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Direct solar hydrogen generation via a combination of photovoltaics (PV) and
water electrolysis can potentially ensure a sustainable energy supply while
minimizing greenhouse emissions. The PECSYS project aims at demonstrating a
solar-driven electrochemical hydrogen generation system with an area >10 m?
with high efficiency and at reasonable cost. Thermally integrated PV electrolyzers
(ECs) using thin-film silicon, undoped, and silver-doped Cu(In,Ga)Se; and silicon
heterojunction PV combined with alkaline electrolysis to form one unit are
developed on a prototype level with solar collection areas in the range from 64 to
2600 cm? with the solar-to-hydrogen (StH) efficiency ranging from ~4 to 13%.
Electrical direct coupling of PV modules to a proton exchange membrane EC to
test the effects of bifaciality (730 cm? solar collection area) and to study the long-
term operation under outdoor conditions (10 m? collection area) is also inves-
tigated. In both cases, StH efficiencies exceeding 10% can be maintained over the
test periods used. All the StH efficiencies reported are based on measured gas

1. Introduction

The Paris Agreement target to keep the rise
in global temperature below 2.0°C and
1.5°C by 2030 and 2050, respectively, can
only be met by substantially reducing fossil
fuel use in the transportation, industry,
and energy sectors.”! The European Green
deal pledges to cut greenhouse gas (GHG)
emissions by at least 55%, compared with
1990 levels, in 2030. To achieve these targets,
it shall be necessary to increase the contribu-
tion of renewable energy sources (RES), such
as solar and wind, among others, which are
carbon neutral, toward electricity generation.
Moreover, as the contribution of RES to the
energy mix is increased, their intermittent

outflow using mass flow meters.

nature requires a corresponding expansion
of storage capacity to minimize wastage
through curtailment.
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The use of hydrogen as a means to store excess electricity from
RES is gaining traction in the energy system because it can be
considered as a net-zero carbon energy carrier.”*! In addition,
global demand for H, has been continuously increasing as it
is an important chemical for both the industrial and transport
sectors.l”! Also, as H, does not directly emit GHG, nor other
environmentally hazardous substances, it is an important factor
in decarbonizing and reducing the overall environmental foot-
print of the aforementioned sectors. Hydrogen is potentially
attractive specifically for the energy and transport sectors,
because it can be stored flexibly from over several hours to
months, at a time, without the need for “top” up unlike batteries.

A variety of megawatt-scale electrolyzer (EC) plants driven by
wind, solar, and hydroelectric energy have been announced and
even implemented globally since 2018; however, with a few
exceptions, the costs are still less competitive for large off-takers
compared with H, from conventional fossil fuel plants.*~ In
addition, large investments would be needed to adapt and/or
expand the existing gas transportation and distribution infra-
structure needed for further integration of H,.**) However,
there is still largely untapped potential for decentralized H, gen-
eration from RES in the midterm, for smaller consumers, espe-
cially in off-grid locations or for self-consumption due to a lack of
standards and regulations as well as the relatively high costs.
Nevertheless, the global-weighted average levelized cost of elec-
tricity (LCOE) of solar photovoltaics (PV) has achieved parity with
fossil fuel costs in 2014 and continues to reduce annually due to
lower solar PV module prices and reductions in the balance of PV
system costs.[”! Thus, it is to be expected that demonstration of the
economic and technical feasibility of PV + EC for smaller applica-
tions will stimulate the development of the necessary standards
and regulatory frameworks needed for their deployment.
Research on small-scale PV + EC systems has centered on simpli-
fying the components, especially in the balance of (EC) plant, to
permit modularity and reducing costs. Moreover, despite the
relatively high initial investment costs, such units require little
or no maintenance and the cost of replenishing the electrolyte
is very low compared with that of fuel for diesel generators and
thus, may be attractive to users in remote areas.

The most common method to simplify the PV 4 EC system has
been to eliminate power electronics for regulating the input voltage
and/or current to the EC in the so-called directly coupled systems.
Careful matching of the voltage of the PV and EC can enhance
solar—to-hydrogen (StH) conversion efficiencies by up to 50%
relatively compared with a system with a DC-DC converter."”’
However, for MW-scale plants, omitting power electronics is likely
less beneficial because their contribution to the total system cost is
relatively small and losses in annual gas generation yield caused by
long periods of suboptimal coupling may be substantial.’

As the power output of PV modules tends to decrease with
increasing operating temperature, while the reverse is true for
EC, thermal integration of both subcomponents can be used
to benefit from the opposing temperature response. Moreover,
thermal integration of the PV modules and ECs allows exclusive
use of the incident solar energy to provide both heat and electric-
ity to the EC, thus enhancing the StH efficiency, while maintain-
ing a near-zero carbon footprint.

For example, the PV modules can be cooled by a heat transfer
fluid that heats the EC, leading to enhanced StH efficiency.”'”!
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In another case, the excess heat generated by the PV modules,
exposed to concentrated sunlight, is transferred to the EC by
direct thermal contact, leading to extremely high StH efficiencies
>15-20% but at the cost of more complex engineering and the
need for high-temperature-resistant materials."' ¥ To prevent
long start-up times in the morning while the EC is still heating
up, or reduced output during low-solar irradiance intervals, such
systems would need a heat reservoir. The use of passive heat stor-
age involving covering the EC overnight with insulating jackets to
maintain an optimal operating temperature has also been
reported, however, also at the cost of increased complexity.!*”!

