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1. Introduction

While renewable energy sources in princi-
ple offer a practically endless supply of
energy, their seasonal and diurnal variabil-
ity necessitates energy storage to enable the
large-scale adoption needed to replace fos-
sil fuels as our primary energy source.[1,2]

Solar energy is the largest renewable
energy source by a large margin and so
its conversion to and storage in a useful
form is especially important.[3] Hydrogen
production through water electrolysis is
considered a central power-to-fuel technol-
ogy and has garnered interest as an energy
storage method that could significantly
contribute to both seasonal energy storage
and decarbonization of the transport sector,
among other possibilities.[4,5] While water
electrolysis and hydrogen fuel cells are
established technologies with commercial
applications, the cost of (energy from)

hydrogen is not yet competitive with fossil fuels,[6,7] hindering
the use of hydrogen technologies in commercial and indus-
trial-scale applications and energy storage, and almost all hydro-
gen is produced from fossil fuels, most by steam methane
reforming,[8] a source of CO2 emissions. Development of
electrolysis and related technologies is thus needed to make
renewable hydrogen production an economically viable energy
storage method.

Using solar energy to power the electrolysis, for example, with
photovoltaics (PV) follows naturally from the wide availability of
solar energy and water, and the need for renewable energy stor-
age and a range of device architectures from separate electrolyzer
(EC) and PV installations, connected by electricity grid, to fully
integrated photoelectrochemical (PEC) and photocatalytic (PC)
devices is being developed for this purpose.[9–11] In recent years,
remarkably large examples of PC[12] and PEC[13,14] devices have
been reported in literature, but, generally, the most mature
technologies are the least integrated ones while the most inte-
grated and advanced concepts represent the least mature
technologies.

Direct coupling of PV modules to ECs without power electron-
ics is simple, as a concept, but requires careful matching of the
PV and EC to each other to maximize the hydrogen yield. From
the technological standpoint, it combines relatively mature tech-
nologies in a less mature package that is not quite yet ready for
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The outdoor operation of an up-scaled thermally photovoltaic electrolyzer (PV EC),
constructed using a heat exchanger (HE) made of low-cost materials, compared to its
nonintegrated counterpart to quantify heat transfer and its effects, is studied. Thermal
coupling of the PV and EC can reduce the difference between their temperatures,
benefitting device performance. Such devices can produce hydrogen at rooftop
installations of small-to-medium-sized nonindustrial buildings. The devices are tested
outdoors using automated real-time monitoring. Under �880Wm�2 peak irradi-
ance, they produced hydrogen at �120 and �110mLmin�1 rate with and without
HE, respectively, corresponding to about 8.5% and 7.8% solar-to-hydrogen effi-
ciencies. During about 700 h of testing, the HE is beneficial at over�500Wm�2 due
to cyclic device operation. Under lower irradiance levels, pumping previously heated
electrolyte through the HE increases the PV and reduces the electrolyte temperature,
reducing the device performance. The HE increases the cumulative hydrogen pro-
duction (�800 L from both devices), so even relatively modest heat transfer rates can
improve the PV EC operation. Improving the HE should further increase the benefits,
but additional measures may be needed to maximize the hydrogen production.
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commercial applications, so scaling up and optimization are
especially relevant for its development.[15,16] Due to the low
maturity of the integrated technologies, the thermal aspects of
the integration are relatively less studied than the separate com-
ponents. However, research on the topic is ongoing, especially on
devices utilizing concentrating optics, as the higher temperature
and consequent potential for damage make the thermal aspects
of the device more important than without concentrating
optics.[14,17] Generally, thermal integration is considered benefi-
cial for solar-to-hydrogen conversion, and thermally integrated
large PV-based devices (area or/and operating power) have been
reported and studied with[14,18] and without[19,20] light concentra-
tion. Additionally, practically all PC and PEC devices are ther-
mally integrated by the virtue of the solid–liquid contact
between the photoabsorber and electrolyte. Continuing scale
up development from our earlier (thermally uncoupled) 294 cm2

prototype,[21] we now study and report the operation of a thermally
integrated PV EC with�2600 cm2 solar collection area. Some pre-
liminary results have already been reported elsewhere,[22] and this
study considers the operation of the PV ECs, especially the heat
exchanger (HE) and its effects, in more detail.

Temperature measurements and analysis of some aspects of
the thermal operation are quite common, when discussing
integrated devices, but more detailed analysis to also quantify
the benefits of the integration is rare, and in some cases, a
nonintegrated device might not even be feasible. In the case
of separate PV and EC, the effect of the HE and some of its details
on the hydrogen production has been studied computationally
(for a device with a DC–DC converter)[23] and some aspects of
using a separate coolant (i.e., not the electrolyte) to cool the
PV and to collect heat also experimentally, but apparently without
heating the EC.[24] These studies indicate that HE should
increase the hydrogen production, which is also commonly
accepted, but there appear to be no empirical comparisons to
quantify heat transfer and its benefits for an integrated
PV EC device.

Unlike previous studies discussed above, this contribution
directly compares a PV EC device with thermal integration to
its unintegrated counterpart. This enables unique insights into

the effects of heat transfer on the PV EC performance and on
the transient behavior of the heat transfer itself in outdoor con-
ditions. In addition to reporting the central performance param-
eters of our PV EC device, we analyze the effect heat transfer on
its operation and the benefits of the thermal integration by com-
paring the simultaneous operation of the thermally integrated PV
EC and its nonintegrated counterpart. Therefore, by combining
the heat transfer analysis of the integrated device with the com-
parison to the nonintegrated device, we can quantify the direct
effects of the thermal integration on, for example, operating tem-
peratures and the consequences on the hydrogen production rate
and the efficiency of the device

2. Description of the Measured PV EC Devices

Both measured PV EC devices were based on a PV module with
nine (9) silicon heterojunction (SHJ) cells connected in series,
with a total module area of �2600 cm2 (51 cm� 51 cm bottom
plate, Figure 1a). The bottom plate of the modules was alumi-
num to facilitate heat transfer and for mechanical strength.
Electrically, both modules were directly connected to a stack
of three (3) ECs with 15 cm� 15 cm electrode area. The liquid
alkaline-based ECs were designed and built inhouse and a dia-
phragm separator and nonplatinum group catalysts were used
as described in detail in the Experimental Section. We used elec-
trodeposited NiMo for the hydrogen evolution reaction and elec-
trodeposited NiFeOx for the oxygen evolution reaction (OER). In
the thermally integrated device, a HE was attached to the back of
the PV and the electrolyte was pumped through it before entering
the EC stack (scheme in Figure 1b). The HE consisted of an alu-
minum plate (50 cm� 50 cm), protected from the electrolyte by a
thin stainless steel sheet, a �1.5 mm-thick ethylene propylene
diene monomer (EPDM) rubber gasket, and a 1 cm thick poly-
mer (polyoxymethylene, POM) back plate. The gasket formed
two distinct flow chambers to keep the anolyte and catholyte cir-
culations separate. The EC stack was bolted to an aluminum pro-
file frame fixed to the back of the HE that carried the weight of
the device and acted as the attachment point to the test rig. The
PV was clamped to the HE, and we used a graphite laminate

Figure 1. a) The PV EC devices in the rooftop test rig outdoors at HZB, Berlin Adlershof (Germany) and b) the schematic of the electrolyte and heat flow
and electric connections in the integrated PV EC, with pumps, etc. excluded. In (a), the device with the HE is on the left. The EC stacks are mostly hidden
behind the PV modules, but part of the stack can be seen on the right under the PV without HE.
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sheet with stainless steel core (Klinger, Austria) between them to
improve the thermal contact. (Thermal grease was also consid-
ered, but it was not used as heat transfer, as it was not signifi-
cantly better than with the steel–graphite sheet and using it for
large areas was quite messy.) The electrolyte reservoirs were pol-
ytetrafluoroethylene (PTFE) bottles, the electrolyte was continu-
ously pumped in the circulation at a constant rate of
�100mLmin�1, and we did not actively control the electrolyte
temperature (e.g., cool, heat, or set a constant temperature).

3. Experimental Section

3.1. Catalyst Deposition

The electrodeposition of 15 cm� 15 cm NiMo on Ni foam
(Nanografi, Turkey) was conducted in a semiautomated coating
device (STANDARDWANNE TG 05, Walter Lemmen, Germany)
via a two-electrode configuration at room temperature (photo-
graph in Figure S1a, Supporting Information). For better
uniformity, two Ni foams with a size of 17 cm� 15 cm were
used as counter electrodes and were placed in parallel on
both sides of the working electrode. The working electrode (also
17 cm� 15 cm Ni foam) was connected to an electrical motor
that moved it back and forth to enhance mass transport during
deposition. The electrodeposition recipe was adapted from our
previous study on electrodeposited NiMo.[25] The electrodeposi-
tion bath composed of 4.5 L deionised (DI) water, 0.030 M
NiSO4·6H2O, 0.020 M Na2MoO4·2H2O, and 0.030 M
Na3C6H5O7, and the pH of the bath was controlled to be 10.0
with aqueous ammonia. About 35mL of 20 weight-% ammonia
solution was needed for this. The electrodeposition was per-
formed with Parstat 4000 potentiostat (AMETEK Scientific
Instruments) as chronopotentiometry at�10mA cm�2 for 300 s.

