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ABSTRACT

The dependency of renewable energy systems on environmental influences such as sun or
wind availability is one of the greatest challenges in the energy transition. For this purpose,
it is important to develop electro chemical storage systems for long-term storing of
renewable electricity in the form of hydrogen or methane. In the presented work, an
electrolysis system with solid-oxide electrolyser stacks is designed. A solar thermal
receiver is used to produce the steam supplied to the electrolyser stacks. On the other
hand, a thermal energy storage, using a phase change material, is used for the extension of
the operational hours during the night time. The system is optimized to minimize the
levelized costs of hydrogen and compared to a system without a thermal energy storage.
Finally, the cost sensitivity for the four main components of the cost structure is evaluated
and discussed.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The production of hydrogen is a suitable possibility for storing
renewable energy from wind farms or photovoltaic systems
for a medium to long-term period, i.e. in the range from a few

days up to several months. For this purpose, an electrolysis
system is used for the generation of hydrogen. This hydrogen
can be used for the mobility sector, basic material chemistry
and can be fed into the gas grid in form of hydrogen or
methane. As the last option, it is also possible to use the
storage capacity of the gas grid for a shifted supply of

Abbreviations: ASR, Area specific resistance; CAPEX, Capital expenditures; CSP, Concentrating solar power; DNI, Direct normal irra-

diance; EPC, Engineering-procurement-construction; HHV, Higher heating value; HTF, Heat transfer fluid; HTX, Heat exchanger; IAM,
Incidence angle modifier; LCOH, Levelized costs of hydrogen; LHTES, Latent heat thermal energy storage; OPEX, Operational expendi-
tures; PCM, Phase change material; SC, Steam conversion; SF, Solar field; SOEC, Solid oxide electrolysis cell; TES, Thermal energy storage;
TMY, Typical meteorological year; TTD, Terminal temperature difference.
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Nomenclature

apL Heat loss parameter absorber (W m~2 K—2)
Anom Nominal collector area (m?)

Asack  Active stack area (cm?)

cos(f;)  Cosine losses of solar collector

Ccarex  Capital expenditures (EUR)

Crlectricity Electricity costs (EUR a™*)

Crcou Levelized costs of hydrogen (EUR kWh’l)
CopEx operational expenditures (EUR a’l)

fan Annuity factor

fasr Area specific resistance factor (Q cm?)
Sfoc Percentage of field in focus

fsc Steam conversation factor

F Faraday constant (96, 485.34 C mol 1)
Gpni Direct normal solar irradiance (W m~2)

hunv Higher heating value of hydrogen
(285,840 ] mol )
i Interest rate (%)

Jstack Current density (A cm—2)

K(6;) Incidence angle modifier of solar collector

M Molar mass (kg kmol 1)

n Payout time (a)

n Molar flow (kmol s~1)

p Partial pressure (bar)

Peell Average cell pressure (bar)

Dstd Pressure at standard conditions (1013.25 bar)

P Electrical power (kW)

Q Heat flow (kW)

R Universal gas constant (8.314 ] mol~! K1)

T Temperature (K)

Wit Average absorber temperature (K)

Teell Average cell temperature (K)

Tenv Temperature of the environment (K)

Unenst ~ Nernst voltage (V)

X Molar gas fraction

AGr Gibbs free energy change of reaction

ArHt Enthalpy change of reaction

ArSt Entropy change of reaction

e Empiric value for area specific resistance
calculation

n Efficiency

0; Incidence angle of solar collector

electrical energy by the use of renewable hydrogen in fossil
fired power plants. The use of renewable electricity from the
electricity grid by an electrolysis system extends the share of
renewable energy sources.

One possible way for the realization of power-to-gas is the
electrolysis of water to hydrogen using a solid oxide electrol-
ysis cell (SOEC), as discussed by Gahleitner [1]. Working at
high temperature (above 600 °C) allows: (i) providing part of
the energy needed thermally and not electrically, possibly
from waste heat, (ii) generating directly pure hydrogen in
important quantities, (iii) using cheap catalyst such as nickel
instead of expensive platinum (see the work of Nechache et al.
[2]). In the work of Henke et al. [3] the behavior of a pressurized

SOEC and the pressure dependency of the water electrolysis
are described. It was concluded that with increasing pressure,
more electrical energy is needed for the separation of
hydrogen and oxygen. Sanz-Bermejo et al. [4] investigated
three SOEC systems under several operational modes and part
load conditions. They summarized that the system perfor-
mance is maximized when the SOEC is operated with a con-
stant steam conversion rate. The thermoneutral operational
mode was identified to provide almost constant cell conver-
sion efficiency over the complete operational range. Due to
this operational mode, the temperature gradient between the
inlet and the outlet of the SOEC at both the cathode and the
anode is eliminated, which minimizes the thermal stress of
the SOEC.

