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HIGHLIGHTS

* Thisresearch aimsto tackle the water and energy crisis affecting many countries.

» UsesH; evolved from seawater electrolysisto generate power and water in fuel cell.

» Provides an optimisation model of a hybrid seawater electrolyser-fuel cell system.

* Anoveral power conversion efficiency of 41.2 % and H,O recovery rate of 48.2 %.

* Provides insight into an aternate clean energy conversion and H,O purification

system.
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Abstract

Fossil fuels have earned a reputation as unsustai nable sources of energy, due to the release of
carbon emissions that are attributable to global warming. To overcome the extensive release
of carbon emissions into the environment, different approaches are being explored to produce
energy, by replacing non-renewable fuels with renewable energy. Additionaly, many
countries across the world are emerging as water-scarce countries, due to the vulnerability of
freshwater supply. This work, therefore, focuses on the design and synthesis of a hybrid
electrolyser-fuel cell system to generate hydrogen and freshwater from seawater. The
proposed system is designed to be integrated with a background process that requires both
power and water. It has the potential to reduce the burden on freshwater sources and carbon
footprint of background processes, as well as produce power. A one-dimensional,
mathematica model is developed for a continuous hybrid seawater electrolyser-fuel cell
system operated at steady state. The model determines the optimal operating conditions in
terms of temperature, current density, electrode thickness and humidity, as well as the
performance of the system through the activation overpotential, diffusion overpotential,
ohmic overpotential and the open-circuit voltage. GAMS/BARON is used to optimise the
hybrid system. Furthermore, a techno-economic evaluation is conducted to determine the
viability of the system. Results indicate that an overall power conversion efficiency of 41.2
%, and afreshwater recovery rate of 48.2 % is achieved.
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Fossil fuels have earned a reputation as unsubtaisaurces of energy, due to the release of carbon
emissions that are attributable to global warmiiig. overcome the extensive release of carbon
emissions into the environment, different approadre being explored to produce energy, by regacin
non-renewable fuels with renewable energy. Addéityn many countries across the world are emerging
as water-scarce countries, due to the vulneralfifyeshwater supply. This work, therefore, focisa

the design and synthesis of a hybrid electrolyset-Eell system to generate hydrogen and freshwater
from seawater. The proposed system is designecetintegrated with a background process that
requires both power and water. It has the potemdialeduce the burden on freshwater sources and
carbon footprint of background processes, as veefiraduce power. A one-dimensional, mathematical
model is developed for a continuous hybrid seaweakectrolyser-fuel cell system operated at steady
state. The model determines the optimal operatomglitions in terms of temperature, current density,
electrode thickness and humidity, as well as thdopmance of the system through the activation
overpotential, diffusion overpotential, ohmic owvetgntial and the open-circuit voltage.
GAMS/BARON is used to optimise the hybrid systerartRermore, a techno-economic evaluation is
conducted to determine the viability of the systé&esults indicate that an overall power conversion
efficiency of 41.2 %, and a freshwater recoverg @t48.2 % is achieved.

Keywords: Fuel cell; Electrolyser; Design; Synthesis; Hygkn; Optimisation



1. Introduction

The global supply of fossil fuels is rapidly deatig due to the increase in energy demand. Natyrally
the environment cannot replace fossil fuels atr#te at which they are being consumed by the grgwin
human population. Consequently, as the demanddaepincreases, the environment and power grid
faces numerous challenges in trying to meet theadeisiof the global population, and economy. This is
related to the energy trilemma which tackles theflaiing goals of providing energy security, engrg
affordability and an environmentally sustainablergy supply (Rinkinen et al., 2019). Globally, ®4.7

of the electricity generated is derived from fodsils, which addresses the affordability and decur
goals of the energy trilemma (International Enefgyency, 2019). However, it is incapable of meeting
the environmental sustainability goal, on the act@i greenhouse gas emissions that have detrilnenta

effects on the environment.

m Coal
= Natural gas
m Hydro energy
m Nuclear power
Wind and Solar Energy
m Oil

m Biofuels,geothermal, tidal, other

Figure 1: 2017 Global Electricity Production (I nternational Ener gy Agency, 2019)

To address the energy crisis, it is imperativegdower generation utilities to pursue alternate aesn

for energy production leading to one of the biggeshnological shifts experienced to date (Dartas e

al., 2015). This is attained by adopting the useanfenergy system that harnesses energy from
renewable energy sources, causes zero harm tonthmment, is cost-effective, and is capable of

ensuring the political and the economic securitthefnation (Kimura et al., 2019).



As such, hydrogen (Bl produced from renewable energy is gaining a suitisi amount of attention as
a promising substitute fuednd an effective long-term energy storage mediltrhas been identified to
play an important role in sustainable energy pradancand will contribute to the transition towaras
zero-carbon emission world. The versatility of logknin applications, future low-cost potential, and
its negligible harm to the environment classify & a clean fuel (Pierucci et al., 2017). Consetiyien

hydrogen together with fuel cell technology showsnuise of addressing the energy trilemma.

According to published data, approximately 96% loé total hydrogen consumed in the world is
currently produced from fossil fuels (AlZahrani aBthcer, 2017). Among these fossil fuels are coal
and natural gas, which are used as primary feekstoproducet, through gasification and reforming
processes (Lopez Ortiz et al., 2016). However, eatignal fossil-fuel derived processes are assettiat
with various environmental concerns that includkeitd supply, excessive release of carbon emissions
directly related to climate change, and global wagn(Acar and Dincer, 2020). Consequently, the
environmental concerns arising from using thesegseses have necessitated a shift towards producing

hydrogen renewably, through electrolysers poweselylro, solar, tidal and wind energy.

1.1. Electrolysis

Electrolysis is one of the most recognised methafdsroducing chemical products from their natural
state. This is particularly true for the productiminH, and oxygen (€ from freshwater and seawater.
As seen in Figure 2, many countries across thednasg experiencing water {8) shortages, due to the
continuously declining average rainfall. It is, ti#@re, an obvious advantage to pursue saline esufc
H.O when considering the production of renewable dgdn. In view of the fact that seawater is an

inexhaustible source of B, as opposed to freshwater which has become aomes
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Figure2: World Water Scarcity Map (Carylsue, 2016)

Over recent years, several experimental studie® Hmen conducted for seawater electrolysis to
determine the viability, efficiency, use of effeielectrodes and catalysts to promotgadd Q
evolution. More specifically, Abdel-Aal et al. (20lpresented an experimental study to determine the
rate of B and chlorine evolution from seawater electrolydisohammad and Kaukhab (2011)
investigated the use of sulphur electrodes to ptent® evolution and prevent the formation of
magnesium hydroxide precipitation in an experimlestiady. Ravichandran et al. (2011) focused their
research on investigating a selectively permealgletrede constructed from a sulfonated-polystyrene-
ethylene-butylene-styrene membrane onla, electrode, that was cationically selective towadds

evolution and repelled chlorine ions.

More recently, Srisiriwat and Pirom (2017) conddci® experimental study to determine the feasybilit
of a photovoltaic (PV)/seawater electrolyser/fuell system. In addition, Srisiriwat and Pirom (2D17
proposed to simulate the system they had develop@®17, in the Hybrid Optimisation Model for
Electric Renewable (HOMER) simulation software tiain the optimal design of the system as future

work.



Lei et al. (2018) prepared a Nano-tungsten carlmdmposite electro-catalyst (AuPdPt-WC/C) to
replace platinum catalysts in the hydrogen evofutieaction. In another experimental study, Kuang et
al. (2019) developed a hierarchical anode with asdon-resistance and,@volution properties. The
anode was fabricated from a nickel-iron hydroxidlecteocatalyst coated uniformly on nickel sulfide
layer which had been developed on porous nickehfda a similar study, Yu et al. (2019) presented a
experimental study on a 3-D core-shell metal ratrichtalyst which is constructed from NiFeN
nanoparticle on NiMoN nanorods supported on nickehm. The proposed NiMoN@NiFeN
electrocatalyst was investigated to promote thee@lution reaction and was used in an alkaline
seawater electrolyser. In another study, Yan ef28l19) conducted an investigation on improving the
O, evolution efficiency and stability of various tgion metals such as manganese,
manganese+molybdenum, manganese+molybdenum+vanafidnmanganese+iron+vanadium oxide
coated electrodes, that were prepared a titaniunstse, and contained an iridium dioxide ¢gyO

intermediate layer.

In contrast to all the experimental work, Yangle{(2019) presented a performance model for seawate
electrolysis in an undivided cell (no membrane leetvanolyte and catholyte). Semi-empirical models

were obtained for current density, cell voltag¢alteesidual oxidant and energy consumption.

Although some work has been conducted in modetlwgperformance of a seawater electrolyser, the
above-mentioned model is limited to seawater edyis in an undivided cell. Additionally, this el

did not take into account diffusion overpotentehd optimisation of the seawater electrolyser was n
performed.

1.2. Modelling PEM Electrolysersand Fuel Cells

Proton exchange membrane electrolysers (PEMEspm@atdn exchange membrane fuel cells (PEMFCS)
have been extensively modelled separately as obengy conversion systems. In recent years,
mathematical modelling of PEMEs has increased fsogmtly and has been based upon PEMFC
models.



