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Abstract

Understanding the dynamic response of a solar fuel processing system utilizing concentrated solar radiation and made of a
thermally-integrated photovoltaic (PV) and water electrolyzer (EC) is important for the design, development and implementa-
tion of this technology. A detailed dynamic non-linear process model is introduced for the fundamental system components (i.e.
PV, EC, pump etc.) in order to investigate the coupled system behaviour and performance synergy notably arising from the thermal
integration. The nominal hydrogen production power is ∼2 kW at a hydrogen system efficiency of 16-21 % considering a high
performance triple junction III-V PV module and a proton exchange membrane EC. The device operating point relative to the
maximum power point of the PV was shown to have a differing influence on the system performance when subject to temperature
changes. The non-linear coupled behaviour was characterised in response to step changes in water flowrate and solar irradiance and
hysteresis of the current-voltage operating point was demonstrated. Whilst the system responds thermally to changes in operating
conditions in the range of 0.5-2 minutes which leads to advantageously short start-up times, a number of control challenges are
identified such as the impact of pump failure, electrical PV-EC disconnection, and the potentially damaging accentuated tempera-
ture rise at lower water flowrates. Finally, the simulation of co-generation of heat and hydrogen for various operating conditions
demonstrates the significant potential for system efficiency enhancements and the required development of control strategies for
demand matching is discussed.
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1. Introduction

One successful route to high efficiency solar-to-hydrogen
conversion is the coupling of multi-junction photovoltaic (PV)
cells to a water electrolyzer (EC) [1]. Whilst the current eco-
nomic feasibility of solar hydrogen remains a topic of debate
[2], costs of both the PV and EC components are reducing
[3, 4, 5, 6], and therefore it is a promising technology to re-
alize the sustainable production of a critical chemical feedstock
and potentially important energy carrier.

The thermal integration of the two energy conversion steps
(i.e. solar energy to charge carriers, and charge carriers to
chemical energy) has been shown to have a synergistic effect
on the device performance, through both modeling [7, 8, 9]
and experimental demonstration [8]. Here, we introduce a dy-
namic process model for a thermally and electrically integrated
PV and electrolyzer (EC) operating under high solar concen-
trations. High optical concentration of solar radiation has the
potential to be more economically competitive through the re-
duction in required photoabsorber material [10], however with
the additional challenges associated with thermal management
and higher current densities.

The main rationale for selecting a compact PEM EC for elec-
trical and thermal coupling to the concentrated PV (CPV) is that
external heat is often required for smaller stack sizes to main-
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tain operating temperature [11]. Higher than ambient tempera-
tures are advantageous as this reduces the irreversible energetic
conversion losses in the EC by improving the kinetics and re-
ducing membrane conductivity. Furthermore, PEM ECs have a
fast response time and larger operational dynamic range, mak-
ing this technology more suited to coupling with intermittent
renewable power sources.

Figure 1 shows the process flow diagram of our thermally
integrated solar hydrogen processing system. Distilled water is
pumped from the storage tank, through the deionizers and to the
thermally integrated device consisting of a directly electrically
connected PV module and an EC stack. Heat is then removed
from the resulting oxygen-water stream with a heat exchanger
before being transferred to a water-gas separator and subse-
quently compressed for storage. The hydrogen-water stream
is passed directly to a water-gas separator before compression
and storage. All water removed from the gas streams can then
be recycled (only shown for the O2 stream in Figure 1 as this is
the only stream that contains a significant flowrate of water).

In order to investigate the fundamental dynamics of the sys-
tem, only key components (PV, EC, pump and piping) are se-
lected from the complete generic system. This simplification
means the dynamic behaviour intrinsic to the proposed device
can be studied whilst neglecting the extraneous downstream
components, such as the liquid-gas separation and end user de-
pendent gas processing steps. All the neglected components can
be designed to meet the requirements imposed by the PV-EC
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Figure 1: Process flow diagram for the generic solar fuel plant, converting concentrated solar energy to hydrogen and heat. Solid lines denote the transfer of material
(fluid streams) where the annotation gives the constituent components (e.g. H2O, H2, O2). Red dotted lines denote the energy transfer between unit processes where
Q is heat and W is work. The components highlighted in grey are those modelled in this study.

dynamics studied herein. Furthermore, the power requirements
of neglected components are not included and these include the
energy requirements of gas drying and the biaxial solar tracking
etc. Whilst these energy requirements may be significant and
dependent on the configuration and fuel consumer, they will
not affect the basis of this study: the fundamental dynamics of
the thermally integrated PV-EC system.

Whilst simulation and optimisation of PV + EC with and
without power conversion technologies is an established field
[12, 13, 14, 15, 16], there have been relatively few studies look-
ing at the synergistic thermal integration of PV-thermal and EC
technologies [9, 17]. Furthermore, the detailed dynamic be-
haviour is often neglected on the basis of reducing model com-
plexity for coupled PV+EC systems. As the system considered
here is thermally integrated, the concentrated solar irradiance
and operating conditions will significantly impact the operat-
ing temperatures, and hence it is expected to exhibit a dynamic
response to a far greater extent than for non-concentrating PV
fields coupled to power electronics and a temperature controlled
EC. As comprehensively reviewed by Carmo et al. [18] there
have been many time-dependent models of varying approaches
developed for PEM ECs [19, 20, 21, 22, 23, 24], but there have
been no dynamic models of thermally coupled PV + EC using
concentrated solar radiation. Whilst each component model is
based directly on previous studies or the amalgamation of pre-
vious studies and heat transfer modelling, this model is original
in its combination of components and integrated complexity.
The dynamic behaviour of the considered system: a thermally
integrated and directly electrically coupled CPV + EC device
has not yet been reported either theoretically or experimentally.
Therefore, this model will facilitate new insight into the ex-
pected dynamic phenomena, highlight the synergistic effect of
the integration, and allow to assess the impact on the system

performance and to discuss the consequences on the control
strategy.

2. Model description

The modelled system is comprised of the following key
components: 1) a high efficiency solar parabolic dish (esti-
mated 86 % mean optical efficiency), 2) a triple-junction (In-
GaP/InGaAs/Ge) concentrator solar module (30-36 % solar-to-
electricity efficiency at maximum power point), 3) a proton ex-
change membrane (PEM) EC (50-70 % electricity-to-hydrogen
efficiency based on Gibbs energy), and 4) auxiliary components
such as a pump, piping and heat exchanger (HX) for heat recov-
ery (assuming ideal effectiveness). The system was designed
with a nominal hydrogen production power of approximately 2
kW under high solar irradiance (∼1 kW m−2).

2.1. PV module

2.1.1. Electrical model
A triple junction PV cell can be modelled as three single

diode equivalent circuits (Eq. (1)) electrically coupled in series
[25]. The current Ii and voltage Vi relation of a single junction
subcell i of the triple junction requires knowledge of the reverse
saturation current, Io,i, series resistance, Rs,i, elementary charge,
q, ideality factor, ni, and Boltzmann constant kB. It is assumed
that the photo-current IL,i is equal to the short circuit current Isc,i
and that the shunt resistance Rsh,i is large. All junctions are as-
sumed to be at the same temperature TPV. Current matching of
the subcell junctions are enforced by the equation: I1 = I2 = I3.