While photocatalytic (PC) and photoelectrochemical (PEC)
devices incorporate direct thermal and electrical integration
between the photoactive and catalytic processes, their technical
maturity is still low because the photoabsorbing material is in
physical contact with the electrolyte, limiting the durability of
the device.'! In contrast, PV integrated EC, in which the photo-
absorber material is physically separated from the electrolyte,
have proven to achieve both a higher efficiency and durability
than PEC."”!

On the basis of the above status quo, the PECSYS project was
motivated by the following needs. 1) to scale-up and prove the
technical feasibility of directly coupled PV electrolysis systems
through in-field testing and 2) to gain a better understanding
of the effect of variable solar irradiation and thermal manage-
ment of systems for direct hydrogen production from sunlight.

2. Background of the PECSYS Approach

The PECSYS project funded by the FCHJU/H2020 program was
aimed at demonstrating a 10 m? solar-driven electrochemical
hydrogen generation system. Of particular focus was to highlight
concepts with levelized cost of hydrogen production below 5 € /kg
and to achieve hydrogen production of 16 gH,/h and thus an StH
conversion efficiency of at least 6% with less than 10% decrease
in performance after 6 months of continuous operation.

The PECSYS consortium consisted of a multidisciplinary mix
of three public research institutes, one university and two man-
ufacturers of commercial PV modules, namely, 1) Helmholtz
Zentrum Berlin (HZB), which is a public research center in
Germany and whose mission is to conduct user and user-
inspired energy materials research for a sustainable, economic,
and secure energy system. The HZB was the project coordinator
and also developed PV + EC prototypes using direct thermal and
electrical integration of silicon (a-Si/c-Si) heterojunction PV
modules with alkaline EC. 2) Consiglio Nazionale Delle
Ricerche Institute for Microelectronics and Microsystems
CNR-IMM (Italy) that conducts research on micronanoelec-
tronics, functional materials and devices, and photonics.
It was responsible for investigating the effects of low solar con-
centration using bifaciality of PV modules on PV + EC systems.
3) Forschungszentrum Juelich, another public research center in
Germany, that conducts research to provide comprehensive sol-
utions to the grand challenges facing society in the fields of
energy and environment, information, and brain research.
The Institute of Energy and Climate Research 5 Photovoltaic
(IEK-5) developed devices with direct thermal and electrical inte-
gration of thin-film silicon multijunction PV modules with
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alkaline EC and characterized the commercial PV modules under
standard conditions. The Institute of Energy and Climate
research 14 Electrochemical Process Engineering (IEK-14)
installed, operated, and monitored the 10 m* PV + EC project
demonstrator and also developed the proton exchange mem-
brane (PEM) EC stacks used in the project. 4) Uppsala
Universitet, founded in 1477, which is the oldest university in
Sweden. The university pursues top-quality research and educa-
tion and interacts constructively with society, to in different ways
contribute to a better world. The Department of Materials
Science and Engineering contributed by tuning the properties
of silver-doped Cu(In,Ga)Se, (ACIGS) to achieve an optimal bal-
ance between photovoltage and photocurrent for water splitting
and also developed transition metal-based electrocatalysts for
alkaline electrolysis. 5) Enel Green Power is a subsidiary of
Enel Group, an energy utility corporation headquartered in
Italy, that develops and manages power generated from renew-
able resources worldwide. EGP contributed to the project by
developing commercial silicon heterojunction modules that were
used in the 10 m* demonstrator. 6) Solibro Research AB located
in Sweden, which was the research and development subsidiary
of Solibro GmbH, a commercial manufacturer of Cu(In,Ga)Se,
(CIGS) PV modules, until its insolvency in October 2019. Solibro
Research AB developed and provided the commercial CIGS PV
modules that were used in the 10 m* demonstrator.

The PECSYS consortium developed low-cost, established PV
material modules directly coupled to EC units, enabling a steep
learning curve from known PV technologies and Earth-abundant
catalysts for alkaline electrolysis. Directly electrically coupled PV
electrolysis was favored for reasons already outlined in the
Introduction. In addition, this approach was chosen because it
is technically feasible in temperate climates unlike concentrated
PV or solar thermal hydrogen production and has potentially
lower costs.[*®! Further, designs with and without thermal inte-
gration of the PV and electrolysis components were investigated,
with the former representing a lower technology readiness level
(TRL) than the latter.

The electrolysis of water, also referred to as water splitting, is a
combination of two half reactions, namely, the hydrogen evolu-
tion reaction (HER) and the oxygen evolution reaction (OER),
which proceed as follows.

For alkaline conditions

Cathode (HER):4H,0 + 4e~ — 2H,(g) +40H~ (1a)
Anode (OER): 40H — O,(g) + 2H,0 + 4e" (1b)

For acidic conditions
Cathode (HER): 4 H* (aq.) + 4e~ — 2H,(g) (2a)
Anode (OER): 2H,0 — O, + 4H"(aq.) + 4e~ (2b)
Overall reaction for all conditions : 2H,0 — 2H,(g) + O,(g)
()

Under standard conditions (1 atm and 25 °C), a minimum volt-
age, E°, known as the reversible voltage and corresponding to 1.23 V
versus Reversible Hydrogen Electrode =0V, is required for the
overall reaction. However, for practical electrolysis, a voltage higher
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than E° is required to drive the anodic and cathodic reactions of the
full electrochemical cell as well as to overcome parasitic loads. Thus,
the consortium sized the PV modules in such a way as to ensure
that the photovoltage over a wide range of operating conditions was
sufficient for unassisted overall water splitting in the connected EC.
Also, within the project, a generalized PV + EC sizing model was
developed based on real device data together with temperature and
irradiance climatic data to optimize the annual hydrogen yield for
given climatic conditions.™™”!

The performance of the PV + EC prototypes and systems was
evaluated by, where possible, individually testing the subcompo-
nents under fixed laboratory conditions and then after integra-
tion, by determining the StH efficiency. Laboratory tests were
conducted under simulated 1000 Wm 2 solar irradiance
(1 sun), while outdoor tests were conducted under fluctuating
irradiance conditions and are hereafter termed “real sun.” As
most devices were thermally integrated, it was difficult in most
cases to stabilize the PV module temperature to 25 °C, the oper-
ating temperature during 1 sun characterization varied from one
configuration to another. For all the prototypes and systems
reported in PECSYS, the StH efficiency #sy (%) with a solar col-
lection area Spy (mz) that operated under an irradiance of Gppoto
(W m~?) was calculated using the amount of hydrogen generated
fitz in mol/s (determined from collected hydrogen gas flux V.
in mL/min, pressure P in bar, temperature T in Kelvin, and the
universal gas constant, R=28.314]/(Kmol), as shown in
Equation (4)) and the lower heating value (LHV) of hydrogen
(=237.2k mol ), as shown in Equation (5).

P x VHZ _3
Mo =g X 167X 10 4)

The conversion factor of 1.67 x 107 in Equation (4) is neces-
sary for dimensional correctness as in our case, the units of Vi,
have to be converted from mL/min to m*/s and those of P from
bar to Pa (equivalent to N m™?). This prefactor should be omitted
for the general case where SI units are used everywhere.

fiyy, X LHV }
sty = § =—————— ¢ X 100% 5
St {Gphoto X SPV ( )

To compare the productivity of the systems independently of
the solar collection area, we define an area-specific H, production
rate, iy, (gh™'m™?), as the mass of hydrogen collected per
hour of operation per square meter of the solar collection area.

3. Results

3.1. Thermally and Electrically Integrated Solar Hydrogen
Generation Using Various PV Technologies

The thermally integrated PV EC designs were developed to
reduce ohmic losses and transfer excess heat from the PV mod-
ule to the electrolysis part for enhanced hydrogen generation.
We note here that apart from the heat exchange between the
PV and electrolysis parts of these devices, no active heating or
cooling was used to control the device temperature. This involved
starting from lab-scale integrated photoelectrochemical concepts
to scale viable concepts to prototype size >100 cm?.

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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3.1.1. Triple-Junction Thin-Film Silicon PV Cells Coupled with
Alkaline Electrolysis

www.solar-rrl.com

56 cm?, respectively, integrated with an EC with electrodes, each
sized 26.1 cm?. Thus, the device can be scaled arbitrarily without

increasing ohmic losses.

This device achieved an StH efficiency of 4.5%;v with an

area-specific H, production rate, iy, of 1.38gh 'm 2

At Forschungszentrum Jiilich, a scalable 64 cm? aperture area
device consisting of triple-junction thin-film a-Si:H/a-Si:H/pc-
Si:H PV cells coupled with an electrodeposited bifunctional i '
water-splitting NiFeMo catalyst was developed.?” Figure 1 shows Other performance details are shown in Table 1. We note here
the scalable design consisting of a repeatable base unit compris- that by nature of the design of the electrolysis subcomponents,
ing a PV minimodule with an aperture and active area of 64 and it Was not possible to replicate the same configuration in a

Figure 1. Prototype of the highly integrated and scalable PV + EC device. a) Schematic illustration of the device concept. b) Drawing of the 3D-printed
frame used for gas and water management, support for the catalyst, the PV module, and the membranes. ¢,d) Photographs of prototypes with (c) front-
side view (PV side) and (d) back-side view (EC side). Reproduced with permission under the terms of the Creative Commons CC BY license.*® Copyright
2020 The Authors. Published by WILEY-VCH.

Table 1. Performance of thermally integrated PV electrolysis prototypes investigated in the PECSYS project tested at 1000 W m ™2 as of December 2020
and presented in Section 3.1. Performance is determined by the amount of collected hydrogen, at ~1 bar, measured by the H, production rate in terms of
volume or solar collection area specific mass (W4, and my,). The operating temperature was variable for all devices except where indicated.

PV approach Thin-film ACIGS (1) ACIGS (2.1) ACIGS (2.2) Silicon Silicon heterojunction PV approach
silicon?% heterojunction®?

