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Abstract: In the course of the energy transition, distributed, hybrid energy systems, such as the
combination of photovoltaic (PV) and battery storages, is increasingly being used for economic
and ecological reasons. However, renewable electricity generation is highly volatile, and storage
capacity is usually limited. Nowadays, a new storage component is emerging: the power-to-gas-to-
power (PtGtP) technology, which is able to store electricity in the form of hydrogen even over longer
periods of time. Although this technology is technically well understood and developed, there are
hardly any evaluations and feasibility studies of its widespread integration into current distributed
energy systems under realistic legal and economic market conditions. In order to be able to give
such an assessment, we develop a methodology and model that optimises the sizing and operation
of a PtGtP system as part of a hybrid energy system under current German market conditions. The
evaluation is based on a multi-criteria approach optimising for both costs and CO; emissions. For
this purpose, a brute-force-based optimal design approach is used to determine optimal system sizes,
combined with the energy system simulation tool oemof.solph. In order to gain further insights into
this technology and its future prospects, a sensitivity analysis is carried out. The methodology is used
to examine the case study of a German dairy and shows that PtGtP is not yet profitable but promising.

Keywords: hybrid energy system; energy system simulation; hydrogen storage; multi-objective
optimisation; Pareto front; sensitivity analysis; optimal dispatch; oemof.solph

1. Introduction

The supply of electricity and heat to businesses is changing. Driven by climate change
and the finite nature of fossil resources, the expansion of renewable energy generation is
leading to a strong decentralisation of energy production. Companies no longer obtain
energy exclusively via national energy grids from large power plants but generate electricity,
e.g., with photovoltaic (PV) systems on their own roofs. In order to be able to optimally
cover the demand for energy at any time, different energy generators and storage facilities
are combined to form so-called hybrid energy system (HES) [1]. These can be defined as
systems combining “two or more energy conversion devices (e.g., electricity generators or
storage devices), or two or more fuels for the same device, that when integrated, overcome
limitations that may be inherent in either” [1].

A classic hybrid system, for example, is the combination of a PV system and battery
storage. Here, the limitation due to the volatility of the PV power generation is comple-
mented by the intermediate storage in the battery. Battery storage systems are short-term
storage devices that store electricity for only a few hours or days due to their usually low
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storage capacity and energy density. However, in order to make better use of the locally
generated electricity, the surplus summer generation from renewable sources would have
to be made usable in late winter via a long-term storage facility.

A promising form of long-term storage for excess local electricity is the power-to-gas-
to-power (PtGtP) technology [2,3], in which electricity is converted into hydrogen via an
electrolyzer (ELY), stored in a hydrogen storage (HS) and, if required, converted back into
electricity via a fuel cell (FC).

In politics, the topic of hydrogen has taken on an important role in the decarbonisation
of the economy. In the context of the G20 summit in Japan (2019), the International
Energy Agency has published a report to show the current status of hydrogen and provide
recommendations and guidelines for its future development [4]. The report notes that
clean hydrogen is currently experiencing political and economic momentum, and that
the number of strategies and projects around the world is increasing dramatically. The
report concludes that the technology needs to be expanded and costs reduced in order for
hydrogen to be used on a large scale.

Each country is pursuing different strategies and intermediate steps to achieve long-
term decarbonisation. Some countries’ strategies, such as those of the EU, are based on
the assumption that hydrogen will be produced entirely from renewable energies [5,6].
In addition, countries such as Germany aim to import renewably-produced hydrogen
from countries with more hours of sunshine—for example, Africa—in order to meet future
demand [7]. Other countries such as China are equally striving to produce green and blue
hydrogen [8,9].

However, the question must be asked how mature the systems already are for use, what
the market chances of such systems look like today, and when a nationwide installation
of such systems can be expected. The scientific literature on this is still relatively sparse
and has so far focused primarily on the development of the technical components and
integration into off-grid systems. For the market ramp-up of PtGtP, there is a lack of detailed
analysis of both the valid legal framework and the resulting economic and environmental
friendliness. However, this can and must of course be done in close dependence with the
technological performance and thus, as a first step, with a realistic techno-economic model
of such an HES. In order to address this research gap in more detail and thus provide a
better insight into the market ramp-up, we examine the case of a dairy under German
conditions that come as close as possible to actual conditions. We initially focus on a
small PtGtP system in combination with a common HES. Our intention is to enter the
market with a small system as an add-on option to existing systems and thus achieve
significant economic and ecological advantages. The main contributions of the publications
can therefore be summarised as follows:

¢ Identification of the relevant current economic and regulatory market conditions
in Germany;

*  Technical modelling of a PtGtP plant based on data sheets of different manufacturers;

* Linking of all relevant technical components in an established open-source energy
system modelling tool (oemof.solph);

*  Development of a multi-criteria and objective evaluation metric for assessing the use
of PtGtP in existing HES;

¢ Optimal sizing of all relevant technologies for a case study with a brute force approach;

*  Analysis of future viability using a sensitivity analysis.

For our study, we proceed as follows: first of all, Section 2 presents a detailed literature
review of the current state of research on HESs using hydrogen. In Section 3, an energy
system simulation and optimal sizing framework are presented. This framework is used
in Section 5 to analyse the case study of a dairy in Oldenburg, Germany, which is briefly
introduced in Section 4. The results are discussed in Section 6, and the next steps are
summarised in Section 7.
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2. Related Work

As outlined above, the integration of hydrogen-based electricity storage in HESs is
currently being researched for a variety of reasons. The focus of research has shifted
significantly in the last years from mainly technical proof-of-concept studies to economic
feasibility and sustainability analyses and finally to analyses of market introduction. We
would like to give a brief outline of the relevant literature on this topic in order to be able
to frame our research interests.

Vosen and Keller [10] mentioned that the hybrid storage options, in which hydrogen
and battery storage were used, were already investigated in the 1990s. In their study, they
investigated the combination of PV, PtGtP (ELY, metal hydride tank and FC), and battery
storage via a possible residential design in Arizona, USA. They utilise an algorithm that is
programmed so that, over time, the program learns to use system resources more efficiently
by adjusting the energy storage strategy to fluctuations in power generation and demand.
They concluded that, using the algorithm, the cost of storing energy for the HES is 48 %
of the cost of a hydrogen-only storage option and 9 % of the cost if the storage option
were battery only. In addition, this algorithm results in cost savings of 30 % of the storage
components compared to a simple state of charge algorithm. They also found that the
cost of storage in a DC system is 70 % to 85 % of the cost of an AC system. The sensitivity
study shows that the greatest effects of hybrid system cost reduction are the increase in
efficiency of energy conditioning and the reduction in the costs of battery, PV, HS, and
energy conditioning. The algorithm uses storage components more efficiently, resulting in
lower storage costs.