Ii = IL,i − Io,i

[
exp

(
q(Vi + IiRs,i)

nikBTPV

)
− 1

]
−

Vi + IiRs,i

Rsh,i
(1)
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The short circuit current is assumed to be linearly propor-
tional to the solar irradiance concentration, C [26]. C is a mul-
tiple of standard 1 Sun conditions where 1 Sun is equal to 0.9
kW m−2 (AM1.5D [27]). Temperature dependence of the short
circuit current is approximated to be linear [28] within a de-
fined temperature range where µIsc is a temperature dependent
proportionality coefficient.

The diode reverse saturation current for junction i is a func-
tion of TPV, bandgap Eg,i and a number of constants κi, γi, ni

(Eq. (2)).

Io,i = APV,cellκiT
(3+γi/2)
PV exp

(
−Eg,i

nikBTPV

)
(2)

The temperature dependence of the cell bandgap Eg,i is com-
monly expressed as a function of TPV, the bandgap at absolute
zero Eg(0 K) and two material dependent properties α and σ as
detailed by Varshni [29].

As the top two layers are semiconductor alloys, the bandgap
can be approximated with a linear superposition of the prop-
erties of two constituent semiconductors (where x is the molar
fraction of one of the semiconductors) and a correction factor
fEg [30].

Eg(A1−xBx) = (1 − x)Eg(A) + xEg(B) − x(1 − x) fEg (3)

A PV module is composed of NPV,s number of triple junc-
tion equivalent circuit in series to make a single ‘string’ and
NPV,p number of ‘strings’ in parallel. The PV module electri-
cal potential VPV = NPV,sVPV,cell and current IPV = NPV,pIPV,cell
are calculated accordingly. In order to reduce model complex-
ity, it was assumed that all triple junction cells are identically
performing and are homogeneously irradiated. However, it is
important to note that this condition may not be met under a
realistic solar flux distribution and should be studied further in
future work. The PV module temperature TPV is equal to the
individual PV cells’ temperature.

2.1.2. Thermal model
As high solar concentration ratios are considered in this work

(> 150), the CPV module will require active cooling [31]. The
CPV module consists of 1) PV module comprised of various
triple-junctions cells which are thermally bonded to a 2) cop-
per heat sink which is cooled by 3) water. Therefore, a 0-
dimensional thermal resistance model is employed where the
PV module, the heat sink (HS) and the inlet/outlet cooling wa-
ter (CW) are each defined by a temperature. This implies a
homogeneous temperature distribution over the solar cells (i.e.
input light is assumed uniform) and heat sink (justified by the
high thermal conductivity of copper). The following three heat
balances can be written as Eq. (4-6) where HCW,inlet/outlet is the
inlet/outlet enthalpy of the cooling water, Psolar,PV is the total
solar input power to the module. fabs is the fraction of light in-
cident which is absorbed and the subscript ”amb” denotes the
ambient surroundings. Accumulation of heat is only considered
in the heat sink, as it has a significant thermal mass CHS.

0 = fabsPsolar,PV − VPVIPV − QPV→HS (4)

CHS
dTHS

dt
= QPV→HS − QHS→CW − QHS→amb (5)

0 = HCW,inlet − HCW,outlet + QHS→CW (6)

Heat transfer between the PV and the heat sink is due to ther-
mal conduction (Eq. (7)). UPV→HS is the overall heat transfer
coefficient and APV is the heat transfer area (i.e. the contacting
area of the PV module). This heat transfer coefficient is con-
sidered constant over the temperature range and is calculated in
the Supporting Information according to Theristis et al. [32].

QPV→HS = UPV→HSAPV(TPV − THS) (7)

The overall heat transfer coefficient for heat sink to ambi-
ent surroundings will be a function of wind speed, humid-
ity etc. [33]. However, this dependence was neglected (i.e.
(UA)HS→amb assumed constant) given the dominance of the con-
vective heat transfer to the cooling water.

QHS→amb = (UA)HS→amb(THS − Tamb) (8)

Forced convection through a micro-channelled heat sink is a
proven method of cooling CPVs [31, 34], and in this work we
calculate the overall heat transfer coefficient and friction factor
based on multiple thin channels on the backside of the heat sink.

This convective heat transfer is then expressed as Eq. (9)
where the heat exchanger effectiveness ε for a heat exchangers
with a single heat transfer fluid (i.e. a heater or cooler) is given
by Eq. (10).

QHS→CW = εcp,CWṁCW(THS − TCW,inlet) (9)

ε = 1 − exp(−NTU) (10)

The Number of Transfer Units (NTU) is given by Eq. (11)
where cp,CW is defined as the mean specific heat capacity at
constant pressure over the temperature range and AHS as the
interfacial heat exchange surface area.

NTU =
ηoUHS→CWAHS

cp,CWṁCW
(11)

Assuming the overall heat transfer coefficient UHS→CW is
dominated by the interfacial convective transport, UHS→CW can
be calculated from Nusselt number correlations for fully devel-
oped laminar flow rectangular channels [35]. As detailed in the
Supporting Information, an overall surface fin efficiency ηo is
calculated assuming straight fins with an adiabatic tip to correct
for the temperature distribution across the micro-channel fins
[36]. Additionally, the energy balance over the cooling water is
found in the Supporting Information.
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2.1.3. Mass and momentum model
Within the operating conditions considered (<100 ◦C), wa-

ter can be considered incompressible and therefore there is no
mass accumulation of water within the CPV module.The pres-
sure drop is given by the Darcy–Weisbach equation (Eq. (12)),
where ρ is the fluid density and the friction factor fD can be
computed from empirical correlations for rectangular channels
[35]. The mean velocity v within the channel of cross-sectional
area AHS,cross and length L is calculated with v = ṁ/ρAHS,cross.
Dh is the hydraulic diameter of the channel.

∆p = fD
Lρv2

2Dh
(12)

2.2. PEM electrolyzer

2.2.1. Electrical model
The electrochemical performance of the PEM EC is coupled

with a mass conservation model in order to simulate the dy-
namic behavior. The voltage vs. current dynamic response of
a PEM EC is commonly assumed to be instantaneous [37] and
therefore will be modelled with a time-invariant model. Conse-
quently, any dynamics observed in the electrical variables will
result from time-variant parameters (e.g. the species concentra-
tion, temperature, pressure etc.).