The electrodeposition of the 15 cm� 15 cm NiFeOx on Ni
foam was conducted using the same setup that was used for
NiMo deposition. The deposition bath composed of 4.5 L DI
water, 5.8 g L�1 FeSO4·7H2O, 67.5 g L�1 NiSO4, 0.48 g L�1

sodium dodecyl sulfate, 82mL L�1 H3BO4 (4%), and 0.26 L�1 cit-
ric acid, adapted from the recipe used by Thommes et al.[26]

Similarly, like NiMo deposition, NiFeOx was deposited at
�10mA cm�2 DC current for 300 s. After the deposition, the
working electrode was rinsed with DI water three times and dried
in oven at 60 °C.

To characterize the uniformity of the deposited catalysts,
smaller samples (�1 cm� 5 cm) were cut from 15 cm� 15 cm-
sized electrodes, limited to �1 cm2 active area with nonconduc-
tive epoxy (LOCTITE EA 9492) and they were tested in 1.0 M KOH
(Sigma Aldrich) at 2mV s�1 scan rate, using a Hg/HgO reference
electrode filled with 1.0 M KOH. Measurements of the smaller
samples revealed that the catalyst was deposited somewhat non-
uniformly (Supporting Information), most likely due to voltage
losses in electrolyte and the resulting nonuniform current density
distribution.[27–29] In general, the performance was similar to our
previous results of �1 cm2 samples of these materials deposited
on FTO.[25,30] As even the worst-performing regions of the
electrodes were satisfactory, we continued using the described
deposition recipes for the electrodes in the EC stacks.

3.2. Materials and Electrochemical Characterization of the
Electrolyzer Stacks

The Ni foam-based electrodes were separated with a Zirfon UTP
Perl 500 Plus (AGFA) diaphragm, and the EC cells in the stack
were electrically connected to each other with �1 cm-wide strips
of 0.25mm-thick Ni foil (Alfa Aesar). In addition, we had 80
threads per inch (TPI) 304 stainless steel mesh (Koenen
GmbH) between the Ni foam electrodes and flow field plates
made of POM (RS Components), as this seemed to reduce
the compression on the Ni foam in the cell. The EC stack was
compressed between glass-reinforced Nylon 66 (30% glass, RS
Components) end plates with stainless steel bolts or threaded
rods. The electrolyte in all EC stacks and PV EC measurements
was 1.0 M KOH. The electrolyte volume depended on the mea-
surement, but �300mL of liquid at both the anode and cathode
circulation was used when the stacks were measured separately
of the PVs.

In total, three electrolyzer stacks were used, all with three elec-
trolysis cells in series and using the same catalysts and separator.
The differences were related to the electrolyte tubing. In the first
assembled and tested EC stack, the tube manifolding was outside
the EC stack, whereas in the later two, the manifold was internal
and built in in the flow field plates, so only four liquid inlets and
outlets in total were needed at the end plates. The only difference
between the EC stacks with internal manifold was that the stack
used with HE had all its fluid connections at one end plate, and
the stack used without HE had the anode connections at one end
plate and the cathode connections at the other (see Figure S2,
Supporting Information). Placing all connections in one end
plate minimized the space needed between the stack and the
back of the HE and left the liquid connections accessible also
when the PV EC was assembled.

We measured the EC stacks with a FlexP0012 booster con-
trolled by a SP-150 potentiostat (both from BioLogic Sciences
Instruments, France). The EC stack characterization protocol
was adapted from Bender et al. and the guidelines of the EU har-
monized protocol, and the details are shown in the supporting
information.[31,32] It was known to us that the EC stack perfor-
mance could drop quite rapidly, most likely due to OER catalyst
degradation.[30] Therefore, we included also cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) meas-
urements before the other steps, in between them, and after
the last point of the polarization curve measurement to be able
to monitor and quantify this.

3.3. PV Modules and Their Electric Characterization

As described in Section 2, we used two similar PV modules, both
consisting of nine 6 in. SHJ PV cells (CEA INES, France) con-
nected electrically in series, the total module area being
2600 cm2 and the area of each cell 244.3 cm2. The modules also
had two four-wire-connected Pt100 thermometers (TE Connectivity)
inside them in small pits drilled to the aluminum back plate,
although one of the thermometers in the module used without
HE was unfortunately short circuited during module construc-
tion, leaving this module with one working thermometer.
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We measured the I–V curves of both PV modules before and
after the outdoor measurements using an LED simulator
(Wavelabs, maximum illuminated area 55 cm� 55 cm, class A
spectral match, class B uniformity, 4.8% nonuniformity), cali-
brated with a silicon reference cell (Fraunhofer ISE, Germany)
and the same FlexP0012 booster and SP-150 potentiostat that
were used with the EC stacks. In both cases, we determined
the effect of irradiance on the performance at room temperature.
In the measurements before outdoor tests, we also measured the
performance under 1000Wm�2 at increased temperatures. With
the module that was used without HE, we measured the opera-
tion at up to about 50 °C, but with the module used with the HE,
we could unfortunately measure only up to 40 °C due to technical
problems. The temperature dependency was measured under
continuous 1000Wm�2 irradiance with the PV module heating
up freely, and the I–V curve was recorded, when the integrated
thermometers showed that the module reached a given temper-
ature, for example, 30 °C. For the effect of irradiance on the PV
operation, the I–V curve was measured during 5 s-long flashes
(single CV at 4 V s�1 sweep rate fromþ0.1 V vs. open-circuit volt-
age to �0.1 V and back) and the PV temperature was monitored
by the built-in Pt100 thermometers. The same I–V sweep set-
tings were used also at higher temperatures under continuous
illumination.

3.4. Indoor Testing of Coupled PV ECs

Before the outdoor measurements, the PV EC operation with and
without HE was measured in the same sun simulator that we
used for PV characterization under continuous 1000Wm�2 irra-
diance. Both the device with and without HE used the same EC
stack in all measurements, but the PV module was changed. The
measurement was started at room temperature, lasted for one
hour under constant 1000Wm�2 irradiation, and the tempera-
tures, gas flows, and electric current were continuously mea-
sured. For the configuration with the HE, we also measured
the PV and EC stack voltages. Both indoors and outdoors, we
used �700mL of electrolyte (350mL/side) without the HE
and with HE of �1200mL (600mL/side) due to the additional
volume needed to fill the HE. The first results from these meas-
urements have already been reported elsewhere,[22] and herein
we discuss the indoor operation mainly in comparison to the out-
door measurements.

The electrolyte heating power was calculated from the inlet
and outlet temperatures of the HE Tin and Tout, respectively,
the electrolyte pumping rate Q, and the specific heat capacity
of the electrolyte cP.

P ¼ QρcPðTout � T inÞ (1)

The electrolyte was aqueous 1.0 M KOH and we used
1059.9 kgm�3 density (ρ) and 3993.5 J kg�1 specific heat
capacity, corresponding to 5.3 weight percent solution at 25 °C
temperature.[33] Electrolyte pumping rate was 100mLmin�1 at
both the anode and the cathode circulation, and the total power
was the sum of the power at the anode and cathode sides. This
method assumes steady-state operation and in changing operat-
ing conditions the outlet temperature corresponds to an earlier
inlet temperature that may differ from the one used in this

calculation. The HE volume (up to �45 cm� 20 cm� 1.5 mm
per side) means that this delay could be about 1–2min, which
roughly matches how long it took for the electrolyte to start
exiting the HE after entering it, when filling the system with elec-
trolyte. In addition to the power, we also calculated the thermal
conductance from PV to electrolyte. The HE consisted of two sep-
arate chambers, one for the cathode and the other for the anode
circulation. For one half of the HE, the conductance was simply
the heating power (Equation (1)) divided by the temperature dif-
ference between the PV and the electrolyte

kHE ¼ P

TPV � ToutþT in
2

¼ QρcPðTout � T inÞ
TPV � ToutþT in

2

(2)

Here the PV temperature (TPV) was the temperature measured
by the Pt100 at the center of the PV module, as the module used
with HE had two thermometers at different locations. In the case
of one half, the temperatures naturally refer directly to the
measured values, but in the case of the whole HE, the average
electrolyte temperature in the denominator is the mean of both
inlets and both outlets. The power in the nominator would be the
sum of the halves or the temperature difference the sum of outlet
temperatures minus the sum of inlet temperatures. The area-
normalized conductivity (W (Km2)�1) was then calculated by
dividing the conductance by the PV HE contact area (APV|HE),
50 cm� 50 cm, or 25 cm� 50 cm for one half. For one half of
the HE

κHE ¼ QρcPðTout � T inÞ
APVjHEðTPV � ToutþT in

2 Þ (3)

3.5. Outdoor Testing of the PV ECs

The devices were tested outdoors in Berlin, Germany (52° 25 0

53.3 00 N, 13° 31 0 25.9 00 E), tilted 35° up from the horizontal plane
and facing south (as Figure 1a shows). The devices were tested
simultaneously in outdoor conditions for about 700 h in total, of
which the last �520 h were continuous, except for few mainte-
nance breaks totaling about 2 h, and they were illuminated and
generated hydrogen for about 45% of the time, that is, 310–320 h.
Unfortunately, the test had to be ended prematurely due to one of
the peristaltic pumps breaking an electrolyte tube, causing a leak.
The EC stack that was used in indoor PV EC testing was not used
in the outdoor comparison, as both devices had a new EC stack
made of the same materials as the stack used indoors, the only
differences being their revised and simpler liquid tube connec-
tions (Section 3.2 and Figure S2, Supporting Information).
In addition to this, we performed a few outdoor measurements
with the HE and the EC stack that was used indoors before com-
parison. In these measurements, the PV was at horizontal tilt and
only one device was being measured, that is, a device without HE
was not available for comparisons.

