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Efficiency gains for thermally coupled solar
hydrogen production in extreme cold†

Moritz Kölbach, ab Kira Rehfeld c and Matthias M. May *b

Hydrogen produced from water using solar energy constitutes

a sustainable alternative to fossil fuels, but solar hydrogen is not

yet economically competitive. A major question is whether the

approach of coupling photovoltaics via the electricity grid to

electrolysis is preferential to higher levels of device integration in

‘artificial leaf’ designs. Here, we scrutinise the effects of thermally

coupled solar water splitting on device efficiencies and catalyst

footprint for sub-freezing ambient temperatures of �20 8C. These

conditions are found for a significant fraction of the year in many

world regions. Using a combination of electrochemical experiments

and modelling, we demonstrate that thermal coupling broadens the

operating window and significantly reduces the required catalyst

loading when compared to electrolysis decoupled from photo-

voltaics. Efficiency benefits differ qualitatively for dual- and triple-

junction solar absorbers, which has implications for the general

design of outdoor-located photoelectochemical devices. Similar to

high-efficiency photovoltaics that reached technological maturity

in space, application cases in polar or alpine climates could support

the scale-up of solar hydrogen at the global scale.

Fossil fuels constitute a versatile and large fraction of our
energy sources, but contribute significantly to anthropogenic
warming.1 Solar-driven water splitting (aka electrolysis) pro-
duces hydrogen, an alternative energy carrier free of green-
house gases, sustainably and without the limitations of wind
power and biomass.2–4 The main obstacle preventing large-
scale implementation are currently the comparatively high
production costs. However, logistics for fossil fuels can also
be expensive and environmentally hazardous, in particular for

the year-round energy supply of remote research bases such as
the Neumayer Station in Antarctica or Paranal observatory in
Chile. Therefore, local hydrogen production can become both
economically and environmentally favourable, but is challen-
ging in the often cold environments.5,6

The currently most mature approach for solar-driven hydro-
gen production is to supply polymer electrolyte membrane
electrolysers with electricity from photovoltaic (PV) solar cells
via the grid.2,7–9 The complete separation of light absorption
and electrolysis does, however, come with electrical and thermal
losses. Firstly, an additional DC-to-DC converter is required.7

Secondly, internal thermalisation, i.e. de-excitation of charge-
carriers to the band edges under the release of phonons,
reduces the extractable energy of excited electron–hole pairs.
In addition, transmission losses of low-energy photons with
energies below the bandgap of the light-absorbing semi-
conductor limit the current.3,10 The heat generated by these
two latter loss mechanisms has the potential to benefit catalysis.
Therefore, a thermally tightly coupled water-splitting device – with
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Broader context
The fossil fuel supply of remote high-latitude and high-altitude regions
with cold climates, such as research stations in Antarctica, causes
challenges including expensive logistics associated with the transport,
potential contamination by spillage events, and further contributions to
anthropogenic carbon dioxide emissions. In contrast, locally produced
hydrogen is a greenhouse gas-free and environmentally benign energy
carrier that can be easily stored in gas bottles at very low temperatures.
Here, we discuss the potential of a decentralised, small-scale hydrogen
production under sub-freezing ambient temperatures. To achieve a high
level of autonomy of small-scale solar hydrogen production, and to
compensate possible efficiency losses due to low outdoor temperatures,
we investigate a thermally coupled and membrane-free device design.
We quantify the efficiency benefits of thermal coupling and demonstrate
the first solar water-splitting device operating at �20 1C. Besides niche
applications in remote world regions, our work is also relevant for the
design of highly efficient thermally coupled solar water splitting based on
III–V/Si or Perovskite/Si tandem cells, be it in a wired design or with the
absorber fully immersed in the electrolyte.
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the light absorber immersed into the electrolyte or not –
represents a highly attractive concept. Such a design uses the
waste heat of the absorbers to decrease the internal device
electrical resistance and reduce the requirements for the catalysts,
while simultaneously cooling the absorbers and hence boosting
their efficiency.7,11 Furthermore, a design that allows safe product
separation without a degradation- and failure-prone membrane
also reduces costs and increases operating life.12 Recently, the
beneficial effects of thermally coupled water splitting at ambi-
ent temperatures were demonstrated.13 Solar water-splitting
research in general has just recently started to consider the
influence of colder ambient temperatures on device operation
in the temperate zones.14 So far, however, the impact of very
low temperatures over extended times as found in high-
latitudes, high-altitudes or winters in the temperate zones on
operation have not been considered.

