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Abstract — Effective hydrogen storage is vital for the widespread
adoption of hydrogen in energy systems, as it enables flexibility
across various sectors. However, assessing such energy storage sys-
tems' suitability in future energy system configurations presents
several challenges. One such challenge is the identification of rep-
resentative operational scenarios for experimental testing of stor-
age systems. Against this background, this paper presents an ap-
proach to derive such operational scenarios with the help of energy
system modelling and optimization. Using the open-source energy
system model and data set of Europe, PyPSA-Eur, cost-optimal fu-
ture energy system configurations are identified, allowing the deri-
vation of operational scenarios for energy storage facilities from the
operation of the overall energy system. For this purpose, the meth-
odology provides a way to identify a representative storage system
firom the entirety of corresponding storages in the energy system.
Further, it allows determining representative time series sections
using a segment identification algorithm, providing a basis for ex-
perimental technology testing. For an exemplary application of this
methodology, further post-processing is implemented to consider
the feasibility limits of subsystem components. The results showcase
the effectiveness of the approach, offering a transparent and repro-
ducible framework for defining operational scenarios for storage
testing aligned with future energy system requirements.

Keywords — Energy and hydrogen storage, energy system mod-
elling and optimization, operational scenarios, technology develop-
ment

NOMENCLATURE

Cy, in kWh Hydrogen storage capacity

D Euclidian distance

i Index of technology implementation

1 Total number of energy system-wide
technology implementations

m Time series segment length

Neye Number of equivalent annual storage
cycles

Teye System-average of the number of
equivalent annual storage cycles

Qu,cha in kW Hydrogen flow while charging

t Time step index

Atinh Time step width

T Total number of time steps

X Time series segment

X Z-normalized time series segment

Y Time series segment

U Arithmetic mean

o Standard deviation

I. INTRODUCTION

Hydrogen is pivotal to the comprehensive de-fossilization
of energy systems [1]. To achieve its widespread system inte-
gration and maximize its potential for energy system flexibil-
ization, hydrogen storage plays a significant role [2]. Against
this background, the Digi-HyPro project [3] is investigating a
hydrogen storage system that uses various components to en-
able far-reaching and flexible sector coupling by connecting
different energy system sectors (e.g. electrolyzer and fuel cell
for electricity grid coupling, hydrogen compressors for mobil-
ity sector coupling). In this context, a key challenge lies in the
evaluation of such systems and the experimental testing of
their suitability to meet the requirements of the energy system
(of the future), as both aspects are in dire need of information
on possible operating scenarios that must reflect the energy
system's requirements as representatively as possible.
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For the preparation of corresponding information, recourse
is frequently made to empirical values, or a wholly assump-
tion-based estimation is carried out (e.g. [4], [5]). However,
assumption-based investigations can often lead to arbitrary re-
sults; without a reasoned derivation of the operational require-
ments, the gained insights are also limited in their meaningful-
ness. Furthermore, the use of empirical values also has its dis-
advantages, as it implicitly transfers the conditions of the (fos-
sil-based) energy past to a potential energy system of the fu-
ture; a de-fossilized energy system will, however, be com-
prised differently and, therefore, likely yield substantially dif-
ferent requirements to be met by future-proof technologies.
Consequentially, it is crucial to consider the superordinate en-
ergy system development when evaluating technology and de-
riving representative operational scenarios. The former has
now been adapted by various studies, assessing techno-eco-
nomic performance and market relevance under consideration
of the energy system evolution and requirements (e.g. compar-
ing electrolyzer, fuel cell and batteries [6], various energy [7]
or electricity storages [8], and different above- and under-
ground hydrogen storage systems [9]). However, regarding the
experimental testing of new technology concerning its suita-
bility to meet future energy system requirements, there is still
a lack of appropriate methodologies.

This paper tries to close this identified research gap by
providing an approach to derive operational scenarios — espe-
cially for energy storage systems — for experimental technol-
ogy testing based on energy system modelling and optimiza-
tion for future system configurations. For this purpose, in sec-
tion II, first the fundamental procedure is described. Subse-
quently, in section III, the underlying assumptions are dis-
cussed, and the system to which the approach is exemplarily
applied is briefly outlined. In section IV, the results are then
presented and discussed. Finally, a conclusion is drawn in sec-
tion V.