Section 3.1 3.1.2 3.1.2 3.1.2 313 313 Section

PV collection area, active/ ~ 56/64 78/100 78/101 82.3/100 228/294 2480/2600 PV collection area, active/

total (cm?) total (cm?)

PV module efficiency, (%) -J- 16.1 143 17.3 17.19 17.69 PV module efficiency (%)

Catalysts Bifunctional ~ NiMoV(cathode)- Bifunctional NiFe Bifunctional NiFe  NiMo (cathode)- NiMo (cathode)- Catalysts
NiMoFe NiO(anode) (LDHs)® (LDHs) NiFeO (anode) NiFeO (anode)

Duration of operation (h) 0.5 100 168 12 75 ~50 Duration of operation (h)

Max.9 StH efficiency, 4.79 9.19 109 13.49 10 7% Max. StH efficiency

(%L1v) (1-sun) (1-sun) (1-sun); (1-sun); (real sun) (1-sun) (%Lhv)

Avg.® StH 4.59 8.59 9.79 1139 (average) 3.5? at 25°C (1-sun); 519 Avg. StH efficiency (%Lmv)

efficiency(%1v) (100 h) (7 days) (1-sun)

Avg. Viiy (mL/min) 1.7 3.3 5.4 5.74 7.9 85 V2 (mL/min)

Avg. My 138 2.75 2.87 3.74 1.07 1.56 iz

g(hm?)™ ghm?)

AUsing total PV area; ®LDH: layered double hydroxides; “Max. short for maximum; 9Using active PV area as integration made a significant portion of the photoabsorber to
photovoltaically inactive; ®Avg. short for average.
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standalone EC to compare the operation with and without ther-
mal integration of the PV cells and EC cells.

3.1.2. Silver-Doped Cu(In,Ga)Se, PV Cells Coupled with Alkaline
Electrolysis

At Uppsala University and Solibro Research AB, a scalable thermally
integrated PV alkaline electrolysis device was designed using ACIGS
and precious metal-free electrocatalysts. The schematic design and
photograph of the integrated ACIGS + EC device are shown in
Figure 2. Continuous optimization of the catalysts and the device
layout?" gradually improved the performance, as shown in
Table 1. The final prototype (Iype 2.2) achieved an average StH effi-
ciency, under 1000 W m ™2 illumination, of 11.3%;v (maximum
value of 13.5%; v corresponding to an i, of 3.7gh71 m 2 for
the active area of 82.2cm?). This prototype was later on installed
in the demonstrator testbed in Juelich and in November 2020,
an average StH efficiency of 10%; ;v was recorded.

3.1.3. Silicon-Based Heterojunction PV Module Coupled with
Alkaline Electrolysis

The final thermally integrated PV EC approach was developed at
the Helmholtz Zentrum Berlin using a-Si/c-Si heterojunction PV
cells and an alkaline EC. The first prototype had a solar collection
area of 294 and 50 cm® geometric electrode area (Figure 3a). The
EC electrodes consisted of NiMo and NiFeO on Ni foam sub-
strate for the HER and the OER, respectively, with Zirfon mem-
brane (UTP 500) acting as the gas separator. The device was
characterized both outdoors (real sun) and indoors at 1sun
(1000 W m™?) using a solar simulator.”?) The device operated
for about 75 h and spent about 145 h connected to the measure-
ment system and filled with electrolyte (1.0 M KOH).

Thanks to insights from the analysis of outdoor performance
of the aforementioned prototype, a larger one (2600 cm* collec-
tion area, see Figure 3b) was developed and tested. The heat
transfer was improved by circulating the electrolyte through a
heat exchange chamber inserted between the PV module and
the EC, before feeding the EC. This prototype has a simpler bal-
ance of plant than others'®'” because it eliminates both the need
for a separate fluid circulation circuit for heat transfer and power
conditioning electronics. Unlike the previous prototype for which
the EC could not be separately tested, the output of the prototype

(a)
H,O + H,
/ outlet
- : | Catalyst
Ni plate (cathode)

. . BN

R —————

Ni plate

-
.

|_.' ==/ __Catalyst
!

i) (anode)
N
H,O inlet \. H,0 + O,
Electrical connections outlet
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could be tested with and without thermal integration. The cur-
rent voltage curves measured separately for the PV module
and the EC stack at 1 sun under different device temperatures
are omitted here because of space limitations. However,
we briefly show an example of the effect of thermal integration
under simulated 1 sun illumination, as shown in Figure 3c,d. A
comparison of the hydrogen and oxygen flow rates, as well as the
operating current as a function of time for 1000 W m ™2, is shown
in figure 3d. It can be seen that after 60 min of operation the
hydrogen flow rate with and without thermal integration was
85 and 40mLmin '. An analogous relative enhancement by
thermal integration was also evident in the oxygen flow rate
and operating current. The H,/O, ratio was close to 2:1 in both
measurements. Similarly, the transients of the values of StH effi-
ciency determined using the collected H, volume and the oper-
ating current showed enhancement by thermal integration of the
PV module with the EC stack. With thermal integration, the
Faradaic efficiency is somewhat lower than 100% due to possible
engineering issues including loss of H, gas to the atmosphere.
Finally, the temperature transients in Figure 3e show that, with
thermal integration, an appreciable amount of heat is transferred
between the two components and after 60 min, the PV tempera-
ture is reduced, whereas the electrolyte temperature is increased
compared with the case without thermal integration. A detailed
analysis of this prototype shall be presented in other studies.
Thus, for the 2600 cm? prototype, a 34% relative improvement
compared with the 290 cm’sized one, in StH efficiency to
5.1% at 1000 W m ™%, was achieved, by the end of the project
in December 2020. Under these conditions, the scaled-up proto-
type achieved a H,-generating capacity of 85 mLmin ™" at an riy,
of 1.56 gh ™' m~2. In the meantime, further postproject improve-
ments have enhanced the StH efficiency to 6.1%;yy and a
H,-generating capacity of 100mLmin™', under simulated
1 sun conditions test conditions at 1000 W m™2, while StH
reaches 10% in outdoor (real sun) conditions (details to be
presented in other studies).