In this work, we investigate a route of expanding the thermal
window that makes solar water splitting feasible down to an
outdoor temperature of �20 1C. Climate data analysis shows
that many world regions at high latitudes or altitudes could
benefit from our considerations, prominent examples are Ant-
arctica or the Himalaya region. We use a numerical device
model to explore the influence of such low temperatures on the
solar-to-hydrogen (STH) efficiency of solar water splitting
devices and quantify the beneficial effects of thermal coupling
and a suitable device insulation. These predictions are scruti-
nised under idealised laboratory conditions and the first solar
water splitting device operating at �20 1C is demonstrated.
We can also show that these benefits differ qualitatively for

dual- and triple-junction solar absorbers, which has significant
implications for the general design of outdoor-located photo-
electrochemical devices. Finally, we discuss the energy supply
of high-latitude and high-altitude remote research stations as a
first potentially economic competitive implementation of our
considerations.

Current large-scale technologies for water splitting operate
at temperatures between 50 and 1000 1C.9 Meanwhile, labora-
tory studies for solar water splitting typically employ ambient
temperatures of about 20 1C. For small- to medium-scale,
distributed hydrogen production, however, the impact of out-
door temperatures on device operation must be considered.
While the volumetric density of dissipated heat of electrolysers
in the MW-range are often large enough to require cooling, this
changes for smaller plants that are more effectively cooled by
outdoor temperatures. In the limit of small-scale applications,
such as the powering of weather stations, process temperatures
will, without external heating, very closely follow ambient
conditions.

Yet the mean annual temperatures of a considerable part
of the world is below the freezing point of water (Fig. 1a). Low
electrolyte temperatures lead to losses from higher catalysis
and ion transport overpotentials, but also cause issues for
(near-)neutral electrolytes, frequently used for solar water
splitting,17 that do not depress the freezing point of water
sufficiently. Hydrogen production would then cease and the
volumetric expansion of freezing water can damage the reactor.
The energy harvesting potential for conventional solar hydrogen
production can be evaluated from Fig. 1c, in which we show the

Fig. 1 Global benefit of thermally coupled solar water splitting in a temperature envelope between �20 1C and 0 1C. (a) Global distribution of annual
mean temperature. Symbols show locations of high-latitude and high-altitude research stations. (b) Number of days in the cold temperature envelope
considered for the thermally integrated device. (c) Solar radiation that can be harvested at daily mean temperatures above 273 K. (d) Global distribution of
excess energy that can be harvested in the daily-mean temperature envelope between 253 and 273 K. All results derived here are based on reanalysis
data15,16 for the year 2019.
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annual cumulative available solar energy for days with mean
temperatures above the freezing point of water. In colder
regions, however, temperatures remain in a temperature envel-
ope between �20 1C and 0 1C for a considerable fraction of the
year (Fig. 1b). This would create the need for energy-intensive
temperature stabilisation of the device. A distributed energy
system that can operate with a maximum degree of autonomy
would, however, be even more important in these regions, since
they are typically more sparsely populated and fuel supply is
associated with great expense and effort. Since the long-term
storage of hydrogen in gas bottles at very low temperatures is
not a challenge, it is a predestined energy carrier for these
extreme climate conditions. Extending the ambient operating
conditions for efficient, small-scale solar water splitting to the
above-defined temperature envelope is feasible through the use
of electrolytes with a low-freezing point (e.g. 30 wt% H2SO4).
Efficiency losses due to the low operating temperatures can be
compensated by tight thermal coupling and device insulation
as discussed below in detail. Here, insulation refers to the
reduced heat transfer between device and its surroundings,
while thermal coupling enables heat transfer between absorber
and electrolyte. Such a heat management would facilitate
additional energy harvesting by solar hydrogen production in
some regions considerably as depicted in Fig. 1d. Based on our
considerations, solar hydrogen production could benefit in
parts of China, Mongolia, the Himalayas, Russia, the Alpine
region, Greenland, the Andean mountains, USA, Canada, and
Antarctica. More than half of the world population is currently
living in areas, where temperatures are in this envelope for at
least 30 days per year.

