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The transition towards a renewable energy-based society is challenged by spatial and temporal imbalances
of energy demand and supply. Storage properties and versatility may favor hydrogen to serve as the linking
element between renewable energy generation and a variety of sector coupling options. This paper
examines four alternative solar-based hydrogen production concepts based on concentrated solar (CSP)
or photovoltaic (PV) power generation and solid oxide (SOE) or polymer electrolyte membrane (PEM)
electrolysis, namely, CSP-SOE and CSP-PEM, as well as PV-PEM concepts with (PV-PEM 1) or without
(PV-PEM 1) power converters coupling both devices. In this paper, we analyze these concepts in terms
of their techno-economic performance in order to determine the levelized cost of hydrogen (LCOH) for
the target year 2025, based on different locations with different climate conditions. The analysis was
carried out using a broadly applicable computer model based on an hourly resolved time-series of
temperature and irradiance. The lowest LCOH was identified in the case of the CSP-SOE and CSP-PEM
concepts with 14-17 €-ct per kW per h at high-irradiance locations, which clearly exceed the US
Department of Energy (DOE) target of 6 $-ct per kW per h for the year 2020. Moreover, CSP-SOE also
shows the highest hydrogen production volumes and, therefore, solar-to-hydrogen efficiencies.
Considering the PV-PEM concepts, we found that the application of power converters for the electrical
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related investment costs. A further system optimization is suggested regarding the implementation of
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sectors largely builds on the production of hydrogen for
subsequent utilization in the transport, industrial or residential

1 Introduction

The extensive implementation of renewable energy technolo-
gies is seen by many as the means to achieve a cleaner and more
sustainable energy future. Renewable energy (RE) sources such
as wind and solar radiation are, by their nature, fluctuating and,
therefore, make securing a reliable energy supply more chal-
lenging. A possible solution to this is the production of
hydrogen that could be cost-effectively stored and subsequently
used in a great variety of applications. The sector coupling
concept of transferring REs or RE-derived feedstocks to other

“Forschungszentrum Jiilich GmbH, IEK-3: Institute of Techno-Economic Systems
Analysis, D-52425 Jiilich, Germany. E-mail: th.grube@fz-juelich.de

*PVcomB, Helmholtz Zentrum Berlin fiir Materialien und Energie GmbH,
Schwarzschildstrafle 3, D-12489 Berlin, Germany

‘German Aerospace Center, Institute of Solar Research, Solar Chemical Engineering,
Linder Hoehe, D-51147 Cologne, Germany

‘RWTH Aachen University, Chair for Fuel Cells, Faculty of Mechanical Engineering,
KackertstrafSe 9, D-52072 Aachen, Germany

T Electronic  supplementary
10.1039/d0se00896f

information (ESI) available. See DOIL

5818 | Sustainable Energy Fuels, 2020, 4, 5818-5834

sectors.’? In addition to wind power-based concepts, electro-
Iytic hydrogen production using solar radiation may offer
a promising alternative. However, renewable energy yields are
strongly dependent on local solar irradiation levels and diverse
technical concepts are presently available at different levels of
maturity. The main focus of this study is the analysis of the
techno-economic potential of electrolytic hydrogen production
via different solar radiation-based pathways for the year 2025.
The pathway alternatives considered here range from photo-
voltaic power generation connected to polymer electrolyte
membrane (PEM) electrolysis, to concentrated solar power
(CSP) combined with PEM or solid oxide electrolysis (SOE). This
study builds on our previous publication by Reup et al. (2019)*
that focused on a technical assessment of solar hydrogen
production systems comprising PV power generation and PEM
electrolysis. The methodical approach to model-based assess-
ment in this study was, initially, to further develop the required
subsystem modules based on our previous work: PV and CSP-
based power generation, as well as electrolytic hydrogen

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0se00896f&domain=pdf&date_stamp=2020-10-24
http://orcid.org/0000-0002-0605-8356
http://orcid.org/0000-0002-2786-0233
http://orcid.org/0000-0001-7472-6187
http://orcid.org/0000-0002-8286-7075
http://orcid.org/0000-0002-0220-6665
http://orcid.org/0000-0002-5951-9435
http://orcid.org/0000-0002-4314-1124
http://orcid.org/0000-0002-5307-3022
http://orcid.org/0000-0002-1671-3262

Paper

production via PEM and SOE-based hydrogen production units.
These modules were then employed to determine the hydrogen
yields at different locations from temperate to subtropical
climates. Consequently, the economic performance of the
concepts was examined in order to determine the levelized cost
of hydrogen (LCOH) at each location.

The relevant literature on the topic of solar-based, electro-
lytic hydrogen production is divided into three groups of
publications. The first considers experimental setups from
laboratory-scale devices used as the basis for analyzing larger
systems. Clarke et al.® coupled an electrolyzer to a solar PV
system, proving the general concept of directly coupling PV and
EL systems. In that study, a solar-to-hydrogen (STH) efficiency of
4.7% was experimentally achieved.® Privitera et al. demon-
strated a vapor-fed alkaline anion exchange membrane (AEM)
electrolysis system that achieved an STH efficiency of 15%.°
Meanwhile, Muhammad-Bashir et al. realized STH efficiencies
of up to 6.18% in a directly-coupled PV electrolysis system
incorporating a V-shaped concentrator for enhanced sunlight
collection.”

The second group of publications reports on theoretical
research that was carried out in order to determine options and
potential of solar hydrogen production. Turner et al. presented
an overview of hydrogen production alternatives from renew-
able energy sources.? Jacobsson et al. discussed the difference in
photoelectrochemical cells and PV-electrolysis systems and
proposed a gradual nomenclature for these technologies to
structure the research field of solar hydrogen generation.®
Several other studies review recent research activities and
assessment approaches related to the potential of renewable
and solar radiation-based hydrogen production, respectively, on
a theoretical scale, without going into details of the physical and
chemical modelling of the subsystems.'*™**

The modelling approaches found in the third group of
publications aim to determine the potential of solar hydrogen
production, analyzing distinct setups and system combina-
tions, such as PV-PEM systems or photo-electrolysis (PEC)
devices. On the one hand, these models can be further divided
into bottom-up modelling approaches that were used to model
the processes within the subsystems, allowing for the analysis
of the dynamics performance of such systems. Sayedin et al.**
employ a modeling approach for optimizing hydrogen genera-
tion by means of varying the size and operating conditions of
a directly coupled PV-electrolyzer system' and also consider
different irradiances® and locations worldwide.'® Garcia-
Valverde et al. consider optimization procedures related to the
direct coupling’” and use of controlled DC-DC converters for
PV-PEM systems.'® The use of a V-trough-based PV generator is
the focus of Su et al.,'* who analyze the direct coupling of such
a device with an electrolyzer. On the other hand, top-down
models that determine hydrogen production with constant
efficiencies for the subsystems also exist. In this respect, there is
a literature focus on photocatalytic devices, which are analyzed
in comparison to DC-DC coupled PV and PEM systems,*® as well
as on techno-economic analyses with costs ranging from 1.6—
10.4 USS per kg of hydrogen®* or cost spans of 5.5-12 (ref. 22)
and 1.5-4.0 US$ per kg.>® Moreover, the life cycle analysis (LCA)
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of PV-electrolysis systems has been considered by Dumortier
et al.>* However, these analyses, including their theoretical
upscaling, focus on a technology path at comparatively low
technology readiness level (TRL), and are beyond the time
horizon of our study. With a focus on large-scale electrolytic
hydrogen production for different purposes, several studies
provide cost estimates that are relevant in the context of our
analysis. Fasihi et al,” for instance, consider the large-scale
production of liquid fuels from electrolytic hydrogen produc-
tion based on electricity from a hybrid PV and wind power
system. In the reference scenario, the levelized cost of hydrogen
was estimated at 32.54 € per MW per h or 1.08 € per kg.
Teichmann et al*® analyze different concepts for delivering
electricity or hydrogen from regions with large renewable
energy potential. For the case of PV-based, electrolytic hydrogen
production in Northern Africa, the levelized cost of hydrogen
was estimated to be 3.08 € per kg. Heuser et al* consider
a worldwide hydrogen provision scheme that rests upon
potential global centers of wind or PV-based renewable power
generation. Relating to the PV pathway, region-specific cost
results range from 3.55-4.60 € per kg. Another cost estimate for
STH concepts comes from Touili et al.,”® who consider a PV-PEM
system, presumably coupled without DC-DC converters. The
analysis was carried out for 52 locations in Morocco, resulting
in hydrogen costs ranging from 4.99-5.88 $ per kg.

