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Abstract: Global trade of green hydrogen will probably become a vital factor in reaching climate
neutrality. The sunbelt of the Earth has a great potential for large-scale hydrogen production. One
promising pathway to solar hydrogen is to use economically priced electricity from photovoltaics (PV)
for electrochemical water splitting. However, storing electricity with batteries is still expensive and
without storage only a small operating capacity of electrolyser systems can be reached. Combining
PV with concentrated solar power (CSP) and thermal energy storage (TES) seems a good pathway
to reach more electrolyser full load hours and thereby lower levelized costs of hydrogen (LCOH).
This work introduces an energy system model for finding cost-optimal designs of such PV/CSP
hybrid hydrogen production plants based on a global optimization algorithm. The model includes
an operational strategy which improves the interplay between PV and CSP part, allowing also to
store PV surplus electricity as heat. An exemplary study for stand-alone hydrogen production
with an alkaline electrolyser (AEL) system is carried out. Three different locations with different
solar resources are considered, regarding the total installed costs (TIC) to obtain realistic LCOH
values. The study shows that a combination of PV and CSP is an auspicious concept for large-scale
solar hydrogen production, leading to lower costs than using one of the technologies on its own.
For today’s PV and CSP costs, minimum levelized costs of hydrogen of 4.04 USD/kg were determined
for a plant located in Ouarzazate (Morocco). Considering the foreseen decrease in PV and CSP costs
until 2030, cuts the LCOH to 3.09 USD/kg while still a combination of PV and CSP is the most
economic system.

Keywords: solar hydrogen; levelized cost of hydrogen; alkaline electrolysis; concentrated solar
power; photovoltaics

1. Introduction

The vision of a hydrogen economy becomes ever more real. Hydrogen technologies
shall play a decisive role in reaching climate neutrality and enable the breakthrough of
renewable energies in all sectors [1,2]. Global trade of green hydrogen, produced by
renewable energy sources, is widely considered to be an important factor in a future
hydrogen economy [3]. For Europe, a study estimates that trading renewable energy
carriers would reduce the energy costs by more than 20% compared to a self-supply
scenario [4]. Some not densely populated areas have an especially high renewable energy
potential and promise therefore low hydrogen production costs. Direct usage of renewable
electricity is not an option in those regions, because population centers are far away and
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grid connection is not economic. Producing green hydrogen in these remote areas could
therefore open up new potentials of renewable energies. Especially in the sunbelt of the
earth a promising combination of available land and high solar irradiation can be found [5].
The countries in the region could therefore become important players in the global green
hydrogen market.

A suitable and mature technology for large-scale hydrogen production is low-
temperature electrochemical water splitting [6]. 100 MW electrolyser plants are in the
project development phase and also upscaling into the GW scale is already planned [7].
For regions with a high solar potential, photovoltaics appears a promising technology to
power electrochemical water splitting. This pathway for solar hydrogen production was al-
ready investigated in 1993 in the German-Saudi Arabian cooperation project HYSOLAR [8].
With the massive drop in PV investment costs this concept is more promising than ever.

However, until now industrial electrolysers were exclusively operated with continu-
ous electricity sources, especially hydrodynamic power [9]. To switch the power supply to
fluctuating renewable energy sources like PV is a challenge. One aspect is that investment
costs of electrolyser systems account for an important share of the final hydrogen produc-
tion costs. Since availability of fluctuating renewable energy sources is limited, the share of
electrolyser investment in the levelized cost of hydrogen (LCOH) increases because of the
unused hydrogen production capacity. Low electricity costs can only partly compensate
this effect. Furthermore, the most economic electrolyser technology available now, the
alkaline electrolyser, is not made for dynamic operation. A cold start-up of the current
technology takes about 1 h [10] so that fluctuating electricity cannot be used completely.
Another difficulty is that start-ups and stops increase in general significantly electrolyser
degradation [11].

To overcome this challenge, the integration of a suitable storage technology appears a
good approach for large-scale solar hydrogen production powered by PV. Battery storage
is still too expensive for this purpose. Thermal energy storage (TES) in contrast is a proven
technology in concentrated solar power (CSP) plants [12]. The thermal heat produced by
CSP plants can be stored efficiently and economically, for example by using molten salt as
heat transfer and storage medium [13]. The power block, consisting of a steam cycle, can
then adapt the electricity production to the demand. The advantageous combination of
PV and CSP, called PV /CSP hybrid power plants, is already used in electricity generation
projects, for example in the Noor plant in Morocco [14]. A recent study analysed the lev-
elized cost of electricity (LCOE) of a PV /CSP hybrid power plant located in Chile [15]. The
authors determined a LCOE of 53 USD/MWh,; and found that the concept outperforms
electricity generation with gas power plants (LCOE of 86 USD/MWh,,)). First economic
estimations showed that electrochemical hydrogen production powered by a combination
of PV and CSP could also be more economical than solely using one of the technologies [16].
A techno-economic analysis (TEA) of solar hydrogen production in Chile, compared PV to
CSP powered electrochemical water splitting [17]. Although the study identified lowest
hydrogen production costs for a PV powered alkaline electrolyser system, the authors also
found that the most economic system would be a combination of PV and CSP power gener-
ation, if subsequent process steps are considered in the TEA, like hydrogen liquefaction or
ammonia production. Summing up, previous research identified that combinations of PV
and CSP power generation are often economically advantageous, also for electrochemical
hydrogen production. However, previous work has focused on the techno-economic eval-
uation of PV /CSP systems based on existing plant design. The studies did not include a
detailed energy system analysis of PV /CSP and electrolyser plant combinations. Therefore,
it was not possible to consider different operational strategies and to size the different
process units in order to minimize the overall product costs. Furthermore, it was not
possible to investigate process variants in which PV surplus electricity can be stored as
heat, by considering an additional electrical heater. Thus, there is still a need for further
investigation of cost-optimal design of PV /CSP hydrogen production plants.
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In this work we want to address this knowledge gap. Therefore, we present a dynamic
energy system model, which can be used for cost-optimized system design of PV /CSP
hydrogen production plants. We suggest an operational strategy for an optimal interplay
between PV and CSP part. The model also includes an electrical heater which enables
to heat the storage medium molten salt with surplus PV-electricity. With the developed
tool it is possible to size the process units of the PV /CSP powered electrolyser plant, by
minimizing the LCOH. In total, six optimization variables are considered: the nominal CSP
receiver power, the PV peak power, the alkaline electrolyser (AEL) system nominal power,
the turbine nominal power, the nominal power of the electric heater and the capacity of
the thermal energy storage. The model is designed in a way that each technology can
be investigated solely or in different combinations. For example, it is also possible to
investigate a system without CSP components but with PV and a thermal energy storage.
Consequently, the optimization tool offers a great variability for developing general cost-
optimal designs of solar hydrogen production plants. This was used for an exemplary
study for three locations and two cost scenarios: a standard scenario based on actual PV
and CSP costs and a cost outlook scenario, considering the expected decrease in investment
costs in the next ten years for both technologies. The techno-economic study and the
determined LCOH is based on total installed costs (TIC) of all equipment. Thereby more
realistic LCOH can be determined than by using only capital expenditure (CAPEX) data
for investment costs estimation.

