.

ROYAL SOCIETY
OF CHEMISTRY

Sustainable
Energy & Fuels

View Article Online

View Journal | View Issue

Solar hydrogen production: a bottom-up analysis

i") Check for updates‘
of different photovoltaic—electrolysis pathways

Cite this: Sustainable Energy Fuels,
2019, 3, 801 @+ s -~ s @b L aNa
M. Reul, @7 J. Reul,® T. Grube, ‘¢ M. Langemann,® S. Calnan, ‘& ® M. Robinius, ‘&

R. Schlatmann,? U. Rau < and D. Stolten @2

The conventional energy system is undergoing a transformation towards renewable energy technologies,
as society strives for sustainable and green energy supply. This has created challenges, such as spatial
and temporal imbalances of energy demand and feed-in arising from volatile renewable energy
resources. A possible solution to this challenge is presented by hydrogen as a versatile chemical storage
medium. Promising technologies for producing hydrogen from renewable energy include the production
pathways photoelectrolysis (PEC) and photovoltaic—electrolysis (PV—EL). This paper examines three
production pathways which differ in the connection and integration of the constituent photovoltaic (PV)
and electrolysis (EL) subsystems by modelling the integrated system's behaviour under the various device
designs and operational conditions. The model is based on the electrochemical processes and addresses
losses and how the overall performance can be enhanced, in contrast to literature-based models. The
efficiency of the subsystems, as well as the coupling efficiency, are predicted under various conditions,
enabling the determination of optimum design and operational parameters. This analysis is enhanced by
an application of the PV-EL pathways to the hourly weather conditions of Julich, Germany. The solar to
hydrogen efficiency was found to drop as the level of integration increased. The study showed that
varying weather conditions strongly affect the efficiency of integrated systems and should be further
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1 Introduction

Impending challenges such as climate change, air pollution,
and decreasing fossil resources are shifting the conventional
energy system towards the implementation of renewable energy
technologies. A future energy system, based on renewables, is
dependent on the fluctuating and locally-dispersed availability
of solar, wind and water resources.”> The deployment of
hydrogen as a versatile energy carrier for future energy concepts
would enable temporal imbalances within the energy supply to
be corrected.®® Solar-driven electrolysis constitutes a promising
option of generating hydrogen from renewable resources.” Past
research has revealed two promising pathways of solar
hydrogen generation, namely: photoelectrochemical (PEC)® and
photovoltaic-electrolytic (PV-EL)® water splitting. Both
concepts combine the photovoltaic effect with electrolysis to
convert sunlight into hydrogen. The difference between the two
approaches is in the degree of integration of the subsystems."®
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taken into account for future improvement and cost estimations of integrated device performance.

Jacobsson et al.** describe the transition from PEC to PV-EL in
seven different device configurations, (a) to (g), in a highly
comprehensible manner, as visualized in Fig. 1.

The PEC combines the photovoltaic effect and electrolysis
within a single device, directly coupling them but unlike PV
solar cells, light is absorbed by a photoelectrode which gener-
ates carriers that are separated by a potential formed at a junc-
tion with an electrolyte at which also the water splitting occurs.
The photoelectrode consists of either a single semi-conductor
solar cell or a multi-junction device, whose bandgap or the
sum of band gaps, respectively exceeds the water splitting
potential. The single-junction approach to generating hydrogen
without an external power source, using titanium dioxide (TiO,)
and platinum (Pt), was first demonstrated by Fujishima and
Honda" in 1972, building the basis for the research field of
photoelectrochemical water splitting. Despite numerous
modifications to the original device, such as the employment of
other semi-conducting materials’'* or catalysts,'>'® metal
loading"” and doping,'**" solar-to-hydrogen (STH) efficiencies
have remained limited and below 5%.'*'4'%?!">* Because of these
efficiency restrictions, contemporary research focuses on multi-
junction devices with optimised adaption to solar light and the
potential requirements for water splitting. These devices ach-
ieve STH efficiencies ngry of up to 15%%°?® and provide the
possibility for upscaling to larger areas.*
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Fig. 1 Illustration of a gradual transition in six steps from a monolithic
PEC device (a), to a free-standing electrolyzer connected to a PV cell
(g) (reproduced from Jacobsson et al.** with permission from The
Royal Society of Chemistry).

Conversely for the PV-EL pathway, the photogenerated
carriers are separated by a semiconductor-semiconductor (both
solid) junction and are transported, usually via wires, to
a separate solid-liquid junction where the water splitting by
electrolysis takes place. Typically PV-EL pathway incorporates
commercial PV modules and electrolysers that are either
directly coupled or connected via a converter."»** Laboratory-
scale devices have already achieved STH-efficiencies greater of
than 18%.%"* Jia et al.** have proven an STH efficiency of over
30% by deploying a highly efficient but non-commercial triple-
junction III-V-solar cell. The theoretical STH efficiency limit of
PV-EL systems can be estimated from by the individual energy
conversion efficiencies of the PV and EL subsystems. Assuming
a laboratory-scale record power conversion efficiency (PCE) of
46% (ref. 34) and an electrolysis efficiency of 90%, the theo-
retical ngry limit could reach approximately 41% emphasising
the future potential of PV-EL hydrogen production pathways. As
already reviewed by Jacobsson et al.,"* hybrid devices incorpo-
rating both the PEC and PV-EL concepts in one device are
possible and have been demonstrated on a laboratory scale.