Coupling of a SOEC with concentrating solar power (CSP)
power plant, like discussed in the work of Monnerie et al. [5],
can reduce the electricity demand of the SOEC from the grid to
less than 5% of the annual operating time. This approach re-
quires a large CSP-Power plant and other renewable electricity
can only be used in a small amount from the grid. Josi et al. [6]
concluded in their work that an electrolyser coupled with a
CSP system would achieve a higher exegetic efficiency and
sustainability index compared to a photovoltaic system. One
of the main problems of the SOEC is the integration options of
an external steam supply, discussed by AlZahrani et al. [7].
The integration issue of a suitable steam supply was the main
idea for the presented work.

This paper presents the techno-economic design of a SOEC
system. Integrating solar thermal power aims at reducing the
electrical power demand of the proposed system by the direct
use of thermal energy from a solar field (SF) for the evapora-
tion of preheated water. A thermal energy storage (TES) sys-
tem is used for the enhancement of the annual hydrogen
production of the electrolyser. By a parametric study, the
optimal TES capacity and the SF size are determined by
minimizing the levelized costs of hydrogen (LCOH). Finally a
sensitivity study for the four main cost shares is presented
and discussed in this paper. The designed system combines
the advantages from CSP and SOEC systems to reach low
LCOH and create a system which needs only a small SF and
uses all kinds of renewable electricity from the grid. Addi-
tionally the impact of a new storage technology, which is
currently under development, to the SOEC electrolysis system
is evaluated and discussed.

Methods and system description

The SOEC system (see Fig. 1) is operated at its thermoneutral
operational mode: both inlet and outlet temperatures of the
cathode and anode streams are not modified by the chemical
reaction and the electricity demand of the SOEC. The water
provided is evaporated by a CSP receiver and is forwarded as
saturated steam to the SOEC during the production of
hydrogen from the SF. A latent heat thermal energy storage
(LHTES) with a phase change material (PCM) is used to provide
saturated steam during the night and cloudy periods.
Renewable power from the electricity grid is used to power the
SOEC. The generated hydrogen is dried, compressed and
stored for different applications with hydrogen demand.

dx.doi.org/10.1016/j.ijjhydene.2017.08.192
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Fig. 1 — Schematics of a solar thermal powered SOEC system for the generation of renewable hydrogen with a thermal
energy storage for the supply of saturated steam during the night time.

Background of solid oxide electrolysis cell

The electrolysis of water is an endothermic chemical reaction
of water (H,0) to oxygen (O,) and hydrogen (H,) and can be
written as Eq. (1).

(1)

The enthalpy change A,Hr of this reaction is given by Eq. (2)
as the sum of the Gibbs free energy change of reaction A,Gr
and the product of the entropy change of reaction A,Sr and the
temperature T.

1
Hzo —>§OZ + Hz

ArHr = AGr +T-ASt

)

The temperature and pressure depended Nernst voltage
Unemst Of @ single SOEC, as for example described by Sanz-
Bermejo et al. [4], is given by Eq. (3) and calculated by the
Gibbs free energy change of reaction A,G? , the average cell
temperature Ty, the partial pressures of water py,o, hydrogen
pu, and oxygen po,. The fraction of the pressure at standard
conditions and the operational pressure inside the SOEC de-
scribes the pressure dependence of the Nernst voltage. The
Faraday constant F = 96,485.34 C mol-! and the universal gas
constant R = 8.314 J mol ' K%

Pmo , [Psid

PH, *\/Po, Dcen
The current density of the SOEC stack jsc is calculated by

the Nernst voltage Uyemst, the total electrical power of the stack

Psack, the active stack area Agq,q and the area specific resis-
tance factor fasr of the stack, as described in Eq. (4).