2. PV/CSP Hybrid Hydrogen Plant Design Optimization Model
2.1. Concept Solar Hydrogen Production Plant

The focus of this work is the development of a techno-economic system model which
permits to design PV /CSP powered hydrogen production plants by minimizing the hydro-
gen production costs. Figure 1 presents the main stages of presented work.

Development of PV/CSP hybrid hydrogen
production concept

Formulation
energy system model

Integration of techno-economic
correlations for each process unit

Plant design optimization approach for
minimization of hydrogen production costs

Case studies for different locations and
cost scenarios

Figure 1. Work flow and main stages of the study.

Figure 2 illustrates the developed concept of a PV/CSP hybrid power plant for elec-
trochemical hydrogen production. A solar tower system was chosen because of the higher
system efficiency compared to line-focus CSP systems [12]. The PV plant produces elec-
tricity depending on the instantaneous solar irradiance. In the CSP plant a working fluid
(molten salt) is heated up in a receiver at the top of a solar tower and stored in a hot storage.
From there, as needed, hot molten salt can be extracted to transfer heat to a steam cycle
which runs a steam turbine connected to a generator [13]. Thereby, the CSP electricity
production can be adapted to the demand. In this case, the aim is to combine PV and CSP
electricity production in the best way for cost-optimal operation of the alkaline electrolyser
system, where water is electrochemically split into hydrogen and oxygen. An alkaline
electrolyser is chosen for this study, because AEL have currently the lowest costs and the
highest system efficiency of all electrolyser systems which are available in large-scale [10].
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Figure 2. Scheme of the PV /CSP hybrid power plant powering an alkaline electrolyser (AEL) system for stand-alone solar

hydrogen production. The six plant design optimization variables are highlighted in green.

In this work different combinations of the presented technologies are investigated.
For comparison, systems with only PV or CSP electricity production are simulated. PV elec-
tricity can also be used for additional electric heating of the molten salt. The optimization
model also permits to analyze systems without heliostat field and solar tower, where the
heat for the molten salt system is solely provided by PV electricity. For the techno-economic
study the hydrogen production plants are regarded as stand-alone systems, constructed in
remote areas and only for hydrogen production. Selling of surplus electricity is excluded
and selling of oxygen as a by-product is also not considered. The three different locations
in this study were chosen to demonstrate the influence of different solar resources (see
Table 1). The local price index was considered for the installation of CSP equipment (see
Section 3.4). For the location Freiburg only PV is considered, because CSP power plants are
usually only an option for a DNI in the range of 2000 kWh/m?a and above [12]. The study
includes two cost scenarios: a standard scenario with the PV and CSP costs of today and
a cost outlook scenario which considers the possible cost reductions until 2030. For CSP
the cost outlook scenario considers an increased receiver efficiency and a higher working
fluid temperature which leads to a higher power cycle efficiency (assumption from [18],
see Figure 2).

Table 1. Summary locations of the study.

Price Index . Solar Resource:
Location ©Oecp)  Comsidered  PThgy gy Source Meteo
[18,19] 8y (kWh/mZ2a)
Freiburg, Germany 100 PV 971/1137 greenius
Almeria, Spain 84 PV, CSpP 1918/1812 greenius
Ouarzazate, Morocco 42 PV, CSpP 2518/2123 Meteonorm 6.1

2.2. Optimization Approach

Figure 2 shows the overall concept of a PV /CSP hybrid hydrogen production plant.
The figure also contains the six plant design optimization variables. Each optimization
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variable is a characteristic design variable for one of the process units. The nominal receiver
power Pcgp g is the design variable of the CSP part. This parameter represents the concen-
trated solar power reaching the receiver at a DNI of 900 W/m?. Further design variables
are: the PV peak power, the AEL system nominal power, the steam turbine nominal power,
the nominal power of the electric heater and the capacity of the thermal energy storage (see
also Table 2). The overall plant design optimization approach is to minimize the levelized
costs of hydrogen (LCOH) depending on these six optimization variables:

MIN(LCOH) = f(Pcsp,rec: Ppv,peaks PAEL Prurb, CTES, PHeater 1) 1)

To minimize the objective function the Pattern Search algorithm from MathWorks®
Global Optimization Toolbox (Natick, MA, USA) was used, which is recommended to
be used first for non-smooth optimization problems [20]. Starting values have to be
provided and optimization studies should be repeated with different initial values. Through
varying the optimizations variables constraints, different studies were performed, for
example by setting different upper boundaries for the thermal storage, the effect of higher
electrolyser full load hours could be investigated. Table 2 provides global boundaries for
the constraint variables, meaning that in some studies a different boundary was set but the
given boundary was never exceeded. For electrical power, the maximum was set to 1 GW.

Table 2. Optimization variables of the PV /CSP powered electrolyser plant model.