The overall chemical reaction in the EC is H2O −−−→ H2 +
1
2 O2 and for every molecule of hydrogen formed, two electrons
must be transferred between the electrodes (ne− = 2). As this
water splitting reaction is non-spontaneous (∆G > 0) in the
temperature range considered, a negative cell potential is re-
quired to drive the reaction. For simplicity, we will express
the cell potential as positive voltages. The EC’s cell potential
VEC,cell required to pass a given current can be written as the sum
of the thermodynamic requirement, the redox potential Eredox,
the electrochemical kinetics and the ohmic overpotentials. The
concentration overpotential (due to mass transfer effects) is ne-
glected as the typical current densities of commercial PEM ECs
are sufficiently below the limiting current density [21, 38].

The Nernst equation (Eq. (13)) relates the (reversible) elec-
trochemical redox potential of water splitting Eredox to the stan-
dard electrode potential E◦ for the operating conditions (TEC,
pH2 , pO2 , assuming the activity of water aH2O = 1). The tem-
perature dependence of the standard electrode potential and the
thermo-neutral potential are commonly expressed in the form
of Eq. (14) and (15), where the fitted parameters are cal-
culated from thermophysical properties of water provided by
NIST [39].

Eredox = E◦ +
RTEC

ne−F
ln

 pH2 p1/2
O2

aH2O

 (13)

E◦ = 1.229 − 0.827 × 10−3(TEC − 298) (14)

Eth = 1.481 − 0.164 × 10−3(TEC − 298) (15)

The kinetic overpotential term is defined as the sum of
the oxygen evolution reaction and hydrogen evolution reaction

overpotentials, each of which can be related to the current via
the Tafel equation. This simplification of the Butler-Volmer
equation is valid as the normal operating range of PEM ECs
means that low currents are inadvisable due to a resulting higher
concentration of H2 in the output O2 stream.

ηkinetic =
RTEC

αaneF
ln

(
iEC,cell

i◦,a

)
+

RTEC

αcneF
ln

(
iEC,cell

i◦,c

)
(16)

The temperature dependence of the anodic and cathodic ex-
change current density can be modelled using an Arrhenius type
equation [21, 7, 40] where Ea is the activation energy and i◦,ref
is the exchange current density at a reference temperature Tref.

The ohmic overpotential is given by the sum of the ohmic
losses in the PEM (Rm) and in the external electrical circuit
(Rexternal). The electrolytic resistance of the PEM (Eq. (17))
is a function of the membrane thickness δm, the geometric cell
area AEC,cell and the membrane conductivity σm.

Rm =
δm

AEC,cellσm
(17)

The membrane conductivityσm (in S cm−1) can be calculated
using the empirical correlation given in Eq. (18) as a function
of temperature TEC and the degree of humidification λm [41].

σm = (0.00514λm − 0.00326) exp
(
1268

(
1

303
−

1
TEC

))
(18)

Finally, the electrolyzer is comprised of NEC,s number of
cells in series to make a electrolyzer stack. The stack potential
VEC = NEC,sVEC,cell and the stack current IEC = AEC,celliEC,cell
are calculated accordingly.

2.2.2. Thermal model
The energy conservation in the electrolyzer is given in Eq.

(19) where it is assumed the thermal mass CEC is constant over
the operational temperature range.

CEC
dTEC

dt
= Qgen − Qloss − Qfluid,a − Qfluid,c (19)

The heat generated (or consumed) by the kinetic and ohmic
losses of the reaction Qgen is given by Eq. (20). The electrolyzer
stack is considered to be well insulated and therefore the heat
lost to the environment Qloss is assumed to be zero. The heat
transferred to the fluid in the anodic and cathodic chambers are
given in Eq. (21) and Eq. (22), respectively. The driving tem-
perature difference for heat transfer to the fluid is defined as
the difference between the (uniform) cathode or anode chamber
fluid temperature and the EC stack temperature.

Qgen = AEC,celliEC,cellNEC,s(VEC,cell − Eth) (20)

Qfluid,a = (UA)fluid,a(TEC − Tfluid,out,a) (21)

Qfluid,c = (UA)fluid,c(TEC − Tfluid,out,c) (22)
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2.2.3. Mass, energy and momentum model of fluid streams
The mass and energy conservation model was applied to the

anodic and cathodic chamber separately. For all components i,
a component mass balance can be specified in Eq. (23) where
Mi, xinlet/outlet,i, ṁinlet/outlet, Mw,i and vi are the accumulated mass
of i, mass fraction of i, total mass flowrate, molecular weight of
i, stoichiometry coefficient of component i, respectively. Rrxn is
the molar reaction rate and is calculated using Faraday’s law of
electrolysis: Rrxn = (ηF IECNEC,s)/(neF).

dMi

dt
= xinlet,iṁinlet − xoutlet,iṁoutlet + Mw,iviRrxn (23)

Assuming ideal mixing, the total anodic or cathodic chamber
volume is the sum of the component volumes (Eq. (24)). It was
assumed a negligibly small fraction of the chamber is compress-
ible (following ideal gas law) which circumvented the need for
two separate models for incompressible and compressible flow
to account for gas production discontinuities (e.g. during start-
up or shut-down). This fraction was set to be 0.1% of the total
chamber volume at ambient conditions as compromise between
model robustness and accuracy. The ideal component volumes
are calculated using Vi = Mi/ρi where the density is a function
of chamber pressure and temperature.

Vtotal =
∑

i

(Vi) + Vcompressible (24)

The energy balance over the EC chamber is given in Eq. (25).
The energy accumulated Eholdup can be related to the state vari-
able of the accumulated mass through Eq. (26) where the spe-
cific enthalpy in the chamber is calculated through an empirical
correlation (e.g. h = f (T, P, x)).

dEholdup

dt
= hinletṁinlet − houtletṁoutlet + Qfluid (25)

Eholdup = Mtotalh − PVtotal (26)

The gas crossover through the membrane has been identi-
fied as a problem in PEM ECs [42] and impacts the operational
range of PEM ECs. Whilst this mass transport across the mem-
brane is neglected in this study, the typical operational range of
PEM ECs (10-100% of nominal power [18]) imposed by this
phenomenon is considered.

The pressure drop over the anodic chamber of the EC is com-
plex to model from first principles due to the two phase flow
during gas production, entrance effects and complex geometry
of flow plate. Therefore computational fluid dynamics is typ-
ically employed. We used a phenomenological model to ob-
tain an order of magnitude pressure drop shown in Eq. (27)
where QL is the liquid volumetric flowrate, Kflow is an empir-
ical flow coefficient and aflow is flow exponent determined by
the flow regime (i.e. laminar, turbulent). This model assumes
that the fluid passes through the NEC,s number of cells in par-
allel, the flow is laminar in the channels (aflow = 1 [43]) and
that the pressure drop is independent of the gas production rate.
Furthermore, the pressure drop in the cathodic chamber is ne-
glected.

∆p = Kflow

(
QL

NEC,s

)aflow

(27)

2.3. Auxiliary components

2.3.1. Solar dish
The solar parabolic dish receives the Direct Normal Irradi-

ance (DNI) and reflects this towards the CPV module. The to-
tal amount of solar power transferred to the CPV, Qsolar→CPV, is
calculated by Eq. (28), where Adish is the area of light collected
by the dish. The optical efficiency ηopt can be decomposed into
the multiplication of the solar weighted reflectance ρs, the in-
tercept factor γdish and a dish cleanliness factor ηclean (typically
between 0.7-1 [44]).

