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Eﬀect of the ambient conditions on the operation
of a large-area integrated photovoltaicelectrolyser†
Erno Kemppainen, *a Stefan Aschbrenner,‡a Fuxi Bao,a Aline Luxa,a
Christian Schary,a Radu Bors,a Stefan Janke,a Iris Dorbandt,a Bernd Stannowski,a
Rutger Schlatmann ab and Sonya Calnan a
An integrated photovoltaic-electrolyser with a solar collection area of 294 cm2 was constructed and its
performance, represented by the solar to hydrogen (STH) conversion eﬃciency and hydrogen
production rate mH2 in various outdoor and indoor conditions, was investigated by measurements of the
product gas streams. The device was composed of silicon heterojunction photovoltaic cells integrated
with an electrolysis cell using nickel foam electrodes coated with nickel iron oxide and nickel
molybdenum on the anode and cathode side, respectively, with 1.0 M KOH electrolyte. Depending on
the operating conditions, the STH eﬃciency was typically 3.4–10% and typical mH2 of 30–60 mg h1,
approximately corresponding to 1–2 W output power. When considering non-concentrating devices, the
STH eﬃciency is one of the best for solar collection areas exceeding 100 cm2 and the hydrogen
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production rate the highest reported for devices smaller than 1 m2. The eﬃciency seems to depend
mainly on the temperature, and less on the irradiance, reducing at a rate of about 0.35% (absolute) per
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1  C increase in ambient temperature, signiﬁcantly steeper than the eﬃciency of the used photovoltaic
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cells, making it a possible concern for practical hydrogen generation.

1. Introduction
Water electrolysis is a potentially eﬀective way of converting
electricity to hydrogen (H2), which can be used as a fuel without
carbon dioxide (CO2) emissions. This would greatly help to
decarbonize a major fraction of the energy consumption based
on fuels (and not electricity) and also enable large scale and
seasonal storage of renewable energy, signicantly contributing
to solve the problems caused by their intermittent supply.1
Regardless of the details of the device structure and used
nomenclature, be it photocatalytic, photo-electrochemical
(PEC), photovoltaic-electrolyser (PV-EC), or something else,
the integrated solar water splitting devices convert sunlight to
hydrogen via water electrolysis in a single device.2–5 Compared
to, for example, conventional PV modules and electrolysers
connected through a power converter, this reduces the capital
a
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costs of these technologies, giving them the potential for more
economical hydrogen production, especially if the device
components are properly matched to each other.6,7 Although the
exact value may depend on the installation location and device
details, a perfectly matched, directly coupled PV-EC system
could produce annually as much hydrogen as similar PV
module and electrolyser system connected via a 95% eﬃcient
DC–DC converter.8 In this paper, we present measurements of
a particularly promising PV-EC architecture, coupling highly
eﬃcient yet mass producible silicon heterojunction (SHJ) PV in
combination with a moderately eﬃcient, but low-cost EC using
Ni-based catalysts.
There are presently no well-dened standard conditions, nor
independent testing laboratories for eﬃciency and stability
testing of devices, but most are measured under AM1.5G and
1000 W m2, when possible, unless concentrated irradiance is
used, although there are exceptions.4,9–12 Characterizing the
devices at only one irradiance–temperature-point is typical and
understandable, when most of the devices in literature are
clearly laboratory scale samples and close to basic research. The
main advantage of the standardized indoor measurements is
the comparability of diﬀerent devices measured in diﬀerent
laboratories, which is a fundamental requirement for analyses
of the status of diﬀerent approaches to the same energy
conversion problem. On the other hand, the PV standard testing
conditions (STC, device temperature 25  C, 1000 W m2
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irradiance, and AM1.5G spectrum), for instance, do not correspond to typical real-life operating conditions and neglect all
variations in the operating conditions.13 Therefore, measurements in varying conditions are needed to understand the reallife operation of the devices, either in controlled laboratory
conditions or outdoors. Laboratory measurements naturally
allow better control over the testing conditions,14 whereas
outdoor measurements happen in the real-life operating
conditions and reveal the actual operating characteristics.13,15
Both the photoabsorber area and the output power of the
device (i.e. the hydrogen generation rate) are natural descriptors
of the device size, their relative importance depending on the
context and focus. Whichever is used, in literature there are only
few reports of physically coupled devices larger than 100 cm2 or
with higher output power than 1.0 W (which corresponds to
30.6 mg h1 of H2 or 10% STH eﬃciency for 100 cm2 solar
collection area under 1000 W m2).4,11 This highlights the low
technology readiness level (TRL) of the integrated solar water
splitting devices, hence research directly related to upscaling is
needed to transfer the technologies from laboratory to practical
applications.11 The numbers in literature vary somewhat, but
laboratory-scale is considered to be less than 1 cm2, sometimes
anything larger is already considered large-area, and several
tens of square centimetres or more is commonly considered
a large integrated device.11,16–19 Although there are no abrupt
changes and the transport losses increase continuously with
increasing device size, diﬀerent transport losses, perhaps
coincidentally, signicantly aﬀect device operation when the
distances reach the centimetre scale, matching the limit of the
laboratory-scale.11,16,19–23 Especially losses in electrolyte for large
devices are underestimated by measurements of small
samples.16 In principle, large areas could be covered by replicating a small device numerous times, but there may be practical limitations to how large such a base unit should be at least.
Using 100 cm2 and 1.0 W as the limits for scaled-up devices is
arbitrary to some extent, but we consider devices exceeding
either limit to be large enough to serve as building blocks or as
a basis for prototypes and demonstrators relevant for practical
applications. In addition to the need to solve transport

Table 1

problems, balance of system components similar to large-scale
devices can be connected to them to mimic the eﬀects typical to
real-world operation and the measurements of gas and uid
ow can be made with more condence than with laboratoryscale devices.
Most devices exceeding 1.0 W use concentrated sunlight and
III–V semiconductor PV cells to achieve high eﬃciency and
power, notably the HyCon concept of Fraunhofer ISE15,24 Nakamura et al.,25 and Tembhurne and Haussener.4 For cost reasons,
III–V devices have proven very hard to industrialize. Components using concentrated sunlight are limited in use to regions
with very high direct (low diﬀuse) solar insolation. Physically
large integrated devices (>100 cm2) capable of unassisted water
splitting compose an equally short list: the demonstrator of the
PECDEMO project (200 cm2),26 the Artiphyction prototype (1.6
m2 and 3% STH)27,28 and the photocatalyst reactor of Goto et al.
(1 m2 and 0.4% STH).29 It may be noteworthy that all three
devices were composed of smaller building blocks, ca. 50–70
cm2 PEC cells in case of PECDEMO and Artiphyction, and 33 cm
 33 cm photocatalyst sheets in case of Goto et al. The STH
eﬃciencies of the non-concentrating devices are quite low
compared to the record eﬃciencies of smaller devices, the 3% of
the Artiphyction demonstrator being the highest, and only
Artiphyction and Goto et al. exceed the 1.0 W limit. The
performance and material details of these devices are shown in
Table 1. Except for Tembhurne and Haussener,4 all these
devices seem to have been characterized outdoors (Artiphyction
not specied, but it seems likely that irradiance was less than
1000 W m2). For PECDEMO,26 several congurations were reported (with and without concentration), and the one in the
table corresponds to the highest hydrogen production rate, as
far as we could tell. Additionally, Martens and co-workers from
KU Leuven have constructed a 1.6 m2 demonstrator, whose STH
eﬃciency is reportedly 15%, which would make it the bestperforming non-concentrating device by a large margin (both
eﬃciency and output power).30 However, the measurement
conditions were not specied and these are not yet publicised.
Here, we report the results of an outdoor measurement
campaign for the characterization of an integrated PV-EC (IPE)

High output and large area integrated hydrogen production devices in literature

Absorber area (cm2)
294
(active area 228)
1.6  104
(1.6 m2)
104 (1 m2)
200
4

8  0.36
3  0.025

Light
concentration
No

Absorber material

Electrocatalysts
(HER/OER)

STH eﬃciency (%)

Output power (W)

Reference

NiMo/NiFeOx

3.4–10

1–2

This work

Co/CoPi

3

ca. 33

27 and 28

0.4

ca. 3

29

Max. 0.42
15.7

ca. 0.44
27

26
4

19.8
24.4

ca. 10
1.8

15 and 24
25

No

Crystalline silicon
(c-Si)
BiVO4/Si-PV

No

SrTiO3 doped with Al

17.5
Up to 474
(high-ux solar
simulator)
ca. 250
ca. 23

BiVO4/c-Si
InGaP/InGaAs/Ge

RhCrOx/no OER
co-catalyst
None specied
Pt/IrRuOx

GaInP/GaInAs
InGaP/GaAs/Ge

Pt/Ir
Pt/Pt
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device with a solar collection area of 294 cm2 and a typical
hydrogen generation rate of about 30–60 mg h1 (1–2 W). This is
complemented with measurements in a solar simulator. Our
analysis of the eﬀects of irradiance and temperature is based on
continuous measurements of the device operation and weather
conditions that, together, comprise about 35 hours under
natural sunlight and 2.5 hours in solar simulator. Depending on
the operating conditions, the STH eﬃciency was typically 3.4–
10%. Compared to the previously listed devices, for nonconcentrating devices, these are the highest STH eﬃciency
values for a collection area more than 100 cm2 and the highest
output power for a collection area less than 1 m2.11 Given the
combination of size, materials and technologies used as well
the STH eﬃciency achieved, the device presented in this study
may open up a highly promising pathway towards actual
industrialization of PV-EC based hydrogen production.