We measured the incident irradiance at the tilt plane of the PV
modules with a silicon pyranometer (EKO ML-02), the gas flows
with mass flow meters (MFMs, Bronkhorst EL-FLOW Select),
and electric currents with Hall effect sensors (Iduino ME067)
that were calibrated for 0–8 A range with a data recording multi-
meter (Peak Tech 3430, accuracy 0.8%). As already mentioned,
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we measured the PV temperature with Pt100 thermometers inte-
grated inside the modules (between the aluminum plate and the
SHJ cells) and the electrolyte temperature with PTFE-protected
Pt100 thermometers (4-wire, Bola, Germany). All measurement
instruments used indoors and outdoors are listed in Table S3,
Supporting Information. With the HE, we measured the temper-
ature at HE inlet, HE outlet/EC stack inlet, and EC stack outlet in
both the anode and the cathode circulation (six thermometers)
and without HE at the EC stack inlets and outlets (four thermom-
eters). In addition to the electric currents, the voltages of both PV
modules and EC stacks were measured, and we also measured
the ambient temperature and the temperature inside the instru-
ment enclosure of the test rig (near the MFMs). The system was
not pressurized and we verified our irradiance and ambient tem-
perature measurements against the data from an outdoor PV test
site near our test rig.

The solar to hydrogen (STH) efficiency (ηSTH) was evaluated
from both the H2 outflow and the measured electric current. As
the name indicates, the MFMs actually measure the mass or
molar flow (thermally based on the specific heat capacity and
density of the gas[34]) and convert it to volumetric flow in refer-
ence conditions, in our case 20 °C and 1 atm¼ 1.03125 bar. To
calculate the molar flow, we used the densities (ρ) of H2 and
O2 at 25 °C and 1 atm pressure (H2¼ 0.082 g L�1,
O2¼ 1.308 g L�1[35]) and the ideal gas law to correct for the
5 °C temperature difference.

ñi ¼
Qiρi,25
Mi

⋅
298.15K
293.15K

(4)

The volumetric flow given by the MFM is Qi, the molar
mass of the species i is Mi (H2¼ 2.001568 gmol�1,
O2¼ 31.998 gmol�1), and ρi,25 the density at 25 °C and 1 atm.
As the pressures in both reference conditions are equal, they can-
cel each other. The STH efficiency based on the H2 flow (ñH2

)
was then

ηSTH,H2
¼ ñH2

ΔGH2O

APVGPV
¼ QH2

ρH2, 25ΔGH2O

MH2
APVGPV

⋅
298.15K
293.15K

(5)

The Gibbs free energy (237.14 kJ mol�1) is ΔGH2O and
the measured irradiance GPV. The PV area (APV) is the area
of the aluminum bottom plate, 51 cm� 51 cm¼ 2601 cm2.
Alternatively, the H2 flow and the STH efficiency can also be esti-
mated from the electric current (I) using Faraday’s law, although
this neglects gas crossover, leaks, and other processes that could
reduce the amount of storable H2 and thus correspond to the
theoretical maximum of all produced H2 molecules being suc-
cessfully stored. The total H2 production rate corresponds to
the electric current multiplied by the number of series-connected
ECs in the stack (NEC¼ 3).

ηSTH,I ¼
NECIΔGH2O

2FAPVGPV
(6)

F is the Faraday constant (96485.332 Cmol�1) and 2 is simply
the number of electrons needed per one H2 molecule. The frac-

tion
ΔGH2O

2F is the 1.23 V thermodynamic minimum voltage of
water electrolysis (or maximum of H2 fuel cell).

Faradaic efficiency tells how large fraction of the electric cur-
rent is in fact converted to useful products, in this case to H2 that
can be stored, that is, flows out through the MFM. In the usual
case of only the H2 flow, the Faradaic efficiency is simply the ratio
of the molar flux through the MFM and the electric current (con-
verted to moles/second), which is also equal to the ratio of the
STH efficiencies.

ηF,H2
¼ ñH2,MFM

ñH2, I
¼ ηSTH,H2

ηSTH,I
¼

QH2
ρH2, 25

MH2
⋅ 298.15K293.15K

NECI
2F

(7)

We calculated this as the fraction of the STH efficiencies,
defined in Equation (5) and (6). To supplement this and the
gas outflow stoichiometry for EC diagnostics, we also defined
the Faradaic efficiency based on the total gas flow as

ηF,total ¼
ñH2,MFM þ ñO2,MFM

1.5NECñH2, I
(8)

The multiplier 1.5 for the electric current-based flow or pro-
duction rate was to adjust it for the theoretical 2:1 H2:O2 stoichi-
ometry. Because of the measurement principle of the MFMs, the
molar flow of H2 crossed over to the anode outstream was seen as
O2 molar flow in almost 1-to-1 ratio and vice versa.[34] Therefore,
any gas crossover without losses due to, for example, leaks or
chemical reactions will affect the efficiency based on the H2 flow
but should have only minimal effect on the Faradaic efficiency
based on the total gas flow (see Section S5, Supporting
Information for details). Therefore, the Faradaic efficiency based
on H2 (i.e., cathode outflow, Equation (7)) tells how large fraction
of the generated H2 can be stored and the total gas outflow-based
number (Equation (8)) tells how large fraction of all produced H2

and O2 exits the system through either MFM or, inversely, how
much of the produced gas is lost to leaks and chemical reactions
in the system. The outflow stoichiometry supplements these effi-
ciencies by telling the main or net direction of the gas crossover
or the side where losses due to chemical reactions mainly take
place (although some of this may already be clear from the differ-
ences between the Faradaic efficiencies).

3.6. Error Estimates for the STH Efficiency and the Electrolyte
Heating Power

Most of our results are based on the general trends shown by
several thousands of data points, so the error margins of a
single point are not very significant, and the possible sources of
systematic errors during the entire testing period are the most
important to us. In addition, each point in our scatter plots
(such as Figure 5 in Section 4.3.1) in fact corresponded to the
average over several points within a time period, most commonly
1min, the time resolution of the original measurement being
mostly 1 s and even at worst about 5 s. Evaluating the error
sources of a single data point still helps with finding the
possible sources of systematic errors, so we briefly discuss
both in this section, with more details in the Supporting
Information.

The relative accuracy of the gas flow was better at higher flows
but, in most cases, both the H2 flow and electric current-based
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STH efficiencies had a relative error less than 5%. Because we
mainly used the electric currents for the comparison of the rela-
tive performance of our devices, and the current sensors were
identical and were calibrated simultaneously with the same cur-
rent passing through both, systematic differences between the
measurements of our devices were very unlikely.

In the case of temperatures, it is possible that the PV temper-
atures were underestimated by a couple of degrees Celsius com-
pared to the liquid and air temperatures, most likely because for
PV we had to use different thermometers than for electrolyte and
air. Also, one liquid temperature measurement (HE anode-side
outlet) probably was faulty, affecting the related data, but other-
wise it is unlikely that there are any systematic biases between
different temperatures. In the case of the HE power, the width
of the error bars of any single point was �2W, but the tempera-
ture measurements at the cathode side should not have system-
atic biases compared to each other, so we should be able to trust
the general trends of the HE performance. Naturally, the liquid
pumping rate and its error had a direct effect on the calculated
values (�5%) but, as the rate was kept the same all the time, it
could only tilt an already existing pattern in a scatterplot a little.

Degradation over time could naturally affect both the STH effi-
ciency comparison and HE performance and skew the data.
However, based on the PV and EC stack measurements before
and after the outdoor measurements (Figure 2 and 3, Section 4.1
and 4.2), their performance was not degraded, and the HE
showed no obvious signs of changes that would have affected
its thermal conductance.