Nr Optimization Description Global Optimization
) Variable P Variable Constraints
1 P CSP molten salt receiver nominal 0or: 800 < Prsprec <
CSERec input power (at DNI 900 W/m?) 1200 MW
2 Ppy peak PV peak power (at GHI 1000 W/ m?) <1000 MW
3 PasL Nominal power of alkaline <1000 MW
electrolyser system
Nominal power of steam cycle .
4 Py turbine 0 or: >50 MW
5 Cres Capacity of molten salt thermal <8000 MWh
energy storage
6 Phteatore Nominal power of electric molten <1000 MW

salt heater

2.3. Approach Modelling
2.3.1. AEL Electrolyser System and Hydrogen Production

To decrease the time for each optimization, a time step At of one hour was chosen
for the annual simulations. Dynamic behaviour of the electrolyser system was neglected
and a constant electrolyser system efficiency 74gy sys (64.2%) was assumed. The hydrogen
production rate was calculated according to Equation (2) from the instantaneous electric
power input Pagp in(t), the electrolyser system efficiency 174£r sys and the lower heating
value of hydrogen LHVyy; (33.326 kWh/kgp):

“Pappin(t

it () = UAEL,SZLVSISLM( ) @)

The possible electric power input was limited to a range of 20-100%. Overload
operation was excluded because of possible higher degradation. If the electricity available
is below the minimum load, the electrolyser system is operated in standby mode. This
means that the electric current is zero but the electrolyser is kept under voltage. Thereby
no time-consuming cold-starts of the electrolyser are necessary which also lead to a much
higher degradation rate. For a PEM electrolyser system, in [6] a standby mode consumption
of approximately 1% of the nominal electrolyser power was determined. The same value is
assumed for the alkaline electrolyser system of this study. The model is designed in a way
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that electricity for standby operation can always be provided. More information on that
can be found in the Section 2.4. The technical assumptions (summarized in Table 3) are
based on a recent survey of electrolyser manufactures [10].

Table 3. Technical assumptions for the alkaline electrolyser system modeling.

Parameter Value Source [6,10]
AEL System efficiency 174gr, sys in % 64.2
LHVy, (kWh/kg) 33.326
AEL operational range in % 20-100
AEL standby consumption in % of nominal power 1
Hydrogen outlet pressure (bar) 20

2.3.2. PV System Electricity Output

The Green Energy System Analysis Tool greenius from the DLR Institute of Solar Re-
search [21,22] was used to determine the PV electricity generation efficiency #py (f, location)
in each time step and for each location. Greenius calculates #py (¢) from Global Horizontal
Irradiance (GHI) data, using the SOLPOS Sun Position Calculation from NREL and the
Perez Diffuse Irradiance Model. For this study a monocrystalline silicon PV module (BenQ
PM 318B01-327) was selected with a nominal efficiency of 20.1% at a nominal irradiance of
1000 W/m?. The calculation was performed for a non-tracking system, since this study
focuses on the lower range of PV investment costs (see Section 3.4) and already a high
module efficiency was assumed. The module efficiency #py () for the three locations is
imported to the PV/CSP plant model. From the optimization variable PV peak power
Ppy peqk the total PV module area Apy can be determined:

P,
A in m2 _ PV ,Peak 3
PV( ) 10007 % 3)

For each time-step in the PV/CSP plant model the PV electricity production Ppy (f) is
calculated from the irradiance data of the location GHI(t), the PV electricity generation
efficiency #py (t) and the total PV module area Apy :

Ppy(t) = npy(t) - GHI(t) - Apy 4)

2.3.3. CSP System Thermal Power Output
e  (CSP system receiver concentrated power input:

Similar to the PV system, the DLR tool greenius is used to determine the concentrated
power input to the molten salt receiver in each time step. In this case annual Direct Normal
Irradiance data DNI(t) is used and an efficiency of the heliostat field is determined for each
timestep and location #jiostat (£, location) based on efficiency maps. For simplification a
field size independent heliostat field efficiency is assumed. The concentrated solar power
input to the receiver Pcgp recin (f) can then be calculated with the total heliostat area
Aeliostar as follows:

PCSP,Rec,in (t) = DNI(t) . AHeliostut : WHeliostat(t) (5)

In the optimization model the maximum nominal receiver input power Pcsprec is
limited by an optimization constraint (see Table 2). Thereby, the heliostat field stays in
a size, in which the assumption of a field size independent heliostat field efficiency is
reasonable.

e  Molten salt receiver thermal power output:

The load of the molten salt receiver in each time step loadcsp gec (t) is determined as
ratio between concentrated power input and the nominal receiver power Pcsp rec,nom:
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Pcsp,Rec,in (¢
loadcspree (t) = P— ecin (1) (6)
CSP,Rec,nom

The efficiency of the receiver depends on the actual load. A similar load curve to the
one provided in greenius was implemented in the plant model (see Figure 3). For each cost
scenario a different efficiency load curve was implemented. In the standard scenario the
maximum receiver efficiency at nominal power is 86.56% and in the cost reduction outlook

scenario 90.50%.

100

90.50 %

90
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©
o
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o
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5 40
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3
@ 30
o
8 o200 Standard scenario
—Cost reduction outlook scenario
10
0
0 20 40 60 80 100

in Y
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Figure 3. Modelled CSP receiver efficiency depending on the load of the receiver. Values for standard

and cost outlook scenario.

With the receiver input power Pcgp re (t) and the receiver efficiency #csp rec(t) the
produced thermal CSP power in each time step can be calculated:

Qcsp (£) = Pesp,recin(t) - csp,rec(t) )

The maximum possible CSP power is defined by the nominal receiver power Pcsp Rrec, nom
and the maximum receiver efficiency #csp Rec max:

Qcsp (£) < Prec,csp - 11CSP,Rec,max 8)

In practice this would mean that an appropriate number of heliostats is defocused if the
incoming concentrated solar power exceeds the nominal power of the molten salt receiver.