Qsolar→CPV =

ηopt︷        ︸︸        ︷
ρsγdishηclean Adish × DNI (28)

2.3.2. Pump
Pumping power can be calculated from Eq. (29), where ηpump

is the pump efficiency and is assumed constant. Fpump is the
volumetric flowrate and ∆psys is the total pressure drop over the
system (i.e. piping, PV and EC).

Ppump =
∆psysFpump

ηpump
(29)

2.3.3. Piping
The gPROMS process model library pipe component [45]

was used where the Haaland equation (Eq. (30)) calculates the
turbulent flow Darcy friction factor fD from the roughness εpipe
and internal diameter dpipe. The pressure drop is then calculated
using the Darcy–Weisbach equation (Eq. (12)).

1√
fD

= −1.8 log

( εpipe/dpipe

3.7

)1.11

+
6.9
Re

 (30)

2.4. Efficiency definitions

The overall system solar-to-hydrogen efficiency is defined
by Eq. (31) using the Gibbs free energy of water electroly-
sis (∆Grxn = 237.1 J mol−1). The thermal system efficiency is
defined by Eq. (32) where QHX is the useful thermal power
extracted from the heat exchanger (HX). The total input so-
lar power Psolar is defined based on the DNI (Psolar = DNI ×
πD2

dish/4). In this work, only the pumping power Ppump is con-
sidered (i.e. Pother = 0). The system efficiency of co-generation
of heat and fuel is then defined as ηsys = ηH2 + ηthermal.

ηH2 =
Rrxn∆Grxn

Psolar + Ppump + Pother
(31)

ηthermal =
QHX

Psolar + Ppump + Pother
(32)

The component electrical efficiencies for the PV module and
the PEM stack (based on ∆Grxn) are defined as Eq. (33), where
Psolar,PV is the total power of solar radiation incidence on the
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PV cells. Here, Vmpp
PV and Impp

PV are the voltage and current at the
Maximum Power Point (MPP).

η
mpp
PV =

Vmpp
PV Impp

PV

Psolar,PV
ηEC =

ηF Eredox

VEC,cell
(33)

2.5. Solution of numerical model

The numerical solution of the mixed differential-algebraic
model was accomplished with gPROMS ModelBuilder 5.1.1.
The standard solver (DAEBDF) based on Backward Differen-
tiation Formulas was used. The inbuilt PhysProp package was
used for all thermodynamic calculations not explicitly specified
in the following section.

3. Parameters and input datasets

This model is based on a dataset taken from literature, man-
ufacturer datasheets and estimated from typical values or em-
pirical correlations. The key parameters are given in Table 1,
highlighting which parameters are design decisions. The nom-
inal hydrogen production power of the designed system is ap-
proximately ∼2 kW (based on enthalpy) for a DNI = 1000 W
m−2 which corresponds to an input solar power of ∼8.5 kW.

3.1. PV module

A summary of the key parameters and data sources used in
the PV model is given in Table 1. For readability, all the triple
junction PV electrical performance parameters are referenced
as Ref. [25] and in turn are taken from a range of sources
[61, 62, 30, 63, 64, 65]. Other electrical (e.g. NPV,s, NPV,p,
APV,cell) and thermal (e.g. CHS, Dh, Across, Asurf etc.) proper-
ties were approximated based upon the Azur ADAM module
[46]. In the absence of pressure drop data or heat transfer co-
efficients, it was assumed that there are 100 channels of dimen-
sions 5.5 × 1 × 120 mm separated by copper fins of thickness
0.2 mm as this geometry leads to reasonable values for NuDh

& fDReDh (following Ref. [36] & [35]) from which UHS→CW
can be calculated. UPV→HS was calculated based on the thermal
conductivity of the various constituent layers of the PV mod-
ule (InGaP/InGaAs/Ge PV cell, copper, Al2O3) assuming the
thermal conductivity of the triple junction is that of the thick-
est component, Ge [32]. Correlations for the thermodynamic
proprieties for water were taken from literature (k [66], µ [67],
cp [68]). Whilst the critical maximum cell temperature speci-
fication varies between manufacturers, 100 ◦C is a commonly
stated value [32] and will be considered in this work.

3.2. Electrolyzer stack

A Giner ELX Pemi 16 cell stack (50 cm2 active nominal cell
area) was used as a guideline for the ascertainment of the EC
model parameters. As there is a wide range of exchange cur-
rent density reported in literature [18], particularly for the ox-
idation reaction (10−13 to 10−3 [69, 22, 70]), the model was
validated against experimental data. Values for io,a,ref, io,c,ref,
λm, Rexternal were determined using nonlinear least-squares data

fitting. The reference temperature in the equation for the tem-
perature dependence of exchange current density (see Support-
ing Information) is specified as 353.15 K and all the remain-
ing estimated parameters were taken from literature or the EC
datasheet. The fitted value for the degree of humidification λm
(18.2) was found to be within the expected range of 11-22 [71].
The key thermal property (UA)fluid,a was estimated from a nu-
merical study [38], using the inlet and outlet fluid temperatures,
fluid flowrate and mean stack temperature. Realistic estimates
for (UA)fluid,a, (UA)fluid,c, Va,total, Vc,total, CEC are given in Table
1.

3.3. Auxiliary components

The solar dish diameter was specified as 3.3 m so that at
DNI = 1000 W m−2, 7.3 kW of power is delivered to the CPV
corresponding to a solar flux concentration ratio of 732.5 or
C = 813.8 suns (according to the definition of AM1.5D). The
parabolic dish was assumed to be clean (ηclean = 1), of high
optical performance and made of an aluminum based reflector
(see Table 1).

3.4. Irradiance data and environmental conditions

The typical range of the Direct Normal Irradiance (DNI) was
used based on experimental data collected at EPFL Lausanne
(SPN1 Sunshine Pyranometer). The DNI was varied between
500 - 1000 W m−2 to represent differing meteorological con-
ditions. The ambient temperature was assumed to be constant:
Tamb = 20 ◦C.