Bocci et al. [11] also investigated in 2011 an HES for a 100 m? two-person residential
house in Italy (Rome), in which a combination of PV, solar thermal, and PtGtP (ELY, metal
hydride tank and FC) is used. In addition, the house was newly insulated, and all electric
appliances were replaced with more energy-efficient equipment. Radiators were replaced
with radiant heating systems, and the existing heat pump was replaced with an absorber, as
the global efficiency for cooling needs in summer was higher than that of the PV and heat
pump combined with solar thermal and an absorber. The study shows that it is possible to
reduce the maximum electrical and thermal output as well as the total energy consumption
to one third. The hydrogen supply should be a safe and reliable power supply system.
While the installation costs are 10 times higher than those for batteries or generators, this
system is well suited for long-term storage.

Another algorithm that minimizes the total system costs based on various assumptions
is used by Gillessen et al. [12], who conducted a case study for a hybrid ELY /battery
system in the range of 0.5-3 MW directly coupled to a large PV power plant without
grid connection. They investigated the hydrogen production costs of alkaline ELY with
different battery types (lithium-ion, vanadium redox flow, zinc-bromine redox flow). They
concluded that batteries can adequately support ELY operation but are associated with
higher hydrogen production costs and are not competitive compared to the installation
of additional ELY capacity or electricity savings. However, if 100 % renewable energy is
desired, the installation of a hybrid battery system with a mixture of different battery types
is desirable as it is more cost effective for storage than a solution with only one battery type.
The factors that result in this benefit include the ratio of battery capacity to performance
and the associated differences in performance and the capacity-specific investment of the
different battery types.

Nguyen et al. [13] investigate the energy supply of a wastewater treatment plant.
Electricity is generated by PV and wind turbines and may be stored temporarily in a battery
storage and PtGtP system if necessary. They use economic, environmental, and reliability
indicators for optimisation. They applied the fuzzy-TOPSIS optimisation methodology to
six different configurations and found that this storage combination resulted in a satisfactory
reliability value with good emissions and costs.

As an alternative to the battery as short-term storage, a supercapacitor can also be used.
This is what Luta and Raji [14] investigate using an industrial consumer in South Africa
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without a grid connection. For this purpose, they use the HOMER PRO software, which
allows such systems to be modelled and evaluated easily. The main supplier, with over
98 %, is the PV plant buffered by the supercapacitor, while only 2 % comes from the FC.
However, the hydrogen system, especially the storage, accounts for a large part of the costs.
Through a sensitivity analysis, they underline the conclusion that it is mainly the cost of
the hydrogen system that is problematic.

Further alternative storage technologies for renewable energies are investigated by
Yazdani et al. [15]. They are investigating compressed and liquid air as well as hydrogen
storage. They use it to store 8 hours of production from a large wind farm and compare the
energy used. Here, the hydrogen storage has the highest energy efficiency.

Similar topics on HES with PtGtP can be found in further literature [16-20]. In the
past, authors focused heavily on technical feasibility and optimisation. They pursued the
operating strategy of covering the demand in a self-sufficient manner. They largely agreed
that hydrogen, in combination with other technologies, makes the overall system more
energy-efficient and is very well suited as a long-term storage medium. However, it was
often pointed out that such systems are currently associated with very high additional
costs, which, according to the authors, should change in the near future through market
penetration, political will, and technical development.

This paper therefore asks the question whether this point has already been reached
under the current German market conditions, or how far away it still is. This question
is presented and examined using the example of a dairy, but the approach could also
be applied to other nations and industries. Furthermore, the effects on the emissions of
this consumer are estimated. The hope is that climate-damaging emissions can be saved
through more efficient local energy use. We focus on relatively small PtGtP systems, in
which we see several advantages: on the one hand, we think that a small, and thus optimally
utilised, system can have the greatest effect and thus convince potential users to install
larger systems in the long run. On the other hand, we believe that such systems make
sense as add-ons to existing HES in order to make them more flexible. Therefore, the space
requirement must be as small as possible (here, no more than a small shipping container).
Finally, well-established individual components are already available in this power class,
which should reduce costs and improve availability.

3. Methodology

HESs are complex in both planning and operation. Detailed analyses and method-
ologies are required to achieve an overall system behaviour that is worthwhile for the
stakeholders involved [21]. According to Schmeling et al. [22], the general planning process
for distributed energy supply solutions is divided into four phases.

The planning process starts with the determination of the objectives to be pursued
(Targeting). These can be of a technical, economic, or ecological nature and have to be quan-
tifiable and comparable. In the second phase (Synthesis), all necessary and conceivable
technologies are connected to the consumer in unspecified sizes, resulting in a so-called su-
perstructure. In the third phase (Design), different sizes and combinations of technologies
are tested in the superstructure in order to minimise or maximise the previously defined
objectives. In this process, it is decided which technologies from the superstructure are
useful or not. The final step (Operation) is to define the operational management of the
system actually installed on site and to ensure that the system runs as optimally and reliably
as possible.

We focus on the first three phases, as these can give us a realistic assessment of the
current market situation. The operational phase can only be evaluated and demonstrated
on a real system, which of course requires a successful outcome of the first three phases.
The first three phases are explained below.
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3.1. Targeting

Optimality is always in the eye of the beholder but must be precisely defined for a
successful, objective evaluation of technical systems [22]. The associated decision-making
problem often cannot be broken down to a single factor, but there are different perspec-
tives [23]. For HESs in particular, there is usually a conflict of objectives between costs,
environmental impact, and technical feasibility, which have to be considered together but
are usually impossible to directly compare. This problem can be addressed by carrying out
a multi-objective optimisation (MO) [13,24,25].

In general mathematical terms, the subsequent MO problem can be described as
follows [26]:

min(F(x) = (f1(x), fo(x), -fu(x)) : x € X) M

where x describes a possible solution vector of the solution space X C RM with M different
degrees of freedom, which is mapped to N different objectives using function F : RM —
RN [26]. Whether minimisation or maximisation is carried out is irrelevant, as min(F(x)) =
max(—F(x)).

In the end, MO seeks solutions that are in one way or another better than alternative
solutions; i.e., it is not possible to improve one objective function without simultaneously
worsening another [27]. Such a solution is called Pareto optimal. Mathematically, this
means that for a conceivable solution £ € X, there is no other solution x € X for which
f(x) < f(%) in the case of a minimisation. The totality of all Pareto optimal solutions
form the Pareto front, which in its completeness is the optimal solution of the MO. Within
the context of the research question, the Pareto front contains all optimally sized energy
systems and is thus the basis for the subsequent decision-making process.

As described, the integration of a PtGtP system is expected to have both economic and
ecological advantages. Therefore, the following objectives, which are common in the evalu-
ation of HESs, are used for the further investigation: the annuity according to VDI 2067 [28]
and the CO; emission. These are motivated and specified in more detail below.