Research within the field of solar hydrogen production
focuses on two approaches. On the one side, practical funda-
mental research is undertaken, that aims to maximise the ngry
for the various experimental PEC and PV-EL laboratory setups.
On the other hand, the potential and operational behaviour of
these devices as approximated by models. These can be further
distinguished into large-scale, top-down models,***” based on
literature and empirical efficiencies, and bottom-up models,***
based on the physical and chemical principles of the subsys-
tems and their interaction. Below we recount representative
studies in the past used to estimate the cost of hydrogen
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production based on the top-down models and then on the
bottom-up models.

Shaner et al** conducted an economic assessment of
hydrogen production pathways in which the costs of hydrogen
production were calculated and compared for two approaches
for each of the pathways, PEC (1 sun and concentrated solar)
and PV-EL (grid-connected vs. island). All pathways are
modelled with a fixed STH efficiency of 9.8%, except for
a prospective PEC-approach with STH efficiency of 20%. Sathre
et al.*® estimated the net energy performance of a potential
large-scale PEC facility considering both mass and energy
balances, assuming three different scenarios for the STH effi-
ciency of 5%, 10% and 20% from a heuristic perspective.
Meanwhile, Pinaud et al*® analysed the costs of hydrogen
production by photoelectrolysis via different PEC configura-
tions for immersed particle bed systems and panel based
immersed PV systems using the then state of the art perfor-
mance of the different system components. For most of these
studies it was concluded that the hydrogen production costs
were dominated by the device nsry*>*® and additionally
depending on the configuration by the device lifetime* or
balance of system costs.*

The complementary bottom-up approaches deploy variable
models to describe the behaviour of the PV and EL subsystems
as a function of the input parameters irradiation, cell, and
ambient temperature. Atlam et al.*® described an optimal sizing
method for an electrolyser within a directly coupled PV-EL
pathway based on a linear approximation of the PV and EL
subsystems. Garcia-Valverde et al.**® optimised the coupling of
the PV and EL subsystems for three different configurations by
mapping the maximum power points (MPP) of the PV in a cloud
and matching the electrolysis characteristics to this cloud of
MPPs. Sayedin et al.*****' optimised the correlation of the PV
and EL subsystem by deploying different methods, such as
particle swarm and multi-objective non-linear optimisation.
These optimisation approaches for directly coupled PV-EL
systems were augmented by the analysis of practically opti-
mised systems.***® Clarke et al.** tested a PV-EL system that
consisted of a 2.4 kW polycrystalline PV-array and a PEM elec-
trolyser for an operational duration of 60 days. These previous
studies aimed at finding the matching point between the PV
and EL components, but typical field operation occurs far from
the optimum working point.

The focus of the present contribution is on analysing the
reasons for coupling losses and less on finding the optimum
operating conditions and design parameters for the PV and EL
subsystems to minimise the coupling losses. Additionally, the
efficiencies of the PV and EL subsystems are investigated under
operating conditions in which both, irradiation and ambient
temperature, fluctuate similar to Pinaud et al.*® This makes this
model applicable to dynamic input data and thus delivers
insight into operational behaviour under real conditions.
Furthermore, this work examines the local integration of the
subsystems into a single device as well as the related implica-
tions for energy conversion efficiency to hydrogen.

Therefore, the present work was aimed at providing a broad
bottom-up modelling tool for solar hydrogen production, based

This journal is © The Royal Society of Chemistry 2019
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on performance characteristics derived from experimentally
observed physical and chemical processes, to complement
existing modelling approaches. This model is expected to aid
decision-making in the choice of the diverse solar-to-hydrogen
pathways and their applications by estimating their hydrogen
production.

The modelling tool contains three PV-EL concept alterna-
tives, with differences regarding the integration and coupling of
the subsystems as well as a modelling approach for a PEC
device. A detailed analysis of the model will be given in the next
section. The subsystems were composed of devices with the
respective state-of-the-art technology, such that the modelling
considered a silicon heterojunction (SHJ) solar-cell on the PV-
side and a PEM electrolysis-stack on the EL-side. The model-
behaviour is analysed in dependence of design- and
operating-parameters. As a final step, the model is applied on
meteorological data for Jilich, Germany, to showcase the
applicability to real world conditions.