2. Experimental details and analytical
techniques
2.1. Description of the measured device
The integrated device consisted of a PV module directly connected to electrodes contained in a vessel as shown in the
photograph in Fig. 1. The total area of the PV module was 294
cm2 and the active PV area was about 228 cm2. The PV module
consists of three series-connected SHJ PV cells, and achieves
a power output of 5.0 W and 17.1% eﬃciency (normalized to the
294 cm2 total area) at the STC. The PV cells were similar to the
SHJ baseline cells of our institute,31 but used a Tedlar back sheet
instead of glass and were made using smaller 5-inch wafers that
were halved to enable characterizing the module in a asher
capable of uniformly illuminating a surface of 30 cm  30 cm.
The electrodes of the electrolysis component were in direct
electric contact with the PV module. The electrodes consisted of
1.6 mm thick 5 cm  10 cm nickel (Ni) foam pieces (nickel foam
for battery cathode substrate, EQ-bcnf-16m, Nanogra) coated

Close-up of a device similar to the analysed one (except for the
diﬀerent plastic used in the electrolyser casing) in the measurement
setup. Electrolyte inlets at the bottom of the electrolyser, outlets at the
top.

Fig. 1
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with catalysts. We used evaporated nickel molybdenum (NiMo –
rst 100 nm of Ni, followed by 20 nm of Mo and nally 20 nm of
Ni) as the catalyst for the hydrogen evolution reaction (HER)
and electrodeposited nickel iron (NiFe) for the oxygen evolution
reaction (OER). During operation, the OER catalyst is most
likely in an oxidized state as oxide, oxyhydroxide, or hydroxide
of the metals.32
The electrolyser casing was made up of two halves made of
3D-printed transparent plastic (Stratasys VeroClear) sandwiching a separator membrane (AGFA Zirfon PERL UTP 500)
between them. The membrane area in contact with the electrolyte was about 5 cm  10 cm, equal to the geometric electrode area, which is smaller than the solar collection area. The
casing was open from its top to allow contact between the back
of the PV and the electrolyte for heat exchange. Since the electrolyser design did not allow for compression of the electrodes
against the membrane for a zero-gap conguration, we glued
them to it from their edges with small droplets of Loctite® 9492
epoxy (Henkel). Similarly, to the casing halves, the PV module
was also glued to the plastic casing to seal the electrolyser with
the Loctite epoxy. Details of the material choices and design
challenges are presented elsewhere.33
2.2. PV and electrochemical characterization
We used laboratory tests to qualify the performance of the
electrocatalysts and that of the PV module before integrating
them into a single unit. The PV module was tested using a class
AAA asher (h.a.l.m, Germany) under standard test conditions
(AM 1.5, 1000 W m2, device temperature of 25  C). The reaction
kinetics of the catalyst coated electrodes and bare nickel foams
were tested in 1.0 mol l1 (1.0 M) aqueous potassium hydroxide
(KOH) held at 25  C in both 3-electrode and 2-electrode
congurations. The performance data of the PV and electrodes
is presented in Section 3.1 and in ESI.†
2.3. Performance characterization
The IPE was characterized both indoors in a solar simulator and
outdoors on a rooop in Berlin, Germany (52 250 53.300 N, 13
310 25.900 E). The outdoor characterization was performed in
several measurement campaigns starting from July 2019 and
continuing until the end of October 2019. One of the main aims
of the measurements was to characterize the device in varying
operating conditions, which in practice meant that measurements were done on sunny days with diﬀerent forecasted
maximum temperatures. Some overlap between the conditions
on diﬀerent days happened, but we tried to minimize it to
maximize the spread of tested conditions, while minimizing
degradation during measurements.
Later in 2019 a large-area (up to 55 cm  55 cm), LED-based
continuous illumination solar simulator (Wavelabs LS-4, Germany) became available to us. We then used it for indoor
measurements with the prototype to determine its performance
under 1000 W m2 irradiance, as irradiances higher than ca.
870 W m2 were missing from the outdoor data. The spectral
match classication of the simulator is class A. The homogeneity classication depends on the illuminated area, but for the
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area of the prototype (ca. 14 cm  21 cm) the non-uniformity
was about 1.6–1.8%, corresponding to class A. The distance
between the LEDs and the PV was determined at 1000 W m2
irradiance with a calibration PV cell, and in measurements the
centre of the PV module was at the location of the calibration
cell.
Except for some minor diﬀerences, the outdoor and indoor
procedures were identical. Before the start of an outdoor
measurement, the PV was covered so that it would not generate
electric power and no gas would be produced. The time, when
the cover was removed was recorded and the gas ows and
temperatures were measured continuously until the end of the
measurement. At the end, the PV was covered again, and to
measure the total produced gas volumes the electrolyte circulation was continued, until no gas ow was measured. Indoors,
the device was placed inside the solar simulator, but there was
no need to cover the PV, because the irradiance with the LEDs
turned oﬀ was so low that no gas production was observed. The
duration of the illumination period was set in the controlling
soware, and the set irradiance, duration and measurement
starting time were recorded.
The measurement and recording of the gas ows out of the
anode and the cathode and the device temperature for later
analysis with the weather data provided the input for our
analysis of the device performance. Our analysis is based on
data that corresponds to about 38 hours of operation, 35 of
which outdoors, but we performed also other measurements
that were not deemed useful for this analysis (e.g. device tilted
from the horizontal plane). With all measurements together,
the total operating time is about 75 hours.
The weather data (global horizontal irradiance, ambient
temperature, wind speed, relative humidity, and ambient
pressure) was taken from an outdoor PV weather station in the

Paper
immediate vicinity of the measurement site. Indoors we
measured the ambient temperature with a Pt 100 thermometer
and used the ambient pressure from the PV weather station.
Outdoors the device was placed so that the PV surface was
horizontal and there would be nothing blocking the sun (in the
south) and oriented so that the inlet was facing southeast to
south. Fig. 2 shows the measurement setup.
During the course of the measurements, we made changes to
the measurement setup, but the central parts remained the
same: aer exiting the electrolyser, the uid ow entered the
liquid–gas separators, also serving as electrolyte reservoirs, and
the gas ow rates were then measured with Bronkhorst ELFLOW Select mass ow meters (MFM). The temperature of the
electrolyte before the inlets and aer the outlets, as well as the
temperature of the PV, was monitored with Pt 100 thermometers, the ones measuring the electrolyte covered with uorinated ethylene propylene (FEP) for corrosion protection. In
outdoor measurements the PV temperature was measured at
the glass surface for comparability with thermography recordings that we took during some outdoor measurements. Indoors
the thermometer was attached to the back of the PV at the
middle of a part of the module not above the EC, because
thermography recordings could not be made and the used Pt
100 attachment was large enough that it could have shaded
some of the active PV area. We used 1.0 M KOH as the electrolyte, always starting a measurement with unused KOH (the
electrolyte was made to circa 5.3 weight-percent KOH, which
corresponds to 1.0 M concentration at 25  C (ref. 34–36)). The
electrolyte was pumped through both electrolyser chambers, in
most cases at a rate of 45 ml min1 (indoors 50 ml min1). The
anode and cathode circulations were separate, were not mixed,
and both had their own pump. The volume of the electrode
chambers was ca. 50 ml each and we used in total ca. 400 ml