3.1.1. Economic Evaluation

The goal of companies usually is to generate as much profit as possible at low cost [29].
From a business management point of view, it is important to cover both the company’s
energy requirements and to achieve this at the lowest possible cost [30].

In order to keep the calculation of the techno-economic evaluation of the supply
concepts as simple and comparable as possible, the calculation in this paper is based on the
annuity method of the German engineering standard VDI 2067 [28]; the following formulae
are derived straight from this standard. The annuity is a repeated annual payment of equal
amount, which is required to pay off a system over an observation period. The period
under consideration in this case is set at 20 years, as this corresponds to the expected
useful life of the PtGtP system. The expenses are divided into capital-related costs (Anx),
demand-related costs (Ay ), operation-related costs (An ), and other costs (Ang). In
addition, the revenues from the sale of energy or from the use of government support
measures are added to the calculation and are included in the revenues (Ay g). The annual
annuity (Ay) is calculated from the difference between the revenues and the sum of all
cost categories:

AN = Ang — (ANk + ANy + ANB + Ans) )
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The annuities of the individual cost categories X result from the costs of the first year
Ax1 multiplied by an annuity factor 2 and a price dynamic cash value factor by, which in
turn depends on an interest factor 4 and a price change factor r:

Anx = Ax1-a-bx

e ey 1-(3) o

qr—1 q—rx

According to this method, the energy supply solution with the highest annuity should
be realised. In the industry, energy is usually considered a necessary part of the production
process, which is why it is not explicitly remunerated, unlike in the housing sector. This
usually results in negative annuities, the highest of which is then preferred.

3.1.2. Ecological Evaluation

In recent years, environmental awareness has become increasingly important for
people in Germany [31]. At the same time, the economic valuation of greenhouse gas
emission is receiving more attention. CO; is mainly produced in the energy production
process, which is passed along the supply chain to the final consumer. In order to achieve
the climate targets, CO, balancing is necessary as it gives consumers or planners of HESs
the opportunity to design climate-friendly behaviours [32].

The CO; emission of the energy supply solution is calculated using a balancing bound-
ary approach as described by Wehkamp et al. [33]. Boundaries are drawn around the supply
object and specific emission intensities (CO2 emission per kWh) are assigned to energy
carriers flowing either into or out of the system, which are in this case natural gas (NG)
(only in) and electricity (in and out). Solar radiation as the energy carrier of PV is assumed
to be emission-free, just like environmental heat. Since it is assumed in the following that
hydrogen is neither exported nor imported, it is not to be considered as an energy carrier
in this regard. Thus, only the operating phase of the system is considered here; emissions
from the construction or demolition of the system are not taken into account. An emis-
sion intensity of 202 g CO, /kWh is applied for NG [34]. For electricity purchase Egjec(f),
which has a time-varying composition of different energy sources with different emission
intensities, a flow tracing method is used to calculate hourly emissions Sgje(#)[35,36]. In
turn, CO; is credited by feeding electricity Egeeq(t) into the public grid [37]. It is not the
average German electricity mix that is displaced, but rather the marginal power plant [38].
The value of the emission is defined as the marginal emission, which when averaged
over one year gives the displacement mix. This indicates the amount of CO, per unit of
energy that does not have to be emitted at another place due to the substitution of the
marginal power plant by the grid feed-in by the HES. According to a forecast from 2014,
the displacement mix in Germany is expected to be 810 g CO, /kWh in 2020 [39]. A more
accurate and up-to-date value cannot be found here due to the complexity of the European
energy market. For this reason, no temporal progression can be assumed here; however,
the variability should also be significantly lower here, as the marginal power plants are
usually base-load power plants.

Thus, the following formula is used to calculate the annual CO; emission Cry Of the
energy supply solution:

CO
CTotal = 2 202g 2. ENG(t) + SEleC(t) ’ EElec(t)
=0 @

The relevant emission intensities throughout the year are shown in Figure 1.
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Figure 1. Time series of relevant emission intensities. All are constant except for electricity imports,
which fluctuate due to the changing composition at the national level.

3.2. Synthesis

In the next phase, the superstructures, i.e., the choice of technology and the connections
between the technologies, are defined. The superstructure of the energy supply solution
to be planned is then divided into different scenarios in order to be able to compare the
effects of the innovative PtGtP plants with a state-of-the-art system.

3.2.1. Scenario 1

Figure 2 shows an energy supply concept that has been implemented in many indus-
trial projects in Germany in recent years [40,41]. It therefore serves as a reference for the
innovative additional use of PtGtP. The scenario includes a PV system, a battery storage, as
well as a condensing boiler and a combined heat and power (CHP) with a mid-term thermal
energy storage (TES). Via access to the public electricity and NG grids, the necessary energy
resources are available to the consumer. Depending on the market situation, electricity from
PV and CHP can be used internally or fed into the grid. In addition, electricity from PV
can be temporarily stored in the battery storage. The boiler is primarily used to cover the
thermal load peaks that cannot be covered by the CHP. In addition, it serves as a backup
should the CHP fail completely. The TES is used exclusively by the CHP. This leads to a
decoupling of the electricity and heat generation, so that the CHP can run cost-optimised
until the TES is completely filled.

Energy supply object

PV Battery

Electricity

Electricity grid i
ectricity gri consumption

CHP

TES

Natural gas . h 4 Heat
. e ‘ Boiler » .
grid ‘ consumption

y

Natural gas
Electricity
— Heat

Figure 2. Scenario 1 with PV, battery, CHP, TES, and boiler. This is a common, distributed supply
concept used by companies in Germany today and therefore serves as a reference.
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The system is thus a perfect example of an HES. It combines the use of different
technologies and energy sources, making it possible to choose the most suitable option at
any given time in order to meet the required energy demand in the best possible way.

3.2.2. Scenario 2

In Figure 3, the hydrogen path, i.e., an ELY, compressed gas storage as HS and a
FC, is added to the energy supply concept of scenario 1. In the model, it is allowed that
the ELY can receive electricity from the different power sources. The ELY does not draw
electricity from the battery, as German energy law makes it difficult in this configuration
(cf. § 611 German renewable energy sources act (EEG)). The hydrogen generated by the
ELY has a pressure of 20bar. It is fed into the HS tank without further compression and,
if necessary, is used to generate electricity via the FC. The waste heat from the ELY and
the FC is transferred to the heating system via heat exchangers to increase the overall
efficiency and to use the TES to decouple electricity and heat generation. If the heat cannot
be consumed, it is released into the air via a recooling system, which is exclusively used by
the PtGtP system.

Energy supply object

PV Battery

Electricity

Electricity grid i
ectricity gri consumption

: ELY FC I Recooling
L= ——_ = _| r
CHP *
i
TES
Naturtallgas ‘ Boiler v > Heat )
grid ‘ consumption

Natural gas
Electricity
= Heat
—— Hydrogen

Figure 3. Scenario 2 additionally with an ELY, HS, and FC (PtGtP). The aim is to investigate whether
the addition of the PtGtP plant provides an advantage over scenario 1.