2.3.4. CSP Part and Steam Cycle Auxiliary Electric Consumption

The operation of the CSP plant requires electricity, e.g., for molten salt pumping.
Also, when no solar energy is available the molten salt receiver has a permanent electricity
consumption (here defined as standby mode). For simplification a linear relation between
standby mode consumption and nominal receiver power and operating auxiliary consump-
tion and current receiver power input was assumed. The coefficients were derived from
greenius 799 MW molten salt receiver example (see Table 4). In the PV /CSP hybrid plant
the operational strategy permits to cover the CSP auxiliary consumption with PV electricity
(see Section 2.4). A similar approach was chosen for auxiliary consumption in the steam
cycle. Here the electricity demand, for example for feed water pumping, is assumed to be
linear to the current turbine power output Pry,, ().
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Table 4. CSP and steam cycle auxiliary electricity consumption.

Case Condition Correlation
CSP standby mode aux. consumption (no solar input) Pesprec (1) =0 Pcsp,aux () = 0.0005 - Pcsp, Rec
CSP operating aux. consumption Pesprec (1) >0 Pesp aux(t) = 0.0091 - Pegp ec(t)
Steam cycle auxiliary consumption Prp(t) >0 Pryrp,aux (t) = 0.05 - Py (t)

2.3.5. Power Cycle Electricity Production

The model includes a load dependent turbine efficiency. The load is defined by the
ratio of current turbine power Pr,,;, (t) and turbine nominal power Pryp, 1om:

PTurb (t) (9)

loadr,p = Prurt
urb,nom

The minimum load is 20% of the nominal turbine power. Similar to greenius above
the minimum load a linear increase of the efficiency to the maximum value was im-
plemented [22]. Figure 4 illustrates the used correlation for the standard and the cost
outlook scenario, in which the maximum efficiency increases from 43.5 to 44.2% (compare
Section 2.1).

50
44.2%
£ 40 5%
e
=
>
2 30
.g X
E £
o 20
()
c
§
= 101
—Cost reduct. scenario
I I St‘andard scenario ]
0 50 100
LoadTurb in %

Figure 4. Modelled load dependent turbine efficiency. Values for standard and cost outlook scenario.

With the turbine efficiency #7,,,(t) the extracted heat from the thermal storage to run

the steam cycle Qwa (t) can be determined:

: PTurb(t)
o (F) = 10
Qnrt ( ) UTurb(t) (10

Pr,.p (f) is defined by the operational strategy, and will only be calculated if enough
thermal energy is stored. Including auxiliary consumption Pry, 4, (see Table 4) the net
electricity production in the steam cycle is:

PTurh,net(t) = PTurb(t) - PTurb,aux(t) (11)

2.3.6. Energy Balance Thermal Heat Storage

The operational strategy considers if thermal energy can be extracted from the thermal
storage (see Section 2.4). In greenius a minimum storage level of 10% is suggested which
was also adapted in this model. The thermal energy stored in the molten salt storage
is calculated for the next time step by balancing the incoming and outgoing thermal
energy streams:
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Qres(t+1) = Qres(t) + (Qcse () + Qtaterat (1) = Qrun (1) = Quoss(1)) - A (12)

The added streams are the thermal energy provided by concentrated solar power
Qcsp (t) and the input from the electric heater QHwter,gl (t). Outgoing thermal energy
streams are the extracted energy to run the turbine Qturb (t) and the thermal energy loss
Q Loss (). The power to heat efficiency of the electric heater 171ty 01 Was set to 99% with:

QHeater,el (t) = 77Heater,el : PHeuter,el(t> (13)

A loss of thermal energy Q Loss () of 1% in 24 h was assumed like in greenius. Calcu-
lated for each timestep At with the actual stored thermal energy Qrrs(t):

. A
QrLoss (t) =0.01- ﬁ : QTES(t) (14)

2.4. Operational Strategy of the PV/CSP Hybrid Hydrogen Production Plant
2.4.1. Operational Strategy for AEL System Electricity Provision

As explained in Section 2.2 the alkaline electrolyser is operated in a range from 20 to
100% of its nominal power. For a net electricity produced by the PV /CSP plant in that range,
the electrolyser input power can be calculated as sum of actual PV and turbine power,
subtracting auxiliary consumption of the CSP part Pcsp 4, and the steam cycle Pryp 45

PAEL,in(t) = PPV(t) + PTurb(t) - PCSP,aux(t) - PTurb,aux(t) (15)

In this study, the AEL system is operated in standby mode when less than the min-
imum AEL power input is available, consuming then 1% if it is nominal power without
producing hydrogen. The model is designed in a way that this standby-mode electricity
demand can always be covered. In case that not enough electricity for standby mode
operation is available, the difference is covered by additional electricity P,;;(¢) which
represents an additional source, e.g., a battery system. The electricity cost for P,;;(t) was
defined with the interactive online tool of a cost outlook study for electricity storage sys-
tems [23,24]. With this tool a levelized cost of storage (LCOS) of 150 USD/MWh, was
determined assuming a battery storage with 365 annual cycles and a discharge duration
of 12 h. The cost of charging was set to zero, assuming that surplus electricity during
daytime can be used for charging. P,;,;(t) is introduced here to simplify the system for the
overall design optimization without considering an operational strategy of the TES. In a
more detailed analysis of a predesigned PV /CSP hybrid hydrogen production plant, an
operational strategy of a combination of TES and a battery storage could be also considered,
but this is beyond the scope of this work. Different hydrogen production concepts were
analyzed by varying the optimization variables constraints.

Figure 5 illustrates the studied different operational modes for solar hydrogen pro-
duction at a time period of good solar irradiation. For a solely PV powered system (a),
hydrogen production stops at night. Because of standby-mode operation, hydrogen pro-
duction directly starts when the PV field provides the minimum load. The PV system is
oversized resulting in unused surplus electricity. The second plot (b) is a PV /CSP powered
AEL plant with fluctuating hydrogen production. In the night, electricity is provided by the
steam turbine. The electrolyser system has a higher nominal power and during daytime
it is operated with its maximum load provided by PV. In the design of third system (c) a
constant hydrogen production was achieved by limiting the maximum AEL system power
to 150 MW, a typical power output of a CSP tower system.
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PV powered H2 production = PV/CSP hybrid fluct. H2 prod. PV/CSP hybrid const. H2 prod.
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Figure 5. Comparison of different solar hydrogen plant operational concepts for a day with good solar irradiation. Results
from the standard cost scenario for the location Ouarzazate, Morocco. (a) PV powered H2 production; (b) PV/CSP powered
fluctuating H2 production; (c) PV/CSP powered constant H2 production.

2.4.2. Operational Strategy Electricity Provision of PV /CSP

Figure 6 illustrates the operational strategy for electricity provision and the model
calculations in each time step. At first, the solar power input Ppy (t) and Pcgp rec,in (f) is
calculated from irradiance data. In the following, a concept of using the PV electricity
in a cascade is applied. Primarily, PV electricity is used to cover the auxiliary electricity
demand Pcgp 4,y in the CSP part and the thermal storage section, for example for molten
salt pumping (see Table 4). If afterwards enough PV electricity Ppy 4 is available to
provide the nominal electrolyser input power Parr, this is directly used for water splitting
in the electrolyser section. If more PV electricity than the AEL nominal power is available,
this electricity can be used to electrically heat molten salt and store the heat in the hot
storage. The maximum PV electricity that can be stored as thermal energy is defined by
the nominal power of the electric heater. The remaining PV electricity after this step is not
used (PPV,unused)-

If the PV section is not able to provide the nominal power of the AEL system, it
is intended to cover the difference between available PV electricity and the electrolyser
nominal power with the CSP, defined as Pcgp s (f). In order to operate the steam cycle,
Pcsp wish(t) needs to be larger than the minimum turbine power Pryp . If this is not
the case, but available PV electricity is greater than the minimum AEL system input, the
electrochemical water splitting is operated with smaller electricity input. If the available
electricity is smaller than the minimum AEL system input, the standby electricity demand
is covered. The remaining PV electricity can be used to operate the electric heater. If the
available electricity is even smaller than the AEL system standby demand, the difference is
covered by an additional electricity source P,;;(t). At the end of each time step the energy
balance of the TES is calculated (see Section 2.3.6).
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Figure 6. Operational strategy for time step calculation of PV /CSP hybrid hydrogen production plant.

2.5. Model Validation

The energy system model of the CSP part and the thermal storage were validated
with data from greenius. A CSP powered plant was simulated with reference data for
thermal energy storage capacity Crrps and nominal receiver power Pcspre and a given
nominal turbine power Pr,,;,. The nominal power of the electrolyser plant P4r; was set
to the turbine power. The conformity of the turbine full load hours in the model and the
values from greenius was in the range of 99% and also the levelized cost of electricity
(LCOE), which is also calculated in the model, was similar. To validate the correctness
of the levelized cost of hydrogen (LCOH), a correlation was used, which determines the
LCOH as a function of electrolyser full load hours and the price of electricity (see Equation
(23) in Section 4.1.2). The reference lines in Table 9 provides electrolyser full load hours and
LCOE data determined with the simulation tool. The data shows good agreement with the
correlation in Equation (23).

3. Techno-Economic Assumptions and Equipment Costs
3.1. General Techno-Economic Assumptions

Table 5 lists the basic techno-economic assumptions used for the exemplary study.
The lifetime of all equipment was set to 25 years. Electrolyser stack replacement is included
in the operating and maintenance costs. Costs provided in Euro were converted to USD
with the given exchange rate.

Table 5. General techno-economic assumptions.

Reference year 2018
USD/Euro exchange rate 1.1815
Internal interest rate i, ff 5%

Plant lifetime n (years) 25
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3.2. Product Cost Calculation Method

The total revenue requirement (TRR) method was used to determine products costs in
the process. The capital-recovery factor (CRF) is calculated from the internal interest rate
iofr and the lifetime of the plant n [25]:

fogr (1+ ieff)"
(1 + ieff)n -1

With the CRF, an annual equal payment Aol related to the investment can be deter-
mined from the total installed costs (TIC):

CRF = (16)

Aol = CRF - TIC (17)

With the operating and maintenance costs (OMC) the product price can be determined,
by summing up Aol and OMC of all process units to Aol pignr and OMCpry piant - For the
PV /CSP-hybrid stand-alone hydrogen production plant the mass-specific levelized cost of
hydrogen (LCOH) are determined from the annual hydrogen production M g1 With
the following equation:

Aolpp plant +OMCpp plant + CP,add

LCOH =
MHZ, annual

+ CH20/H2 (18)

Additional electricity costs Cp,qq and specific cost of water crpo/ g2 per kgpp are also
considered. Similarly, levelized costs of electricity (LCOE) can be calculated. For example,
for PV with the annual sum of PV electricity produced E,; py, gnnyal:

LCOEPV _ AOIpV + OMCPV (19)

Eel, PV, annual

3.3. Net Present Value of Hydrogen Production Plant

For a known market price of the product, the net present value Wyp is a suitable
variable to characterize the economic feasibility of a project. The Wyp is the arithmetic
sum of the present worth of all cash flows during the total project time [26]. Assuming
a constant annual cash flow Fc the net present value can be determined from the total
installed costs (TIC):

Fe

Wyp = ~TIC + == (20)

All replacement costs are included in the operation and maintenance costs so that the
annual cash flow is the difference between the revenue from hydrogen selling Ry, the
overall plant operation and maintenance costs OMCpy piant and the costs for additional
electricity Cp 444

Fc = Ry2 — OMChy piant — Cpadd (21)

3.4. Investment and Operational Cost Assumptions
3.4.1. AEL System

In a recent study the total installed costs (TIC) of large-scale electrochemical hydrogen
production plants were determined in detail [27]. This resulted in a TIC of 1645 USD/kW
for an alkaline electrolysis plant located in the the Netherlands. The TIC was calculated
for state-of-the-art electrolyser technology. In the next years a significant decrease of
electrolyser costs is expected, mainly through automation in stack production. A study
based on a survey of electrolyser manufacturers [10] expects a decrease in electrolyser
system costs in the range of 36% in the next 10 years.
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The present study shall give an outlook for the next ten years and therefore already
include the expected decrease in electrolyser system costs. Furthermore, it is assumed
that the cost for electricity provision infrastructure and land would be lower than in
the reference project in the Netherlands, because land costs are much lower in sparsely
populated areas and those regions in the sun belt also have a lower price index. Therefore,
a total decrease of TCI of 50% was assumed for the techno-economic study (see Table 6).
Following a concept suggested in [10], operating and maintenance costs of electrolyser
systems already include stack replacement costs.