Fig. 2 (a) The outdoor measurement setup in its latest form: the IPE on the right, the mass ﬂow meters at back, gas dryers (orange cylinders) on
the left, and pumping system, including KOH reservoirs (white PTFE ﬂasks), at bottom. The data acquisition module was located under the mass
ﬂow meters and is not visible from this view. (b) The IPE inside the solar simulator with the rest of the test rig in the foreground. During
measurements the simulator was closed with black curtains, leaving only the IPE, and the connecting hoses and the cables to temperature
sensors in.
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(200 ml per electrode) of KOH in measurements. Due to
performance degradation of the original pumps, we had to
change pumps a few times, and the 45 ml min1 rate was
chosen at one point, because it was the lowest rate that both
available pumps could provide. The gas ow and temperature
data (with timestamps to synchronize them later with the
weather data) were recorded using a data acquisition controller
module (CRIO-9047, National Instruments), on which an inhouse developed LabVIEW program was running. Before each
measurement campaign, the system was tested for hydrogen
leaks with a handheld sensor (Sewerin Snooper Mini) and
plugged if necessary.
The molar amounts of gases were estimated with the ideal
gas law, using the ambient pressure from the weather data and
the measured electrolyte temperatures at the outlets. The mass
ow of hydrogen (g h1 m2) was calculated as


mH 2 ¼

MH2 pamb Qcat
RTC;out APV

(1)

where Qcat is the cathode outow (ml min1), the area of the PV
module, APV, is 294 cm2, MH2 is the molar mass of H2 (2.016 g
mol1), the cathode outlet temperature and ambient pressure
are TC,out and pamb, respectively, and R is the gas constant. A
similar formula with the anode outow and temperature was
used for the O2 ow. The STH eﬃciency was calculated as


hSTH ¼

mH2 DGH2 O
pamb Qcat DGH2 O
¼
MH2
G
RTC;out APV G

(2)

where DGH2O is the Gibbs free energy of water electrolysis at
25  C (237 kJ mol1), and G the irradiance. During outdoor
measurements the ambient pressure varied within the 1008–
1022 mbar range, diﬀering less than 1% from the 1 atm
(1013.25 mbar) pressure. The ambient pressure during the
indoor measurements was 1023–1026 mbar, about 1% higher
than 1 atm. The outlet temperature was warmer than the
ambient temperature, so the gas temperature at the MFMs
could have been cooler than the outlet temperature. While not
ideal, this method underestimates the performance, instead of
possibly overestimating it, when using the ambient temperature. As the MFMs were calibrated specically for the H2 and O2,
gas crossover could result in errors in the volume ow, but as
their calibration factors diﬀer from each other by about 3%,37
the volume and molar uxes should accurately represent the
amount of gas owing through the MFM even in case of product
crossover.
During some outdoor measurements, we recorded the
surface temperature distribution of the PV with an infrared
thermal camera (FLIR A6700SC), and analysed it using FLIR
ResearchIR program. The calibration and measurements were
carried out following procedures described by Usamentiaga
et al.38 We used the reector method for the reective temperature and the reference emissivity method to determine the
emissivity of the PV glass (0.983).38,39 As the reference material
we used a piece of black plastic tape (Scotch™ Brand 88), with
known emissivity 3 ¼ 0.96, and recommended by the camera
manufacturer (FLIR).40 Here one temperature recording serves

This journal is © The Royal Society of Chemistry 2020

only as illustration of the temperature distribution on PV
surface, and we exclude the analysis of the temperature distributions from this study.

3.

Results

3.1. Performance of device components
The IV curve of the PV module measured at STC is presented in
Fig. 3a while the polarisation curve of the catalysts in twoelectrode conguration (electrode size 10 cm  10 cm) in
a beaker in 1.0 M KOH at 25  C without a gas separator is shown
in Fig. 3b. The individual reaction kinetics of the HER and the
OER in 1.0 M KOH at 25  C with Hg/HgO as the reference
electrode (+0.927 V vs. RHE at 25  C (ref. 41 and 42)) are shown
in the ESI.†
The short circuit and maximum power point (MPP) currents
of the PV module are 2.96 A and 2.73 A, respectively, which
would correspond to circa 12.4% and 11.5% STH eﬃciencies, if
converted to hydrogen without losses. The MPP voltage is
1.83 V. Based on earlier measurements with a similar module,
the short circuit- and MPP-current, and the MPP power all
increase almost linearly with irradiance (see ESI†), corresponding to nearly irradiance-independent eﬃciency of the PV
and maximum eﬃciency of the PV-electrolyser. The maximum
power decreases with increasing temperature (due to decreased
voltage), but the short circuit and MPP currents remain nearly
constant (at 25–80  C), although the MPP current decreases and
short circuit current increases a little.
Turning to the electrolyser, both NiMo and NiFe catalysts
show a circa 50–70 mV improvement over plain Ni, depending
on the current density (see ESI†). Fig. 3b shows the performance
of the catalysts compared to plain Ni foam in two-electrode
conguration (1.0 M KOH at 25  C, measured at 2 mV s1
sweep rate). Note that in this case the electrode area is twice the
size of the electrodes of the electrolyser. The comparison to
plain Ni indicates a roughly constant improvement of about
160 mV, slightly higher than the 3-electrode measurements
indicate. This could be due e.g. to oxidation of the 10 cm 
10 cm plain Ni foams during storage before measurements, and
diﬀerences in the electrodeposition of NiFe due to diﬀerent
substrate sizes. The 10 cm  10 cm electrodes were used as
such both in deposition and in IV measurements, but the
smaller samples for 3-electrode measurements were cut from
a 5 cm  5 cm substrate. The electrodes for the device were cut
from 10 cm  10 cm pieces, so the 2-electrode data would be
more representative, if the substrate size had any signicant
eﬀects on the electrodeposited catalyst. Considering the IV
curve aer the compensation for resistive losses (0.072 U, 100%
compensation in both cases), 2.0 A current, equivalent to 1.0 A
in the complete device, would require at least 1.68 V, and 5.0 A
(equivalent to 2.5 A) 1.74 V. Compared to literature, the
performance is similar to the state of the art with similar
materials in the same conditions, which in turn is apparently as
good as Pt and IrOx.43 For the integrated device this means that
the resistive losses should not exceed 30 mU for the MPP
operation to be achievable (the MPP voltage is about 80–90 mV
higher than the minimum voltage needed for the MPP current,
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Fig. 3 The IV characteristics (a) of the silicon heterojunction module taken at STC 1000 W m2 and device temperature of 25  C. The measured
electrochemical performance for water electrolysis in 1.0 M KOH at 25  C (b) using 10 cm  10 cm electrodes in two-electrode conﬁguration,
either plain (black) or catalyst covered Ni foam (red). The data as measured is marked with solid, and 100% IR compensated with dashed lines.

2.73 A, at 25  C). This is a rather small margin and our simulations indicate that the losses in the electrolyser alone could be
higher (ESI†). In practice, this could mean that the electrodes
should be a little larger or the catalysts more active to reach MPP
operation in real operating conditions. Moreover, for the best
results, the sizing should be done to correspond to the operating conditions, or at least for a higher temperature than 25  C,
but we were limited by our already existing design and could not
fully tailor the electrolyser to the PV module.13,44 Therefore,
although the catalyst performance appears promising, this
should be considered more as a description of the device
components than as a reasoning for the device conguration.
3.2. Results of indoor and outdoor measurements
In this section we show examples of the data collected when the
device was operating continuously, one outdoors and one
indoors. The transients already show some trends in the eﬀect
of temperature and irradiance on the operation, which will
become clearer in the detailed analysis in Section 3.3. These are
not the only measurements that we performed, but they illustrate continuous operation and eﬀects of irradiance and
temperature well. The other measurement transients considered in this analysis are shown in the ESI.†
Due to pumping, the gas ow transients were noisy
compared to the other transients and had to be averaged over
a period of time to obtain a signal that is reasonably easy to
follow. For the transient lines, we used the average over the
previous 60 seconds, and the symbols represent the average
over the previous 5 minutes (1 second) that are then used in
the later scatter plots and analysis. Due to the diﬀerent averaging periods, the symbols do not always coincide with the 60 s
average transient. Other transients (irradiance, temperatures)
are as measured (at least 1 point/second). The STH eﬃciency
was calculated from the cathode outow, measured outlet
temperature and ambient pressure, using the ideal gas law, and
assuming that the cathode outow was pure H2 (eqn (2)).
4836 | Sustainable Energy Fuels, 2020, 4, 4831–4847

For the clarity of the transient gures, the STH eﬃciency is
not plotted in them, but it can be estimated from the hydrogen
outow and irradiance. For example, with the collection area of
294 cm2, under 1000 W m2 irradiance hydrogen outow of 10
ml min1 would correspond to about 5.6% STH eﬃciency
(depending on the exact temperature and pressure). In Fig. 5 the
hydrogen outow transient overlapping with the irradiance
corresponds to about 8.4% STH eﬃciency, in Fig. 6 to about
5.3%.
3.2.1. Integrated device improvements. Fig. 4 shows the
comparison of outdoor tests for two diﬀerent development
versions of our prototype: an earlier version with plain Ni foam
electrodes (5 cm  10 cm  0.32 cm) at about 1.0–1.5 cm
separation (circle markers) and the previously described device
(squares) analysed in more detail in the later sections. The
diﬀerence in the measured H2 production rates is very clear: the

Fig. 4 Comparison of the current (squares) and earlier prototype
(circles): hydrogen generation rates measured under similar outdoor
conditions as a function of irradiance and ambient temperature.

