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Abstract

The German government has set the goal for Germany to reach near carbon neutrality
by 2050. This entails a significant change in the whole German energy system, including
installing different kinds of new technical plants, for example, renewable power generators,
energy storage plants, and energy conversion plants. Also, the power and the gas grid
infrastructure have to follow this development. This leads to a very complex and dynamic
system that has to be investigated beforehand using simulations.

In this thesis, two main questions are answered: First, how do different renewable
gases in the gas grid, namely hydrogen and synthetic natural gas, influence the energy
system and mainly the gas grid directly? Second, what is the effect of different heating
technologies on the system? The latter focuses primarily on hybrid heating systems,
combining electric and gas-fired heating technologies. To answer these questions, different
models are developed and assessed. The geographical scope of those models is Germany,
with a focus on Northern Germany. The sectors power, heat, and gas are considered,
excluding the transportation sector.

The first model is a quasi-stationary model with which cost-efficient configurations
for the future German energy system are found using optimization. The second model
represents the Northern German gas grid for which a quasi-stationary grid computation
is implemented. Based on the results, an aggregation algorithm simplifies the gas grid
to build a dynamic gas grid model. This model can then be integrated into a dynamic
integrated energy system model of Germany, including all energy producers and consumers
as well as energy storage and conversion technologies and an aggregated power grid. The
results of the optimization are used to parametrize the model.

The optimization results show extensive use of renewable power generators, Power-to-
Gas plants, gas power plants, and lithium-ion batteries, but the latter only for scenarios
using synthetic natural gas. The most economical heating technology is the hybrid heating
system consisting of a gas boiler and an electric heat pump.

Using those results in quasi-stationary and dynamic grid computations enables a com-
parison of the two methods. It shows that the results are similar, but, in the dynamic
simulations, the peaks in pressure are dampened due to the dynamic effects.

After that, the influence of the aggregation of the gas grid model can be examined. The
complexity of the model and its computation time can be reduced drastically, but errors
occur. However, they are only significant for highly aggregated gas grids.

Using the dynamic integrated energy system model, the questions mentioned above
can be answered. First, the use of hydrogen drastically increases the required gas grid
extension compared to the systems with synthetic natural gas. Second, using the hybrid
heating system reduces the required grid extension for both gas and electricity in most
cases.
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1 Introduction

1.1 Motivation and Background

To contribute to the limitation of the effects of climate change, the German government
has decided to reduce greenhouse gas emissions by 80-95% compared to 1990 by 2050
(BMWi, 2018)). The United Nations have even agreed on achieving carbon neutrality until
2050 (United Nations, [2015)), and the European Union has adopted this goal (European
Commission, [2018)).

A significant change of the whole energy system is necessary to reach those goals,
defined by BMWi (2018)) using two core factors: First, a vast extension of renewable
energy generators is needed to provide the system with carbon-neutral energy. Second,
the system itself has to become more energy efficient to reduce the necessary energy input.
Furthermore, the necessity of storage and coupling technologies to connect the different
energy sectors is mentioned: Since most renewable power generators depend on wind and
sunlight, generally, generation and demand do not match. Storage plants can help to
shift the energy on a time scale. Coupling technologies shift the energy as well, but from
one sector to the other: Most of the renewable energy producers generate electricity, but
25 % of the final energy consumed in Germany in 2019 was provided by a gaseous energy
carrier, primarily natural gas (BMWi, 2020)). That is why sector coupling will gain more
importance, especially the Power-to-Gas technology since it can produce renewable gases
using renewable electricity.

However, some processes might be convertible from gas to electricity, for example, space
heating for households, but there are some limitations, especially for industrial processes.
Also, it is questionable if a space heat supply entirely by electricity is possible since it
would lead to remarkably high peak loads during cold spells. This would necessitate a
significant power plant reserve and power grid extension merely for this purpose.

Furthermore, the power grid is not only a bottleneck of the system in those cases but
also in times of high renewable power generation. In 2019, 6.5 TWh,, of electricity, which
resembles 1.2 % of the produced electricity, were curtailed because the power grid was not
designed to transport that amount of power (Bundesnetzagentur, 2020). With increasing
renewable power generation, this issue is expected to grow.

Also, there will be many changes in the gas sector that will need closer investigation:
First, the gas production will change from natural gas extraction to, for example, Power-
to-Gas with a high timely variability since it depends on renewable power generation.
Second, there might be a switch from natural gas in the gas grid to hydrogen, which has
significantly different gas properties. Third, the gas demand will change primarily due to
the increased use of gas in power plants to provide power at times of low renewable power
generation, leading to more dynamics in the gas grid.

In general, this shows that the whole energy system, from energy production over
storage and conversion to demand, including the energy grids, has to be examined to
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answer the essential questions about the future energy system. Due to the fluctuating
nature of energy generation, conversion, storage, and transport in the future, dynamic
simulations are a suitable tool for those investigations.

1.2 Thesis Overview and Outline

This thesis investigates the influence of different heating technologies and different rene-
wable gases on the entire integrated energy system consisting of the sectors power, heat,
and gas, excluding the transportation sector. First, optimal configurations of the future
German integrated energy system for 60 %, 80 %, and 100 % renewables are searched using
optimization of a quasi-stationary model from an economic perspective. The results are
used to parametrize a dynamic model of an integrated energy system representing Ger-
many with a focus on Northern Germany. The model includes all necessary dynamic
effects of the system components. To examine the energy grids and especially the requi-
red grid extension, the model also contains a power and a gas grid. The heat sector is
provided with the desired energy from the other two sectors.

Due to the complexity, both grids have to be aggregated to be used in the dynamic
integrated energy system model. Hence, an algorithm is developed for the gas grid and,
for the power grid, an algorithm from Heckel et al. (2020) is employed. Since the gas grid
aggregation needs detailed information about the grid, including pressures at the nodes
and mass flow rates in the pipes, a quasi-stationary gas grid computation is implemen-
ted. This enables, first, the comparison of a quasi-stationary and a dynamic gas grid
computation and, second, the evaluation of the errors resulting from the aggregation.

The thesis starts in Chapter [2| with a description of the state of the art, including an
overview of the system’s components, recent studies in the field, and the theory of gas and
power grids, including available aggregation methods. Afterward, in Chapter [3] all deve-
loped and employed models are described as well as details about the considered scenarios
and the data used. In Chapter 4] the results of the models are presented. This includes
results from the optimization, the comparison of the quasi-stationary and dynamic gas
grid computation, the aggregation, and the dynamic integrated energy system model. The
latter focuses on the differences in required gas and power grid extension depending on
the renewable gases and heating technologies used in the system. The thesis is closed by
a summary of all findings and an outlook of possible future developments in Chapter 5]



2 State of the Art

In this chapter, the state of the art is described: First, general information about inte-
grated energy systems is given in Section 2.1, and in Section [2.2] different studies are
presented which model those systems. Second, a general description of gas grids and
ways to compute them are shown in Section [2.3] followed by the aggregation techniques
for fluid networks in Section [2.4f The chapter closes with a brief description of power

grids in Section

2.1 Integrated Energy Systems

An integrated energy system (IES) is an energy system in which several sectors are coupled
with each other through endogenous energy conversion, so conversion inside the system.
Figure[2.I|shows an integrated energy system schematic, including the sectors power, heat,
and gas. Another sector, which is not shown here, is the transportation sector which can
be integrated as well. Figure shows the different exogenous inputs for each sector that
come from outside the system. Examples are power from renewable power generators and
coal power plants for the power sector or biogas and fossil gases for the gas sector. The
exogenous energy inputs are covered in Section [2.1.1] Those inputs are used to satisfy
the different demands. To meet the demand at every time instance, each sector can use
storage units, described in Section [2.1.2] Also, energy can be converted endogenously, see
Section [2.1.3] that is, within the system, from one form of energy to the other, so from
one sector to the other. There are classic coupling technologies which have been used for
decades, for example, gas boilers or gas power plants, and others which are gaining or
will gain more importance in an integrated energy system with high shares of renewables:
Since most of the renewable energy (RE) converters produce electricity directly, but the
power sector has only small storage capacities (Sterner and Stadler, [2019), it is beneficial
to use the storage technologies of the other sectors. That is why the coupling technologies
Power-to-Heat (PtH) and Power-to-Gas (PtG) are expected to play a significant role in
a future integrated energy system.

2.1.1 Exogenous Energy Input

Exogenous energy input is an input that enters the defined system consisting of the power,
heat, and gas sector from outside. In the following, the most relevant inputs for each sector
are described.

Power Sector

Conventional power production occurs in power plants in which fossil fuel is combusted,
most commonly nowadays coal or natural gas but also oil. The combustion of fossil fuels
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Figure 2.1: General schematic of an integrated energy system including the sectors
power, heat, and gas.

always generates COs, which is nowadays emitted into the atmosphere. Alternatively, it
can be separated from the flue gas and stored underground, so-called Carbon Capture and
Storage (CCS). This reduces the greenhouse gas effect of the power plants but requires
additional separation plants, available CO, storage, and possibly pipelines for transport
as well as the acceptance of the population. A review of all relevant technologies of
conventional power plants and CCS can be found in Packer et al. (2018)).

Alternative COs-free power production is possible by using nuclear power plants. Due
to the risks and the problematic waste, Germany has decided to phase out nuclear power
plants by 2022 (Bundesrepublik Deutschland, 2020)).

The most promising COs-neutral power generators are renewable energy converters
since their operation avoids CO, generation. Renewable energy is provided by the moon’s
movement, stored inside the earth, or delivered as solar radiation (Sgrensen, 2017). This
way, the energy is almost available unlimited in the time span of humans. The most
important renewable energy converters for power generation in Germany are photovoltaic
plants, wind turbines, and run-of-river power plants. A thorough review of all technologies
can be found in Sgrensen (2017)).

Heat Sector

Exogenous heat generation in a future energy system will mostly be done using solar
thermal collectors or geothermal plants as well as combustion of biomass, described in
Sorensen (2017). Also, waste heat integration, for example, from industrial processes,
into district heating networks is possible.

Gas Sector

The exogenous gas inputs nowadays are almost exclusively natural gas and biogas whereat
natural gas provides by far the larger share with 23.5 % of the primary energy consumption



2.1 Integrated Energy Systems

compared to 2.6 % for biogas in Germany in 2019 (BMWi, [2020).

The process of natural gas reservoir exploitation is explained in Cerbe et al. and
is not described here since natural gas extraction in Germany is strongly declining. It is
forecasted that the German production will reduce by 40 % from 2019 to 2030 (FNB Gas,
and has to be zero at least by 2050 to meet the climate goals without CCS.

With an increasing demand for COq-neutral energy carriers, the importance of biogas
will rise. Biogas is most commonly produced by fermentation of organic material in an
anaerobic reactor, as described by Homann, Hiiwener, et al. (2017). Different substrates
can be used, ranging from renewable raw materials, for example, corn or wheat, over
manure to other agricultural or communal waste. Raw biogas contains a high share of
COg, which can be separated in a biogas cleaning plant. This process is called biogas-
upgrading, and the resulting biomethane can be fed directly into the natural gas grid.

Alternatively, hydrogen can be produced by gasifying biomass. Different technologies
were evaluated by Zech et al. (2014).

2.1.2 Energy Storage

A comprehensive review of all kinds of energy storage technologies can be found in Sterner
and Stadler (2019). Figure illustrates the different storage technologies, showing
typical capacities and discharge durations. Typical short-term storage technologies are
found in the bottom left of the diagram, whereas long-term storage options lie in the top
right. In the following, the essential technologies for each sector are shortly described.
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Figure 2.2: Ragone plot showing the duration of discharge in relation to the capacity of
different storage technologies, own representation based on Sterner and Stadler (2019).
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Power Sector

The most established or promising energy storage technologies in the power sector are bat-
teries, pumped hydro storage plants (PHS), and adiabatic compressed air energy storage
plants (A-CAES). Other storage technologies are included in the other sectors, for exam-
ple, gas storage technologies which can be charged with electricity using PtG and possibly
discharged, generating electricity again in gas power plants.

A battery is an electrochemical energy storage that uses different materials that are
reduced and oxidized to enable a flow of electrons. The most promising technology is
the lithium-ion battery which has high efficiency and good charging and discharging cha-
racteristics. Recent developments have led to a substantial decrease in cost, which will
continue (Elsner and Sauer, |2015)).

Pumped hydro storage plants are based on the use of the potential energy of water. It
is pumped into an elevated basin using electricity and generates power later by flowing
through a turbine and powering a generator. It relies on height differences and uses much
space, which limits the potential strongly. In Germany, the potential is almost entirely
exploited (Benndorf et al., 2014]).

Adiabatic compressed air energy storage plants use a storage volume into which air
is pressed. The air heats up when compressed and is cooled down before entering the
storage while the heat is stored in suitable heat storage. When the air is released from
the storage, it is subsequently heated up with the stored heat and drives a turbine with
a generator which produces electricity. This functionality makes it independent from
height differences but dependent on large storage volumes, which are most commonly salt
caverns to provide large storage capacities.

Heat Sector

Hot water storage tanks are the most commonly used heat storage in all kinds of ap-
plications with temperatures below the boiling point of water. This technology is well-
established and will still be used in a future energy system. There is ongoing research
about other heat storage technologies, such as phase change materials and thermochemi-
cal storage. However, those technologies have not reached broad larger-scale applications
yet, and future use is difficult to project.

Gas Sector

The most crucial gas storage technology is large-scale storage in salt caverns, depleted
natural gas reservoirs, or aquifers. Those storage technologies are well-established for
natural gas and can at least partly store hydrogen: Some salt caverns are already used for
hydrogen storage, and town gas with more than 50 vol% hydrogen has already been stored
in depleted natural gas reservoirs. Also, recent research suggests that pure hydrogen is
possible (Amid et al., 2016; Heinemann et al., 2018)).

2.1.3 Endogenous Energy Conversion

In this section, the endogenous energy conversion is shortly presented, which is the energy
conversion within the defined system, so from one of the sectors power, heat, and gas to
one or two of the other sectors and thus the core of the coupling between the sectors.
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Power-to-Gas

Power-to-Gas is the central energy conversion technology to allow the utilization of the
gas storage volumes for the power sector: In electrolyzers, electricity is used to split water
into hydrogen and oxygen. Different electrolysis technologies with different advantages
exist; an overview is given by Homann, Hiiwener, et al. (2017)).

The hydrogen can then be stored or further transformed into other energy carriers. The
most interesting transformation for the gas sector is the methanation in which hydrogen
reacts with COs in a reactor with the help of a catalyst or bacteria to react to methane.
More details about the process can be found in Homann, Hiiwener, et al. (2017). The
resulting gas is called Synthetic Natural Gas (SNG) since it has the same characteristics
as natural gas and thus can be fed into the natural gas infrastructure without any adjust-
ments. Also, if the CO, is separated from ambient air or, for example, separated from
the flue gas of a biomass combustion plant, the SNG can be defined as carbon-neutral.

To have access to the necessary amount of CO, for large-scale methanation, direct
air capture (DAC) seems promising since it is independent of sources of high content
COg streams like biomass combustion plants. This way, the DAC plant can be directly
placed next to the methanation plant to avoid COs pipelines. The process is based on
the absorption of COs from ambient air and regeneration using electricity and heat, if
available. More details can be found in Keith et al. (2018).

Gas-to-Power

Gas-fired power plants are gas turbines and combined-cycle gas turbines, as described
by Packer et al. (2018]). With those plants, the electric energy stored as gas via PtG
can be re-electrified and closes the cycle of the Power-to-Gas-to-Power (PtGtP) plant. A
possibility to avoid CO, generation is to switch the power plants to renewable gases, that
is, gases that are COs-neutral. Examples are hydrogen, biogas, or even SNG, as long as
the used CO, originates from the atmosphere.

Power-to-Heat

There are different technologies to convert electricity to heat. The simplest is an electric
boiler, often realized as a flow-type heater for tap water (Recknagel et al., 2017). Alter-
natively, an electric heating rod can be used, which can either be integrated directly into
a hot water storage tank or other heating devices.

Compared to an electric boiler’s efficiency, an electric heat pump has a higher coefficient
of performance, defined as delivered heat related to the consumed electricity. It uses a
thermodynamic process that enables the utilization of ambient energy via a heat exchan-
ger, which results in coefficients of performance greater than one. However, it decreases
with increasing supply temperature. A more thorough description is given by Sgrensen
(2017).

To reduce the investment cost, an electric heat pump is often combined with an elec-
tric heating rod that supports the electric heat pump at low ambient temperatures, for
example, below —5°C, as advised by Recknagel et al. (2017).
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Gas-to-Heat

The most common heating technology in Germany is the gas boiler, currently installed
in approximately 50 % of all households (Klocke et al., 2020). It relies on the combustion
of natural gas and heat transfer to the heating water. The technology is divided into
low-temperature and condensing boilers with the difference that the latter cool down the
flue gas so much that water condensation occurs. This leads to an increase in efficiency
since the enthalpy of condensation is used as well.

Another way to generate heat using gas is a gas heat pump with higher efficiency than
a condensing boiler but still lower than an electric heat pump (Klocke et al., 2020). There
are different types: A gas-powered heat pump works similar to an electric heat pump but
uses a gas-fired engine to drive the compressor instead of an electric motor. Absorption
or adsorption heat pumps use a thermal condenser instead of a mechanical compressor
exploiting absorptive or adsorptive properties of a coolant (absorption) or a material
(adsorption). More details can be found in Klocke et al. (2020)).

Gas-to-Power-and-Heat

To increase the overall efficiency of power and heat generation, they can be combined in
a combined heat and power (CHP) plant, described by Packer et al. (2018]). Large-scale
CHP plants, typically CCGT power plants, also produce heat, most commonly fed into
a heating network. Another possibility is a small-scale combustion engine that drives a
generator to generate power, and the coolant collects the waste heat, which can be used
for space heating, for example.

Combined Systems

To increase flexibility for the consumer and the entire system as well as efficiency, different
heating technologies can be combined (Sterner and Stadler, 2019): Electric heat pumps
and gas boilers can jointly decrease the electric load on cold winter days compared to a
purely power-driven heat provision. Such a hybrid heating system is, for example, offered
by Viessmann (2020). Analogously, any combination of a Gas-to-Heat technology with a
Power-to-Heat technology is possible.

2.2 Modeling of Integrated Energy Systems

In the last years, many studies about the future German integrated energy systems have
been published, which cover different sectors and use different methodologies and modeling
techniques. In the following, a short description of a selection of studies will be given to
give an overview of the field.

First, studies can be distinguished depending on the sectors which were considered.
Sterner, Thema, et al. (2014) and Elsner, Fischedick, et al. (2015]) focus on the power
sector, but the other sectors are partly included in the model as boundary conditions.
Robinius, Otto, et al. (2017)) focus on combining the power and transport sector, whereas
Biirger et al. (2016) analyze how the building sector can be greenhouse gas-neutral in
2050.
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The majority of recently published studies consider the whole energy system since
integrating the different sectors has gained more attention. There are different kinds of
studies: The first kind describes the future either by extrapolating trends or assuming
certain developments, those studies are called scenario studies, for example, Nitsch et
al. (2012)), Benndorf et al. (2014)), Schlesinger et al. (2014, Repenning et al. (2015),
and Brindlinger et al. (2018). The other kind conducts an economic optimization to
obtain the most cost-effective solution. Political guidelines or technical limitations can
be included as boundaries. Those studies are called optimization studies, for example,
Breyer et al. (2013), Palzer (2016), Bernath et al. (2017), Purr et al. (2019)), Sterchele et
al. (2020al), and Robinius, Markewitz, et al. (2020)). However, even if the most economical
configuration is found, there might be another one that is just slightly less cost-effective
but might contain completely different technologies, as is mentioned by Palzer (2016)) and
Breyer et al. (2013)).

Second, another difference is the modeling technique. The vast majority of studies
employ quasi-stationary models due to their numerical efficiency. Only a few studies exist
which use dynamic models, for example, Senkel et al. (2021)), Andresen (2019), Schilting
(2021)), and Benthin et al. (2020]), but they are often limited by their geographical scope
due to the complexity of the models. The advantage is that dynamic effects are included,
which leads to more realistic results. Especially as soon as resilience, that is, the ability to
withstand disturbances, is considered, dynamic simulation is inevitable, as used by Senkel
et al. (2021)).

Third, even though most of these studies consider all sectors (power, heat, gas, and
transportation), there are still some differences in the considered aspects: First, most of
the studies focus on CO4 as the only greenhouse gas, but some studies also look at other
emissions, for example, nitrous oxide or methane which mainly occur in the agricultural
sector and also cause a greenhouse effect (Benndorf et al., 2014} Repenning et al., 2015;
Purr et al., 2019). Second, the non-energetic fuel demand, for example, natural gas or
mineral oil, is often neglected since the consumption is by definition not part of the energy
sector because the fuels are not used energetically. However, some studies include it in
their models since the demand can have a significant impact on the results, for example,
Nitsch et al. (2012), Benndorf et al. (2014)), Schlesinger et al. (2014), Purr et al. (2019),
Robinius, Markewitz, et al. (2020)), and Fette et al. (2020)). One study even quantified the
consumption of all kinds of resources as part of a sustainable system (Purr et al., 2019)).

Furthermore, the energy grids are not always considered. Some studies include a power
grid (Nitsch et al., 2012; Breyer et al., 2013; Briindlinger et al., 2018; Robinius, Markewitz,
et al., |2020; Fette et al., 2020), and only a few consider a gas grid (Fette et al., 2020)
because the capacities are commonly assumed to be sufficient.

Due to the limited potential of renewable energies, the German energy demand might
not be satisfiable without importing, for example, hydrogen or synthetic energy carriers.
That is why in recent studies (Purr et al., 2019; Briindlinger et al., [2018; Sterchele et al.,
2020a; Robinius, Markewitz, et al., 2020)) also the import of different energy carriers was
considered.

In general, most of the studies agree that renewable gases like hydrogen or SNG will play
an essential role in the future energy system due to their beneficial storage capabilities.
Only a few studies neglect those gases, mainly for economic reasons (Schlesinger et al.,
2014; Bernath et al., 2017)).
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2.3 Gas Grids

In this section, an overview of the fundamentals of gas grids is given, including general gas
properties, specific information about natural gas and hydrogen, as well as the German
gas grid and its components. Afterward, the basics of the mathematical description of
gas grids are presented.

2.3.1 Gas Properties

Certain gas properties are used to describe gases. First, the composition can be given in
percentages of mole, volume, or mass. The molar fraction of component 7 in a gas mixture
1; can be converted to its mass fraction &; by using the molar mass of the component M;
and the gas mixture M (Schmitz, [2020)).

& = J\]\{[i%’ with M = M, (2.1)

For an ideal gas, volume fraction ¢; and molar fraction 1); are identical (Schmitz, 2020).

Second, the net calorific value (NCV) indicates the energy released when combusting
the gas. The gas, the combustion air, and the flue gas enter and leave the system at an
arbitrary reference temperature, and the water vapor in the flue gas does not condensate
(Schmitz, |2020)). The gross calorific value (GCV) is defined the same way, except that it
is assumed that the water vapor condensates completely. That is why the GCV is always
higher than the NCV as soon as the combustible contains hydrogen atoms.

Third, the Wobbe Index defines the heat load of a gas (DVGW Arbeitsblatt G 260,
Mar. 2013), which means that two gases with the same Wobbe Index can be exchanged
without changing the burner valve. It is calculated by dividing the GCV H;, or NCV
H;,, by the square root of the relative norm density d,, of the gas p, s in relation to air

pn,air-

Hs,n
Vi,

Hin . n,gas
or Wi, =—2= with d, = Prg (2.2)

Ws,n =
V dn pn,air

2.3.2 Natural Gas and Hydrogen

The classification of gases for the public gas supply in Germany is regulated by the German
Technical and Scientific Association for Gas and Water (Deutscher Verein des Gas- und
Wasserfaches, DVGW). According to DVGW Arbeitsblatt G 260 (Mar. 2013)), those gases

are divided into three gas families, which have different properties:

1. Gases high in hydrogen, which originated from coal gasification (not distributed
anymore),

2. gases high in methane, such as natural gas, and

3. liquefied gases, such as Liquefied Petroleum Gas which is a mixture of propane and
butane.
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Table 2.1: Limitations and properties of natural gas and hydrogen according to DVGW
Arbeitsblatt G 260 (Mar. 2013)) and Cerbe et al. (2017).

Property Unit Natural Gas Hydrogen
L-gas H-gas

Gross Calorific Value MJ/m? 30.2-47.2 12.7

Relative Density - 0.55-0.75 0.07

Wobbe Index Related to GCV  MJ/m?  39.6-46.8 49.0-56.5 13.4

For those gas families, different limits for concomitant substances or connection pressure
apply; see DVGW Arbeitsblatt G 260 (Mar. 2013). Since natural gas is widely used, the
second family is the most relevant. To account for different gas properties depending
on the origin of the gas, natural gases are split into two groups: high calorific gas (H-
gas) and low calorific gas (L-gas), with the limitations listed in Table 2.1 H-gases have
higher limits for the Wobbe Index than L-gases, and both types are transported and
distributed in separate gas grids. Since L-gases primarily come from the Netherlands,
where the production is continuously decreased, L-gas grids are subsequently transformed
to H-gas grids. Hence, H-gases will gain more importance in the short term until the gas
consumption decreases due to the energy transition. Currently, H-gas is mainly imported
to Germany from Russia and Norway (Klocke et al., [2020)).

Due to the different densities, calorific values, and Wobbe Indices of natural gas and
hydrogen, see Table 2.1, hydrogen admixture changes the gas mixture’s relevant proper-
ties. Additionally, DVGW Arbeitsblatt G 262 (Sep. 2011) limits hydrogen admixture to
2vol%, if the mixture is used as a fuel in cars due to the risk of embrittlement of the
tank material, and to 5vol%, if the gas is stored in depleted gas reservoirs or aquifers due
to the risk of hydrogen sulfide production by bacteria (DVGW Arbeitsblatt G 260, Mar.
2013). Also, gas turbine manufacturers suggest limits due to the change of combustion
behavior with increasing hydrogen content. To enable the use of the gas grid as energy
storage for hydrogen, the aim is to increase the limit for the whole gas grid to 20 vol%
or switch to pure hydrogen (DVGW, [2019)). However, energetically, 20 vol% of hydrogen
merely resembles 7.38 %, assuming Russian H-gas and gross calorific values from Cerbe
et al. (2017):

Eny, _ ©H, H 1 1, (2.3)
Fu, + Exg  ¢u,Honm, + onaHsnNng '

B 20vol% - 12.745 MJ /m? o

= 20vol% - 12.745 MJ /m® + 80vol% - 39.96 MJ /m? (24)

—738% (2.5)

That is why the rededication of natural gas pipelines to hydrogen pipelines is planned
to enable the transport of pure hydrogen while avoiding building a new infrastructure
(DVGW, 2019; FNB Gas, [2020). Alternatively, installing a separate hydrogen grid is
considered, for example, by Reuf (2019). In general, the transmission of pure hydrogen
pays off as soon as high quantities are reached, as Andresen et al. (2018) investigated.

Assuming that hydrogen and natural gas can be stored in gas storage volumes at the
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same pressure and temperature, the energy capacity will be different for both gases due
to unequal densities and calorific values. For example, for storage between 58 bar and
175 bar at 44°C (Tietze et al., |2015), the energetic storage capacity of hydrogen storage
is less than a quarter of the capacity of natural gas storage using values for hydrogen and
Russian H-gas from Cerbe et al. (2017) and NIST (2018)):

Eu, nov (pu, (175 bar, 44 °C) — pp, (58 bar, 44 °C)) Hi , u,

Exaxcv  (pna(175 bar, 44°C) — pug (58 bar, 44°C)) Hinne (26)
_ (12.14kg/m? — 4.29kg/m?) - 119.95 MJ /kg 2

(126.22 kg/m® — 38.81kg/m®) - 49.13 MJ /kg '
=21.93% (2.8)

2.3.3 The German Natural Gas Grid

In Germany, the natural gas grid is divided into different levels according to the relative
pressure p, (relative to the ambient pressure) (Cerbe et al., 2017):

e low pressure: p, < 100 mbar
o medium pressure: 100 mbar < p, < 1000 mbar
e high pressure: p, > 1000 mbar

The gas transmission grid is the backbone of the German gas grid because it enables
the transnational natural gas transport. That part of the gas grid consists of more than
40000 km of pipelines and is operated by the 16 transmission system operators for gas
(FNB Gas, [2020)). It is part of the high-pressure grid and has maximum operating pres-
sures (MOP) of up to 100 bar. A map representation of the natural gas transmission grid
can be found in ENTSOG (2014)).

2.3.4 Gas Grid Components

The essential part of a gas grid is the pipelines since they transport the gas from the
production site to the consumer. An overview of the planning and building process for
pipeline projects is given in Homann, Huwener, et al. (2017).

Besides the passive component pipeline, there are also active components essential for
the operation of a gas grid: compressor stations and pressure regulating stations. A quick
summary for both technologies is given below; more details can be found in Homann,
Reimert, et al. (2013).

Compressor stations are exclusively used on the transmission level to compensate for
the pressure losses in the pipes. Otherwise, the pressure sinks too low, and the nominal
transmission capacity cannot be reached. A compressor station consists of different parts,
such as filters and valves, but the compressor is the main component. Different compressor
types can be used, depending on the technical requirements, for example, pressure increase
and volume flow rate. They can either be powered by a gas turbine, which consumes gas
directly out of the pipeline, or by an electric motor.

Since large amounts of gas are well transported with high pressure, but the consumption
usually occurs at a few mbar above ambient pressure, several steps of expansions have
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to occur on the way of the gas. Those expansions are most commonly done in pressure
regulating stations which often separate gas grids with different MOPs. The main compo-
nent is the pressure regulating valve, which controls the pressure depending on upstream
and downstream pressure as well as the mass flow rate. Since natural gas has a positive
Joule-Thomson coefficient, the gas is cooled down by 0.4-0.7 K /bar when expanded. If the
temperature falls below 5-8 °C, there is a risk of hydrate formation where hydrocarbons
form a solid with water which can cause damage to the gas grid’s components. To avoid
hydrate formation, the gas is preheated using natural gas out of the pipeline.

2.3.5 Pressure Loss Calculation

In this section, the pressure loss equations will be derived. The derivation is based on
Cerbe et al. (2017).
The general equation to calculate the infinitesimal pressure loss dp of a fluid with
density p and velocity w through a pipe with infinitesimal length dl and diameter D is
Lp
dp = —A=tw’dl. 2.9
p DoV (2.9)

Using the continuity equation for a pipe

= %Dzwp, (2.10)
Equation (2.9) becomes
8 11,

A represents the friction factor calculated using different correlations, which can depend
on the Reynolds number Re, defined with the dynamic viscosity 1 as follows.

wDp
Ui

Re = (2.12)
The Reynolds number defines if a flow is laminar or turbulent. For laminar flow (Re <
2320), the friction factor does not depend on the pipe wall’s roughness. It is calculated
with the following formula.

64

=
Re

(2.13)

For turbulent flow (Re > 2320), the surface roughness k of the pipe wall must be taken
into account. The formula from Zanke is valid for the whole turbulent regime.

A= [— 2log (2.7<10g Re)” | _k >] (2.14)

Re 3.71D

Equation (2.11)) can be directly integrated for incompressible flow since the density, and
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Figure 2.3: Comparison of velocity and pressure of incompressible and compressible flow,
own representation based on Cerbe et al. (2017)).

thus also the velocity, are constant. This leads to

8 I 1.
p1—p2 = ;)\ﬁgﬂﬂ (2.15)

with the inlet and outlet pressures p; and ps, respectively.

For compressible flow, the density varies significantly, influencing the fluid velocity and
thus the pressure loss, as shown in Figure So, Equation (2.11)) cannot be integrated
directly. Also, the density’s dependence on the pressure is not easily described for real
gases, so the following approach is chosen.

First, the real gas density is transformed into the ideal gas density piq using the com-
pressibility factor K which describes the deviation of the real gas from the ideal gas.

Pid
= ¢ 2.16
p e ( )

Boyle’s law can be applied since an isothermal flow is assumed and the density of the
ideal gas is used.

PL_ P _ const. (2.17)
Pid,1 Pid
Combining Equations (2.11)), (2.16)), and (2.17) leads to
8 1 1 P1 . 2
dp = - A\———m Kdl 2.18
Y 7 D% piaa p " ( )

1 D2 l
— dp = ——A— m Kdl 2.19
D1 I pep 72 D5 piaq 0 (2.19)
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2.3 Gas Grids

Since K varies over the pipe length depending on the pressure, the integral mean value
K, is used. It is calculated using the integral mean pressure which equals to
_2pi -1

3pt — 3

(2.20)

m

due to the pressure’s parabolic course. Solving the integrals and using K, equation ([2.19)
becomes
2 o 160 1 p;

PP = 2 D s

M2 Koy, (2.21)

The ideal gas law can be used to eliminate the density and use the specific gas constant
R and constant temperature T instead.

16 1
2 2 _ 2
Py — D5 = 7T2>\ =RTm" Ky, (2.22)

Applying the third binomial formula to the left side and using the arithmetic mean pres-
SUre Pu arithm leads to

™ D5 Pm,arithm Pid,1

8 1 I
Pr—p2= 5 o 1 K. (2.23)

Depending on the given values, any of the Equations (2.21)), (2.22), or (2.23) can be
used to calculate the pressure loss.

2.3.6 Quasi-Stationary Gas Grid Computation

The flow situation within a gas grid is described by mass flow rates in the pipes and
pressures at the nodes. To determine those values numerically, the gas grid has to be
transformed into a mathematical structure. Such a structure can be represented as an
undirected graph where the pipes are the branches, and the junctions are the nodes.
Osiadacz (1987)) gives an introduction to graph theory with the application to gas grid
computation. Figure illustrates the basic elements of a graph, which will be described
below.

A graph consists of nodes and branches. Let the graph have ng nodes that can be
separated into ng; load nodes, that is, nodes with a given load, and ngs reference nodes
that supply or consume an unknown mass flow to keep the pressure at a given value.

ng = ng1 + Nag2 (2.24)

Also, loops are an essential structure of a gas grid since Kirchhoff’s second law states
that the sum of pressure losses over one loop must be zero. If all reference nodes have the
same pressure, this condition also has to be valid for a connection between two reference
nodes. That is why, in the following, those connections will be counted as loops.

If the graph has m branches, the number of loops ¢ in the graph can be calculated as
follows. It also includes the minimum number of connections between reference nodes
nga — 1.
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c=m-—ng+ng =m—ng (2.25)

A graph can be split into subgraphs, that is, a part of the graph, where the most
important types are the dendrite and the co-tree. A dendrite is a subgraph of the graph
with no loops and includes all nodes of the graph. However, if several reference nodes exist
in the same graph, all dendrites together include all nodes, and each dendrite contains
precisely one reference node. The branches of a dendrite are called tree branches. All
other branches are called chords, and together they form the co-tree, so dendrite and
co-tree combined yield the entire graph again. There are as many chords as loops, so ¢
chords and m — ¢ tree branches which build ngs dendrites. The choice of loops and chords
is not unique; different arrangements are possible depending on the graph’s complexity,

see Figure

0 Reference Node
® [oad Node
— Branch

/

(a) Basic elements of a graph.

0 Reference Node
® [Load Node

— Tree Branch

--- Chord

(b) Exemplary dendrites and corresponding chords.

Figure 2.4: Exemplary graph illustrating the basic elements in @ as well as exemplary
dendrites and corresponding chords in @
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2.3 Gas Grids

To describe a graph mathematically, different matrices are used. The first is the branch-
nodal incidence matrix A, an ng X m matrix with the entries a;;. For this, a direction for
each branch is chosen arbitrarily.

+1 if branch j enters node i
a;j = § —1 if branch j leaves node i (2.26)

0 if branch j is not connected to node ¢

If the nodes are split into load and reference nodes and sorted accordingly, A can be
split into two matrices Ay (ngy X m) and As (ngy X m).

Ay
A 2] o

The second matrix to describe a graph is the branch-loop incidence matrix B (¢ x m)
with the entries b;;.

+1 if branch j has the same direction as loop i
bij = { —1 if branch j has the opposite direction as loop i (2.28)
0 if branch j is not in loop ¢

Subsequently, all matrices can be split into parts that contain only the tree branches t
or chords c, respectively.

A=]A A (2.29)
A= [ Ay Age ] (2.30)
A, = [ Ay Ao ] (2.31)
B=|B:, B| (2.32)

To determine By, the following equation can be used since the loops follow directly from
the choice of tree branches and chords.

Bl = -AlA. (2.33)

The next step is to use those matrices to solve the network, that is, to determine the
pressures at all nodes and the mass flow rates through all branches under the physical
restrictions. According to Osiadacz (1987)), the most numerically efficient method is the
Newton loop-node method described in the following. Osiadacz (1987) uses volume flow
rates to describe the gas flow, but mass flow rates can be used analogously.

First, Kirchhoff’s first law has to be considered: The sum of all volume flow rates @)
into and out of a node have to equal zero, including the load L for all load nodes.

L=AQ=A;0Q:+ A1.Q. (2.34)

If the volume flow rates in all chords are known, the resulting volume flow rates in
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all tree branches can be calculated by combining Equations (2.33)) and (2.34]) so that
Kirchhoff’s first law is valid.

Q.= A 'L +BlO. (2.35)

Kirchhoff’s second law indicates that the sum of pressure losses over a whole loop has
to be zero. This also applies to connections between two reference nodes, which forces
the known pressures at the reference nodes to be equal. AP is the quadratic pressure loss
over each branch, P, — P, = p? — p2.

BAP =0 (2.36)
AP =ATP (2.37)

The pressure loss could be calculated using Equation , but it is numerically ex-
pensive due to the nonlinearity regarding the pressure and the necessary calculation of
the different gas properties. An efficient alternative is the Panhandle A’ equation for
pressure gauges above 7 bar (Osiadacz, |1987)

l;

q’(Qz) =AP; = 18‘430‘921)4.854

QL (2.38)

It is a numerical value equation with AP in bar?, length [ in m, diameter D in mm, and
volume flow rate @ in m?/h.

To solve the system of equations, the first-order approximation of the Newton method
is applied to ®(Q) to calculate the next step z + 1 using the values at step z:

Q) = B(Q + AQ)* = B(Q)* + R*AQ? (2.39)
- aq)l .
90, 0
9D (Q) 0% R, 0
. _ _ _ t
with R = a0 Q> ) —[ 0 Rc] (2.40)
9,
| 0 Q|
Ll
1.854 - 18.43—— Q0854 if i =
with 1y = 0.9z Dt e (2.41)
0 if i

Combining all mentioned equations leads to:

PP == (A (RY)TAT) AL (R (AP AT R) (242)
AQz _ (Ri)_l (_A;I‘Perl . APCZ) (243)
Q' = QF + AQE. (2.44)

Using Equations (2.35)) and ([2.42)-(2.44]), all values are calculated iteratively until AQ?
falls under a specified tolerance.
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2.4 Aggregation of Fluid Networks

2.4 Aggregation of Fluid Networks

The aggregation of fluid networks serves the purpose of increasing numerical efficiency
while still obtaining accurate results. Different methods have arisen in the last decades,
mostly in the field of district heating networks.

2.4.1 Aggregation Methods for Gas Networks

Not many resources exist which cover the aggregation of high-pressure gas grids. Some
methods are purely mathematical and do not lead to a resulting physical network but
just a matrix representation, for example, Benner et al. (2018)), so they are not suitable
for dynamic simulations with physical models. Other methods only work for linearized
gas grid models that might be suitable for low-pressure distribution networks, such as
Parkinson et al. (1992), but not high-pressure gas grids. The method of Mohring et al.
(2004) focuses on detecting bottlenecks in the gas infrastructure but does not enable the
simulation of the whole network.

Since there is no method known which can directly be applied to gas grids and allows the
dynamic simulation of a high-pressure gas grid, methods in other fields are investigated.
The closest grid type is a district heating network since the physics are similar to gas
grids: Here also, a fluid flows through pipes, there are loops, and pressure losses are
important. The essential difference is the much higher compressibility of gas compared
to water. Also, the heat losses of the pipes are negligible.

2.4.2 Aggregation Methods for District Heating Networks

For district heating networks, the Danish and the German method are the most popular
choices, which are compared by Larsen, Bghm, et al. (2004). Both methods aggregate the
network physically-based, that is, a subgrid is aggregated in a manner that the resulting
simplified network still has physical properties, for example, pipes with length and dia-
meter. They can reach aggregation grades of up to 99 %, which means that the number of
elements in the grid is reduced by 99 %. The biggest flaw of the Danish method (Larsen,
Pélsson, et al., 2002) is that it cannot aggregate loops while the German method (Loewen,
2001) is able to do so. Also, the German method considers the pressure drop in each pipe
but does not regard the heat losses in the supply and return pipe separately, contrary to
the Danish method.

In conclusion, the German method has the characteristics necessary to be applied to
gas grids, so it will be presented more in detail.

The German method is based on the following conditions:

e The grid volume and necessary pumping power shall stay constant. The latter
requires that the pressure losses remain the same.

e Pressures and temperatures at the nodes as well as the time delays between the
nodes, that is, the time the fluid takes to flow from one node to the other, shall not
change.

e The sum of heat losses and consumer mass flow rates, as well as heat flow rates,
stay the same.
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» Specified pipes and nodes shall be excludable from the aggregation.
o Aggregation shall be executable until a specified degree of aggregation is reached.

o The visual representation of the grid shall not change drastically, that is, nodes,
which have not been aggregated, shall remain where they originally were.

All conditions based on mass flow rates or pressures can only be ensured using grid
computation data from one point in time. The further away the flow situation in the grid
is from the chosen aggregation point in time, the larger the expected errors will be.

Ensuring all mentioned conditions, serial, parallel, or terminal pipes as well as loops,
can be aggregated, which is described shortly in the following. A detailed description,
including the equations, can be found in Loewen (2001)).

Serial Pipes

The network topology before and after the aggregation of two serial pipes, P1 and P2,
with the same mass flow direction, into one pipe P1” is shown in Figure 2.5} Note that
in this and all following figures, only the supply pipes of the district heating grid are
shown. The aggregation is performed for both supply and return pipes in the same way.
Nodes and pipes that are modified during the aggregation step are marked with a ’ after
aggregation.

The aggregation is achieved by splitting node N2 and adding it to N1 and N3 so that
the time delay in pipe P1’ is the same as P1 and P2 together. Also, the resulting pipe is as
long as the two serial pipes together, and the diameter, pressure, and heat loss coefficients
are chosen so that the grid volume, as well as the pressure and heat losses, stay constant.

Parallel Pipes

Parallel pipes are treated as a particular form of a loop; see Figure[2.6] The ratio of length
to diameter is weighted with the mass flow rates and, with the condition of constant grid
volume, the length and the diameter of pipe P1’ can be calculated. The pressure and heat
loss coefficients are calculated accordingly to reach the same values as for pipes P1 and
P2 together.

Terminal Pipes

Terminal pipes can be aggregated into the surrounding grid by combining the terminal
pipe P1 with another pipe P2 that meet in one common node N1 and have the same
mass flow direction, both either entering or leaving N1, as shown in Figure Another
condition is that the time delay of pipe P2 has to be smaller than the one of P1. P1’
has the same length as P1, and the diameter is calculated so that the time delays of P1’
and P1 are equal. The length and diameter of P2’ are determined so that P1’ and P2’

N1 N2 N3 N1 N3/

5 o ) ) PT )

Figure 2.5: Topology representation before and after the aggregation of two serial pipes.
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Figure 2.6: Topology representation before and after the aggregation of two parallel
pipes.

N2
P1
(N/ N3 o NI N2 N3
) P2 ) Py Py )

Figure 2.7: Topology representation before and after the aggregation of a terminal pipe.

together have the same length and time delay as P2. Pressure and heat loss coefficients
are calculated as in the previous aggregation steps. The resulting serial pipes can then
be aggregated in a subsequent step as described above.

If the aggregation is not possible because the time delay of P2 is shorter than the one
of P1, the algorithm can be extended to be able to aggregate node N2 in the next pipe to
the right of P2 or even further. If the time delays of P1 and P2 are very similar, nodes
N2 and N3 can be combined directly to avoid creating serial pipes.

Loops

Loops can be aggregated as long as there is one distinct start and one distinct end point,
which split the loop into two branches in which the fluid flows in the same direction. All
other nodes are defined as inner nodes.

A loop can be treated in two ways: First, it can be transformed into serial pipes; see
Figure Second, it can be split into its two branches, see Figure but the decision
has to be made manually. The first option is more suitable if the loop is in the center of
the grid, while the second is more useful if the loop is located in a peripheral area of the
grid.

If the loop is supposed to be transformed into serial pipes, the inner nodes are sorted
by the time delay between the start node and the corresponding inner node. Each pipe’s
length is determined by weighing the pipe’s length by the time delay of the two pipes
that are combined. In the example shown in Figure [2.8] node N2 is moved into pipe
P2, splitting it into the pipes P1’ and P2. Where exactly N2 splits P2, is calculated
based on the time delays. The last pipe’s length stays the same, and all diameters are
then calculated to achieve the desired time delays in each pipe. Heat and pressure loss

N2
N1 N4 N1 N2 N3 N4

—>
Pl P2 P3
P2 P4

Figure 2.8: Topology representation before and after the aggregation of a loop with four
branches into serial pipes.
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Figure 2.9: Topology representation before and after the split of a loop with four bran-
ches.

coefficients are calculated as in the other steps.

If the loop shall be split, the end node N4 and the remaining grid after N4 have to
be divided. To reduce the effort and the errors, the remaining grid should only contain
one more pipe at most. N4 and the consumers and heat losses in the remaining grid are
split according to the mass flow rates in pipes P3 and P4. The lengths and diameters are
adjusted to ensure the same time delays and grid volume.

2.5 Power Grids

Heuck et al. (2013) give an overview of all components in an electric supply system. In
the following, the essential components for this thesis are shortly presented.

The electric grid is split into several levels, like the gas grid. There are low-voltage
(230V, 400V), medium-voltage (10kV, 20kV), high-voltage (110kV), and extra-high-
voltage (220kV, 380kV) levels with typical nominal voltages given in brackets. Trans-
mission lines are part of the high-voltage and extra-high-voltage grid and transport large
electric powers over longer distances. Historically, the transmission lines mostly connected
large power plants and centers of power consumption. This structure changes slowly with
more decentral renewable power generation being integrated into the energy system.

The different voltage levels are connected by power transformers which transform the
voltage up or down. The technical principle is based on a certain number of windings for
each voltage level coupled by an electromagnetic field.

Large power plants are connected to the power grid using synchronous machines coupled
to the turbines of the power plants. A direct current flows through a conductor on the
rotating part (rotor) of the generator, which induces a current in the static part (stator).
Like that, the mechanical power is transformed into electric power.
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Data

In Section [2.2] different studies have been shown, but none of them covers exactly the
demand sectors with the same technologies, which are considered in this thesis, and almost
none of the models used in mentioned studies are open-source or use dynamic simulation.
Furthermore, none of the studies models the gas grid in detail in combination with the
rest of the energy system. That is why an appropriate comparison of different heating
technologies and their influence on the rest of the energy system is not possible.

For this reason, own models are created in this thesis, fed with different data sets and
combined with aggregation algorithms. How those parts are connected is illustrated in
Figure |3.1, and they will be described in Section [3.1]

In Section [3.2] the scenario information and all data for the models are presented.

3.1 Modeling

In this section, all created and used models are described. All of them cover entire
Germany, except for the gas grid models, which represent only the gas grid of Northern
Germany consisting of the federal states of Schleswig-Holstein, Hamburg, Lower Saxony,
Bremen, and Mecklenburg-Western Pomerania to limit the numerical complexity of the
models. The considered time span is one year for all models.

The used models shown in Figure [3.1] are split into the following categories:

o Quasi-stationary integrated energy system (IES) model: It covers the entire German
energy system without the transportation sector, uses quasi-stationary equations,

i Gas Grid Aggregation | ~ | Dat
: _ ata

------- N H [ Model

I Energy Supply and | |Quasi-Stationary Integra-| ] Quasi-Stationary L..; Aggregation
| Energy Demand Data | |~ |ted Energy System Model| [~ Gas Grid Model ™ ~! Optimization
y All Sectors
i Power Grid Aggregation : ’Dynamic Gas Grid Model

Gas

T i _ Y Power

>  Dynamic Integrated
| Power Crid Data  F—>{  Power Grid Model  |—>= En-zrgy SlystemgMo el

Figure 3.1: Overview of the different models, data sets, and aggregation steps.
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and is used to optimize the energy system regarding the cost to find probable con-
figurations of the future German energy system. It is described in Section

« Quasi-stationary gas grid model: It covers the gas grid of Northern Germany solely
as the main part of the considered system and uses quasi-stationary equations as
well. The whole implementation is described in Section To reduce the com-
plexity of the gas grid model and to be able to perform dynamic simulations coupled

with the rest of the energy system, an aggregation algorithm is used, which is pre-
sented in Section B.1.3l

o Dynamic gas grid model: Based on the quasi-stationary gas grid model with different
aggregation grades, a dynamic gas grid model for Northern Germany is built.

o Power grid model: The German power grid model also has to be aggregated to be
combined with the rest of the energy system, and the method is shortly presented

in Section B.1.4l

o Dynamic integrated energy system model: This model is used to perform the final
dynamic simulations, and it combines the power and gas grid models with region
models representing entire Germany. However, the gas grid has a clear focus on
Northern Germany, but it is connected to the rest of Germany. All dynamic com-
ponent models are described in Section [3.1.5

To compare and evaluate the different models and scenarios, different key figures are

used in Chapter [d, which are described in Section [3.1.6]

3.1.1 Quasi-Stationary Integrated Energy System Model for
Optimization

The model described in this section is used to determine probable configurations of a
future German integrated energy system by optimizing the system regarding the cost
under given assumptions. The three sectors power, heat, and gas are considered, whereas
the transportation sector is neglected due to the uncertain development and complex
setup. The system is modeled in a quasi-stationary way, so dynamic effects are neglected.

System Overview

In Figure [3.2, a schematic of the system with all considered technologies is shown. The
energy storage and conversion technologies in the middle connect the energy input on the
left with the final energy demands on the right side.

In the gas sector, it has to be decided first if the main gas in the gas grid is either
methane-based or pure hydrogen. Depending on this, either biomethane and natural gas
or hydrogen from biomass and hydrogen from natural gas are considered as entering the
system from outside. For the latter, hydrogen is produced from natural gas in countries
from which Germany imports natural gas at the moment and from gasifying biomass in
Germany.

The biogas potential is split into two fractions with different costs: biogas from waste
and biogas from energy crops and grassland. To obtain the possible potential of biometh-
ane or hydrogen from biomass, the biogas potential is reduced using efficiencies depending
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(Hydrogen from)
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Figure 3.2: General schematic of the quasi-stationary IES model used for optimization.
PV: photovoltaics, A-CAES: adiabatic compressed air energy storage, HP: heat pump,
SSCHP: small-scale combined heat and power, LSCHP: large-scale combined heat and
power, AC: air conditioning, ICT: information and communication technology, LT: low
temperature, MT: medium temperature, HT: high temperature

on the process: Either biomethane is produced using anaerobic digestion and biogas clean-
ing or hydrogen is generated by biomass gasification and conversion to hydrogen.

Also, hydrogen can be produced with electricity using water electrolysis (Power-to-
Gas). This hydrogen can either be transported in the gas grid directly or transformed
with COs to synthetic natural gas (SNG) using a methanation process. The SNG can
be subsequently mixed with natural gas or biomethane without limitations. That is why
the entire hydrogen is transformed into SNG directly after the electrolysis. The required
COg can be separated from the ambient air using Direct Air Capture (DAC) plants which
need power and heat. In the model, the DAC plants always operate simultaneously as
the electrolyzers and methanation units. This makes it possible to use the excess heat of
those two processes in the DAC plants so that it does not have to be provided externally.

The mixture of natural gas, biomethane, and SNG or hydrogen can then be used to sa-
tisfy the final gas demand, to produce power again in combined cycle gas turbine (CCGT)
plants or gas turbines (GT), or to generate heat with gas-fired heat producers (gas boilers,
gas heat pumps, small or large-scale CHP plants, both heat led). Excess gas can be stored
in large-scale gas storage plants and withdrawn again in case of an undersupply of gas.

Alternatively to the heat generation using gas, electric heat pumps (EHP) and flow-type
water heaters (for hot water and process heat production) can be used. Furthermore, it is
possible to combine those technologies with electric heating rods, gas boilers, or gas heat
pumps. Combinations of an EHP with a gas-fired heat producer are called hybrid heating
systems. Above a certain temperature (balance point temperature), the EHP produces
heat exclusively. Below the balance point temperature, which is part of the optimization,
the additional heater supports the electric heat pump. If additional gas-fired heaters are
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used, the electric load of the heat generation can be decreased, and in all cases, the EHP
can be sized smaller to become more economical. Additionally, in all heating systems, hot
water storage tanks are included to match supply and demand, as well as solar thermal
collectors, to generate renewable heat.

In the power sector, also pure electric energy storage technologies are considered: pum-
ped hydro storage plants, lithium-ion batteries, and adiabatic compressed air energy
storage (A-CAES) plants. Electricity from renewables, which cannot be taken up by
the system, is curtailed.

Detailed Model Information

The model is implemented in Matlab (MathWorks Inc., [2021al) and uses a given constant
time step of typically one hour. Each technology is represented using charging and dischar-
ging efficiencies, standby losses, minimum and maximum powers and energies, maximum
gradients, start-up times, and CO, emissions. Start-up times are only considered when
they are higher than the time step.

All system components are aggregated, so for each technology, there is one large unit in
the system, which represents all units in Germany. Accordingly, each power plant type’s
minimum powers are assumed to be the minimum powers of one power plant. For all other
technologies, minimum powers are neglected under the assumption that they consist of a
large number of very small units.

Efficiencies are assumed constant for all components since all components are aggrega-
ted, and the part load of one, for example, power plant does not significantly affect the
overall efficiency. Since the efficiency curve of electrolyzers does not have its maximum at
nominal load, an efficiency curve from Kopp et al. (2017) is adapted to reflect the behavior
of several plants lumped together. At lower powers than the power with the maximum
efficiency, the overall plant is operated at best efficiency because all plants, which are
not needed, are turned off. Below 2% of the nominal load, the efficiency curve declines
linearly since all remaining plants are shut off subsequently. The original and modified
efficiency curves are depicted in Figure [3.3]

Due to the aggregation, the whole system is concentrated in one point, and thus network
congestions cannot be investigated. Transmission losses are neglected except for a constant
power grid loss. However, necessary power grid extension due to renewables is accounted
for using power-specific values as done by Henning et al. (2012). The model considers
low and medium-voltage grid extension due to photovoltaics and onshore wind plants,
respectively, as well as undersea cables and high-voltage direct current transmission lines
for offshore wind plants. Grid extension necessary for electric heat producers is also
considered similarly as for photovoltaics but only if the installed nominal electric power
of the heat pumps exceeds that of photovoltaics.

To control the system, all energy storage and conversion technologies are put into a
fixed order according to their efficiencies: lithium-ion batteries, pumped hydro storage
plants, A-CAES plants, Power-to-Gas plants, CCGT power plants, and gas turbines. The
remaining residual load is given consecutively to all technologies as a set point. The
initial residual load equals the final power demand and power demand for heating minus
the power production from renewables and CHP plants. The remaining negative residual
load after the gas turbines is curtailed. Demand-side management is not considered in
the model.
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Figure 3.3: Original (Kopp et al., [2017)) and modified electrolyzer efficiency curves.

Heating System

The German heating system is modeled in the open-source, equation-based, multi-domain
programming language Modelica (Modelica Association, 2021) using the open-source
TransiEnt Library (TUHH, 2021). The heating system is easily represented in this way,
including dynamic effects. For each heating system configuration, for example, gas boi-
lers, gas heat pumps, or electric heat pumps, one separate model is built. A schematic
of the general model is depicted in Figure [3.4l Here, all components are aggregated, so
the conventional heat producer represents, for example, all German gas boilers lumped
together, and the hot water storage is one large storage working like all German hot water
storage tanks together. The inputs and outputs of the hot water storage tank are located
at different heights, as shown in the figure, to improve storage usage.

All used models are described in Section [3.1.5 The resulting energy flows across the
system boundary, that is, required electricity or gas or generated electricity in the case
of CHP plants, can then be multiplied by the share of each configuration and passed to
the rest of the system. The energy flows of the hybrid heating systems are composed by
combining curves from the simple configurations with just one heat producer according
to the chosen balance point temperature.

The pump for the solar thermal collector is controlled so that the outlet temperature
reaches the set value, whereas the pump in the circuit of the conventional heat producers,
and the electric heating rod if one is used, ensures a minimum set temperature at the
top of the storage tank. The control of the pumps on the consumer side, the back-mixing
valve, and the electric boiler, if the conventional heat producer is an EHP, is designed so
that both circuits’ supply and return temperatures are held at their set values.

System Design

To design the system, first, the boundary conditions are set according to Section [3.2]
Second, the optimization algorithm picks sizes for all technologies, for example, electric
energy storage plants. Based on that, the nominal power of renewable power generators,
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Figure 3.4: Schematic of the general heating system model.

the amount of (hydrogen from) natural gas, and the nominal power of the gas turbines
are chosen to satisfy the following requirements:

o The power demand is satisfied at every time instance,

o the overall gas storage volume has the same state of charge (SOC) at the end of the
year as at the beginning, and

o the share of renewable energies of the primary energy demand equals the desired
value.

This is achieved by sizing the gas turbines so that the electricity demand can be met
even in the worst case of highest demand, including power for heating at norm ambient
temperature and lowest renewable generation in the year. In accordance with the tar-
geted primary energy consumption, the allowed amount of (hydrogen from) natural gas
is calculated using the primary energy consumption without natural gas, including am-
bient heat used by the heat pumps and the share of renewables. The nominal power of
renewable power generators is iterated using the deviation of the state of charge of the
overall gas storage volume at the beginning and the end of the year and applying New-
ton’s method. The renewables are split into the different technologies assuming extension
paths described in Section [3.2.2]

During the iteration, all formerly named variables are also iterated and checked against
given tolerances. If all deviations are below their respective tolerances, the iteration is
stopped, and the system is designed for the given parameters. During the optimization,
the parameters are adapted by the optimization algorithm, and the design iteration is
executed several thousand times until an optimal configuration is found.
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System Evaluation

The CO4 emissions are also determined by the model, including positive as well as ne-
gative emissions. The latter is possible when biomethane or SNG are consumed in a
non-energetic way where it is assumed that the gases are transformed into a product, and
the corresponding CO, emissions never enter the atmosphere. Only emissions from the
system directly are considered, so upstream emissions from, for example, the extraction
of natural gas or the production of components are neglected.

To evaluate the system, the system cost is calculated using the annuity method with
full-cost pricing according to VDI 2067 Part 1 (Sep. 2012)), that is, all plants are priced
as if they are newly built. For this, investment cost, operation and maintenance (O&M)
cost, lifetime as well as specific costs for natural gas, biomass, and CO, are assumed for
the future. Additionally, an interest rate and an observation period are required for the
calculation. All required data is given in Section [3.2.7]

The future developments of the prices or other parameters, for example, efficiencies,
are either taken from Palzer (2016) or are determined in the same way as Palzer (2016)
presumably did in his work. The procedure is not described there, but the following
formula gives similar results.

Two data points y; and y, are needed for the two points in time ¢; and t5. The exponent
v gives the development of the variable y over time ¢. Examples of possible curves are

given in Figure

v0) = - (1) (3.1

It is visible that a higher v leads to a faster decrease of the variable. v is either given in
the data directly or determined by curve fitting. That is why minor deviations can occur
between the fitted curve and the actual data. For data where only a start and an end
value, for example, 2013 and 2050, are given but no data in between, a linear development
(v=1) is assumed.

Variable

t1 to
Time

Figure 3.5: Exemplary curves for a variable y over time ¢ with different exponents v.
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3.1.2 Quasi-Stationary Gas Grid Computation

The algorithm for the gas grid computation is implemented in Matlab (MathWorks Inc.,
2021al). The first step is the pre-processing in which the gas grid structure and demand,
production, import, and storage data are transformed into a coherent model. The next
step is the actual gas grid computation, where a solution for pressures at the nodes and
mass flow rates in the pipes is searched, which complies with the physical laws described
in Section 2.3.6

Prior investigations with the below-described gas grid model, including compressor
stations, have shown that the compressor stations are not needed for an ideal control
of the gas grid under the assumptions made but are necessary for a real and economic
operation of several gas grid operators. Especially for the dynamic simulation, the gas
storage plants control the pressure in the gas grid, and that is why the compressor stations
are not considered in the following.

The provided gas grid data was not without faults, as described in Section [3.2.4] and
there are some assumptions regarding, for example, the gas mass flows between the consi-
dered Northern German region and the rest of Germany, see below. That is why there has
been continuous feedback to the pre-processing step after conducting the gas grid com-
putation. When the gas grid computation has finished unsuccessfully or with very low
or very high node pressures, the results were investigated closely, which enabled finding
faults in the data. Adding minor adjustments to the pre-processing, as described below,
fixed those faults.

Pre-Processing

First, different options can be set:
 time step between single gas grid computations (default 1h),
o share of renewables (60 %, 80 %, 100 %),
o if natural gas, biomethane, and SNG or hydrogen are used,
» constant gas temperature and properties of natural gas and hydrogen,
» surface roughness of pipes,

« which node is the reference node for the highest gas grid level (default Dornum in
the north west of Lower Saxony where Norwegian natural gas is imported),

o known pressure values (relative to MOP), that is, for known pressure nodes at
pressure regulating stations (default 80 % of MOP) or import nodes (default 80 bar
for Dornum (Krocher et al., 2013))),

o pressure start value (relative to MOP) (default 70 % of MOP),

« maximum gas velocity in pipes for calculation of pipe capacities (default 10m/s for
natural gas and 20 m/s for hydrogen), and

o tolerance in GPS coordinates which is used to find nodes (default 0.003°).
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The next step is to load the gas grid structure in the form of an export file from
ArcGIS (Esri Inc., 2013), and the plausibility is checked by examining if there are any
single isolated pipes. If so, they are deleted as well as other pipes which are not relevant
for the gas grid computation: import pipes, for example, Nordstream, the OPAL pipeline
(since there is no connection to the gas grid of Northern Germany), and very short pipes.
The latter are defined as pipes whose length in GPS coordinates is below the set tolerance.
Also, in some areas, the topology has to be corrected by either splitting a point because
there is no connection or combining points where there is a link that is not in the data.
Those points were found and added here manually by analyzing gas grid computation
results.

Since the whole gas grid consists of numerous subnetworks which are operated sepa-
rately and only coupled via pressure regulating stations, it is necessary to identify those
subnetworks. This also simplifies the gas grid computation because not the whole gas
grid has to be solved as a whole, but the algorithm can start at low MOP levels and
subsequently proceed to higher grid levels. The problem is that there is no reliable data
about those subnetworks and strictly splitting the gas grid depending on the MOP values
leads to a fragmented gas grid since there are many similar but still different values, for
example, 64 bar, 67.5 bar, 68 bar, and more values up to 100 bar. That is why the MOP
levels 35bar and 40 bar are combined to 40 bar, and all values above 60 bar are set to
70 bar. However, some pipes can be operated above 70 bar since their original MOP was
higher. The subnetworks are then identified using connected pipes with the same MOP.
It is important to note that the algorithm does not distinguish between transmission sys-
tem operators and distribution system operators to enable the integration of biomethane,
hydrogen, and SNG from PtG also in areas where there is no transmission gas grid. So,
the whole 70 bar gas grid is operated as an entire grid.

In the next step, different manual modifications of pipes are made to avoid problems in
the gas grid computation as already mentioned above. The original gas grid data is likely
faulty in those cases:

» Single pipes with a different MOP or diameter than the surrounding gas grid are
assimilated.

e In some subnetworks at specific time instances, there is an import from the not-
considered part of Germany, which leads to too much gas input in those subnetworks.
To avoid this, the MOP of the subnetwork is increased to be merged with the
surrounding gas grid.

e In some NUTS 3 regions, there is no 70 bar gas grid, so the MOP of certain pipes
is increased accordingly to get a connection from the region to that gas grid.

e At certain nodes, the pressures are very high or very low, sometimes even below
zero, which hints at too small pipes, so selected pipe diameters are increased. One
example is the connection to the underground storage plant Kraak.

o Gasnetz Hamburg GmbH (2021) and Harz Energie Netz GmbH (2021)) state much
higher average diameters in their gas grids than the values in the data. Since there
is no more detailed information, which pipes have which diameter, the average value
is used for all pipes of each operator.
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Figure 3.6: Topology representation before and after adding internal pipes and nodes to
a pressure regulating station.

o In the future, there is assumed to be a lot of biomethane, hydrogen from biomass
and PtG feed-in in the state of Schleswig-Holstein. That is why the pipe capacities
are not sufficient, and the diameters are increased. Also, one short connection was
added northwest of Hamburg to mitigate a bottleneck.

The next step is to place the pressure regulating stations on nodes where pipes with
different MOP values meet. Since unequal pressure values from the different subnetworks
would appear in the same node, the node has to be split, and internal pipes are added. An
example is shown in Figure 3.6, Those internal pipes do not have a surface roughness like
an ordinary gas grid pipe, but the pressure loss results directly from the nodes’ pressure
difference. The outlet node of a pressure regulating station is also added as a known
pressure node with the value relative to the MOP, which was chosen initially.

After that, different data sets are imported. First, the required fluid properties density
p, dynamic viscosity 1, and gas law deviation coefficient K, of natural gas and hydrogen
are modeled using quadratic correlations depending on the integral mean pressure p,, in
each pipe as in Equation . The coefficients for those correlations are imported here.

P = 0Qp1+ Qp2Pm + Oép,ap?n (3.2)
1= Qy1 + Gy 2Pm + 3Dk, (3.
Ky = ag, 1+ ak,, 2Dm + OéKm,3p12n 3.4

Second, the pressure values for known pressure nodes on the 70 bar level are loaded,
which are all import nodes. Third, all necessary data for the determination of the mass
flow rates at the nodes is imported. This includes the positions of underground gas
storage plants and import or export nodes, as well as the corresponding curves. For each
NUTS 3 region, the demand curves, as well as biomethane, hydrogen from biomass, and
PtG production curves, from the optimization are included. Those curves have to be
disaggregated and assigned to the nodes of the gas grid.

To achieve this, first, the curves are interpolated if they are not already in the right
time resolution, which is desired for the gas grid computation.

Second, the mass flow rate capacities for the pipes are set. For gas grid pipes, the
capacity C is calculated as following using their cross-section wD?/4, the density p at
MOP, and the maximum velocity wax.

s
4

Pressure regulating stations have zero as lower bound and half the capacity of the

C; = —D7p (prop i) Wnax (3.5)
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largest connected upstream pipe. The capacities of certain pressure regulating stations
are decreased manually to avoid too low pressures.

Third, the gas transfer mass flow rates between Northern Germany and the rest of
Germany are determined. Since there is no data about this gas flow, it has to be modeled
by taking the gas grid structure into account. According to the transmission gas grid
operator in Mecklenburg-West Pomerania ONTRAS (no date), the only entry point into
the ONTRAS gas grid from the rest of the gas grid in Northern Germany is via the
underground gas storage Kraak. Since ONTRAS does not supply some very western
parts of Mecklenburg-Western Pomerania, it is assumed that 98 % of the difference in mass
balance in the state are imported from or exported to Brandenburg, south of Mecklenburg-
Western Pomerania. It is assumed that the gas exchange between Lower Saxony and the
surrounding states in the south closes the mass balance, including all gas import, export,
production, consumption, and storage. This results in an inner-German export from
Lower Saxony to the rest of Germany for more than 99 % of the hours of the year.

Those overall transfer curves for Lower Saxony and Mecklenburg-Western Pomerania
are then split up and assigned to all inner-German transfer nodes, that is, nodes that
lie on connections to the rest of Germany, by taking into account the capacities of those
transfer pipes. To account for the different tasks of the 70 bar pressure level compared
to the lower pressure levels, that is, transmission and distribution, the capacities of the
latter are assumed to be 10 % of the respective nominal capacities. Shares of certain pipes
are even further reduced to avoid too low pressures. For two transfer pipes between Lower
Saxony and North-Rhine Westphalia, the sign of the share has to be switched since those
pipes have a higher MOP than the surrounding Northern German gas grid, which means
that they work as import, not export pipes, contrary to all others.

Fourth, the mass flow rates of consumption and production at all nodes in the Northern
German gas grid are determined by combining the different demand and production ca-
tegories. Gas consumption of power plants and biogas and PtG feed-in are only assigned
to nodes on the highest pressure level in their respective NUTS 3 region. Power plants
are usually located there due to their high consumption, and there would be the risk of
excess gas supply on lower pressure levels if biogas and PtG feed-in were allocated on
those levels. In contrast, mass flow rates related to import or export and storage plants
are assigned to the corresponding nodes only, and the gas demand of households, com-
merce, trade, and services, as well as industry, are allocated to all nodes in the respective
NUTS 3 region regardless of their MOP. Within every NUTS 3 region, each demand and
production category is assigned proportionally to the largest capacity of connected pipes
at each node.

Afterward, the nodal incidence matrix is set up as described in Equation (2.26). If the
detailed pressure loss calculation is used, all nodes’ pressures must be calculated based
on the mass flow rates in all pipes using the detailed Equation . An efficient way
is to choose one known pressure node for each subnetwork as the origin. Then for each
load node, the shortest path to the origin is searched, and the pipe data is written into
the pressure matrix X. This leads to a vectorized form of Equation for a network
with ng nodes and m pipes.
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P - Porigin + XF (36)
[T T2 o Tim
X Ta1 T2 o To2m (3.7)
L Tngl Tng2 - Tnegm
16 1; RT if pipe 7 is part of the shortest
Tij = w2 D? path between node i and origin (3.8)
0 else
I m%/\le,l
maXo K
F=| (3.9)
L m%@Ame,m

In this case, the most centered known pressure node is selected for each subnetwork. It
is found by going through all known pressure nodes, finding the shortest paths to all nodes,
and summing up the ratios of length to diameter per pipe for all paths. This reflects the
pressure losses over all paths according to Equation , assuming a constant velocity in
the whole subgrid. The known pressure node with the lowest sum of length to diameter
ratio is picked as the origin for this subnetwork.

Gas Grid Computation

After the pre-processing, the actual gas grid computation can be done. The algorithm
goes through all MOP values in ascending order and through each subnetwork in the
MOP level. Like this, the gas grid is solved from bottom to top.

First, the reference nodes or known pressure nodes have to be identified. Those are all
nodes on the lower level of a pressure regulating station, all inner-German transfer nodes
in Mecklenburg-Western Pomerania since they primarily supply gas to the region, and
the two inner-German import nodes in Lower Saxony.

Second, all load nodes are searched, that is, all regular nodes and nodes where there
is a pressure regulating station connected, which leads to a lower MOP level. The latter
is transformed into a load node since the mass flow rate through the pressure regulating
station is known because it leads to an MOP level that has been solved already.

Third, dendrites have to be found to split all pipes into tree branches and chords. The
algorithm starts at each reference node and adds all connected branches to the dendrite
as long as this step does not create any loops or connections to another dendrite. It
gradually continues by adding all connected pipes at the newly added nodes with the
same condition and so on until all nodes are included in dendrites. All branches, which
are part of a dendrite, are tree branches and all others are chords.

Now, the gas grid can be solved using the equations described in Section but
modified to work for mass flow rates. Based on arbitrary start values for the chords’
mass flow rates, the tree branches’ gas flow can be calculated using an adapted version of

Equation (2.35)).
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1y = Ay + Bl (3.10)

In the first iterations, the Panhandle "A’ Equation (2.38)) is used due to its high nu-
merical efficiency. It also has to be adapted for the use with mass flow rates instead of
volume flow rates and SI units. p, is the norm density of the gas.

li 3600 - 72, \ " \e
@(Qi)zAR:18.430'92(10_3.&)4.854( - ) - (10%) (3.11)

Equations (2.40) and (2.41)) are then converted to

- 6?1 O -
0m1
O (i) 0,
m N
om 2 (3.12)
b,
0 _
I om,, |
I; 3600 - 772, | % )
1.854 - 18.43 d ‘ (10%)% ifi=j
rij = 0.92 (1073 - D)*®* | pa (10 J (3.13)
0 if § £ 5.

If the algorithm detects convergence or clear divergence, as described below, it switches
to the use of the detailed pressure loss computation. For this, all node pressures are
determined using Equation in an iteration loop with Equations and .
The Reynolds number is calculated using Equation , and density, viscosity, and gas
law deviation coefficient are determined using the quadratic correlations (Equations —
(3.4)) with the integral mean pressure in Equation (2.20). The loop iterates until the
changes in pressure fall below a specified tolerance, and then, the pressure losses over all
pipes are calculated using Equation (2.37)).

The next step is to determine the derivative of the detailed pressure loss computation
with respect to the mass flow rate, but it cannot be done analytically since the friction
factor depends on the mass flow rate in a nonlinear way. That is why it is approximated
by varying the mass flow rate slightly by +£107%kg/s and calculating the corresponding
pressure loss. Each entry r;; is then approximated by

@ (s + 10 kg/s) — B (si; — 10 kg/s)
T 210 Skg/s

. (3.14)

The new pressures are calculated using Equation (2.42)), and afterward, the new mass
flow rates can be determined with the following equations.

Az = (RY) ™ (-ATPT — AF?) (3.15)
It = mZ + Am? (3.16)
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To limit the mass flow rate fluctuations and help convergence, the mass flow rates are
limited using the capacities multiplied by a factor depending on the used gas: 2 for natural
gas and 5 for hydrogen. The values were chosen since they facilitated fast convergence.

Convergence of the iteration is detected by evaluating the 1-norm of the average change
in mass flow rate per pipe N~*.

4
A

m

N = H (317

1

For N* > 10%kg/s, the iteration tends to diverge. In that case, the pressure loss
calculation is switched from Panhandle A’ to the more detailed but slower computation.
The same is done for N* < 107%kg/s if Panhandle "A’ is still used, but if the detailed
pressure loss calculation is already used, the iteration converged, and it is stopped.

In some cases, the iteration gets stuck at values of N > 10~%kg/s, and it was observed
that multiplying Equation with a factor greater than one can improve the conver-
gence behavior. That is why that factor is multiplied by 10 every time the iteration has
not converged after 50 steps.

The last step is to check if any pressure regulating station violates its capacity limitation
because the gas grid computation algorithm does not limit the mass flow rates at the
reference nodes. In case there is a violation, the mass flow rate of that pressure regulating
station is set to the closer bound, that is, zero for negative values or the capacity for
higher values, and the algorithm starts again with finding the dendrites.

3.1.3 Aggregation of Gas Grids

Based on the aggregation algorithm of Loewen (2001)), the so-called German method, an
aggregation method for gas grids is developed and implemented in Matlab (MathWorks
Inc., 2021a)). The main modification made is the adjustment for changing fluid density
which has been neglected by Loewen (2001). Also, algorithms for the aggregation of short
pipes and insignificant pipes have been added.

Since heat losses do not play a role in gas grids and the temperature is often assumed
to be constant (Cerbe et al., 2017), the temperatures and heat loss coefficients are not
considered anymore in the following.

For the implementation in the code, special attention has to be paid to the signs of the
mass flow rates at the nodes and in the pipes.

First, some basic equations for the pipe volume Vp and the time delay 7p, that is, the
time a fluid particle takes to flow through the pipe, are presented, which will be used in
the following.

Ve = ©D}lp (3.18)
rivp
" Ve (3.19)

The last step in every aggregation step is to modify the surface roughness of all modified
pipes so that the pressure loss stays the same according to Equation (2.21)). Due to the
aggregation, the pressure loss may be so low or so high that it is not possible to find a
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value for the surface roughness either because it would have to be less than zero or very
large compared to the diameter (k/Dp > 0.1). For those cases, a factor f is added to
Equation ([2.22)).

Pl —ps = LSAZ%RTmI%Kmf (3.20)

w2 Dp

With this equation, also negative pressure losses would be possible with f < 0, which
could occur in some aggregation steps, but that would be numerically unstable, especially
in dynamic simulations: With a given inlet pressure at a pipe, an increasing mass flow
rate would lead to a decreasing outlet pressure which would again increase the mass flow
rate and lead to simulation failure. That is why in some steps, special attention has to
be paid to avoid this, as will be described in the respective steps.

Serial Pipes

For the aggregation of serial pipes, as shown in Figure 2.5] the serial pipes must be found
first. To achieve that, a loop goes through all remaining nodes of the considered gas grid
and analyzes if only two pipes are connected to it, none of those pipes is excluded from
aggregation, and the gas flows in the same direction. The latter is ensured by checking
the pipes’ mass flow rates and the pressures at all nodes. If all those conditions are true,
the aggregation is started. If not, the next node is examined.

To calculate the length and the diameter of the resulting pipe, the conditions from
Loewen (2001)) are used: Pipe P1’ is as long as P1 and P2 together, and the diameter is
calculated so that the gas grid volume stays the same.

lpr = lp1+ lp2 (3.21)
2 2

Dpy = \/ Diyles 1 Dpyles (3.22)
lp1 + lpo

To determine how node N2 is split and added to N1 and N3, the same condition as in
Loewen (2001) is applied: The time delay of P1’ is the same as P1 and P2 combined, but
the variable density has to be considered.

TPy = Tp1 + Tpo (3.23)
Voropyr Vi Vi
p.l P _ P}PPI 4 1>'sz2 (3.24)
mpq mpq mpa
T2 T 12 T™ N2
ZDPI./ZPI’pPl’ _ ZDP}ZPlpPl n ZDP?ZPQIOPQ (3.25)
mpy mpq mp2

2
DpylPl’pPl’
2 2
Dt lp1pp1 I Dgolpappa
mpq mpo

= mpy =

(3.26)

Due to the variable density, Equation may lead to mass flow rates less than the
smallest or greater than the largest mass flow rate in P1 and P2. This would mean that
part of the consumer at N1 is moved to N3’ or vice versa, which should not be part of the
aggregation. That is why rpy is limited accordingly, which leads to a small error in the
time delays.
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To determine the mass flow rates at nodes N1’ and N3’, the equations from Loewen
(2001)) can be used.

MmNy = MmNy + Mmp1 — Mmpy (3.27)

mNg = MNg + Mp1 — 1Mp1 (3.28)

Parallel Pipes

The aggregation of parallel pipes is shown in Figure 2.6 To find parallel pipes in the
gas grid, a loop goes through all pipes and searches parallel pipes, that is, at least two
pipes with the same start and end node, respectively. If there are any and none of
them is excluded from aggregation, the algorithm proceeds with the main section of the
aggregation algorithm. If there are more than two parallel pipes, the first two are picked,
and the remaining pipes will be aggregated in the following executions of this algorithm.

To determine the length and the diameter of the resulting pipe, the same equations as
in Loewen (2001) can be used since the density is identical in the parallel pipes because
inlet and outlet pressure are identical. The length is weighted by the mass flow rates, and
the diameter is calculated so that the volume stays constant. At the end, the mass flow
rates are added.

. ; 5
mpy lpl mpo ZPQ
l — 3 - - - l D2 + l D2 3.99
" (mPl +1py Dpr  1hpy + 1ipy DP2> (lp1Dpy + lp2Dpy) (3.29)
. - -
el lPl mp2 lpg
o (mpl + mp2 Dp1 mp1 + Mpa DP2> ( P1L/pg P2 P2> ( )
ey = e e (3.31)

Terminal Pipes

The aggregation of terminal pipes is shown schematically in Figure [2.7] To find terminal
pipes, first, terminal nodes are searched by examining how many pipes are connected to
each node. If one node with just one pipe is found, that pipe is classified as a terminal
pipe. In the next step, the algorithm checks that the terminal pipe is not excluded from
aggregation and that it is not a serial pipe because then it should be treated by the
aggregation of serial pipes first.

Afterward, a loop goes through all pipes, which are connected to the terminal pipes,
to find a possible match into which the terminal node can be aggregated: First, the
connected pipes are sorted descending by their time delay, and it is checked that there
are no parallel pipes so that this step does not prohibit the aggregation of parallel pipes.
The connected pipe should not be excluded from aggregation and should have a mass flow
rate unequal to zero. Also, the gas in both pipes should flow in the same direction: either
enter the common node or leave it. Furthermore, the connected pipe’s time delay has to
be greater than that of the terminal pipe so that the terminal node can be placed into the
connected pipe. To increase the number of terminal pipes which can be aggregated, this
time delay condition can be ignored using a flag in the options. In this case, connected
pipe’s time delay is set to 101 % of the terminal pipe’s time delay to force the condition
to be true and avoid errors in the following equations. At the end, the pressures at the
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nodes are checked to avoid negative pressure losses in any of the new pipes, so the pressure
value of the terminal node has to lie between the values of the start and end node. If all
conditions are satisfied, the aggregation is started. If not, all other connected pipes are
examined, or, after that, the following terminal node is investigated.

For the aggregation, the same conditions as by Loewen (2001) are used: The length is
weighted by the time delay, and the mass flow rates in P1 and P2 are added for P1’.

lpy = lm? (3.32)
P2
lpy = Ips (1 - :Pl> (3.33)
P2
mpll == mpl -+ mP2 (334)
Mpy = Mps (3.35)

To calculate the new diameters, the velocity in P1’ should be the same as in P2, and
the gas grid volume should not change, as stated by Loewen (2001), but due to the
compressibility, the variable density has to be considered. Here, pp;r = pp; holds since
the pressures at the nodes stay the same. The equations below use the time delay instead
of the mass flow rate to enable its modification, as stated above, so that the time delay
condition can be ignored.

wp1r = Wp2 (336)
4mp1/ 4mP2
= 3.37
mDRuppr TDRppo (3.57)
= Dpy = \/Dg,zpp2 (1 + mPl) (3.38)
PP1 mpa
PP2 pp1VpP1Tp2
=.D:—= 1+ > 3.39
"2 pp1 ( pp2VpaTr1 (3.39)
PP2 PP1ZP1D12:17’P2>
=D —=(1+—7 "= 3.40
P2,0131 ( PP2lP2D12azTP1 ( )
-1
Dpy = | D2, (1 - ppgﬁ“) (1 - T“) (3.41)
PP1TP2 TP2

The new GPS coordinates of node N2 are calculated using the coordinates of N1 and
N3 and the length of P1” and P2'.

Contrary to Loewen (2001), no aggregation of terminal pipes into pipes, which are
further away in the gas grid, is implemented to avoid too substantial modifications of
the gas grid’s geographic structure. Also, no additional algorithm for the case of almost
identical time delays of the terminal and connected pipe is integrated since it is not found
to be necessary: When the time delay condition is ignored, the most important is that the
pressures are consistent, and even without those additional algorithms, high aggregation
grades can be achieved.
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Loops

Loewen (2001) suggests two different treatments of loops: either conversion into serial
pipes or splitting into two branches, but the decision-making cannot be automatized.
Here, only the first option is implemented since it is more suitable for highly meshed gas
grids and avoids the necessity to pick the kind of treatment for each case manually. An
example is shown in Figure [2.8

Figure shows a flowchart of the algorithm. It starts with a search for loops in the
remaining gas grid by going through all pipes and looking for the shortest path between
the pipe’s start and end node without using the pipe itself. This way, small loops are
found, which have a higher chance of being aggregated than larger, more complex loops
that are not found by this algorithm.

All loops with more than two nodes are gone through in ascending order of the circum-
ference. Then different conditions are checked as described below. If all conditions are
satisfied, the aggregation is made, and the next loop is examined until all loops have been
checked. Then the loop finding algorithm is started again, and the whole process starts
from the beginning. Everything is executed repeatedly until no loop can be aggregated
anymore.

The following conditions have to be true to allow the algorithm to aggregate the cur-
rent loop: First, it is verified that none of the nodes was part of a loop that has been
aggregated in a previous step of the current execution. This is necessary because the
gas grid structure changed in that area, and the current loop might not exist anymore.
Second, all corresponding pipes of the loop are searched and checked that none of the

Loop finding
algorithm

l

Pick first loop

Pick next loop

false

No loop

Current loop has been agg-

is last loop

Aggregation
conditions

Aggregation

Figure 3.7: Flowchart of the aggregation algorithm for loops.
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pipes is excluded from aggregation and all mass flow rates are unequal to zero, which
would otherwise lead to problems in the equations. Third, the mass flow directions in
all pipes are examined. To aggregate the loop, it has to be split into two paths with the
same mass flow direction each, and the paths meet in the common start and end node.
Fourth, each path’s time delay has to be longer than the other path’s time delay without
its last pipe, as is stated by Loewen (2001). To avoid negative pressure losses, the nodes
are not sorted by time delay as suggested by Loewen (2001) but by pressure. This can
lead to negative time delays, which will be treated later.

For the following equations, the pipe indices before aggregation are chosen so that they
are already sorted in the order of aggregation, as indicated in Figure[2.8] np is the number
of pipes in the considered loop, np; and npy are the numbers of pipes in paths 1 and 2
of the loop, respectively. The calculation of time delays is the same as done by Loewen
(2001)).

4mPi .
P L - Vi=1.. 3.42
B ™ Dl%ile’pPi ' " ( )
™1 = TP1 (343)
7 i—1
TPy = ZTPJ — ZTP]'/ VZ = 2nP — 2 (344)
=1 j=1
. n . n np—2
MPnp, P1 M Py P2 P
TPnp—1/ = — : Tpj + — : Tpj — Tpj! 3.45
Pt Mpnp, + Mppp, ; ! MPnp, + MPnp, ; ’ ]ZI ’ ( )

Sorting the nodes by pressure may result in negative time delays. In this case, the
concerned values are set to 1s to enable using the following equations. The error is
limited to the time delays and does not significantly influence the simulation of the gas
grids since the pressures and pressure losses are ensured to stay the same.

If there is a direct connection in the loop, that means one of the paths consists of just
one pipe, the length of the remaining pipes is set as the length of all pipes in the not-direct
path.

The calculation of the new mass flow rates and lengths is done according to Loewen
(2001): The mass flow rates of the combined pipes Pk;; and Pk;; are added, and the
lengths are weighted by the time delays. The equation for the diameter also considers the
variable density.

Mpy = Mpg;, + Mpk;, Vi=1l.np—1 (3.46)
TP <
lpv =<1 — 2 1pj (3.47)
Zj£1 ! TPj ]2::1 ’
i‘, Tos np 1—1
lPi’ = % Z lpj - Z lpj Vi= QTLP -1 (348)
251 Tpj = j=1
lpnp—11 = lppp (3.49)

drpy Tpyr :
Dpy = || 20707 Vi=1l.np—1 (3.50)
Tppirlpy
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Figure 3.8: Topology representation before and after the aggregation of an insignificant
pipe.

Due to the variable density, there is a slight change in the gas grid volume after using
the above equations. To ensure constant volume, the diameter is scaled linearly according
to the error.

To avoid too extreme changes in the visualization of the gas grid, the GPS coordinates
stay the same, that is, N1 = N1’ and so on, and the last node is deleted.

Insignificant Pipes

Loewen (2001)) also refers to one source which mentions that terminal pipes can be deleted
when pipe length or diameter or the consumption at the end is too small. This attempt
was modified and implemented as follows.

The algorithm starts with the same first steps as the algorithm for terminal pipes. If
the time delay condition fails and ignoring the condition is not allowed, or the pressure
condition is not true, the following steps are executed.

First, the aggregation of insignificant pipes has to be allowed by the current options
and, second, the mass flow rate or volume of the pipe has to be below the specified limits.
If so, the aggregation is possible, as is illustrated in Figure [3.8f Node N2 and pipe P1 are
deleted, and the consumed or fed in gas mass flow rate at N2 is added to N1.

Short Pipes

Also, for short pipes in gas grids, Loewen (2001)) names one reference, which states that
short pipes can be eliminated as long as they are not bottlenecks in the gas grid. This
inspired the following algorithm in which the check for bottlenecks was neglected since
the algorithm is designed to minimize errors in time delays and pressure losses and thus
covers bottleneck situations as well, as long as the chosen time instance of aggregation
covers possible bottlenecks.

To find short pipes, a loop goes through all pipes and checks that the pipe is not
excluded from aggregation and is neither a terminal nor a parallel pipe. If the pipe’s
length is below the specified threshold, it is classified as a short pipe, and the mass flow
directions of all connected pipes are examined. Depending on whether the gas in all pipes
connected to the start node or the end node, respectively, flows in the same direction
and there are no zero mass flows, two different aggregation methods are used. Either the
short pipe is aggregated with the connected pipes on one side or it is split in two and
aggregated with the corresponding connected pipes.

If the mass flows are unidirectional at one of the nodes, that node is deleted and the
short pipe is aggregated with the connected pipes because, like that, the time delays
between all nodes can stay the same. An exemplary topology representation is shown in

Figure
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P2 P2’

N1 N2 N1

P1
P3 P3
Figure 3.9: Exemplary topology representation before and after the aggregation of a
short pipe where N2 and P1 are deleted and pipes P2 and P3 are adapted.

The next step is to check for all connected pipes that the sign of the pressure loss does
not change when the node is deleted to avoid negative pressure losses. To increase the
number of cases where this is true, it is possible to pick the pressure value of the remaining
node N1’: It can either take the value of N1, N2 or the arithmetic mean of those two, and
the pressure losses in all affected pipes change accordingly.

If all conditions are true, the following equations for a pipe P1 with nodes N1 and
N2, which are aggregated into N1’, are utilized. The np pipes, which are connected to
N2, are called P2...Pnp + 1. The mass flow rates at the nodes N1 and N2 are simply
added, and the time delays of the modified pipes P2'...Pnp + 1’ are calculated by adding
the time delay of the short pipe to the time delay of those pipes since the gas flows are
unidirectional. In some cases, the short pipes’ time delays are very long due to very small
mass flow rates, which can lead to extreme changes in time delays, and thus lengths, for
the new pipes, resulting in larger errors in different flow situations. If that is the case,
the short pipe’s gas velocity is set to a minimum value of 0.1 m/s. The pipe lengths are
prolonged according to the time delays, and the diameter is calculated using the equation
for the volume with the new density.

MmN = MmNt + N2 (3.51)
4rip; .

i = —— Vi=1.. 1 3.52
® WD%)ilpippi L np + ( )
Tpit = Tp; + TpP1 Vi=2.np+1 (3.53)
lpi/ = ey lpl' Vi= 27”&13 +1 (354)

TPi

A1p;mp; .
Dpy = (| 2P Vi=2.np+1 (3.55)
mlpippir

Due to the variable density, there is a small error in grid volume, which is corrected by
slightly adapting the diameter accordingly.

If the gas flows are not unidirectional at neither start and end node, the same procedure
is used except that half the short pipe is aggregated into the pipes connected to the start
node and the other half to the pipes at the end node by exchanging 7p; for 7p1/2 in
Equation ((3.53)).

Overall Algorithm

To reduce the error propagation during the aggregation, first, the remaining minor errors
from the gas grid computation are corrected by modifying the mass flow rates at the nodes
so that Kirchhoft’s first law is correct and by adjusting the surface roughness in the pipes
so that the pressure losses equal the pressure difference at the nodes.
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Afterward, the aggregation can begin. The above-described steps are executed in a
particular order to increase the efficiency of the algorithm:

« parallel pipes,

e terminal pipes,
 serial pipes,

« parallel pipes,

e loops,

« serial pipes, and
« parallel pipes.

Since parallel pipes can block several other algorithms, the aggregation algorithm for
parallel pipes is always executed when the previous algorithm might have created new
parallel pipes. Aggregation of terminal pipes and loops usually results in serial pipes, so
the aggregation of serial pipes always follows. After each complete run of the algorithms
given above, the aggregated gas grid data is saved to a file. Also, it is checked if at least
one node or pipe has been aggregated. If so, all algorithms are started again in that order.
If not, the aggregation of short pipes is executed with the current limit, which starts at
10m. If no short pipes can be aggregated, certain algorithms are activated or limits
are increased as listed below, and all algorithms are started again until no aggregation
happened again and the next option is set. The options are:

1. The time delay condition (time delay of terminal pipe has to be less than the time
delay of the connected pipe) is ignored from now on for the aggregation of terminal

pipes.

2. The aggregation of insignificant pipes is activated, which is part of the algorithm
for the aggregation of terminal pipes. The limits for mass flow rate and volume for
identifying insignificant pipes are set to 1071%kg/s and 100 m?, respectively.

3. The maximum length for the aggregation of short pipes is increased, first to 1000 m
and then in 1000 m steps.

The aggregation stops if either a specified number of pipes has been reached or no
aggregation has been made in the last run through all algorithms, all options have been
activated, and the maximum length for the aggregation of short pipes has reached its
ultimate limit of 100 km.

3.1.4 Aggregation of Power Grids

For the aggregation of the power grid, the algorithm of Heckel et al. (2020) implemented
in Matlab (MathWorks Inc., 2021a)) is used. The method is split into two steps: First,
nodes with low electric distances are clustered together to reduce the total number of
nodes. Nodes with high power production or consumption are excluded from elimination
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to reduce the resulting error. Second, the transmission lines for the new nodes have to be

found. This is done by combining the lines of the same type which connected the different

nodes before by creating several parallel transmission lines with averaged properties.
These two steps are executed until the desired number of nodes has been reached.

3.1.5 Models for Dynamic Simulation

In this section, all models for the dynamic simulations are described, first the component
models and then the dynamic IES model. Except for the superstructure, all models are
part of the open-source TransiEnt Library (TUHH, 2021)), and only a short description
will be given here.

The TransiEnt Library is written in the open-source programming language Modelica
(Modelica Association, 2021). It is an object-oriented, equation-based, and acausal lan-
guage that allows physical modeling with a high grade of reusability. Differential equations
can be included in the models so that dynamic effects can be considered. Furthermore,
multi-domain systems can be built so that, for example, the power, heat, and gas sector
can be represented in one system model. As simulation environment, Dymola (Dassault
Systemes, 2021)) is used.

For all models, the following sign convention applies: All flows, for example, mass flow
rates, heat flow rates, electric powers, have a negative sign when leaving the respective
component and a positive sign when entering it.

Pipe

The pipe model is based on the discretizable pipe model in the ClaRa Library (TLK-
Thermo, XRG, et al., 2021)). The modeling approach follows the finite volume method
for a one-dimensional flow, and the media properties are provided by the TILMedia Li-
brary (TLK-Thermo and ift, [2021)). Each of the ncy control volumes contains dynamic
mass balances for the entire fluid, Equations and (3.57), mass balances for the
Neomp components of the fluid, Equations —3.62, as well as an energy balance,
Equations (3.63)-(3.66) (TLK-Thermo, XRG, et al., 2021)). Here, the mass flow rates are
positive if they flow in the direction of increasing i. The variables with the indices inlet, in
and outlet, in enter the inlet or outlet of the pipe from the outside.

do:
d’:vi = 1 — T Vi=l.ncy  (3.56)
dpi 8,0Z (9,01 Moomp 1 .

=Di hi i Vi=1.. 3.57

dt p apl hzvgz _'_ ahz piufz + Z f J a€ p'u 0 Z nCV ( )
dé&; ; - . - : 1= 1..ncvy,

dt mev,; = (:i,j - mifi,j) - (:iJrl,j - mz’+1§i+1,j) vj = 1,,,nwmp -1 (3-58)

> Gii=1 Vi=1.ncy (3.59)

Vj=1.nemp—1 (3.60)

. {mlginlet,in,j if iy >0
‘_‘17-]' -

m1fl,j if hy <0
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= {mifi—l,j if ; >0 i =2..ngv, (3.61)

T mifiJ if m; <0 J = 1mncomp —1

aWHJz{ ovtifnov ovH Vj=1.Memp—1 (3.62)

mncv+1£outlet,in,j if mnCVH <0

dh; : : : dp; dp; .
d mev; = Hl - Hi+1 + Qz + E‘/z - Ehl‘/z Vi= 1...nc\/ (363)
i — 11 Dintet,in~ 1f 7727 > 0 (3.64)
T iy if 712y < 0 '
. rihiy i 1y > 0 ,
H;, = Vi=2. 3.65
{mm if 1i; < 0 PT Sy (3.65)
H L= mnc\/+1hncv+1 lf mncv+1 2 O (3 66)
nov mncv+1h0utlet,in it mncv+1 <0 '

To this model, different simplifications were applied, and the pressure loss model was
exchanged for a more exact formulation.

If the gas composition is constant, Equations — can be left out. Also, if only
one component is freely variable, for example, when hydrogen is injected into natural gas
with otherwise constant composition, all other components are dependent on this one free
component and can be calculated using their default mass fraction &; ; qe. This aspect can
be generalized for all indices Jeomp,free Of the free components, and all, except one, indices
of the dependent components jeomp.dep—1 i Equations and , which replace
Equation (3.58)). This leads to a reduction of the so-called states, that is, the variables
whose time derivatives appear in the system of equations, which results in increased
numerical efficiency.

dgi,' - . - . 1= 1...7’ch,
dt] mecv,; = (:i,j - mifi,j) - <Ez’+1,j - mi+1£@'+1,j) j= jcomp,free (3-67)
1— E gi,z .
é_' - z:jcomp,free E ot \V/ 1 = 177/0\/7 <3 68)
" 1- Z gi,z,dcf e j = jcomp,dep—l

Z:jcomp,free

Despite these simplifications, all components’ gas properties still have to be computed
by the TILMedia Library. That is why the mixture of natural gas and hydrogen is
simplified to be a methane-hydrogen mixture to reduce the computation time for the gas
properties. The error is negligible since the assumed Russian natural gas has a methane
content of 98.3vol% (Cerbe et al., 2017)).

In case of the common simplification of an isothermal flow, that is, for ideal heat
transfer between the gas and a constant pipe wall and ground temperature or for negligible

temperature changes, Equation (3.69) replaces Equations (3.63))-(3.66]).
T‘i e Tground Vi= 1---nCV (369)
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Figure 3.10: Comparison of different implementations of the pressure loss calculation
for exemplary conditions of D = 0.5m, [ = 100km, & = 0.1mm, m = 17kg/s, p; =
17.013 bar, and f = 1.

The dynamic viscosity is needed for the pressure loss calculation, as explained in
Section [2.3.5 but the TILMedia Library does not provide the value. Since the dynamic
viscosity does not strongly depend on the pressure, its influence on the pressure losses
is small, and to avoid nonlinear equations, linear correlations depending on the pressure,
temperature, and composition are used.

Mcomp -1

nm,i = Oén,l + O£n72pm,i + anngmﬂ' —+ Z O‘n,3+j§m,i,j V 1= 1---nCV (370)
7=1

The pressure loss over the whole pipe is split into pressure losses between the control
volumes and, if desired, into a pressure loss before the first control volume, a pressure loss
after the last control volume, or both. Switching on the pressure losses at the inlet and
outlet can improve numerical performance. Since the gas flow in the pipe is compressible,
Equation should be used. This leads to a strongly nonlinear system of equations,
and the compressibility factor is needed, which is not provided by the TILMedia Library.
That is why the compressible pressure loss calculation is compared to the incompressible
pressure loss calculation in Equation which requires no compressibility factor and
leads to a less nonlinear system of equations. For this, the changes of density in each
control volume are neglected. As can be seen in an example shown in Figurem (red line),
that equation only leads to exact results of the outlet pressure when a high discretization
is used because otherwise, the density changes are not negligible. However, a high number
of control volumes leads to slow simulations.

That is why Equation is adapted by applying Boyle’s law in Equation and
transforming the ideal gas density back into the real gas density.

o\ I p2_Hm (3.71)

—AE
™ D5 Pm,arithm Km,arithm

b1 — P2 =
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To avoid the nonlinearity in Equation for the integral mean pressure and the gas
law deviation coefficient, which is not provided by the TILMedia Library, Ky, ~ Ky, arithm
is approximated. For Equation and the calculation of Re for A, also pm = Pm arithm
Ty = T arithms Em = Emoarithms Pm = Pmarithm a0 m = D arithm 1S assumed. To adopt the
modification of the pressure losses from the aggregation, the factor f is added as done for

Equation (3.20]).

8 .1 1
R e ——— 3.72
b b2 772 D5 pm,arithmm f ( )

As shown in Figure m (yellow line), this gives good results while avoiding a strongly
nonlinear system of equations.

A parameter study over a wide variety of inlet pressures, pipe diameters, pipe lengths,
mass flow rates, and surface roughness values showed that high deviations between the
compressible and adapted incompressible computation only occur for high inlet pressures,
that is, 70 bar and above, and at the same time very low outlet pressures, that is, close
to 1 bar. Those values do not appear in regular operation, and the error in pressure loss
was below 0.01 % for more than 75 % of investigated parameter sets for natural gas and
82 % for hydrogen.

Since Equation is still nonlinear, numerical problems can occur, especially around
zero mass flow, which slows down the simulations. To avoid that, a linearization is used

below a specified pressure loss threshold (TUHH, 2021)).

Junction

The junction consists of one volume with a desired number of ports, and the model
contains mass and component mass balances as well as an energy balance similar to the
pipe model. Also, the same simplifications for changing compositions and isothermal
conditions can be applied. For improved numerical behavior in some situations, simple
pressure losses at the ports can be turned on, which depend linearly on the mass flow rate
through the port.

Gas Storage

The gas storage plants are represented by a very simple model. Energy for compression
and expansion is neglected since it is small compared to the enthalpy of the gas and all
other components work isothermal. The gas storage volume itself contains a mass balance
for the entire fluid and n¢omp — 1 component mass balances.

dm . .
Al = Minlet + Moutlet (373)
dt
dm; . . .
dl;CV = My inlet T MM outlet Vi= 1--‘ncomp -1 (3'74>

The gas storage plants are controlled so that the pressure of the corresponding node
equals the set pressure under the restrictions of the gas storage capacity and maximum
injection and withdrawal capacity. The set pressure is composed of two parts: First, a
nominal value psior set,nom Which depends on a base pressure value pgor set,base; the average
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residual gas demand or production in the region over the whole year 7t es region, and a
factor fsior-

pstor,set,nom = pstor,set,base + mres,regionfstor (375)

This ensures that the pressure is generally lower in a region with high demand and low
production so that the gas automatically flows into that region. The second part is
variable and depends on the state of charge of the storage SOCg,, and a bandwidth Apy,,
so that the storage is charged less when it is almost full.

pstor,set = pstor,set,nom + (SOCstor - 05) Apbw (376)

Power Plant

The power plants’ power output is limited by a minimum and maximum power and a
maximum gradient while turned on. Start-up times are not modeled; it is assumed that
the power plants are always prepared for a start-up with perfect foresight. Dynamics are
reflected by a first-order block for the internal dynamics and an inertia for the turbine
and the generator.

All power plants of the same kind in one region are represented by one model, which
behaves like several separate power plant blocks. The efficiency is assumed constant since
the part load of one power plant only marginally affects the overall efficiency if all other
power plants are operated at nominal load.

Each power plant, including the run-of-river power plants, can provide primary ba-
lancing power controlled by a P controller and limited by maximum possible power and
maximum power gradient.

Power-to-Gas Plant

The main component of the PtG plant is the electrolyzer which is modeled using first-order
dynamics and the efficiency curve as depicted in Figure [3.3]

If SNG shall be produced, the methanation plant is directly operated in parallel with
the electrolyzer. The required CO, is provided by a DAC plant which is modeled using
a constant electric efficiency. As for the quasi-stationary IES model for optimization, it
is assumed that the waste heat from the PtG plant can be used here. The DAC plant
always separates as much CO, as is needed for the methanation at the moment.

The methanation plant is modeled in a simplified way: A P controller feeds as much
hydrogen as possible directly into the gas grid without violating the maximum hydrogen
fraction. The remaining hydrogen, which is supposed to be transformed into SNG, reacts
entirely with the supplied CO,, and the produced water vapor is separated so that only
methane leaves the plant.

Heat Components

The model of the hot water storage is a vertically discretized cylinder with a given number
of water ports through which water can be added or taken at specified heights. Water is
exchanged between adjacent control volumes depending on buoyancy and heat conduction,
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and to the outside, heat losses are modeled using a constant heat loss coefficient. Water
properties are used from the TILMedia Library (TLK-Thermo and ift, |2021)).

For the solar collector, first, the solar radiation onto a tilted surface has to be deter-
mined. Based on that, the heat flow rate transferred to the water in the solar collector is
calculated, considering the efficiency, heat capacity and possible soiling of the collector,
reflection of the radiation on the ground, and heat losses to the environment. The mass
flow rate is controlled using a matched-flow operation, that is, between the minimum and
maximum values depending on the outlet temperature.

The gas boiler, electric boiler, electric heating rod, and small-scale CHP plants have
constant efficiency, and the electric and gas-fired heat pumps use COP curves depending
on the ambient temperature (source of ambient heat) and the set outlet temperature. All
heat producers and consumers are ideally controlled to reach a specified outlet tempera-
ture.

The large-scale CHP plant is modeled similarly to the power plants but with added
heat output depending on and limited by an efficiency field. It is combined with a peak
gas boiler to reduce the cost. The CHP plant is operated heat-led, so it provides the
heat when demanded. However, a buffer hot water storage is used for large-scale solar
collectors.

More details about the modeling and the control of the heating system can be found in
Bode et al. (2018) and Bode et al. (2019) (without the utilization of excess power in the
heating system).

Electric Components

The power grid components are all quasi-stationary models, which means there is no
dynamic implemented in the components but only in the power producers, for example,
the rotating mass in a power plant. The transmission line is modeled as a two-port
representation with active and reactive power losses. The power transformers have a
fixed turn ratio with power losses, and the generator model is a linear model with power
losses. The inertia is included in the power plant model, and detailed modeling of currents
and voltages is not necessary since voltage stability is not regarded.

The electric energy storage plants are modeled using a maximum power gradient as well
as minimum and maximum energy capacities. For A-CAES and pumped hydro storage
plants, constant maximum powers and efficiencies are used for charging and discharging.
For the lithium-ion battery plants, maximum charging and discharging power, as well as
the efficiency depending on the nominal efficiency, are determined using curves from the
TransiEnt Library (TUHH, 2021)). Self-discharge is accounted for with a percental loss of
the current energy capacity.

Superstructure

The model, which represents the regions of Northern Germany, is called superstructure.
It contains all renewable energy producers and final energy consumers as well as all con-
version technologies, that is, PtG and power plants, and storage technologies, that is,
electric energy storage and gas storage plants.

Within the superstructures, no power or gas grid is modeled; the whole grid repre-
sentation lies outside of the regions. So, all submodels of the superstructure are directly
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Figure 3.11: The main components of the dynamic integrated energy system model.

connected to the electric or gas interfaces or so-called ports through which the information
will be given to other parts of the dynamic IES model. Only for numerical reasons, small
pressure losses or short transmission lines are added, which do not significantly influence
the results but speed up the simulations.

Power System Control

The power system control decides in which order the residual load is covered by the
different technologies. First, it calculates the residual load by comparing current renewable
power production and power consumption in each region. Then, the regional residual load
is primarily covered following the given merit order of technologies. If it is not possible to
match supply and demand in one region due to limited powers or capacities, the residual
load is passed to the other regions, also following the merit order of technologies and,
within those, the merit order of regions.

To ensure a stable operation of the power grid, also secondary balancing power is
provided by all plants. The necessary balancing power is determined using a PI controller
based on the deviation of the power grid frequency from its nominal value of 50 Hz. This
value is added to the residual load to be supplied by the available plants.

Dynamic IES Model

The dynamic TES model consists of four components: superstructures, power grid, gas
grid, and power system control, illustrated in Figure [3.11] Since the aggregation algo-
rithms for the power and gas grid work differently, there are differences between how the
regions are connected to the grids. The power grid has one node for each superstructure,
so every superstructure is connected to one power grid node, whereas the gas grid is more
detailed, so each superstructure is linked to several nodes.
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That is why each Northern German superstructure has five different gas ports, one
each for power plants, PtG plants, gas storage plants, local demand, and biomethane
or hydrogen from biomass. Since each region contains demand, production, and storage
of several nodes, those aggregated mass flows must be matched to the gas grid nodes.
So, each category’s total gas flow must be split according to the share of gas grid node
utilization. This is done by connecting each of those ports to the gas grid ports with a
fixed share based on the yearly share of gas flow through that connection in the quasi-
stationary computations.

Since there is no detailed information on how Northern Germany is connected to the
rest of Germany, the superstructure in the south has just one gas port combining all gas
flows. From the gas grid to the superstructures, the pressures are given with the same
shares.

3.1.6 Key Figures for System Evaluation

In this section, the key figures are described, which will be used in Chapter [4] to evaluate
and compare the results of the different models. First, the key figures concerning the gas
grid will be described and, second, the figures for the power grid.

Gas Grid

The aggregation grade G shows how much of the gas grid has been eliminated by aggre-
gation. That is why the number of remaining pipes np jem and nodes ny rem is compared
to the numbers before aggregation 7p nonage and 1N nonagg-

np + nN
G=1-— ,rem ;rem (377>
TP nonagg + TN nonagg

To compare the quasi-stationary and dynamic gas grid model as well as the different
steps of aggregation, the mean error e, ,; and the standard deviation o,; (MathWorks
Inc., 2021a)) of the pressure values are calculated for each node i. The indices 1 and 2
represent the two simulations that are compared, and ngep is the number of equidistant
time steps calculated by the quasi-stationary gas grid model.

1 Nstep
€m,p,i = Z (pi,j,l - pi,j,2) (3-78)
nstep j=1
1 Nstep
Opi =\~ O | (Pij1 = Pij2) = Emps (3.79)
Nstep — 1 j=1

During aggregation, the pipe length changes according to the aggregation algorithm.
Since the algorithm aims to reduce the error in pressure and mass flow rate in the gas
grid, it might result in very large or small values that do not reflect the actual distance
of the pipe’s inlet and outlet. To use the pipe length for further calculations, even after
aggregation, an equivalent length [.,; is calculated for each pipe i based on the pipe’s
mass flow rate capacity, which is well-contained by the aggregation algorithm.
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Voo = 2D e, (3.80)
4 .
Deqi = \/ G (3.81)
vy (pMOP,z’) Wmax
ns
L — 7 82
eq,? ﬂ_ng’i (3 8 )

In the following equations, le,; will be used instead of Ip; for aggregated gas grids.

The gas grid capacity ['gas gria shows how large the gas grid is and which amount of
gas could be transported using all np pipes. It is defined as energetic capacity related to
NCV times pipeline length.

np
Fgas,grid = Z CiHi,an,i (383)
=1

The utilized pipe capacity up; for each pipe ¢ is a dimensionless value that reflects how
much of the pipe’s capacity is used.

]
P Cz

(3.84)

Comparing the actually transported gas flow times length to the gas grid capacity
results in the utilized gas grid capacity Ugid gas-

ity 1| Hiwlp
Ugrid,gas = ZZil |m ’ 2P (385)

r gas,grid

The required gas grid extension I'gas grid,ext; Which is needed to keep a working gas grid,
is determined by first calculating the required extension of each pipeline I'gas pext- This
is done by comparing the maximum mass flow rate to the mass flow rate capacity. If it
exceeds the mass flow rate capacity, gas grid extension is necessary.

(Mmaxi — Cs) Hinlp,;  if thimax, > C;
r as,Pext,i — 7 o ’ 3.86
s et {0 if 1 < C (3.86)
np
Fgas,grid,ext = Z Fgas,Rext,i (387)
=1

Power Grid

The nominal electric power P nom1; 0f a transmission line ¢ is calculated using the max-
imum possible current .y 41, and nominal voltage Uyom 1, of the transmission line assu-
ming zero phase angle (Heuck et al., 2013).

Pel,nom,tl,i - \/gUnom,tl,iImaX,tl,i (388)
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The power grid capacity ['powergria Of @ power grid containing ny transmission lines is
defined analogously to I'gag grig With the length Iy ; of each transmission line.

g1

I‘power,grid = Z Pel,nom,tl,iltl,i (389)

=1

Furthermore, also the required power grid extension I',ower gridext 1S defined similarly.
The maximum occurring power in the year in each transmission line ¢ is compared to its
nominal value and if it exceeds it, power grid extension is required.

(Pel,max,tl,i - Pel,nom,tl,i) ltl,i if Pel,max,tl,i > Pel,norn,tl,i
r ower,tl,ext,i — (390)
A 0 if P, <P,
1 el,max,tl,i >~ 4 el,;nom,tli
29!
Fpowelr,grid,ext = Z Fpower,tl,ext,i (391)

=1

3.2 Simulation Setups and Data

In this section, the scenario information and data for all models is presented: The sce-
narios, which are simulated using the dynamic IES model, are defined in Section [3.2.1]
Afterward, the energy supply and demand data is described. It contains information about
renewable energy generation, biogas potential, and natural gas import, see Section [3.2.2]
as well as power, heat, and gas demand, see Section [3.2.3] The gas and power grid data
is presented in Sections [3.2.4] and [3.2.6) before specific data for each of the models (quasi-
stationary IES model for optimization, quasi-stationary and dynamic gas grid model as
well as dynamic IES model) is described in Sections [3.2.71{3.2.9]

3.2.1 Scenario Definition

For the scenarios, three different shares of renewable primary energy input are set for
the considered system: 60 %, 80 %, and 100 %. Based on the German government’s goals
(BMWi, 2018)), this approximately correlates with the years 2040, 2045, and 2050 since the
transportation sector is neglected and its defossilization is assumed especially complex.
That is why the shares of renewables are higher for the considered system than the German
government’s goals.

Since it is unclear if rather SNG or hydrogen will dominate the gas transport in the
future, both options are compared. The scenarios are referred to as 60 % RE H2, 60 %
RE SNG, 80 % RE H2, and so on.

Additional to the years and renewable shares, also the heating technologies are varied.
Based on the optimization results, different variations towards higher use of either gas or
power for heating are investigated.

3.2.2 Energy Supply

In this section, the energy supply data for the three sectors in Germany is presented,
which is used for the quasi-stationary IES model for optimization and the dynamic IES
model. For the simulations, it is not only crucial to have a timely resolution but also
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a spatial one. For the latter, the NUTS 3 regions of Germany as of the end of 2015
(Regionalstatistik, |2021a)) are chosen.

Renewable Power Production

In the power sector, the only exogenous energy input is renewable power production.
Onshore and offshore wind turbines, as well as photovoltaics and run-of-river plants,
are considered, and their power production has been modeled by Schiilting (2021): The
technologies are modeled for each local administrative unit (LAU, Gemeinde) and can
be aggregated into the respective NUTS 3 regions afterward. The base for the model is
weather data from the German weather service for the year 2015 (Baldauf et al., 2014))
and assumed nominal power expansion paths for each technology, taking into account
the current development and local potential. Power production from each technology is
calculated using characteristic curves.

The resulting local power production curves are used except for run-of-river plants to
account for time-varying production. The constant production profile is exchanged for
the curve from Ziems et al. (2012), which is scaled for full load hours from 50Hertz et al.
(2017)) and technical potential from Henning et al. (2015).

Solar Radiation for the Heat Sector

As an input to the heat sector, solar radiation is modeled using weather data of the
year 2015 from Baldauf et al. (2014). Direct normal and horizontal irradiance curves
for each LAU are weighted by each LAU’s respective heat demand in 2050 to obtain a
representative value for Germany to be used in the dynamic model of the heating system.

In this model, the solar collector area is chosen so that the assumed potential is reached.
It is derived for the considered years by linearly interpolating between the actually pro-
duced energy of 8.9 TWhy, in 2018 (Umweltbundesamt, [2020) and an estimation for a
system with 100 % renewable energies. The latter is based on the study by Henning et al.
(2015), who optimized the energy system for renewable shares of 80 % to 90 %, which
resulted in the use of approximately 50 TWhy, of solar thermal energy in households and
commerce, trade, and services on average over all scenarios and 25 T'Why,, in the industry.
Since Biirger et al. (2016) describe the value for the industry already as the maximum
potential, the first value is roughly scaled to 100 % of renewables which leads to an overall
solar thermal energy of 85 TWhyy,.

Natural Gas

Natural gas entering the German gas grid is either produced within Germany or imported
from other countries. Also, Germany plays a significant role in Europe as a transit country,
so large amounts of gas just pass through the country.

For the considered years, German indigenous production of natural gas is assumed to
have reduced to zero since linearly extrapolating the projection of FNB Gas (2019) leads
to the end of production in 2038.

In the current gas network development plan (FNB Gas, [2019)), LNG (Liquefied Natural
Gas) terminals are planned to be built, but due to their uncertain development regarding
the climate goals, LNG imports are neglected. For the import and export of natural gas
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Figure 3.12: Map showing the federal states and all import and export nodes in Northern
Germany (ENTSOG, 2014).

through pipelines, Northern Germany currently has cross-border interconnection points
with the following countries: Netherlands (Bunde, Vlieghuis), Norway (Emden, Dornum),
Denmark (Ellund), and Russia (Greifswald) (ENTSOG, [2014). The points are shown on
a map of Northern Germany in Figure [3.12] Natural gas is constantly imported from
Russia and Norway and imported from or exported to the Netherlands and Denmark.
The node Vlieghuis is neglected since the gas flow is very small compared to the other
nodes (ENTSOG, . The future natural gas import and export for each point is
derived by linearly extrapolating the Ten Year Network Development Plan (ENTSOG
and ENTSO-E, until 2050.

Assuming the Minimum Scenario, that is, minimum exports in line with the climate
goals, Norwegian exports will decline by more than 84 % until 2050 compared to 2018.
A share of those exports is imported to Germany. Since the gas arrives at the different
points, Emden and Dornum, the developments at each point have to be considered by
investigating the change in transferred gas in the last years. From 2015 to 2018, the
yearly imported gas amounts through the point Emden have reduced by more than 65 %,
whereas the yearly import through Dornum stayed almost constant (ENTSOG, .
So, it is assumed that in the considered future years, Emden will not be used anymore
and all the gas from Norway will be imported through Dornum.

In contrast, Russian exports are projected to only drop by 32 % until 2030 compared to
2018 and stay constant afterward. Since this is not in accordance with the climate goals,
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Figure 3.13: Projected import to (positive) or export from (negative) Northern Germany
in the considered years.

the same import reduction as for Norway is assumed. For the imports from Russia, only
the node Greifswald and the gas flow through the NEL are considered. There also exists
the OPAL and the EUGAL (in construction), which transport the gas directly south, but
there is no connection to Northern Germany (FNB Gas, [2019).

Denmark only has cross-border interconnection points with Germany and Sweden, and
Sweden is only connected to Denmark (ENTSOG, [2014). Neglecting LNG imports and
possible future connections to other countries, it is assumed that Denmark and Sweden
import the entire missing natural gas from Germany. The same is assumed for the Neth-
erlands since the two countries are closely connected in terms of natural gas. There are
also connections between the Netherlands and Belgium, but they are neglected due to the
uncertain development of demand and production in all connected countries.

In the next step, the residual gas demand has to be determined for Denmark, Sweden,
and the Netherlands by extrapolating demand as well as indigenous, biogas, and PtG
production of each country according to the scenario Global Climate Action in ENTSOG
(2018a) and ENTSOG (2018b). Production and demand are then balanced and the
residual demand is calculated.

In Figure [3.13] the imports and exports to or from Northern Germany are listed for the
considered years. It is apparent that the sum of imports and exports in 2050 is not zero,
so Northern Germany still imports natural gas. However, all of it will be exported, most
of it in the south of Germany to other neighboring countries. In contrast, in 2040 and
2045, the natural gas import to Northern Germany is not sufficient for entire Germany,
so more natural gas will be imported directly to the rest of Germany. Omne option is
Greifswald and the pipelines OPAL and EUGAL, as mentioned above.

The curves of the imports and exports over a year are assumed constant, as is approx-
imately the case for the import from Russia and Norway nowadays (ENTSOG, 2014)), so
each receiving country will have to take care of storing the gas appropriately.
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Biogas

The amount of biogas used in the IES is determined by the optimization but limited by
its potential. For the spatially resolved simulations, a biogas potential for each NUTS 3
region is required, but there is no open data available. Beil et al. (2019) consider a
lot of different substrates which can be fermented in a biogas plant and determine their
potential, including a projection until 2030: animal manure, energy crops, grassland, bio-
waste container, garden and park waste, organic share in municipal waste, and more.
The data for the remaining categories is mostly proprietary, and the majority of biogas
potentials are small, so they are not considered in the following. For the other categories,
the methodology of Beil et al. (2019)) is adapted and combined with open data, which
was more detailed in some cases. Since there is always at least one data set missing to
completely follow the methodology of Beil et al. (2019) for the first three categories, the
total values are scaled to the given biogas potentials. The values are projected until 2030,
as done by Beil et al. (2019), and no further extrapolation is made due to the uncertain
development. So, the biogas potential of 2030 is also used for the years 2040 to 2050.

Animal Manure For the generation of animal manure, cattle, pigs, and poultry are
considered. The numbers of cattle and pigs for each NUTS 3 region in 2016 are taken
from Regionalstatistik (2021g)), but the numbers for poultry are not available for each
NUTS 3 region but only for each federal state in 2016 (DESTATIS, 2021b). It is assumed
that they correlate with the numbers of cattle and pigs, so the number of poultry per
state is split into NUTS 3 regions with the same share per state as cattle and pigs. The
total amount of manure is calculated using the specific values from SMEKUL (2021).

The projection is conducted by determining the average change rate for each animal
in each state from 2001 to 2016 using DESTATIS (2021b)) and linearly extrapolating the
livestock until 2030. If a value falls below zero, it is set to zero for the following years.
It is assumed that the biogas yield from each kind of animal manure is the same. The
last step is scaling the total values to the given value from Beil et al. (2019)) to obtain the
same total biogas potential for Germany in 2030 of 38.1 TWhgav, see Figure [3.14]

Energy Crops First, the complete harvest of all types of wheat, sugar beet, and silage
maize is calculated by multiplying the arable land per NUTS 3 region in 2016 from
Regionalstatistik (2021f) with the average specific harvest between 2013 and 2017 per
NUTS 3 region from Regionalstatistik (2021h). The split between winter and spring
barley is done using data for the federal states in 2016 from DESTATIS (2021a).

Second, each plant’s harvest is multiplied with the respective specific biogas yield from
Bundesrepublik Deutschland (2012). To determine how much of the energy crops can
actually be used for biogas production in the future, the potentials of energy crops for
each federal state from Majer et al. (2013)) (Basis-U-Szenario) are used. It is assumed
that the development for each NUTS 3 region is the same as for the corresponding federal
state, and the total value for Germany is scaled to the value of 135.8 TWhgcy given by
Beil et al. (2019) for 2030. The spatial distribution is shown in Figure [3.15

Grassland The biogas potential from grassland is determined similarly to the biogas
potential from energy crops. First, each NUTS 3 region’s permanent grassland areas in
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Figure 3.14: Specific biogas potential Figure 3.15: Specific biogas potential
from animal manure in 2030. from energy crops in 2030.

2016 are taken from Regionalstatistik and projected using the grassland potentials
for each federal state from Majer et al. (2013). Negative values are set to zero, and the
total value is scaled to the value of Beil et al. for Germany in 2030 (108.0 TWhgcy),
see Figure |3.16

Bio-Waste Container The total amount of bio-waste collected in bio-waste containers
in each NUTS 3 region in 2015 is listed in Regionalstatistik (2021c). It is converted to
the total biogas potential by multiplying it with the yield and gross calorific value given
by Beil et al. (2019), which results in 3.7 TWhgcy.

To project this biogas potential until 2030, first, the total expected amount of bio-
waste in Germany is linearly extrapolated using data for Germany from 2013 to 2017
(Regionalstatistik, [2021¢). According to that, bio-waste availability rises from 4.57 Mt in
2015 to 6.86 Mt in 2030.

Second, the amount of bio-waste per inhabitant is calculated using population data for
each NUTS 3 region in 2015 from Regionalstatistik (2021b)). Third, the local development
of bio-waste generation in each NUTS 3 region has to be determined. Thus, it is assumed
that regions with a high bio-waste generation per capita stay like that since the inhabitants
already have access to bio-waste containers and separate the garbage well. In contrast,
regions with low specific values might not even have access to bio-waste containers but
might get access in the near future. To account for that development, a minimum specific
bio-waste generation is searched iteratively, which is set for all regions with lower bio-waste
amounts so that the total bio-waste availability for Germany is reached. This leads to a
value of 71.5kg/a per inhabitant. Multiplied with the specific biogas yield and the gross
calorific value from Beil et al. (2019), this results in 5.6 TWhgoy. A map of Germany
with the biogas potential from bio-waste is shown in Figure |3.17]
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Figure 3.16: Specific biogas potential Figure 3.17: Specific biogas potential
from grassland in 2030. from bio-waste containers in 2030.

Garden and Park Waste The determination of the biogas potential from garden and
park waste is conducted similarly to the biogas potential from bio-waste: The total amount
of garden and park waste was 5.10 Mt in 2015 (Regionalstatistik, and is projected
to be 7.53 Mt in 2030, which results in 2.4 TWhgey biogas in 2015 and 3.6 TWhgey in
2030 with a minimum waste generation of 78.3kg/a per capita.

Additionally, roadside vegetation is also considered: First, the length of all streets in
each federal state as of January 1, 2016 (DESTATIS, is combined with the mowed
areas next to the streets, the amount of grass per m?, the biogas yield and gross calorific
values from Beil et al. (2019). This leads to a biogas yield of 0.4 TWhgey, which is
assumed constant over the years since the total street length does not vary significantly
over the years. The amount of biogas potential per state is then disaggregated to the
NUTS 3 regions using the traffic areas from Regionalstatistik (2021d).

The total biogas potential from garden and park waste is illustrated in Figure |3.18

Organic Share in Municipal Waste First, the amount of municipal waste in each
NUTS 3 region has to be determined. