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5 Supplemental Material
5.1 State-of-the-Art and TRL of Subsystems

5.1.1 Photovoltaic Devices and Modules

Electricity generation by solar cells using the photovoltaic effect has already achieved the
highest technology level of TRL 9. Commercially-mature products have been on the market for
more than a decade. Although numerous PV technologies exist, classified chiefly by the
absorber material, the following discussion shall cover only the state-of-the art as far as
commercially-available PV technologies are concerned. Crystalline silicon-based solar cells
have the largest market share of PV modules. Within this technology path, p-type
multi-crystalline silicon, using a combination of diffused junctions and a back surface field,
predominate [1]. While the typical efficiency of commercial cells does not exceed 19%, a record
efficiency of 22% was achieved for a 246 cm? multi-crystalline p-type silicon single wafer using
passivated emitter rear cell (PERC) technology [2]. The highest present module efficiency of
20.4% has been reported for p-type mono-crystalline silicon, also based on PERC technology
[3]. Even higher efficiencies have been achieved using n-type mono-crystalline silicon, which
is believed to have a higher intrinsic efficiency limit than p-type silicon. At the time of writing
this paper, the highest silicon efficiency values of 26.6% are reported for a 180 cm? single cell
wafer [4] and 24.4% for a module with an area of 1.3 m? [5]. Here, the silicon heterojunction
(SHJ) technology on n-type mono-crystalline silicon is used. Solar cells based on this
technology are available on the market with efficiencies above 19.5% (see section 3.2.1). The
recently reported efficiency record for small area solar cells based on p-type mono-crystalline
silicon of 26.1% (4 cm?) [6] comes close to the highest efficiency values reported on a 180 cm?
single cell wafer of 26.6% [4]. In summary, recent innovations in the PV device field have
caused a growth in the market share of modules using mono-crystalline silicon because falling
manufacturing cost have increased the effect of an efficiency gain on the levelized cost of
electricity (LCOE) [1]. Moreover, higher efficiency values reduce the specific cost of the
balance of system and, at the same time, increase the power output for the same module area.
Thus, it is expected that PV-based STH efficiency is expected to increase and the cost will be
reduced.

5.1.2 Electrolysis

The field of water electrolysis can be subdivided into three major technology pathways. Alkaline
electrolysis is the most common technology with the highest market share and longest history
of development [7, 8, 9]. There are installed systems with a nominal power exceeding 1 MW
and system efficiencies of up to 80% (higher heating value) [10, 11]. A typical specific
investment for this technology is reported to be 1100 $/kW [12, 13]. Due to the high maturity
of alkaline electrolysis systems, the TRL can be defined with a value of 9. Pressurized



electrolysis and operation at elevated temperature is considered to further improve the
efficiency of alkaline electrolysis systems [14, 15]. Polymer electrolyte membrane (PEM),
electrolysis, meanwhile, is the most anticipated technology for future applications. This is due
to expected cost reductions, decreasing specific investment to 500 $/kW and below as well as
system efficiencies exceeding 80% (higher heating value) [16, 17, 18]. Specific investment
costs at present are still in the range of 2000 $/kW due to small market penetration [12, 13,
19]. There have been numerous setups demonstrating the technology at a nominal power level
of several kW. Recently, this scale has been pushed by the launch of the Energiepark Mainz,
which utilizes a PEM electrolyzer with a nominal output of 6 MW [17]. On the basis of this
progress, the TRL of PEM technology can be estimated to be 8. Current research in the field
of PEM electrolysis focuses on technological progress to achieve industrial readiness. This
includes improved lifetime and durability of PEM stacks by investigating degradation
mechanisms [20, 21]. Moreover, reduced catalyst-loading and gas-crossover through the
membrane, increased system pressure as well as cost reductions through increased
manufacturing volume are targets of current development efforts [12, 19, 22, 23, 24, 25]. Solid
oxide electrolysis cells (SOE) operate at high-temperatures of between 600-900°C with higher
system efficiencies than PEM electrolyzers, depending on how much waste heat from nearby
processes can be integrated [26, 27, 28]. Currently, no commercial applications have been
realized and laboratory-scale demonstrations are limited to nominal power levels of several
kW. Therefore, the TRL of SOE electrolysis systems can be estimated to be 5. The
approximated specific investment of solid oxide electrolysis ranges from 1000-4000 €, as the
technology has not passed the state of laboratory research [29]. Recent research has focused
on reducing degradation [30, 31, 32].

5.1.3 Concentrated Solar Power (CSP)

Solar Towers, parabolic troughs, solar dishes and linear Fresnel are the four concentrated
solar power technologies (see Figure S1), which can deliver electricity — and heat if required —
to the electrolyzer system.
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Figure S1. CSP technologies [33].