Studies of the comparative analysis of STH concepts that
include power generation by PV and CSP technologies are scarce
in the literature. The work of Boudries* focuses on a hybrid
solar-gas concept with CSP and PV for locations in Algeria and
compares his results with information on PV-based concepts.
The resulting hydrogen costs are in the range of 6-7 $ per kg. A
study by Wang et al.** compares solar-driven thermochemical
cycles with photo-electrochemical processes and PV-electrolysis
concepts. However, no techno-economic analysis was per-
formed in this analysis.

Going beyond published research, the specific objective of
this study is to more consistently analyze and evaluate the
techno-economic potential of candidate solar radiation-based,
electrolytic hydrogen production pathways. This is accom-
plished through a consistent modeling approach that integrates
the techno-economic analysis of four utility-scale STH concepts,
including CSP and PV-based power generation, which are
characterized by a high TRL and, thus, are expected to be
available for large projects in the medium term. Moreover, the
developed model is capable of using location-specific weather
data that are most relevant to the techno-economic perfor-
mance of the concepts analyzed. The common basis of evalua-
tion is the solar collection area (aperture) of 1 km?, which was
derived from a state-of-the-art plant layout for CSP-based power
generation. The concepts are analyzed and evaluated with
respect to their economic performance and level of maturity.
This is achieved by describing the fundamental pathway prin-
ciples and discussing the subsystem's technology readiness
levels (TRLs) at first and, secondly, modeling integrated solar
hydrogen production systems with consideration to relevant
physical and chemical parameters as well, as the systems’
operational performance in a bottom-up approach.
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After introducing that pathway principles and describing the
technology readiness level in the next subsections, Section 2
introduces the relevant details on the concepts and applied
methods of analyzing performance and cost. Section 3 presents
the results of the analysis and their discussion, followed by the
conclusion in Section 4.

1.1 Pathway principles

Fig. 1 displays relevant electrolytic solar-to-hydrogen pathway
concepts according to the literature. These concepts are
distinguished by power generation and electrolyzer technology
and the degree of subsystem integration. The solar-to-hydrogen
pathway alternatives analyzed in this study are two PV-PEM and
two CSP-EL alternatives, highlighted in blue in Fig. 1. With
respect to the conclusions drawn in our previous publication,*
PV-PEM III and PV-PEM 1V are only discussed against the
backdrop of their general function and technology readiness
level.

The CSP-EL pathways considered here uses different elec-
trolyzer technologies. While in the CSP-SOE case, the electric
power output of the CSP is delivered to a solid oxide electrolyzer,
the CSP-PEM concept considers a polymer electrolyte
membrane electrolyzer. Utility-scale CSP plants are typically
realized as either a solar tower or a parabolic trough. In this
work, a solar tower is considered and will be outlined in the
following. Fig. 2 shows the related system configuration. The
electric power generator is comprised of the subsystems' solar
tower power block, the power cycle, power electronics and the
electrolyzer system. Incoming solar radiation is reflected by the
heliostat field to the receiver at the top of the solar tower. The
receiver heats a thermal fluid by means of a heat exchanger.
Surplus heat is stored in salt-based thermal storage and is used
to bridge periods of low irradiation in the daytime or during the
night, while sustaining a constant supply of heat to the thermal
fluid. A second heat exchanger connects the thermal fluid cycle
with the steam cycle for power generation. The CSP plant is then
coupled to the electrolyzer via an AC/DC converter. As is
mentioned above, the electrolyzer system used in our study is

electrical separation: Voy # Ve l‘l‘.";; mN=— i
CSP-SOE thermal integration: heat transfer CSP-SOC ;:’: .% 1
electrical separation: Vv # Ver — i
CSP-PEM thermal separation: Tpy # Tgy, .% 1
electrical separation: Voy # Ver \=— i
PV-PEM | thermal separation: Tpy # Ty ‘% 1
electrical integration: Vv = ViL i
PV-PEM II thermal separation: Toy # Tar,
PV-PEM
PV-PEM IV "“ :

Fig. 1 Overview of electrolytic solar-to-hydrogen pathways with
different concepts of subsystem integration; the top four pathways are
focused by this study. CSP: concentrated solar power generator; EL:
electrolysis; PEM: polymer electrolyte membrane; PV: photovoltaic
generator; SOE: solid oxide electrolysis cell.
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Fig. 2 Functional description of CSP-EL pathways. Adapted figure
based on Roeb et al.**

based on either SOE or PEM technology. The SOE system
additionally avails the opportunity of heat integration from the
CSP plant. The hot product gases from the SOE process are used
within the heat recovery system to pre-heat the steam close to
the operating temperature of about 800 °C, before it is fed to the
electrolyzer.

The PV-based pathways analyzed in this study are based on
PEM electrolysis and are distinguished by the type of electrical
integration, as can be seen in Fig. 3. The PV-PEM I concept
operates with the PV and PEM subsystems being spatially- and
thermally-separated and connected with a DC/DC converter.
The converter adjusts the electrical output of the PV module to
fit the operational characteristics of the electrolyzer. An
advantage of the converter is that there are no coupling losses
apart from the converter efficiency, which depends on the load
level. Furthermore, the individual operating points of the PV
and PEM subsystems do not have to be matched during the
design phase. For the PV-PEM II concept, the PV and PEM
subsystems are still spatially- and thermally-separated, but
without the power converter.

PV-PEM III and photo-electrolysis, which are not considered
in our simulations, show an even further integration level of the
PV and PEM components. PV-PEM III omits the use of power

Tt T T T T T T [_______l R HE .|
ro Ul ! L | PV-PEMI |
: \57N/~ ; Lo ~ | | Auxiliary power | — — — —
S | ( | from the grid
! >/§\; i | DCibC : | eand
| ||’ Converter | ! | !
: [N J | /—*— N
! Pl g |
T R R e o o PEM
| solar : F—————a : j T=80°C : > He
| radiation | | | ! )1
: | ~ | HO\ J
! L [ i
| | 1
| o o [
: . Switch | :
L AN Jon R
| Solar Field rl I I | PV-PEMII |
________________ L
| PV subsystem ‘ Power electronics | PEM subsystem

Fig. 3 Functional description of the PV-PEM pathways PV-PEM | and
PV-PEM I considered in this study. Adapted figure based on Roeb
et al.*
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electronics, similar to PV-PEM II, and also brings PV and PEM
subsystems together spatially. This causes an additional
thermal coupling of the subsystems. Photo-electrolysis inte-
grates the principles of photovoltaic power generation and
electrolytic hydrogen production into a fully integrated single
device. The semiconductor is here directly connected to the
catalyst-electrolyte interface, where the hydrogen is generated.

1.2 Technology readiness level (TRL)

The solar-to-hydrogen pathways employ diverse technologies
with different degrees of maturity, efficiencies and potentials.
These divergent criteria are estimated based on information
from the literature related to PV, EL and CSP. Based on standard
TRL definitions according to Mankins (1995)** and EU (2014),*
these findings are summarized into a TRL estimate for all
subsystems under consideration. The relevant information
collected in the literature can be found in the ESI, Section 5.1.F

Table 1 summarizes the TRL estimates for the different
subsystems. PEM and - despite a lower TRL of 5 - SOE tech-
nology are of particular interest in the context of this study, as
PEM is expected to be the dominant technology for sector
coupling in the future and SOE technology can be beneficially
applied in CSP systems due to its high efficiency potential
through thermal system integration. These two technologies are
therefore considered in this study.