3.3. Design

There are various ways to determine how the optimum system configuration has to be
designed for a given superstructure. In engineering, various methods and rules of thumb
are known regarding how to successfully design certain systems according to experience.
In such complex systems as the one described here, however, there are often no empirical
values, and the conventional tools (mostly Microsoft Excel) are not sufficient to conduct
reliable analysis. Therefore, it is necessary to find new methods that provide reliable results
even in such systems. The process developed for this purpose is based on the modelling
of the supply concept in a simulation software, which is then used to evaluate various
technology combinations, known as optimal sizing [42]. In this way, the best possible
combination and size of the technologies considered can be found that meet the previously
defined objectives. The schematic process can be seen in Figure 4 and is explained below.
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Technology 1

Sizing 1
(Technology 1 Size 1,
Technology 2 Size 1, ...)

Size 1

Size2 || Size 3

Sizing 2

(Technology 1 Size 2,
Technology 2 Size 1, ...)

Technology 2

Economic Evaluation

Sizing 3

Energy System Optimal Energy Supply

(Technology 1 Size 3,

Technology 2 Size 1, ...) Simulation

Concept

Ecologic Evaluation

Sizel || Size2 || Size3
Sizing 4
(Technology 1 Size 1,
Technology 2 Size 2, ...)
Technology ...
. X . Sizing ...
Sizel || Size2 || Size3 (Technology 1 Size ...

Technology 2 Size ..., ...)

Figure 4. Procedure for determining the optimum sizes of the system. For this purpose, all possible
system combinations are first simulated and then evaluated on the basis of the two objectives in order
to be able to compare them holistically.

3.3.1. Optimal Sizing

In the scientific literature, various optimisation algorithms are used to dimension
energy generation and storage technology. A detailed tabular overview of optimal sizing
methodologies of on and off-grid HES can be found at Schmeling et al. [43]. A clear
distinction can be made between single objective optimisation algorithms, which can
usually be relatively simple, and multiobjective optimisation algorithms, which are more
complex in their operation and resource requirements. A distinction can likewise be made
between linear optimisers, which are used to solve highly simplified mathematical models,
and non-linear optimisers, which can optimise models that are much closer to reality [44].
Because an MO is supposed to be carried out as close to reality as possible, the choice of a
suitable approach is rather complex.

In addition, for most of the methods available for solving such problems, all compo-
nents (degrees of freedom) must be modelled continuously in variable sizes so that it is
possible for the optimiser to explore the search space continuously. This in turn proves to
be difficult in practice, since no continuous plant sizes with standardised properties can be
realised, but each manufacturer offers components in fixed sizes and different properties.

Since we want to be as close as possible to the components that are actually available,
a brute force approach is chosen, which does not use intelligent optimisation algorithms
to select the sizes but examines all conceivable sizes and combinations, regardless of their
feasibility. In this way, the various components can be modelled as closely as possible to
the manufacturer’s technical specifications, but the computational effort of the simulation
is significantly higher. Such an approach is possible here because the choice of technologies
and also their size represent a relatively small solution space, which can be solved using
modern computer technology and simulation tools.

3.3.2. Energy System Simulation

There are several studies concerning simulation software whose main task is to de-
termine the optimal dispatch strategy for the combination of different energy-generating,
storing, and consuming devices. Connolly et al. [45] compared 37 programmes in 2010
to investigate the integration of renewable energies into different energy systems. The
aim was not to find the perfect software but to get an overview of the software and its
individual advantages. Sinha and Chandel [46] examined 19 programmes using a hybrid,
distributed energy supply concept. They came to the conclusion that, depending on the
software, there are considerable differences in the simulation results. Schmeling et al. [47]
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developed a comparison methodology of different commercial simulation tools and find in
the exemplary application to nine different tools that there are varying recommendations
depending on the application case.

The software oemof.solph [48] is used for this publication. This open source tool offers
the freedom to define new, innovative components, such as the PtGtP system, and to
connect them with existing components such as CHP and battery storage. It also offers
various options for defining high-resolution input data and analysing the results in detail. It
is being continuously developed by a broad community and has already found application
in a wide range of research questions (e.g. [49,50]).

In oemof.solph, energy systems are represented as a directed graph, where the vertices
represent either components (sources, sinks, technologies) or buses, which manage the
resource flows between the components. The edges are directed and represent resource
flows between certain components and buses. This graph is then translated to a mixed
integer linear programming (MILP) problem using pyomo [51] that can be solved numer-
ically by various solvers [52]. The objective is to minimise the costs caused by energy
flows in the system while covering all energy demands. We therefore cannot, as in many
other studies, present the operating strategy graphically, as this is calculated and optimised
dynamically at each point in time. In this way, it is possible to exchange system components
or framework conditions very easily.

Technologies such as transformers have inflows and outflows, e.g., the consumption
of gas from a gas bus to a gas turbine, which then feed electrical energy into an electricity
bus. Parameters such as efficiency can be used to determine the ratio of inflow and outflow.
Sinks only have inflows and can represent consumers, e.g., electricity consumption in
households. Sources include wind energy or PV systems, but also raw materials, and only
have outflows. A graphical representation of the oemof.solph model used for scenario 2 can
be found in Figure 5.

\ t_pv / m_el_in m_el_out
J 9

t_chp | ‘ t_boiler ‘

b_el b_th

{ d_th_cooler \ d_th
Figure 5. oemof.solph graph to simulate scenario 2, where buses are represented as ovals, sources and
sinks as trapezoids, technologies as rectangles, and storage systems as cylinders. The nomenclature
distinguishes between conversion technologies (t_), storages (s_), demands (d_), external markets
(m_), and the necessary busses (b_). From this type of representation, it is thus easy to see the

possibilities and directions of energy flows as well as the positioning of key sources, transformers,
and sinks. Components to be optimally sized in the following are marked with a red outline.
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3.3.3. Modelling the Hydrogen Technologies

As mentioned in Section 3.3.2, the technologies in oemof.solph are modelled as vertices
of the energy system graph. This chapter explicitly explains the procedure for modelling the
hydrogen technologies, i.e., ELY, HS, and FC. All other components used are established
technologies, and their modelling was carried out with usual processes in oemof.solph and
is therefore not further presented here.

There are different types for both ELY and FC, which offer different advantages and
disadvantages depending on the application. For the intended stationary use in industry,
proton exchange membrane (PEM) technology is used for both components of the plant. On
one hand, the PEM ELY has the advantages of having no danger of oxygen contamination
when operating it under low partial loads and better management of fluctuating power
generation than alkaline ELY. On the other hand, PEM has a significantly higher energy
density (i.e., less floor space required and less material used) as well as greater modularity
(e.g., with regard to the caustic preparation of the alkaline electrolysis plants). The PEM
FC is uncomplicated in terms of its handling and is particularly suitable for a distributed
energy supply, since the power output can be controlled with great dynamics [53].