The solar tower technology is a large-scale system that utilizes many large, computer-
controlled, sun-tracking mirrors, so-called heliostats, to focus sunlight on a receiver at the top
of a tower. This receiver transforms the solar radiation into heat. A heat transfer fluid heated
in the receiver then absorbs the highly concentrated radiation reflected by the heliostats and
converts it into thermal energy. This heat is usually coupled to a conventional steam cycle
through a heat exchanger to produce electricity. This technology enables operation at a high
temperature level and provides heat storage capacities. Solar towers typically stand about
75-150 m height [34]. These plants are best suited for utility-scale applications in the
10-200 MW, range [35]. This technology is commercially proven. The process design of the
plant depends on the heat transfer fluid, which can be water, molten salt or air. In this study,
the focus is on molten salt solar towers due to its superior energy storage capacity. In a molten
salt solar tower, the heat transfer fluid used in the solar receiver to convert the collected solar



radiation into heat consists of molten salt which is typically a mixture, by-weight, of 60% sodium
nitrate and 40% potassium nitrate. The molten salt is pumped from a large storage tank to the
receiver at the top of the tower, where it is heated in tubes to a temperature of 565 °C. The hot
salt is then returned to a second large storage tank where it remains until needed by the utility.
At this point, the salt is pumped through a steam generator to produce the steam to power a
conventional, high-efficiency steam turbine to produce electricity. Then, the cooled salt returns
at a temperature of 285 °C to the first storage tank to be used in the cycle again. Due to the
long-term molten salt thermal storage system that is normally integrated in these kinds of
plants, it is possible to achieve 24 h operation during summer. Molten salts are indeed suitable
for long-term storage due to their high thermal density and fluid properties at high temperature.
The directly included storage system typically comprises a two-tank system: a “cold” one and
a “hot” one. The molten salts from the “cold” tank feeds the solar receiver, are heated up and
sent to the “hot” tank. As the steam generator is independently fed from the hot tank, the
thermal storage system works as a buffer during solar transients and periods of no irradiance,
so that the steam turbine’s operating conditions are stable. Thus, the first commercial molten
salt power tower by Torresol Gemasolar can supply 15-hour full load equivalent heat storage
capacity for a plant capacity of 12 MW, [36]. As this plant is commercially-operated, it can be
estimated that electricity generation by a molten salt solar power tower has achieved a high
TRL of 9.

5.1.4 Photoelectrochemical (PEC) Water-Splitting

In photoelectrochemical solar-driven water-splitting, light harvesting and hydrogen generation
are combined into a single monolithic device. In such devices, incident sunlight is converted
into hydrogen using purely internally-biased electrolysis. Since at least one of the
semiconductor surfaces is in contact with the electrolyte, the capital cost of a separate
electrolyzer is avoided, potentially reducing the cost of the balance of plant, provided that
chemically-stable materials are available.

One way to increase STH efficiency has been to use multi-junction semiconductors consisting
of a photocathode and a photoanode to increase the utilization of incident photons, with an
STH value of 8.2% reported [37]. Nevertheless, devices utilizing photoelectrodes are still at a
low technology readiness level, as materials must still be found that best optimize the
requirement for maximum utilization of the spectrum, a high open circuit voltage and long-term
resistance to photoelectrochemical corrosion. Moreover, very few reports of solar-driven water-
splitting devices based purely on photoelectrodes, of sizes approaching the m? range that
would attract commercial interest, are available [38].

Yet, higher solar-to-hydrogen efficiencies approaching 10% have been achieved by using
PV-PEC hybrid devices where the photovoltaic junction provides an additional bias, albeit at a
higher material cost [39, 40]. Other options completely omit the use of photoelectrodes and
instead monolithically-integrated, multijunction PV devices with electrocatalysts are used [41],
achieving higher STH efficiency values of 10-22%. The highest STH efficiencies of devices
measuring at least 50 cm? and using monolithically-integrated PV with electro-catalysts are,



however, still below 10% [42]. Despite the strides made in STH efficiency over the years, the
device stability remains challenging and is the biggest barrier to large-scale deployment of
PEC and related technologies for water-splitting. Therefore, we categorize these approaches
as having a technology readiness level of 3 because the proof of concept has been shown but
stability in both the laboratory and operational environment has not yet been validated.



5.2 Irradiation profiles of all locations considered in this study
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Figure S2. Irradiance profiles for Oldenburg/Germany (a), Freiburg/Germany (b), (c)

Almeria/Spain (c) and
Daggett/USA (d).
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5.3 Hydrogen production quantities per location
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Figure S3. Annual hydrogen production quantities in Oldenburg and Freiburg in Germany
(PV-PEM concepts only).
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Figure S4. Annual hydrogen production quantities in Almeria/Spain and Daggett/USA (all

concepts).
5.4 Sensitivity Analysis
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Figure S5. Cost sensitivities of the CSP-SOE for Almeria/Spain and Daggett/USA with
unchanged conversion efficiency.
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Figure S6. Cost sensitivities of the CSP-PEM for Almeria/Spain and Daggett/USA.

PV-PEM |, Odenburg Freiburg Aneria Daggett
PV+20% [ [ | [
PEM +-20% [ | [ | [ | ||
WACC +20% [ | . . |
PEMlifeime 25 a . [ I [

-16% 8% 0% 8% 16% | -16%-8% 0% 8% 16% @ -16%-8% 0% 8% 16% @ -16%-8% 0% 8% 16%

Figure S7. Cost sensitivities of the PV-PEM I for all locations.
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Figure S8. Cost sensitivities of the PV-PEM Il for all locations.

5.5 Cost reduction potential
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Figure S9. Cost reduction potential of the CSP-SOE concept with the energy conversion

efficiency kept constant.
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