Unernst) ?
+ +
\/ (2 * f ASR

(3)

Unemnst =

ArG%E“ — ReTeen .In
2-F

P stack
Astack ° f ASR

Unernst

2'fASR

(4)

Jstack =

The area specific resistance factor fasz describes all tem-
perature dependent irreversible losses of the SOEC and is
based on empirical measurements of real cells. Petipas et al.
[8] proposed ¢ = 0.25Q cm” in Eq. (5) for a SOEC stack at an

average cell temperature Ty =1073K, resulting in
fase = 0.5Q cm’, based on the equations of Fu et al. [9].
4900
fASR =&+ exp ( T — 595> (5)
cell

With the results of Eq. (4), the molar flow of produced
hydrogen 1y, proa can be calculated via Eq. (6).

jsmck ‘Astack
5 F (6)

The molar flows ng,0in and ng,oq: are calculated by the
molar flow of produced hydrogen ny, yroq and the steam con-

version (SC) factor fsc.

N, prod =

Ny, Jprod

(= )

Ny,0,in =

®)

The SC factor fsc describes the mole share of the produced
hydrogen ny, yr.q based on the inlet molar flow of water ny,o .
Common values for the SC factor are usually between 60%,
proposed by the work of Sanz-Bermejo [4], and 80%, proposed
by the work of Rivera-Tinoco et al. and Udagawa et al. [10,11].
For this work a medium value of 75%, based on the work of
Petipas et al. [8], is assumed.

Based on the mass balance of the SOEC and Eq. (1), it is
possible to calculate the molar flows at the inlet and the outlet
of the SOEC, as described for the major components hydrogen
and oxygen by Eq. (9)—(11). The mole fractions xy, j, = 0.1 and
Xp,0in = 0.9 are assumed based on the work of Rivera-Tinoco

Ny,0,0ut = NH,0.,in — nHz.prod

dx.doi.org/10.1016/j.ijjhydene.2017.08.192
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et al. [10] and the work of Udagawa et al. [11]. The molar flow
of nitrogen ny, i, is not modified by the SOEC.

y jin

Ny, in = 2 *NHy,0.in (9)
H,0,in

N, out = NH, in + NH, prod (10)

) . 1.

7102 out — nOZAin + E'nHz.prod (11)

NN, out = 1Ny in (12)

After the calculation of the mass balance, it is necessary to
calculate the energy balance, as described by Eq. (13). The
electrical power of the stack Pg,q and the inlet heat flow Qm
are considered with a positive prefix (into the system bound-
ary) and the chemical reaction heat flow Q,oi0n and the outlet
heat flow Q,, with a negative prefix (out of the system
boundary). The heat losses of the SOEC were neglected for the
presented calculations.

Pstack + Qveaction + Qin + Qout =0 (13)

The chemical reaction heat flow Qegion i calculated by the
enthalpy change AHr and the produced molar flow of
hydrogen ny, proa, as described by Eq. (14).

Qreaction = AHr 'nHz prod (14)

The heat flow at the inlet Q;, of the SOEC is calculated by
both the cathode inlet flow Q ggogein and the anode inlet flow

Qanode.in'

Qin = Qeathode,in + Qanode,in (15)
Qcathode.in = (ViHZ.in *Cp H, + hHQO.in 'Cp.HZO) * (Tin - Tcell) (16)
Qanode.in = (ﬁNz.in *CpN, — ViOZ.in 'Cp,Oz) M (Tin - TceH) (17)

The heat flow at the outlet Q,,, of the SOEC is calculated by
almost the same way, using the negative cathode outlet flow
Qeathodeou: aNd the anode outlet low Q oo out-

Quut = Qcathude,out + Qanude.out (18)
Qcathode,out = ( - rin.uut 'Cp.Hz - rinO.out'cp.H;O) ¢ (TCEII - Tout) (19)
Qanode,out = ( - riNz.out°Cp.N2 - riOZAout°Cp.Oz) * (Tceﬂ - Tout) (20)

The given Eq. (3)—(20) for the calculation of the SOEC
working parameters cannot be solved analytically. Therefore,
an iterative solving algorithm is implemented in the mathe-
matical model of the SOEC. Sanz-Bermejo et al. [4] and Petipas
et al. [8] used a similar solving algorithm for the correct
calculation of both the mass as well as the energy balance.
This algorithm was used and implemented for the simulation
work, presented in this paper. In a first step, the Nernst
voltage Uperst (see Eq. (3)) and the current density jscx(see Eq.
(4)) are calculated by estimating start values for the gas com-
positions xq,: at the cathode and anode outlets of each sub-
stance and the average cell temperature

