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The combination of an alkaline water electrolyzer (AWE) with a battery system powered by photovoltaics (PV) for the

production of green hydrogen is investigated. A model describes the power distribution between these three subsystems

(AWE, battery and PV). Variation of AWE and battery power and capacity is carried out for two locations, to identify the

most appropriate setup, where the highest energy usage and operating time can be reached. The battery helps to reduce

the power level of the AWE. However, an estimation of the costs indicates that further optimization is necessary.
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1 Introduction

The latest reports of the IPCC emphasize the urgent need to
reduce greenhouse gas emissions rapidly to circumvent
threatening scenarios of anthropogenic climate change [1].
Renewable energies such as photovoltaics (PV) and wind
power play a crucial role in the transformation of the energy
supply, which is currently responsible for a major part of
global greenhouse gas emissions. However, the fluctuating
nature of wind power and photovoltaics requires a buffering
of their electrical energy output, for which batteries and
water electrolysis can be an economic and ecologic solution.
Batteries are mainly applied for short to medium term local
energy storage of up to several hours but can achieve rather
high efficiencies for accumulation and release of electrical
energy. Water electrolysis reaches lower efficiencies if the
input and output of electrical energy is considered. Never-
theless, hydrogen produced by water electrolysis enables a
variety of routes, such as seasonal energy storage, conver-
sion to methane, methanol, ammonia, and other valuable
products that allow an already established transport of ener-
gy bound in chemical compounds. These opportunities
have been recognized at political levels and resulted in sev-
eral regional, national and international reports, initiatives
and strategies focusing on the application and integration of
hydrogen technologies [2-4].

Photovoltaic systems have been applied globally with a
significant cost reduction in the last years and record low
bids below 20$ per MWh [5]. Wind power on the other
hand, achieves lowest prices around 50$ per MWh [6],
sometimes even down to 20 $ per MWh [7]. The use of PV
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or wind power to supply a water electrolyzer producing
green hydrogen could theoretically lead to hydrogen costs
of 1.0 to 2.6 US$ kg™ at an assumed efficiency of 75% of
the electrolysis process. Neglecting other costs (investment,
operation) green hydrogen could therefore reach the range
of costs of conventional hydrogen produced by steam
reforming of methane (1.25 $ kgf1 to 3.50$ kgfl) [8]. Unfor-
tunately, the water electrolysis system has to deal with the
fluctuating power output of PV and wind power. Water elec-
trolysis systems divide in two different technologies that are
commercially available on a large scale: the alkaline water
electrolysis (AWE) operating with mainly nickel electrodes
in an alkaline electrolyte circulating through both half-cells
and the polymer electrolyte membrane water electrolysis
(PEM), where a proton-conducting membrane separates
both half-cells with electrodes based on precious metals
(Ir, Pt) [9,10]. Both technologies can differentiate in terms
of efficiency, power specific costs, dynamic response behav-
ior, gas quality, operating pressure and ecological footprint
and it is currently not clear which, if any, technology will
dominate the future water electrolysis market.
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Water electrolysis powered by renewables is investigated
in a couple of studies [11-18], however, only a few deal with
the potential benefits of water electrolysis buffered by bat-
tery systems for hydrogen production. Gokcek et al. investi-
gated and optimized a system of PV, wind power, electrolyz-
er, battery, hydrogen storage and compression for refueling
25 hydrogen vehicles per day using a techno-economical
model [13]. The optimized system achieved hydrogen costs
of 7.5$ kg™ for battery costs as low as 110$ per kWh (lead
acid Dbatteries). Unfortunately, the electrolyzer used only
slightly more than 55 % of the energy supplied by wind and
PV, leaving some room for potential improvements. Papa-
dopoulos et al. investigated different scenarios of 15-MW
PV in combination with a 1-MW PEM electrolyzer and
with or without a battery or a wind turbine [18]. They
focused on the utilization factor of the electrolyzer and on
the economic feasibility. The utilization factor of the elec-
trolyzer increased from 42 %, for the base case of PV and
electrolyzer only, to 66% when 2MW of wind power is
added to the system and achieves a maximum of 86 %,
when a lithium-ion battery with up to 10 MWh is installed.
Their economic assessment shows some beneficial cases for
battery applications; however, battery investment must not
exceed 250 US $ per kWh. Furthermore, even for high uti-
lization of the electrolyzer, the annual energy used by the
electrolyzer is still less than 50 % of the energy provided by
wind and PV.