The TRLs of the subsystems are linked to derive the TRL
estimates related to the individual solar-to-hydrogen concept
alternatives considered in this study. On the one hand, none of
the described pathways was demonstrated on a commercial or
larger laboratory scale. On the other, all of the pathways employ
technologies with elevated and high maturity and TRLs of
between five and nine. Following this fact, the determination of
the TRLs is based on evaluating the prospects of realizing the
respective STH pathway on a larger scale with consideration to
the availability of the individual subsystems. Table 2 lists the
TRL estimates of the different solar-to-hydrogen concepts. In
the following, our TRL-related findings and the application
potentials of the individual pathways will be briefly discussed.

The highest integrated system TRL is attributed to the concepts
of PV-PEM with or without employment of power electronics (PV-
PEM I and PV-PEM II) and CSP-PEM, as they incorporate subsys-
tems with the highest individual TRL. Furthermore, the coupling of
power generation and electrolysis via power converters does not
impose any additional constraints that must be considered. Every

Table 1 Technology readiness level (TRL) estimates of the solar-to-
hydrogen subsystems based on our literature survey. The underlying
information can be found in the ESI, Section 5.1

Component technology TRL
Photovoltaic (PV) power generation (SHJ) 9
Polymer electrolyte membrane (PEM) electrolysis 8
Solid oxide electrolysis (SOE) 5
Concentrated solar power generation (CSP) 9
Power electronics (PE) 9

% SHJ: silicon heterojunction technology.
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Table 2 TRL estimates for solar-to-hydrogen pathways. Concept
description — see Section 1.1

Pathway TRL

PV-PEM I (PV-PEM + power electronics)
PV-PEM II (PV-PEM directly coupled)
PV-PEM III

PV-PEM IV

PV-SOE + power electronics

(PV-SOE direct)

CSP-PEM

CSP-SOE

Q1 o U1 U1l N o

subsystem can work independently and has been linked to other
technologies in the past.* Thus, the theoretical setup could be
easily realized, justifying the high TRL of eight for both pathways.
The pathway PV-PEM 111, directly coupling power generation and
hydrogen production, is rated with a lower TRL of seven due to
additional operational restrictions. The directly coupled and inte-
grated pathway PV-PEM IV has only been realized on a laboratory
scale, with, to our knowledge, no industrial scale in sight so far.
Furthermore, the scaling of such systems would require the
development of new technical components and seals. This is
different to the pathways discussed above, which incorporate
commercially available components coupled in new system layouts.
Thus, the directly-coupled and locally-integrated PV-PEM IV
pathway is rated with a TRL of five. All other pathways work with
SOE electrolysis, which justifies the TRL rating of five for these.

For the subsequent analysis, we select CSP-SOE and CSP-
PEM, as well as PV-PEM I and PV-PEM-II. Apart from SOE
technology, which we chose for the reasons stated above, all
technologies addressed are assumed to be ready for utility-scale
solar-to-hydrogen projects because these are proven on the large
megawatt scale. NREL provides a list of worldwide CSP projects
that indicates that, at present, five power plants are operational
with an individual capacity of more than 100 MW. The largest
plant, which is located in California, has a net capacity of 377
MW.*® Based on information in an IEA report, PV power plants
are operational with capacities of more than 500 MW.** On
a somewhat smaller scale, PEM technology is projected with 10
MW as part of the REFHYNE project and 20 MW at a hydrogen
production facility of Air Liquide in Canada.?” Both electrolyzers
are expected to be operational in early 2021. Moreover, several
projects on the 100 MW scale are under development.*® Based
on this information and with the exception of SOE technology,
we anticipate no major hurdles regarding the feasibility of large-
scale solar-to-hydrogen projects beginning in 2025.

2 Methods and assumptions

This section provides more details on the concepts considered
in this study and presents the relevant model parameters and
constraints, as well as the technical modeling approaches. The
individual models of the subsystems are then outlined, before
the interaction of the subsystems within the overall system of
a solar-to-hydrogen concept is discussed.

Sustainable Energy Fuels, 2020, 4, 5818-5834 | 5821
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2.1 Overall definitions and parameters

The calculation of the hydrogen production quantities via the
selected pathways was conducted for specific locations based on
hourly resolved time series of solar irradiation and ambient
temperature. The locations chosen for the calculations were
Oldenburg and Freiburg in Germany, Almeria in the south of
Spain and Daggett in the Mojave Desert of the southwestern
United States. Oldenburg and Freiburg are contrasting loca-
tions in Germany that resemble locations with a very low
(Oldenburg) and elevated (Freiburg) exposure to solar irradia-
tion over the year. Almeria is chosen to represent a Europe-wide
and Daggett a world-wide maximum of solar irradiation. For
both of the PV-PEM cases, all four locations are considered in
this study. The analysis of the two CSP-EL cases is carried out on
the basis of data from Almeria and Daggett only. Due to low
direct irradiance, CSP plants are not considered to be
commercially-feasible in Germany.

We chose the aperture area as the basis for comparing the
pathway alternatives. As the design of the CSP led to aperture
areas of 0.91 and 1.12 km” for Daggett and Almeria, respectively,
we assumed 1.0 km? for the PV-based concepts.

With regard to the location-specific analysis, the two input
parameters to the simulations are global horizontal irradiation
(GHI) and ambient temperature. The GHI is derived from hourly
values of the direct normal irradiation (DNI) and the diffuse
horizontal irradiation (DHI) depending on the tracking process
of the solar panels and CSP collectors. The CSP system employs
two-axis tracking, which is inherent to this technology, while
the PV system is modeled without tracking. The PV modules are
oriented southward to the sun, as all observed locations are in
the northern hemisphere. The tilt angle of the module's surface
is equivalent to the latitude of the location to collect the
maximum solar input. We used Typical Meteorological Year
data from JRC's Typical Meteorological Data access service.*

Considering the concept alternatives selected in this study,
the subsystems to be analyzed by means of simulation
modeling are the photovoltaic module, the concentrated solar
power generators, the electrolyzers and the power electronic
devices. The technical models are complemented by an
economic analysis of the subsystem cost in order to determine
the levelized cost of hydrogen for each solar hydrogen produc-
tion pathway. The cost data is estimated for the reference year
2025 and correlated to the short- to mid-term performance of
greenhouse gas reduction technologies.

2.2 Subsystem models

The subsystems of the hydrogen production pathways consid-
ered in this study are the photovoltaic module, electrolysis
system and power electronics. Subsystem models related to the
PV-based concepts examined in this study are similar to those
outlined in Reup et al. (2019).* The description is therefore short
and contains only the most relevant approaches and parame-
ters. For further information, please refer to Reup et al.,* where
the CSP and SOE subsystems are presented in more detail.
2.2.1 Photovoltaic module. The PV model used in this
study is the same as that in Reup et al. (2019).* The module data
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relate to the Panasonic VBHN330SA15 and have been derived
from the SAM database.” The technical parameters of the
module are listed in Table 3.

Also, in accordance with Reuf et al.,* the U-I characteristics
are modeled using the equivalent circuit, according to Tamra-
kar and Sawle,* that is displayed in Fig. 4.

The calculation uses a set of equations in accordance with De
Soto et al. that require five parameters to outline the equivalent
circuit® described by equation eqn (1):

U+IR U+ IR
I:Iph—lo[e a 5—1} i
RP

(1)
Rg: series resistance; R,: shunt resistance; I,: light current; I,:
diode reverse saturation current; a: modified ideality factor,
where parameter a is defined using eqn (2).

NnkT,
a= —-
e

(2)

These five parameters are typically provided by the manu-
facturer of the PV module in the respective datasheet. The
parameters for the PV module of our choice are listed in Table 4,
below.