Tin + Tout

Teen = 2

(21)

of the SOEC, by assuming a new outlet temperature Tyy. If
the mass balance is solved successfully, a new stack outlet
temperature T,y is calculated. The iterative loops are solved
until they reach their convergence criteria. In this work, the
SOEC is operated in a thermoneutral operational mode.
This means that the inlet and the outlet temperatures Tj,
and T, of the streams are equal to the cell temperature
Teen-

Solar thermal receiver for direct steam generation

The steam supplied to the SOEC is for the presented work
assumed to be provided by the solar thermal receiver Euro-
Trough with the absorber Schott PTR70 [12], as discussed in
the work of Feldhoff et al. [13]. For the yield calculation the
thermal power of the SF Qg is calculated by Eq. (22). The
calculation of cosine losses cos(6;), the incidence angle mod-
ifier K(¢;) and the percentage of focused SF f, are discussed in
detail by Hirsch et al. [14]. The nominal collector area A,om and
the direct normal irradiance Gpy; are varied during parametric
study and the hour of the year.

QSF = ngp+COS(6;)*K(0;) * froc * Anom * Goni (22)

The efficiency of the SF ng is calculated by the efficiencies
for optical losses 7,,, shading losses 7,4, mirror cleanness
Neean» Wind losses 1,4 and the field availability 5,,.;, as written
in Eq. (23).

Nse = MNopt * Mshad * Mclean * Mwind * MNavail (23)

For the consideration of the SF heat loss Qg s during a
yield calculation of a line focusing collector, Dudley et al. [15]
proposed the following Eq. (24). The heat loss parameter ay;, =
0.00047 W m 2K for the used absorber is given by the work of
Morin et al. [16]. The heat loss is calculated based on the
quadratic temperature difference between the average
absorber temperature Taps and the temperature of the envi-
ronment Tepy.

Qs joss = @z * (Tavs — Tth)2 (24)

The technical design data of the solar thermal receiver,
which provides saturated steam with a temperature of
143.6 °C and a pressure of 4 bar, is given by Table 1.

Table 1 — Technical design data for the solar thermal
receiver.

Live steam pressure 4 bar
Live steam temperature 143.6 °C
Pressure drop receiver 1 bar
Loop length 600 m
Aperture width gross 5.76 m
Focal length 1.71 m
Optical efficiency 75 %

dx.doi.org/10.1016/j.ijjhydene.2017.08.192
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Latent heat thermal energy storage for the supply of
saturated steam

For the extension of hydrogen production during the night
time, a latent heat thermal energy storage (LHTES) is added
with a thermal power of 2.3 MW (during charging and dis-
charging) to the system (see Table 2). This TES is charged by
saturated steam at 4 bar during the sunny hours of the day
(day operational mode). During the night time, saturated
steam at a pressure of 2.2 bar is forwarded to the SOEC (night
operational mode). Due to the pressure range of the SOEC, an
eutectic mixture of 67% by weight potassium nitrate (KNO3)
and 33% by weight lithium nitrate (LiNOs), as discussed by
Tamme et al. [17], was selected as the PCM.

The storage should provide a constant thermal power
during charging and discharging. Such an active PCM system,
called PCMflux, was introduced by the work of Pointner et al.
[18]. The PCM is stored in separated aluminum containers.
These containers are moved over a stationary aluminum fin.
For a better heat transfer, an intermediate heat transfer fluid
(HTF) is used. This HTF has a lower freezing point than the
PCM. This TES system was demonstrated in lab scale by
Pointner et al. [19] and is assumed for the storage calculation
of the LHTES in this work.

Design of complete electrolysis system

For the calculation of the complete electrolysis system a
simulation model (see Figs. 2 and 3) was created by the use of
the software EBSILON®Professional. This system simulation
model combines the sub-models of the SOEC, the SF, the TES
and the compressor and drying stages. Several standard
models for heat exchangers, pumps and compressors are used
for modelling of the complete system behavior and the
determination of the electrical own consumption. The design
condition (day operational mode) of the electrolysis system is
assumed for the production of hydrogen from saturated
steam at 4 bar, which is directly produced by the SF. During
low DNI periods, especially during the night, the parallel PCM-
TES is discharged at a pressure of 2.2 bar (night operational
mode). The four compressor and drying stages are designed
for the discharge pressure of the TES at 2.2 bar. Therefore,
both last stages are operated at part load at design conditions.
It was assumed for all presented investigations that the
electrical power of the SOEC is fixed at 10 MW at design
conditions.