The intended application is in very small performance classes so that the PtGtP system
can be optimally integrated in small and medium-sized companies. For ELY, plants up
to 5 kW, are used; for FCs, up to 8 kW,|. These were obtained from appropriate manu-
facturers, and the data sheets were analysed accordingly. The data sheets are, of course,
based on experiments as well as on the manufacturer’s experience and are therefore partic-
ularly valuable for the intended examination under realistic conditions. The most relevant
parameters are the electrical input and output, the thermal output, as well as the hydro-
gen production (ELY) and the hydrogen consumption (FC), respectively, both at full load,
minimum partial load, and intermediate points. The resulting characteristic curves of
hydrogen technologies can be found in Figure 6. As a good approximation, a linear be-
haviour between full load and minimum partial load is assumed. When modelling the two
technologies, the oemof.solph CHP model (GenericCHP) with limited partial load behaviour
(back_pressure=True) is chosen. Details on the modelling can be found in [54,55].
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Figure 6. Characteristic curves of the ELY (a) and FC (b) based on the manufacturers’ data sheets.
For reasons of simplification, a linear behaviour between maximum and minimum load is assumed
for the simulation, which is shown as dashed lines in the background.

Gas tanks are used as HS which have a storage capacity per tank of 12.6m3 each.
The HS is modelled in oemof.solph as a generic storage (GenericStorage). The hydrogen is
generated by the ELY, which is fed into the hydrogen storage tank without further pressure
increase, and thus without any inflow losses. The FC is operated at the same pressure,
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which is why there are no outflow losses either. The storage capacity can be calculated by
simple physics [56] and results in 670 kWh per tank at the set 20 bar. Compressing the gas
would increase the energy content, but it would also significantly increase the electricity
demand, which is why we do not consider it here. Instead, several tanks can be placed next
to each other and the energy content scaled in this way. According to the manufacturer, the
diffusion of the hydrogen through the wall is negligible, meaning that the storage losses
can be assumed to be zero.

4. Case Study

In order to be able to make a statement about the usefulness of the use of PtGtP under
the current German market conditions, the method described above is used to examine an
industrial consumer. The assumptions of the targeting and synthesis phase are adopted,
and the optimisation of the design phase is illustrated.

In order to design and optimise this energy system, it is necessary to have detailed
information on the energy demand of the energy supply object as well as the prices and
remunerations that are applicable under the local energy law for the different energy flows.

4.1. Energy Supply Object

A dairy is used as a case study, for which a location in Oldenburg, north-west Germany,
is assumed. It is a medium-sized company that is organised as a cooperative and employs
about 40 people. Milk is processed into various products such as butter, cream, and yogurt,
for which electricity and heat are required in various places. In addition, several offices
are supplied.

Electricity demand profiles are available as quarter-hourly data (599 MWh) and heat
demand profiles as hourly data (1050 MWh) for 2016, which are projected to 2020. The
graphic evaluation of the energy demand is shown in Figure 7. On the load profile (in
the background), it is clearly visible that both electricity and heat are demanded relatively
constantly over the year. The load duration curve (in the foreground) represents the
power demand in dependence on the utilisation time and is often used for the capacity
planning of generation plants. Here, it can be seen that the electricity and heat demand
must be provided in a wide range of capacities, whereby the heat demand usually exceeds
the electricity demand. Such a configuration is very well suited for hybrid, CHP-based
supply concepts.
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5 200
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Figure 7. Energy demand as load curve and load duration curve of the dairy in 2020.

For the installation of PV, the roof area of a gabled roof with a maximum of 200 m? at
30° inclination facing south is available. This corresponds to a maximum installed capacity
of approximately 40 kWy,. The other system technologies are installed collectively in a
machine room, so no further transmission losses have to be considered. Other electricity
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generating technologies such as wind power are not an option at this location due to
neighbouring buildings. All data for modelling are taken from real plant data sheets.
However, the exact manufacturers cannot be named for non-disclosure reasons.

On the basis of this information, the maximum sizes of the variable technologies are
defined, which can be seen in Table 1. For all plants except the PtGtP plant, zero is assumed
as the minimum size in both scenarios. For the PtGtP plant in scenario 2, the minimum
plant sizes are defined as the smallest possible value, so their presence is forced in order to
see the effects of hydrogen integration. As mentioned, the boiler is also used as a backup
for the CHP and must therefore be able to serve the maximum thermal load. Its size is
therefore not optimised but instead determined based on this load plus a safety margin. On
the electricity side, the grid connection is designed for the maximum electrical load with
the same argument. This means that, in an emergency, the system can always be supplied
with energy in this very stable and safe way and there are no interruptions in production.

Table 1. Discrete sizes used in optimisation of the technologies. These correspond to the actual
products of selected manufacturers.

Technology Performance Spectrum
Boiler/kWy, 500
CHP/kW 0, 50,70, 99, 134, 190
PV/kW, 0, 10, 20, 30, 40
TES/m? 0,10, 30, 50
Battery/kWh 0,30, 70,131, 233
ELY/kW, 1,3,5
HS/kWh 670, 1340
FC/kWg 5,8

This thenresultsin 6 CHP x 5PV x4 TES x 5battery x 3 ELY x 2HS x 2FC = 7200
different energy systems using all possible technology combinations in scenario 2, which then
have to be simulated and evaluated accordingly. However, there were also some energy systems
that could not be calculated because they are not technically possible. For example, a large CHPs
must be equipped with a TES. These energy systems are therefore discarded in simulation. The
same applies to storage technologies whose producer is missing. Thus, if no CHP and PV is
planned, there is also no TES or battery storage needed.

4.2. Energy Prices, Taxes, and Allowances

In order to be able to determine the costs of the energy supply solutions in the simu-
lations, the energy flows between the vertices have been assigned with prices, taxes, and
remuneration. These are based on the German legislation and market situation as of 2020.
Electricity and NG prices in Germany vary from region to region due to different grid
usage fees and concession fees; here, those of Oldenburg are chosen, which are relatively
inexpensive compared to the rest of Germany. The procurement of residual electricity
is considered to be purchased entirely on the German spot market, the EPEX SPOT, and
there are no long-term supply contracts. These variable procurement costs make the HES
particularly advantageous, as it can react dynamically to external incentives. NG, on the
other hand, is purchased at an annual fixed price, as spot market procurement is very
unusual and not easy to implement due to the metering infrastructure. Table 2 shows the
prices or remuneration of the technologies’ links to each other in the supply object.
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Table 2. Price range of the technology paths in ct/kWh of the dairy as of January 2020. These
are given as a price range, since in the course of the simulations, the prices change constantly
depending on how, for example, the day-ahead price changes. The technologies on the left are listed
as sources, and those on the top as sinks. Fields that are physically impossible are greyed out, and
those that are unregulated are highlighted in white and marked with a minus. Connections that are
technically possible but are disregarded for this study are marked with an X. Revenues are positive
and expenditures negative.