2.2.2 CSP system. The concentrated solar power technology
considered in this study is a molten salt solar tower, which is
a point-focusing system that can heat salt to temperatures above
500 °C. This technology uses molten salt as both the heat
transfer fluid and the thermal storage medium. If the storage is
designed appropriately, it can allow for continuous operation
and such technology is also currently commercially-available.*®
For this study, a thermal storage capacity of 16 full load hours
was considered.

The parameters have been derived from the Greenius data-
base** and the simulation was performed with the Greenius
software, which was developed in order to provide performance
calculation algorithms with hourly resolutions for concen-
trating solar power plants. The calculations are based on
technology-specific parameters and the relevant location-
specific meteorological data such as solar irradiation values
and ambient conditions, as well as the wind direction and
speed.

The most important power plant components and the
associated parameters are subdivided in Greenius as follows:

(i) Collector and collector field (including geometric data,
collector-specific values, field geometry, selection of heat
transfer fluid)

Table 3 Module parameters*°

Parameter Value Unit
Pyipp, pOWer at MPP 330.6 W
Umpp, Voltage at MPP 58 v
Iipp, current at MPP 5.7 A

Uoc, open circuit voltage 69.7 \Y%

Isc, short circuit current 6.1 A

U,., temperature coefficient —0.170 veg !
I, temperature coefficient 0.002 A°Cc?

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Equivalent circuit of the one-diode-model.**

N

Table 4 Reference input parameters for the one-diode model
approach, extracted from the SAM database*® for the selected Pana-
sonic PV Module VBHN330SJ47

Parameter Value Unit
Ry ref Series resistance 0.741 [ohm]
Ry ref Ohmic resistance 457.17 [ohm]
Qret Ideality factor 2.3402 [—]
Iohref Photo current 6.08 [A]
Ioret Saturation current 6.88 x 107" [A]
Tnocr  Normal operating cell temperature  43.8 [°C]

(ii) Thermal storage (including the type of storage and
storage capacity)

(iii) Power block (rated power)

The parameters of the overall CSP system are listed in Table 5.

2.2.3 Rectifier and power converter. Two types of power
electronic devices were used for the modeling in this study,
namely a rectifier and a DC/DC converter. The power converter
was used to adjust the DC power output of the PV module to fit
the DC power characteristics of the electrolyzer within the PV-
PEM 1 concept. The rectifier transforms the alternating
current from the CSP plant into direct current, which is then
used as the input for the electrolysis. The efficiencies of both
components are dependent on the actual load state and the
correlations were derived from the SAM database.*® We assume
that the power electronics are not capable of operating above
the design point for longer time periods. For this reason, the
input power into the power electronics must be kept below or at
the nominal power level across the entire operational range.
This is achieved by curtailing the input power to the nominal
power in the case of an energy excess of above 5%.

2.2.4 PEM and SOE electrolyzer. The modeling approach of
the two electrolyzer types, SOE and PEM, are based upon the
characteristic polarization curve, which depicts the dependency
between the current density j and voltage U.

The operational behavior of the SOE is approximated with
a linear equation, as the activation overpotentials decrease due
to improved reaction kinetics at the operating temperature of
700-800 °C. The following reference points are used:*®

Jo=0Acm % Uy=095V 3)

j1=075Aecm™ % U =11V (4)

The cell efficiency of the SOE is assumed to be constant
across the entire operational range. This is due to two opposing

This journal is © The Royal Society of Chemistry 2020
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Table 5 Parameters for the CSP technology design

Almeria Daggett
Site position and orientation  (Spain) (Usa) Dimension
Latitude 36.83 34.85 °N
Longitude —2.45 —116.8 °E
DNI 1918 2723 kW h m™?
CSP technology
Solar tower
Heat transfer fluid Molten salt
Heliostat field
Heliostat reflective area 121.3 121.3 m?
Clean mirror reflectivity 0.94 0.94
Total reflective area 1118626 910 440 m?
Tower height 182.5 176.3 m
Receiver
Receiver intercept power 500 500 MW
Receiver inlet temperature 292 292 °C
Receiver outlet temperature 565 565 °C
Receiver outlet power 433 440 MW
Efficiency of heat transfer fluid 98 98 %
pump
Powerblock and storage
Nominal electrical output 70.4 70.4 MW,
Type of storage Two-tank molten salt
Thermal storage capacity 2600 2600 MW h

effects, which are both proportional to the load of the electrol-
ysis system. On one side, the cell efficiency increases with
decreasing partial load. On the other side, the heat demand
increases proportionally with decreasing partial load, as the
electrolyzer is not operated under thermo-neutral conditions.
The constant cell efficiency at the thermo-neutral point of 113%
exceeds 100% because the actual cell voltage is below the water-
splitting potential of 1.23 V. Similar to the PEM case, the elec-
trolyzer stack current Isog is calculated by multiplying the
current density j by the active electrode area Asog. This area is
determined within the design phase of each pathway and is
optimized depending on the location-specific solar irradiation
and power characteristics of the employed PV subsystem. The
active electrode area also defines the installed capacity of the
electrolysis system. The optimization considers the most cost-
efficient relationship of the installed electrolysis to PV capacity.

For the PEM electrolyzer, the model for determining the U-j-
curve is, as in Reup et al. (2019)," based on Tjarks et al. (2018).*
The respective equations are:

Uwt = 1185 V — o(T) x ln<’ J

'o(T)> +J X (Rion(T) +0.025 ©

+0.096 Q)

H,

n - @
ELeedl ™ 5 % e x Na X Uea
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The PEM electrolyzer current Ipgy is the product of the
current density j and the electrochemically-active area Apgp.

In addition to the losses within the electrolysis cell, the
auxiliary power of the balance-of-plant (BoP) components such
as pumps and heaters must be considered. Within this model,
the auxiliary power of the SOE and PEM electrolysis is assumed
to be a fixed share of the electrolyzer systems' nominal power
Prrnom across the entire operational range. For the SOE and
PEM electrolysis, this share is set to 2% and 5%, respectively.
Furthermore, the auxiliary power demand has no influence on
the system efficiency of the electrolysis system, as it is assumed
to be covered by the connected power grid. The power that is
drawn from the grid is also accounted for within the economic
analysis. Faradaic losses are neglected in this analysis, as the
electrolysis system is operated under atmospheric conditions.
The operational limit is addressed by curtailment in the case of
excess voltage above the nominal system voltage in order to
avoid increased cell decay. The pathways, which incorporate
power electronics, decrease the power supply to the electrolyzer
to the maximum voltage input. For the PV-PEM II systems that
do not contain a converter between the PV and EL subsystems,
the power supply is cut to zero, when the input voltage exceeds
the nominal voltage input by 5% or more.

2.3 Subsystem interaction and coupling

Depending on which hydrogen production pathway is consid-
ered, the interaction and coupling of the subsystems differ (cf:
Section 1.1). This study considers four different STH pathways,
each with an approximate solar collection area of ca. 1 km?. The
functional schemes of these pathways are displayed in Fig. 1.

Hydrogen production via a CSP plant connected to an elec-
trolyzer is determined by considering two alternative electrol-
ysis technologies. The pathway CSP-SOE uses the SOE-
technology to generate hydrogen from electricity and heat. As
the SOE electrolyzer operates at high temperatures of 700-
800 °C, the possibility of heat integration from other processes
exists. This model considers heat integration from the molten
salt cycle of the CSP plant (see Fig. 2). The integrated heat is
deployed for pre-heating and steam generation before the feed
steam is introduced into the electrolyzer. The nominal size of
the CSP plant is set to 70 MW,, while the electrolyzer's capacity
is equivalent to the CSP system's nominal power. In order to
achieve this, the aperture area of the CSP plant in Almeria is set
to ca. 1.12 km® and in Daggett to 0.91 km?. The divergence is
attributed to different solar irradiation levels between the
locations. The pathway CSP-PEM couples the CSP-plant to
a PEM electrolysis stack in which a rectifier is employed to
convert the alternating current of the CSP plant into direct
current. The efficiency of the rectifier is also dependent on the
partial load, as depicted below, in Section 3.2.