II. METHODOLOGY

The general approach follows the idea to directly derive
the requirements for storage operation (i.e. when, how often,
how long and how fast to charge or discharge) from the neces-
sities that arise in a large-scale energy system context. The
challenge in this regard is to arrive at a basis for experimental
technology testing on component level coming from data sets
of large-scale energy systems. The implemented methodology
for this is described in the following. Figure 1 provides a
graphical summary of the approach. Under the presented ap-
proach, the identification of a potential future (cost-optimal)
energy system configuration is the prerequisite for deriving
any operational requirements for energy storage on the com-
ponent level. By optimizing the overall energy system design
and operation including the storage technology under consid-
eration, information is gained on how the technology is oper-
ated in an overall cost-optimal system configuration. Taking
this operation as a basis for experimental testing allows to test
the storage technology under operational conditions for which
it would be part of a cost-optimal system and, thus, likely the
most competitive.

Here, we use the open-source energy system model and
data set of Europe PyPSA-Eur [10], [11], [12] for the model-
ling and optimization task. PyPSA-Eur uses various openly
available data sources to model the energy demands in all of
Europe's energy sectors (i.e. electricity, transport, heating, in-
dustry, agriculture, etc.). Under the strict requirement that all
energy demands are always met, the model is used to identify
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the system configuration that would manage the supply with
the lowest annualised costs. Here, further boundary conditions
or constraints can be defined (e.g. the requirement of a CO»-
neutral energy supply). The model reflects temporal variations
(e.g. time series of the availability of weather-dependent re-
newable energies) and spatial differences (i.e., location-spe-
cific demand and generation data, which in turn is aggregated
in distinct geographical nodes) and, thus, takes into account a
spatiotemporal resolution. While the highest temporal resolu-
tion amounts to 1 h time steps, the largest amount of spatially
distinct model nodes exceeds 1,000. Generally, a trade-off has
to be made between modelling accuracy and computational
complexity. For a more in-depth explanation of the model,
please refer to the original literature (e.g. [10], [11], [12]).

Energy system optimization (in PyPSA-Eur)

* Identification of an optimal
energy system configuration
including the considered
energy storage

» Assessment of operational
framework conditions for all
storage locations

/;

Identification of a representative system

» Evaluation of an identifier

4 characteristic that defines
2 @ the operational framework
@ : + Selection of a system that is
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FIGURE 1: FLOW DIAGRAM OF THE APPROACH CONSIDERED FOR

DERIVING OPERATIONAL FRAMEWORK CONDITIONS ON THE COMPONENT
LEVEL FROM DATA FROM THE SUPERORDINATE ENERGY SYSTEM

Based on the energy system optimization, an overall sys-
tem configuration results that includes various potentially rel-
evant time series of the operation of the considered storage
technology. Here, the nodal time series of the state of charge
are of particular interest as they summarize the operational re-
quirements for each storage system. However, if particular
emphasis is placed, e.g. on the charging process, one could
also define the time series for storage charging as the central
operational characteristic. Depending on the geographical res-
olution implemented in PyPSA-Eur, the results include several
hundreds of locations and, thus, time series to evaluate. In or-
der to make this amount more processable, a particularly rep-
resentative system needs to be determined. A key operational
characteristic (e.g. the number of equivalent annual storage cy-
cles) must be defined and evaluated to classify the different
locations or system implementations. This information can
then be used to determine the most representative system, e.g.
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by selecting the storage for which this key characteristic is
closest to the average value for all locations.

Finally, the last step is to assess the time series of the iden-
tified representative storage system concerning particularly
relevant sections. These sections should be temporal segments
of the total storage operation that optimally represent the over-
all time series. Thus, a method needs to be implemented to
identify patterns that are especially regular and often repeated
throughout the total temporal data. So, starting with the whole
time series (e.g. one year of data), this is intended to identify
shorter periods that allow for experimental implementation but
are still as representative as possible of the total data.

To find such segments, each time series section of a certain
length m is compared with every other possible section of the
same length (e.g. for an overall time series including ten time
steps and a segment length of five steps, this would result in
five comparisons per segment). By calculating the z-normal-
ized Euclidean distance between all these pairs of segments,
the section with the smallest differences to a certain number of
best-fitting segments can be determined. This way, the time
series section with the most pronounced representativeness of
the entire time series is identified. The z-normalized Euclidian
distance D between each pair of segments is calculated using
equation (/)

D(X7) =G =97 + 4 G —F)? (D
with z-normalization according to equation (2).
L X-
%= Hx )
Ox

Here, X and ¥ are two z-normalized segments of length m
calculated from the original segments X and Y using their
mean values uy and py as well as their standard deviations oy
and gy respectively. An efficient implementation of this seg-
ment comparison is used according to [13]. Finally, the iden-
tified time series section is adapted to the real considered sys-
tem size for experimental testing (e.g. by scaling the maximum
state of charge to the available storage capacity).