This journal is © The Royal Society of Chemistry 2020
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earlier version produced at most only about 0.5 g h1 m2 of H2,
corresponding to about 3.0% solar to hydrogen (STH) eﬃciency,
whereas the catalysts and other changes to the electrolyser
boost the H2 generation in the same conditions to about 1.8 g
h1 m2 (10–11% STH). The maximum value shown in the
gure, under a higher irradiance, is about 2.3 g h1 m2.
We simulated the operation of the electrolyser with
COMSOL® Multiphysics soware to understand its operation
and to nd eﬀective ways to improve its performance. The
simulations mainly focused on the eﬀects of diﬀerent geometric
features on the electrolyser performance (more details in the
ESI†). Minimizing the electrode separation was expectedly an
important change, as well as minimizing the electrolyte volume.
The optimal thickness of the porous electrode depends on the
balance of mass transport and reaction kinetics, and therefore
on the current density. In our case, it seemed that near the MPP
of the PV module the electrode thickness might not have
a signicant eﬀect. Therefore, for simplicity and because (due to
neglecting gas bubbles) it was considered more likely that the
simulations would underestimate rather than overestimate
mass transport losses, the electrode thickness was reduced to
a single Ni foam piece (1.6 mm). The possible improvements
from reduced electrolyte volume have not yet been implemented in the current prototype due to time constraints.
3.2.2. Transient behaviour under sunny and cool conditions. Fig. 5 shows the time dependent proles of irradiance,
ambient temperature and device temperature as well as the

Sustainable Energy & Fuels
resulting H2 and O2 production rate measured on 6th September
2019 in Berlin, Germany, in comparatively cool conditions. The
pumping rates were set to 45 ml min1, because this was the
lowest rate that both pumps could provide. The general level of
irradiance was about 600–850 W m2, and there were few small
variations and quite many sudden, large decreases and
increases for about two hours, starting just before noon. Both
gas outows followed these variations, indicating that the
incident irradiance was a signicant determinant of the H2
generation rate. The ambient and device temperatures
increased over time, with the device being further heated by
sunlight and thus following both the general trend of the
ambient temperature and large variations in irradiance. With
increased temperatures, the gas outows in the aernoon were
lower than in the morning under the same irradiance, that is,
increased temperature reduced the STH eﬃciency of the device.
The dip in gas production rate at 09:55 was due to an
interruption while recording the PV surface temperature
distribution (shown in Fig. S4.10†) with the infrared camera
before starting a new continuous measurement. There were also
short interruptions in the outdoor monitoring data in Fig. 5,
due to small electrolyte leaks at the inlet ports at about 11:40
and 12:50 that can be seen when carefully looking at the gas
ow transients.
We did not study the sensitivity of hydrogen generation to
partial shading of the PV module, but we believe that it is more
sensitive to shading than electric power generation with PV

Fig. 5 Time dependent proﬁles measured on 6th September 2019 in Berlin, Germany of (a) H2 and O2 ﬂow rates and solar irradiance transients.
Flow rate transients are averaged over 60 seconds (lines) and 5 minutes (squares and circles) to reduce noise in the signal. (b) Time dependent
proﬁles measured on 6th September 2019 of ambient, PV glass and electrolyte temperatures.

This journal is © The Royal Society of Chemistry 2020

Sustainable Energy Fuels, 2020, 4, 4831–4847 | 4837

View Article Online

Open Access Article. Published on 24 July 2020. Downloaded on 1/9/2023 7:07:38 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Sustainable Energy & Fuels
modules due to the minimum required voltage for the electrolysis reaction. The series connection means that in the case
of shading, hydrogen production is always limited by the lowest
photocurrent and the aﬀected area is tripled compared to
a single cell. For electric power generation, bypass diodes in
modules reduce the power losses (and damage to cells) due to
shading, but the MPP voltage is still reduced. The voltage
requirement of the electrolysis reaction means that the eﬀects
of even partial shading will directly aﬀect the EC operation due
to direct coupling, reducing hydrogen generation rate in
proportion to the shaded area or even completely stopping it, if
the photovoltage is suﬃciently reduced. In this comparison,
electricity generation benets from the exibility regarding the
photovoltage compared to the almost xed minimum voltage of
the EC. With a single multi-junction PV cell driving an EC, the
sensitivity could be reduced compared to multiple seriesconnected PV cells, but probably still higher than for electricity generation due to the minimum voltage of the EC.
In almost all the measurements, the outlet temperatures
were cooler than the inlet temperatures, suggesting that heat
was lost to the environment from the electrolyser. This is most
likely due to the electrolyte reservoirs being exposed to sunlight
and being heated by it, while the PV covered and shaded the EC
(see Fig. 1 and 2), and due to ineﬀective heat conduction from
the PV to the electrolyte, most likely due to gas pockets formed
at the top of the electrode chambers. Admittedly, the PV glass
temperature was not much higher than the electrolyte temperatures, but from the thermographic images (such as the one
shown in Fig. S4.10†), we noticed that the measured spot was
typically a few degrees cooler than the highest temperature.
Therefore, the real temperature of the PV, especially the silicon
itself, was most likely a few degrees hotter than the transients at
all times. Consequently, the temperature gradient between the
PV and the electrolyte was also higher, favouring heat transfer
from PV to electrolyte. However, as the transients show, heat
transfer was not eﬃcient enough to even maintain the inlet
temperature. We consider the gas pockets that we observed to
be formed at the top of the electrode chambers (between the
liquid electrolyte and the back of the PV) the most likely reason
for the thermal insulation of the electrolyte from the PV.
The measurement setup was developed continuously and
improved over time. Leaks and other diﬃculties during the rst
measurements prevented unsupervised operation of the device
for long time periods. Therefore, measuring continuous operation for longer than few hours was not possible in practice.
Developments to the electrolyte pumping system and plumbing
signicantly reduced the leakage problems, so that we could
test the device operating overnight, but only in the autumn
when the irradiation was signicantly lower and days shorter
than in the summer. The transients from this measurement on
22nd to 24th October 2019 are shown in the ESI (Fig. S4.6–S4.8†).
3.2.3. Solar simulator measurement. We performed indoor
measurements on two consecutive days, shown in Fig. S4.9† and
6. The measurements on the rst day (Fig. S4.9†) served
partially as an operational check for the longer 1 hour
measurement under 1000 W m2 and for the shorter
measurements under diﬀerent irradiances (400, 700, and
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1000 W m2). The irradiance in the gures is the irradiance
setting of the solar simulator, and not a measured value. The
position of the device was determined at 1000 W m2 with
a calibration cell, and the irradiance was reduced using the
settings of the controlling soware. The initial increase in the
gas ows was observed aer about 10 seconds, but the full ramp
up took longer. Therefore, the rst 5 minute average of each
measurement appears underestimated compared to the other
points.
Especially the 1 hour measurement starting from 13:15
illustrates well the importance of the PV temperature. Initially,
with a relatively cool PV (ca. 35  C) the hydrogen outow
reached a peak level of 9–10 ml min1, corresponding to about
5% STH eﬃciency, but as the PV temperature increased, the gas
production rate decreased. At the end of the 1 hour measurement the temperature was steady, at nearly 50  C, and the gas
production rate about 6 ml min1, corresponding to an STH
eﬃciency of about 3.5%. Aer the illumination was turned oﬀ,
the electrolysis reactions stopped, and the gas outow
decreased fast, as the remaining gases were ushed out of the
EC. As the irradiance no longer heated up the device, the
temperature began to cool as well. To a lesser extent the same
can be observed in nearly all indoor transients.
During the indoor measurements, the electrolyte temperature was monitored and not actively controlled. Because only
a small part of the electrolyte tubing was under irradiation in
the solar simulator, the increase of the electrolyte temperature
over time suggests that some heat may have been transferred
from the PV aer all. However, as the temperature diﬀerence
became large with the PV heating up, the transfer was probably
not eﬀective.