An extensive literature review was conducted byc&aland Pinto. (2020) on the various types of
models that have been developed to predict thepeaince of a PEME. Analytical, empirical and semi-
empirical models have been formulated. Han et2811%) developed a comprehensive one-dimensional
freshwater electrolyser model, to determine thesatffof varying operating conditions and design
parameters on the performance of the cell. In floamulation, open-circuit voltage, activation
overpotential, diffusion overpotential and ohmieguotential are considered. Ni et al. (2006) ps=gb

an electrochemical model to analyse the relatignbleiween current density and voltage in a PEME.
That model investigated the open-circuit voltaggivation overpotential, and the ohmic overpotdntia
but did not evaluate the effect of the diffusiorempotential. This was due to the insignificant effef

the mass transport limitations present in thin teteles. In another study, Chanderis et al. (2015)
developed a one-dimensional numerical model toyarahe effect of temperature and current density
on the degradation of the PEM. They concluded tihat cathode exhibited greater membrane
degradation than the anode, and temperature higdiicant impact on the cell performance. It isrito

noting, all these models were limited to freshwatectrolysis.

Notable work for one-dimensional, isothermal fuell€ was done by Bernadi and Verbrugge (1991).
That work was shortly extended by Springer etE9(Q). Later, researchers developed new models and
made modifications to existing models to investgdie effects of membrane dehydration (Yang et al.,
2019), membrane flooding (Mammar et al., 2019), ldg@ transport through the membrane (Lee et al.,
2019).

According to the work conducted by Shekhar (201@&)jch compared one-dimensional and three-
dimensional fuel cell models, one-dimensional medetre found to be more cost-effective and useful
for practical applications than three-dimensionabdeis. Abdin et al. (2016) developed a one-
dimensional mathematical model of a PEMFC in MATLASBnulink to explore the effect that
humidification, pressure, partial pressure and tnapre on the performance of the cell. They
concluded that the relative humidity of the reattgases influenced membrane hydration and
resistance. Li and Lv (2018) presented a modelhendombined effects of water transport on the
performance of PEMFCs. In that work, a one-dimemaiotwo-phase flow, steady-state model was
developed.



1.3. Models of Hybrid Systems

Hybrid energy systems have recently gained moentdin as an effective renewable energy storage
medium. Typically, these hybrid systems couple sdveenewable energy sources such as solar and
wind energy (Lin et al., 2015). Numerous studiegehbeen conducted on the design, modelling and
optimisation of photovoltaic/fuel cell/wind turbirg/brid systems. Lin et al. (2015) developed a gene
mathematical model to analyse the temporary opmeraitiflexibility of a solar/wind/PEMFC/battery
hybrid system. Prieto-Prado et al. (2018) propamedntegrated system of wind, photovoltaic energy,
electrolysers, fuel cells, hydrogen storage tamksl a reverse osmosis plant to provid®Ho the
Canary Islands. That study used HOMER simulatidiwsoe to determine the economic and technical

feasibility of the power system.

Additionally, Tobaru et al. (2017) presented a nd¥% renewable energy system comprised of a PV
array, wind generator, fuel cell, seawater elegsisl plant, and battery energy storage system (B&ESS

a remote island in Japan. That system was comparede that did not contain a seawater electrolysis
plant and BESS. Additionally, mixed-integer lingapngramming was used to minimise the difference
between the cost of equipment, and the revenueragedeby the chemicals produced from seawater

electrolysis.

Espinosa-bpez et al. (2018) developed a semi-empirical, stestate electrochemical model coupled
with a dynamic lumped capacitance dynamic thermadeh of a 46 kW high-pressure PEME.
MATLAB-Simulink was used to develop the model andrtkle-Swarm Optimisation was used to

identify the parameters in the model.

In another study, Maleki (2018) presented a mattiealamodel for the design and optimisation of
various hybrid renewable energy systems that imadyuda solar-wind-reverse osmosis desalination
system, coupled with either a battery or hydrogeergy storage. A metaheuristic optimisation
technique known as the bee’s algorithm was propésethe optimal design of the hybrid renewable
energy systems. Liu et al. (2019) developed a hafcee novel integrated energy system which corstain
multiple decentralised energy generation integratestems with a centralised energy generation syste
to provide a stable supply of electricity. The &y of the proposed hybrid energy system was
optimised through the use of a superstructure-basgdd-integer non-linear programming (MINLP)

model. GAMS was used to model the optimisation |enmband BARON was used as the solver.



1.4. Resear ch Motivation

According to the literature reviewed, many studies/e been conducted on the development of
individual mathematical models for freshwater PEMIEd PEMFCs. Additionally, numerous studies
have been done on hybrid systems which couple warienewable energy sources, and have been
optimised in HOMER. Research on seawater eledi®litas been extensively carried out but has
merely been focused on experimental work, such nagstigating the performance of different
electrocatalysts and electrodes for the evolutib@® as well as efficiency and viability. However, to
date, a comprehensive mathematical model for thiémap design of a one-dimensional seawater
electrolyser has not yet been developed. Moreaesgarch on the development of a mathematical
formulation for the optimum design of a hybrid etetyser-fuel cell (HEFC) system, to produce &hd
freshwater from seawater is limited. This work aitosdetermine the optimal design parameters and
operating conditions, as well as the economic iitgtwf the HEFC system. The industrial applicéil

will provide insight into the feasibility of integting a HEFC system into a background process,

especially in energy and water constrained regions.

Consequently, the aim of this paper is to tackke whater and energy crisis arising in many countries
across the world, such as South Africa, which es38" driest country in the world (Gerbi, 2017), and
where more than 90% of the electricity generatesbigced from coal (Ratshomo and Nembahe, 2016).
This is achieved by eliminating the strain on freater bodies, producing renewable energy, and
eliminating environmental concerns by providing r@e;m energy conversion and water purification
system. Integration of HEFC with the backgroundcpss allows for generated power and freshwater to
be fed directly or indirectly to the process, threeducing freshwater and power requirements. This
research will focus on developing a mathematicadlehéor the design and synthesis of a HEFC system
to produce hydrogen and freshwater from seawateno@inear programming (NLP) formulation is
presented. It determines the maximum power conwersificiency achievable in the hybrid system. The
model developed provides a framework to analysepérormance of the hybrid system, and a method
of exploring variables that are difficult to measun a physical system. Furthermore, an economic

evaluation is carried out to determine the viapitif the proposed system.
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Figure 3: HEFC System I ntegrated with a Background Process

This paper is organised into 6 sections. The §estion gives the introduction to the paper. Thesd
section describes the problem being addressedthiidesection presents the methodology development
of the proposed HEFC system, which includes thaildet mathematical model. The fourth section
demonstrates the application of the HEFC mathemdatiwodel in an illustrative example. This is
followed by the results and discussion in the fid#ction. Lastly, the sixth section summarises the
research conclusions.



2. Problem Statement

The 2f' century is one of the most challenging times fomankind, as greenhouse gases pose huge
concerns on the environment, as well as humantedlireover, many countries across the world are
emerging as water-scarce countries, as well asriexggeng an energy-crisis due to the increase in
energy demand. To alleviate pollution from fossiklfbased energy production, the economy is
explored. H is a promising alternative energy carrier andadla solution to decentralise the production
of energy from oil and fossil fuels. Therefore,téckle the energy and water crisis, a HEFC systgeem i
presented to produce;ldnd freshwater from seawater. A mathematical matlebe developed for the
optimum design and synthesis of the HEFC systemveaitidbe formulated as an NLP optimisation
problem. The advantages associated with the HEB@msyinclude the following:

i) Reduced strain of freshwater bodies and freshvieddr required by the background process

i)  Supplementary power available for use within thekigegound process

iii) System is 100% environmentally friendly (no carleomissions released)

iv) In countries where water and power are constraitted HEFC system will effectively utilise

available seawater to provide power and freshwatprocesses
v) Low pressure operation (atmospheric) compared tobnane technology used in desalination
vi) Reduced capital cost and limited seawater pretreaterequired

vii) Onsite desalination and power production allowsctiemical plant to operate off the grid
The problem being addressed in this paper mayipealty stated as follows:

Given:
i) A set of unitsP, composed of an electrolyser stack and fuel tatlks
i) A set of electrolyser cell§], with a known number of cells in the electrolysercét
iii) A set of fuel cellsN, with a known number of cells in the fuel cellckta
iv) A fixed flowrate of seawater entering the elegtsel stackNw,0
v) Source of energy used in the electrolyser

vi) Type of electrolyser and fuel cell being used

The objective is to determine the optimal perforoeaand design conditions that maximise the power

conversion efficiency.
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3. Methodology Development

The mathematical model developed in this papegrates the design and synthesis of a PEME system
and a PEMFC system. A comprehensive mathematicalulation that aims to simultaneously produce
hydrogen and freshwater from seawater is presaridds used to determine the optimal performance,
design conditions and economic viability of the teys. The aforementioned concept is achieved

through the use of seawater electrolysers and lygdréuel cells.

3.1. Systematic Approach

To develop the optimisation model for the HEFC egst the approach illustrated in Figure 4 is
followed. Firstly, a superstructure of the systesndeveloped. The NLP model is based on the
superstructure and is used to explore all the plessiombinations for the optimisation problem. The
overall superstructure for the HEFC system is gimeRigure 5. As illustrated in Figure 5, elecyis#rs
and fuel cells are used to produce atd freshwater from seawater. The energy requogebwer the
electrolyser may be supplied by solar, wind, tiolahydro energy. This power is supplied to a sevlof
electrolysers, where it is consumed and used tosgAwater molecules intotnd Q. All the H, and

O, formed in the electrolyser stack are then serd et ofN fuel cells where the Hand Q react to
form freshwater. Electrons flow through an extermieduit from the anode to the cathode. This transf
of electrons generates power. Unreactgdaihtl Q in one fuel cell flow into the next cell in theask,

where they are reacted until all the reactantsansumed

After the development of the superstructure, thieridysystem is divided into two sub-models, viz th
seawater electrolyser and the Fuel cell. In developing a mathematical model tbe seawater
electrolyser and the hydrogen fuel cell, each soblehis broken down into three components, viz.
voltage, membrane and material balance compon&lhtsotential losses present in the electrolyset an
fuel cell sub-models are modelled in the voltagengonent. HO concentration and transport are
modelled in the membrane component for each oétitemodels. The mass and molar balance for H
O, and HO in the electrolyser and the fuel cell are modklie the material balance component.
Thereafter, performance equations for each seawdgetrolyser and hydrogen fuel cell sub-model are

given in the formulation of system constraints.
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It should be noted that the seawater electrolysenitially modelled as a freshwater electrolyser.
Modifications are made by altering the parameterstit the electrolysis of seawater. The seawater
electrolyser model with the objective function ahimising power consumed is solved to determine the
feasibility of the model. In contrast,,Huel cell sub-model with the objective function rmfximising
power produced is solved to determine the feagbdf the model. Lastly, once each sub-model has
been modelled, solved and deemed feasible, mamssdealconstraints are included to integrate the
seawater electrolyser sub-model and fuel cell sobdeh This integrated model is then solved and the
optimal design parameters are obtained and useitéahe internal components of the HEFC system.
This is followed by the techno-economic evaluatdnhe HEFC system based on the optimal variables
obtained from the optimised integrated HEFC systeodel. For the techno-economic evaluation, the
annual cash flow, net present value, payback peaiod internal rate of return are calculated to

determine the viability of the proposed system.