The performances of the thermally integrated PV electrolysis
prototypes shown in Figure 1-3 are shown in Table 1. Generally,
the StH efficiency of these thermally integrated approaches can
be further improved by increasing the PV minimodule efficiency,
minimizing loss in efficiency associated with integration and
scale-up. The aforementioned aspects as well as the durability
of the electrolysis part require further research.

(b)

Figure 2. a) Schematic and b) photograph of the ACIGS PV minimodule with an area of 100 cm? in direct contact with a thin EC with 100 cm? catalyst area.
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Figure 3. a) Si heterojunction PV + EC integrated device (294 cm? collection area) in an outdoor test setup. The liquid alkaline EC is inside the white

plastic casing below the PV module. b) Scaled-up prototype (2600 cm?) with
The time transients of different parameters measured for the 2600 cm? col

heat exchanger placed between EC and PV module to improve heat transfer.
lection area prototype under simulated 1 sun illumination with (continuous

curves and/or solid symbols) and without (dotted and/or unfilled symbols) thermal integration c) for hydrogen flow rate, oxygen flow rate, and operating
electrical current; d) StH conversion efficiency nsty calculated from the collected hydrogen volume flow rate and the measured operating current and the
ambient temperature, the PV module temperature, the average electrolyte temperature on the anode and cathode side, as well as the heat transferred to

the KOH electrolyte.

3.2. Solar Hydrogen Generation Using PV Modules Directly
Coupled to PEM EC with Balance of Plant Innovations

The second category of PV + EC systems consisted of PV mod-
ules directly electrically coupled to PEM EC, but in this case,
they were thermally “decoupled.” Uniquely in the PECSYS

Sol. RRL 2022, 6, 2100479 2100479 (6 of 13)

project, the balance of plant for the EC was minimized™*
by 1) feeding water to the EC from the cathode side only; 2)
using hydraulics (siphoning effect) and not pumps to
provide feed water to the EC; 3) eliminating power manage-
ment electronics; and 4) eliminating active heating/cooling
of the EC.

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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3.2.1. Bifacial Silicon Heterojunction PV Module Coupled with
PEM Electrolysis

In the first system, we studied the effect of using bifacial instead
of monofacial silicon heterojunction PV minimodules on the
hydrogen yield. In this setup, a 730 cm® minimodule consisting
of three amorphous Si/crystalline Si heterojunction cells with a
bifaciality factor of ~90% and an output voltage exceeding 1.5V
was developed by Enel Green Power at its 3SUN facility. These
PV cells were manufactured using an industrial setting, as
reported in the study by Condorelli.**! The PV cells were manu-
ally assembled into a module which was then directly connected
to a single PEM electrolysis cell developed at FZ] and tested
under outdoor conditions at CNR. The PV module layout, height,
and orientation at the experimental site were chosen to optimize
bifaciality, using a 3D bifacial performance optimization
model.”” The PV module was oriented to south with an inclina-
tion of 35°, optimized for the latitude of Catania, Italy (37°31'N,
15°4’E), and the system setup is shown in Figure 4.

Low solar concentration was achieved via an albedo effect of
about 30% combined with a bifacial factor of 90%. Compared
with a-Si/c-Si heterojunction PV minimodule with monofacial

Figure 4. Direct solar hydrogen generation system consisting of a three-
cell bifacial silicon heterojunction PV module directly coupled to a single
PEM EC cell at Catania, ltaly.

@

www.solar-rrl.com

irradiance collection, the bifacial setup resulted in a 17% relative
increase in StH efficiency to 13.5%; 3y for an average production
rate of 4.2gh 'm 2 for irradiance levels between 800 and
1200 W m™2. This system also showed stable outdoor operation
for 55h and a detailed account of the performance behavior can
be found in the study by Privitera et al.*®!