The assumed design parameters for the electrolysis system
are provided in Table 3. The pressure loss of the SOEC is
neglected due to the assumption that they have only small
influence over the overall efficiency of the system. The

Table 2 — Technical design data for the PCM storage [17].

Thermal power charging/discharging 2.3 MW
TTD for charging/discharging 10 K
Charging pressure 4 bar
Discharging pressure 2.2 bar
Melting temperature PCM 133 °C
Heat of fusion PCM 170 kJ/kg

terminal temperature difference (TTD) of the heat exchanger
(HTX) is set to 10 K, which results in manageable areas for the
heat exchange. The four compressor stages with intercoolers
compress the hydrogen up to 30 bar.

By using the created system simulation model it is possible
to calculate the pressure dependency of molar flow of pro-
duced hydrogen ny, ,roq and the electrical power of the water
electrolysis Py stack (See Fig. 4, left). The molar flow of produced
hydrogen, assuming a constant steam conversion rate, shows
an increasing trend, if the operational pressure of the SOEC is
decreased. Therefore, the electrical power of the SOEC stack
also increases from 10 MW at a design pressure of
4 bar to 12 MW at an operational pressure of 1 bar.

It can be seen in Fig. 4 (right) that the enthalpy change A;Hr
is almost independent from the operating pressure of the
SOEC. In fact, there is a shift from the product of temperature
T and the entropy change of reaction A,St to the Gibbs free
energy change of reaction A;GY. Due to the small energy
changes, it can be concluded that the pressure influence on
the water electrolysis reaction in the SOEC is small.

The efficiency of the electrolysis system 5y is calculated
by Eq. (25) by the power flow of hydrogen, determined by the
molar flow ng, and the higher heating (HHV) value of
hydrogen hypy = 285.84 kJ mol~! [20] divided by the thermal
power of the receiver Q, sy and electrical power of the SOEC
stack Py stack, Of the feed stream heaters P jeqter, Of the pumps
Pel, pump and compressors Pejcomp. The power of the recupera-
tion turbine Py, is considered to be negative, lowering the
total energy demand of the electrolysis system.

Ny, hyay
ch.solar + Pel.stack + Pel.heater + PeL pump + PeLcomp + Pehecu

Nsystem =

(25)

In Table 4 the results from the system simulation model
are shown for both day and night operational modes. The total
energy demand for the night mode is higher than for the day
mode. This is caused by the higher phase change enthalpy of
water at 2.2 bar, the higher electrical consumption of the SOEC
(depicted in Fig. 4, left) and the higher electrical consumption
of the hydrogen compressors. The efficiencies for both day
and night operational modes are 89.6% and 88.0%, respec-
tively. It can be seen that the higher hydrogen molar flow
which is produced during the night compensates the higher
energy demand of the system almost completely, so that the
difference in efficiency is only 1.6 %-pts.

The molar compositions (see Table 5) of the cathode inlet
Neathodein @Nd the anode inlet flow Ngyogein for both the day and
the night operational mode. The molar composition of the
outlet streams is due to the constant steam conversion rate of
75% constant for the day and the night operational mode.

Boundary conditions for hydrogen yield study

For the calculation of the hydrogen yield, several boundary
conditions must be specified. Primarily, these are the direct
normal irradiance (DNI) of the selected site and the electricity
price for the electrolysis. In addition, the cost parameters for
the estimation of the capital expenditures (CAPEX) and
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Fig. 2 — Simulation model of the electrolysis system with a 10 MW SOEC unit for the design point.

operational expenditures (OPEX) as well as the calculation of
the annual hydrogen yield are determined.

Direct normal irradiance at plant site

For the calculation of the thermal power produced by the solar
thermal receiver, a DNI for a typical metrological year (TMY)
was used. The selected site is located near the city of Almeria,
Spain. This site was chosen because it provides sufficient solar
resources in an area with sufficient infrastructure. Further-
more, abundant DNI data is available for this location. The
measurements and techniques for the generation of the TMY

dataset and the dataset itself are provided by Meyer and
Schwandt [21]. The annual DNI sum of the dataset for the
selected site, shown in Fig. 5, is about 2200 kWh/(m? a). This
DNI is considered for each year of the annuity calculation of
the SOEC plant.

It is assumed that the SOEC system is marketed at the
Spanish day-ahead spot market. The merit order price curve
for each hour of the next day in this market is generated by the
operator of the Iberian electricity market (OMEL). The equi-
librium price for each hour of the day is then published on the
website of OMEL [22]. This price is generated by correlating
electricity supply and demand of the electricity market.

3800 bar A A A
35004 °C__ %
0090 kals UACE
448,697 kJ/kg W%
water / hydogen
{ hydrogen
from SOEC >-o— S— o o P hydrog
cooling water \ I [ l I | I l - cooling water
. | — | — - 1.013 bar
drain water < L L L I.@ \"25000°C
8.590 bar 1.500 bar 10.087 kg/s
35.097 °C 25004 °C 104.929 kJ/kg
0.009 kg/s 7.154 kgis
147.817 kJkg 104990 kJ/kg

Fig. 3 — Simulation model of the four compressor and drying stages for the design point.
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Table 3 — Technical design assumptions for the
electrolyis system.

Electrical efficiency DC converter 98 %
Electrical efficiency motors 95 %
Mechanical efficiency motors 99 %
Electrical efficiency generator 99 %
Mechanical efficiency generator 99 %
Isentropic efficiency pumps 85 %
Isentropic efficiency fan 85 %
Isentropic efficiency turbine 90 %
TTD of recuperation HTX 10 K
TTD of inter-cooler HTX 10 K
Pressure drop HTX 50 mbar
Hydrogen storage pressure 30 bar

For the study presented in this paper, the electricity prices
of the last three years (see Fig. 6) were investigated. The
electricity price is scattered between values close to 0 EUR/
MWh and about 71 EUR/MWh, both in the year 2014. The year
2015 is characterized by high electricity prices between 16
EUR/MWh and 66 EUR/MWh. The dataset for the year 2016
includes the newest annual data for the investigated site at
the time of the parametric study. The average daily electricity
prices are between 5 EUR/MWh and 67 EUR/MWh. This results
in an average electricity price of approximately 40 EUR/MWh.
In the study, the year 2016 was selected for consideration, as it
is assumed to represent the general trends in electricity prices
well. There was no inflation or rise in electricity prices
assumed for the presented study of the electrolysis system.

Operating modes of electrolysis system

The electrolysis system is operated in three different oper-
ating modes, shown in Table 6. The operational modes are
determined by defined rules. If the DNI reaches a threshold of
300 KWh/m?, the SF is in operation and the electrolysis system
is operated in day mode (1). If there is a surplus of thermal
energy, which is not consumed by the electrolysis system, the
TES is charged up to its maximum thermal power (see Table 2)
for the extension of hydrogen production during cloudy pe-
riods or night time (2). During the night operational mode of

Electrical power SOEC [MW]

Hydrogen molar flow [mol s

Pressure SOEC [bar]

Table 4 — Results of the electrolyis system for the day and
the night operational modes.

Day Night
Temperature SOEC (° C) 800 800
Operational pressure steam supply (bar) 4 2.2
Electrical power SOEC (MW) 10.0 11.1
Electrical own consumption (MW) 0.6 0.8
Thermal power electrolysis system (MW) 2.0 2.3
Total power input electrolysis system (MW) 12.6 14.2
Steam conversion rate (%) 75 75
Molar flow hydrogen (kmol h1) 142.1 157.0
Mass flow hydrogen (kg h™1) 286.4 316.6
HHV output hydrogen (MWgpy) 11.3 12.5
Efficiency electrolysis system (%) 89.6 88.0

Table 5 — Molar compositions of the different streams at
the cathode and the anode of the SOEC.

Inlet Outlet
Molar fraction hydrogen cathode 0.1 0.28
Molar fraction water/steam cathode 0.9 0.72
Molar fraction nitrogen anode 0.79 0.56
Molar fraction oxygen anode 0.21 0.44

the electrolysis system, the TES is discharged at its design
parameters (see Tables 2 and 4). During the rest of the annual
hours, the system is operated at standby conditions (3).

Financial parameters for cost calculation

For the calculation of the hydrogen costs, the CAPEX and OPEX
are estimated for each SF size and TES capacity of the inves-
tigated system. An adjustment of these cost parameters, in
dependency of the size of the subcomponent, is not assumed.
The specific parameters for the cost calculation are given in
Tables 7 and 8. It should be noticed that the electrolyser price
per kW mentioned in Table 7, which is of critical importance,
is based on a cost study for manufacturing of SOFC power
systems made by von Olshausen and Aldag [23] and Weimar
et al. [24] and should be considered as a price forecast for the
next 5—10 years.