Solve seawater
Develop a electrolyser
_’ seawater )| model to ensure
electrolyser 4 individual
model sub-model
feasibility
7'S
No
— [-easible? /‘—
Yes . .
Combine Solve integrated Extract optimal Perform an
o Develop a seawater HEFC model to design economic .
/ electrolyser obtain optimal evaluation on the \
pRporSIuCire ) model and erformance, 2 etersiiron HEFC system \
Start for the hybrid q P ST OrMAnce, HEFC systemto el =S¥ End
\ | hydrogen fuel design 3 5 using extracted /
electrolyser-fuel y size the internal \
7| cell model with parameters and performance and
cell system . components of .
mass balance operating design
) = system
Yes constraints conditions parameters
F uas&i
No \
Solve hydrogen
Develop a fuel cell model
=) hydrogen fuel $ ensure individual
cell model sub-model
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Figure 4. HEFC System Schematic Approach
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3.2. Electrolyser and Fuel Cell Operation

In the electrolyser, seawater is fed to the anoHerevit is oxidised to form OH" ions flow
from the anode through a Nafion electrolyte memérama platinum cathode where Has is
formed. In seawater electrolysis, chlorine evolaeshe anode instead of,However, in this
model, the evolution of Ois promoted through the use of a nano-tungstehidmrelectro-
catalyst and a magnesium hydroxide anode. Chldeiages the electrolyser as a solution with
the brine and excess seawater. Reaction (1)-(ridesthe reactions that take place in the

seawater electrolyser. A schematic diagram of a BEvshown in Figure 6 (Han et al., 2015).

Anode: H,0 > 20, + 2e™ + 2H* (1)
2

Cathode: 2H* +2e~ > H, (2)

NOZ,out,elect N H,,out,elect

MEMBRANE ELECTRODE ASSEMBLY

NHZO,out,elect

NH,0,in
H,0
Current Current
Plate | Flectrode Plat
collector Electrode - - collector
e ANODE CATHODE e
\ 4 e e e =

» »
> >

Figure 6: Schematic Diagram of a PEME
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In the fuel cell, H fed to the anode is oxidised and thef€l to the cathode is reduced to form

freshwater. Figure 7 illustrates a schematic dimgoha PEMFC (Abdin et al., 2015).

NHz,in,fc

Anode: H, » 2H" + 2e~ 3

Cathode: =0, + 2e™ + 2H* - H,0 (4)
2

MEMBRANE ELECTRODE ASSEMBLY

NOZ,in,fc

NHZO,out,fc

Electrical Power

Current Current
collector collector
| M

& ANODE CATHODE
\ > >
e’ e’ e’

Figure 7: Schematic Diagram of a PEMFC

3.3. Voltage Component

The seawater electrolyser model is adapted fronmibdels developed by Marangio et al. (2009)

and Han et al. (2015). Modifications are made tséhmodels by altering the current density,

charge transfer coefficient, exchange current derend the input voltage required to suit

seawater electrolysis. Additionally, the Hiel cell modelled in this system is adapted fribra

model proposed by Abdin et al. (2016). Most matherah expressions presented in the

electrolyser models are identical to the expressinrthe fuel cell, with the exception thas i4

present in the anode ang @ the cathode of the fuel cell, as opposed toelketrolyser where

H, is present in the cathode and @ the anode. Adjustments are then made to takeirito

account.
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The performance of the electrolyser and the fukli€emeasured via the current and voltage of
each unit. Since the cells are connected in sehes;urrent in each cell of the electrolyser stack
remains the same. This assumption also holds &fuél cell stack. Subsequently, this section
describes the performance of the HEFC system.

3.3.1. Current

Current in the electrolyser and fuel cell stacklépendent on the reaction area and the current

density. Wherd is current, A is the reaction area apds the current density.

I(p) = A(p) *j(p) VpePr )]

3.3.2. Open Circuit Voltage

The open-circuit voltage (OCV) is theoretically ko as the minimum voltage when all other
overpotentials are not taken into consideratione Téversible voltage describes the voltage
obtained if the system experiences no voltage $psaad all Gibbs free energy could be
converted to electrical energy (Han et al., 20Egjuation (6) describes the OCV derived from
the Nernst equation at standard pressiins. the operating temperature in KelvR,s the gas
constant, z is the number of electrons transferred duringréeetion, F is Faraday’s constant
(96 485 mol/C) ang; is the partial pressui species.

0.5
BHZ .802

Bu,0
VpEeP (6)

Vocy (p) = 1.229 = 0.9 + 1073(T(p) — 298) + =2 In(
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3.3.3. Activation Overpotential

Activation overpotential is derived from the ButMolmer equation and is defined as the
potential loss due to the electrochemical reactibis the voltage used to drive the chemical
reaction at the anode and cathode, and deternfireste at which the electrochemical reactions
take place at the surface of the electrode. Ihfissienced by chemical and physical parameters,

viz. temperature, pressure, active reaction salyst property and electrode morphology.

_ RT(D) j () j®  \? RT(p) j(») j®  \?
Vace (P) = agnF *in [(Zjo,an(p)) + (2j0,an(p)) +1 )] + @catF *In [(Zjo,cat(p)) + \](Zjo,cat(p)) +1 )]

V p € P,p = electrolyser (7)
Vaet (0) = }ZS;) * In (},O{a(:f()p)) + ZSF) xIn (jo’]c Elpt)(p)) Vp € P,p = fuel cell (8)
Vact(p) = Vact,an(p) + Vact,cat (») VpEP 9)

Whereaa, andacy are the anode and cathode charge transfer ceetfficj, ., andjo . are the
exchange current density of the anode and cathdges,, Vactcare @andV,. are the anode,

cathode and overall activation overpotentials.

3.3.4. Diffusion Overpotential

The diffusion overpotential is also known as theatration overpotential, and is defined as
the potential loss due to the mass transport Itiaita within the membrane-electrode interface.
The mass transport of,HO, and HO through the porous electrode is governed by Bitkiv.
Typically, diffusion overpotential plays a majorlean electrolysers when the surface of the
membrane becomes heavily populated with das bubbles, and the rate of the reaction is
reduced. Similarly, in fuel cells, ubbles present prevent the flow of idns to the cathode.
This hinders the D formation reaction and consequently reduces #ropnance of the fuel
cell (Abdin et al., 2016).
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Equations (10) to (12) describe the anode, catreue total diffusion overpotential in the

electrolyser. In fuel cells, the anode of the etdgser becomes the cathode and vice versa.

RT(p) Coyme(P)
Vairf.an(p) = 4: In COO:me,o > V p € P,p = electrolyser (20)
RT CH, me(P)
Vaifcar(P) = 2;”) C:;,me,o(p) V p € P,p = electrolyser (11)
Vairr®@) = Vairr.an®) + Vairr,an(0) Vp €P (12)

Where Cp, me and  Cy,me are the concentration of,CGand B at the electrode-membrane
interface. Cp, me,o and Cy,me, are the concentration of oxygen and &t the electrode-
membrane interface at reference conditidfygs s an, Vairr.car @NdVy;sr are the anode, cathode

and overall diffusion overpotentials.

3.3.5. Ohmic Over potential

The ohmic overpotential is the resistance due edadnsfer of electrons through the membrane,
electrode, plates and interconnectors present enethctrolyser and the fuel cell. Typically,
ohmic overpotential is comprised of two resistancgs. electrical and ionic. The electrical
resistance is due to the flow of electrons throaglelectrically conductive component.

In contrast, the ionic resistance is caused byltive of H* ions in the membrane. Bernardi and
Verbrugge (1991) found that ionic resistances douted significantly to the ohmic

overpotential.