The influence of low temperatures on the solar-to-hydrogen
conversion efficiency of a solar water splitting device, as
sketched in Fig. 2a, is characterised by two contrary effects.
Firstly, there is the lower catalytic performance and higher
ohmic losses of the electrochemical component, and secondly,
the increased solar-cell efficiency, as indicated in Fig. 2b.
Which one prevails depends on a number of device parameters,
such as the ohmic cell resistance and the temperature coeffi-
cient of the solar-cell open-circuit voltage (VOC). To understand
these effects in detail and explore thermal coupling to com-
pensate possible efficiency losses, we developed an open-source
Python-based model combining solar-cell parameters, electro-
chemistry, and thermal fluxes. In short, the model predicts the
STH efficiency based on the temperature-dependent current–
voltage (IV) characteristics of the solar cell and catalysts by
computing the operating temperature in an iterative, self-
consistent cycle for a quasi-steady-state condition. This means
that the absorbed luminous power equals the sum of the power
used to split water at thermoneutral conditions plus the power
dissipated by radiation and convection (see Fig. 2a).

The following calculations are based on a device consisting
of high-efficiency dual- or triple-junction III–V solar cells
together with Pt- and IrOx-catalysts for hydrogen/oxygen evolution
reaction (HER/OER), respectively. 30 wt% H2SO4 with a freezing
point of �35 1C19 was used in the model as the electrolyte.
Consequently, the electrolyte stays liquid for all our experiments,
further increase of the H2SO4-concentration could become
necessary for freezing point suppression also during polar
nights.19 Note that one important parameter determining
the device temperature is the area ratio Ahousing/Asolar-cell,

Fig. 2 Modelling the thermally integrated solar water splitting device. (a) Sketch of the thermally coupled device with the solar cell attached to the
electrochemical compartment. A wedge separates gases forming at the catalyst-decorated electrodes. Radiative and convective heat flux into and out of
the device are schematically indicated. (b) Qualitative influence of low temperatures on the solar cell and catalyst IV characteristics. (c–h) STH efficiencies
and efficiency gains modelled by YaSoFo18 as a function of the Acatalyst/Asolar cells-ratio, for the decoupled, thermally coupled, and coupled as well as
insulated case using a dual-junction (c–e) and a triple-junction (f–h) solar cell. (d and g) Increase in absolute STH efficiency caused by thermal coupling in
comparison to the non-coupled device. (e and h) Efficiency gain from insulation of the electrochemical compartment referring to the coupled
configuration. For equilibrium temperatures, see ESI,† Fig. S2.
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influencing the heat dissipation from the housing by radiation
and convection (see ESI,† Fig. S1). This ratio was fixed to a
practical value of 2.5 in the following considerations, represen-
ting the case of small- to medium-scale applications. A descrip-
tion of the full model18 and a list of all input parameters can
be found in the ESI.† Note that a low-cost, but less-efficient
alkaline device design could in principle also be realised using
Si solar cells, NiFeOx (OER catalyst), NiMo (HER catalyst), and
18 wt% NaOH as an electrolyte. Similar to III–V solar cells
for space applications,10 costs of the absorber are, however,
probably not a major issue for niche-applications in remote
world regions, where the approach competes with the supply
of conventional fuels that is associated with great expense
and effort. As soon as the technology is established, costs can
benefit from scale-up as well as from emerging low-cost, high-
efficiency approaches20,21 that would extend the commercial
use case beyond just niche also into regions with better infra-
structure. Such a development path from the niche to larger
markets has already occurred for high-efficiency photovoltaics,
which reached maturity in space applications.10 The same
considerations for scale-up apply to the catalysts. For initial
applications, the Acatalyst/Asolar-cells-ratio could be adjusted to
ensure operating potential below the maximum power point
(MPP) for a high-efficiency triple-junction solar cell. However,
for the long-term goal of producing hydrogen on a terawatt
(TW) scale costs – but even more so materials availability – will
play an important role. There, the use of low-performance,
abundant catalysts (or low noble-catalyst loadings) is highly
preferable and any additional voltage losses should be avoided
as discussed below in detail. Therefore, the parameter ranges of
Acatalyst/Asolar-cells in the model were chosen to cover operating
potentials close to the MPP.