In this work, the combination of an AWE system with a
PV power supply is investigated for two exemplary scenar-
ios located in Germany and Morocco. AWE suffers from
elevated gas impurities in the part-load range [19-21]. Since
PV is not available during the night, PV power needs to be
buffered by a battery system. This would allow excess ener-
gy during the day to be shifted to the night and the water
electrolysis to be operated during the night at a sufficiently
high load. A broad variation of AWE power as well as bat-
tery power and capacity enables an optimization of all three
parameters. Crucial questions that need to be answered are:
Firstly, can a battery system buffer the PV output to achieve

a high energy usage of the annual PV energy yield, while still
ensuring a high operational time of the water electrolyzer
with a reasonable capacity (<20 h of storage at nominal bat-
tery load)? Secondly, is there a potential for cost savings by
implementation of a well-suited battery?

2 Methodology

The analysis of PV powered water electrolysis is carried out
for two scenarios, whereas the first one is located in Moroc-
co and the second one is located in Germany. To analyze a
quite realistic scenario, the coordinates of the Quarzazate
solar power plant in the region Draa-Tafilalet of Morocco
are applied for the first scenario (31.007° latitude, -6.863°
longitude, 1223 m elevation). The coordinates for the site in
Germany are corresponding to the PV plant in Pocking,
southeast of Bavaria, which is one of the largest PV plants
in Germany (48.371° latitude, 13.299° longitude, 325 m ele-
vation).

2.1 Data Basis for the Photovoltaic Power
Generation

The Photovoltaic Geographical Information System
(PVGIS) of European Commission’s science and knowledge
service [22] was applied to receive hourly data of power
output for a 1kW, free-standing, crystalline silicon PV
system with optimized slope and azimuth. The total system
loss was set to 14 %, which is the default value of the PVGIS
tool. Current PV systems might achieve even lower losses in
the single digit range; however, we kept the quite high de-
fault value in a rather conservative approach. Hourly data
for the years 2005 to 2016 was used for the evaluation. In
Fig. 1 the power output is visualized as a heat map for the
entire time range and the average hourly values over the
years are also included. Besides a daily variation a seasonal
fluctuation is quite distinct for the Pocking site, while the
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Figure 1. Heat maps visualizing the hourly power output of PV for the two locations under investigation:
a) Quarzazate in Morocco, b) Pocking in Germany.
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Quarzazate site indicates only almost insignificant seasonal
dependence. The annual energy yield is significantly higher
in Quarzazate (1907 kWh per kW) than the yield in
Pocking (1067 kWh per kW pc.i), which is indicated in more
detail in Fig.2. The specific energy yield is quite narrowly
distributed around the maximum power load of 80 % for
the Quarzazate location, while the distribution for the Pock-
ing site is much broader with its maximum at 75 % power
load.

2.2 Model Setup and Assumptions

The primary target of this evaluation is to find appropriate
power and capacity settings to convert as much of the ener-
gy provided by the PV system into hydrogen by AWE. To
be independent of actual sizes of the system (probably in
the range of tens or hundreds of MW), all the values of
power or capacity given in this work are referenced to a
1-kWpeax PV system. The AWE is capable of following
dynamic power load curves [23,24], however, this applies
only if the system and especially the large amount of elec-
trolyte is heated up (approx. 80 °C). In general, a cold start-
up procedure with a quick ramp-up of power load is possi-
ble, but only at the cost of lower efficiency and potentially
enhanced aging of the electrodes. Another limitation affects
the hydrogen quality and can be an essential safety issue. If
low current densities are applied, i.e., low partial power
load, the crossover of hydrogen into the anode chamber
and of oxygen into the cathode chamber can cause an
exceeding of the lower or upper explosion limit, which
would be a severe safety concern. If the partial load is
accompanied by shutdown interruptions due to a very high
fluctuation of the PV power supply, this risk can become
even more severe and appropriate but costly safety routines
must be activated.

To circumvent this shutdown and safety issue, a battery
could buffer the PV power output enabling a much smooth-
er operation of the AWE above its minimum power load.
Fig. 3a describes the scenario without a battery and for an
AWE with a maximum power load (PawEg max) lower than the
peak power of the PV system (Ppy,peai). During midday the
PV power exceeds the AWE power and part of the energy
supplied by the PV system is wasted (or has to be fed into the
grid), while at night and at dawn or dusk the PV power is
below the minimum power load of the AWE (PawE min)
which in turn leads to wasted energy and shutdown. Fig 3b
depicts the same scenario, but at noon the battery stores the
excess PV energy that can be released during night at AWE
power loads higher than Pawg min. The general setup of the
system consisting of PV, battery and AWE is shown Fig. 3c.