Table 6. Techno-economic data (TIC and OMC) for the AEL system, the PV plant and the electric
heater for the standard cost scenario and the cost reduction outlook scenario.

Equivpment Parameter Standard Outlook Cost
quipme aramete Scenario Scenario Reduction
AEL plant TIC (USD/kW) 827 827 0%
OMC,
including stack 0.035 of TIC
replacement '
(USD/a)
PV plant TIC (USD/kW) 760 340 55.3%
OMC,
including
replacement 14.08
and insurance
(USD/KW a)
Elec. heater TIC (USD/kW) 180 180 0%
OMC elec.
heater 11.83
(USD/kWhy,)

3.4.2. PV System and Electric Heater

The assumptions of PV costs were based on IRENA studies. In [28] country-specific
total installed costs (TIC) of PV plants are provided. The value for the standard scenario
(760 USD/kW) was chosen at the lower end of the actual project values (see Table 6). For the
cost outlook scenario, the lowest value for 2030 of a given range (340-834 USD/kW) was
taken from a IRENA study about the future development of PV [29]. The present study is
therefore assuming a continuing strong decrease in PV costs, to analyze how this effects
the combination with CSP. Few studies exist about the costs of electric molten salt heaters,
in [30] a value of 410 USD/kW is derived from [31]. With such high values storing surplus
electricity as heat would be uneconomic. It is probable that industrial implementation of
electric molten salt heating will significantly decrease the costs. For this study an optimistic
decrease in heater costs to a TIC of 180 USD/kW is assumed.

3.4.3. CSP, TES and Power Block

A study of the DLR Institute of Solar Research determined country-specific CSP
equipment costs by considering the local share of work and the local price index [18].
This leads to the different equipment cost which are provided for Almeria and Ouarzazate
in Table 7. Furthermore, the study gives an outlook to the cost development until 2030
which is considered for the cost outlook scenario. Increased efficiencies of the receiver and
the power cycle are expected (see Figure 2) and also a general decrease in CSP investment
costs. Operating and maintenance costs are not changed in the different scenarios. Values
based on [22] are provided in Table 8. Additional costs for land, project development and
others account for approximately 20% of the final CSP project costs [18]. The equipment
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costs EPCcgp calculated with the values in Table 7 are therefore increased to obtain the
total installed costs of the CSP plant.

TICcsp = 1.2 - EPCcsp (22)

Table 7. CSP equipment costs for the standard and the cost reduction outlook scenario for the location
Almeria in Spain and Ouarzazate in Morocco.

CcSsp Location: Almeria, Spain Location: Ouarzazate, Morocco
Equipment Cost Index: 84 [18,19] Cost Index: 42 [18,19]
Standard Outlook Cost Standard Outlook Cost
. . Reduc- . . .
Scenario Scenario tion Scenario Scenario Reduction
Heliostat field o o
(USD/m2) 114.76 83.11 27.6% 87.88 65.27 25.7%
Tower o o
(103 USD/m) 78.48 62.78 20.0% 48.24 38.59 20.0%
Receiver o 0
(USD/kWy) 146.57 102.60 30.0% 124.43 87.10 30.0%
Thermal
storage 24.93 20.68 17.0% 21.09 17.75 15.8%
(USD/kWh)
Power Block o o
(USD/KW) 785.12 708.45 9.8% 693.56 25.62 9.8%

Table 8. Annual CSP operating and maintenance costs.

CSP Equipment Annual OMC
Heliostat field (USD/m?) 3.00
Tower (USD/m) 1063
Receiver (USD/kWy,) 2.95
Thermal storage (USD/kWhy,) 0.24
Power Block (USD/kW,) 0.95

4. Simulation Results and Discussion
4.1. Optimal PV, CSP/AEL System Combinations
4.1.1. PV-AEL Hydrogen Plant Results

Thinking about direct coupling of photovoltaics and electrolyser systems one could
expect that the electrolyser full load hours are equal to the operating hours of the PV plant.
However, the economic optimization showed that it’s more economic to overscale the PV
system. Figure 7 shows the influence of the PV peak power to AEL nominal power ratio
for the location Ouarzazate in Morocco. For the standard scenario the minimum of LCOH
is achieved for a ratio of 1.65. In the cost reduction outlook scenario, the electrolyser costs
are equal but PV investment costs are decreased. For this reason, the minimum of LCOH
shifts to a higher PV:AEL ratio of 1.94. For the other locations, due to the reduced GHI, the
lowest LCOH are reached for even higher PV:AEL ratios.
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Table 9. Results of AEL-syst

5 Assumptions Electrolyser System
= =Standard cost scenario g o5 =042 %
—Cost reduction outlook scenario TCl g, sys= 827 USDKW
AEL.Sys:S’S% of TCIAEL‘Sys
45 Interest rate i=5%, Lifetime n=25 a
77 (1.65/4.22 USD/kg)
5 4
2]
]
£
5
035
=1
PV peak power|=AEL nominal power
3 (1.94/3.09 USD/kg)

0.8 1 1.2 14 1.6 1.8 2 2:2
PV peak power/AEL system nominal power

Figure 7. Levelized cost of hydrogen (LCOH) depending on the PV peak power to AEL nominal
power ratio for the location Ouarzazate in Morocco. The study was performed for the standard cost
scenario and the cost reduction outlook scenario.