Fig. 2c and f show the outdoor temperature-dependent STH
efficiencies as a function of the Acatalyst/Asolar-cells-ratio for a
thermally decoupled device based on a dual-junction (VOC =
1.88 V) and triple-junction (VOC = 2.7 V) solar cell, respectively.
For the dual-junction, the STH efficiency initially increases, but
then decreases with decreasing outdoor temperature implying
that the device only benefits from improved solar-cell perfor-
mance for moderate temperature decreases. Consequently,
considering only a narrow temperature window22,23 could lead
to the unsubstantiated generalisation of a steadily increasing or
decreasing efficiency with dropping temperature. Note that this
effect is very sensitive to the VOC, its temperature coefficient,
and the ohmic resistance of the cell. A more negative VOC

temperature coefficient and a lower VOC, for example, result
in less or almost no decrease of the efficiency at very low
temperature, while a higher ohmic cell resistance increases
this effect (and vice versa, see ESI,† Fig. S3 and S4). The
modelling of the triple-junction reveals a constant STH effi-
ciency decrease with decreasing outdoor temperature, an effect
that is more stable with respect to parameter variation. In this
case, the lower performance of the electrochemical compart-
ment always prevails. This can explained mainly by the higher
ohmic potential loss caused by the higher catalyst current
densities in the triple-junction device when working near the

MPP (see ESI,† Fig. S5). Furthermore, large differences in
temperature-coefficients of VOC can also play a role, depending
on material properties.

The absolute efficiency gain for a thermally coupled device
design is illustrated in Fig. 2d and g. As expected, thermal
coupling increases the absolute STH efficiency by up to 6%
at low outdoor temperatures for configurations where the
operating current of the device would otherwise drop below
the MPP. To further increase the efficiency, we explored the
influence of thermally insulating the device housing. In the
model, aluminium foil was employed to reduce radiation losses
and polystyrene was used to minimise further heat dissipation.
The results are shown in Fig. 2e and h as an absolute efficiency
change referring to the thermally coupled design. For the dual-
junction, the insulation has a detrimental effect on parameter
regions in which the efficiency increases with decreasing out-
door temperature, while it has a positive effect in regions where
the efficiency decreases with decreasing outdoor temperature
(also see ESI,† Fig. S4). For the triple-junction, where the
efficiency steadily decreases with decreasing outdoor tempera-
ture, the insulation is always beneficial.

Fig. S3 (ESI†) shows, in a similar manner as Fig. 2c–h, the
functional dependence with respect to the geometry-corrected
distance, which is a measure for the electrode spacing, taking
into account the device geometry. Again, we observe a qualita-
tive difference for dual- and triple-junctions. This emphasises
that these parameters span a multi-dimensional space and
therefore must be carefully considered when designing a
dual-junction device intended to operate at low temperatures.
Only considering a subset in the parameter space is probably
the reason for apparently contradictory observations in the
literature.14,22

The insulation design of the electrochemical compartments
could be further improved with the ongoing development of
macroscopic thermal rectifiers that allow heat to transfer pre-
ferentially in one direction.24 Such a rectifier would offer the
possibility of creating and maintaining a thermal gradient
between the electrochemical compartment and the solar cells,
which could increase the efficiency boost for the device. The
effective thermal gradient from the rectifier would depend on
the variability of outdoor conditions (weather), as it does not
transfer heat from cold to hot under steady-state conditions.
Consequently, the quantitative benefit would depend on the
location. Apart from conventional absorber materials like Si or
III–V semiconductors, transition metal oxides are also feasible
absorbers for photoelectrochemical water splitting.11 Charge
carriers in many of these oxides form small polarons resulting
in a small drift mobility25 implying that the carrier transport
might be enhanced via thermal-activating.26 This suggests that
insulating an oxide-based device might not only increase the
catalytic performance and lower the ohmic losses, but would be
also beneficial for the photoabsorber.