3.7. Infrared Thermography of the PV Modules

On few days we recorded the PV glass surface temperature dis-
tribution with an IR camera (FLIR A6700SC), using the manu-
facturer’s software (FLIR ResearchIR, USA) for data analysis and
extraction. We used the same procedures that we have used ear-
lier, described by Usamentiaga et al.[21,36] All thermography
recordings were taken directly from the front of the PV modules

when the PV ECs were operating. The camera was at about 1.5 or
3m distance from the modules (1.5 m, one PV in view; 3 m, both
PVs in view) and at about 2m height from the ground, viewing
the PVs at about 50° angle to the surface normal. The tempera-
ture distribution in the part of the recording corresponding to the
PV was exported as numerical data (a CSV file) for plotting in a
different software.

4. Results and Discussion

We begin with the indoor characterization of the EC stacks and
the PV modules. Following this, we discuss the operation of the
HE, both the heat transfer and its effects on the hydrogen

Figure 2. a) I–V curves of the stacks used with and without HE compared to the third stack that we used before the direct comparison and b) the effect of
electrolyte temperature on the I–V curve of the third EC stack. With a 15 cm� 15 cm geometrical electrode area, the 0–10 A current range corresponds to
0–44mA cm�2 current density range.

Figure 3. The I–V and power curves of the PV modules under simulated
1000Wm�2 irradiance at 25 °C temperature. The solid and dashed and
black and red lines overlap, the solid lines showing the performance before
the outdoor measurements and the dashed lines after. The solid blue line
shows the original data for the PV module used with the HE and the solid
black with 20mΩ increased series resistance. The 8.5 A short-circuit cur-
rent corresponds to 35mA cm�2 current density when normalized to the
area of a single PV cell and to 3.3mA cm�2 per PV module area.
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production rate and on STH efficiency. Finally, we end this sec-
tion by discussing the PV EC operation outdoors in different
weather conditions and in general, and the main results and
observations. The HE characterization, of course, is a part of
the outdoor PV EC characterization but discussing the compo-
nents of the PV ECs first should make their comparison easier
to understand.

4.1. EC Stack Indoor Performance

We measured the EC stack at room temperature before and after
the 700 h outdoor testing. Additionally, we previously measured
the effect of temperature on the performance of an EC stack with
the same active components, but with slightly different
electrolyte inlet and outlet tubing. The results are shown in
Figure 2. As all three stacks performed similarly to each
other, the temperature very likely affects the two stacks used
in the outdoor comparison similarly to the third EC stack.
Based on the measurements before and after the outdoor testing,
both stacks performed very similarly and, surprisingly, their per-
formance may have improved during testing (mainly I–V ).
Because the stack used with the HE seems to have a slightly lower
onset voltage after the outdoor measurements, some iron might
have dissolved from the stainless steel sheet of the HE; that was
in direct contact with the electrolyte and so could have acted as an
iron source, helping to maintain higher catalytic activity than
without the HE, similar to what we have observed before with
NiFe on FTO.[30] At over �1.5 A current, the total gas flow-based
Faradaic efficiency (Equation (8)) of all EC stacks is over 97%,
except for one measurement that seems to be likely due to
gas leaking out (Figure S6, Supporting Information), but there
are more differences in the H2-based value. Therefore, we think
that all EC stacks likely perform at high Faradaic efficiency and
the variations in the relative amount of gas exiting from cathode
and anode sides may be due to small differences between meas-
urements, possibly including the differences in the inlet and out-
let positions. The series resistances of both stacks were increased
by about 5mΩ, increasing the voltage losses at higher currents,
but below about 6 A (highest currents that we recorded during
the outdoor testing), the net effect for the PV EC operation
was a reduction in voltage losses. The increase in series resis-
tance is certainly plausible, but the change is small enough that
it might also be within the range of measurement-to-measure-
ment variations. The EC stack performance reduced quickly in
the first measurement, as demonstrated by the CVs taken during
the measurement (Figure S5, Supporting Information). In the
measurements after the outdoor testing, the drop during and
after the first CV cycles did not repeat, and in fact CV cycling
after other measurement steps yielded slightly better perfor-
mance than before.

To quantify the effect of electrolyte temperature on the EC
stack operation, we determined the voltage for 1, 2, 5, and
10 A currents at different temperatures (Figure S3, Supporting
Information). In all cases the linear fit to the values yielded quite
similar slopes in the range of �14 to �16mV °C�1, the slope
becoming steeper with increasing current. The series resistance
of the EC stack was not affected by the temperature and was in
the 41–42mΩ range at all temperatures.

4.2. PV Indoor Performance

Our data indicates that the PV performance was not affected by
the outdoor testing and that the modules performed almost iden-
tically to each other. After testing, there were practically no differ-
ences between the modules, both at 1000Wm�2 (Figure 3), as
indicated by the overlapping black and red, solid and dashed
lines, and at lower irradiances. The maximum power of about
44.5W corresponds to about 17.1% efficiency per total area or
to about 20.2%, if considering only the area of the SHJ cells
(244.3 cm2 per cell). The average efficiency of the SHJ cells before
stringing was 22.3% and their average fill factor 80.3%, which
was reduced to 79.1% in the modules. The maximum power
point (MPP) voltage decreased by about 15mV °C�1

(Figure S9, Supporting Information), so, in our case, increasing
or decreasing the temperature of both the PV and EC by equal
amounts might have only small effects on the hydrogen produc-
tion rate or the STH efficiency. The short-circuit current was
about 8.5 A, while on average 9.2 A was measured for single cells
in a different (class A) simulator, so we were probably limited by
the inhomogeneity of the illumination in our simulator (4.8%,
class B, see also Figure S10 and Table S2, Supporting
Information). The PV module that was used without HE per-
formed the same before and after outdoor testing. The data from
the module used with the HE before outdoor testing indicated
somewhat better performance than other measurements, at first
sight suggesting degradation during the outdoor measurements.
However, as the difference would be explained by about 20mΩ
lower series resistance in the measurement before outdoor test-
ing (contact and/or cables), we consider some small, uninten-
tional difference in electric contacts to be the most likely
explanation and not a true difference in PV performance.
Therefore, the 5mΩ difference in the EC stack series resistances
could similarly be due to some small difference in measurement
connections and not true degradation.

4.3. HE Performance Indoors and Outdoors

4.3.1. Heat Transfer and Its Effect on Hydrogen Production

In the beginning of the indoor measurements, the temperatures
were near room temperature and, when the light was turned on,
the electric current started instantaneously and gas flows fol-
lowed with about 5–10 s delay, reaching the maximum flow after
1–2min; both the current and the gas flows reducing thereafter.
The PV temperature without HE reached 75 °C at the end of the
measurement (Figure 4), whereas the HE cooled the PV temper-
ature to about 50 °C (Figure S11, Supporting Information). The
high temperatures were certainly partly due to poor air circula-
tion (compared to wind outdoors) in the sun simulator, but the
benefit of the HE appeared clear. The electrolyte was heated at up
to 60W power, corresponding to circa 23% of the incident irra-
diance under 1000Wm�2. Without HE the PV temperature was
about 20 °C higher (Figure S12, Supporting Information), corre-
sponding to about 300mV reduction in MPP voltage. This, with
the resulting drop in the hydrogen production rate and the STH
efficiency, clearly illustrates the effect of increased PV tempera-
ture on a PV EC with a PV and an EC that are relatively well
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matched at room temperature. This is also the problem that we
aimed to solve or at least alleviate, by transferring heat from the
PV to the electrolyte.

Figure 5 shows the electrolyte heating (positive power) and
cooling power (negative) of the cathode half of the HE as a func-
tion of the incident irradiance outdoors (Equation (1)). Figure 5a
shows the operation on a few consecutive, almost cloudless,
sunny days on 7th–10th October 2021 and Figure 5b all data.
This separation allows reducing the number of variables in figure
a, showing a clearer pattern and, to some extent, differentiating
the effects of clouds etc., and we repeat this treatment in few
other figures. Between 400 and 700Wm�2, the vertical height

of the pattern in Figure 5a is close to the 2W error bar
(Section 3.6 and Supporting Information), but the clear separa-
tion of morning and afternoon is almost certainly not due to ran-
dom or systematic errors, so this is most likely coincidental.
Except for the irradiance levels less than 200Wm�2, especially
on the sunny days in figure a, the power increases linearly with
increasing irradiance. There are a few points around 15W and
850Wm�2 (excluded from the shown range) that seem to be out-
liers, but otherwise the highest achieved heating power was
about 10W, corresponding to about 9 % of the 850Wm�2 irra-
diance, both numbers clearly lower than what was achieved
indoors. Importantly, 0W, no net heat transfer to either direc-
tion, does not occur at night but at a noticeably high
500Wm�2 irradiance, and at lower irradiances the HE generally
cools the electrolyte by losing heat to the environment, and also
increases the PV temperature, opposite to the intended purpose.
The PV is warmer than the electrolyte in the HE practically all the
time, even when the electrolyte is cooled (Figure S13, Supporting
Information), so the coolingmust be due to heat being conducted
to surrounding air through the polymer back plate. At over
500Wm�2 the PV is cooled and the electrolyte heated up, as
intended and expected. In the morning, the heating power is
higher than in the afternoon or in the evening under the same
irradiance, so the heat stored in the electrolyte reduces the PV
cooling rate. In addition, on more cloudy days, the heating power
at less than 500Wm�2 is perhaps a little higher than on the
sunny days. At least on the sunny days, neglecting the couple
of minutes it takes for the electrolyte to flow from HE inlet to
outlet does not change the corresponding temperature difference
in a meaningful way, so the negative powers are not due to
neglecting this delay in the calculations.