3.2.2. Commercial PV Modules Coupled with PEM Electrolysis in
a 10.3m? Array

The second system made up the final project demonstrator for
direct solar hydrogen generation, with a PV collection area
greater than 10 m”. The demonstrator was installed at an outdoor
test field located at the FZ] (50°55’ N, 6° 21’ E) in Juelich,
Germany, in the beginning of 2020, as shown in Figure 5a.
The 10 m* PV array consisted of eight CIGS PV modules from
Solibro Research AB and three a-Si/c-Si heterojunction PV mod-
ules, from Enel Green Power, connected directly to PEM EC
stacks developed at FZ]. Each PV module (with the exception
of two a-Si/c-Si heterojunction modules which were connected
in series to form one unit) was directly coupled to a dedicated
EC stack in the so-called cassette configuration, as shown in
Figure 5b. Each of these PV 4 EC cassettes formed a unique
modular solar-to-hydrogen generating unit, as also described
in other studies.”>*”) One advantage of this configuration is that
the sizing of the plant could be flexibly changed by varying the
number of modular units in an array.

The demonstrator was commissioned in January 2020 and
continuously operated from April to November 2020. The
amount of hydrogen collected from each modular PV + EC unit
was totaled for the whole plant and used to calculate StH using
the expression in Equation (1). The system achieved average StH
efficiency of 10%jyv over 9 months operation (equivalent to
6480 h) and a total of 22 kg of hydrogen were collected in this
time with a performance degradation of less than 10%, exceeding
the respective project targets.

3.3. Electrocatalysts for Electrolysis of Water (Water Splitting)
Developed in the PECSYS Project

While the technological development of PV modules used in the
PECSYS project was already well established at the beginning of
the project, this was not the case for electrocatalysts which are

(b)

Figure 5. a) Aerial view of the final setup of the 10 m? demonstrator plant at Forschungszentrum Juelich, Germany. b) Photograph showing a PEM EC
stack directly mounted onto the back of one of the a-Si/c-Si heterojunction PV modules in a cassette design.
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essential for water electrolysis. Also, one of the goals of the project
was to reduce the costs for which minimizing or eliminating the
use of platinum group metals (PGMs) would play a role. Thus,
although this was not at the focus of the PECSYS objectives,
a lot of research was done in developing Earth-abundant electro-
catalysts and on sizes that are not usually reported in the literature,
and these developments were very useful in the success of the
project. A summary of the performance of these catalysts in com-
parison with the best in class catalysts is shown in Table 2. It can
be seen that the catalysts developed in PECSYS perform as well
as are the state of the art and have moreover been tested in devices,
in some cases, even under harsh operating conditions.

The platinum group catalysts used for PEM EC in the PECSYS
project are omitted from Table 3 for brevity and also as their high
performance is generally well established.?®

4. Discussion

4.1. Summary of Results and Comparison with the State
of the Art

A schematic that summarizes the results of the different
PV + EC approaches investigated within the PECSYS project
is shown in Figure 6.

The detailed performance of the larger systems operated
under real sun conditions in comparison with similar-sized

www.solar-rrl.com

systems developed in the past 10 years and reported in other
studies®®> is shown in Table 3. In particular, the demonstrator
was operated for a longer time period, a total of 9 months or
6480 h, than other systems for which typically direct PV-to-EC
coupling is only studied on a short-term basis.

Figure 7 shows a comparison of the StH efficiency, of different
directly coupled PV + EC devices, as well as PC and hybrid PEC-
PV + EC devices, as a function of the solar collection aperture
area. Data from reports on devices smaller than 1cm? and/or
tested with concentrated solar irradiance are omitted for clarity.
The datapoints of devices for which StH efficiency was deter-
mined using the operating current and using the amount of
gas collected are shown in Figure 7a,b, respectively. The data-
points corresponding to the devices developed in this work
are labeled with the respective section numbers, whereas those
from literature are labeled with the respective references. It can
be seen that the thermally integrated prototypes in PECSYS
achieved comparable and even higher performance for simulated
1 sun irradiance, than has been reported for devices using abun-
dant active materials and for similar size. In addition, even for
the directly coupled PV module + EC stack systems, without
thermal integration and with solar collection areas above 1m?
(=10*cm?), the PECSYS demonstrator shows the highest aver-
age StH efficiency above 10%; ;3y. Note that the low StH values of
less than 1.0%;yy all belong to devices based on PECB133 or
PCB** technologies and are a result of the material and/or

Table 2. Comparison of Earth-abundant catalysts developed in PECSYS tested at 25 °C in alkaline conditions, with the best in class state of the art.

HER
Catalyst NiFeMo NiMo NiFe LDH NiMo NiMo Catalyst
material material
Electrode Nickel sheet Nickel foam Nickel foam Nickel foam Glassy carbon Electrode
Preparation method EDY Sputtering HP?) ED ED Preparation method
Deposition size (cm x cm) 8.2x0.8 10 x 10 10 x 10 15x 15 0.5 Deposition size (cm x cm)
disc diam.?
Overpotential at 10mAcm™ (V) 320 @ 50 mAcm ™2 94 189 92+£22 40 Overpotential at 10mAcm™2 (V)
(3 x1cm) (1 x1cm) (1 x1cm) (1 x1cm) (0.5 cm diam.)
Proven in device Yes, Yes Yes, yes, no Proven in device
Figure 1 Figure 2 Figure 3b
Reference [20] [21] This work This work [28] Reference
OER
Catalyst NiFeMo NiMo NiFe LDH NiFeO Ru Catalyst
material material
Electrode Nickel sheet Nickel foam Nickel foam Nickel foam Glassy carbon Electrode
Preparation method ED Sputtering HP ED ED Preparation method
Deposition size (cm x cm) 82x038 10x 10 10 x 10 15 %15 0.5 Deposition size (cm x cm)
Disc diameter
Overpotential at 10mAcm 2 (V) 330 @ 50 mAcm 2 94 200 266+ 1 290 Overpotential at 10 mAcm 2 (V)
(3 x1cm) (1 x1cm) (1 x1cm) (1 x1cm)
Proven in device yes, yes yes, yes, no Proven in device
Figure 1 Figure 2 Figure 3b
Reference [20] [21] This work This work [28] Reference