To scrutinise our predictions under idealised laboratory
conditions, we built a water-splitting device based on commercial
triple-junction GaInP/GaInAs/Ge solar cells and commercial
Pt- and IrOx-catalysts. The electrodes were separated via a
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wedge for buoyancy-driven product separation as can be seen
in ESI,† Fig. S6. Note that this membrane-less concept is a
relatively novel approach and there are ongoing efforts to
investigate the product crossover as a function of the cell
geometry.12 The Acatalyst/Asolar-cells-ratio was set to 0.34 and the
total device resistance (including the multimeter) was 2.2 O at
21 1C. A freezer was modified with a window for illumination
to simulate working conditions under cold climates (see
Methods). This setup resulted in mean temperatures between
�19.2 1C and �20.5 1C during the illumination (see ESI,†
Fig. S7). Fig. 3b–d show the operating current (Iop), the
operating voltage (Eop), and the electrolyte temperature
(30 wt% H2SO4) of the device under AM 1.5 illumination for
3 h for three configurations: (i) thermally decoupled,
(ii) thermally coupled, and (iii) thermally coupled with an
insulation as shown in Fig. 3a (see Methods section in the
ESI†). The IV curves of the solar-cell array and the catalysts in a
2-electrode measurement of the respective configurations,
recorded directly after the 3 h measurement, are shown in
Fig. 3e. For the decoupled configuration, Iop decreases from an
initial value of 0.173 A to a value of 0.161 A, whereas for the
coupled and coupled/insulated configuration, Iop continuously
increases up to a value of 0.175 A and 0.179 A, respectively. This
translates into conservatively estimated STH efficiencies of 10.3%
(uncoupled), 11.2% (coupled), and 11.4% (coupled/insulated) on
the module scale using the Gibb’s Free Energy of 2 � 1.23 eV per
hydrogen molecule for the STH definition (see Methods). The
electrolyte temperature in the decoupled configuration only
slightly increases due to operation beyond the thermoneutral
voltage, while the solar cells heat up, lowering their open-circuit
potential. Hence, the operating potential slightly increases and
moves beyond the MPP of the solar-cell array, causing the sharp
decrease in the operating current. For the coupled and coupled/
insulated configuration, the effect of the beneficial increase of the
electrolyte temperature reaching�4.5 1C and 13.5 1C, respectively,
after 3 h (Fig. 3d) prevails over the solar-cell efficiency loss as
predicted in our model, resulting in the increase of the opera-
ting current and a decrease of the operating potential. For the

insulated configuration, it can be clearly seen in Fig. 3e that the
additional increase of the catalyst performance (DV = 0.18 V at
0.179 A) in comparison to the coupled configuration is not
offset by the additional loss of VOC (DVOC = 0.08 V) caused by
the higher device temperature.

The energy supply for research stations in high-latitude
regions such as Antarctica represents an ideal test application
for our considerations. There are ongoing efforts to shift the
power supply away from the use of fossil fuels towards renew-
able energy systems,27,28 also for reasons of contamination due
to spillage events. Here, hydrogen was indeed already proposed
as a future energy carrier,5 and initial practical experience
with an indoor, wind-powered electrolyser was gained.6

While the overall impressions and results were positive, the
complexity of the system caused some technical issues and
hence relatively high maintenance efforts.6 Here, a device that
operates outdoors with a maximum degree of autonomy could
be highly advantageous and represent the first economically
competitive case for thermally coupled solar water splitting.
Moderate light concentration could, in principle, reduce the
costs for hydrogen production. However, this depends on the
location. In near-polar regions, diffuse irradiation that cannot
be concentrated can prevail the direct radiation in the solar
spectrum,29 which would consequently even reduce the device
efficiency when using light concentration. Higher current
densities will, on the other hand, emphasise efficiency losses
from ion transport and therefore the beneficial effects of
thermal coupling (see ESI,† Fig. S8, S9, and the Supplementary
note 1 for an assessment with the concentration factor of
1.5 and 2).

Beyond Antarctica, many research stations across the globe
are situated in other remote locations at high-latitude and/or
high-altitude (Fig. 1a). In almost all of the 100 stations, we
considered, the mean annual temperature, Tavg,y, remains
below the freezing point of water for large parts of the year
(Fig. 4). The developments we report here will allow to expand
the thermal window that makes solar hydrogen production
feasible for most stations, except for in the Antarctic interior.