The nominal power of the electrolysis system for the path-
ways PV-PEM I and PV-PEM II is subject to optimization because
there is a trade-off to be made between investment costs and
electrolysis efficiency. Related to this optimization, the ratio of
electrolysis and PV power is varied within an interval of 0.5-1 of
the nominal power for each location. The ratio that leads to
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minimal hydrogen production cost is used as the design point.
For the PV-PEM I concept, it is assumed that the nominal power
of the power electronics is equal to that of the electrolysis
system. The result of the optimization method is shown in
Section 3.2. The operating point for PV-PEM 1I is found by
overlaying the U-I-curves of the subsystems. An electrolysis cell
operates between 1.5-2 V, while the PV module has an output
voltage of about 45 V. In order to approximate the operating
points, the voltage of the electrolyzer is multiplied by the
number of electrolysis cells, so that an optimal fit of operating
points is accomplished. This adjustment is performed during
the design phase. Whenever the operational conditions deviate
from the nominal design point, the EL curve does not cross the
PV curve close to the Maximum Power Point (MPP) of the PV
Module. This results in losses, as there is only part of the
maximum PV power output being harnessed. These coupling
losses then lead to the definition of coupling efficiency:*®
Pop Jop X Uop

= = 7
e Pyipp Jumpp X Unpp ( )

The nominal power of the PV subsystem is related to the
solar collection area of the CSP plant to approximate the solar
input energy of both pathways. The aperture area is set to 1 km?,
which leads to a nominal power of 197.6 MW, for the PV
subsystem.

2.4 Economic analysis

This section outlines the necessary investments and operational
costs (OPEX) of the PV, CSP and EL subsystems. These param-
eters are used to find the overall cost for all of the pathways
under consideration. The economic analysis is conducted for
the reference year 2025. Possible revenues from selling surplus
electricity to the grid are not considered in this study.

Investment in the hydrogen production pathways is calcu-
lated as the product of specific investment [€ per kW] and the
installed nominal power [kW,], while the operational cost OPEX
[€ per a] is determined from the operation and maintenance
(O&M) cost, which are estimated using a given percentage of the
investment cost:

INVEST = specific investment cost x installed nominal power(8)
OPEX = O&M x INVEST (9)

Section 3.1 presents the total annual cost (TAC) [€ per a] as
the sum of the annuity factor multiplied by the investment and
operational costs (OPEX):

TAC = ANN x INVEST + OPEX (10)
The annuity factor ANN is determined with a fixed interest

rate i of 8% and the depreciation period n:

(1+40)" xi

ANN = —5—
(1+0)" =1

(11)
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The levelized cost of hydrogen LCOH is then determined
from the TAC and annual hydrogen production by:

TAC

LCOH =
co annual hydrogen production

(12)

The various factors affecting the levelized cost of hydrogen
(LCOH) are discussed in the Results section 3.5.

2.4.1 Photovoltaic systems. The costs of photovoltaic
systems are dependent on the semi-conductor material used,
the installed capacity, as well as the countries of production and
installation. Furthermore, PV technology is subject to constant
cost reductions due to efficiency improvements and economies
of scale. These factors must be considered when evaluating the
cost of photovoltaic systems. This cost can be broken down into
the PV module price, the cost of the balance-of-system (BoS)
components and the inverter cost. According to the photovol-
taics report from the ISE Fraunhofer, the module price consti-
tuted 47%, while the BoS and inverter cost accounted for 53% of
the overall PV system investment cost in Germany for the year
2016.* The installed system price for utility-scale applications,
including the inverter, is set to an average of 1.25 € per W,.*
The PV system prices for the United States differ from those in
the German market and were estimated to an average of 2.2 €
per W, for large-scale applications in 2016 by a report by the
Lawrence Berkeley National Laboratory.”® Another study from
the U.S. Department of Energy estimated PV system prices in
the range of around 2 € per Wy, with local deviations within the
country.* The prices for PV systems in the United States are
higher by comparison to German prices due to higher instal-
lation and BoS costs.>” The investment costs for inverters are
estimated to be 100 € per kW, for the year 2025, according to
the IRENA report.> The current market prices for SH] modules,
which are modeled in this study, are higher than for silicon or
thin film modules. However, as silicon heterojunction is a rela-
tively new technology in the PV market, near-term cost reduc-
tions for such modules are expected to be higher than for other
PV technologies, as the effects of efficiency improvements and
economies of scale are more significant. This justifies the
assumption that SHJ module prices will approach those of
silicon and thin film technologies against the reference year of
2025. In accordance with this assumption, the cost projection
for this reference year on the basis of the average module prices,
indicated above, will be adopted for the SHJ module price for
the reference year 2025. The specific investment cost of the PV
system in the year 2025 is set to 800 € per kWp and the O&M
factor to 2% of the CAPEX, according to the IRENA report from
2016.% The depreciation period for the PV system was assumed
to last 25 years.

2.4.2 Concentrated solar power generation. The commer-
cial CSP technology can be subdivided into two dominant types
of power generation, namely the parabolic trough collector
(PTC) technology and solar towers (ST). Although PTC systems
account for 85% of the installed CSP capacity worldwide, ST can
achieve higher efficiencies, especially within the steam cycle
due to higher process temperatures. In addition, the higher
process temperatures favor the combination of ST technology
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with solid oxide electrolysis. Therefore, this study focuses on
the ST technology. The economic data for investment and
operational costs are derived from the IRENA report from
2015.> The main contributors to the investment cost of an ST
are the owner's cost, the indirect EPC (engineering, procure-
ment and construction) cost, thermal storage, the power block,
the tower, the receiver and the solar field. In 2015, the invest-
ment cost for ST plants was 5700 € per kW installed electric
capacity for a typical plant with a heat storage capacity of up to
9 h. Due to reductions in the EPC cost, investment costs are
projected to decrease to 3600 € per kW, installed electric
capacity towards the year 2025.% This value is used in this study.
For a more detailed economic assessment, the investment cost
is determined with the component cost data derived from the
DLR report.* The investments costs of the solar tower system
can be divided into three major components: that of the
heliostat field, the tower and the receiver, which are 103 € per
m?, 72 000 € per m and 100 € per kW per hy,, respectively. The
specific thermal storage cost is 22 € per kW per h, while the
power block cost amounts to 1100 € per kW. The O&M factor is
estimated to have been about 4% of the CAPEX in 2015. The
projection for the year 2025 is assumed with a reduced O&M
factor of 3% of CAPEX owing to improvements in the durability
and consumption of the system over time. The lifetime of an ST
plant is assumed to be 25 years.

2.4.3 Electrolysis. The current market for electrolysis
systems is dominated by the highly commercialized alkaline
electrolysis technology. With PEM and SOE electrolysis under
further development, these technologies will steadily push into
the market over the coming years to challenge the dominance of
alkaline electrolysis on the basis of their beneficial operational
characteristics.>