JED: electrodeposition; PHP: hydrothermal process; “Diam: diameter.
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Table 3. Comparison of the outdoor performance solar hydrogen generation systems using PV modules directly coupled to PEM ECs. Hydrogen gas was

collected at =1 bar.

Parameter Parameter

Location Catania (IT) Catania (IT) Juelich (DE) Thawul (SA)  Tsukuba (JP) Location

PV technology Monofacial silicon Bifacial silicon heterojunction + 30% CulnGaSe and silicon Polycrystalline  Polycrystalline PV technology
heterojunction albedo effect heterojunction silicon silicon

PV collection area 0.073 0.073 103 15 21.5 PV collection area

(m?) (m?)

PV nominal power 0.134. 0.120 1.73 0.27 2.6 PV nominal power

[kWwel] [kwel]

Avg.®) StH efficiency, 1.5 13.5 10-1 9.4 ~5.07 Avg. StH efficiency

(%LHV) (%LHV)

iz gf (h-m?) /- 42 23 12 /- i g/ (h-m?)

Outdoor operation -/- ~100 6480 10 20 Outdoor operation

(h) (h)

Reference [26] [26] This work [29] [30] Reference

JAvg. is short for average; ®Calculated from information provided in the respective publication.

Adapted PV - directly electrically coupled and thermally integrated EC

Thin film CulnGaSe
100 cm?

Thin film silicon
100 cm?

Separator

1.4 g-H,/h/m?; n,=4.5 %

3.7 g-H,/h/m?; ng,=11.3 % OER

Separator

TRL2 -3

TRL2 -4

Zad PECSYS

Highest degree of integration

Crystalline silicon heterojunction
2600 cm?

_
OER

Separator
Separator

1.6 g-H,/h/m?; Ngy=5.1%

Commercial PV - directly electrically coupled EC

Thin film CulnGaSe Crystalline silicon heterojunction
0.75m? 2.0m?

10 m? demonstrator

/ Glass e \\
| I
! I
I
I
| I
| OER |
' Separa[or I
I
| Separator Separator ]
I OER OER 1
| '
I
\ 2 '
\ 2.3 g-Hy/h/m? 154,105 % ’

*Bifacial crystalline silicon heterojunction, 0.073 m?
4.2 g-H,/h/m?; N, =13.5%
TRL3 — 6

Figure 6. Summary of directly coupled PV electrolysis systems investigated in PECSYS spanning different levels of integration as well as technical maturity

measured via the TRL.

technological limitations such as low electronic quality and/or
lack of suitable device approaches that limit photocorrosion.
However, some progress in StH efficiency and scale (e.g., 3%
LHV for a solar collection area of 1.6m?* or 16 x 10° cm?) is
apparent especially when PEC devices are combined with crys-
talline silicon-based PV.P® Nevertheless, high average values
of StH efficiency approaching or beyond 10% LHV for devices
with a solar collection area of 100 cm?* or greater, despite a sig-
nificant presence of systems developed in the PECSYS project,
are still dominated by EC using PGMs (also in Figure 7b).’”>%

Sol. RRL 2022, 6, 2100479 2100479 (9 of 13)

4.2. Prospects for Application

The PECSYS technical approach using the direct coupling of PV
modules to an EC stack is an interesting starting point for further
development to fulfill the needs of green hydrogen production at
a commercial- and industrial-scale level (among others). Such
configurations, that omit the power conditioning of the EC,
are alternatives to the currently used ones, in which the EC is
fed using electricity from grid and green sources via AC/DC,
DC/AC, and DC/DC converters and transported by kilometers

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 7. StH conversion efficiency, determined from the a) operating current and from b) the amount of product gas collected as a function of the PV
aperture area for different devices. The data in each graph are grouped according to whether or not the electrocatalysts used contain PGM and, whether or
not the PV and electrolysis devices are thermally integrated. The data points corresponding to the devices developed in within this work are labeled using
the sections in which they are presented, whereas data points from the literature are labeled with the reference number. All data are reported for non-
concentrated solar irradiance and all devices with a solar collection of 730 cm? and above (except 2600 cm?) were measured under real sun conditions and
thus more accurately portray average StH values, whereas the rest were measured under simulated 1 sun (1000 W m~?) conditions and portray maximum

or initial StH values. Note that device operating temperatures may vary.