4. Results and discussion

4.1. Steady-state sensitivity analysis

The position of the operating point of the integrated PV-EC
device is heavily dependent on the operating temperature of
both devices. In order to investigate this effect, only the PV
and EC electrical models were solved assuming TPV = TEC as
a first assumption. Figure 2a shows the PV and EC current-
voltage curves highlighting the operating point for various TPV,
C, and NEC,s. In a similar manner to Garcı́a-Valverde et al. [12],
the ratio of the number of EC cells to PV cells could be used
as an optimisation parameter for the coupling efficiency, that
is maximising the power transferred with respect to the maxi-
mum power of the PV. For all cases simulated, the increase in
temperature reduces the operating voltage. For the operating
current, two contrasting behaviours are observed dependent on
the relative position of the operating point to the Temperature
Stationary Point (TSP) of the PV curve. We define the TSP as
the point where dIPV

dTPV
= 0 and is shown in Fig. 2b where the

TSP is found at lower voltages/higher currents than the max-
imum power point (MPP). For operating voltages (Vop) lower
than TSP voltage (VTSP), the current increases moderately as
the short circuit current increases with temperature. Conversely,
for Vop > VTSP the current decreases significantly as the open
circuit voltage decreases. This crude analysis (TPV = TEC)
succinctly demonstrates the necessity for an accurate thermal
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Table 1: Overview of key model parameters. Junction 1, 2 and 3 of the triple junction PV cell are abbreviated as j1, j2, and j3, respectively. The sources of the
parameters is listed with the following superscript nomenclature: 1 Design decision, 2 Estimate, 3 Directly taken from, 4 Typical value based on.

Symbol Description Value Unit Source

PV cell and module model:
NPV,s Number of triple junction PV cells in series in a single

‘string’
24 - 1

NPV,p Number strings in parallel to make a PV module 4 - 1

APV,cell Area of single cell 1.04 cm2 [46]2

κ1, κ2, κ3 Material constants (j1, j2, j3) 1.833 × 10−4, 2.195 ×
10−3, 19.187 × 10−2

A m−2 K−4 [25]3

n1, n2, n3 Diode ideality factor (j1, j2, j3) 1.89, 1.59, 1.43 - [25]3

γ1, γ2, γ3 Material constants (j1, j2, j3) 1.81, 1.86, 1.44 - [25]3

Rs Total series resistance of all junctions 0.023 Ω [25]
i◦sc,1, i◦sc,2, i◦sc,3 Short circuit current density at 298.15 K (j1, j2, j3) 126, 127, 190 A m−2 [25]3

µIsc,1, µIsc,2, µIsc,3 Temperature dependence coefficient for Isc (j1, j2, j3) 6.3 × 10−4, 6.3 × 10−4,
3.6 × 10−4

K−1 [25]2

fEg,1, fEg,2 Bandgap correction factor for j1 & j2 1.018, 1.192 eV [25]3

E◦g,GaP, E
◦
g,InP, E

◦
g,GaAs,

E◦g,InAs, E
◦
g,Ge

Bandgap of GaP, InP, GaAs, InAs, Ge at 0 K 2.857, 1.411, 1.519,
0.42, 0.7437

eV [25]3

αGaP, αInP, αGaAs,
αInAs, αGe

Material constant for GaP, InP, GaAs, InAs, Ge 5.771×10−4, 3.63×10−4,
5.405×10−4, 4.19×10−4,
4.774 × 10−4

eV K−1 [25]3

σGaP, σInP, σGaAs,
σInAs, σGe

Constant for GaP, InP, GaAs, InAs, Ge 372, 162, 204, 271, 235 K [25]3

UPV→HS Heat transfer coefficient PV to heat sink 40 kW m−2 K−1 2

fabs Fraction of light absorbed by PV 0.95 - [47, 48, 49]4

CHS Thermal mass 700 J K−1 [46]2

Dh Hydraulic diameter of channels 1.7 mm [46]2

Across Cross-sectional area of cooling channels 5.4 cm2 [46]2

Asurf Total heat transfer surface area of cooling channels 1600 cm2 [46]2

NuDh Nusselt number (based on the hydraulic diameter) 5.3 - [35]2

fDReDh Darcy friction factor × Reynolds number 78.0 - [35]2

(UA)HS→amb Heat transfer coefficient HS to ambient × area 10 W K−1 2

Electrolyzer cell and stack model:
NEC,s Number of cells in series 32 - 1

Asurf,cell Surface area of a single cell 50 cm2 [50]3

ηF Faradaic efficiency 1 - 2

αa, αc Charge transfer coefficient 0.5, 0.5 - [51]4

Ea Anodic activation energy 40 kJ mol−1 [52, 53, 54, 55]4

Ec Cathodic activation energy 20 kJ mol−1 [56, 51]4

δm Membrane thickness 100 µm [57]2

Rexternal External ohmic cell resistance 8.54 × 10−4 Ω [50]2

io,a,ref, io,c,ref Anodic & cathodic exchange current density at 353.15
K

5.93 × 10−3, 1.00 × 10−1 A cm−2 [50]2

λm Degree of membrane humidification 18.2 - [50]2

Va,total, Vc,total Anodic & cathodic chamber volume 800, 800 cm3 2

CEC Thermal mass 1000 J K−1 2

(UA)fluid,a Heat transfer coefficient to anodic chamber fluid 25 × NEC,s W K−1 [38]2

(UA)fluid,c Heat transfer coefficient to cathodic chamber fluid 10 × NEC,s W K−1 2

Solar dish model:
Ddish Dish diameter 3.3 m 1

ρs Solar weighted reflectance 0.90 - [58]4

γdish Intercept factor 0.95 - [59]4

Pump and piping models:
ηpump Pump efficiency 0.7 - [60]4

Lpipe Pipe length 10 m
dpipe Pipe inside diameter 0.1 m
εpipe Pipe roughness 1.5 µm
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Figure 2: a) Steady-state electrical model (PV, EC) for two hypothetically equal operating temperatures denoted as T = TEC = TPV highlighting the position of the
temperature stationary point (TSP). The continuum of operating points (OP) at intermediate temperatures is displayed as a line with linear colour gradient. b) The
current-voltage relationship of the PV module highlighting the position of the maximum power point (MPP) and the temperature stationary point (TSP) is shown
for TPV between 25 and 90 ◦C

model due to the sensitivity of the system performance to tem-
perature.

Following this, the complete dynamic model was solved in
order to determine the PV and EC steady state temperatures
for various conditions through simulation over adequately long
timescales (i.e. ∼1000s of seconds). As expected, the operat-
ing temperatures increase with decreasing flowrate and at lower
flowrates (< 2 L min−1) a stronger rise in temperature is ob-
served (see in Fig. 3b for DNI = 1000 W m−2). This strong
increase in temperature potentially poses a control challenge
which will be subsequently explored, as a small perturbation
in flowrate could lead to a large rise in operating temperature.
Furthermore, Fig. 3b shows that the temperature difference be-
tween PV and EC is also a function of water flowrate (i.e. differ-
ence increasing with increasing flow rate), due to the changing
effectiveness of the heat transfer to the water in the PV heat
sink.