Fig. 3 Experimental validation of the thermally integrated solar-water-splitting device. (a) Device in the coupled/insulated configuration inside the
cooling device. (b–d) Operating current, operating voltage, and electrolyte temperature of the decoupled, coupled, and coupled/insulated device
configurations under simulated AM 1.5G illumination at �20 1C without an external bias. The illumination was turned on at t = 0. (e), IV curves of the
solar-cell array and the Pt- and IrOx-catalysts in a 2-electrode configuration of the respective configurations in thermal equilibrium, i.e. after the
3 h-measurements.
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A realistic hydrogen fuel-cell efficiency is 65% (lower heating
value).30 Then, powering a Raspberry Pi computing device
(PRPi = 4 W) for an autonomous measurement device year-
round at the Neumayer III station (70.681S, 8.271W, Tavg,y =
�15.5 1C) would prospectively require a module area of 0.41 m2,
whereas at Paranal observatory (Chile, 24.631S, 70.401W,
Tavg,y = 0.4 1C) 0.18 m2 would suffice.

Hydrogen storage itself does, however, introduce an energy
overhead mainly required for the compression, be it mechan-
ical by an external compressor or directly in the electro-
chemical cell. Especially for stationary applications, highest
energy densities might not be required and storage at 50 bar
could be sufficient. Assuming an ideal gas and �20 1C, com-
pression to this pressure would require B2.1 kW h per kg of
produced hydrogen, and without making use of the stored
mechanical energy upon release of the gas, the area values
displayed in Fig. 4 would increase by B11% using the same
fuel cell efficiency for the compressor as for the consumer
device. Operating the production device itself can in principle
be achieved without overhead, especially if the electrolyte is
chosen to stay liquid even at the lowest expected temperature.
An overhead can arise at the consumer end, where the fuel cell
might require additional heating to stay within its operation
temperature window. This heating could be achieved by ramping
up the power of the fuel cell or, alternatively, by catalytic
combustion.32 This will strongly depend on design aspects,
such as insulation, of the consumer device.

For the long-term goal of producing hydrogen on a TW scale,
where materials abundance for both light absorber and catalysts

will play an important role as discussed above, the increase of
performance by thermal coupling and insulation offers benefits in
three major areas: firstly, it can increase the solar-to-hydrogen
efficiency by shifting the operating point of a given device
to higher current densities or using solar cells with lower
bandgaps.13 Furthermore, the amount of catalyst loading can
be decreased or less active, yet more abundant catalyst materials
become feasible. From Fig. 3e, it can be estimated that 21% and
35% of the catalyst loading or activity for the coupled and
coupled/insulated case, respectively, could be saved in our test
device to achieve the same operation current as in the decoupled
configuration. Therefore, thermal coupling also increases the
efficiency with respect to the use of catalysts in the device. Note
that these numbers depend on the ohmic cell resistance, device
configuration, the VOC, and its temperature coefficient as dis-
cussed above. Finally, the reduced overpotentials from catalysis
and ion transport offer the opportunity to use emerging solar cell
material configurations such as III–V/Si tandem configurations,
where the challenges of internal interfaces reduce the effective
photovoltage.20 These considerations are highly relevant for the
design and commercialisation of highly efficient thermally
coupled solar water splitting, which could use III–V/Si21 or
Perovskite/Si33 tandem cells in a wired design or with the
absorber fully immersed in the electrolyte.

Some scientific and engineering challenges remain. For
example, overall efficiency would benefit from a device operating
at high pressures to eliminate the need for hydrogen compressors.
Gaseous products need to be safely separated. The device needs to
be demonstrably stable for years, not hours. Nevertheless, we lay
the foundation for a thermally tightly coupled water-splitting
device that can produce hydrogen under extreme climatic condi-
tions with a maximum degree of autonomy. Our simple concept
of insulating photoelectrochemical reactors with low-cost materials
can boost the efficiency – both in terms of production rate and
catalyst loading – of devices suffering from ohmic or catalysis losses
at low temperatures. We clearly demonstrate that the approach of
highly integrated solar water splitting, where the absorber is
immersed in the electrolyte,10 can benefit efficiency, though it is
technologically challenging. Here, heat transport from absorber to
the catalysts is more efficient as the catalyst on the illuminated side
is in direct contact with the absorber, while the complementary
catalyst can also be in direct contact. The electrolyte is efficiently
coupled by convective heat transfer within the PEC cell. Equili-
brium temperatures are expected to be higher, as the electrolyte
layer on the front reduces the emissivity of the device in the
infrared. This would effect efficiencies in a similar manner as
device insulation. A hybrid approach is the one used in this work,
where the solar cells are not immersed, but thermally coupled,
providing technological maturity at the expense of thermal
coupling efficiency. Our work offers a pathway for transition to a
fossil-fuel-free energy supply in high-latitude and high-altitude
areas, and also opens opportunities for decentralised hydrogen
production in world regions with less extreme, but still cold
outdoor temperatures. This can become a considerable con-
tribution towards the decarbonisation of the energy sector at
the global scale.