2 Methods and assumptions

The previous section described the hydrogen production path-
ways of PEC and PV-EL that consist of the two main subsys-
tems, the PV and the EL compartment. The individual
modelling approaches for these subsystems are outlined in this
section before the interaction of the subsystems within the
overall system of a solar-to-hydrogen pathway is discussed.

The data that is used within to model the PV-module corre-
sponds to the VBHN330SA15 series from Panasonic derived
from the SAM database.*® The chosen module is also available
on the European market as the VBHN330SJ47 series and
employs the silicon heterojunction (SHJ) technology. SHJ
currently constitutes the PV-technology with the highest
commercially available Power Conversion Efficiency (PCE).>***
The PCE of this specific module is 19.7% under 1.5 AM illu-
mination. Table 1 lists the module parameters.

The maximum power point MPP defines the optimum
operating point of the PV module and is used to define the PCE
of the device at standard test conditions (AM1.5 global irradi-
ation, module temperature of 25 °C). The PCE represents the
proportion of incident photon energy that is converted to elec-
trical energy and is given by the product of Uypp and Iyvpp
divided by the product of incident irradiation G and the total

Table 1 Performance parameters of the VBHN330SA15 series PV
module from Panasonic®

Parameter Value Unit

Pypp Power at MPP 330.6 W]

Unmpp Voltage at MPP 58.0 \4|

Lypp Current at MPP 5.7 [A]

Uoc Open circuit voltage 69.7 \4|

Bvoc Temperature coefficient for —0.170 [vec™
open circuit voltage

Isc Short circuit current 6.1 [A]

ousc Temperature coefficient for 0.002 [A°Cc™

short circuit current

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Equivalent electrical circuit of the one-diode-model for a PV
module.>®

area of the PV module. The current-voltage behaviour of the PV
module under varying operational parameters, such as ambient
temperature and solar irradiation is approximated by the one-
diode model represented by the equivalent electrical circuit
shown in Fig. 2. This circuit consists of a current source,
providing a photocurrent I, whose related power output at the
device terminals is reduced by several parasitic components:

(i) Recombination losses represented by a diode reverse
saturation current I, flowing through a non-ideal diode with
a modified ideality factor a, in parallel with the photocurrent
source

(ii) an ohmic resistance Rp parallel to the photocurrent
source through which current losses through shunts occur

(iii) a series resistance Rg which causes voltage losses via the
terminal current I flowing through it.

De Soto et al.*® developed a system of equations based on five
parameters to describe this circuit. The primary equation is
given as eqn (1):

B U-IR U+ IRg
1_1ph—10[e a —1]—R—p (1)
With the modified ideality factor a, defined in eqn (2):
NonkT,
(- o

To estimate the temperature of the PV cells, the “Normal
Operating Cell Temperature” Tyocr approach was chosen.*® The
five reference parameters, as well as Tyocr of the selected PV
module, are listed in Table 2.

Fig. 3 shows the results of the one-diode model in compar-
ison to the parameters at short circuit, open circuit, maximum
power point and at NOCT conditions, from the module data-
sheet. The U-I behaviour, as well as the temperature depen-
dencies of the PV module, are obviously well represented by the
model which indicates the correct implementation of the
approach of De Soto et al.>

The modelling of the electrolysis is based upon the charac-
teristic polarisation curve, which depicts the dependency
between the current density j and voltage U.>~*° The U—j-curve of
PEM electrolysis is comprised of the Nernst potential, activation
and ohmic overpotentials, as well as the concentration losses.
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Table 2 Reference input parameters for one-diode model approach,
extracted from SAM database®? for the selected Panasonic PV Module
VBHN330SJ47

Parameter Value Unit
Rs ref Series resistance 0.741 [Ohm]
Rp ret Ohmic resistance 457.17 [Ohm]
Arer Ideality factor 2.3402

Ioh,ref Photo current 6.08 [A]

Io ref Saturation current 6.88 x 107 [A]
Tvocr  Normal operating cell temperature  43.8 [°C]

Ucell = UNernst + Uact + UOhm + Uconc (3)

The open circuit voltage is given by the Nernst equation,
which considers effects due to deviations of pressure and
temperature from standard conditions (25 °C, 1 atm).

RT
UNernsI = U() - F Zﬁl ln(a,(T)) (4)

The valence z is two for water electrolysis and a; is the
activity. The standard potential is determined with the free
enthalpy of the reaction at standard conditions.