of lines with the related losses. In the near and midterm, appli-
cation of the PECSYS approach in the decentralized hydrogen
production for storage of PV electricity for capacities in the
1-10s of kW range, for example, for residential or small com-
mercial user/producers, already seems possible. The approach
used in the 10m? demonstrator, if economically scaled to
0.1-10s of MW capacity, may be a basis for distributed solar-
based green hydrogen industrial production for refineries as well
as fertilizer and steel manufacturers, which use large amounts of
hydrogen (see Figure 8). Other potential end users could be enti-
ties in the chemical and industrial sectors that intend to decar-
bonize their processes. In addition, with slight modifications to
such hybrid PV hydrogen generation plants, the energy produc-
tion can be modulated between electrical energy delivered to the
power grid and H, production, providing also grid balance serv-
ices, as shown by the gray area. By improving and demonstrating
a sufficient system reliability, we think that it is realistic to reach a
solar green hydrogen cost below 5 €/kg-H, in sunny locations.

4.3. Learnings from the Project

The PECSYS project activities produced a number of results that
are of significant scientific and technological interest to the green
hydrogen community. As already outlined, different configura-
tions and approaches were considered, leading to a diversity
of results that also provided some insights that allow for gener-
alization of some conclusions for directly coupled PV electrolysis

Sol. RRL 2022, 6, 2100479 2100479 (10 of 13)

systems for solar hydrogen generation. These results showed that
hydrogen generation under real-world conditions with directly
coupled PV electrolysis under 1 sun is feasible even with a much
reduced balance of system, provided that the components are
optimally matched. Moreover, the elimination of power condi-
tioning, active heating/cooling, and pumps reduces the capital
costs and energy required for ancillary services. The directly cou-
pled devices have a compact design with a maximum of four ter-
minal connections for electrolyte feed and gas collection and
minimal to no wiring, enabling modular installation. Scaling
of the hydrogen-generating system can be done by simply adding
or reducing the number of modules in an array as required, in a
similar way to conventional PV panels. Moreover, performance
loss of an entire array as a result of partial shading can be miti-
gated as unaffected panels continue to generate hydrogen at the
maximum possible rate for a given irradiation level.

The use of Earth-abundant catalysts combined with low-cost
PV absorber materials can be used to scale thermally integrated
devices with efficiencies that are comparable with those obtained
using more expensive materials, provided that device durability
can be guaranteed. We were also able to demonstrate that heat
exchange between the PV and electrolysis module does indeed
boost StH efficiency.

There were also some challenges faced and these provide
directions for further research, especially in improving the EC
as well as the integration designs. As the EC’s hydrogen produc-
tion rate directly follows the changes in the incident irradiance,
any system with a PV module directly coupled to an EC would

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 8. Reference configuration for the envisaged system for distributed hydrogen production for industrial stakeholders, based on the current PECSYS
technology. The shaded area shows an alternative hybrid configuration with switching power electronics to optimize revenue streams at an industrial level.

require a buffer to stabilize the supply of hydrogen to down-
stream equipment such as compressors and fuel cells. Also,
operating classically designed cells without power electronics
control requires a safety mechanism or the use of a recombina-
tion catalyst on the anode side, to prevent danger of explosion
due to hydrogen cross-over, at extremely low current densities,
that can occur during periods of low solar irradiance. The opera-
tion of electrolysis at close to atmospheric pressure reduces
safety concerns but comes at a cost of compressing the hydrogen
to pressures of at least 25—30 bar (comparable with the output of
steam methanol reforming). Also, although the PV module life-
time is quite high, the EC lifetime has to be further improved.

Especially challenging for the thermally integrated systems is
the hermetic sealing of the device to prevent the leakage of both
gases and electrolyte when one of the joints is made up of
glass.’*) The updated silicon heterojunction PV integrated alka-
line EC design relaxes this constraint as the sealing closest to the
PV module is only required to prevent leakage of the electrolyte
from the heat exchanger, allowing more robust hermetic sealing
of the EC against gas leakage using compression screws.

The life cycle impact (not presented here) could only be esti-
mated as some manufacturing steps for the EC are not yet stan-
dardized and information on component production (automation,
scaling, standards, etc.) and supply chains is still limited.

This work can, in the first instance, be extended by increasing
the efficiency, scale, reliability, and lifetime of the system.
Further, holistic studies to optimize both the location and size
for an off-grid solar/hydrogen energy system consider social, eco-
nomic, technical, and environmental factors.’* Finally, the ben-
efit of thermal integration under subzero temperature conditions
should be investigated as suggested by a recent study.*

5. Conclusion
In the PECSYS project several approaches for direct coupling of

PV and electrolysis for direct solar hydrogen production were

Sol. RRL 2022, 6, 2100479 2100479 (11 of 13)

investigated, spanning different levels of technical maturity
and component integration. We have shown that thermal inte-
gration does boost efficiency and H, production and these results
have also provided a better understanding of the scale-up chal-
lenges and operation behavior of thermally integrated PV ECs
that could be applied to PEC and PC technologies.

In general, for each approach considered, we achieved effi-
ciency and capacity values among the best in class for each
approach. However, we note that for all concepts, the durability
of the ECs requires more research and further scale-up is
required to approach higher technological maturity. Such further
research and development is anticipated to lead to a targeted H,
production cost in the range of 2.5-5.5 €/kg or even better.
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