Due to a large number of unknowns in the electr@esbipolar plates, the ohmic overpotential
in this paper only takes into account ionic resisés. The protonic conductivity of the
membrane is calculated as a function gOHontent. It is expressed in the empirical equatio
proposed by Springer et al. (1998),.,, is the membrane conductivity,,,, is the ohmic
overpotential,d,,., IS the thickness of the membrane ahg.,, is the membrane humidity

degree.
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Trmom (@) = (0.51392,,., (p) — 0.326) exp <1 268 (= — %)) Vp €P (13)

1(p)
Vorm(®) = Smem @) |75 s vpeEP  (14)

3.3.6. Total Voltage

The input voltage of the electrolyser cell is egsed in Equation (15) as the sum of the open-
circuit voltage, activation, diffusion and ohmicespotentials. In contract, the output voltage of
the fuel cell stack is expressed in Equation (1€)ttee difference between the open-circuit

voltage, activation, diffusion and ohmic overpoiaist

V(P) = Vocv(0) + Vace (@) + Vairr(0) + Vorm ()
Vp € P, p =electrolyser (15)

V() = Vocr @) = Vace @) — Vairr @) — Vorm (P)
Vp€P,p=fuelcell (16)

3.3.7. Seawater Density and Viscosity

The density and viscosity of seawater are takea asiction of temperature and salinity. An
equation of state and experimental data adapted fhe study conducted by El-Dessouky and
Ettouney (2002), is used to determine the density\ascosity of seawater in the temperature
range of 10-18®, and salinity from 0-160 ppt (parts per thousakajuation (17) expresses the
density of seawater, whepg, is the density of kD, and D; andF; are constants. Equation (18)

gives the viscosity of seawater, whesg, is the viscosity of kD, u, is the relative viscosity of

H,O andy,, is the viscosity of seawater

Pw = (D1F1 + D2F2 + D3F3 + D4F4) * 103 (17)

tsw = (Ha,0)(ug) * 1073 (18)
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3.3.8. Concentration in the Anode-Membrane and Cathode-Membrane Interface

To determine the concentration gradient presentedher side of the membrane, the
concentration is taken as a function ofCHcontent. The kD activity, anode and cathode
humidity degree, and the electrode concentratiopressions are derived from the model
presented by Shimpalee and Van Zee (2007). Eqa{i®) and (20) describe the activity of
H2O in the anode-membrane interface and cathode-nagmbinterface. Wherd,, ., and
Ap,o.car @re the HO activities in the anode and cathogg,, is the HO molar composition,

P is the operating pressure aRd; is the saturated vapour pressure.

Yy ,an(p)*P(p)

AHzO.an(p) = HZOpsat(p) Vp €P (19)
YH,0,cat(0)*P(p)

An,0.cat(P) = % Vp €P (20)

Equation (21) expresses the saturated vapour peeestbO, which is a function of temperature
(Log, 2018).

19.65(T(p)—273.15)

Psq:(p) = 611e T(p) Vp €EP (21)

The molar compositions of @ at the anode and cathode of the electrolysergamen in
Equations (22) and (23). Wheng,,, 4, is the molar flux of HO at the anodeny, o cqc is the

molar flux of HO at the cathodes,, is the molar flux of @andny, is the molar flux of K

NH,0,an (D) _
Yi,0an(®) = nHzo,m:(p)Woz(P) Vp €P, p =electrolyser (22)
Viy0,cat (p) = ——20cat®) ¥ p € P,p = electrolyser (23)

MH,0,cat ») +nH2 ()
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Equations (24) and (25) express the molar composaf HO at the anode and cathode of the

fuel cell.
NH,0,an(®) _
Y,0,an(P) = nHzo,az(p)MHz(P) Vp€P, p=fuelcell (24)
Vityo.cat(p) = ——Hz0cet®) VpEP, p=fuelcell  (25)

NH,0,cat(P)+N0o, (P)

The molar flux of HO at the anode and cathode of the electrolysavéngn Equations (26) and
(27), whereas the molar flux of,8 in the fuel cell are given in Equations (28) §29).

NHZ 0,cons +NH2 0.mem(P)

A(p))

Np,0,an (P) = V p € P, p = electrolyser (26)

NHZ 0.mem(P)

Ny,0.cat(p) = ) Vp €P, p =electrolyser (27)

Hy0.mem (D)

N
Ny,0,an (D) = ) Vp€P,p= fuel cell (28)

A NHZ O,prod_NHz 0.mem(P)
NH,0,cat(p) = A(D)

Vp €P,p=fuelcell (29)

Equations (30) and (31) express the molar flux paiktd Q in the electrolyser.

ny,(p) = IVZZ('—Z;M Vp € P,p = electrolyser (30)
N 70
Noy() = (?:('—I;)d Vp €P,p = electrolyser (31)

The Hand Q molar flux of the fuel cell is described in Equets (32) and (33).

ny, () = N’jfT)” Vp €P, p=fuel cell (32)
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NOZ,cons

0,0 = "y Vp€EP, p= fuel cell (33)

The humidity of HO at the anode and the cathode under differefit &ttivity conditions are
given in Equations (34) to (37).

Aan(p) =14+ 1.4 (AHZO,an(p) - 1) 1< AHZO,an <3 Vp €P (34)
Aeat(P) =14+ 1.4 (AHZO,cat(p) -1) 1< AHZO,cat <3 Vp €P (35)

Aan(®@) = 0.043 + 17.8 * Ay, 9 an(p) — 39.65 * AHZO,an(p)z + 36 * AHzo,an(P)3
0 < Ayoan <1 Vp EP (36)

Acat(p) =0.043 +17.8 % AHZO,cat(p) —39.65 * AHZO,cat(p)z + 36 * AHZO,cat(p)3
0 <Ap,0car <1 Vp €P (37)

Wherel,, andA.,; are the anode and cathode humidity degrees. BQuU@S8) describes the

membrane humidity degree as the average anodeatimule humidity degree.

Aan(D)+Acat (D)

5 Vp €P (38)

Amem(p) =
Equations (39) to (40) describe the concentratiod © at the membrane-electrode interface of
the anode and the cathode in the electrolysgg,, 4, is the dry density of the membrane and

Myem,ary IS the molecular mass of the dry membrane.

Pm,dry

CHZO,me,an(p) = Iy Aan (p) VpeP, p= electrolyser (39)

mmem,dry

Pm,dry

CHzO,me,cat(p) Y yﬂcat(p) V p € P,p = electrolyser (40)

m,mem,dr
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The concentration of # at the membrane-electrode interface of the aaodecathode of the
fuel cell are given in Equations (41) and (4&), andé.,; are the anode and cathode thickness.
Defran and Dgsrqc are the anode and cathode effective diffusionfumefts. MWy, is the

molecular weight of water.

pHZO*T(p)> _ <6an(p)*nH20,an(p)
MW,0

Ch,0,me,an(®) = ( ) Vp € P,p = fuel cell (41)

Deff,an

szo*T(p)) + (5cat(p)*nH20,cat(P)
MWy, 0

Ch,0,me,cat @) = ( ) Vp € P,p = fuel cell (42)

Deff,cat

Equations (43) and (44) give the Bihd Q channel concentration of the electrolys€y, ., and
Co,cn are the concentrations of;Hnd Q at the channelyy, ., andy,, ., are the molar

compositions of kland Q at the channel.

Pcat(p)* J’Hz,ch(p)

¥ o) V p € P,p = electrolyser (43)

CHz,Ch (p) —

Pan(p)* Y0,,cn(P)

TS V p € P,p = electrolyser (44)

COz,Ch (p) =

The concentration of Hand Q at the channel of the fuel cell is given in Eqoasi (45) and (46).

Pan(p)* YHZ,ch(p)

@) Vp€P,p=fuelcell (45)

CHz,Ch (p) =

Peat(p)* Y0y,ch (»)

S Vp€P,p= fuel cell (46)

COz,Ch (p) =
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At reference conditions, the;tnd Q molar concentrations at the membrane and chariribéo

electrolyser are given by Equations (47) to Equat{80). Cy,meo and Co,me, are the

concentrations of jHand Q at the membrane under reference conditi6ps. , andCo, ¢, are

the concentrations ofand Q at the channel under reference conditidhs: andP..; are the

reference temperature and pressure.

Co,meo®) = Copeno(®) + %

Cryme,o0(®) = Chyeno (@) + %
Copeno(®) = %‘)i@
Criycno(®@) = %Hi@

In the fuel cell, the molar concentrations of &hd Q at the membrane and the channel are

described in Equations (51) to (54).

Cryme,0(®) = Cryeno (@) + %

Co,meo(®) = Co,cno®@) + %
Chy,cno(P) = %Z(m
Copeno(®) = %‘)i@

V p € P,p = electrolyser

V p € P,p = electrolyser

V p € P,p = electrolyser

Vp € P,p = electrolyser

Vp€P,p=fuelcell

Vp€P, p=fuelcell

Vp€P,p=fuelcell

Vp€P,p=fuelcell

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)
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Equations (55) to (58) describe the molar compmsitof H, and Q in the channel of the

electrolyser and the fuel cell.

VH,,ch(D) = nHZO'C:ZZSTnHZ > YV p € P,p = electrolyser (55)
Yo,cn(®) = nﬂzo,;?;;i)noz(p) V p € P,p = electrolyser (56)
Vhy,,cn(D) = nyzo,azIZ;)(i)nyz(p) Vp€P,p=fuelcell (57)
Yopen(p) = ——22 VpEPp=fuelcell  (58)

NH,0,cat(P)+N0, (D)

According to Equation (59) and Equation (60), tffeative diffusion coefficients of the +H,0
mixture and @H,O mixtures are functions of porosity, percolatiom aiffusion coefficient of
the mixture. Equations (61) and (62) give the diifun coefficients for the HH,O mixture and
the GQ-H,O mixture.

_ T

Desf Hy~t,0(®) = Dhy—n,0(0)E (i_:) Vp €P (59)
S—Sp T

Defs0,-H,0(®) = Do,—n,0(P)E (1—5,,) Vp €P (60)

1

b 1 5
_ T(p) 3 = 1 1 2
DHz—Hzo(p) =a (m) (Pcr,Hzpcr.H20)3(Tcr.HzTcT.H20)12 (MWH2 + MWHZO)
Vp EP (61)

1

1 5
1 = 1 1 2
3 T 12 -|—

Pcr,HZO) (2 cr,0, CT'HZO) (MWO2 MWH20>

b
T
DOZ—HZO(p) =a <—r—TCT'02TCT'H20> (P cr,0

Vp €P (62)

25



WhereDy, _y,0 andDo,_y,, are the diffusion coefficients of the-,O mixture and the ©
H>O mixture. ¢ is the electrode porosity, is the Percolation threshold (0.1t )s the empirical
coefficient ¢ = 0.785),a andb are the empirical coefficienta & 3.64 x 10~* andb = 2.334),
P, is the critical pressurel, is the critical temperature ai/,,andMW,, are the molecular

weights of hydrogen and oxygen.