0
Uy = %:1.185 \% (5)

The activation and ohmic overpotentials are determined
with the eqn (6) and (7):

_ J
Ui = a xIn <jo(T)) (6)
UOhm :J X (Rion(T) + Rele + Rcont) (7)

These overpotentials are dependent on the properties of
the catalytic materials, pressure and cell temperature. The
factors « and j, have to be derived from experimental results.
In this work, these parameters are drawn from Tjarks,>” who
measured a PEM electrolysis cell under different pressure and
temperature conditions. The ionic resistance R;,, is a func-
tion of the temperature, while the electric R.. and contact
resistances R.on¢ are constant values. The values of R.. =
0.096 Q and R.qnt = 0.025 Q can be found in literature.>” The
concentration losses are neglected, as they only occur at high
current densities, due to insufficient supply of reactant gases.
Based on these adjustments, the cell voltage U, is derived as
follows:

_ _ J
Ueen = 1185 V— (T) x ln(jo(T))

+J % (Rion(T) +0.025 Q+0.096 Q)

(8)

The remaining temperature-dependent variables are «(T),
Jo(T) and R;on(T). The respective values are drawn from Tjarks.>”
Faradaic losses are neglected in this analysis, as the electrolysis
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Fig. 3 Comparison of current—voltage curves (lines) derived using the
one-diode model*® with performance parameters (symbols) derived
from the module data sheet.

system is assumed to be operated under atmospheric condi-
tions. The operational limit is addressed by curtailment in case
of excess voltage above the nominal system voltage in order to
avoid increased cell decay. The pathways, which incorporate
power electronics, decrease the power supply to the electrolyser
to the maximum voltage input. If there is no converter between
the PV and EL subsystem, the power supply is cut to zero if the
excess input voltage exceeds voltages of 5% above the nominal
voltage input.

Fig. 4 shows the resulting polarisation curves of the elec-
trolysis model in comparison to the data measured by Tjarks.*”

The cell efficiency of the electrolyser is then calculated using
the cell voltage:*°

H,
2><€><NA>< Ucell

©)

MEL cell =

The current Iy, sack Of the electrolyser is determined by the
product of the current density j and the active electrode area
Agp. This area is determined within the design phase of each
pathway and can be optimised, depending on the location-

x  measured values T = 40 °C —— model output T =40 °C

measured values T = 50 °C model output T = 50 °C
> measured values T = 60 °C —— model output T =60 °C
¢ measured values T =70 °C —— model output T =70 °C

measured values T = 80 °C model output T =80 °C

I

2.1
20 ‘ /i.
=
19 —
§18 P
s %
16 /

o [
1.5fo
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Current density j [A/cm?]

Fig. 4 Polarisation curves of the electrolysis for different operating
temperatures Top in comparison to measured values from Tjarks.>”
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specific solar irradiation and the power characteristics of the
employed PV subsystem.

I stack = JEL.cell X AEL (10)

Depending on which hydrogen production pathway is
considered, the interaction and coupling of the PV and EL
subsystems differ. This work considers three different integra-
tion steps, whereas the thermally and electrically-coupled
consideration is investigated for two different operating
temperatures. These four pathways are portrayed in Fig. 5 and
outlined in the following.

The PV-EL I operates with PV and EL compartments that are
locally separated and electrically connected by a converter. With
regard to Fig. 1, from Jacobsson et al.,"* this setup is referred to
as design (g). The separation of PV and electrolysis enables the
use of commercially-available PV modules and electrolysers.
The converter module adjusts the PV-output to the demanded
EL input parameters. An advantage of the converter is that there
are no coupling losses apart from those related to the converter
efficiency. The assumed behaviour of converter efficiency as
a function of partial loading is shown in Fig. 6 and represents
a typical converter behaviour from the SAM database.”* The
assumed converter has an efficiency of 96.2% at nominal load
and at low part-load there is a sharp drop in efficiency.

In PV-EL II, the PV and EL subsystems remain separated;
and are directly connected by cable thus omitting the coupling
converter, similar to design (f) from Fig. 1. The operating point
is found at the crossing point of the U-I-curves of the subsys-
tems. An electrolysis cell (PEM) operates between 1.5-2.0 V,*®
while the PV module has an output voltage of round about 45 V.
In order to approximate the operating points, the voltage of the
electrolyser is multiplied by n the number of cells in series to
mimic a stack of electrolysis cells connected in series, so that an
optimal fit of the PV- and EL-operating points is achieved. The

View Article Online
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Fig. 6 Part load behaviour of the converter efficiency adapted from
the SAM database.*?
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N

Fig. 7 Exemplary adjustment of the EL-voltage during the design
phase from that of a single cell to a stack requiring an input of about
45 V.

adjustment can only be done once, during the design phase.
The process is visualised in Fig. 7.

VEL,stack =nxX VEL,cell (11)
In reality, the number of cells in series is an integer.

Unfortunately, it is hardly possible to match the design point of
the electrolysis to a reference output of the PV to 100%.