3.3. Eﬀect of temperature and irradiance on the device
operation
The most important factors aﬀecting the device operation are
the solar irradiance, i.e. input power, and the ambient
temperature, which aﬀects the operating temperatures of the PV
and electrolyser and therefore their IV characteristics. The eﬃciency of the SHJ PV-module was expected to be nearly independent of irradiance (at constant operating temperature).
However, because the operating point of an IPE device is not at
the MPP of the PV, but determined by the IV-matching of the PV
module and electrolyser, the STH eﬃciency is not necessarily
independent of irradiance. Based on literature, the STH eﬃciency can decrease signicantly with increasing irradiance, but
it could also remain (nearly) constant, even when the electrolyser is not well-matched to the PV.8,44,45 Nevertheless, increased
temperature reduces the voltage of both the PV and the electrolyser. In principle, the performance of the integrated device
could then be both improved and reduced, the net eﬀect
depending on whether the electrolyser or the PV voltage is
reduced more.
In this section we focus on the relationship between the
measured performance (hydrogen production rate and STH
eﬃciency) and the operating conditions (both the device and
the ambient temperature, and the irradiance). In addition, we
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Fig. 6 Time dependent proﬁles measured indoors of (a) H2 and O2 ﬂow rates and solar irradiance transients. Flow rate transients are averaged
over 60 seconds (lines) and 5 minutes (squares and circles) to reduce noise in the signal. (b) Time dependent proﬁles of ambient, PV and
electrolyte temperatures.

discuss the irradiation spectrum, and gas crossover and its
implications for the eﬃciency characterization and device
safety. The points in the scatter plots correspond to the 5
minute averages of the transients during continuous operation,
with low-irradiance (less than 100 W m2) points excluded from
the discussion.
3.3.1. Irradiance spectrum. In addition to the total irradiance, also the irradiance spectrum may have to be considered
with PV and other solar energy conversion devices, because
their spectral response depends on the wavelength of the
photons.46–48 The spectral shape and the possible response
mismatch between the devices being measured and monitoring
irradiance can be a concern especially for multijunction
devices.12,45,49,50 Because we used series-connected singlejunction PV cells to produce the electric power, the spectral
eﬀects were probably less important, but could still have
aﬀected the device operation, as the quantum eﬃciency (EQE)
of the cells is not completely independent of the wavelength.31
To determine the validity of using only the irradiance as the
descriptor of the outdoor data, we extracted the following
spectra measured in sunny conditions: the time point closest to
one of the highest irradiances in our data (840 W m2 at 13:05
on 6th September 2019, see also Fig. 5), the highest H2 generation rate at less than 750 W m2 (2.1 g h1 m2 at 678 W m2,
11:32 also on 6th September 2019) and the range of about 200–
550 W m2 (on 22nd September 2019, apparently cloudless
aernoon – transients in Fig. S4.4 in ESI†). We had only the

This journal is © The Royal Society of Chemistry 2020

spectra measured at 35 tilt facing south available to us, so the
spectral shape could diﬀer a little from the irradiance at the
horizontal plane. Because the spectrum was measured once
every 5 minutes, we oen had to choose the spectrum closest to
the relevant point in time or a round number irradiance.
Naturally, when the intensity reduction is due to clouds, it is not
expected that the shape of the spectrum would match clear sky
conditions, but we did our measurements in mostly sunny
conditions, so we exclude other conditions from this discussion. Also, because we excluded low irradiance (<100 W m2)
data points from the results, any measurement in overcast
conditions would have been consequently excluded.
The irradiance spectrum of the solar simulator was
measured with a spectroradiometer (Instrument Systems CAS
140CT with ISP40 optical head connected with an optical bre).
The relative irradiance spectra are shown in Fig. 7 in comparison with the AM1.5G standard spectrum. As a diﬀerence to the
others, the solar simulator spectrum is normalized so that 1
corresponds to the maximum irradiance of the AM1.5G spectrum, not to the maximum irradiance of the spectrum in
question.
As expected, at low irradiances the spectral shape diﬀers
from the standard spectrum at longer wavelengths due to
atmospheric scattering. In principle, the increased longwavelength irradiance could enhance the PV performance by
increasing current (and voltage) and reducing heat generation
compared to the AM1.5G. Also, depending on the EQE
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Fig. 7 Relative irradiance spectra of the solar simulator and for irradiances (W m2 at horizontal plane) in sunny conditions ranging from
about 200 W m2 to 840 W m2 compared with AM1.5G. Data were
collected on 6th September 2019 (678 and 840 W m2) and on 22nd
September 2019 (204–552 W m2) in Berlin, Germany at a 35 tilt from
the horizontal plane. Solar simulator spectrum is normalized so that 1
corresponds to the maximum irradiance of the AM1.5G.

spectrum, the peaks in the simulator spectrum could have
a disproportionate eﬀect on the PV operation. However, in all
cases the spectral mismatch is small enough that they would be
classied as class A solar simulators. Therefore, and because
the EQE spectrum of our PV cells should be nearly constant in
the wavelength range with the variations, the spectral diﬀerences in outdoor measurements, or even the peaks in the solar
simulator spectrum, should not have signicant eﬀects on the
PV performance.31 As we could only access the spectra at a tilted
plane, there could be minor diﬀerences to the horizontal plane.
Nevertheless, it seems safe to assume that the spectral shape is
not a signicant factor for our data, so the irradiance alone
should describe the operating conditions suﬃciently accurately
(together with the ambient temperature).
3.3.2. Eﬀect of the PV temperature on the device operation.
As the PV temperature is a useful descriptor for both the
outdoor and indoor measurements, we begin with its eﬀects on
the IPE operation. We use the 5 minute averages from the
transients shown earlier, and from other similar
measurements.
The STH eﬃciencies were calculated from the average H2
generation rates, and temperature and irradiance are also 5
minute averages. The fastest change in outlet temperature was
the ca. 3  C drop in about 10 minutes at 13.10–13.20 on 6.9.2019
(Fig. 5.) and in PV temperature about 5  C increase in 5 minutes,
as the solar simulator was turned on to 1000 W m2 (Fig. 6 and
S4.9†). Some similar PV temperature changes occurred also
outdoors, but most changes were slower, so the eﬀect of outlet
temperature on H2 ow and STH eﬃciency is less than about
0.3% (relative) and the PV temperature error is at most about
2.5  C, but in most cases signicantly less. The delay in the gas
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outow aer irradiance changes, when they happened, had
much larger impact on the averaged performance.
The recorded H2 generation rates and calculated STH eﬃciencies as a function of the PV temperature and irradiance are
shown in Fig. 8. The outdoor measurements are marked with
squares and indoors measurements with stars. The generation
rate clearly increases with irradiance, and the highest rate was
achieved with a cool PV under comparatively high irradiance.
The STH eﬃciency seems relatively independent of the irradiance and appears to decrease with increasing temperature. The
outdoor points with the highest performance at 18–24  C PV
temperature and irradiance over 450 W m2 were measured on
6th September (Fig. 5), which was the last outdoor measurement
with irradiance over 600 W m2 for extended times. Therefore,
the STH eﬃciency reducing with increasing temperature at high
irradiances is certainly not a degradation artefact. Plotting the
STH eﬃciency against the temperature provides a more detailed
picture of the situation, indicating that the temperature is
signicantly more important to the STH eﬃciency than the
irradiance (Fig. S5.1† and 9).
The last outdoor measurement (on 22 to 24.10.2019,
Fig. S4.6–S4.8†) seems slightly diﬀerent from the pattern of the
other outdoor measurement, which is best seen in the STH
eﬃciency. The open squares in Fig. 8–11 correspond to this
measurement to diﬀerentiate it from the other outdoor data.
Compared to other outdoor measurements, these points in
Fig. 8b seem as if they were shied to about 5–10  C cooler
temperatures, i.e. the STH eﬃciency is lower than previously at
the same temperature. Based on Fig. 9 and S5.1,† it also seems
possible that in this case the eﬃciency decreases faster than
earlier with increasing temperature. At rst, the H2 generation
rate may seem to match the previous outdoor measurements,
but there is an abrupt jump from less than 1.0 g h1 m2 to
more than 1.5 g h1 m2 at 450–500 W m2 and ca. 18  C (or ca.
15  C ambient, see also Fig. 11 and S5.2†) and few older points
hint to a signicantly higher performance in the same conditions. Since this is one of the last measurements we did, the
diﬀerence could be due to degradation. The indoor measurements were performed aer all outdoor measurements, but due
to higher PV temperatures, directly comparing them to outdoor
measurements is unfortunately diﬃcult.
If the last outdoor measurement is excluded, the temperature dependence of the other points is about 0.23%  C1
(absolute change in the STH eﬃciency, see Fig. S5.1†). This is
clearly steeper than the 0.044%  C1 (absolute) eﬃciency
coeﬃcient determined earlier for a PV module similar to the
one used in the device (see Fig. S1.6†), meaning that the operating temperature of a PV-EC device seems to be more important than the temperature of PV modules, which could have
implications to the design and operation of PV-EC devices. The
operating point of the PV-electrolyser being at a higher voltage
than the MPP of the PV could contribute to this, by the electrolyser IV-curve magnifying the eﬀect of the voltage reduction
on the operating current. Because the outdoor points t the
trend regardless of the irradiance, it seemed plausible that this
was genuinely a temperature eﬀect and not a combined eﬀect of
both the temperature and irradiance.
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Fig. 8 (a) The H2 generation rate and (b) the STH eﬃciencies as the function of the measured temperature of the PV and the irradiance. The
values are a consolidation of indoor and several outdoor measurement campaigns on various days with a variety of weather conditions. Outdoor
data (front glass) marked with squares, indoor data (back of the PV) with stars, open squares indicate the measurement on 22 to 24.10.2019
(Fig. S4.6–S4.8†).