In summary, by oversizing the PV system, lower LCOH can be reached for PV/AEL
hydrogen plants which are operated as stand-alone systems. The AEL system is operated
with more full load hours (FLH) than the annual PV FLH. On the other hand, a certain
share of the PV electricity is now not used. As a result, the electricity costs for hydrogen
production are higher than the levelized cost of electricity of the PV plant (see results in
Table 9).

em full load hours and levelized cost of electricity (LCOE) for the most promising PV /CSP-AEL

plant configurations in the standard and in the cost reduction outlook scenario. Plant location is Ouarzazate in Morocco.

Scenario/Configuration FLH AEL LCOE PV LCOE CSP LCOE to AEL Lfg(i:(;)AEL
add
(h/a) (USD/MWh) (USD/MWh) (USD/MWh) (USD/MWh)
Standard cost scenario
Only PV 2751 37.92 - 43.85 46.26
Only CSP 6163 - 62.87 62.87 63.90
PV/CSP hybrid fluctuating 4463 37.92 69.03 55.07 55.67
PV /CSP hybrid constant 6633 37.92 77.69 65.84 66.26
Outlook scenario

Only PV 2973 19.83 - 24.87 27.09
Only CSP 6337 - 51.02 51.02 51.94
PV/CSP hybrid fluctuating 4039 19.83 58.69 34.48 35.07
PV /CSP hybrid constant 6884 19.83 65.02 48.75 49.10

4.1.2. PV/CSP-Hybrid-AEL Plant and Overall LCOH Results

Figure 8 presents the results of the hydrogen production plant design optimization
for an alkaline electrolyser system powered solely by PV, solely by CSP or by a combined
PV /CSP hybrid power plant. The plotted points are the Levelized Cost of Hydrogen
(LCOH) and the corresponding full load hours per year of the electrolyser plant determined
with the energy system model of this work. The shown reference lines are determined
with Equation (23), a correlation that determines the LCOH (USD/kg) from the investment
annuity and operating costs depending on the full load hours of the electrolyser and the
cost of electricity. This correlation was adapted from [10] and same assumptions for TIC
and OMC were used like in the overall plant model:
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LCOH = (TICgy,sys - CRF + OMCagr,sys + FLHAEL sys - LCOE) -

&)
I

N
[

LCOH in USD/kg

w

Hydrogen from steam methane reforming

LHVyp
NAEL,Sys - FLHAEL,sys

(23)
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Figure 8. Levelized cost of hydrogen (LCOH) depending on electrolyser full load hours and levelized costs of electricity
provided to the electrolyser (LCOE). Each simulation value for three locations and two costs scenarios was obtained by cost

minimization for different stand-alone hydrogen production plants.

For all plant configurations the lowest LCOH were determined for the location with
the highest solar resource (Ouarzazate, Morocco). For current PV and CSP investment costs
(Standard costs scenario, results see Figure 9) the lowest LCOH were found for a PV /CSP
hybrid-AEL plant (4.04 USD/kg2). In this case using only CSP as power source leads also
to lower LCOH (4.14 USD/kgyyn) compared to 4.23 USD/kgyy, for a PV-AEL plant. The
cost outlook scenario was designed in way to investigate the influence of a strong decrease
in PV and a moderate decrease in CSP investment costs. In this case a PV-AEL plant
reaches almost the same LCOH than a PV /CSP hybrid-AEL plant (3.09 USD/kgpy), while
the LCOH of the PV /CSP hybrid-AEL is still the global minimum. For a PV/CSP plant
configuration with constant hydrogen production higher electrolyser full load hours can
be reached compared to a solely CSP powered system. Table 9 summarizes the electrolyser
full load hour values and the levelized cost of electricity for the most promising plant
configurations. LCOE for each technology separately are listed up and also the cost of
electricity provided to the electrolyser system (LCOE to AEL), and the same value including
the cost of additional electricity. The table illustrates the effect of overscaling the PV system,
whereby higher electrolyser full load hours can be reached, but the final electricity costs
are higher than the PV LCOE. Depending on the operational strategy, the PV /CSP hybrid
concept leads to 4000-6900 electrolyser full load hours. The total cost of electricity provided
to the electrolyser is in the range of 35 USD/MWh (cost outlook scenario, fluctuating H2
production) to 66 USD/MWh (standard scenario, constant H, production).
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Figure 9. Share of process equipment costs (TIC and OMC) in the levelized hydrogen production costs for the most
promising PV /CSP-AEL plant configurations in the standard and in the cost reduction outlook scenario. Plant location is

Quarzazate in Morocco.

Figure 9 provides the share of the LCOH corresponding for each plant section (Aol
and OMC) and cost for water and additional electricity. It can be seen that the cost of
additional electricity (first value) increases the LCOH for solely PV-powered AEL in the
range of 0.11-0.12 USD/kgp,. This additional cost would be in a stand-alone hydrogen
plant the cost for a battery system which provides the electricity for standby operation.
Providing electricity with costs lower than 150 USD/MWh,, could further reduce the
LCOH of the PV-AEL concept and result in the lowest LCOH in the cost reduction outlook
scenario. However, also the concepts which include a thermal energy storage consider
additional electricity costs (0.03—-0.05 USD/kgpp). This value could be reduced with an
optimized operational strategy of the TES, by adjusting the turbine power and avoiding
that the TES is running empty.

4.1.3. PV/CSP-Hybrid-AEL Plants Suggested Plant Design

Figure 10 illustrates the optimized plant designs for PV /CSP powered AEL hydrogen
production plants. Permitting fluctuating hydrogen production leads to an increased PV
peak power, especially in the cost outlook scenario. In the constant production case an
optimization constraint was set to limit the alkaline electrolyser system nominal power to
150 MW. In this case, PV peak power and AEL nominal power are significantly lower while
the other process equipment has a similar nominal power and also the capacity of the TES
does not change much. Thus, for the constant production scenario the investment costs
are significantly lower but also the annual hydrogen production. Coupling to hydrogen
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production to subsequent processes will probably favour the constant production concept
(see also next section).