Electrical separation:
Vey # VEL

thermal separation:
Tpy # TgL

PV-EL |

Electrical integration:
Vpy = Vg,
thermal separation:
Tpy # Tar,

PV-EL Il

Electrical integration:
Vpy = Vg,
thermal integration:
Tpy = Ter = Tamb

PV-EL Il

Electrical integration:
Vpy = Vi,
thermal integration:
Tpy = Tgr = 80°C

PV-EL IV

Fig. 5 PV-EL pathways investigated in this study. The arrows in PV-EL | and PV-EL Il indicate connecting cables, while for PV-EL Ill, the two

components are monolithically (initimately) connected.

This journal is © The Royal Society of Chemistry 2019
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Different reference irradiations for the design of the PV-EL
coupling could lead then to arbitrary mismatches of coupling
efficiencies between PV and electrolysis and the resulting values
would no longer be comparable. Nevertheless, in order to gain
insights about the behaviour, especially under varying irradia-
tions and climatic conditions in general, we need comparable
results for different pathways and design setups. Therefore, we
assumed that the setup has a floating number for the number of
EL cells in series. This assumption enables qualitative and
comparable insights into the mechanisms of the coupling
process without arbitrary side effects. Although, the final results
are consequently not directly connected to real expected values.

The resulting curve crossing of the PV and EL subsystems to
determine the common operating point is shown in Fig. 8 for
direct and converter coupled pathways. Since the design point
of the electrolysis system is the power output of the PV at an
irradiance of 1000 W m ™2, the EL polarisation curve crosses the
PV curve at the MPP of 1000 W m ™ so that the power input for
electrolysis is the power output of the PV at the MPP. Including
a converter would cause slight losses which lead to lower power
input in the electrolysis system.

For lower irradiances, this behaviour changes such that the EL
curve crosses the PV curve at a voltage below that of the
Maximum Power Point (MPP) of the PV module thus deviating
from the design point. This results in power losses, as only a part
of the maximum PV power output is being harvested. These
coupling losses lead to the definition of a coupling efficiency 7.:**

Pop Jor X Uop

. = = 12
K Pyipp Jumpp X Unpp ( )

PV-EL III integrates the PV and EL subsystems into a theo-
retical single device similar to design (e) from Fig. 1. The
subsystems are directly coupled. However, the consideration of
an additional relationship between the temperatures of the PV
and electrolysis cells is imperative. For simplification, we
assumed, that the temperatures of the PV part and are equal:

TeL = Tpv = Tamp (13)

—— PV characteristics at G = 200 W/m? m O operating point (EL) PV-ELI
PV characteristics at G = 500 W/m? e o operating points (EL) PV-ELII
— PV characteristics at G = 1000 W/m? x theoretical MPP PV
—— Polarization Curve (EL) T=80°C
i

(=2}

IN

/

/ \
0
10 20 30 40 50 60 70
Voltage PV Module [V]

N

Current PV Module [A]

Fig. 8 Determining the operating point represented by symbols at the
intersection of the photovoltaic and electrolysis curves (lines). The
squares and circles represent the operating points for PV-EL | and PV—
EL Il, while the cross represents the theoretical maximum power point
of the PV module.
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The operating temperature of the PV module Tpy, is equal to
the operating temperature of the electrolysis Tg;, and connected
to the ambient temperature Tymp.

At this point, it must be admitted, that the utilization of
commercial devices for the PV-EL III is hardly realizable.
However, the focus of this study is the investigation of thermal
coupling impacts and not the detailed engineering of PV-EL
devices. To analyze the impact of thermal coupling, the results
for thermally-coupled systems must be comparable to uncou-
pled devices. Therefore, we used the same PV and electrolysis
cell data as in PV-EL I and PV-EL IL

PV-EL IV as the last pathway is considered as a heated
integrated device similar to PV-EL III to investigate the influ-
ence on temperature on the coupling effects. This still refer-
ences configuration (e) from Fig. 1. The temperature is set at
80 °C. The energy demand for keeping the system at 80 °C is not
considered in this study.

Ter = Tpy = 80 °C (14)

This work only models this four PV-EL hydrogen production
pathways, discussed above. Modelling a PEC device necessitates
that further assumptions are made and additional data is
acquired. The PV subsystem of a PEC device does not consist of
a PV module so that the one-diode-model for approximating the
PV-output cannot be employed. Within the PEC pathway, the PV
compartment typically consists of either a single semiconductor
layer such a TiO, (ref. 12) or a multi-junction light absorber,
built from different semiconductors in order to increase the
efficiency of light absorption. Multi-junction cells have an
output voltage of 1.5-2.8 V (ref. 28) which exceeds the redox-
potential needed for direct water splitting, which is 1.23 V.
These cells are directly connected to the catalysts, forming the
electrodes for the electrolysis process. In order to describe the
equivalent electrical circuit of this assembly, a multi-junction
PV-model must be developed to approximate the PV
subsystem. Such systems are for example shown by Young
et al.,*” but are not part of this study.