For Fpump varying between 1 - 10 L min−1 and NEC,s between
28 - 40 (see Fig. 3a), the maximum efficiency is in the range
of ∼16-21 % and significantly contrasting behaviours at differ-
ent coupling ratios (i.e. NEC,s/NPV,s) is observed. For smaller
NEC,s (e.g. NEC,s = 28, 30, 32), the maximum efficiency is ob-
tained at the lowest permissible flowrates and therefore high-
est operating temperatures. For higher coupling ratios (e.g.
NEC,s = 34, 36, 38, 40) when the operating point is at higher
voltages than the maximum power point of the PV, the highest
efficiencies are conversely found at higher flowrates and there-
fore lower TPV. This behaviour can be explained by the previ-
ous discussion of Fig. 2a, where the effect of the increase in
short circuit current dominates over the decrease in open circuit
voltage for lower coupling ratios and vice-versa for higher cou-
pling ratios. For larger flow rates (5-10 L min−1), a decrease in
efficiency is again observed, resulting from the increase in the
pumping power, adversely affecting the efficiency.

Additionally, Fig. 3a shows that there is a significant de-
crease in ηH2 at higher coupling ratios for water flowrates < 2
L min−1. This leads to a larger fraction of solar irradiance that
is converted to heat and the significant resistance to heat trans-
fer leads to an increase in PV temperature, which can further
shift the operating point. This positive feedback loop accentu-
ates the control challenge at flowrates < 2 L min−1 and con-
ceptually could lead to thermal runaway type situation which is
investigated further in the following discussion.

The sensitivity of the fuel conversion efficiency to the DNI is
shown in Fig. 3c and the observed behaviour can be explained
by to the logarithmic dependence of the open circuit voltage
and linear dependence of the short circuit current with light in-
tensity (which shifts the maximum power point voltage) while
also considering a temperature effect (as the operating temper-
atures are dependent on irradiance). This, in turn, affects the
voltage–current coupling of the PV and EC which impacts the
system efficiency accordingly (dependent on the operating point
relative to the TSP). As DNI increases, the TSP shifts to lower
potentials while the operating voltage moves to larger potentials
(as current increases) whilst also considering the increased op-
erating temperatures which reduces the TSP significantly and
the operating point to a lesser extent. The resulting general be-
haviour is that increasing DNI leads to a better coupling effi-
ciency when Vop < VTSP (see NEC,s = 28 in Fig. 3c) up until
Vop > VTSP where an increasing DNI leads to a worse coupling
efficiency (see NEC,s = 40 in Fig. 3c).

4.2. System dynamics
4.2.1. Response to step changes

The system behaves dynamically due to the differential terms
in the energy and mass balances with accumulation terms (Eqs.
(5), (19), (23) and (25)). The observed dynamic electrical per-
formance of the CPV and the EC originates from the changes
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Figure 3: a) Hydrogen efficiency vs. water flowrate for various NEC,s. b) The steady-state system temperatures (PV and EC) vs. water flowrate for various NEC,s.
Additionally, the steady-state PV temperature resulting from electrical disconnection is shown and is not dependent on NEC,s. c) Hydrogen efficiency vs. DNI for
various NEC,s where water flowrate = 2 L min−1. In both a)&c) the red line denotes the respective operating conditions which maximise the efficiency for each NEC,s
within operational limits (i.e. TPV < 100◦C and IEC > 15 A [50]).

in their operating temperatures and pressures as both electri-
cal models respond instantaneously. We considered the major
disturbance to be DNI and major controlled variable to be the
water flowrate. Various instantaneous step changes in DNI and
Fpump are made in order to investigate the system dynamics.

Firstly, the system response to a step change in water pump
flowrate at constant DNI was investigated. Fig. 4 demonstrates
the system’s non-linear behaviour. The response curve of the
PV temperature is approximately first order where the time con-
stant depends on the water mass flowrate ṁCW. This depen-
dence can be seen in the dynamics of the heat sink temperature
THS when expressed in a first order time constant form by re-
arranging Eqs. (4), (5), (8) & (9): τ dTHS

dt + THS = f (t) where
τ =

CHS
εcp,CWṁCW+(UA)HS

. Then, TPV = f (THS, Psolar,PV,VPV, IPV . . .)
as given by Eq. (7) & (4) and for minor changes in opera-
tion point (i.e. VPVIPV ∼ constant) TPV ∝ THS. This explains
the hysteresis observed between positive and negative steps in
Fpump, as negative steps end on differing values of Fpump (1, 2
L min−1) whereas positive steps end on Fpump = 3 L min−1.

The EC temperature follows a similar trends as discussed for
TPV with the addition of damped second order dynamics ob-
servable in the first couple of seconds where the rate of temper-
ature rise is delayed. The differences in the dynamics of TEC
when DNI = 500 and 1000 W m−2 are due to the fact energy
must first accumulate in the EC anodic chamber before the tem-
perature gradient between EC and anodic chamber temperature
rises and is therefore dependent on the inlet enthalpy (which is
dependent on DNI).

The response time of TPV is about 2-3 times as fast compared
to TEC (see Fig. 4). The response at DNI = 1000 W m−2 and
a step change in Fpump from 3 to 1 L min−1 (orange unbroken
line in Fig. 4) is particularly notable as multiple phenomena are
observed. Initially, Vop < VTSP and when the PV temperature
rises faster than the EC temperature the short circuit current in-
crease leads to a small increase in current (0-1.7 sec) before the
increase in TPV leads to the operating point crossing the TSP

(Vop > VTSP) and the reduction in open circuit voltage domi-
nating the electrical performance causing a reduction in current
(1.7-14 sec). Next, as the temperature of EC starts rising, the
reduction in EC overpotentials dominates leading to the current
ultimately rising to the steady-state value (14+ sec).

Following this, the trajectory of the operating point (in the
current-voltage domain) as a function of time for step changes
in Fpump and DNI is investigated for varying NEC,s. Fig. 5
demonstrates the hysteresis in operating point trajectory due to
the contrasting time scales between the temperature response of
the PV and the EC (specifically, the PV temperature responds
faster). Additionally, Fig. 5 shows a PV temperature over-
shoot for NEC,s = 40 as the position of the electrical coupling
(i.e. right of MPP) makes it particularly sensitive to tempera-
ture changes. Shown in Fig. 5c for the step decrease in Fpump,
the operating current passes through a minimum before increas-
ing to the steady-state value caused by the delayed tempera-
ture increase in TEC. As the electric power extracted increases,
the PV heat transfer requirements decrease leading to the ulti-
mately lower TPV. This demonstrates the highly coupled nature
of operating conditions, temperatures, and power. Correspond-
ingly, the system response to step changes in DNI can be seen
in Figure 6 where the initial instantaneous change in operating
point is caused by the dependence of the PV short circuit cur-
rent on the solar concentration and which is then followed by a
response comparable to Fig. 5 caused by the thermal dynamics.

This analysis shows that dynamic effects are observed,
specifically operating temperatures stabilise within 1-2 minutes
for changes in DNI and water flowrate, which is comparable
to the timescales of typical intermittent irradiance conditions.
This highlights the control challenge of stable operation un-
der cloudy conditions. However, the system is very responsive
to changes in DNI, as seen in Fig. 6 indicating that intermit-
tent conditions will not cause a significant reduction in H2 effi-
ciency. It is important to note that in this work a comparatively
small electrolyzer (nominal power ∼3 kW) was modelled and a
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larger system would have slower thermal dynamics due to the
higher thermal inertia of the components. This could poten-
tially represent a greater control challenge but the close cou-
pling of the EC and the solar dish CPV system limits the size
of the EC stack due to constraints in the feasible solar parabolic
dish areas and the diffuse nature of solar irradiance.