Fig. 4 Solar hydrogen production benefit at research stations. Scatterplot
of mean site temperature against the cumulative insolation for days above
the temperature threshold T0 (left y-axis) and the effective module area for
an annual production of 10 kg H2 at 12% STH efficiency (right y-axis). Error
bars denote the estimated 10% relative error (Methods). Symbols denote
the location of the field sites and research stations as Antarctic (below
601S, black circles), Arctic (above 601N, green diamonds) and high-altitude
non-polar stations (red triangles), see ESI,† Table S5 and ref. 31. With the
expansion of the thermal window down to a threshold temperature of
T0 = 253 K (blue shading), efficient, distributed solar water splitting is
feasible for most research stations with low module areas. In contrast, for a
threshold temperature of T0 = 273 K, (green shading) only some high-
altitude and Arctic sites could benefit.
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M. Hermle, G. Siefer, S. W. Glunz, A. W. Bett and F. Dimroth,
Nat. Energy, 2018, 3, 326–333.

21 C. F. Blanco, S. Cucurachi, F. Dimroth, J. B. Guinée,
W. J. G. M. Peijnenburg and M. G. Vijver, Energy Environ.
Sci., 2020, 13, 4280–4290.

22 E. Kemppainen, S. Aschbrenner, F. Bao, A. Luxa, C. Schary,
R. Bors, S. Janke, I. Dorbandt, B. Stannowski, R. Schlatmann
and S. Calnan, Sustainable Energy Fuels, 2020, 4, 4831–4847.

23 M. Reuß, J. Reul, T. Grube, M. Langemann, S. Calnan,
M. Robinius, R. Schlatmann, U. Rau and D. Stolten, Sustainable
Energy Fuels, 2019, 3, 801–813.

24 N. Roberts and D. Walker, Int. J. Therm. Sci., 2011, 50,
648–662.

Energy & Environmental Science Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

aw
uw

an
i 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
6-

02
-2

2 
05

:3
9:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.5281/zenodo.1489157
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ee00650a


This journal is © The Royal Society of Chemistry 2021 Energy Environ. Sci., 2021, 14, 4410–4417 |  4417

25 A. J. E. Rettie, W. D. Chemelewski, D. Emin and C. B.
Mullins, J. Phys. Chem. Lett., 2016, 7, 471–479.

26 L. Zhang, X. Ye, M. Boloor, A. Poletayev, N. A. Melosh and
W. C. Chueh, Energy Environ. Sci., 2016, 9, 2044–2052.

27 T. Tin, B. K. Sovacool, D. Blake, P. Magill, S. E. Naggar,
S. Lidstrom, K. Ishizawa and J. Berte, Renewable Energy,
2010, 35, 1715–1723.

28 Y. Dou, G. Zuo, X. Chang and Y. Chen, Appl. Sci., 2019,
9, 1968.

29 S. Wuttke and G. Seckmeyer, Theor. Appl. Climatol., 2006, 85,
131–148.

30 E. D. Wachsman and K. T. Lee, Science, 2011, 334, 935–939.
31 M. V. Madsen, H. C. Steen-Larsen, M. Hörhold, J. Box, S. M.

Berben, E. Capron, A. K. Faber, A. Hubbard, M. F. Jensen,

T. R. Jones, S. Kipfstuhl, I. Koldtoft, H. R. Pillar, B. H.
Vaughn, D. Vladimirova and D. Dahl-Jensen, J. Geophys.
Res.: Atmos., 2019, 124, 2932–2945.

32 J. Saint-Just and S. Etemad, in Compendium of Hydrogen
Energy, ed. F. Barbir, A. Basile and T. N. Veziroglu, Wood-
head Publishing, Oxford, 2016, pp. 263–287.
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