Fig. 9 The solar to hydrogen conversion eﬃciency, hSTH as a function
of the ambient temperature, divided into groups of diﬀerent irradiances. Outdoor data marked with squares (open squares 22 to
24.10.2019), indoor data with stars. The dashed line indicates a 0.35%
 1
C slope.

There were clearly fewer data points indoors and their irradiance range was narrower. The gap in Fig. 8 makes the
comparison diﬃcult, but their STH eﬃciency appears to match
the general pattern and trend of the outdoor measurements
(Fig. S5.1†). The eﬃciency in solar simulator under 1000 W m2
ranged about 3.4–4.9%, depending on the PV temperature.
These values are lower than most outdoor data most likely due
to hotter PV and in some cases also cooler electrolyte. Also, the
values at the lowest PV temperatures for a given irradiance are
most likely underestimated, because they include the ramp up
phase of the gas production (see Fig. 6 and S4.9†).
Due to weather conditions and device heating indoors we
could not test our device in the standard PV testing conditions
(STC), i.e. 1000 W m2 and 25  C PV temperature. However, if
the outdoor and indoor measurements describe the same trend,
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then the outdoor values at 25  C PV temperature indicate
approximately 7–8% STH eﬃciency.
Naturally, the diﬀerent locations of the thermometer indoors
and outdoors meant that the measured temperatures were not
completely the same. However, based on outdoor measurements, during which PV temperature was recorded for both the
front and the back of the PV, we do not expect the back of the PV
to be more than a few  C warmer than the front (temperature
measurement for the back of the PV was carried out for only few
outdoor measurements, since the number of recorded sensors
was limited and initially the EC casing temperature was recorded instead). Therefore, we are not certain that the match
between indoor and outdoor measurements is quite as seamless
as especially Fig. S5.1† indicates, and some caution is advised in
their comparison.
3.3.3. Inuence of the ambient temperature on the STH
eﬃciency. Although the PV temperature is a more accurate
descriptor of the device state than the ambient temperature, the
latter can be generally more useful, as it is more accessible and
easier to compare with the weather and climate information of
a given location. Therefore, we discuss the main trends of the
outdoor measurements also with respect to the ambient
temperature, using the same 5 minute averages as in the
previous section. The equivalent of Fig. 8, using the ambient
temperature, is shown in the ESI (Fig. S5.2†). The overall pattern
remained almost unchanged, the only easily distinguishable
diﬀerence being the change in the position of the indoor
measurements with respect to the outdoor measurements.
The STH eﬃciency as a function of the ambient temperature
is shown in Fig. 9 (for hydrogen outow see Fig. S5.2† and 11).
The trend of the outdoor measurements is almost the same as it
was with the PV temperature, only the slope changes due to the
change in temperatures. Except for the diﬀerent slope, the only
diﬀerence is that few points at circa 29  C ambient and 600–
800 W m2 irradiance now deviate from the general trend. The
most likely reason is that, for some reason, during the
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Fig. 10 Ratio of the cathodic outﬂow to the anodic outﬂow as a function of the anodic outﬂow, grouped according to (a) irradiance, and (b)
ambient temperature. Outdoor measurement points are marked with solid squares (open squares 22 to 24.10.2019), indoor with stars. The
dashed horizontal lines mark the ratio 1.88, which corresponds to the lower explosive limit of H2 (4%).

corresponding measurement the EC temperature was higher
than the PV temperature (29th August, Fig. S4.3†). As we
observed this only once, the PV being cooler than the electrolyser seems more of a rare exception than a typical operating
mode of the device.
The indoor measurement points now indicate signicantly
worse performance than the outdoor measurements at the same
ambient temperature. Still, the indoor STH eﬃciency would be
at a similar level as the last outdoor measurement, if the
temperature dependency was similar to the earlier measurements. Most likely the performance had degraded somewhat
and the PV temperature could have been underestimated
outdoors, but we are uncertain of how much they aﬀect the
data. Wind cooling the PV signicantly more than natural
convection indoors would also explain the diﬀerence between
Fig. 9 and S5.1† (and between Fig. 8 and S5.2†), but it would

have to correspond to about 10  C temperature diﬀerence.
While not impossible, low wind speeds would explain roughly
half of that, leaving the rest of the diﬀerence to degradation, PV
temperature measurement diﬀerences and possible other
factors.51 Additionally, due to the PV heating up during the
indoor measurements, some points at practically the same
ambient temperature correspond to clearly diﬀerent PV
temperatures, and the eﬃciency spread is a little larger than in
the outdoor measurements.
If all outdoor measurements with the electrolyser at the
same or a cooler temperature than the PV glass are considered,
excluding the last measurement on 22 to 24.10.2019, the points
form a line, whose slope is approximately 0.35%  C1 (absolute, the dashed line in Fig. 9), even steeper than the PV
temperature slope. The STH eﬃciency as a function of ambient
temperature would be accurately represented also by an

(a) The hydrogen ﬂow rate and (b) oxygen ﬂow rate as a function of irradiance, assuming that the outﬂows are pure H2 and O2. Pure H2
and O2 outﬂows at 2.0 H2 : O2 molar ratio would correspond to 4.0 g of O2 per 1.0 g of H2. Outdoor data marked with squares (open squares 22
to 24.10.2019), indoor with stars.
Fig. 11
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exponential decrease (ESI Fig. S5.3†) that would reduce the H2
generation rate by about 1% (relative) per 0.25  C increase in
temperature.
Combining the eﬀects of the irradiance and the ambient
temperature on the H2 production rate outdoors, using 25  C as
a reference temperature gives


GMH2
0:0035
mH2 z
ðTambient  25  CÞ
0:065  
(3)
DGH2 O
C
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or, alternatively


mH2 z

GMH2
0:065 e0:040
DGH2 O

1

C

ðTambient  25 CÞ

(4)