3.4. Membrane Component

Mass transport plays a fundamental role in the rmangand is responsible for the formation of
H,, O, and BHO. The driving force in the membrane is due toftbe of H,O. It occurs in three
forms as described below and illustrated in Figutelan et al., 2015).

M Flow due to the electro-osmotic drag

(i) Flow due to the pressure gradient across the fP&l the cathode to the anode

(i) Flow due to the concentration difference

Plate Electrode

CH;O,ch,an CH Ot
GDL |CL GDL

Channel Channel

ANODE CATHODE

Figure 8: Water Transport through the PEM
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The flow of HO due to the concentration gradient across the BEiIculated in Equation (63).
NHZO,gmd is the molar flow rate of ¥D due to the concentration gradient dngdis the diffusion

coefficient of HO inside the membrane.

A(p)Dy
Smem (D)

NHZO,grad (p) = [CHZO,me,cat(p) - CHZO,me,an(p)] Vp €P (63)
The electro-osmotic drag is the transportation gd kholecules from the anode to the cathode,
as a result of the flux of hydrated protons flowithgough the membrane'LHzo_eo is the molar

flow rate due to the electro-osmotic drag apds the electro-osmotic drag coefficient.

Nity0,00(p) = ng(p) + 2 Vp €P (64)

The HO flow rate due to the pressure difference acré®s membrane is expressed in
Equation (65).NH20,pe is the molar flow rate due to the pressure ef@utiK;q,.c, is the
permeability coefficient of bD. py,0, un,0 andM,, 4,, are the density, viscosity and molecular
weight of HO.

A(p)szo

NHZO,pe (r) = Kdarcy ﬂ Vp €P (65)

HyoMmH,0

The net flow rate of KD through the membrane is expressed in Equation (G@escribes the
flow rate of HO that is transported through the membra\'fygzz&mem), as the sum of }© due to

the concentration gradient, electro-osmotic dradjthe pressure effect.

NHZO,mem(p) = NHZO,grad(p) + NHZO,eo (p) - NHZO,pe (P) v p EP (66)
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3.5. Material Balance Constraints
3.5.1 Water Balance

As seen in Figure 9a, seawater enters at the elgsetr at the anode where it is consumed. In a
similar manner, the fuel cell system (Figure 9bYkgan a reverse way; @ is produced in the
cathode. In both the electrolyser and fuel cefOQHlows through the PEM to keep membrane
hydrated.

(92)

N,0,in

N H,O,out,cat,elect

0 NHZO,out,eIect

N H,0,out, an elect

(9b)

NHzo,out,an, fc

NHZO,out,cat,fc

Figure 9: Water Balance acrossthe Electrolyser (9a) and Fuel Cédl (9b)
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Equation (67) states that the molar flow rate @vwgger entering the electrolyser is equal to the

H,O entering the anode of the first electrolyser.célie molar flow rate of fD consumed
Ny, 0,cons IS given in Equation (68).

NHZO,in = NHZO,in,an,elect(m) VvmeMm=1 (67)

®

7 V p € P,p = electrolyser (68)

NHZO,cons =
Equation (69) states that the molar flow rate gDHeaving the electrolyser is equal to the

difference between the molar flow rate ofCHentering the anode, being consumed and the

amount of HO flowing through the membrane.

NHZO,out,an,elect (m) = NHZO,in,an,elect(m) g NHZO,cons - NHZO,mem,elect

VmeM (69)
Equation (70) gives the flowrate ob@ leaving the cathode of the electrolyser cell.
NHZO,out,cat,elect(m) = NHZO,mem,elect vmeM (70)

The total flow rate of BD leaving a cell in the electrolyser is given irugtjon (71)

NHZO,out,elect(m) = NHZO,out,an,elect(m) + NHZO,out,cat,elect(m)

VmeM (72)

Equation (72) describes the molar flow rate gDHentering the next anode cell as the molar

flow rate of HO leaving the previous cell.

NHZO,in,an,elect (m) = NHZO,out,elect (m - 1) Vme M'm >1 (72)
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Equation (73) describes the total molar flow ra@ving the electrolyser system.

NHZO,out,elect,sys = Z NHZO,out,elect (m) vmeM (73)
The molar flow rate of ED produced in the fuel cell is given in Equatiod)(7

Nyzo,pmd = % Vp€P,p= fuelcell (74)

Equation (75) and Equation (76) express the mdtaw fate of HO leaving the anode and

cathode of the fuel cell.

NHZO,out,an,fc (n) = NHZO,mem,fc VneNn (75)

NHZO,out,cat,fc(n) = NHZO,prod N NHZO,mem,fc vneN (76)

Equation (77) gives the overall mass balance feREME system.

MHZO,in = MHZO,out,elect,sys + MHz,out,elect,sys + MOZ,Oout,elect,sys (77)

Equation (78) describes the mass balance for tihéHEESystem and states that the mass &,H
H, and Q leaving the fuel cell must equal the mass gBHd Q entering the fuel cell.

MHZO,out,fc,sys + MHz,out,fc,sys + MOZ,out,fc,sys = MHZ,in,fc(n) + MOZ,in,fc(n)
VneNn=1 (78)

Equation (79) states that the total mass D kleaving the electrolyser and fuel cell systemstmu

be equal to the mass of seawater entering.

MHZO,in = MHZO,out,elect,sys + MHZO,out,fc,sys (79)
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3.5.2. Oxygen Balance

The PEM only allows protons to flow through the nieame. Therefore all hydroxide and O
ions remain within the anode compartment of thetedéyser. Q is formed and leaves from the
anode. No @is found within the cathode. On the contrary,uglfcells, Q enters the fuel cell at
the cathode, where it reacts to forrsCH Figure 10 graphically illustrates the Balance in the

electrolyser and fuel cell.

(10a)

No,,prod

(10b)

Noz,out,elect sys

Noz,out,fc

Figure 10: Oxygen Balance acrossthe Electrolyser (10a) and Fuel Cell (10b)
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Equation (80) expresses the molar flow rate pp@duced in the electrolyser. Equation (81) and
(82) describe the molar flow rate of, @aving the anode, and a cell in the electrolytack.

Equation (83) gives the totab@aving the electrolyser system.

@)

Noz'pmd = Vp € P,p = electrolyser (80)
Noz,out,an,elect(m) = Noz,prod vmeM (81)
NOZ,out,eleCt (m) = Noz,out,an,elect(m) vmeM (82)
Noz,out,elect,sys =2 Noz,out,elect(m) VmeM (83)

Equation (84) states that the total molar flow r@ft€, leaving the electrolyser system is equal

to the molar flow rate of @entering the first cell of the fuel cell.
No, outetect.sys = Noinfe(n) vneN,n=1 (84)
The molar flow rate of @consumed is given in Equation (85)
— @

Noz,cons = aF Vp €P,p=fuelcell (85)

Equation (86) states that the molar flow rate ¢fl€ving a cell is equal to the difference

between the molar flow rate of,@ntering the fuel cell, and the amount gfd@nsumed.

Noz,out,fc (n) = Noz,in,fc(n) - Noz,cons VneN (86)
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Equation (87) states that the molar flow rate gfir®the celln is equal to the molar flow rate of

O; in the previous cell, i.a-1, of the fuel cell system.
Noz,in,fc(n) = Noz,out,fc (n—-1) vneN,n>1 (87)

Equation (88) states that the molar flow rate gl€aving the last cell in the fuel cell stack must

be equal O to demonstrate that allgPoduced in the electrolyser system is consumed.

No,outrc(n) =0 vneEN,n=|N| (88)

3.5.3. Hydrogen Balance

The PEM is designed to allow'kbns to transfer from the anode to the cathodeelheer, since
the model being formulated is one-dimensional, ls$-permeation occurs. This means that the
flow of H, into the anode compartment of the electrolysaissumed to be negligible; lh the
fuel cell sub-system enters through the anode snichinsferred through the membrane into the

cathode, where #0 is formed.

(11a)

NHz,prod
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(11b)

NHz,cons

NHz,out,eIect,sys

N H,,out,fc

Figure 11: Hydrogen Balance acrossthe Electrolyser (11a) and the Fuel Cell (11b)

The molar flow rate of Hproduced in the electrolyser is given in Equatig®).
1®)

Ny proa = oF V p € P,p = electrolyser (89)

Equation (90) states that the molar flow rate efléhving the cathode of the electrolyser is

equivalent to the molar flow rate ok ldroduced.
NHz,out,cat,elect (m) = NHzprod VvmeM (90)

The molar flow rate of kleaving the electrolyser is given in Equation (@hyl is equal to the

molar flow rate of H leaving the cathode of the electrolyser.

NHz,out,elect (m) = NHz,out,cat,elect (m) vVmeM (91)
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Equation (92) describes the total molar flow rateHg leaving the system as the sum of all

hydrogen molar flowrates leaving the electrolysestesm.

NHZ,out,elect,sys = 2 NHZ,out,elect (m) vmeM (92)
The total molar flow rate of Hconsumed is given in Equation (93).

: _1»m
NHz,cons - 2F

Vp€P,p= fuel cell (93)

Equation (94) states that the total molar flow r@itéd, leaving the electrolyser system is equal
to the molar flow rate of pentering the first cell of the fuel cell. It shdube noted, that the
molar flow rate of H entering the cathode is assumed to be zero sipde produced in the
cathode.