As mentioned earlier in Section 2, the cathode- and anode-side
electrolyte circulations were separate also in the HE, both corre-
sponding to half of the contact area with the PV. Most likely due
to a problem with the thermometer measuring the anode-side
outlet temperature, the outdoor results from the halves differ
from each other significantly, the cathode-side temperatures cor-
responding to physically sensible operation. Indoors, with differ-
ent Pt100 thermometers, the differences between the two halves
were significantly smaller, both heated the electrolyte, and were

Figure 4. The indoor measurement of PV EC without HE under
1000Wm�2. a) H2 and O2 flows and electric current (blue line),
b) STH efficiency based on the H2 flow and the electric current, and
c) temperatures. The lines indicating ambient, anode and cathode temper-
atures overlap each other for most of the measurement. The gas flows and
the corresponding STH efficiencies are averaged over 30 s. The other tran-
sients are the measured values at 1 s time resolution.

Figure 5. The heat transfer from PV to electrolyte in the cathode circulation during outdoor operation on a) 7th–10th October 2021 in Berlin, Germany and
b) all recorded data. There were few, single points at around 800Wm�2 and 15W now shown in (b). The points are averages over 1 min.
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thus closer to the outdoor operation of the cathode half, as shown
in Figure 5. (The corresponding data of the anode half is in
Figure S14, Supporting Information).

The difference between morning and evening and the HE
cooling the electrolyte at low irradiances are due to the cyclic
operation of the PV EC and electrolyte acting as heat storage.
During the day, the increasing irradiance heats up the electrolyte.
When the irradiance decreases after the solar noon, at some
point the PV and the electrolyte temperatures begin to decrease
as the reduced irradiance cannot maintain their temperatures.
Heat is still transferred from the PV to the electrolyte, but more
is lost to the surrounding air, so the net result is electrolyte being
cooled. Therefore, the electrolyte is the main heat carrier of the
system that interacts with the environment mostly through
the HE and the PV. The PV and electrolyte temperatures follow
the irradiance cycle with a delay that depends on their heat capac-
ities and the thermal conductivity of the HE. While it might not
be explicit from Figure 5 and S13, Supporting Information, the
cyclic operation and resulting heat transfer from electrolyte to air
clearly indicate that, at least from the thermal perspective, the PV
EC with HE probably never operated at steady state. Regardless of
the irradiance, a steady-state, constant irradiance measurement
without other power sources is expected to produce a PV temper-
ature that is higher than the electrolyte temperature that in turn
is higher than the ambient temperature, as heat should flow from
the PV to the electrolyte and to surrounding air. Even with heat
escaping from the HE, in steady state, the net electrolyte heating
power should be positive when the electrolyte is not heated else-
where in the system. Without other heat sources, the electrolyte
can only loose heat elsewhere in the system through, for exam-
ple, tubing and reservoir walls, before returning to the HE, and
these losses would equal the temperature increase in the HE.
Therefore, below about 500Wm�2, the operation is quite cer-
tainly not at steady state, and this makes the higher irradiances
also questionable in this respect.

Considering the hydrogen production rate, Figure 6 shows the
ratio of the measured electric currents as a function of the elec-
trolyte heating power. Ratios larger than one correspond to the
device with the HE, generating more hydrogen than the one
without. Especially the pattern on the sunny days is very clear,
although 0W does not quite correspond to equal current

densities, but to the PV EC with HE generating a couple of per-
centage points less hydrogen. The points indicate an almost lin-
ear dependence between the heat transfer and the current ratio,
with 5W corresponding to �4% enhancement. These numbers
are likely specific to our device or at least to the types of PV and
electrocatalysts, as other materials will respond differently to
changes in temperature. Still, due to the clear pattern, it is attrac-
tive to entertain the thought that a better HE with the same PV
and EC might follow the same curve, but just reaches higher
heating power at any irradiance. In this scenario, extrapolating
to transferring 25% of the incident irradiance (chosen as approx-
imately equal to the indoor efficiency) under 850Wm�2 would
correspond to about 28W in one half of the HE (i.e., almost three
times the highest power in Figure 5, and �55W total) and this
would lead to about 25–30% increase in the electric current.
Using our measured values, a 25% increase would mean
increase from �4.5 A (and �7.5% STH) to �5.6 A and to
�9.3% STH efficiency. At some point, the short-circuit current
and the shape of the PV I–V curve will limit and slow the
enhancement but the 25% increase might be possible, based
on the expected 7.2 A short-circuit current (at 25 °C,
Figure S8, Supporting Information). On the other hand, a better
HE could also lead to increased PV temperatures in the evenings
and mornings, significantly reducing H2 production rates at low
irradiances. Still, the enhancement at high irradiances should
provide a net increase in daily H2 yield, at least on sunny days,
even without further developing the rest of the thermal operation
of the system.

The HE performance (thermal conductance from PV and
insulation from air) and the electrolyte reservoir size, that is, total
heat capacity, affect both how fast and how much the electrolyte
temperature changes and how much higher the PV temperature
can be than the electrolyte temperature. High thermal conduc-
tance increases the heating power and reduces the temperature
difference between the PV and the electrolyte. A large reservoir
size reduces the maximum temperatures and hence the temper-
ature variation over the daily cycle. Still, if the electrolyte is not
significantly cooled outside the HE (and PV and EC), the heat
transfer to and from the electrolyte will be cyclic and the HE will
cool the electrolyte and warm up the PV compared to a noninte-
grated PV EC (illustrated with measurement transients in

Figure 6. Ratio of the electric currents versus electrolyte heating power in the cathode circulation. a) Sunny days on 7th–10th October and b) all recorded
data. The points are averages over 1 min.
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Section 4.4.) at relatively high irradiances. A high-performance
HE brings the PV and the electrolyte temperatures closer to each
other. However, the increased amount of collected heat (higher
electrolyte temperature) and efficient dissipation through only
the PV (assuming more insulating HE back plate than ours)
is likely going to result in a similar cyclic, nonsteady-state opera-
tion as in Figure 5, albeit with higher powers and smaller tem-
perature differences between the PV and electrolyte, that is,
steeper slope than in Figure S13, Supporting Information.
Higher electrolyte temperature will, of course, increase the
heat dissipation through the tubes and the reservoir walls
but, unless the reservoirs are small (leading to further increased
temperatures and heat dissipation) and/or electrolyte cooling is
improved, we believe that the cyclic operation remains. After all,
the absorbed heat must be dissipated to the surroundings at
some time somewhere in the system. If not through a specific
cooler, then through the HE and the PV at night and very likely
also in early morning and late evening. It is not clear what would
happen to the 0W point, but its irradiance most likely depends
also on several environmental factors, such as the length of day
versus night, maximum irradiance, and difference in ambient
temperatures between day and night, in addition to the system
around the PV EC. In summer, with longer days and shorter
nights, this irradiance threshold could be higher than in these
autumn measurements.

4.3.2. Thermography Images of the PVs

On a few days we recorded the temperature distributions of the
PVs using an IR camera. The typical temperature distributions
are shown in Figure 7. The images in Figure 7a,b were recorded
on 7th October 2021 at 10:55–10:56 (a before b) and the others on
11th October 2021 at 14:25. (The measured transients on these
days are shown in Figure 9 and S15, Supporting Information.)
Figures at the left side (7a and 7c) correspond to the PV with HE
and those on the right side (7b and 7d) without. On 7th October
2021 the weather was sunny and cloudless with �730Wm�2

irradiance and 17 °C ambient temperature, and on 11th October
2021 mostly sunny and lightly cloudy with �400Wm�2 irradi-
ance and 15 °C ambient temperature, as the recording was taken
during a slightly cloudy period. The reader may, for better com-
prehension, also refer to the photograph of the setup, corre-
sponding to the thermal images, presented in Figure 1a.