S Sink Elec. grid Battery PtGtP EL cons. CHP Boiler Th. cons.
ource
Elec. grid X —21.43t03.97 | —23.48 t0 1.92
PV 10.06 to 10.27 0 0 —2.70
Battery X X —2.70
PtGtP —10.49 to 13.01 X —2.70 -
NG grid —5.95to —4.59 | —5.95to —4.59
CHP —9.83 to 21.01 0 to 4.00 —2.70t0 1.30 0
Boiler 0
5. Results

In the following, the methodology developed is applied to the case study shown. The
dispatch optimisation of the individual plants with oemof.solph is first demonstrated, fol-
lowed by the optimal sizing of the relevant components. In order to verify the assumptions
of the model and to be able to make good recommendations for action, a sensitivity analysis
is carried out as a final step.

5.1. Optimal Dispatch

The simulation per system configuration is run for one year and then evaluated with
the objectives introduced in Section 3.1. The schedules are selected in such a way that the
costs for the operator are kept to a minimum over the period under consideration.

Figure 8 exemplifies the behaviour of the technologies for one week. The entire variety
of technological possibilities for energy supply is used, whereby the CHP clearly takes
over the main part. During working hours, which have high heat and power requirements,
the CHP operates depending on the electricity demand. Surplus heat is stored in the TES.
On the electricity side, the CHP is completed by the PV and the battery, meaning that the
whole system does not need to draw or feed in electricity at most times. During the night
and at weekends, the heat and electricity demand drops and the CHP switches off due to
its limited partial load capacity. Thermally, the TES then becomes the main source of heat
and, as soon as it is empty in a few hours, so does the boiler. Electrically, these low-demand
periods are partly filled by the battery, but there are still times when electricity has to be
drawn from the grid. However, due to the chosen optimisation approach, these are usually
cheap times on the energy markets, when there is a great deal of renewable energy in the
grid. The storage systems, as already mentioned, show steady use. The electricity storage
system mainly bridges midday PV surges for the night. The TES shows a similar behaviour
for the CHP heat but additionally manages to shift heat from the working week to the
weekend due to its larger storage volume. The PtGtP is charged very regularly in this early
summer week and increases significantly in filling level over the week. It is fed by both PV
and CHP when they need additional flexibility. The system does not play a crucial role but
still helps to provide (technical) advantages in the interaction of all technologies.

Figure 9 shows the state of charges (SOCs) of electricity, heat, and hydrogen storage
systems over the full period of one year for the same exemplary system setup. A clearly
different basic behaviour of the various storage systems can be seen here: the battery
storage system serves as a short-term storage system and, as already seen in Figure 8, is
used, for example, to save excess PV electricity during the day into the night hours. In
contrast, the thermal storage is used as medium-term storage to absorb excess CHP heat
at the weekend or in the night hours and save it for load peaks during production, so
that the boiler can be avoided. Hydrogen storage, for its part, fulfills its task as long-term
storage and helps to transfer the summer PV surpluses into the winter. The systems thus
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complement each other and do not compete with each other. What is particularly exciting
and promising here is to see that the PtGtP is actually used very regularly. Due to the
selected optimal dispatch algorithm, this only happens when its operation represents an
actual added economic value during operation. It can therefore already be stated at this
point that the hydrogen storage system can achieve cost advantages in operation.
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Figure 8. Exemplary presentation of dispatch optimisation for a one week (Monday-Sunday) time-
frame and an exemplary system setup (CHP 99 kW, PV 40kW,,, TES 10 m3, battery 131 kWh, ELY
1kW,, HS 1340 kWh, FC 5kWy). Electricity consumption and production (top), heat consumption
and production (middle) and the SOC of all storages (bottom) are shown.
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investigated year for the system configuration used in Figure 8.

5.2. Multiobjective Optimal Sizing

As described in Section 3.3.1, the technology sizes are changed in the course of the
optimisation, meaning that different combinations of the technologies are iterated. A
maximum computing time of 2.5 h per sizing was set, which was rarely reached. In addition,
different sizing calculations were computed in parallel on different CPU threads, which
was easily possible due to the chosen brute force approach. The complete optimisation of
both scenarios needs about 140 h or 6 days on a modern desktop PC.

The results of this MO can now first be examined as a scatter plot of the two target
dimensions and with regard to the influence of the different technology sizes. The Pareto
front, which includes all optimal energy system alternatives, is particularly relevant here.
The graphical representation for scenario 1 can be found in Figure 10, while that for
scenario 2 can be seen in Figure 11. The technology sizes are shown as colour codes, and
for each technology there is a separate diagram. The Pareto front is shown as a red line
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in each graph. In addition, the Pareto optimal configurations are summarised in Table 3
forming a multi criteria decision matrix.
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Figure 10. Illustration of the results of scenario 1 as a scatter diagram. It shows the Pareto front (red)
between annuity and CO» emission. The colour codes show the dependency on the technology size,
and each technology has its own graph.

Table 3. Multi-criteria decision matrix of the two scenarios. Shown are the Pareto optimal system
configurations sorted by ascending costs and descending emissions.

CHP PV TES Battery ELY HS FC Annuity CO; Emission

KWy kW, m3 kWh kW, kWh LWy  €/a t/a

= 99 40 50 0 - - - 121,263 312
2 134 20 50 0 - - - 152,043 283
S 134 40 50 30 - - - 154122 272
& 190 40 50 0 - - - —174,683 239
99 40 50 0 1 670 5 134384 312

99 40 50 0 1 1340 5  —138463 311

134 30 30 0 1 670 5 —166,177 286

134 40 30 0 1 670 5 166,628 279

o 13 40 50 30 1 670 5 167,556 271
2 134 40 50 0 3 670 5  —170,751 271
S 134 40 50 0 1 1340 8 172,152 271
& 190 40 50 0 1 670 5 188,228 239
190 40 50 0 3 670 5 —190,295 235

190 40 50 0 1 670 8 192,218 235

190 40 50 0 5 670 5 —192457 235

190 40 50 0 5 1340 8  —196,565 235
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Figure 11. Illustration of the results of scenario 2 as a scatter diagram. It shows the Pareto front (red)
between annuity and CO» emission. The colour codes show the dependency on the technology size,
and each technology has its own graph.