NHZ,out,elect,sys = NHZ,in,fc(n) VvneNn=1 (94)

Equation (95) expresses the molar flow rate gfall the difference between the molar mass of

H, entering the fuel cell and being consumed.
NHz,out,fc (n) = NHz,in,fc (n) — NHz,cons VneN (95)

Equation (96) states that the molar flow rate gfitHthe next cell is equal to the molar flowrate

H, in the previous cell of the fuel cell system.
NHz,in,fc(n) = NHz,out,fc(n -1) vneN,n>1 (96)

Equation (97) states that the molar flow rate glddving the last cell in the fuel cell stack must

be equal 0, to demonstrate that gllgfioduced in the electrolyser system is consumed.

Nu, outfe(n) = 0 vneN,n=|N| (97)
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3.6. Overall System Performance
3.6.1. Total Power

The total power consumed and produced in the elgsr and fuel cell systems are given in

Equation (98) and (99%...;; is the number of cells in the stacks.

_ V(@)I(p)*nceuetect
Power,,,s = 000

Vp €P,p =electrolyser  (98)

Powery,oq = % Vp €P,p= fuel cell (99)

3.6.2. Freshwater Recovery Rate

Equation (100) expresses the freshwater recovdey imthe HEFC system. It describes the

percentage of seawater recovered as freshwéke is the freshwater recovery rate.

FRR — NHZO,prOd*nCe”'fc * 100 (100)

NH2 O,inelect

3.6.3. Objective Function

The objective function in the HEFC system is to mmage the power conversion efficiency,
which comprises of the power consumed, power prediand system efficiency. It is described
in Equation (101).

obj = max (power conversion ef ficiency)

Powerprog )
Powercons system

= max ( (101)
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3.7. Economic Evaluation

To conduct the economic evaluation, the fixed ehpitvestment, replacement cost, maintenance
cost and total annualised cost (TAC) equationgdaraved from the work done by Rahimi et al.
(2014). Based on the TAC, revenue generated aatlgomduction cost, the annual cash flow,

present values, net present value and paybackdoegoe calculated.

3.7.1. Fixed Capital Investment

The initial capital cost also known as fixed calpiteestment, is the amount of capital required
to establish a chemical plant or business ventiires comprised of the total direct capital cost
and the total indirect capital cost. Equation (182presses the total direct capital cost required
for the HEFC system, wher€ost .., iS the capital cost of the stadkpstgzyp is the capital
cost of the balance of the plaiF; is the installation factor an@F,,,,; is the land cost factor.
Equations (103)-(104) give the cost of the stadk ewst of the balance of the plafty; ., iS

the stack cost factor artt¥y,p is the balance of the plant cost factor. It shdadchoted that the

capital cost of the electrolysefdst gy ciece ) @nd fuel cell Cost ) were extrapolated from

cap,fc
the research conducted by Thomas (2018), wherelgyaph had been constructed and a

polynomial function obtained. The polynomial furectiobtained for the electrolyser and fuel cell
is shown in Equations (105)-(106). Equation (10vEg the total capital cogCost.,, ) for the
HEFC system.
Costrpc = [(Costgqer + Costgop) * (1 + IF)] + (Costegy * CFiang) (102)
Costgeack = COStcap * CFgaex (103)
COStBOP = COStcap * CFBOP (104)

CoSteapetect = (4.6 * Yourchase” — 18,658.2 % Yyurchase + 18,920,787) * Power,,ns  (105)

Costegp e = (46 * Yyurcnase: — 18,658.2 % Yourcnase + 18,920,787) x Powery,oq  (106)
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Costeqp = COSteap erect + COSteap e (207)

Equation (108) expresses the BOP cost factor. hasle up of the anode gas management
system(CFymsqn), Cathode gas management syst@h,,,  ...), water delivery management
system(CFymsn,0), thermal management syst€f¥,,,), power electronics(CFyeect),
controls and sensor6CF.;), mechanical BORCFyg,p), Other direct cost{CF,;.-) and

assembly laboufCF,; ) cost factors.

CEgms,an + CFgms,cat + Cdes,H20 + Cths )

CFpop = (+CFpelect + CFs + CFypop + CFotper + CFyy, (109)

The indirect capital cost of the HEFC system is enag@ of the construction, engineering and
design, project contingency, and the legal andrectur costs. Equation (109) describes the total
indirect capital cos{Cr;c) of the HEFC systemCF,, structions CFgp, CFpec andCF, . are the

construction, engineering and design, project ogeticy, and legal and contractor fee cost

factors.

CTIC = [(CFconstruction + CFPC + CFLC) * COStTDC + (CFED * COStcap)] (109)

Equation (110) expresses the fixed capital investrf¥eCI) required for the HEFC system.

FCI = CTDC + CTIC (110)
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3.7.2. Total Annualised Cost

The total annualised cost (TAC) describes the dntagt of owning, maintaining and operating
the HEFC system over the lifetime of the plant.cimprises of the annualised capital

CoS(Ceap,annuar): @annualised replacement co$ird, annuqa) and the annualised maintenance

cost Cyain annuar)- Equation (111) expresses the TAC of the HEF@esys

TAC (q) = CCap,annual + Crep,annual + Cmain,annual v q € Q (111)

Equation (112) describes the total annualised aapdst of the systenC{,, annuat). Ypiant 1S

the plant lifetime andl/ is the annual interest rate.

_ (FCIxAD)(1+A1) plant
(1+A1) plant=1

(112)

CCap,annual

Similarly to the direct capital cost of the PEMEdathe PEMFC, the replacement cost is
extrapolated from the research conducted by Th@2Gi#3). Equations (113)-(114) expresses
the polynomial function obtained used to descrimereplacement cost of the of the electrolyser
and fuel cell. Wherg,.,, is the year of replacemeripst, ., cicc: iS the replacement cost of the
electrolyser andost,., ¢ is the replacement cost for the fuel cell. Equafitl5) gives the total
replacement costCost,.,) for the HEFC system. The annualised replacemesttisgshown in
Equation (116)

CoStreperect = (4.6 % Yrep” — 18,658.2 % Y, + 18,920,787) * Powerpps  (113)

Cost = (4.6 * Y;p® — 18,658.2 % Y, + 18,920,787) * Powery,oq (114)

rep,fc
Costrep = COStrep erect + COStrep fc (115)

_ Costyep*(1+IF)
Crep ,annual —

(116)

Yplant
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The annualised maintenance cost is considerediaineconstant every year. In this paper, the

annualised maintenance cost is taken as 2.5% ahitied capital cost.

3.7.3. Revenue and production costs

To determine the total revenue generated from tBEGisystem, the income generated from the
sale of freshwater and electricity are considekegluation (117) states that the total income
generated from the sale of wat€Revy,,) is equal to the mass flowrate of water
(M, 0,0ut,fc,sys) Multiplied by the cost of watélCosty,,) and plant operating hoWGpyoyr-s)-

Similarly, the sale of electricityRev,;..;) IS given in Equation (118).

M
Revy,o = (M) * Costy,o * OPhours (117)
2 PH,0 2
Revelect = Powerprod * COStelect * 0phours (118)

Equation (119) gives the total revenue generatedn fthe sale of water and electricity
producedRev). In Equation (120) it is assumed that the revegaeerated will annually
increase at the same rate as the interest rate.
Rev(q) = Revy,p + Reveect VgeQ,q=1 (119)
Rev(q) = (Reszo + Revelect) + (1 + AD)1 VqeQ,q>1 (120)
Equation (121) expresses the total production dostsrred in the HEFC systemiFpp, CF,q,
CFyp andCF;,, are the patent and royalty, selling and distritnutiresearch and development,

and insurance cost factors.

Crp(q) = [(CFpg + CF45 + CFrp) * Rev(q) + (FCI * CFys)] VqeqQ (121)
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3.7.4. Cash Flow

The cash flow over the lifetime of the HEFC systisntalculated in Equations (122) — (127).
Equation (122) describes the depreciatiep) of the system and is calculated using the

straight-line method. Equation (123) gives the pioéfore tax(PBT). Equation (124) indicates

the amount of tax payable to the governniBAK). The profit after tax PAT), profit after tax
plus depreciatioliPATPD) and annual cash flogCASH) are given in Equations (125) - (127).

FCI+COStrep(1+1F)

Dep (q) = VqeQ

Yplant

PBT(q) = Rev(q) — Crp(q) —Dep(q) VqE€Q

TAX(q) = PBT(q) * TaxXrqre VqeQ
PAT(q) = PBT(q) — TAX(q) VqeQ
PATPD(q) = PAT(q) + Dep(q) Vqeq
CASH(q) = PATPD(q) — TAC(q) VqgeQ

3.7.5. Net Present Value

The net present value (NPV) gives the current valueperating the HEFC system over the
lifetime of the plant. The discount fact@bF) is expressed in Equation (128) and is used to

determine the present value of future cash flowggiaions (129) - (130) describe the present

value(PV) and NPV of the proposed system.

1

DF(q) = (1+ADa-1

VqeqQ

PV(q) = CASH(q) * DF(q) VqeQ

(122)

(123)

(124)

(125)

(126)

(127)

(128)

(129)
41



NPV =3 PV(q) VqeQ (130)

3.7.6. Payback Period

Equation (131) gives the payback period of the tplauinich states that the payback period is
equal to the FCI multiplied by the plant life died by the total revenue generated over the plant
life.

FCI*Y piant

PBP = — P VqgeQ (131)
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4. [llustrative Example

To illustrate the application of the HEFC systerhe tmodel is applied to the following

illustrative example based on data extracted fricenalture, and are listed in Table 1 and Table 2.