In conclusion, this provides information on the necessary
operation of a storage technology under investigation that is
derived in its entirety from the overall energy system operation
for which the storage is to be tested. Thus, the approach allows
a generalizable and reproducible definition of operational
framework conditions without the need for explicitly assum-
ing any key characteristics of storage operation. Depending on
the particular storage system under consideration, some addi-
tional post-processing steps might be relevant for a final trans-
fer of the identified time series sections to experimental tech-
nology testing; however, the main foundation stays the same.
In the following sections the method will be applied exempla-
rily showing results for each methodological step.

III.

This section sets the frame for the application of the devel-
oped methodology by describing the considered technology
and framework assumptions (section A), defining relevant
method parameters (section B) and specifying additional post-
processing steps (section C).

METHOD APPLICATION

98]

N

A. Considered Technology and Energy-Systen Assumptions

The identification of operational scenarios will be applied
to a hydrogen storage system operating in a future energy sup-
ply configuration. The storage system is to be operated both in
connection with the electricity grid (i.e. via electrolyzers and
fuel cells) and with the transportation sector (i.e., by supplying
high-pressure hydrogen via hydrogen compressors). We apply
the methodology to find a representative time series for charg-
ing and discharging such hydrogen storage, resulting from an
optimized interaction with the energy system.

To define a potential future energy system configuration,
carbon-neutrality of the electricity and transportation sector is
set as a constraint for the optimization in PyPSA-Eur. It is as-
sumed that 15% of transportation end energy consumption is
met by hydrogen, resulting in a demand for land-based trans-
portation that is in line with industry expectations [14]. The
remaining 85% of transportation energy demand is met by us-
ing electricity, representing the general tendency for wide-
spread electrification in the mobility sector [15]. Techno-eco-
nomic data (e.g. efficiencies, specific CAPEX) for the energy
system optimization are taken from literature values with 2035
as the reference year [16]. Regarding the energy infrastructure
— essential for energy system development and operation — a
25% increase of power grid capacities is set as the upper
boundary, while the model can endogenously develop hydro-
gen pipelines. This substantial potential for infrastructure ex-
pansion reflects the ongoing planning, development, and con-
struction of such infrastructure throughout Europe. The anal-
ysis covers the entire European continent as implemented in
PyPSA-Eur, realizing a spatial aggregation to 181 nodes (con-
sidered sufficient to adequately account for regional differ-
ences [17]). Further, the system operation is optimized for one
year, considering a temporal resolution of 3 h time steps.
Lastly, 2013 is used as a baseline for weather data as the year
showed wind speeds and solar radiation values throughout Eu-
rope that were close to their long-term average values [18],
[19]. Thus, power production from photovoltaics and wind
will neither be over- nor underestimated.

B. Method Parameters

We define the state of charge of the hydrogen storage as
the operational quantity to be evaluated. Further, the equiva-
lent number of annual storage cycles is chosen as the key char-
acteristic for identifying a representative system. The storage
that exhibits annual storage cycles closest to the average of all
storage cycle values is chosen as the most representative sys-
tem. The average storage cycle value 7.y is calculated ac-
cording to equation (3)

A3)

I
— _ Zi:l Neyc,i
Neye = I

based on the cycle value of each system as per equation (4)

Z?:1 QHZ,cha,i,tALL (4)
Meyei = ¢~
Hy,i

Here, i stands for each optimized hydrogen storage imple-
mentation of the entirety of nodes I for which the optimization
results in an installation of a corresponding hydrogen storage
facility. The flow of hydrogen that is charged to the storage
Q'szcha,i‘t in each time step t is multiplied by the time step
width At to calculate the total amount of stored hydrogen over
the period T (i.e., one year). This amount of stored hydrogen
is related to the storage capacity Cy,; for each implementation



dtec.bw-Beitrige der Helmut-Schmidt-Universitét / Universitdt der Bundeswehr Hamburg

node i. Accordingly, the number of annual equivalent storage
cycles indicates how often the storage tank would have been
fully charged and discharged if an operation with full charging
cycles had been implemented. For the subsequent evaluation
of the time series of the chosen representative storage system
using the segment-identification algorithm, week-long seg-
ments are considered (i.e. m = 168) assessing the z-normal-
ized Euclidian distance to the 50 most similar time series.