Standard scenario, PV/CSP fluctuating H2 production Standard scenario, PV/CSP constant H2 production
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Figure 10. Optimized plant design of PV /CSP-hybrid alkaline electrolyser plants (fluctuating or constant hydrogen
production) for the two cost scenarios and the location Ouarzazate, Morocco. Nominal power of process equipment is

provided.

4.2. Economic Interpretation of the Results

Until now, only product costs (LCOH) were considered for the evaluation of the
different design concepts. In Section 3.3 the concept of net present value (Wnp) was
introduced. Figure 11 depicts the Wyp depending on the revenue of the produced hydrogen
for the three most promising concepts in the cost outlook scenario. For each plant design
the Wyp turns positive for hydrogen prices greater than the before determined LCOH.
The PV/CSP hybrid plant with fluctuating H, production has the steepest slope and
is therefore the mot economic design concept for hydrogen revenue prices greater than
3.09 USD/kgpyn. The earnings from the PV /CSP hybrid concept with constant hydrogen
production also exceed the value of the PV-AEL plant for hydrogen revenue prices greater
than 3.50 USD/kgpy,. Electrochemical hydrogen production will typically be coupled to
other processes, except if a direct feeding to a pipeline system is foreseen. For example,
for long-distance transport as liquid hydrogen (LH;) the electrochemical process will
be coupled to a hydrogen liquefaction plant. Another option is to couple the hydrogen
production to a fuel synthesis process like the Fischer-Tropsch process. In all these cases
a more constant H, production is more convenient to reduce costs for hydrogen storage
and other process equipment. Therefore, a process design evaluation including coupling to
other processes will probably favour the concepts with constant H, production.
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Figure 11. Net present worth (WNP) of the best solar hydrogen production plants depending on the
revenue of the produced hydrogen (cost reduction outlook scenario).

5. Conclusions and Outlook

In this study we developed an energy system model of an electrochemical hydrogen
production plant powered by a combination of PV and CSP. The energy system includes a
thermal energy storage and an electrical heater which can be used to store surplus electricity
as heat. We implemented an operational strategy algorithm for optimal interplay between
PV, CSP and an alkaline (AEL) electrolyser system. The operational strategy includes the
use of PV surplus electricity in a cascade, covering first process auxiliary consumption and
only storing the remaining surplus as heat. The energy system model was designed to
be used for techno-economic system design optimization studies. Optimization variables
were the nominal CSP receiver power, the PV peak power, the AEL system nominal power,
the turbine nominal power, the nominal power of the electric heater and the capacity of the
thermal energy storage.

We varied the optimization constraints to compare plant configurations and performed
an exemplary study for two different cost scenarios. The cost outlook scenario should
thereby especially consider the minimum of PV costs that can be reached in the next ten
years. For comparison, we performed the study for three locations with different solar
resources. The following values of LCOH refer to the location Ouarzazate, Morocco. This
location reached the lowest LCOH in this study because of the highest solar resource
combined with the lowest cost index.

We found for the assumptions made that integrating concentrated solar power is the
economically most promising concept. In the standard scenario a PV/CSP plant with
fluctuating hydrogen production reaches the lowest LCOH (4.04 USD/kgp2). Considering
the mentioned minimum of PV costs in the cost outlook scenario results in almost equal
LCOH for a PV powered AEL plant and a PV /CSP-AEL plant with fluctuating hydrogen
production (3.09 USD/kgyz). However, the PV /CSP hybrid variant leads to a significantly
higher project profitability, what we showed with an investigation of the net present worth
of the investment.

Summing up, we found that integrating concentrated power plants is an auspicious
pathway for large-scale solar hydrogen production. The presented plant model and the
optimization approach turned out a powerful tool to develop first designs of such plants.
This predesign could be used for a detailed analysis with a smaller time step size. This
could then include advanced operational strategies for combinations of TES and battery
electricity storage. Then, the extent of energy extraction from the TES can be adapted
considering the storage level and solar energy forecasts. Thereby, stops and start-ups of the
electrolyser system can be prevented or its number can be reduced at least.
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In general, we present in this work a modelling approach for optimized system design
of solar hydrogen production plants. The final optimized design and the determined
LCOH depend strongly on the techno-economic input data. Therefore, in further studies
the effect of varied assumptions is worth to be investigated. For example, faster progress
in electrolyser system cost reduction and a higher electrolyser efficiency would favor a
PV powered hydrogen production. The applied PV technology could be also analyzed
more in detail. This study was based on the lower end of the given range of PV investment
cost, assuming a non-tracking PV system with high module efficiency. Using a tracking
PV system would improve the performance of a PV-AEL plant but also lead to higher
investment costs. With detailed information on different PV technology costs, the model
could be used to choose the best suited technology.

Coupling of hydrogen production with other processes, like hydrogen liquefaction for
hydrogen transport or synthesis processes, like the Fischer-Tropsch process was not part
of this analysis. Considering this coupling will probably shift the cost minimum towards
the PV/CSP hybrid concept with constant hydrogen production. In this case a smaller
hydrogen storage and process components with a reduced nominal power and therefore
smaller investment costs could be installed. A subsequent study could also include wind
power, as other fluctuating renewable power source with a great potential.
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Nomenclature

Abbreviations Greek Letters

Aol annuity of investment N energetic efficiency

AEL alkaline electrolyser Technical Nomenclature

CAPEX capital expenditure A area (m?)

csp concentrated solar power cypo/H2  specific cost of water (USD/kgp)
CRF capital recovery factor Cp,add cost of additional electricity
DNI direct normal irradiance loff internal interest rate
EPC total major equipment costs P power (J/s)

FLH full load hours Q thermal energy (J)

GHI global horizontal irradiance Q rate of heat transfer (J/s)
LCOE levelized cost of electricity Subscripts

LCOH  levelized cost of hydrogen add additional

LCOS Levelized cost of storage aux auxiliary

LHV lower heating value av available

OMC operating and maintenance costs el electric

PV photovoltaics H2 hydrogen

TEA techno-economic analysis in input stream

TES thermal energy storage Sys system

TIC total installed cost

TRR total revenue requirement

UsDh US Dollar
WNP net present worth
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