Similarly to eqn (1), the irradiance, Gibbs free energy, and
molar mass of H2 are G, DGH2O, and MH2, respectively. These
trends are plotted with a dashed line in Fig. 9 (eqn (3)) and S5.3
(eqn (4)).† While the accuracy of these formulas outside the
tested range of conditions is uncertain, some limits and criteria
can be established. The short circuit current of the PV limits the
STH eﬃciency to less than 12.4%, which the linear formula
would match at 8.1  C and the exponential decrease at 8.8  C, so
measurements at 10  C and cooler could have been useful. An
additional limit is that the linear formula predicts that at
43.6  C no hydrogen would be produced, whereas the exponential decrease yields about 3.1% STH eﬃciency at this
temperature. Naturally, if the results from the last outdoor
measurement were not due to degradation, but caused by the
normal response of the device to the operating conditions, they
would increase the spread in the data. The ambient (or PV)
temperature would no longer describe the performance quite as
accurately, and other factors would have to be considered, most
likely including irradiance.
Considering that the eﬃciency of the device depends on its
H2 generation rate, i.e. operating current or crossing point of
the PV and EC IV-curves, it is admittedly surprising that the
irradiance would have no eﬀect on the STH eﬃciency, despite
some literature examples indicating such a possibility.14,44
Almost all STH eﬃciency points in the previous gures were
below the MPP current value (ca. 11.5%), so our device was
clearly operating at a higher voltage and a lower current, indicating too high voltage losses in the electrolyser. Therefore, the
crossing point would have been expected to be sensitive to the
operating conditions, meaning that the STH eﬃciency could
have depended also on the irradiance in addition to temperature. However, a small eﬀect could have been also hidden
underneath the scatter in the data. Determining the
temperature-dependency of the electrolyser IV characteristics
would be a key part to answering this problem.
While testing the device stability was not one of the main
goals of our study, degradation in the last outdoor measurement would indicate a quite sudden performance drop aer
about 55 hours of operation under natural sunlight, as the
previous measurement seemed to match the STH trend of the
earlier measurements (400–600 W m2 at 20–25  C ambient,
transient shown in Fig. S4.5†). More testing would be needed to
determine the possible performance drop and its causes, but so
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far, the device has been tested for about 75 hours under real and
articial sunlight and it remains operational.
3.3.4. Gas outow ratio. An aspect of the operation that has
to be considered is the gas separation, i.e. the stoichiometric
ratio and composition of the gas outows. As we could not
continuously monitor the composition of the gas outows, we
were limited to the ratio of the cathodic outow to the anodic
outow, which ideally should be equal to the 2.0 H2 : O2 ratio of
the electrolysis reaction. Using our handheld hydrogen
detector, we quite commonly observed small amounts of
hydrogen in the anodic outow, and signicant hydrogen
crossover and/or leakage to the outside should result in the
outow ratio being less than 2.0.
For alkaline electrolysis, the most important cross over
mechanisms are diﬀerential pressure over the separator, mixing
of anolyte and catholyte with each other, and diﬀusion of dissolved H2 and O2 molecules through the separator.52 Because we
never mixed the anolyte and catholyte, this can be excluded
from the discussion. Because more H2 is produced than O2, and
H2 is smaller and more mobile than O2, the amount of H2 in O2
is normally higher than the amount of O2 in H2.52–54 Therefore,
the concentration of H2 in the anodic outow is the main
crossover descriptor, and the ratio of the cathodic outow to the
anodic outow would have been expected to be less than 2.0,
regardless of the current density. However, at low outow rates
our measurements yielded ratios higher than 2.0, which
seemingly contradicts the literature (Fig. 10), at rst suggesting
O2 crossing to the catholyte. Due to the intermittency of the
operation and the lack of voltage control of the electrolyser,
even fuel cell reactions and reactions with catalysts could
contribute to this situation.55
The 5 minute averages of the volume outows as a function
of the anodic outow are shown in Fig. 10. Because the indoor
markers are mostly covered by the outdoor markers, it does not
really show, but the indoor measurements conform to the trend
of the outdoor measurements. Using the cathodic outow as the
comparison produced more scatter in the data at low outows
and lower ratios than the anodic outow (see ESI, Fig. S5.4†).
The ratio was the highest, signicantly higher than 2.0, at low
gas production rates and reduced when gas production
increased. However, as a minor diﬀerence, when plotted against
the cathodic outow, the ratio increased slightly at high
outow, suggesting that overall low operating current densities
could be a part of the problem. At the highest anodic outows,
the ratio was generally less than 2.0, indicating possible H2
crossover to the anode side. Therefore, because it is obvious that
the outows are not necessarily pure hydrogen or oxygen, we
discuss them here as the cathodic and anodic outows.
In principle, leaks out of the system could be possible, but we
tested the system for hydrogen leaks at the beginning of every
measurement with a leak detector and stopped the measurement for repairs, if a leak was detected. On the other hand, the
ratio being higher than 2.0 implies that oxygen could have been
lost in some process. As Fig. 10 shows, it seemed that the ratio
followed a power law dependence close to 1/Q1/2, which may be
specic to our device. As far as we could tell, temperature and
irradiance had no clear eﬀect on the outow ratio, except for
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their eﬀect on the gas generation and outow rates (see also
Fig. S5.5†). In Fig. 10a the irradiance groups are mostly organized to colour bands, outow increasing with irradiance, and
in Fig. 10b the ambient temperatures are mixed with each other.
Most of the values below circa 3 ml min1 and ratio higher than
2.0, originated from the last few outdoor measurements, which
had a diﬀerent pumping system compared to the earlier ones.
Therefore, at least in principle, the ratios from these measurements could have had diﬀerent factors aﬀecting them and the
low and high ratios could have been due to diﬀerent
phenomena. However, all the points seemed to t a continuous
trend, and this eﬀect arising from a combination of two unrelated trends seems unlikely.
A possible hint is that at some points at low irradiances the
anodic outow was reduced to negligibly small levels, which did
not happen with the cathodic outow (Fig. 11). Considering
this, and the roughly linear slope of the anodic outow, it seems
possible that a parasitic reaction consumed oxygen at a rate
independent of the electrolysis rate.56 Oxygen can readily
oxidize the OER catalyst (NiFe-based) at the anode working
potentials, and the resulting material is likely ion-permeable
oxyhydroxide, potentially enabling the reaction to penetrate
into the bulk beyond the solid–liquid interface.32 Since this
reaction would only need the typical anode operating conditions to proceed, it almost certainly contributes to the oxygen
loss. As a slow reaction compared to OER at high overpotentials,
catalyst oxidation therefore appears a likely candidate for
oxygen consuming reaction that would become apparent at low
irradiances, in line with the observed trend (Fig. 10, 11, S5.4,
and S5.5†), and we consider it more likely than O2 crossing to
catholyte.
An alternative explanation could be that there was an irradiance threshold for the electrolysis, e.g. due to voltage limitations, and a small amount of air constantly leaked into the
cathode side. We observed a leak into the cathode tubing once
in a measurement excluded from these results, apparently due
to a badly set tting aer the cathode outlet, but the eﬀect on
the outow ratio was signicantly more pronounced than in
Fig. 10 (ratio 5–10 at 1–2 ml min1 anodic outow). Still,
because we have noticed that a leak could aﬀect the outow
measurement and could not determine the cathode outow
composition, we cannot completely exclude a slow leak as an
explanation, but it would have had to happen at a nearly identical rate in every measurement. In practice, this would limit the
location of the leak to the parts that were not changed between
the measurements, i.e. directly at an inlet or an outlet of the
electrolyser, or even through the epoxy joints in an extreme
case. However, to have enough space for the device in the solar
simulator, we changed the outlets and ttings for the solar
simulator measurements, and the outow ratios seem similar
to the outdoor measurements, so this scenario seems somewhat
less likely. In principle, there could have been also a bottleneck
in the anode side of the circulation system and tubes creating
higher pressure, when gas was produced at a low rate. However,
with increased gas evolution rates, the bottleneck should have
caused a smaller pressure increase than the diﬀerence of the
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oxygen and hydrogen partial pressures, and we are uncertain,
how this would be possible, if at all.
The deviation of the outow ratio from 2.0 naturally has
implications on the STH eﬃciency and operation safety. When
the ratio is less than 2.0, the cathode outow is the amount of
hydrogen that can be collected, so it represents the device
performance the best. In the case of higher ratios, the hydrogen
production rate and the STH eﬃciency may need to be corrected, depending on the cause of the increased ratio. In the
case of parasitic oxygen consumption at the anode the cathode
outow is the amount of hydrogen that can be collected, but
a slow leak to the cathode tubing would mean that the true
hydrogen production rate pattern would be similar to the
anodic outow (Fig. 11b), so some low-irradiance STH eﬃciencies would be reduced compared to Fig. 8 and 9.
Regarding the operational safety, the lower explosive limit of
4% H2 in O2 corresponds to a ratio of 1.88, and lower ratios
correspond to a higher fraction of H2 in the anodic outow
(assuming negligible O2 crossover).57 This limit is marked with
horizontal dashed line in Fig. 10. Unfortunately, most ratios at
anodic outow more than 4 ml min1 were below this limit,
indicating potentially explosive mixture at the anode outow. As
an explanation for the outow ratios higher than 2, we consider
air leaks into the cathode and especially O2 consumption in
a parasitic reaction more likely than O2 crossover into the
cathode side. Oxygen consumption would not add any impurities into the cathode outow, but, combined with H2 crossover,
it could result in a hydrogen-rich anode outow. An air leak into
only the cathode side would naturally dilute the H2 directly in
proportion to the extra volume over the 2.0 ratio, e.g. 4.0 would
correspond to the ow being only 50% H2 and ratio 10 to 20%
H2. Without knowing the exact cause, it is diﬃcult say how
signicant concern the outow ratios higher than 2.0 are, but in
general the measured outow ratios necessitate improvements
to gas separation in our device and measurement system, and
possibly changes to the way the device is operated, especially at
low irradiances. Certainly, the problem(s) will have to be identied and solved, before any future commercial operation
would be feasible. For a safer operation of devices, several
solutions may be considered to reduce the risk of H2 concentration on the anode side increasing beyond the explosion
limits. For a special case like ours, in which the photon
absorbing power source and the electrolysis cell cannot be
separated, the use of recombination catalysts is probably the
best option and this shall be taken into consideration for future
designs.52