4.2.2. Pump failure and electrical disconnection
Of particular importance for the development of a suitable

operating procedure is how the system responds to major de-
viation to normal operation such as water pump failure or the
electrical disconnection of the PV to the EC.

Pump failure leads to a surface temperature of the PV greater
than 100 ◦C within seconds at an approximately linear rate of
∼6 K s−1 when PV and EC are electrically coupled for DNI
= 1000 W m−2. If the electrical power is not transferred from
the PV (i.e. disconnected) the rate is greater at ∼9 K s−1. The
ramification of this is that high frequency monitoring of the wa-
ter flowrate and responsive control is mandatory to ensure that
the pump failure is detected quickly (< 1 s) and the reactor is
moved out of focus (∼1 − 3 s) or protected by a shield.

As all light absorbed by the PV module that is not removed as
work, will be converted to heat, electrical disconnection of the
PV to the EC may also lead to unacceptably high PV tempera-
tures, particularly for lower water flowrates. This disconnection
could occur due to failure of an electrical connection/switch or
accidental operator error. As shown in Fig. 3b, the increase in

disconnected PV temperature with decreasing Fpump follows the
same trend as when PV-EC are connected but at a larger magni-
tude. I.e. TPV when disconnected at Fpump is 96 ◦C (compared
to TPV = 71 ◦C for the connected case for NEC,s = 32), and
passes an unsupportable 100 ◦C at Fpump = 1.8 L min−1. Anal-
ogous to the issue of pump failure, electrical disconnection will
also require monitoring and response (i.e. the dish moved out of
focus and maximum water flowrate applied) within comparably
fast time scales (< 3 s).

4.2.3. Assessing feasibility of thermal runaway
In the steady-state analysis, it was shown that a reduction in

PV electrical power causes an increase in the heat required to
be dissipated which leads to increased TPV. It was speculated
that a thermal runaway situation could occur when the operat-
ing point voltage was higher than the TSP voltage, as an in-
crease in temperature could reduce the open circuit voltage and
the intersection point of the PV and EC curves would reduce
the electrical power of the PV, which further increases the PV
temperature and thereby creating a feedback loop.

In order to investigate the stability of this temperature accen-
tuating effect, Fig. 7 was constructed in a manner equivalent
to a Semenov diagram, which is typically used in the stability
analysis of thermal runaway scenarios. The theoretical amount
of heat generated in the PV versus the theoretical amount of
heat removed was plotted for different PV temperatures (assum-
ing all other temperatures remain at the steady-state operating
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point).

This analysis shows that for all intersecting points (which
can represent a stable or unstable steady-state solution) in Fig.
7, the gradient of Qout at a given TPV is larger than the gradient
of Qin, indicating a stable equilibrium state. Essentially, an in-
finitely small perturbation in TPV will lead to more heat being
dissipated than generated and so the operating point will return
to the stable solution. Given the form of the equations and that
the maximum amount of heat into the system corresponds to
the total solar input (i.e. no electrical power extracted), there
will be no unstable solutions (as the gradient of Qin cannot be
greater than Qout). This analysis assumes that a diode is used
to prevent reverse current flow so that the EC cannot operate in
reverse (i.e. fuel cell mode). In a diode-less scenario, unsta-
ble thermal runaway may be possible as the maximum amount
of heat in is no longer constrained to Psolar and will include
the electrical power from reverse operation dissipated as heat
in the PV. This is only anticipated to happen at impermissibly
high TPV as a significant change in the open circuit voltage and

respective operating point is required to obtain a significant re-
verse current. Regardless, prevention of any reverse current us-
ing a diode is highly recommended.

Therefore, whilst this analysis has demonstrated that this
phenomenon is stable (TPV will remain bounded), the reduc-
tion in power does significantly increase the heat dissipation
requirements for larger values of NEC,s (cf. gradient of Qin for
NEC,s = 32 vs. NEC,s = 40 in Fig. 7). Consequently, it is con-
cluded that operation with a slightly lower EC to PV cell ratio
than the efficiency optimum (i.e at the TSP and to the left of the
MPP in Fig. 2b) is desirable for directly coupled systems with-
out DC-DC power conversion for both control and long term
resilience to the life-time degradation in electrical performance.
Furthermore, if the PV temperature range is less constrained by
the risk of a drop in operating power causing the PV tempera-
ture to exceed a critical value (i.e. 100 ◦C), heat can be extracted
at higher temperatures (cf. efficiency maximum in Fig. 3a for
low NEC,s which ).
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4.3. Opportunities for co-generation of heat and power

Given that a large fraction of the solar energy is converted
to heat, integration with a process that requires heat will en-
able significant efficiency gains in a manner analogous to a PV-
thermal collector or a combined heat and power plant.This con-
cept has been previously experimentally demonstrated for sim-
ilar systems, by Tembhurne et al. [8] (where there was a higher
degree of thermal integration - PV and EC in monolithic stack
where cooling water passes over front of solar cell) and by Ta-
banjat et al. [17] (where DC-DC power conversion was used
and unconcentrated solar light was used with a single junction
silicon PV module). In order to demonstrate the discussed sys-
tem potential for waste heat utilisation, the maximum amount
of thermal power that can be extracted above a given tempera-
ture is calculated. This corresponds to an ideal heat exchanger
(effectiveness = 1).

The Sankey diagram, shown in Fig. 8 for example operat-
ing conditions, visualises the transfer and conversion of power
through the process whilst highlighting energetic losses. Sig-
nificant energetic losses from the process are observed in the
optics (i.e. absorbed, not intercepted and reflected at PV sur-
face) and wasted heat (i.e. waste heat at low temperatures)
whereas, whilst the PV performance is state-of-the-art, there
is significant exergy destruction in the conversion of solar en-
ergy to electricity in the PV (i.e. 65.5% of the light is converted
to heat). Furthermore, as the pumping power modelled here is
small relative to the output fuel and heat powers (e.g. for 1.5
and 10 L min−1, Ppump = ∼0.35 and ∼25 W respectively), the
pumping power through the CPV and EC is neglected in Fig. 8
without introducing a significant error. However, it is important
to note that accurate calculate of the pumping power is not the
focus of this study and that the system pressure drop (∆P ≈ 0.1
bar for the example shown in Fig. 8) will be a significant un-

derestimate as the complete systems will comprise of multiple
auxiliary component, such as heat exchangers, valves, gas sep-
arators etc..