The investment cost of PEM electrolysis systems is highly
sensitive to the installed capacity. Furthermore, the reference
year has an impact on the investment cost, as the PEM tech-
nology is expected to undergo rapid price reductions due to
further optimization and economies of scale. Smolinka et al.
determined a specific investment cost of 1200 € per kWi, for
mid-term development and large-scale application. The O&M
factor was set to 4% of the CAPEX.>® Bertuccioli et al. conducted
a study for the Fuel Cells and Hydrogen Joint Undertaking (FCH
JU) that included a cost projection for PEM electrolysis. The
investment cost for PEM electrolysis over the installed capacity
in 2015 was indicated with 1570 € per kWi, as an average
over the installed capacity. The cost projection revealed an ex-
pected cost decrease to 1000 € per kWi, for the year 2020 and
870 € per kWjppy for the year 2025 with an operational cost of
2-5% of CAPEX.>® Saba et al. reviewed the literature on elec-
trolysis costs for the last 30 years and determined a specific
investment cost of 516 € per kWi, for alkaline electrolysis for
the year 2014, assuming an atmospheric system and installed
capacity of 2.5 MW.* The cost gap to pressurized systems was
indicated at 20%, constituting a major influence. This empha-
sizes the strong dependency of the investment cost on the
installed capacity of the system. Large-scale applications show
price reductions because auxiliary devices do not scale with the
installed capacity. Mergel et al. calculated an investment cost of
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585 € per kWi, for the year 2013 for a large-scale PEM elec-
trolysis system.*® The study PlanDelyKad determined an
investment cost of 363 € per kWypv.ouepue for a 100 MW PEM
electrolyzer for the reference year 2014. The operational cost in
this case was assumed to be 2% of the CAPEX.* These studies
share a strong dependency of the investment cost on the
reference year, the nominal capacity of the system and whether
or not the electrolyzer is operated under pressure. Furthermore,
the assumed system efficiency determines the difference
between the investment cost referenced to the input and those
referenced to the output power. In this study, an investment
cost of 600 € per kWi, is assumed for atmospheric operation
in the year 2025. The O&M factor is set to 2% of the CAPEX. The
depreciation period n is 10 years, which is shorter than that of
the power generation technologies because of the lower TRL of
electrolysis concepts assumed here. However, within the cost
sensitivity analysis in Section 3.5, we have also considered
a case with a 25 year depreciation time.

The SOE technology is still at the laboratory stage, with no
commercial application as yet. The cost estimations and projec-
tions vary across a broad range due to the early developmental
stage of the technology. Schmidt et al*® conducted a survey of
experts from industrial and research institutions to determine
current and future costs for electrolysis technologies. They found
that the expected investment cost of SOE applications would be in
the range of 3000-5000 € per kWj,p, for the year 2020. The
projection for the year 2030 settled the investment cost at between
1050-4250 € per kWip,,.*" These results stress the fact that cost
predictions for SOE applications are dependent on the qualified
estimations of experts, rather than actual market research. Based
on the cost projections given above, the specific investment cost
used in our study is defined with 2000 € per kWj,p, for an
installed capacity of 70 MW and the reference year 2025. The O&M
factor relative to CAPEX and the depreciation period are set to 2%
and 10 years, respectively, both in analogy to the PEM electrolysis
system. For the lower depreciation period, we applied the same
reasoning as for PEM electrolysis. The electricity demand of
auxiliary components, such as pumps, heaters, dryers and
compressors is drawn from the grid. Based on recent and current
values and assuming a continuous trend of reduced electricity
cost for industry over time, with the electricity price for economic
consideration set to 0.06 € per kW per h.*

2.4.4 Power electronics. As mentioned above, rectifiers for
the coupling of the CSP plant to the electrolysis system and DC/
DC converters for the junction between the PV and the EL
system are considered. According to the IRENA Report, inverters
for PV systems are assumed to have an investment cost of 100 $
per kW in the year 2025.** The same investment cost is
employed for the rectifier in this model, as these devices
incorporate similar technical components. For DC/DC
converters, an investment cost of 100 € per kW, an O&M
factor of 2% and a depreciation period of 25 years are assumed.

2.5 Cost summary

The overall capital cost of the PV-PEM and CSP-EL pathways is
determined by the sum of the subsystem's capital cost,
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calculated here as the annuities for each pathway. Table 6
summarizes the specific investment, operational cost rate and
depreciation period per STH pathway and location considered.
The shorter depreciation periods used for the PEM and SOE
subsystems are discussed in Section 2.4.

3 Results and discussion

This section discusses the results of the hydrogen production
predictions of all the pathways using the model-based calcula-
tions. After introducing location-specific irradiance levels, the
results from optimizing the PV-based concepts of PV-PEM I and
PV-PEM 1I for the four locations with respect to the nominal
power ratio of electrolysis and PV module (see Section 2.3) are
presented. Based on this optimization, the nominal power and
aperture area are presented, followed by the overall hydrogen
production volume. Subsequently, the levelized cost of
hydrogen by production concept and location are presented. A
sensitivity analysis regarding the selected techno-economic
parameters completes the analysis.

3.1 Location-specific irradiance levels

Fig. 5 depicts the irradiance profile for Oldenburg in Germany
and Daggett in the USA to exemplarily visualize the locations
with the lowest and highest irradiance distribution, respec-
tively, over the year. As can be seen for both locations, irradia-
tion is generally higher and shows longer duration during
summer days. The irradiance profiles for the other locations
have similar seasonal courses over the year, but at different total
irradiance levels. The respective profile representations can be
found in Section 5.2 of the ESL.}

The hourly resolved weather data irradiance and ambient
temperature translate into yearly averages, which are shown in
Table 7. As could be expected, the highest average irradiance
was found for Daggett, followed by Almeria, Freiburg and Old-
enburg. This trend is similar for the average ambient temper-
ature with the exception of Oldenburg, which has a slightly
higher value compared to Freiburg.

3.2 Design parameters

With regard to the optimization of the PV-PEM concepts, Fig. 6
depicts the hydrogen production cost for all four locations with
consideration to an increasing nominal capacity ratio of EL and
PV in the range of 0-100%. In general, the STH efficiency
increases at higher EL- to PV-power capacity ratio because of
higher electrolysis cell efficiencies, which are caused by a larger
active electrolyzer area and, therefore, lower operational volt-
ages. However, a higher active area translates into higher
investment costs for the electrolyzer system. The optimum EL-
PV capacity ratio is found at diverging values due to diverging
irradiation characteristics per location. For Oldenburg and
Freiburg, the optimum ratio is 0.5 for the PV-PEM I concept,
while the optimum ratio for all of the other cases is 0.7. For the
cases under consideration, it can be concluded that in locations
with higher irradiations, a higher EL-PV ratio is beneficial, as
more electric power is supplied to the electrolysis system.
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Table 6 Economic parameters for each technology used in this study
for the base year of 2025

Specific investment O&M [% of Depreciation

Subsystem cost [€ per kW]  investment cost] period [years]
1% 800 2 25
CSP 3600 3 25
PEM 600 2 10
SOE 2000 2 10
Power electronics 100 2 25

Nevertheless, the locations of higher irradiance lead to the
lowest optimized hydrogen production costs because of the
higher hydrogen yield. It must be noted, that surplus electricity
from solar generation that could not be consumed by the elec-
trolyzer has not been considered in this analysis. If fed into the
grid, additional revenues could improve the overall plant
economics.

Following this optimization, the electrolyzer system and
power electronics have a nominal power of ca. 138 MW for
Almeria and Daggett and 119 MW for Oldenburg and Freiburg.
Considering the definitions related to the CSP-based concepts,
Table 8 lists the nominal capacity values of the subsystems, as
well as the aperture areas of all pathways.

In accordance with the different subsystems' nominal
capacities, the annuity results differ by location. Related to the
PV-PEM I and PV-PEM II concepts, the electrolyzer capacity
differs by location and is larger in Almeria and Daggett because
the irradiation at these locations is generally higher. According
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Fig.5 Irradiance profile for Oldenburg/Germany (upper) and Daggett/
USA (lower).

Table 7 Yearly averaged irradiances and ambient temperatures over
one year

Average irradiance Average ambient

Location [Wm?] temperature [°C]
Oldenburg 259.7 11.0
Freiburg 289.4 9.7
Almeria 517.5 18.7
Daggett 525.9 19.7
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Fig. 6 Optimization of the nominal power ratio of PV and EL

subsystems.

to the defined scope of this study, the annuity calculations for
the CSP-EL concepts are carried out for Daggett and Almeria
only (cf. Section 2.1). Fig. 7 displays site-specific investment and
total annual cost (TAC) for all concepts under consideration.
The related investment and TAC of the CSP-SOE pathway are
highest because of the higher specific investment costs of CSP
and SOE technology. Moreover, PV-PEM I requires somewhat
higher investment than PV-PEM 11, as the reduced electrolyzer
investment, based on the design optimization, does not fully
compensate for the power converter investment.