The whole data analysis is based on fundamental equa-
tions, starting with the energy balance at any timestep
t (cf. Eq. (1)).

Ppy () = Ppa(t) + Pawe(?) ey

Here Ppy; Ppay and Payg are the power of the PV system,
the battery and the AWE, respectively. The excess power
from PV that is exceeding the AWE power range is stored
in the battery (if possible), whereas the battery is feeding
power to the AWE, if it is sufficiently charged and if the
control strategy demands its operation. The capacity Cpay
of stored electrical energy in the battery for an exemplary
time t, is defined by Eq. (2):

t

- PBatt(t)
Cpan(h1) = O/ 1 — (1 — gae) H(Ppagt) &

)

Npar is the overall efficiency of the battery and H denotes
the Heaviside step function, that activates the efficiency
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Figure 2. Specific energy yield distribution grouped in 5 % intervals for the two locations under investigation: a) Quarzazate in
Morocco, b) Pocking in Germany.
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Figure 3. a) Exemplary sketched power output of the PV system for two days with energy usage by the AWE sys-
tem (Ppy,peak = Peak power of the PV system, Pawg max = maximum power of the AWE, Pawg,min = minimum
power load of the AWE) and b) resulting load shifting by the battery towards night times. c) System setup of PV,

battery and AWE.

only during discharge, since for simplicity we assume that
all losses within the battery are virtually summed up in the
discharge process. However, to simplify the evaluation even
further an overall battery efficiency of 100 % is assumed.
This assumption is certainly not valid for real battery sys-
tems (redox flow battery systems might achieve 70 % round
trip system efficiency, while Li-battery system can reach up
to approximately 90 % round trip efficiency depending on
load profile [25]). Nevertheless, to investigate the principal
behavior of the combination of a battery (or an equivalent
energy storage system) with a PV system and an AWE, this
assumption helps to identify the theoretical optimum.
Therefore, a more detailed analysis covering the aspect of
load-dependent efficiency might be more appropriate as a
next step. Accordingly, the efficiency of water electrolysis is
assumed to be 100 % as well, which again is not a realistic
assumption. The overall efficiency of a water electrolysis
system is in the range of approx. 75 % depending on power
load. The variation of efficiency as a function of power load
is governed by the quite constant losses of the system equip-
ment (pumps, instrumentation, process control system) and
power-dependent losses due to overvoltages within each cell
of the electrolyzer. Both terms compensate in a way that on-
ly a decent dependency on power load in a range of 70 % to
80 % is expectable. Hence, assuming a water electrolysis
efficiency of 100 % leads to a value that does not exactly
correspond to the amount of hydrogen produced, but rather
to the amount of electrical energy fed into the water electro-
lyzer.

The hourly power output of the PV system Ppy is given
by the PVGIS database and referred to a 1-kW peax system.
The power range of the water electrolyzer lies within its
maximum and minimum power loads Pawg min» PAWE max
respectively:

www.cit-journal.com
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0 < PawEmin < Pawe(t) < PAWE max (3)

The possible power range of the battery is limited by its
maximum power load Py, max Which is assumed to be val-
id for charging and discharging of the battery and current
and maximum capacity, Cpay(t) and Cpyyemax respectively:

max <_ (CBatt,max - CBatt (t))

1k 5 _PBatt,max) < PBatt(t)

- Cran(t
< min (b;Lh() 5 PBatt,max) (4)

The power control of the battery and electrolyzer is set
up in the following way. The main priority is the operation
of the AWE, therefore all the power of the PV is fed into the
electrolyzer, while the PV power output is above the mini-
mum and below the maximum power of the water electro-
lyzer system. If the PV power exceeds the maximum water
electrolyzer power limit, the excess energy is fed into the
battery until the battery is fully charged. If the PV power
system falls below Pywgmin, the battery delivers as much
additional power to maintain the operation of the water
electrolyzer at Pawg min until the battery is discharged. This
is defined as control strategy “static min”. A second control
strategy, defined “dynamic min”, differs in that the mini-
mum power fed into the electrolyzer is dynamically adapted
to the average PV power output of the next 48 h, if this val-
ue is not exceeding battery or electrolyzer power limits. The
implementation of these two described control strategies
and the corresponding equations can be found in detail in
the Supporting Information (SI). The first strategy ensures
to operate the water electrolyzer as long as possible during
times of low PV energy yield, while it leads to potential