3 Results and discussion

This section describes the modelled hydrogen production
pathways PV-EL I-1V. First, the design irradiation of the path-
ways are analysed, and then in a second step, the influences of
the operational parameters are analysed at constant ambient
temperatures. In a third step, the model is applied to typical
meteorological data®® of Jilich, Germany, to showcase the
capability and draw conclusions.

3.1 Design irradiation

The design irradiation Gqesign needs to be defined to determine
a reference output from the PV-module and dimension the
active electrode area of the electrolyser Ag;. Therefore, Agy, is
determined, so that the MPP of the PV module equals the
nominal operating point of the electrolyser. This causes the
design irradiation Ggesign to be proportional to the active elec-
trode area Agy. If Agy, is known, the current I of the electrolyser

This journal is © The Royal Society of Chemistry 2019
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can be calculated from the current density j. Two aspects must
be considered while choosing this design parameter. On the
one hand, a large active electrode area Ag;, ensures that the
electrolyser operates at a low partial load, which causes an
increased cell efficiency ng;. This can be derived from eqn (9),
given the relationship ngpcen ~ Us ', with U, being the opera-
tional voltage. On the other hand, a large active electrode area
increases the investment costs for the electrolyser subsystem, as
the system design must be enlarged and more of the catalyst
materials are required. With respect to these aspects, the design
of the electrolyser must be adjusted with reference to the local
irradiation and hydrogen production pathways.

Fig. 9 depicts the effect of the irradiation on the STH effi-
ciencies of devices using the pathways PV-EL I-IV for various
Gdesign- Looking at pathway PV-EL I in Fig. 9, the curves for the
different reference irradiations are similar, as they all show the
same characteristic progression with increasing irradiation G.
Designs for reference irradiations of more then 600 W m™? exhibit
a maximum STH efficiency at 200-300 W m™>, followed by
a steady decrease as the irradiation further increases. Further-
more, the results reveal a positive correlation of the STH efficiency
and Gesign, as the efficiency increases for designs at higher values
Of Ggesign- This is explained by processes within the electrolysis
subsystem: the high values of the reference irradiation Ggesign
correlate with the increased active electrode area allowing the
electrolysis cell to operate at lower voltage levels. According to eqn
(9), this increases the efficiency of the electrolysis cell in return.
The increased electrolysis cell efficiency drives the increase of the
STH efficiency as a function of the reference irradiation Ggesign.
Meanwhile, since the PV subsystem is independent of Ggesign, for
a reference irradiation of 100 W m ™, the voltage of the electrolysis
cell would increase above 105% of the nominal PV voltage thus
further suppressing the STH efficiency. To address this issue, the
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voltage is limited by the power electronics in the converter which
reduces the power input into the electrolysis stack. Pathway PV-EL
II shows a more complex causality. The peak efficiency for designs
at different reference irradiations is found at different irradia-
tions. The irradiation with maximum STH efficiency increases
with the reference irradiation. The progression of the curves can
be explained by considering the coupling efficiencies. Low refer-
ence irradiation causes a large mismatch of the PV operating point
and the MPP, resulting in low coupling efficiencies. Without
power electronics to adjust the overpotential, the power output
drops to zero if the voltage level rises above 105% of the nominal
cell voltage.

Pathway PV-EL III shows a similar behaviour compared to
PV-EL II, even if the differences of varying Ggesign are smaller
compared to PV-EL II. Low values of Ggesign lead to a steep drop
in efficiencies with irradiance but the voltage limitation point is
not reached. Nevertheless, a design with a reference irradiation
of 1000 W m~? exhibits the highest STH efficiency up to irra-
diances of 900 W m >,

Since all devices are designed at reference irradiation Ggesign
= 1000 W m 2, we take this value as a benchmark henceforth
this represents the nominal irradiation for PV modules, it
means that the power ratio between electrolysis and PV is 1.
However since in practice a value of G = 1000 W m ™ is only
occasionally reached under real sunlight conditions, the anal-
ysis covers a broad range of PV operating conditions.

3.2 Analysis of hydrogen production at constant ambient
temperatures

The following investigations will discuss the behaviour of
varying irradiances at an ambient temperature of T'= 25 °C. The
reference irradiance Ggesign used to size the system is set to

—— Guesign = 100 W/m?
Gesign = 600 W/m?

—— Guesign = 1000 W/m2
—— Gesign = 1500 W/m2
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Fig. 9 STH efficiency as a function of the irradiance and designed for different design irradiations Ggesign for systems PV—EL | to IV.
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1000 W m 2. The main focus of this section is to determine and
compare the hydrogen production via the different pathways.
The analysis of the overall hydrogen production and the STH
efficiencies will be enhanced by a study of the behaviour of the
subsystems.

Therefore, Fig. 10 displays the STH efficiencies, the PCE, the
efficiency of the electrolysis as well as the coupling efficiency at
varying irradiation and constant ambient temperature. The PV-
EL I pathway show the highest STH efficiencies within the dis-
played range of G with its maximum at G = 325 W m™?, at
a value of 13.4%. The efficiency declines towards higher irra-
diation levels and reaches an STH efficiency of 11.7% at G =
1000 W m™ > due to an increasing temperature at the PV module
which leads to lower PCE. In addition, the electrolysis efficiency
is dropping with rising irradiances due to an increasing voltage
level. Pathway PV-EL II reaches efficiencies higher than
pathway PV-EL I for irradiations of G = 700-1000 W m 2 due to
the high coupling efficiency at operation close to the design
irradiation. At irradiances close to 700 W m ™ the STH efficiency
of PV-EL II peaks up to 12.5%. The behaviour of pathway PV-EL
III results in STH efficiencies slightly below those of PV-EL II for
the whole investigated range of G. Thus, two effects are occur-
ring: the thermal integration and connection to Tan, causes
a drop in electrolysis efficiency due to lower Tg;, but an increase
of PCE at higher irradiation due to the assumed “cooling” by
ambiance. PV-EL IV performs significantly worse than the other
pathways, which is caused by the high PV cell temperature and
the consequently lower PCE.

Comparing the coupling efficiencies of all investigated path-
ways, the maximum coupling efficiency for all directly coupled
pathways II-IV is 100% at irradiation of G = 1000 W m > since
this represents the design point of each pathway. For lower
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irradiations, the polarization curve of the electrolyser is not
anymore matched with the MPP of the PV module. This voltage
drop has the highest influence on the PV-EL II pathway with an
efficiency drop down to 83% at 150 W m™ 2 The coupling effi-
ciency of PV-EL I pathway is linked to the converter efficiency.

3.3 Analysis of hydrogen production in Jiilich, Germany

To showcase the models applicability under real sunlight, we
applied it on hourly resolved Typical Meteorological Year (TMY)
data® for global horizontal irradiance as well as the ambient
temperature from Jiilich, Germany.

Fig. 11 shows exemplarily the hydrogen output per m*> module
area for the first week of July with a reference irradiance of 1000 W
m 2. The pathway PV-EL II has slightly higher production at
noon, dropping nevertheless below the hydrogen output for PV-
EL I during the morning and evening since the STH efficiency
benefits occur close to the reference irradiation of 1000 W m ™.

Regarding the results of the whole year, Fig. 12 shows the
annual hydrogen production which represents the average STH
efficiency as well for all investigated pathways. The pathway PV-
EL I has obviously the highest STH efficiency throughout the
year, followed by PV-EL II. This means, that the part-load
behaviour, in particular, requires further attention when esti-
mating the performance of PV-EL systems since the full load
efficiency of an electrically coupled system (PV-EL II) is higher
compared to a converter coupled system (PV-EL I). The ther-
mally coupled systems (PV-EL III) linked with the ambient
temperature operates close to the PV-EL II system. The higher
electrolysis temperatures of a thermal coupling lead to the least
efficiency by depressing the PV output.
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Fig. 10 STH efficiency, PCE, electrolysis efficiency and coupling efficiency of all hydrogen production pathways with component area ratios

designed for a design irradiation of 1000 W cm 2.
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To get a closer look into the detailed results of the analysis,
Fig. 13 shows the STH efficiency against the solar irradiance of
each hour in comparison to the STH efficiencies at an ambient
temperature of 20 °C corresponding to Fig. 10. There we can see
two different results: the STH efficiency for low irradiances of
the converter coupled PV-EL I pathway tends to be higher than
the expected STH efficiency at an ambient temperature of 20 °C
with a rather high spread. The electrically and thermally
coupled systems meanwhile show STH efficiencies at real
conditions below the design temperature. Nevertheless, there is
almost no spread in the STH efficiencies of the directly coupled

PV-EL |

°
o
o

systems. This is explained by the PV behaviour at lower ambient
temperatures. Lower temperatures mainly increase the open
circuit voltage of the PV cell, see Table 1 and Fig. 3. This leads to
an increase of the voltage level at the maximum power point
while the current remains almost constant. The converter is
able to supply the additional power to the electrolysis system.
Directly coupled systems are meanwhile not able to adjust this
change since the current stays almost constant, the crossing
point between PV and electrolysis stays close the crossing point
of higher temperatures. The higher theoretical efficiency of the
PV is not supplied to the electrolysis system and thus the
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Fig. 13 STH efficiencies at Ggesign = 1000 W m~2 for Julich in comparison to the results the analysis at an ambient temperature of 20 °C.
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coupling efficiency drops. This is supported by Fig. 14, which
shows that the coupling efficiencies of the directly coupled
pathways PV-EL II and PV-EL III drop at lower irradiances
below the design efficiency at an ambient temperature of 20 °C.