For scenario 1 (Figure 10) we see that the CHP has by far the largest impact in both
dimensions and that large clusters of these energy systems form. Here, no CHP is the
worst choice in economic and environmental terms (upper left corner). By increasing the
CHP size, the point cloud moves towards the bottom right. This means that the energy
supply concept becomes cheaper and emits less CO,. After a system size of 99 kW, this
behaviour changes, at least in economic terms. A further improvement in emissions is
then only possible with rising costs, and a broad Pareto front forms. A larger PV plant
also (almost) always leads to an improvement in both dimensions, even if the effects are
significantly smaller here. Here, the tipping point of an overly large system does not seem
to be reached due to the limited roof area. The larger the CHP becomes, the more important
a larger TES seems to be, which seems logical. Here, bigger seems to be overall better, even
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if the improvement stagnates at some point. Only four of those systems are actually Pareto
optimal. These include systems with large PV installations, large TESs, and no to small
batteries. The saving of one tonne of CO, costs 732€/t to 1061 €/t, which seems rather
high. The German Federal Environment Agency estimates the societal climate costs of a
tonne of CO; in 2020 at 195€/t [57]. Implementing the more climate-friendly and thus
more expensive solutions therefore does not seem advisable today.

The course of scenario 2 (see Figure 11) looks very similar to scenario 1. By adding the
hydrogen technologies, the point clouds are correspondingly larger, since the combination
possibilities are much more extensive. Nothing changes in the conclusions about the
technologies that have already been examined in scenario 1. The graphically visible
effects of the PtGtDP system are rather small. As a tendency, it can be noted that the
economic efficiency tends to worsen with larger system components, but the emissions
hardly change. A closer look at the decision matrix confirms this observation. Adding
even a small PtGtP plant to the optimal systems from scenario 1 significantly worsens the
annuity, but the emissions remain almost the same. The additional costs for the hydrogen
system are approximately 13 000€/a to 22000 €/a, which corresponds to a cost increase
of approximately 11 %.

5.3. Sensitivity Analysis

A key challenge for any company is to make decisions in the face of uncertainty, which
can turn out to be either an opportunity or a risk for them. An unpredictable future and
its consequences are difficult to assess. If decisions are to be made, appropriate methods
must be used to determine sound estimates and trade-offs between the effects on the
company [58].

As shown in Section 5.2, the installation of a PtGtP system is neither ecologically
nor economically advantageous from today’s perspective. However, the question arises
as to which framework conditions would have to change in order for such a system to
become more sensible. In order to gain a better insight into this, a sensitivity analysis is
carried out in the following. Sensitivity analysis is a method to quantify the influence
of various uncertain parameters on the performance of a complex system [59]. In the
literature (cf. [60-62]), it is used to understand, for example, the impact of changing energy
prices on the economic viability of a supply concept and thus to develop appropriate
countermeasures and make risk-minimising decisions. Likewise, this method can be used
to investigate, as in our case, which parameters would have to change and to what extent in
order to make a project successful. For this purpose, one of the uncertain input parameters
is varied in several steps, while the others are kept constant. The system results can then be
shown as a function of these changes and compared between the parameters.

We have identified the following parameters (in bold) as particularly relevant and
uncertain for the success of a PtGtP solution. Electricity and NG prices depend not only on
very volatile international trading markets but also, and above all, on national legislation
and therefore change frequently and with little predictability. This includes not only
procurement prices but also subsidies for feeding locally generated electricity into the grid
(PV and CHP feed-in tariff). In Germany, the EEG levy, used to fund renewable energy
subsidies, is a matter of great debate. This levy has risen sharply in recent years and is
payable, for example, on electricity generated in-house as well. In addition to these more
energy-economic factors, this section also looks at advances in energy technology, especially
efficiency improvements in ELY and FC and changes in PV electricity production, as
would be possible, for example, by relocating.

For the sensitivity analysis, the technologies of the most economical solution of sce-
nario 2 are used (CHP 99kW,, PV 40kW,, TES 50m?, battery 0kWh, ELY 1kW,, HS
670kWh, FC 5kW,)). The statements for this system should, on the one hand, be the most
relevant and, on the other hand, their basic statement should be transferable to all systems.
The identified parameters are varied in a range of —100 % to 100 %. Parameters for which
this makes no physical or economic sense (e.g., the increase in FC efficiency) are varied
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correspondingly less. Figure 12 shows the results of the sensitivity analysis as an impact
on the annuity, the emissions, and the amount of hydrogen produced as a function of the
identified parameters.

With regard to the annuity, it can be seen that the most sensitive parameter is the NG
price. The increase is relatively constant and primarily affects the operating behaviour
of the CHP. At the same time, the boiler is also operated minimally more. If the NG
price rises, the annuity increases considerably, and CO; emissions rise by around 30t/a.
Hydrogen production is initially reduced when the price of NG rises by 10% because less
CHP electricity flows to the ELY. If the price of NG falls, the annuity decreases significantly,
but nothing changes in terms of CO; emissions and hydrogen production. This is due
to the fact that the operating behaviour of the CHP unit has not changed in terms of NG
consumption, and only the reduction in the price of NG makes up this difference in annuity.

The price curve of electrical energy is significantly flatter than that of NG. As the
electricity price increases, the amount of electricity imported slowly decreases, making the
dairy more self-sufficient. Therefore, hydrogen production continues to rise as the ELY is
supplied with more PV and CHP electricity. If the price of electricity falls, less and less PV
and CHP electricity is used for hydrogen production as the costs of purchasing electricity
from the grid are lower than the intermediate storage of local electricity in hydrogen. This
leads to a little more CO» being emitted.

The course of the EEG levy is similar to the electricity price in terms of annuity and
CO; emissions. When the EEG is reduced, the purchase of electricity from the grid again
becomes cheap, and the intermediate storage of electricity thus becomes obsolete. The
amount of electricity flowing from the CHP and PV to the ELY decreases slowly as the
electricity is fed into the public grid instead. This in turn leads to higher CO; emissions.
If the EEG is completely omitted, a large part of the PV electricity is fed into the grid.
If, on the other hand, the EEG increases, more CHP and PV electricity will be used for
hydrogen production.

The variability of the PV output has little effect on the annuity. The increase in PV
output leads to an increase in the amount of electricity fed into the public grid and thus
to a slight increase in the remuneration. In addition, the feed-in to the grid reduces the
emission values. It has hardly any influence on the production of hydrogen.

The reduction of the PV feed-in tariff has a similarly low effect to the change in
production volume. The incentive to feed PV electricity into the public grid gradually
decreases. In the end, PV electricity is used almost exclusively for self-consumption. This
increases the amount of CHP electricity that is fed into the public grid. The emission values
hardly change. It also has hardly any effect on hydrogen production. On one hand, a little
more PV electricity is used for hydrogen production, while on the other hand, less CHP
electricity is used for this purpose.