300 T T T

250 - ___:.v._,__..,j.__, _‘_ S
gzoo F---x--- === S-zvsasa e e
= l AH
2150 oo T
2 e 861
2100 -~ 1mmmeee- =T A ST

Pressure SOEC [bar]

Fig. 4 — Pressure dependency (left) of the molar flow and the net electrical power of the SOEC system and (right) the enthalpy
change, the Gibbs free energy change of reaction and the entropy change of the water electrolysis reaction.
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Fig. 5 — Hourly DNI dataset for the selected site near
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Fig. 6 — Medium daily electricity price of the day-ahead
spot marked for the Spanish site [22].

Table 7 — Overview of specific cost parameters for the
calculation of the CAPEX.

Costs Reference

Solar field EUR/(m? aperture area) 240 [25]
Site preparation EUR/(m? total area) 5 [26]
Factor Atotar/Anet = 4 [26]
Storage EUR/KWh 80 [27]
Electrolyser EUR/kW¢q; 1500 [23,24]
Project management % der direct EPC costs 5 [26]
Profit % of direct EPC costs 12 [26]
Project management % of total EPC costs 3 [26]
owner
Other costs owner % of total EPC costs 3 [26]
Grid connection 10° EUR 5 [26]

calculated in Eq. (26) by the payout time n = 25 years and the
interest rate i = 8 % of the project.
- 0

A e (26)

The LCOH are calculated by the annual costs Ccapex, Copex
and the electricity costs Cecriciy during operational hours of
the investigated year. These costs are divided through the
molar mass flow of produced hydrogen tig, proa and the higher
heating value of hydrogen hyyy. These energy specific costs
are a good indicator for the comparison of different electrol-
ysis layouts. The goal for an optimization of the system layout
is to minimize the LCOH by finding the best configuration SF
size and TES capacity.

fan+Ccarex + Copex + Chlectricity

(27)

Creon = -
NH, prod * huny

Results and discussion

In a first step, an optimization of the baseline scenario with a
TES is presented. In comparison with these first LCOH results,
a system layout without TES is introduced for the discussion
of the TES impact to the LCOH. Finally, a sensitivity study is
shown for the determination of the four most relevant cost
components of the cost structure of the electrolysis system.

Calculation of hydrogen costs

For the calculation of the LCOH, the annual amount of the
CAPEX is calculated by the annuity factor fay. This factor is

Table 6 — Operational modes of the SOEC system used for
the annual yield analysis.

Mode Name Solar field Energy storage Electrolyser
1 Day on charging on
2 Night off discharging on
3 Standby off off off

Table 8 — Overview of the specific cost parameters for the
calculation of the OPEX.

Costs Reference

Maintenance solar (% of SF-CAPEX)/a 0.5 [26]
field

Maintenance storage (% of TES-CAPEX)/a 0.3 [26]

Maintenance (% of EL-CAPEX)/a 1 [26]
electrolyser

Management (% of direct EPC costs)/a 0.15 [26]
maintenance

Insurance (% of direct EPC costs)/a 12 [26]

Water costs EUR/m® 0.5 [26]

Labor costs (average) EUR/a 48,000 [28]
Staff (fix) = 10 [28]
Staff (variable) 1/(1000 m? aperture area) 0.03 [28]
Ground lease EUR/(m? total area a) 0.2 [26]
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Optimization of the baseline scenario with storage

The LCOH of the electrolysis system are calculated for 961
different configurations in dependency of the two main design
parameters of the discussed system. These parameters are the
TES discharge hours and the number of collector loops of the
SF with the following parameter ranges:

- TES discharge hours: 0—30 h in 1 h steps
- Number of collector loops: 1.5—9 in 0.25 steps.

The LCOH shape a surface with a global minimum in-
between the selected parameters range of the parametric
study. For the selected Spanish site near Almeria and the
electricity price of 2016, the result of the parametric study is
depicted in Fig. 7. The lowest LCOH of 0.11 EUR/kWhyyy or 4.30
EUR/kg are calculated for an electrolysis system with a
discharge time of 11 h and 4.25 collector loops. This requires a
thermal storage capacity of 25.6 MWh and a total gross aper-
ture of 14,688 m?.