As the system temperature depends on operating conditions,
notably water flowrate (in agreement with Ref. [8, 17]), and
the EC output temperature dictates the exergetic quality of the
heat, low water flowrates will be required to extract the greatest
amount of useful heat. This system efficiency ηsys dependence
on flowrate can be seen in Fig. 9. This displays the significant
co-generation system efficiency gains achievable assuming all
heat above various temperatures (40, 50, 60, 70 ◦C) is utilised,
for varying DNI conditions. Given that for NEC,s = 32 the in-
tersection of the PV and EC curves in Fig. 2a lies to the right
of the TSP, ηH2 remains comparatively constant for all water
flowrates in contrast to when the operating point is to the left of
the TSP (NEC,s = 36, 38, 40 in Fig. 3a). This indicates that for
a co-generation system which requires high operating temper-
atures to maximise thermal efficiency, it is necessary to match
the PV to EC ratio accordingly to optimise ηH2 at maximum al-
lowable temperature. According to Fig. 3a, this could impose
a ∼5% reduction in the optimum ηH2 for a specific NEC,s from
∼21% to ∼20%, but will permit lower flowrates and higher fluid
outlet temperatures of up to ∼70 ◦C, indicating the intrinsic
compromise between maximising thermal power and hydrogen
output. Furthermore, the water flowrate which optimises the
co-generation efficiency changes with DNI conditions, which
suggests that water flowrate control would be an effective way
to stabilise diurnal heat production.

5. Conclusions

A comprehensive dynamic model of a solar fuel processing
system made of a thermally-integrated CPV+EC device utilis-
ing a solar parabolic dish has been introduced. This included
the mass, energy and momentum continuity equations for com-
ponents critical to the coupled dynamic behaviour: i.e. PV, EC,
pump, piping, and solar dish. Both electrical models for the PV
and EC were temperature dependent and coupled to the respec-
tive thermal model. The behaviour of an example implemen-
tation was then simulated using gPROMS, where the nominal
H2 production rate was ∼2 kW and relevant model parameters
were estimated or taken from literature.

A steady state analysis highlighted the impact of operating
conditions and device configuration on the resulting system per-
formance. In particular, contrasting behaviour in response to
temperature changes for varying numbers of series connected
ECs was observed where either the temperature dependence of
the short circuit current or the open circuit voltage would dom-
inate the resulting performance. Solar-to-hydrogen system ef-
ficiencies in the range of 16 to 21 % were predicted (with pro-
duction rates of ∼40 − 55 gH2 h−1 at DNI of 1000 W m−2.

The system dynamic response was then simulated. This re-
vealed that the behaviour of the operating temperatures was
mostly linear whereas for the electrical parameters of directly-
coupled PV+EC, i.e. voltage and current, showed complex non-
linear behaviour. Upon closer inspection, the observed hystere-
sis in the electrical operating point was induced by the system
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Figure 9: System efficiency of co-generation of fuel and heat vs. water flowrate
for NEC,s = 32 and two values of DNI (500 and 1000 W m−2) assuming all heat
above specified temperature is useful.

thermal dynamics and, for the considered example system, the
simulated dynamics are responsive enough (within 1-2 minutes)
to envisage operating under challenging intermittent conditions.

Given the maximum operating temperature of the PV (TPV <
100 ◦C), it is imperative to understand the negative effects of
process deviations and the timescales at which a control system
would have to respond. For both, pump failure and sudden elec-
trical disconnection, changes to the control strategy should be
implemented in seconds and therefore high frequency and reli-
able temperature monitoring is mandatory. Additionally, oper-
ating temperatures rapidly rise at lower flowrates (< 2 L min−1)
and a temperature enhancing feedback mechanism was identi-
fied where an increase in the PV temperature causes a decrease
in the operating point power leading to higher PV heat dissi-
pation requirements. We demonstrated that, whilst undesirable,
this phenomena does not behave like the classical thermal ’run-
away’ process as the temperature remains bounded assuming
a reserve current inhibiting diode is installed. However, in or-

der to ensure safe operation at high temperatures, the operating
voltage should remain at lower voltages than the TSP voltage.

Finally, the potential for co-generation of the simultaneous
heat and fuel generation was found to be very promising, where
avenues for future research identified, such as the development
of demand matching control strategies, were identified.
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Prof. François Maréchal (EPFL) for access to gPROMS.

References

[1] J. Jia, L. C. Seitz, J. D. Benck, Y. Huo, Y. Chen, J. W. D. Ng, T. Bilir, J. S.
Harris, T. F. Jaramillo, Solar water splitting by photovoltaic-electrolysis
with a solar-to-hydrogen efficiency over 30%, Nature Communications 7
(2016) 13237. doi:10.1038/ncomms13237.

[2] M. R. Shaner, H. A. Atwater, N. S. Lewis, E. W. McFarland, A com-
parative technoeconomic analysis of renewable hydrogen production us-
ing solar energy, Energy & Environmental Science 9 (2016) 2354–2371.
doi:10.1039/C5EE02573G.

[3] O. Schmidt, A. Gambhir, I. Staffell, A. Hawkes, J. Nelson, S. Few, Fu-
ture cost and performance of water electrolysis: An expert elicitation
study, International Journal of Hydrogen Energy 42 (2017) 30470–30492.
doi:10.1016/j.ijhydene.2017.10.045.

[4] G. F. Nemet, Beyond the learning curve: Factors influencing cost
reductions in photovoltaics, Energy Policy 34 (2006) 3218–3232.
doi:10.1016/j.enpol.2005.06.020.

[5] D. S. Philipps, Fraunhofer Ise, W. Warmuth, PSE Projects GmbH, Photo-
voltaics Report (2020) 48.

[6] G. Glenk, S. Reichelstein, Economics of converting renewable power to
hydrogen, Nature Energy 4 (2019) 216–222. doi:10.1038/s41560-019-
0326-1.

[7] S. Tembhurne, S. Haussener, Integrated Photo-Electrochemical Solar
Fuel Generators under Concentrated Irradiation: I. 2-D Non-Isothermal
Multi-Physics Modeling, Journal of The Electrochemical Society 163
(2016) H988–H998. doi:10.1149/2.0311610jes.

[8] S. Tembhurne, F. Nandjou, S. Haussener, A thermally synergistic photo-
electrochemical hydrogen generator operating under concentrated solar
irradiation, Nature Energy 4 (2019) 399–407. doi:10.1038/s41560-019-
0373-7.

13



[9] S. Tembhurne, S. Haussener, Controlling strategies to maximize re-
liability of integrated photo-electrochemical devices exposed to realis-
tic disturbances, Sustainable Energy & Fuels 3 (2019) 1297–1306.
doi:10.1039/C8SE00441B.

[10] M. Dumortier, S. Tembhurne, S. Haussener, Holistic design guidelines
for solar hydrogen production by photo-electrochemical routes, Energy &
Environmental Science 8 (2015) 3614–3628. doi:10.1039/C5EE01821H.

[11] N. Briguglio, G. Brunaccini, S. Siracusano, N. Randazzo, G. Dispenza,
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