Table 3 and Table 4 lists the economic parameteither cost factors that are considered

Table 1. Seawater Electrolyser and Hydrogen FullRaeameters

Electrolyser Fuel Cdll
Value Reference Value Reference

Inlet flowrate of 001 i i i
seawater (mol/s)
Salinity Dresp et al
(parts per thousand) 35 (2019)p K . -
Pressure (atm) 1 1
Anode charge 05 (Tijani et al., 05 (Tijani et al.,
transfer coefficient ' 2019) ' 2019)
Cathode charge 05 (Moradi Nafchi et 1 (Chowdhury et
transfer coefficient ' al., 2019) al., 2018)
Anode exchange .
current density 13 (Bennett, 1980) 2 000 (Shimpalee and

2 Van Zee, 2007)
(A/m?)
Cathode exchange .
current density 900 (Han et al., 2015 200 (Shimpalee and

2 Van Zee, 2007)
(A/m?)
Membrane thicknes: 178 (Webster and 178 (Saebea et al.,
(um) Bode, 2019) 2017)
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Table 2: Economic Parameters (Colella et al., 2014)

Direct Costs Cost Factor
Stack 38%
Hydrogen Gas Management System 6%
Oxygen Gas Management System 2%

Water Delivery Management System 5%
Thermal Management 5%

Power Electronics 26%
Controls and Sensors 6%
Mechanical Balance of the Plant 5%

Other Direct Costs 2%
Assembly Labor 5%

Land 4%
Installation Factor 10%
Indirect Costs Cost Factor
Construction Costs 2%
Engineering and Design 8%

Project Contingency 15%

Legal and Contractor 15%
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Table 3: Other Cost Factors and Rates

Other factors Value Reference

Working Capital 20%  (Turton, 2013)

Annual Interest Rate 6.75% (Trading Economics, 2019)
Inflation Rate 4.5% (SA Stats, 2020)
Maintenance Factor 2.5% (Colella et al., 2014)
Purchase year 2019 -

Replacement year (10 years after purch2029 (Colella et al., 2014)
Project life (years) 20

Tax Rate 28%  (South African Revenue Services, 2020)

Table 4: Operating Condition Constraints

Electrolyser Fud cell

Variable Symbol Reference
range range
Temperature®C) T 25-90 25-90 (Atyabi et al., 2019; Mora
Nafchi et al., 201¢

. N 3 i (Abdel-Aal et al., 2010;
Current densityA/m*) i >10,000 — 50.0C Yan et al., 2019)
Voltage (V) Vv 2.1-6 - (Abdel-Aal et al., 2010)
Humidity degree A 14 - 25 14 - 25 (Han et al., 2015)
Electro-osmotic drag >0.2 502 i
coefficient
System efficiency (%) n 67 - 82 67 - 82 (Valiollahi et al., 2019)
Power produced (kW) - 1 -
Reaction area (cfh A 50 - 400 50-400 -
Anode and cathode ¢ 50 — 6,250 50 — 6,250 -

thickness jtm)
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To model the HEFC system, the following assumptemesmade:

(i)
(ii)

(iii)
(iv)
(%)
(vi)

(vii)
(viii)
(ix)
)
(xi)
(xii)
(xiii)

The system operates in a continuous one-dimensilonal

The system operates under steady-state, isotheamdl isobaric conditions at
atmospheric pressure

PEME produces pureztand Q

All H,0 is present in the liquid phase

Solar and wind energy are used to power the PEME

Cells are connected in series (current remainsséme) and current is distributed
uniformly

Gases behave as ideal gases

The pressure gradient between the anode and cathodgligible

Uniform H,O activity across the membrane

No H,O enters the PEMFC

No H; leaves the anode of the PEME and enters the aatbfatie PEMFC

No O, leaves the cathode of the PEME and enters thesanfdtie PEMFC

Chlorine leaves as a solution with excess seawater

(xiv) Auxiliary units such as heat exchangers, pumps wealdes are not modelled.

(xv)

Therefore the power consumed by these units artaken into account

System is operated for 8,000 hours/annum
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5. Resultsand Discussion

The mathematical model of the HEFC system is implgied in GAMS 24.8.5 to maximise
power conversion efficiency. BARON is used to sdive NLP optimisation problem. All results
for the mathematical model were solved using a ederpvith the following specifications: Intel
i7 processor on a Windows 7 Professional, 64-bérajing system with 8 GB of RAM.

Seawater is a solution of salts composed mainlghdbride, sodium, sulphate, magnesium,
calcium, and potassium ions dissolved isOH Since Q evolution is promoted over chlorine
evolution, chlorine leaves the system as a solutitth brine. This is achieved by operating the
seawater electrolyser at current densities eitledovib 1 mA/cm? which would require large
electrode areas, or greater than 1,800/cm? which would require more energy. In this study,
current densities greater than 1,608/cm? are used, as the cost required to power the
electrolyser is not taken into account. This wasedaon solar and wind energy being readily
available. The dissolved chlorine will take thenfioof hypochlorite, which is preferred compared

to chlorine gas due to its non-toxic charactersstic

One of the major concerns facing seawater elecli®lyg the deposition of magnesium hydroxide
and calcium carbonate on the cathode. This gegevatiurs due to the rise in pH caused by the
generation of Bl Consequently, if precipitation deposit is not oexed it will build up and
prevent the efficient transfer of ions, which affecell performance and efficiency (Badea et al.,
2007). To account for this, precipitation remoeabts are considered in the techno-economic
evaluation. Furthermore, to overcome corrosiortjmuian and nickel electrodes which are highly

corrosion resistant are used to protect the elgetro
Since the HEFC system incorporates a seawater@aleser and to the best of our knowledge, no

mathematical models have been developed for a REaWater electrolyser, validating the entire

model proved to be challenging. Therefore, eachsystem is validated separately.
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5.1. Modedl Validation

To validate the seawater electrolyser, accordingutbel et al. (2010), the minimum theoretical
energy required at ambient conditions is 39.7 k\WhA In this model, an energy requirement
of 56.8 kWh/kg H is achieved in the seawater electrolysis sub-sysiehis shows that the

model is in fair agreement with the theoretical imumm energy requirement. Any deviations

present may be attributed to the uncertainty inype of electrolysis and water source used.

The present fuel cell model is validated with thmwation model developed by Adbin et al.
(2016). As seen in Figure 12, the present modellteesire in fair agreement with the model
developed by Adbin et al. (2016). However, the @ipancy at low current densities is large and
may be due to the effect of the activity of®{ and the humidity degree of the anode-membrane
and cathode-membrane interface, as well as thenigatiion of the fuel cell in the HEFC system.
In this model, the KD activity and the humidity degree expressions wadapted from
Shimpalee and Van Zee (2007). At high current dexssand low membrane humidity degrees,
the ohmic overpotential is greater which meansetieegreater resistance for electrons to transfer
through the membrane. As a result, the discrepdretyeen the two models is reduced.
Additionally, the activation overpotential contriles to greater potential losses in the fuel cell.
This may be due to the natural logarithmic functwesent in the activation overpotential, which
is linearised in the proposed model. As a reshig teduces the output voltage of the fuel cell
and leads to the nonlinear model presented by Adidah. (2016).

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

e=fe=HEFC System ==@=Adbin et al model

Output Voltage (V)

2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000
Current Density (A/m?)

Figure 12: Fuel Cell Modédl Validation
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5.2. Optimal Performance, Design Parameters and Operating Conditions

To determine the optimal number of cells in the fuedl stack, the relationship between power
conversion efficiency and the number of cells igleated. According to Figure 13, which is
constructed from the current HEFC model, the ogdtimamber of cells to maximise power
conversion efficiency is 12 cells. The results r&gab hereafter will be based on a model
formulated with 1 cell PEME cell and 12 PEMFC ceBidently, there is also an inverse
relationship between power conversion efficiency tre water recovery rate.

45 70
g . E
T e = ===0=0—0=0==0=04= y ]
20— 1 2
2 \ J o«
£ \ / z
b ) i Power Conversion Efficiency - 60 g
s 35 \ =@-Water Recovery Rate — §
B 55 %
‘g 30 50 3
2
&

25 T T T T T 45

0 5 10 15 20 25 30
Number of Fuel Cells

Figure 13: Relationship between Power Conversion Efficiency, Freshwater Recovery Rate
and Number of Cellsin the Fuel Cell Stack

Table 5: Optimal Performance Results for Each Cell

Electrolyser Fud cell

Current density (A/f)) 23,266 2,000
Open circuit voltage (V) 1.162 1.175
Activation overpotential (V) 0.654 0.067
Diffusion overpotential (V) 0 0

Ohmic overpotential (V) 0.323 0.031
Input voltage (V) 2.136 -

Output voltage (V) - 1.076
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From the results in Table 5, it can be seen thatdiffusion overpotential does not affect the

performance of the electrolyser and the fuel ckik to the presence of a PEM electrolyte. The
activation overpotential is found to be the maimtdbutor to the voltage losses in the

electrolyser and fuel cell. Additionally, due teethesistance in the flow of'Hons through the

membrane, the ohmic overpotential is the secorgke#drsource of potential loss.