As a last sensitivity analysis of this study, we changed the
design irradiance to 700 W m~>. This would represent a power
ratio from the nominal capacity of the electrolysis to the nominal
capacity of the PV module of 70% and lead to cheaper costs of the
electrolysis. Fig. 15 visualises the resulting annual production. The
most interesting part is that PV-EL II produces more hydrogen at
lower electrolysis nominal power compared to a design irradiance
of 100 W m™? from Fig. 12. The explanation is given by Fig. 9 and
the weather data from Jilich: most hours have irradiances of
below 700 W m ™. At these irradiances, a Ggesign 0f 700 W m >
leads to higher efficiencies compared to a Ggesign Of 1000 W m™
for PV-EL II while all other pathways become less efficient.

2

4 Summary and conclusions

The model that is outlined in this work constitutes a possibility
for approximating the hydrogen production of multiple solar-to-

810 | Sustainable Energy Fuels, 2019, 3, 801-813

hydrogen pathways. A bottom-up approach for determining the
hydrogen production was developed, by incorporating the
analysis of the subsystems and their interaction, instead of
predicting the STH efficiencies on the basis of literature
research and experience. This complements the practical
construction of solar-to-hydrogen devices in laboratories on the
one hand and the top-down and bottom-up modelling
approaches of past research on the other. The model builds four
different PV-EL pathways, each consisting of a photovoltaic and
an electrolysis subsystem. The pathways vary in the degree to
which they locally integrate the subsystems into a single device
and in the type of electrical connection. PV-EL I separates the
subsystems and connects them via a converter while PV-EL II
separates the subsystems and connects the PV output directly
with the EL subsystem. PV-EL III integrates the subsystems into
a single device and directly connects them, analogously to PV-
EL II. The PV-EL III and IV pathways are in addition coupled
thermally at varying operating temperatures.

We showed, that the direct-coupled system PV-EL II is
capable of achieving higher efficiencies than the converter-
coupled PV-EL I pathway, but only at weather conditions
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close to the design point of the system. Varying real-world
weather conditions have less influence on a system working
with power-electronics (PV-EL I) compared to a directly coupled
system (PV-EL II). Thus, precise and careful design of directly
coupled system gets more important and consequently more
complex. This could be an important key regarding up-scaling
and mass-production since the design of coupled systems has
to be customised for each production location in worst-case.
This could be a major drawback to this technology and will be
addressed in future work.

The thermal coupling in PV-EL III and IV showed that an
overall efficiency decrease compared to two separated devices
for PV and electrolysis because the PV system and the electrol-
ysis work better at low and high temperatures, respectively. A
thermally coupling precludes the ability to operate both systems
at optimal operational conditions, which is a drawback for the
thermal coupled system. Similarities will arise for a PEC device
as well. This issue will be a challenge for the development and
competitiveness of PEC devices.

The case study on Jiilich, Germany, TMY data showed
significant deviations in average efficiencies for direct-coupled
and converter-coupled systems with benefits for the power
electronics. Nevertheless, this paper just addressed the tech-
nological background without having a closer look to the
economics of all systems. This will have additional influence on
the design parameters as well as the different pathways and will
be part of future work.

All in all, integrated systems for hydrogen production from
PV and electrolysis could offer a solution for cost-efficient
systems by omitting power electronics. Nevertheless, an
increasing degree of integration comes in line with additional
optimisation demand for real-world applications. Therefore,
separated devices offer by far more flexibility. An increased
integration of subsystem targets for lower hydrogen production
costs due to less material usage and demand for peripheral
equipment compared to separated devices. In contrast, the
decreasing periphery lowers the flexibility of the system's
operation. The main question that remains, therefore, is if the
loss in flexibility can outweight the saved costs of the periphery.

Nomenclature

a Modified ideality factor

Agr Active electrode area of the electrolyser
AM Air mass

e Elementary charge

EL Electrolysis

G Solar irradiation

Gaesign Design irradiance
HER  Hydrogen evolution reaction

I, Diode reverse saturation current

Ivipp Current at MPP

Ipn Photo current

Isc Short circuit current

Joom  Current density at nominal operating point of
electrolyser

This journal is © The Royal Society of Chemistry 2019
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LCOE Levelised cost of energy

NREL National renewable energy laboratory
OER  Oxygen evolution reaction

PEC  Photoelectrolysis

PEM  Polymer electrolyte membrane

Pt Platinum

Pyipp  Power at MPP

PV Photovoltaic

PV-EL Coupled photovoltaic-electrolysis system
Uwpp Voltage at MPP

Unom Voltage at nominal operation point of electrolyser
Uoc  Open circuit voltage

Rp Shunt resistance

Rg Series resistance

SAM  System advisor module

SHJ Silicon heterojunction technology

STH  Solar-to-hydrogen efficiency

Tamp Ambient temperature

Trr Electrolysis temperature

Tpv Cell temperature of the PV subsystem
Top Operating temperature of the electrolyte
TiO, Titanium dioxide

n Efficiency
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