4. Summary and discussion
We have constructed an integrated photovoltaic electrolyser
with a 294 cm2 solar collection area. To aim for the optimum of
high-eﬃciency and low-cost, we based the device on seriesconnected SHJ PV cells and an alkaline electrolyser with nonPt-group based catalysts, and characterized it in solar simulator and in outdoor conditions. We can continuously measure
the gas outow from the device and the temperature of both the
PV module and the electrolyte. The device has operated for circa
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75 hours during diﬀerent measurements, of which about 38
hours were useful for this analysis. The longest measurement
lasted almost two days without problems, so we believe that our
measurement system allows for even longer measurements.
While 75 hour operating stability would not be remarkable, it is
still quite good overall, and typical for an IPE device.11 The STH
eﬃciency seems to mainly depend on the (ambient) temperature. The temperature dependency itself is somewhat expected,
but despite literature indicating the possibility, the seeming
independency on irradiance is a little surprising. The comparison of the relative irradiance spectra for a wide range of irradiances suggests that the spectral shape did not signicantly
aﬀect the operation, at least in sunny conditions.
Although we measured the device operation in a solar
simulator under 1000 W m2, we could not cool the PV to 25  C
during continuous operation, so the eﬃciency at the STC
conditions is unknown. Nevertheless, with the PV heating up,
the STH eﬃciency was about 3.4–4.9%, depending on the
temperature. Outdoors, we were limited to below 870 W m2, so
the relevance of these results to higher irradiances is a little
uncertain. Still, if the STH eﬃciency was truly independent of
the irradiance, it would be 7–8% at 25  C PV temperature, and
6–7% at 25  C ambient temperature. Compared to other nonconcentrating devices in literature, even 3.4% would be the
highest reported value for a device area larger than 100 cm2,
which we somewhat arbitrarily dened as the lower limit of
scaled-up devices. More data on the electrolyser operation
(eﬀect of temperature, electrolyte ow etc.) and on the operation
of the IPE itself (wider range of conditions) would be needed to
understand why the STH eﬃciency seems independent of the
irradiance, when this independence applies, and when it does
not apply.
Our temperature range is somewhat narrow, so based only
on the measured data, we cannot be certain of what kind of
temperature dependency would best describe the relationship
to the ambient temperature. The linear slope of the STH eﬃciencies from all measurements is circa 0.35%  C1 (absolute)
and the exponential reduction corresponds to about 1% (relative) reduction per 0.25  C increase. The slope is signicantly
steeper than the temperature dependency of typical SHJ PV, for
instance, and the decrease occurring at the typical operating
conditions of the PV-EC makes it an important concern for
practical operation. At colder temperatures the eﬃciency
increase should stop at some point, because the short circuit
current of the PV module limits the STH eﬃciency to below
12.4%. Diﬀerent pumping rates in the early data could skew the
results, but from comparisons within continuous measurements we know that increased temperature does reduce the gas
production rate. Additionally, the temperature dependency of
the STH eﬃciency and also the temperature diﬀerence between
PV and the EC mean that a laboratory measurement at a xed
device temperature, negating the heating eﬀect of irradiance, is
not necessarily representative of the device operation in real
world conditions.
Improving heat conduction from the PV to the electrolyte
should reduce the temperature slope of the STH eﬃciency.
Increasing the contact area between the EC and PC and
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removing the gas bubbles from the top of the EC should help to
accomplish this. For the gas accumulation, reducing the
distance between the outlets and the top of the EC chambers
and tilting the device up from the horizontal plane are perhaps
the easiest and most eﬀective methods to reduce the problem.
Additionally, ow eld design, electrode morphology optimization, and faster electrolyte pumping rate (possibly at the cost
of the overall system eﬃciency) can be helpful in this pursuit.
As we could measure only the outow volumes, but not their
composition, we were limited to the ratio of the cathodic to the
anodic outow in our analysis. The ratios below 2.0 can be
explained as H2 crossing to the anode side, but the higher
values require a diﬀerent explanation. Although O2 consumption in OER catalyst oxidation would be a natural process that
could be expected to always occur to some extent, we cannot
conclusively exclude leaks from the surrounding environment
as a contributing factor. Gas composition analysis could help to
nd the cause, because the considered options should result in
a diﬀerent cathode outow composition. Because the ratio as
a function of the anode outow seems continuous, it seems
possible that a continuous variation of the same physical
phenomena explains both the too high and too low values. In
any case, more information is needed to fully understand what
caused the observed trend in the outow ratio.
As the STH eﬃciency was below 11.5%, to which the MPP
operation corresponded, the voltage losses in the electrolyser
and electric connections have to be reduced for optimal operation. The electrodes could be larger, but we probably cannot
increase their size enough that the reduction in the kinetic
overpotentials would be suﬃcient, so other ways of reducing
losses are probably a more fruitful pursuit. Improving the
device should increase the STH eﬃciency in all conditions, and
probably make the eﬃciency less sensitive to temperature in the
typical operating conditions. At the very least, the highest
temperature, where MPP operation can be achieved, should
increase. Because the STH eﬃciency already appears to be
independent of irradiance, future improvements should not
change this, but if some weak irradiance dependency remains,
it should be reduced. In addition, a revised design should
reduce the tendency to form gas pockets in the electrode
chambers, which should enhance heat transfer from the PV to
the electrolyte and improve the operation of both device
components. This might also reduce gas crossover and related
problems. As a possible solution for safety issues due to gas
crossover, a recombination catalyst on the anode side should
help to maintain a non-ammable gas composition.

5.

Conclusions

We have characterized the operation of our IPE device via
several outdoor measurement campaigns. Our analysis of about
38 hours of operation indicates that the STH eﬃciency of the
device is mainly a function of the PV or ambient temperature,
decreasing with increasing temperature, whereas the irradiance
and temperature are roughly equally important for the
hydrogen production rate. However, if the anomalous outow
ratios at low anodic outows were not due to parasitic O2
Sustainable Energy Fuels, 2020, 4, 4831–4847 | 4845
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consumption, the true H2 generation rate, hence the STH eﬃciency, would be lower than the cathodic outow alone suggested. Therefore, it is possible that the STH eﬃciency might
depend also on the irradiance. At 25  C ambient, the measured
STH eﬃciency was around 6.5%, but because we have no
outdoor data above 870 W m2, and we could not cool the PV to
this temperature in the solar simulator, it is uncertain whether
this value also holds under 1000 W m2 irradiance. With the PV
heating up, the STH eﬃciency under 1000 W m2 was 3.4–4.9%,
depending on the PV temperature (ca. 40–50  C). While our STH
eﬃciency range of circa 3.4–10% is not exceptional for a direct
solar to hydrogen conversion for laboratory-scale devices with
expensive materials for both PV (III–V absorbers) and EC (Ptgroup catalysts), to our knowledge even the 3.4% low end is
the highest reported value for a non-concentrating integrated
prototype device with a solar collection area larger than 100
cm2. Similarly, the typical output power range of about 1–2 W
(30–60 mg h1 of H2) is the highest reported for a nonconcentrating device smaller than 1 m2. The observed
ambient temperature dependency of the STH eﬃciency,
0.35%  C1 (absolute), is signicantly steeper than the
temperature dependency of the eﬃciency of typical PV modules.
This, and the STH decrease occurring over the entire operating
temperature range of the PV-EC device could make it an
important concern for practical hydrogen generation.
We did not specically determine the stability or degradation of the device, but so far it remains operational aer about
75 hours of operation in natural and simulated sunlight
(including some measurements not useful for this analysis) and
about 145 hours of being connected to the measurement system
and lled with 1.0 M KOH. More specic tests need to be conducted to determine the exact status, but the last outdoor
measurement indicates that the performance may have
degraded compared to earlier measurements.
For future development, analysing the gas separation and
outows, and improving the gas separation are the most
important focus areas. Lower resistive losses, better reaction
kinetics, faster mass transport, and other performance
improvements are of course desirable, but for the safe operation
of the device, it is critical that the produced H2 and O2 are kept
separate, contained within the system until the collection point,
and uncontaminated by the environment. Considering that the
operating power of the electrolysis in an integrated device
cannot be controlled directly, some control techniques or device
designs may need to be developed for satisfactory lowirradiance operation and gas separation.
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