3.3 Hydrogen production quantity

This section presents and discusses overall hydrogen produc-
tion at the locations of Oldenburg and Freiburg in Germany (PV-
PEM only), as well as Almeria in Spain and Daggett in the USA
(all concepts).

Fig. 8 depicts the monthly hydrogen production for Old-
enburg and Daggett bearing the lowest and highest hydrogen
yield, respectively, of all the locations considered. The related
figures for Freiburg and Almeria can be found in Section 5.3 of
the ESI.7 The figures clearly show a seasonal dependency of the
hydrogen production quantity, highlighting an increased
hydrogen production level during the summer months, which is
correlated with higher irradiation during that time, as is shown
in Section 2.1.

The hydrogen production for the CSP-EL pathways is
significantly higher than for the PV-PEM pathways. This is due
to differences in the design phase. All of the pathways are
designed for a solar collection area of ca. 1 km?, resulting in
a nominal electrical output of 70 MW, for the CSP-EL pathways,
138 MW, in Almeria and Daggett and 119 MW, in Freiburg and
Oldenburg for the PV-PEM I and II pathways, respectively.
Although the nominal electrical output of the PV subsystems is
higher, the average yearly power generation is below that of the
CSP plants. This comes down to a difference in the definitions
of the nominal operating points between the PV and CSP
subsystems. The nominal operating point of the PV modules is
equal to the maximum power point at an irradiation of 1000 W
m ™2, while the nominal output of the CSP plants equals the
average electrical output. In order to compare the pathways’
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Table 8 Nominal subsystem power and aperture areas of all pathways
PV/CSP [MW] Electrolyzer [MW] Aperture area [km’]
Pathways All locations Almeria/Daggett Freiburg/Oldenburg Daggett Almeria
CSP-SOE 70.43 70 0.91 1.12
CSP-PEM 70.43 70 0.91 1.12
PV-PEM I 205.55 138.32 119.56 1.00
PV-PEM II 205.55 138.32 119.56 1.00
450 CSP-SOE 70 CSP-SOE
400 mCSP-PEM 60 m CSP-PEM
350 mpvPEMI ¥ 5 = PV-PEM |
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Fig. 7 Investment (left) and total annual cost (right) for all concepts considered [€ per a] for different locations.

competitiveness, the LCOH must be considered, as the higher
total hydrogen output of the CSP-EL pathway goes in line with
higher investment costs. The LCOH will be discussed in Section
3.4. The hydrogen production from the pathway CSP-SOE is
significantly higher across the entire year than production via
the CSP-PEM pathway. This is explained by a better electrolysis
performance, as the CSP plant, power electronics and design
points are equal for both pathways.

Related to the PV-PEM concepts, the hydrogen production of
PV-PEM I is, consistently, somewhat lower compared to PV-PEM
1I for the location of Oldenburg. For Daggett, there is no clear
tendency; only between May and September is the H, yield of
PV-PEM 1 somewhat higher compared to PV-PEM II. The ex-
pected increase caused by better coupling efficiency is not
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evident. Accordingly, the average STH efficiency for PV-PEM I is
lower than that for PV-PEM 11, with 11.2% compared to 12.8%.

Fig. 9 gives an overview of total annual hydrogen production
across all pathways and locations. Additionally, with the diver-
gences between the hydrogen productions of the different
pathways, the dependency on the location can be observed.
From Oldenburg to Daggett, the total hydrogen production
increases with average irradiation. The total STH efficiencies as
the ratio of the hydrogen yield (based on the lower heating
value) and irradiation G range from 11-13% for the PV-based
concepts and 12-18% for the CSP-based ones. The highest
values are found for CSP-SOE at Almeria with 16% and Daggett
with 18%, which is consistent with the significantly higher
hydrogen yields.
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Fig. 8 Monthly hydrogen production for Oldenburg (left) and Daggett (right) in the base year 2007.
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Fig. 9 Total annual hydrogen production for different pathways per
location using meteorological data from 2007.

3.4 Levelized cost of hydrogen

The techno-economic analysis shows the levelized cost of
hydrogen for all pathways at each location; see Fig. 10. The
hydrogen generation cost for the locations of Oldenburg and
Freiburg is nearly twice as high as the hydrogen cost in Almeria
and Daggett. This reveals a direct correlation of the solar
resource to the LCOH. The LCOH of the pathways PV-PEM I and
PV-PEM 1I are nearly the same, with a very slight tendency
towards lower LCOH for PV-PEM I1. This shows that there is, on
the one hand, no significant cost reduction achievable by
coupling the subsystems PV and EL directly. Since, on the other
hand, the hydrogen production volume is somewhat higher for
PV-PEM 1I, the direct coupling has a slight advantage over
coupling through a power converter, in the optimized system.
The comparison of the CSP-SOE and CSP-PEM pathways
shows no cost advantage of one pathway over the other. As the
hydrogen yield of the CSP-SOE concepts is significantly higher,
this concept might be the better choice. Comparing the PV-PEM
and CSP-EL concepts, PV-PEM shows little lower LCOH for
Almeria and little higher LCOH for Daggett, the latter featuring
the higher irradiance of the two locations. Cost differences are,
however, small. The cost of all four concepts range between 14
and 17 ct per kW per h at the locations of Almeria and Daggett.
For the reference year 2020, the pathway-independent DOE
targets for the LCOH are set with 6 $-ct per kW per h. This target
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Levelized cost of hydrogen [€-ct/kWh]
>
Levelized cost of hydrogen [€/kg]
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Daggett ~ Freiburg Oldenburg

Fig. 10 Levelized cost of hydrogen using costs projected for 2025
with meteorological data from 2007.
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is only valid for hydrogen production. Within our model-based
analysis, this goal could not be achieved. The lowest cost levels
are derived for the CSP-PEM and CSP-SOE concepts in Daggett,
with 0.14 € per kW per h. The cost breakdown by concept and
location shown in Fig. 11 reveals, as could be expected, that the
major cost drivers are power generation via PV (PV-PEM
concepts) and CSP (CSP concepts), the latter having an even
greater cost share of the total costs. Because of this, the effect of
varied investment costs might reveal cost reduction potentials
for the concepts analyzed in this study. The costs and thus cost
share of the solar conversion technology, whether PV or CSP,
increases for areas with lower irradiance.

3.5 Cost sensitivity

As was shown above, the hydrogen cost of STH concepts are
driven by the component investment. The following sensitivity
analysis varies the specific investments given in Table 6 by 20%
in both directions, i.e., decrease and increase. Moreover, we
have chosen to vary the WACC (weighted average cost of capital)
which is, in reality, subject to variation, e.g., by region and
might, therefore, have a significant impact on the annual cost
and total hydrogen production cost. Finally, we assume an
increased depreciation period of 25 years for the electrolyzers,
bringing this parameter in line with the assumptions for power
generation and power conversion. The explanations below are
given on the basis of the results for selected locations, namely
Oldenburg (lowest irradiation levels) and Daggett (highest
irradiation levels). The full set of graphic representations of our
sensitivity analysis is shown in Section 5.4 of the ESL.

The results of our sensitivity analysis relating to the location
of Oldenburg are displayed in Fig. 12. A decreased PV invest-
ment and WACC would reduce the hydrogen cost by 10% and
8%, respectively. Also, for these concepts an increased depre-
ciation period of 25 years would be highly beneficial with a 12%
(PV-PEM 1) and 13% (PV-PEM-II) cost decrease, respectively.

Fig. 13 shows the results of the respective sensitivity analysis
related to the two CSP-EL concepts at the location of Daggett.
The impact of the selected parameters on the LCOH ranges
between 8% and 15%. For the CSP-SOE concept, the lifetime
extension has the greatest impact with 14%, followed by the
reduction of CSP investment with 11%. The latter also has the
most significant impact on the CSP-PEM concept with 15%. The
second is the WACC which, if reduced, would decrease the cost
of hydrogen by 9%. Lifetime expansion is also the most signif-
icant for PV-PEM II.