C. Additional Post-Processing

While we apply the methodology to identify representative
time series for hydrogen storage operation, an experimental
setup might include further system components (like in the
Digi-HyPro project, where a metal hydride hydrogen storage
is linked to an electrolyzer as well as a fuel cell [3]). Thus,
beyond the identification of representative time series on the
component level, there might be further limits regarding oper-
ational feasibility in experiments that need to be considered.
This necessitates an additional post-processing for the partic-
ular system under consideration here (depicted in the box in
Figure 2). This additional processing, which we discuss briefly
in the following, includes steps to derive operational require-
ments for an electrolyzer and a fuel cell from the identified
hydrogen storage operation.

Power grid
Fuel
I
ce Transport
sector
Electrolyzer Hydrogen Hydrogen
storage compressor

FIGURE 2: SCHEMATIC DEPICTION OF THE CONSIDERED SYSTEM AND
EXPERIMENTAL SETUP (GREY BOX)

The experimental characteristics to be considered are
given in Table I and include both minimum and maximum op-
erational hydrogen flow rates of the electrolyzer and the fuel
cell.

TABLE I: SYSTEM PARAMETERS.

Parameter Unit Min. value Max. Value
Storage capacity kg 0 2
Electrolyzer hydrogen

flow rate (in operation) kgu/h 0.027 0.18

Fuel cell hydrogen flow

rate (in operation) kei/h 0.07 0.38

Besides the scaling of the state of charge to the available
storage capacity, minimum and maximum flow rates of both
the electrolyzer and the fuel cell need to be considered so that
the corresponding charging and discharging of the storage can
be managed by the available subsystems. To achieve this, first
the time series of the state of charge is used to calculate the
necessary hydrogen withdrawal and uptake to facilitate the
identified changes of the state of charge. Secondly, these re-
sulting flow rates are compared to the technical limitations of
the available electrolyzer and fuel cell (see Table I). Finally,
any exceedance of feasibility limits is excluded and the re-
maining longest time series section is defined as the basis for
technology testing. Figure 3 illustrates this additional post-
processing for a hypothetical case of a flow rate exceedance
for the fuel cell.
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FIGURE 3: ADDITIONAL POST-PROCESSING STEPS FOR DERIVING FUEL
CELL AND ELECTROLYZER OPERATION (SOC: STATE OF CHARGE)

IV. RESULTS AND DISCUSSION

The following results give an overview of the different
steps for an energy system-oriented identification of opera-
tional scenarios for testing a hydrogen storage system. Since
the energy system optimization is the basis for the subsequent
steps, Figure 4 shows the PyPSA-Eur results concerning the
optimized hydrogen storage capacity of the considered storage
technology and its regional distribution throughout the Euro-
pean energy system.

— Storage capacity

FIGURE 4: OPTIMIZED DEVELOPMENT AND REGIONAL DISTRIBUTION OF
(ABOVEGROUND) HYDROGEN STORAGE SYSTEMS AND THE LOCALLY
IMPLEMENTED STORAGE CAPACITY.

Visibly, there are different regions, where the considered
hydrogen storage could play a substantial role in the further
development of the overall system. Simultaneously, there are
various regions where it would not be implemented under
cost-optimal conditions (e.g. in Northern Central Europe,
where sufficient underground storage potentials render above-
ground hydrogen storage uncompetitive).

Using the entirety of locations as the basis for system eval-
uation, each system's equivalent annual storage cycles are cal-
culated by applying equation (3). The total distribution of stor-
age cycles yields the probability density, as shown in Figure
5. It can be seen that the annual equivalent storage cycles are
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generally relatively high (i.e. almost no seasonal energy stor-
age in the considered hydrogen storage systems), while there
is still a significant variance in terms of cycle amount. 50% of
the systems exhibit between 163 and 354 annual equivalent
storage cycles. The mean value amounts to roughly 257 under
the considered energy system framework. The hydrogen stor-
age that achieves equivalent annual storage cycles closest to
this system-wide average operates at roughly 263 cycles (at a
node in Norway). This hydrogen storage system is conse-
quently considered the most representative. However, it
should be noted that the reduction and restriction to a single
system result in a noticeable loss of information, as the selec-
tion of a single system does not optimally reflect the substan-
tial variance.

0.3
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=~ 1
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Annual equivalent storage cycles
FIGURE 5: PROBABILITY DENSITY OF ANNUAL EQUIVALENT STORAGE
CYCLES OF THE (ABOVEGROUND) HYDROGEN STORAGE SYSTEMS IN A
CARBON-NEUTRAL EUROPEAN ENERGY SYSTEM (THE CROSS 'X'

DENOTES THE MEAN VALUE IN THE BOXPLOT)

Applying the segment-identification algorithm to the time
series of the state of charge of the identified hydrogen storage
system yields the evaluation shown in Figure 6. The most rep-
resentative week-long pattern (i.e. m = 168) lies in the mid-
dle of the year, while the 50 most similar segments are fairly
evenly distributed throughout the total time series. The identi-
fied most similar patterns show some stronger differences to
the final selection (especially from hour 7,500 to hour §8,200).
However, their greater similarity compared to the non-selected
parts of the overall time series is also evident. Thus, the algo-
rithm for identifying the most frequent patterns found that
most of the storage operation takes place approximately be-
tween 15% and 75% of the state of charge. The full charge and
discharge cycles, which do occur but are much less frequent,
therefore do not optimally represent the most common mode
of operation.

Finally, the identified time series for the state of charge is
translated to the necessary fuel cell and electrolyzer operation
in the additional post-processing step. Figure 7 shows the re-
sulting operation of the considered fuel cell, hydrogen storage,
and electrolyzer setup over the week-long period identified
previously (top) and the remaining time series after post-pro-
cessing (bottom).
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FIGURE 6: TIMES SERIES OF THE STATE OF CHARGE OF THE MOST
REPRESENTATIVE HYDROGEN STORAGE INCLUDING IDENTIFIED
SEGMENTS AND THE SELECTED MOST REPRESENTATIVE SECTION (SOC:
STATE OF CHARGE)

It can be seen that when converting to flow rates, the re-
spective technical limits of the subsystems would be exceeded
at four points in time. Either the flow rate exceeds the maxi-
mum hydrogen output of the electrolyzer, or it falls short of
the minimum flow requirement of the fuel cell or the electro-
lyzer. Nevertheless, a sufficiently long time series remains af-
ter post-processing, which adequately represents the charac-
teristics of the identified week-long section. Thus, the final
time series still offers valuable insights into how a correspond-
ing hydrogen storage system might be operated in a future en-
ergy system configuration.
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FIGURE 7: FINAL TIME SERIES (TOP) AND POST-PROCESSED TIME SERIES
SECTION THAT CAN ACT AS A FINAL TESTING INPUT (BOTTOM)

V. CONCLUSION

Due to the uncertain operational framework conditions of
future technology, which may already have to be developed
and tested today, there is an urgent need for reliable and com-
prehensible ways of defining representative operational sce-
narios. This article proposes an approach for deriving such op-
erational framework conditions for energy storage systems
from the necessities that arise in the overall energy system op-
eration. By performing this derivation on a cost-optimized en-
ergy system configuration, the storage technology under con-
sideration can be tested for operational conditions, for which
it would be cost-optimal in the respective energy system and,
therefore, the most competitive.
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For deriving the corresponding operational framework
conditions, the developed approach supports both the selection
of a suitable representation of the storage technology under in-
vestigation from a large number of systems in the higher-level
energy supply system and the selection of representative time
series segments from long overall time series that would be
unsuitable for technology testing due to their length (e.g. one
year). The selection is made in such a way that the remaining
operational scenarios represent the entirety of storage opera-
tion of the considered technology in the energy system as well
as possible.

In an exemplary application of the approach, we show that
it can be used to effectively derive operational scenarios that
are highly representative of storage operation in the higher-
level energy system while still offering a feasible basis for
technology testing.

Thus, the proposed approach shows a significant improve-
ment over entirely assumption-based procedures, as the iden-
tified operation scenario can be directly linked to the respec-
tive energy system configuration and the resulting operational
requirements. While assumptions still need to be made regard-
ing the development of the energy system (e.g. regarding the
remaining CO,-emissions during system operation or the de-
velopment of various energy system sectors), no explicit as-
sumptions need to be formulated for energy storage operation.
Furthermore, it is reproducible under which energy system
conditions which operational scenarios arise for energy or hy-
drogen storage, resulting in a transparent and well-supported
methodology for identifying operational scenarios for energy
storage technology testing.
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