Chem. Ing. Tech. 2021, 93, No. 4, 655-663
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waste of PV energy, if the energy stored during daytime can-
not be used completely in the electrolyzer during nighttime.
The second control strategy aims at the reduction of this
waste of PV energy, since it improves the match between
PV energy yield, mostly during daytime and the continuous
energy usage in the electrolyzer on a daily basis. Therefore,
the probable minimum time interval should be 24 h, but
48 h were chosen to avoid electrolysis downtime, due to po-
tentially significant changes of the daily PV energy yield
(e.g., one cloudy day in the summer). Longer time intervals
were not chosen, due the assumption of a good weather
forecast and therefore good PV power forecast only for the
next 48 h. Of course, more advanced process control would
be necessary for real operation, using professional weather
and power forecasts combined with appropriate control al-
gorithms for acceptable probabilities of shutdown time and
energy wasting. However, the two control strategies pre-
sented in this work, are easy to understand and can help to
visualize the effects of different control settings.

To investigate the effect of different power settings follow-
ing variations are applied: The water electrolyzer power is
varied in steps of 50 W per kW, up to 1000 W per
kW cak. The maximum battery power is varied in steps of
100 W per kWi,eqc up to 1000 W per kW ¢, and the battery
capacity is varied in steps of 0.5h up to 20 h storage time at
maximum load. All these variations are carried out for the
indicated two locations and for two control strategies of
battery discharge power. The minimum AWE power limit is
assumed to be at 20 % of the maximum power load and the
data is evaluated on an hourly basis for the years 2005 to
2016. Due to the simplicity of the model, the evaluation
could be carried out using Microsoft Excel® and the applied
datasheet can be found in the SIL

The output of the parameter variation can be evaluated
by using two important target parameters. The first is de-
fined as renewable energy usage ¢, which is determined by
the amount of energy fed into the water electrolyzer related

to the total yield of PV energy over the whole dataset (for
0 <t< tpay):

_ Sy Pawe (£)dt

= (5)
Linax
Jor Ppy (t)dt
The second is the time usage 7, which defines the opera-
tion time of the water electrolyzer compared to the entire
time of the dataset:

fot H(Pawg)dt
T=20 o7

tmax

(6)

A third parameter time*energy usage A is quite artificially
defined as the product of energy usage and time usage:

A=c¢r

7)

3 Results and Discussion

The two target parameters renewable energy usage and time
usage are applied for the evaluation of the parameter varia-
tion of the scenarios, as described in the previous section.
In Fig. 4 these two parameters are presented for the scenario
in Morocco and the control strategy “dynamic min” for the
whole power and capacity variation. As a base case the tar-
get parameters are given for a scenario without battery
usage (Ppagmax = 0). For this case, it is apparent that the en-
ergy usage increases steadily with increasing AWE power
until it reaches a quite constant level of 95 %. This behavior
is expectable, since an increased AWE power reduces the
time, during which PV power output exceeds the maximum
AWE power limit. However, an increase of the AWE power
also reduces the time usage from approximately 45% to
40 % (cf. Fig 4b), which can be explained by the fixed ratio
of minimum and maximum AWE power, leading to more
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Figure 4. Model results for the two target parameters renewable energy usage (a) and time usage (b) for the
Quarzazate location using the “dynamic min” control strategy. All parameter variations are compared to scenar-

ios without battery usage.
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incidences of PV power output being lower than the mini-
mum AWE power, and thus a lowered operating time.

When considering all the battery cases as well, it is ob-
vious that an increase of both target parameters up to 100 %
can be achieved. The energy usage reaches up to 100 % for an
AWE power of more than 200 W per kW, (cf. Fig 4 a). If
one takes into account that the annual energy yield in
Morocco of 1907 kWh per kW cqic can be converted into a
constant average PV power output of 218 W per kW ¢, this
result is clear and the PV power fluctuations just need to be
buffered by appropriate battery settings. Higher levels of the
AWE power lead to less battery charging during daytime
and thus a lower battery capacity available for discharging
at night. This results in a higher number of shutdowns dur-
ing the night and a lowered time usage.