The general patterns of the PV temperature distributions with
and without HE differ from each other in few ways. The PV is
clamped to the HE from the edges at left and right, which,
together with the HE top plate slightly bulging at few points,
unfortunately left a small gap at the middle. This can be seen
as the elongated, vertical hotspot. The clamping spots are also
clearly distinguishable in Figure 7c as cold spots at the left
and right edges of the PV. Without the HE, the warmest area
is wider and its location and shape are perhaps a little more
affected by the wind than with the HE. The shape of the hotspot
in Figure 7a,c together with the information about the gap illus-
trates the main problem of the HE: in-plane heat transport is
needed, in addition to through-plane transport, making the path
from PV to electrolyte longer than ideal and reducing the thermal
conductance. Although we enhanced the PV EC operation with

the HE, further improvements should be possible simply by opti-
mizing the structural and mechanical details to make the alumi-
num plates of the HE and the PV flatter. A good contact between
the HE and PV should result in a more uniform temperature
distribution with less pronounced hotspots.

Comparing the temperature differences between the thermal
images with and without HE to Figure 5 (depicting variation of
heat transfer with irradiance and time of the day), the cooling
effect of the HE in sunny conditions and the lack of it in more
cloudy weather are clear. However, on 11th October 2021, the left
half of both PVs is cooler, whereas on 7th October 2021, the tem-
perature distributions are more symmetric. This difference is
most likely due to wind speeds and a slightly different wind direc-
tion. On 7th October 2021, the wind was 0.6m s�1 from south-
west and on 11th October 2021 3.5m s�1 from west, that is, left to
right in Figure 7. As the left and right half of the recordings with
HE, especially in a), are not very different from each other, the
anode and cathode halves of the HE probably operated approxi-
mately equally well. In the recordings the anode-side circulation
is the left half and cathode the right, so the slightly less-efficient
anode-side electrolyte heating could perhaps be explained by the
wind direction and cooler PV temperature seen in Figure 7, but
the difference between Figure 5 and S13, Supporting
Information, is quite large to be caused by the wind alone.

4.4. Outdoor PV EC Hydrogen Generation Performance

The PV ECs with and without HE were operated simultaneously
in outdoor conditions, the longest period of continuous operation
being about 500 h, preceded by three shorter tests that together
amount to �200 additional hours of operation (Figure 8).
Similarly to the indoor measurements, after connecting PVs
and EC stacks at the beginning of a measurement, electric cur-
rent started instantaneously and gas flows followed with a short,
few seconds delay. Some main features can be seen already from
a quick inspection of the data: 1) The H2 flow and electric current
transients follow the irradiance transient, demonstrating that
the device operation is powered by sunlight. 2) On sunny days
(7th–10th October 2021), the STH efficiency is lowest at noon with
highest irradiance and increases as irradiance decreases. 3) The
performance with and without the HE is generally quite similar,
mostly 8–12% STH efficiency with the H2 flow rate peaks at
around 120mLmin�1 per system. However, the peak electric
currents are visibly higher with the HE, corresponding to higher
STH efficiency under high irradiance. 4) The STH efficiencies
based on the H2 flow and electric current are similar to each
other, indicating a high Faradaic efficiency.

In comparison to the 8–12% STH efficiency range in the out-
door measurements, the indoor characterization under
1000Wm�2 yielded about 2–3% without HE and 6–6.5% with
HE after 1 h of continuous operation (Figure 4 and S10,
Supporting Information). As discussed earlier, indoors, the
PV with HE was about 20 °C cooler at the end of 1 h measure-
ment (Figure S11, Supporting Information) and the efficiencies
being lower than outdoors were certainly at least in part due to
more constricted air circulation causing higher PV temperatures.

Based on the recorded electric currents and the EC stack vol-
tages, the stacks operated generally as expected from the indoor
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measurements. The EC stack used with the HE achieved higher
maximum temperatures and consequently lower operating vol-
tages and the effect of temperature on its performance appears
clearer (Figure S16, Supporting Information). Considering the
temperature and its effect, the EC stack operated at a lower volt-
age than expected and the effect of the (electrolyte) temperature
was smaller than indoors. The reason for this is not known to us.

The faradaic efficiency based on the H2 outflow was generally
over 90%, without HE almost constant around 94% and with HE

increasing with current from about 90% to 98% (Figure S17,
Supporting Information). Considering the total gas outflow,
the effect of the electric current was reduced, indicating H2 cross-
ing to the anode side, especially at low currents in the PV EC with
HE. This is also clear from the outflow ratios (Figure S18,
Supporting Information), whose irradiance or current dependen-
cies differ from each other. The total outflow-based Faradaic effi-
ciency of the device with the HE was about 5 percentage points
higher over the entire current range, which might be, for

Figure 7. Thermography recordings of the PV EC a,c) with HE and b,d) without it on 7th October 2021 (a,b) and on 11th October 2021 (c,d), and e) the
greyscale image from which (c) and (d) were extracted. Both rows have a common temperature scale, that is, a & b and c & d. Due to PV tilt and
perspective, the Y axis does not correspond to the true size of the PV module, but is given as a frame of reference. In all cases, the figures were scaled
so that the width of the PV at its middle height (Y� 150mm) is 510mm. The cardinal directions, with the camera pointing to north and PVs facing south,
are added to Figure (e). The white “X”s in Figure (a–d) indicate the approximate location of the PV temperature measurement.
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example, due to the different EC stack tilt increasing gas cross-
over and recombination (electrodes horizontal without HE vs. at
35° tilt with) or simply some unfortunate leak in the system with-
out HE. The EC stacks should be nearly identical so, at least in
principle, some part of the higher Faradaic efficiency of the ther-
mally integrated device could be due to differences related to the
system, the HE, or other small differences in liquid reservoirs
and tubing. The different tilt is a clear possible reason for the
different current dependencies of H2-based Faradaic efficiency
and gas outflow ratio. At over �500Wm�2, both ECs produced
gases at about 2:1 ratio, but in both cases the mean seems to be a
little higher than 2.0. This could be due to O2 being lost to leaks
or reactions or crossing over from the anode to the cathode side
due to, for example, electro-osmosis.[37] Despite the differences,
the Faradaic efficiencies are not totally different, so using
the electric current for efficiency comparison instead of the
hydrogen flow should not skew our comparison. There were
few points indicating over 100% faradaic efficiency (Figure S17,
Supporting Information), but, considering their rarity, they were
probably results of irradiance reduction and the delay in gas flow
compared to the electric current.

Over the time period in Figure 8, both devices produced about
800 L of H2 at 20 °C and 1 atm, estimated from electric current.
The H2 flow of the PV EC with HE yielded 814 L in the same
conditions. The higher yield is due to the electric current being
underestimated as 0 A, when it was less than �1 A. For the most
representative comparison, to avoid biasing it to either direction,
we consider electric current only at the times when nonzero
electric current was recorded for both devices, which yields
770 L total production without HE and 780 L with HE, about
10 L increase in the cumulative total H2 production (Figure 8,
bottom). Compared to about 13% annual enhancement in a
(steady-state) simulation study, this is a very modest increase,
but an increase nonetheless.[23]

Unfortunately for the cumulative production comparisons, we
had problems with recording the gas outflows of the device with-
out HE, so we do not have this data for all times when the
devices operated. The electric currents were recorded reliably
(as Figure 8 shows), so we use them instead. However, as men-
tioned, the electric currents were falsely recorded as 0 A when
less than about 1 A, which, in practice, means that we can com-
pare the hydrogen production rate of the devices at over
�150Wm�2 irradiances but not below this limit. There were
few short intervals when data was not recorded, but we have
the direct comparison of the device temperatures and electric
currents for almost the entirety of the measurement period.

Following this general outlook on the PV EC operation, we
consider the device operation on three different days (sunny,
varying cloudy, and very cloudy), before taking a more detailed
look into the effects of irradiance and temperature.

4.4.1. Operation on a Sunny Day

We consider 7th October 2021 as an example of a sunny day.
The measured irradiance, electric current, STH efficiency, and
temperatures are shown in Figure 9. All transients are averaged
over 10 s. Except for the sharp dip soon after 15:00, the rest of the
day was sunny with almost no quick changes in the irradiance.
The same general shape is seen in the current transients. The
current and the STH efficiency show the two main effects of
the HE. First, in the morning, the device with HE produces less
H2 due to lower (!) EC temperature. Between 9:00 and 9:30, the
temperature differences become negligible and soon after both
devices operate at the same efficiency and temperature. From
this point on, until about 16:00, the HE increases the EC temper-
ature and the H2 production rate. Generally, the PV temperature
with the HE was lower than without, as already illustrated in
Figure 7a,b. Wind speed and direction also affected this. The
most common wind direction during our testing was from
between south and west, and this was the case for most of
the day on 7th October (Figure S19, Supporting Information).
However, soon after 12:00, the wind turned to northeast, almost
directly against the backs of the PVs, and this was the direction
also on 8th October for the entire day. With wind from behind the
PV ECs, the PV temperatures were very similar to each other
already in the afternoon of 7th October, although the PV with
HE exhibited fewer and smaller quick changes. The wind speed
on 8th October was higher than on 7th, lowering both PV temper-
atures. However, the main difference to most other days was the

Figure 8. PV EC comparison testing: irradiance, measured H2 flow (with
H.E.), electric current, STH efficiency based on H2 flow and electric cur-
rent, and cumulative H2 production and daily mean irradiance. The date
ticks correspond to the beginning of the date at midnight and the legend is
valid for all graphs in the figure.
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wind direction and the PV without HE was a little cooler than the
PV with the HE (Figure S20, Supporting Information). This also
demonstrated that the heat transfer through the aluminum bot-
tom plate was faster than through the top glass, as the PV without
HE was warmer than the PV with HE when wind was mostly
against the top glass cover. Moreover, considering the wind
speed and PV temperatures, the operation on 8th October offers
also a convenient alternative way of quantifying the cooling effect
of the HE: the PV temperatures were equal, when the wind was
about 2–4m s�1 against the aluminum back plate.