Inappropriate system configurations, e.g. with long TES
discharge hours and few collector loops, are characterized by
high LCOH. These configurations are not suitable for an
economical design of the electrolysis system. The proposed
cost structure leads to a relatively large local minimum and
enables several configurations with almost identical LCOH.
For the further investigations in this paper, the system with
the lowest LCOH was selected.

Comparison of the baseline scenario with and without
storage

A direct comparison of an electrolysis system with and
without a TES shows the impact of the TES to the LCOH. In
Fig. 8, the operational hours for both discussed systems are
depicted. Without a TES, the system is operated for about
2440 hin the SF operational mode. The rest of the year, mainly

Collector loop number
LCOH [EURKWh]

0 5 10 15 20 25 30
TES hours [h]

Fig. 7 — Calculation of LCOH in dependency of the number
of collector loops and the TES discharge hours of the
baseline scenario.

FaStandby ESF operation OTES operation

8000 -
7000 -

6000 -
5000 A
4000 A
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1000 A

|
SN

0 .
without storage

with storage

Fig. 8 — Distribution of the operational hours for an
optimized electrolysis system with and without a TES.

the night and the cloudy hours of the year, the system is in
standby operational mode. The TES of the baseline scenario,
discussed above, rises the operational hours in SF and TES
mode to 4910 h. The number of hours in the standby opera-
tional mode is decreased by about 39% from 6320 h to 3850 h.

Due to the integration of the TES with a thermal capacity of
25.6 MWh, the production hours are extended by about 50%
(see Table 9). This results in a reduction of the system LCOH by
about 34% from 0.16 EUR/kWh to 0.11 EUR/kWh, based on the
HHV of hydrogen.

Sensitivity study of CAPEX cost structure

In a last step of the presented study, the sensitivity of the
discussed electrolysis system with TES is calculated. For this,
the four main components of the systems cost structure are
selected. The CAPEX costs assumptions for the TES, the SF, the
electrolyser and the electricity costs are varied from —20% to
+20%. For the determination of the sensitivity, the percentage
change of the LCOH, caused by the respective component of
the cost structure, is evaluated.

The results of the sensitivity study are depicted in Fig. 9.
The calculated specific costs for the 100% case are given in
Table 7 and Fig. 6. In case of the electricity price, each hour
value of the year is scaled for the sensitivity study. If the
CAPEX of the TES and the SF are changed by + 20%, the LCOH is
only modified by about + 0.9% and + 1.5%, respectively. The

Table 9 — Results of the comparsion of the baseline
scenario with and without a TES.

Without storage With storage

TES capacity [MWh] = 25.6
Production hours [h] 2440 4910
LCOH [EUR/KWh] 0.16 0.11
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Fig. 9 — Cost sensitivity of the LCOH for the CAPEX of the
subsystems storage, solar field, electrolyser and the
electricity costs.

main influences on the LCOH are the CAPEX for the electro-
lyser and the electricity costs with + 6.7% and + 7.3%,
respectively.

Conclusions

This paper presents a techno economic investigation of a solar
thermal powered electrolysis system with an integrated TES
for medium- and long-term storage of renewable energy. The
conducted calculation of the LCOH shows a minimum at
about 0.11 EUR/KWh, with a TES discharge time of 11 h and a
total SF gross aperture of 14,688 m?. The results of the study
also show that the TES reduces the LCOH by about 34% and
extends the annual hydrogen production time by about 50%.
It can be shown with the sensitivity results that the main
cost reduction potential of the system is hidden in the CAPEX
costs of the electrolyser, which is by far the most expensive
component of the system. For that reason, the research on
SOEC has to be continued. The second cost reduction potential
is the electricity cost, for the operation of the water electrol-
ysis and the own consumption for pumps and compressors. If
the price of renewable electricity decreased in the medium
term, the LCOH of renewable hydrogen would also decline.
Finally, the results show a positive impact of the integra-
tion of a TES with a PCM material, which causes a lower water
pressure during the discharge process of the TES. The pres-
sure difference leads to a very small decrease of the conver-
sion efficiency of the renewable electricity to hydrogen, which
is partially compensated by the higher hydrogen production of
the SOEC during the TES discharge mode. This is caused by the
small influence of the steam pressure on the water electrol-
ysis. It can be shown that the presented PCM-TES concept is a
promising solution for the extension of hydrogen production

with solar powered SOEC systems, which should be thor-
oughly investigated in further research projects.
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