The enveloped curve of maximum achievable renewable
energy usages is visualized in Fig.5. Both control strategies
increase the energy usage, whereas the “dynamic min” strat-
egy outperforms the “static min” strategy. As already men-
tioned, the “static min” strategy can lead to increased wast-
ing of energy, thus lowering the maximum achievable
energy usage. A comparison of the two locations in
Morocco and Germany under the “dynamic min” control
strategy indicates a difference when a sufficient maximum
AWE power leads to the maximum level of energy usage.
For the Morocco case, an AWE power of 250 W per kW peas
which is just close above the annual average PV power out-
put (218 W per kW cqi), guarantees a high energy usage
ratio (cf. Fig. 5a). In Germany instead, the maximum AWE
power has to be 200 W per kW ¢, to achieve the highest
level of energy usage, although the annual average PV
power output is only 122 W per kW eqr. This is probably a
result of the higher seasonal fluctuation of PV power in
Germany, thus a higher AWE power than the annual aver-
age PV power must be provided in the summer season.
Otherwise, the battery capacity would have to be extraordi-
narily large to buffer seasonal fluctuation as well, which is

very unlikely to be an economically and technically feasible
alternative.

The maximum values for the time usage are depicted in
Fig. 6. It is evident that a low AWE power level can lead up
to 100 % time usage, when the AWE power is below or only
slightly larger than the annual average PV power. This is
easily explained by the lower level of minimum power for
the AWE, which can be provided by the PV even during
days of low solar irradiation. Especially for the Morocco
location a significant difference is apparent for the two dif-
ferent control strategies and as the “static min” strategy is
setting a higher priority to longer discharge durations. It is
clear that this strategy allows a higher time usage ratio even
for AWE power ranges distinctly above the annual average
PV power. However, for increasing power levels of the AWE
up to 700 to 1000 W per kW peai, the battery is unable to
improve the time usage significantly, due to the low remain-
ing battery charging power at midday.

Since an optimal design of AWE power as well as battery
power and capacity would rely on high values for energy us-
age and time usage, both parameters can be combined by
simply calculating the product of both. This combined tar-
get parameter is defined as time*energy usage, the depen-
dence of which on AWE power is depicted in Fig.7. The
evaluation for the scenario in Morocco indicates a high
time*energy usage that is achievable for an AWE power
slightly higher than the annual average PV power for the
dynamic min control strategy and distinctly higher for the
static min control strategy. The achievable values for the
location in Germany are somewhat lower, but nevertheless,
clear optima are resulting for all four scenarios. Several cor-
responding sets of battery power and battery capacity
parameters exist, and it is of major interest to identify the
lowest battery power and capacity values that still maintain
a high value of the target parameter. To identify these lowest
values for battery power and capacity, a bandwidth of 98 %
to 100% of congruence to the overall target parameter
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Figure 5. Maximum of achievable energy usages for the Quarzazate scenario (a) and for the Pocking scenario
(b) under different control strategies and compared to the base case without battery.
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optimum is applied and within this bandwidth the lowest
battery power combined with its corresponding lowest bat-

tery capacity is selected. The
resulting target parameters and
corresponding power and capaci-
ty settings are summarized in
Tab. 1.

The data in Tab.1 indicates
that for all four optimum cases
the corresponding battery capaci-
ty exceeds a value of 4h and
especially for the Pocking scenar-
io under “dynamic min” control
strategy a very high battery ca-
pacity of 17h is required. For the
other scenarios more realistic,
but still quite high, capacities of
at least 5h are necessary. The
required AWE power indicated in

Chem. Ing. Tech. 2021, 93, No. 4, 655-663

Tab. 1 ranges from 200 to 450 W per kW e This corre-
sponds to a very significant decrease of required AWE

Table 1. Corresponding power and capacity design for AWE and battery at the optima for all

four scenarios.

Quarzazate Pocking

Control strategy [-] static min dynamic min  static min dynamic min
Energy usage [%] 96 100 95 99

Time usage [%] 99 98 79 85
Time*energy usage [%] 96 98 75 85

AWE power [W kW e '] 450 250 350 200

Min. battery power [W kWPeakfl] 300 500 350 500

Min. battery capacity [h] ¥ 5 7 5 17

Min. battery capacity [kWh kW eu '] 1.5 3.5 1.75 8.5

a) Maximum discharge time at maximum power load of the battery.