The highest STH efficiencies (�11–12%) occurred in the
morning and in the evening under less than 300Wm�2 irradi-
ance and the minimum corresponded to the maximum irradi-
ance and the maximum H2 generation rate. The minimum
efficiency values in this case were about 9% with the HE and
about 8% without, and the H2 generation rates (4.4–5.1 A and
100–110mLmin�1) corresponded to about 16–19W power.
The HE reduces the amplitude of small variations in H2 produc-
tion during the day but makes the general shape of the H2 pro-
duction a little narrower and sharper, meaning generally slightly
longer ramp-up and -down phases, or/and higher rates in the
morning and in the evening, as hinted by Figure 5 and 6. In
the evening, the PV temperature with HE was higher than with-
out it and, in the case of the EC stack temperature, the opposite
occurred simultaneously, so with the HE, the electrolyte cooling
must have been faster while the PV cooling was reduced.
Increased electrolyte temperature, leading to the stored heat

being transferred to air (negative powers in Figure 5, 6 and
S13, Supporting Information) while reducing the PV cooling,
would explain both. For some time, the EC stack temperature
was even slightly higher than the PV temperature (also seen
in Figure S13, Supporting Information), although, this might
be due to a small offset in PV temperature compared to the other
temperatures.

Both in Figure 9 and in other transients the PV temperatures
at night were a couple degrees colder than the ambient tempera-
ture, most likely due to some error in the PV temperature. Our
ambient temperature measurement matched the data from the
weather station well, although at night it was a little cooler, and
during day slightly warmer, most likely due to the closeness of
the PV EC and the instrument enclosure. Considering that the
previous comparison of PV temperatures to the IR camera
images (Section 4.3.2 and Table S4, Supporting Information)
showed the Pt100 data to be similarly 2–3 °C cooler than the
IR images, this could be a roughly constant offset underestimat-
ing both PV temperatures by a couple degrees.

Very typically, also on this day, the temperature of the EC stack
of the thermally integrated device was about equal to or higher
than the temperature of the air in the equipment enclosure,
where also the electrolyte reservoirs were located, whereas the
EC stack without HE was almost always cooler than the enclosure
(see also Figure 10 and 11). Depending on the operating current
density, size, and materials (e.g., thermal conductivity), the EC
stacks could also heat up the electrolyte but, in our case,

Figure 10. Irradiance, hydrogen production rate, solar-to-hydrogen effi-
ciency, as well as device, ambient, and enclosure temperature during
the PV EC operation on 23rd October 2021 in Berlin, Germany, with fluc-
tuating weather conditions.

Figure 9. PV EC operation on a sunny clear day, 7th October 2021 in Berlin,
Germany: Transients for irradiance, electric currents, STH efficiencies, and
temperatures compared for situation with or without thermal integration
using a HE. The thermography recordings in Figure 7a,b were taken at
10:55–10:56.
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electrolyte was slightly cooled in both EC stacks. Therefore, with-
out the HE, the electrolyte was not heated up outside the enclo-
sure so its temperature increase over the day and the difference
to the ambient temperature were most likely due to the enclosure
temperature (sun, warm KOH in the system with HE, and heat
from electric equipment, etc. increasing the temperature). In the
case of the HE, heat may have been conducted from liquid to air
(possibly causing the nearly equal temperatures) or vice versa,
but the electrolyte heating effect is probably at most the few
degrees difference between the EC without HE and the ambient
temperature, and the electrolyte temperature measurements
nevertheless indicate that heat is transferred from the PV to
the electrolyte in sunny conditions.

4.4.2. Operation on a Varyingly Cloudy Day

For an example of operation in fluctuating weather conditions,
we select 23rd October 2021 (Figure 10), the day with the largest
number of rapid irradiance changes (188 over 10% per 10 s
increases, see Figure S21, Supporting Information), calculated
using the approach reported elsewhere.[38] Although we did
not observe noticeable EC stack degradation, this would, in prin-
ciple, make it the day that would degrade the EC stack the most
during our measurement period. The morning begins sunny
and, at first, the irradiance and hydrogen transients are similar
to the sunny day but between 10:00 and 16:00 the rapid irradi-
ance changes increase and reduce the electric current (hydrogen

production rate). Most peaks and dips are short but there are a
few longer ones at about 11:00 to 13:00 and at 14:00 to 15:00. The
sunny morning still allows the HE to heat up the electrolyte and
cool the PV temperature, compared to the PV without HE.

When compared to the operation on a sunny day, although the
irradiance reaches high enough levels that there are clear differ-
ences in EC stack and PV temperature and hydrogen production
rate, the low irradiance periods and lower ambient temperature
reduced the PV temperatures and their difference to the ambient
temperature. The wind speeds in the morning are higher than on
7th October, but by noon they are at a similar level. The benefit of
the HE is clear in the higher peak currents, but under lower irra-
diances the STH efficiencies are very similar. Especially in the
evening the adverse effect of the HE on the PV and EC temper-
atures is a little easier to see than in Figure 9.

4.4.3. Operation on a Very Cloudy Day

Our example of a very cloudy day is 15th October 2021
(Figure 11). For most of the day, the incident irradiance was
below 200, and 400Wm�2 was exceeded only briefly in the early
evening. As a difference to the other two days that we presented,
the thermally integrated device clearly produced less H2 than the
device without HE. We believe this to be simply because the irra-
diance was never high enough to warm up the PV and thus the
electrolyte, so the morning state persisted for the entire day,
except for a short period of time between 16:00 and 17:00 when
the irradiance peak increased the PV and EC temperatures. In
contrast, the STH efficiencies are higher than on the other
two days, but because the total hydrogen production is only about
10% of the production on a sunny day (�5 L vs.�50 L), this is not
really an important detail. Unfortunately, for reasons indepen-
dent of us, we do not have the data about the wind conditions
on this day (speed and direction).

4.4.4. Effect of Irradiance and Temperature

Considering the effect of the HE on the PV EC operation more
generally and in more details, we begin with the daily H2 yield
and mean irradiance, shown in Figure 12. At mean irradiance
less than about 350Wm�2, the device without HE performs

Figure 11. Irradiance, hydrogen production rate, solar-to-hydrogen effi-
ciency, as well as device, ambient, and enclosure temperature during
PV EC operation on a cloudy day, 15th October 2021 in Berlin, Germany,
with very cloudy weather conditions.

Figure 12. The daily H2 yields (electric current) with and without HE as a
function of the mean irradiance.
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as well as the one with HE or slightly better (and there were more
low-irradiance days than sunny days during our testing).
Conversely, at more than 400Wm�2 mean irradiance, the HE
increases the H2 yield. The unusually low H2 yields at high mean
irradiances (about 30 L or less) are due to recorded data not
including the entire day, that is, missing morning or evening.
Excluding low-irradiance periods both increases the average irra-
diance and reduces the daily total production by neglecting a pro-
ductive period. The average irradiances and H2 yields of the three
earlier example days were on 7th October 552Wm�2 and � 50 L
(52.4 L with and 50.9 without HE); on 23rd October, 393Wm�2

and �35 L (35.2 L with and 34.1 L without); and on 15th October
2021, 128Wm�2 and �5 L (5.0 L with and 5.2 L without).

Figure 13 shows the STH efficiencies calculated from the elec-
tric current as a function of the irradiance. There are only few
differences between the two devices, both achieve 11–12% effi-
ciency at below 400Wm�2, and at higher irradiances the trend
clearly decreases with increasing irradiance. At over 900Wm�2,
the most frequent efficiency with HE was about 8.5%, whereas
without HE the distribution was wider with the peak just below
8% (Figure S23a, Supporting Information). A second general dif-
ference is the effect of increasing ambient temperature: without
HE, the points at over 20 °C ambient temperature differ from the

lower temperatures more than with the HE, that is, the yellow,
orange, and red points are not overlapping with the blue ones
and there is more scatter in the graph at all irradiances. To illus-
trate, the distributions for few irradiance ranges are shown in
Figure S23b–d, Supporting Information. The distributions with-
out HE are broader, and the peaks with HE are clearly sharper. At
lower irradiances, the peak with HE is at a little lower STH effi-
ciency, but at 650–750Wm�2 the distribution with HE is at gen-
erally higher STH efficiencies, although the most frequent STH
efficiencies are equal. The temperature effect in Figure 13 could
correspond to the difference in operation in the morning versus
in the afternoon after warming up, as the highest ambient
temperatures also occur in the afternoon, on sunny days at
14:00–16:00. The STH efficiency was largely insensitive to
changes in the ambient, PV, and EC temperatures, the only
exception being the clear reduction of the STH efficiency without
HE with increasing PV temperature (Figure S24, Supporting
Information).

