHV) for the N2 HEP
(II(enz) in [eqn (2)]) includes the efficiency of SR (esg), H2-
PEMFC (émppemrc) and hydrogen storage and transport
(éser,12) as shown below [eqn (5)].

II(enz) = €sr X €H2-PEMFC X ES&T,H2 (5)

The first significant energy loss is the steam reforming
pathway of NG to produce blue hydrogen, where the efficiency
factor gy is between 67 and 76% (HHV) based on industry white
papers® for conventional to modern plants. In this analysis, we
choose esg = 76%, for modern plants. Natural gas typically
contains more than 90% methane (n = 1) with smaller quanti-
ties of n = 2 (ethane), n = 3 (propane), n = 4 (n-butane, iso-
butane) and other hydrocarbons. The steam reforming® of
these compounds is shown in [eqn (6)] with additional
hydrogen arising from water, followed by the water gas shift
reaction [eqn (7)]. For blue hydrogen, the CO, that is normally
dispersed to the atmosphere is captured and either utilized or
sequestered.

C,Hy,42 + nH,O = nCO + (2n + 1)H, (6)
nCO + nH20 == }’lC02 + nHz (7)
There is a large energy loss via the electrochemical energy

conversion in the F2P pathway using H2-PEMFC where blue
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hydrogen is converted to electricity. The reported efficiency for
H2-PEMFC systems is over a wide range. For example, values
range between 32 and 49% HHYV (ref. 28) and 30-33% HHV (ref.
46) due to (i) the use of higher or lower heating values of
hydrogen, (ii) the use of efficiency at maximum rated power or
at the peak efficiency point at a derated power level,* (iii) the
manufacturer and their specific FC system solution, (iv) the size
of the FC system where higher efficiencies are expected with
increased power ratings from lower percentage parasitic power
consumption, (v) the use of initial efficiency for new FCs versus
aggregate efficiency over the FC lifetime and (vi) the use of DC
stack efficiency rather than grid connected exported power from
a complete FC system inclusive of internal parasitic power
consumption.

A typical installation for H2-PEMFC systems is their use in
distributed stationary power systems and virtual power
plants.”®* In this analysis, we choose ey ppmrc = 49% HHV
corresponding to the peak efficiency at the beginning of life for
PowerCell Sweden AB's commercial product: PowerCellution
Power Generation System 100 kW system® with specified effi-
ciency of 58% LHV. A rationale for why H2-PEMFCs can have
a peak efficiency of 49% HHYV is given below.

Ultimately, storage and transport of hydrogen carriers will
have a substantial impact on the cost and rate of growth of the
emerging HEI due to the need for additional, or new, infra-
structure. Storage and transport of hydrogen will have an energy
efficiency penalty compared to established FF storage and
transport, depending on the type of hydrogen carrier (e.g. liquid
hydrogen, compressed hydrogen, ammonia, methylcyclohex-
ane, other liquid organic hydrogen carriers (LOHCs), or metal
hydrides). Therefore, to simplify our analysis, an assumption of
a storage and transport efficiency esgr NG Of 87.3% (i.e., 12.7%
energy loss) for NG is used (ESI Note S27).

For hydrogen, it is assumed that liquid hydrogen is the
dominant form with higher energy loss from liquefaction (15%
compared to 9% for LNG) and higher boil-off gas losses (8%
compared to 1.4% for LNG) during an 8 day shipping route (ESI
Note S27). Losses from regasification for both LH2 and LNG
were estimated from the heat of evaporation (ESI Note S27). The
storage and transport efficiency for hydrogen of esgr 1> = 74.4%
(i.e., 25.6% energy loss) is used in this work. Further detailed
analysis of storage and transport options are outside the scope
of this work but would be of significant benefit to the
community.

Outcomes for the three metrics aligned to this HEP (N2 in
Fig. 1) that starts with NG at the ES Pathway, producing blue
hydrogen from SR and ending with 1969 TW h. electricity
delivered to the user with an H2-PEMFC is:

e Epg o = 7107 TW hyg year ' [eqn (2)].

o M(FF)gs n2 = 490 MT year ' of NG [eqn (3)].

o M(CO,)y, = 1349 MT year ', [eqn (4)].i.e., the total abate-
ment of CO, required per year at the SR plant using CCUS to
achieve zero emissions.

The corresponding analysis for the HEP that uses coal
(pathway C2) imposes twice the techno-economic and environ-
mental risk for a CCUS pathway compared to using NG for the
same electrification outcome (ESI Note S31).

This journal is © The Royal Society of Chemistry 2022
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Efficiency of fuel cells

FC efficiency is a major factor for the outcomes from this work.
FCs electrochemically convert chemical energy within a fuel to
electrical energy and useable heat. The overall electrochemical
reaction in a PEMFC is shown in [eqn (10)] while the electro-
chemical half reactions, hydrogen oxidation reaction (HOR) and
oxygen reduction reaction (ORR) for the anode and cathode are
shown in [eqn (8) and (9)], respectively.
Anode half reaction HOR

2H, — 4H" + de” (8)
Cathode half reaction ORR
0, +4H" + 4¢~ — 2H,0 9)
Overall reaction

2H, + 0, — 2H,0 (10)
The key equation for the net system electrical efficiency® for
any FC system (epcsystem) fOr any fuel can be described by [eqn

(11)]-
PSystcm < n > VSlack
system — Una F
e (Pmck> HHV/ "N, )

where, Pyygterm and Pggac are the power levels exported from the
system and from the stack, respectively. The difference (Psyscem
— Pgack) is the parasitic power consumed in the system, while F
is the Faraday constant (C mol %), Ug,e is the fuel utilisation or
fraction of fuel converted to electrons, Vguel is the total stack
voltage, Ny, is the number of layers in series in the stack, 7 is the
number of moles of electrons generated per mole of fuel, and
HHYV is the higher heating value (J mol ") of the fuel.

The term (n/HHV) is recognised as the moles of electrons
generated from the fuel per unit energy content of the fuel
(moles of electrons per unit fuel energy) and termed the Elec-
trons Per Fuel Energy (EPFE) factor. The EPFE factor is unique
to the specific fuel composition used in the FC and provided in
ESI Table S3.1 This value is not related to the type nor tech-
nology of FC. For FCs operating with hydrogen, the EPFE is
8.279 moles electrons per MJ of hydrogen.

The term (Vsecl/Ny) is the average layer voltage (Viayer,av) in
the FC stack which is defined by [eqn (12)].

(11)

Vlayer,av =O0CV — Id X Rlayer,av (12)
where OCV is the open circuit voltage or reversible voltage of the
electrochemical pathway [eqn (8)—(10)], I, is the current density
(Acm™?) and Riayer,av 1S the average layer specific area resistance
(@ ecm®). Additional resistive losses from current take-off at the
end of stacks are typically very small compared to the internal
layer resistance and are ignored in this analysis. The average
layer voltage in practice can be between OCV and a lower
minimum voltage Vpinpmax defined by the maximum power
point Pgqmax that is the positive root for the solution to the
quadratic [eqn (13)],
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Vmin,Pmax2 — OCV x Vmin,Pmax + Pd,max X Rlayer,av =0 (13)
where P4 is the power density (W cm™?).
OCV — Viayerav) V1
Py=1, V]ayer,av _ ( layer,a ) layer,av (14)

Rlayer.av

There is a tra