© 2021 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH
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;power when it is compared to
the scenarios with high energy

Table 2. Potentials for AWE power reduction and resulting cost savings for the comparison of
optimized scenarios with and without a battery.

yields without battery application
(cf. Fig.5). The maximum energy

Quarzazate Pocking

yield for the Quarzazate location ~ Control strategy [-]
without a battery is 97 % achieved

for an AWE power of 900 W per

static min dynamic min  static min dynamic min

AWE power w/o battery [W kWpeak’l] 900 900 700 700

kwpeak and 89% at 700 W per Energy usage w/o battery [%)] 97% 97% 89% 89%
kW_eax for the Pocking location,  AWE power reduction [W kW '] 450 650 350 500
respectively. The reduction of re-

P Y AWE power specific costs [$ kW] 750 750 750 750
quired AWE power can be con-
verted into costs savings if we AWE cost reduction [$ kWPeak_l] 337,5 487,5 262,5 375
asses appropriate CAPEX costs for Break even battery costs [$ kWh™] 225 139 150 44

the AWE. The power specific costs
of AWE lie in the range of 500 $ to
1000 $ per kW, so we may assume 750 $ per kW [26-28].
Therefore, cost savings of approximately 260 $ to 490 $ per
kW i are possible. However, these savings have to be re-
lated to the necessary battery capacity for the corresponding
optimized scenario to enable a comparison to available liter-
ature data for battery costs. The results are presented in
Tab.2 and the range of maximum capacity specific battery
costs is between 44 and 225$ per kWh. This break-even
point for economic feasibility is challenging, since large-
scale battery energy storage achieved costs of 393 § to 581 $
per kWh in 2018 [25]. The future development of this
break-even point is of course significantly affected by cost
reductions of water electrolysis and battery storage. Thus,
the combination of PV with battery and AWE might be-
come economically feasible if battery costs decrease sub-
stantially faster than the costs for water electrolysis.

Although this cost estimation does not show an economic
feasibility yet, it is important to consider the technological
advantages of increased energy usage, reduced shutdown
time, reduced heat up procedures and lower risk of gas
impurities for a combined AWE and battery system. Fur-
thermore, potential costs reductions could be possible by
improved control strategies and costs sensitive system
design optimizations.

4 Conclusion

Water electrolysis powered by PV is an essential combina-
tion for the decarbonization of our economy. The additional
application of a battery can reduce the required power of an
AWE and can increase the energy usage and time usage.
The effect of a control strategy on the target parameters is
less pronounced for the Morocco site than for the Germany
site. Therefore, the AWE power reduction at the Morocco
site is higher for the dynamic min strategy compared to the
static min strategy and the Germany site, respectively. Thus,
an increase of both parameters is achievable for appropri-
ately optimized AWE and battery power as well as battery
capacity. Depending on the location and the control strat-
egy for optimized setups, the battery power is equal or

www.cit-journal.com
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greater than the AWE power and the battery capacity is
always greater than 5h.

Although the optimized setup does not seem to achieve
economic feasibility, this can be within reach for ongoing
cost reductions in battery technologies. Considering addi-
tional optimization of the control strategy and a system set-
up that focuses more on achievable cost savings, it should
be possible to identify economically attractive solutions.
Further improvements can be made when investigating
other locations, adding wind power to the system, applying
other forms of solar power and energy storage (maybe con-
centrated solar power with thermal energy storage as
already applied in Quarzazate) and when the future cost
development of water electrolysis and battery energy storage
can be estimated more precisely.

Besides cost savings the battery allows a continuous oper-
ation of the AWE, mitigating safety issues of crossover of
hydrogen and oxygen, at least for the Morocco location.
The seasonal fluctuation in Germany does not allow usage
all time. Nevertheless, a seasonal production of hydrogen in
Germany in the summer season would still benefit from the
battery’s buffering behavior. During winter season the bat-
tery might not buffer the hydrogen production, but other
services such as power reserve and grid stabilization are
additional opportunities.
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I Symbols used

C [Wh] capacity

p [W] power

€ [-] energy usage

A [-] time*energy usage
T [-] time usage

I Sub- and Superscripts
AWE,min alkaline water electrolysis minimum power

AWE,max alkaline water electrolysis maximum power
Batt,max battery maximum power or capacity

I Abbreviations

AWE alkaline water electrolysis
Batt battery
PV photovoltaics
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