Considering the simultaneous operation (and combining
Figure 5 and 6), Figure 14 shows the relative performance benefit
of the HE against the incident irradiance. Figure 14a shows the
data from a period of consecutive, almost cloudless sunny days
on 7th–10th October 2021, and Figure 14b shows all recorded

Figure 13. The STH efficiencies based on the electric current with a) HE and b) without it. The values are averages over 1min.

Figure 14. The ratio of the measured electric currents as a function of the irradiance at 60 s averaging time period, a) on 7th–11th October and b) all
recorded data. The horizontal line corresponds to ratio of 1, and values higher than that correspond to the HE enhancing the device performance. The
color scale indicates the clock time.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2023, 11, 2201081 2201081 (15 of 18) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202201081 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.entechnol.de


data. Generally, the HE enhanced the performance at over
�500Wm�2, although on the sunny days this limit is at about
600Wm�2 which matches Figure 9 (and Figure S20, Supporting
Information), and the relative differences were mostly less than
5%, although up to 15% was observed. The time reveals the pre-
viously described pattern: In the morning, the device with HE
performed worse than without it, around noon the HE increased
the STH efficiency, and in the afternoon the ratio was higher
than before noon at the same irradiance, but the performance
with HE was still worse than without HE at low irradiances.
The highest ratios in Figure 14a at about 1.1. and at 700 and
850Wm�2 were most likely due to the wind speed being lower
than at almost all other measurement points (not shown), which
would have increased the PV temperature of the device without
HE, reducing its performance.

The data in Figure 14a does not contain all (mostly) sunny
days during the testing period, as is evident from the other points
reaching up to 850Wm�2, but it demonstrates what could be
called a base pattern when sunny, cloudless days follow each
other. Comparison of Figure 14a,b to each other shows that
in more cloudy conditions, the PV EC with the HE performs bet-
ter at less than 500Wm�2 than on cloudless days. This is clearest
with the low-irradiance conditions near noon. This effect is due
to the varying and cyclic operation of the devices and the amount
of heat stored in the electrolyte, discussed in Section 4.3.1. For
the annual total production, reduced efficiency at low irradiances
is at least a minor problem, which is probably not helped by the
slightly increased rates of ramping up and down. Nevertheless,
the efficiency is increased the most when the hydrogen produc-
tion rate is the highest and, despite the larger number of cloudy
days, the device with the HE did produce more hydrogen, so the
thermal integration was certainly beneficial. However, as dis-
cussed with the details of the HE operation, the cyclic and chang-
ing operating conditions mean that more than just the HE alone
may be needed to maximize the total hydrogen production over
longer times.

At the first glance, Figure 14 might appear to contradict litera-
ture that indicates that the thermal integration should increase
hydrogen production around the year, meaning also in generally
low-irradiance conditions (and perhaps especially in such condi-
tions).[23] However, the crucial differences are that Figure 14
shows the daily operating cycle(s), whereas the simulated yields
are cumulative totals over the calendar months based on a steady-
state model, but in our case Figure 5 and 6 indicate nonsteady-
state operation. It could still be possible to achieve reasonably
accurate hydrogen yield predictions with steady-state models,
but they would miss the behavior shown in these figures and
could consequently overestimate the benefit of thermal integra-
tion. The simulated device also had some differences compared
to our device that could affect the device dynamics, such as the
DC–DC converter and slightly different way of connecting the EC
to the heated electrolyte, so the comparisons might not be fully
accurate even with a dynamic model.

4.5. Summary of Results and Observations

During our 700 h outdoor testing, we achieved about 8–12% STH
efficiency and up to 120mLmin�1 hydrogen production rate

with a high Faradaic efficiency, which in the case of the uninte-
grated device may have suffered from the horizontal electrode
tilt. This tilt was simply due to it being the most convenient
way of fixing the EC stack to the test rig, so that should be
changed if a different tilt improves the Faradaic efficiency.
Not unexpectedly, increasing irradiance reduced the STH effi-
ciency, but the ambient temperature had only a minor effect,
although the PV EC without HE was clearly more sensitive to,
for example, ambient temperature and wind conditions than
the integrated device. At over 500Wm�2, the HE increased
the H2 production by up to 5% (up to 10% in rare cases).
However, below this threshold, the H2 production rate was
reduced due to the heat stored in the electrolyte maintaining
higher PV temperature from evening to morning, and the elec-
trolyte was cooled due to heat escaping through the polymer back
plate of the HE. Especially during consecutive sunny days, the
thermal operation of the integrated PV EC was clearly cyclic
and nonsteady state. On more cloudy days, the HE seems to
enhance the operation at lower irradiances than on sunny days,
so a better HE increasing the annual net hydrogen production
seems probable.

A better HE should further enhance the operation at high irra-
diance conditions, but, due to the cyclic operation and electrolyte
acting as heat storage, in the morning and in evening, the PV
could be warmer and the STH efficiency might be even further
reduced compared to the results presented here. Therefore, an
improved HEmight not change the cyclic operation significantly,
but could just make the slope of the heating power versus irra-
diance pattern (Figure 5) steeper. This is not to discourage the
use of thermal coupling of PVs and ECs; after all we achieved
higher cumulative hydrogen production with the PV EC using
the HE in autumn. However, the optimization of its use clearly
is not a simple case of only constructing a better component for
the device (although this helps). Extracting the most benefits
from the thermal coupling likely requires additional ways to con-
trol the electrolyte temperature, such as controlling the device
operation and heat transfer rate with the electrolyte pumping
rate[17,39] or adding components to the system that improve
the electrolyte cooling in the daytime.

The STH efficiencies and device temperatures from indoor
testing were clearly lower than during the outdoor testing, even
considering the irradiance differences, which are mostly due to
the more constricted air flow indoors. The information gained
from steady-state indoor testing is naturally useful for general
performance-level quantification; the results may be mostly
applicable for the PV EC operation around noon on a sunny
day, and the thermal conductivity (Equation (3)) and similar
quantities can be useful in the correct context. Otherwise, the
steady-state temperatures, heat transfer, and performance of
the devices are unlikely to accurately reflect the transient opera-
tion in outdoor conditions for a large fraction of time. From
indoor measurements, the HE conductivity was around
25W (K m2)�1, and the outdoor data with stronger air cooling
effect (reduced net electrolyte heating power) yielded about
11W (K m2)�1 so, unfortunately, even this quantity might not
necessarily allow easy comparisons between indoor and outdoor
conditions. Based on this thermal conductivity, and on the IR
images, the heat transfer was suboptimal, but the HE still
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reduced the PV temperature and increased hydrogen production
in sunny conditions.

5. Conclusion

PV EC performance can be enhanced with thermal integration,
and even relatively modest heat transfer rates produce noticeable
differences in hydrogen production rate. In our case, the STH
efficiency was increased from about 8% to about 9% at
�800Wm�2 and from a little less than 8% to 8.5% at over
900Wm�2 irradiance, and the highest hydrogen production
rates were about 120mLmin�1. Somewhat surprisingly, the
thermal coupling also reduced the PV EC performance under
irradiances less than �500Wm�2, which was due to the tran-
sient and cyclic nature of solar energy, electrolyte acting as a heat
storage, and comparatively slow heat transport and dissipation.
Improving the HE is expected to enhance the performance under
high irradiances, but the cyclic operation could remain and the
performance in morning and in evening might even be reduced,
meaning that changes to other parts of the system (than the PV
EC) may be needed to gain the full benefits of thermal integra-
tion. The electrolyte being cooled in the HE under moderately
high irradiance also means that steady-state measurements of
PV EC operation can be misleading, when considering outdoor
operation. Based on both PV modules being at the same temper-
ature on a sunny day with rare wind direction, the cooling effect
of HE corresponded to about 2–4m s�1 wind against the alumi-
num back plate. Wind and changing wind conditions outdoors
and stagnant air indoors can cause significant differences in
device temperatures, hence in their general performance. In
our case, compared to outdoor operation, the performance of
the device without HE was underestimated, and the heat trans-
ferred to electrolyte overestimated. Unfortunately, realistically
slow irradiance cycling may be very impractical to realize for
indoor testing, so some other alternative methods may have to
be developed.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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