Table 6: Optimal Design and Operating Conditions

Electrolyser Fuel cell
Temperature®C) 80.1 66.7
Humidity degree 14.4 14.6
Electro-osmotic drag coefficient 1.64 0.20
Anode thicknesspym) 237 270
Cathode thicknessufn) 237 270
Reaction area (cf 400 390

Table 6 shows that the optimal operating tempegatuinen the electrolyser and fuel cell are
operated under atmospheric pressure is 80.and 66.7°C. In literature, high temperatures
(40-8C°C) were found to improve the performance of both RieME and PEMFC (Han et al.,
2015). The optimal temperatures obtained from tbdehare in agreement with the observations
made by Han et al. (2015), indicating that thetebdgser and fuel cell perform better at elevated
temperatures. The humidity degree describes theuaimaf HO present in the membrane.
Typically, a range of 14-25 is given, where 14 diéss a fully saturated membrane and 25 is for
a supersaturated membrane. From the results, thmadghumidification degrees are 14.4 and
14.6 in the electrolyser and fuel cell. This shdiat adequate water management is required to
prevent membrane dehydration and cathode floodintpere is too little HO present in the
membrane, membrane dehydration will occur and teadbwer performance. Additionally,
cathode flooding will occur if there is excesgdHpresent in the membrane. This will ultimately
increase the resistance of the electrode. Consdgutiie humidification degree is critical to the

performance of the electrolyser and the fuel cell.
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Table 7: Overall Results

Power conversion efficiency (%) 41.2
Freshwater recovery rate (%) 48.2
System Efficiency (%) 81.9
CPU Time (s) 0.03

Table 7 describes the overall results for the liylmystem. As seen, the power conversion
efficiency of the system is 41.2 % and is produfredh 100% green energy with 0% carbon

emissions. Furthermore, 48.2 % of the seawatetdiélde electrolyser is recovered as freshwater
in the fuel cell. This KO recovered can be sent to the background proBgsmtegrating the

HEFC system with the background process, energyHa@dcan be produced on-site.

5.3. Economic Evaluation

Since in most instances, both good solar and wesdurces are available, the power consumed
in the electrolyser could be supplied by solar amohd energy. Recently, the cost-
competitiveness of renewable enerergy shows rerblrkransformation in the electricity
generation sector. Typically, fossil fuel-deriveower costs USD 0.04-0.14/kWh, compared to
electricity generated from wind, which costs USD4BkWh in the absence of financial support.
Similary, in the solar and PV power generation stdy utility-scale electricity generation costs
USD 0.069/kWh (Strielkowski, 2020). Conversely,another report it has been reported that
solar PV auction prices of USD 0.03/kWh are culgemtvailable (International Renewable
Energy Agency, 2020). In this work the cost fare@able energy consumed was not taken into
account, as the model was developed primarilyHferaptimal design and synthesis of the HEFC
system. As such, the purpose of the model is testigate operational feasibility of the proposed
system in terms of power conversion efficiency. réfiere, no additional costs were assumed to
be incurred to break down,8 molecules, since the cost of electricity for #tectrolyser was

deemed negligible for the purposes of this study.
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The basic cost factors used to breakdown the diaect indirect capital costs of various
components in the HEFC system are obtained frorellaadt al. (2014). Based on that work, the
forecourts cost factors are used because the ¢UERC system is modelled to have a 1 kW
power production capacity. As a result, using teat@lised production facility (CPF) cost
factors would be inaccurate due to the large samance between the HEFC system and the
CPF.

The overall capital cost of the PEME is extrapalateom the research conducted by
Thomas (2018). Based on that research, Figure téristructed and a polynomial function is
obtained. The PEME capital cost is expected toedese over time, due to greater market uptake,
higher production volumes, improved efficienciead a&cheaper catalysts and electrodes. It is
important to note that Figure 14 is also used terdane the capital cost of PEMFCs, as PEMFC

and PEME are constructed from similar components.
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Figure 14: PEME and PEMFC Capital Cost from 2015-2030

52



Table 8: Techno-Economic Results

Total annualised cost (USD) 793
Internal rate of return (%) 16.3
Discount factor (%) 6.75
Payback period (years) 3.94
Net present valueUSD) 1498

The net present value (NPV) over a plant life ofy2@rs is positive indicating that the system
generates enough income to compensate for all égsinsk. The payback period is 3.94 years.
This is a good payback period as generally, a atenplant design with a payback period of
fewer than 5 years is accepted as being feasiblad®, 2005). Subsequently, the system proves

to provide an environmental benefit in additiontsofinancial prospects.

6. Conclusion

This work addresses the water crisis and energgntma that is affecting many countries
globally. The proposed system models a hybrid elgeer-fuel cell system to produce End
freshwater from seawater. A one-dimensional, ma#tiea model operated under steady-state,
continuous, isothermal and isobaric conditions Hasen developed for a HEFC system. The
HEFC may be integrated with a background procespréeide supplementary power. The
hybrid system is modelled and optimised as an Nidblpm in GAMS/BARON to maximise
power conversion efficiency. Based on the resdi8s? % of the seawater fed to the electrolyser
is recovered as freshwater in the fuel cell. Théridy system shows potential as being an
efficient seawater purification system which retE=a8% carbon emissions into the atmosphere.
Additionally, it is environmentally friendly in ithandling, production and use. As an energy

conversion system, 41.2 % power conversion eff@yaa achieved.
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This indicates that the system shows promise oémtealising the production of electricity from
fossil fuels, addressing the energy trilemma with&tuaining freshwater bodies, and providing
100% clean supplementary power to background pseses In addition to its environmental
benefits, the HEFC system is economically viable.

Some of the major limitations associated withkie=C model include:

» Cross-permeation of Hand Q was not taken into account, as the system was lledde
as a one-dimensional model. Two-dimensional amdetdimensional models can be
developed to investigate the effect of cross-petime®@n the performance of the system.

* The mathematical formulation of the seawater ebégder was developed based on the
parameters sourced from literature. It is not cle@ether these parameters explicitly
describe the seawater electrolysis operation utigeiconditions that were found to be
optimal.

* This model does not take into account the operatiogis of the renewable power
consumed. This may be considered for future worlereby the objective function is
comprised of economic constraints and variables.

e It should be noted that the power consumed by i@nyilunits such as pumps,
compressors and heat exchangers were not takeadotaint.

* The proposed system was conducted on PEME and PEMH@refore, investigations
on the optimal performance of other types of etdgsers and fuel cells were not taken

into account.

The overall perspective of this work is to illus&rahe optimal design of a HEFC system to
produce H and freshwater from seawater, as well as the litiabf the system. The results from
the mathematical model provide insight into thecefhcy and performance of the system, and

can provide a better understanding of seawatetrelgsis and the proposed hybrid system.
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Nomenclature

Parameters

Ap,o Activity of water -

a Chargetransfercoefficient -

Al Annual interest ra -

C Concentratio mol/m3
CF Cost facta -

P, Critical pressur MPa
T, Critical temperatui K

D Diffusion coefficient m?/s
Desr Effective diffusion coefficier m?/s
Jo Exchange current densi A/m3

F Faraday's conste C/mol
IR Inflation Rat¢ -

IF Installation factc -

Omem Membrane thickne um

My, Molar mas kg/mol
My mem,ary Molar mass of the dry membre kg/mol
Neenl Number of cell

z Number of electrons transfer:

p Pressur MPa
Pres Reference presst MPa
Tref Reference temperatt K

R Universal ga Jmol. K
Tax,qte Tax ratt

D,, Water diffusion coefficien m?/s
Kaarcy Water permeability coefficier m2
Yolant Plant life -
Yourchase Purchase ye -

Yiep Replacement ye -
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Variables

Cash
Cost
Ceap
I

)
Dep
D
DF
Ng
FCI
Der
IRR

P

main

3 = =

<

Ophours
NPV

PAT
PATPD
PBT
PBP
Power

PV

Crep
Rev
Psat

Rev

Cash flow

Cos

Capital cos

Curren

Current densit
Depreciatiol

Diffusion coefficien
Discount Factc
Electrostatic drag coefficie
Fixed capital investme
Effective diffusion coefficier
Internal rate of retu
Maintenanc cos

Mass flow rate

Molar flow rate

Molar flux

Molar fraction

Operating houl

Net present valt

Profit after ta;

Profit after tax plu depreciatio

Profit before ta
Payback peric
Powe

Present valt
Reaction are
Replacement cc
Revenu
Saturation presst
Revenu

Temperatur

USD
USD
USD

A/m?
USD

m?/s

USD

m?/s

USD
kg/hr
mol/s

mol/m?.hr

hr
USD
USD
USD
USD
yr
kw
USD

USD
USD
MPa
USD
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TAC Total annualised cc USD
TDC Total direct cos' USD
TIC Total indirect cos! USD
TP Total productio USD

% Voltage or overpotenti %
Greek Symbols

a Charge transfer coefficien

p Density kg/m?
Pmem.dry Density of dry membrai kg/m3
n Efficiency

A Humidity degre

Omem Membrane conductivi ohmtm™1
B Partial pressu MPa
& Percolatiol

€ Porosity

6 Thickness m

u Viscosity kg.s/m3
Sets

M Number of cells in electrolyser stack

N Number of cells in fuel cell stack = 1,2,3,25

p Units = Electrolyser, Fuel c

0] Number of plant operating year<1,2,3,...,2
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Subscripts

act

AL

an
annual
BOP
cat
cap

ch
ch,o
construction
cons
cs
diff
DC
dms
DS

ED
elect
eo

fc

gms

IF
ins
LC
land

mem

me, 0
MBOP

ohm

Activation

Assembly labot

Anode

Annual

Balance of Plai

Cathod

Capita

Channe

Channel at reference conditit
Constructiol

Consume

Control and sensc
Diffusion

Direct cos

Delivery management systi
Distribution and sellin
Engineering and desi
Electrolyse

Electrc-osmotic dra

Fuel cel

Gas management syst
Hydroger

Installation factc

Insuranc

Legal and contractor fe
Lanc

Membrane
Membran«-electrode interfac
Membran«-electrode interface at reference conditi
Mechanical balance of pl¢
Ohmic
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ocv Open circuit voltag

other Other

0, Oxyger

other Other direct cos

PC Project contingenc

pe Pressure effe

PR Patents and royalti
pelect Power electronic

prod Produce

RD Research and developm
sw Seawate

stack Stacl

Sys Systen

tms Thermal management syst
H,0 Wate|

H, — H,0 Hydroger-water mixtur
0, — H,0 Oxyger-water mixtur:
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