Our results also show that of all the pathway power genera-
tion technologies, CSP and PV have a higher impact on the
LCOH than the electrolysis technologies.

3.6 Cost reduction potential

In the final step of our cost assessment, we combine the indi-
vidual assumptions aimed at reducing costs to identify an
overall cost reduction potential for the concepts considered in
this study.

The results of combining the cost reduction factors consid-
ered are shown for the CSP-SOE concept in Fig. 14. It can be
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Fig. 13 Cost sensitivities of the CSP-SOE and CSP-PEM concepts for
the example of Daggett/USA.

seen that the hydrogen production cost could be reduced to
a level of 9-11 €-ct per kW per h (3.00-3.67 € per kgy ) for
Almeria and Daggett if it was possible to reduce the investment
costs of the CSP and SOE by 20%, extend the depreciation
period of SOE to 25 years and if a reduced WACC of 6.4% would
be applicable. The respective costs for the CSP-PEM (see Section
5.5 in the ESI{) would be slightly elevated to 10-12 €-ct per kW
per h (3.33-4.00 € per kgy,).
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Related to the PV-PEM I concept, our analysis reveals similar
cost levels of 10 €-ct per kW per h (3.33 € per kgy,) under our
most optimistic assumptions for Almeria and Daggett. Due to
significantly lower irradiation levels in Oldenburg and Freiburg,
the cost level is higher, at 16-18 €-ct per kW per h (5.33-6.00 €
per kgy ) (Fig. 15).

Comparing our results with the values from the literature
allows us to conclude that our estimates are typically higher
than those reported the literature. Besides the time horizon of
the individual studies, several parameters that have been
differently assumed have a major impact on the cost estimates.
In particular, the electricity cost, electrolyzer investment and
annual full-load hours, as well as the interest rate and depre-
ciation time, must be named in this context. The study by Fasihi
et al.* assumes a specific electrolyzer cost of 319 € per kW, for
an alkaline electrolyzer and a depreciation time of 30 years,
which strongly contributes to the decreased hydrogen cost level
of 1.08 € per kg. Moreover, the study assumes a hybrid wind
and PV power plant, allowing for high annual full-load hours of
more than 6800. This is significantly higher than the full-load
hours in our analysis, which are 5700 in the best case
scenario. The results of the work by Teichmann et al.,*® which
also relates to PV-electrolysis pathways, show that, based on
more moderate assumptions regarding electrolyzer costs, the
LCOH would increase. At 3.08 € per kg, their results are closer
to our findings; however, they are still at a somewhat lower level.
The cost range of 3.55-4.60 € per kg and 4.99-5.88 $ per kg, as

This journal is © The Royal Society of Chemistry 2020
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presented by Heuser et al.>” and Touili et al.,*® respectively, are
largely in agreement with the results from our study. As is
shown in the literature overview, techno-economic analyses
related to CSP-based hydrogen production concepts for direct
comparison with our results are not available at present.

4 Conclusions

In this paper, candidate, utility-scale concepts of solar-based,
electrolytic hydrogen production (solar-to-hydrogen, STH)
were analyzed. On the power provision side, photovoltaic and
concentrated solar power systems were considered. These
options are combined with electrolytic hydrogen production
alternatives of PEM electrolysis with (PV-PEM I and CSP-PEM)
or without (PV-PEM II) power converters for electric coupling.
Additionally, a concept including CSP and solid oxide electrol-
ysis coupled via a power converter (CSP-SOE) has been consid-
ered for evaluating the effect of integrating heat from the CSP
process into high-temperature electrolysis. A TRL analysis of the
sub-components revealed that the highest pathway TRL levels
can be estimated for the PV- and CSP-based power generation,
coupled to a PEM electrolysis system, due to the high maturity
of subsystems. Low TRL was found for systems comprising SOE
technology. Photo-electrochemical water-splitting is not further
explored within the model, as the low TRL of this technology
does not promise near-term economic feasibility.

The developed techno-economic model was applied to
determine hydrogen production volumes and the levelized cost
of hydrogen (LCOH) at the locations of Oldenburg and Freiburg

This journal is © The Royal Society of Chemistry 2020
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in Germany, as well as Almeria in Spain and Daggett in the USA,
employing location-specific irradiation and ambient tempera-
ture data. Due to comparatively low irradiation levels in Ger-
many, CSP-based systems have not been considered here. All
cost data was projected for the reference year 2025.

The lowest LCOH of 14 €-ct per kW per hy;, was found for the
CSP-SOE and CSP-PEM pathways in Daggett. At reduced irra-
diation levels in Almeria, these pathways show an LCOH
increase of 19%. The LCOH of the PEM-based pathways are
slightly elevated, with values ranging from 15-16 €-ct per kW
per hy, for both high-irradiance locations. For the two locations
in Germany, the LCOH related to the PV-PEM concepts is 58—
84% higher compared to the locations of Almeria and Daggett
due to the considerably lower irradiation levels. Our analysis
reveals that there is no significant cost effect of applying power
converters for connecting PV modules and PEM electrolysis. We
conclude that a theoretically increased hydrogen production
volume through the employment of a power converter is not
evident because the cost-optimization procedure leads to
a lower electrolyzer capacity, which in turn reduces hydrogen
production volumes. Furthermore, our analysis shows that the
cost-competitiveness of CSP-EL compared to PV-PEM concepts
increases with irradiation levels.

LCOH differences of CSP-SOE compared to CSP-PEM are
found to be small and may be within computational error
tolerances. However, CSP-SOE shows substantially higher
hydrogen production levels of 36% relative to CSP-PEM at both
of the locations considered. Hence, STH efficiencies are also
highest, with 16-18%, at the locations of Almeria and Daggett.

The LCOH values achieved by the solar-to-hydrogen concepts
considered in this study at the parameter settings chosen and
with regard to an expected capital cost level in 2025 were still
significantly higher than the DOE's 2020 targets for
economically-viable hydrogen production of 6 $-ct per kW per h.
However, if it was possible to further reduce component and
capital costs by 20% and also achieve depreciation periods of 25
years for electrolyzers, the LCOH would range from 9-12 €-ct
per kW per hy, for the high-irradiance locations and, thus,
would be closer to the DOE targets.

In relation to future research, a further system optimization
is suggested regarding the implementation of short-term energy
storage, which might be particularly relevant at locations with
higher fluctuations in power supply. Moreover, revenues from
selling surplus electricity that is not consumed by the electro-
lyzer could improve the overall plant economics. However, local
regulations on renewable power feed-in must be considered.

Abbreviations

a Modified ideality factor

Agr, Active electrode area of the electrolyzer
AM Air mass

e Elementary charge

EL Electrolysis

G Solar irradiation

Gdesign Design irradiance
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HER Hydrogen evolution reaction

I, Diode reverse saturation current

Iyipp Current at MPP

Iph Photo current

Isc Short circuit current

Jhom  Current density at nominal operating point of
electrolyzer

LCOE Levelized cost of electricity

LCOH Levelized cost of hydrogen

MPP Maximum power point of a photovoltaic module

NREL National Renewable Energy Laboratory (USA)

OER  Oxygen evolution reaction

PEC  Photoelectrolysis

PEM  Polymer electrolyte membrane

Pt Platinum

Pypp  Power at MPP

PV Photovoltaic

PV-EL Coupled photovoltaic electrolysis system
Uwmpp Voltage at MPP

Unom Voltage at nominal operation point of electrolyzer
Uoc Open circuit voltage

R, Shunt resistance

R, Series resistance

SAM  System advisor module

SH] Silicon heterojunction technology

STH  Solar-to-hydrogen

Tamp Ambient temperature

TeL Electrolysis temperature

Tpv Cell temperature of the PV subsystem
Top Operating temperature of the electrolyte
TiO, Titanium dioxide

n Efficiency
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