The variation of the CHP feed-in tariff has a large impact on the emission value and
on hydrogen production but little impact on the annuity. Instead, when CHP feed-in tariff
is reduced, more CHP electricity is used for hydrogen production, which is discontinuous
from below —20 %. In addition, the amount of electricity generated by the CHP unit is
reduced, which means that less electricity is fed into the grid, thus increasing the emission
value. If, however, the CHP feed-in tariff increases, the amount of electricity from the
CHP to the ELY decreases, and less hydrogen is produced. In addition, the amount of
electricity from the CHP unit that is fed into the electricity grid gradually increases. If the
CHP feed-in tariff increases by 100 %, the entire CHP electricity flows into the electricity
grid, meaning that a high CO, credit takes place at the same time. However, in order to be
able to cover the electricity demand, large amounts of electricity are drawn from the public
grid, meaning that the annuity increases again.
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Figure 12. Sensitivity analysis of various system variables using the previously defined degrees
of freedom.
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Changing the efficiency of the ELY has no effect on annuity or emissions. However,
the lossless system (30 %) variation) has the highest increase in hydrogen production of the
systems studied

The increase in FC efficiency from 90 % to 100 % again has hardly any effect on annuity
and emissions. Interestingly, however, there is no increase in hydrogen production here.

6. Discussion and Outlook

As shown in the results discussed in the previous chapter, the planning of distributed
energy supply concepts using PtGtP as seasonal storage is multi-layered and complex. The
presented planning tool using an energy system simulation and multi-criteria decision
tools can be seen as a helpful supplement in the market establishment of such systems.

With the help of these tools, we were able to show that, for our case study, under the
current German framework conditions, the construction of an PtGtP, even a small one,
is neither economically nor ecologically profitable and that the systems of PV and CHP
currently established on the market are the most worthwhile (cf. Figures 10 and 11). While
the PtGtP can deliver real economic value in operation, the current investment costs in
such a system are far too high. Unfortunately, the system cannot yet deliver any added
value ecologically in operation, as the electricity grid is still heavily supplied by fossil
fuels, and local storage therefore does not necessarily mean a reduction in emissions. If
the construction and demolition of the plants had also been taken into account in the
ecological assessment, the result would have been even worse. However, we suggest that
such systems should not only be considered from a hard economic and ecological point of
view, but also from a marketing and long-term sustainability point of view, which would
make an investment more likely today. However, these objectives are significantly more
complex to quantify and are therefore part of further investigation.

We were able to show through our research that the combination of different storage
technologies with different time horizons and efficiencies during operation can fulfill their
intended tasks well in order to keep the local system efficient and optimal (cf. Figure 9).
The energy simulation shows very well how in hybrid, sector-coupled systems, the energy-
generating and energy-storage plants complement each other depending on the market
situation and framework conditions in order to generate an advantage for companies,
benefitting from the national regulatory framework.

Nevertheless, the results of this simulation should be treated with caution, as a number
of simplifications have been made, which in the end are decisive for real operation. On
the thermal side, the system only calculates energy quantities in kWh without considering
the actual restrictions caused by different temperatures in the supply and return flow.
Likewise, only hourly averages are simulated, but the system behaviour within these time
steps can deviate massively and have a negative influence on the system. Furthermore,
the simulation always assumes a perfectly predictable future, where weather changes and
stock exchange prices are always known, which simplifies the use of seasonal storage
tremendously. For the use of such a system in the field, an intelligent and dynamic energy
management system is therefore indispensable.

By adding a sensitivity analysis to the methodology, more in-depth findings can be
derived, including specific recommendations for action. For the case study, it can be seen
that an increase in the efficiency of technical installations has a relatively small effect. On
the other hand, the use of PtGtP can be specifically promoted by a clever change in the
political framework conditions.

However, even these statements only represent half the truth, since in this classical
sensitivity analysis, it was assumed that only one parameter changes at a time. In the
real market, for example, an increase in the price of NG also directly changes the price
of electricity, and the abolition of the EEG levy would also lead to a reduction in the PV
feed-in tariff. However, when looking at the results of hydrogen production, it is clear that
several, well-aligned changes would be needed to achieve a significant effect.
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For example, a Monte Carlo Simulation could be used for this purpose, in which a
large number of different scenarios could be built and analysed using statistical future
models of the parameters and their correlation [61,63]. This would give more reliable and
better information on the systems’” performance, as it would provide a large amount of
information and reflect realistic modelling. A major disadvantage, however, would be the
high computational time and the high modelling effort.

Directly considering the uncertainties in the optimal sizing would be even better.
Appropriate approaches to this already exist in the literature (e.g., [64,65]), but they re-
quire even more resources and are more modelling-intensive. The choice of a possible
optimisation approach is therefore very diverse and depends to a large extent on the ob-
jective, the availability of data and resources, and the project status. The optimisation
method used here, although not entirely new and not particularly efficient, provides very
reliable, realistic, and detailed results. By choosing an extremely simple optimal sizing
algorithm and an open source tool for optimising plant operation, the basic structure can
be transferred to other regions and countries without restrictions and with only slight
modifications. Limitations only arise when the choice of technology would become too
large, which would be made possible with more efficient optimisation tools (e.g., genetic
algorithms) or a simplification of the technical models.

7. Conclusions

This publication presented a planning tool for hybrid, distributed energy systems
and assessed the installation of PtGtP systems using an industrial case study. Based on
the current German market conditions, it was investigated whether such a system in
combination with an established PV, battery and CHP combination offers economic or
ecological advantages.

After detailed literature research on the integration of hydrogen technologies in energy
systems, a novel methodology for the overall planning process of HES was explained. A
brute force optimal sizing approach based on energy system simulation and modelling of
real system components available on the market was used. This was applied to the case
study of a dairy for which the German legal framework valid in early 2020 was assumed
to apply. Over an observation period of 10a, different technology sizes were iterated,
and the Pareto optimal solutions with regard to economic and ecological objectives were
determined. A sensitivity analysis was conducted to determine the future opportunities
and risks of hydrogen technology. For this purpose, uncertain parameters were identified
and individually varied.

It has been shown that HESs provide worthwhile added values for companies in terms
of economic efficiency and emission values. A CHP unit, especially, has a considerable
positive influence on economic and ecologic dimension. The use of a small PtGtP plant, on
the other hand, is not worthwhile under the current German framework conditions and
for the case study used. This is due on the one hand to high investment costs, and on the
other hand to cheap energy imports and high feed-in tariffs. However, it is foreseeable
that this statement could be revised in the short term due to legal changes and the current
development of energy prices.
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The following abbreviations are used in this manuscript:

CHP combined heat and power

EEG German renewable energy sources act
ELY electrolyzer

FC fuel cell

HES hybrid energy system

HS  hydrogen storage

MILP mixed integer linear programming
MO  multi-objective optimisation

NG natural gas

PEM proton exchange membrane
PtGtP power-to-gas-to-power

PV photovoltaic

SOC state of charge

TES thermal energy storage
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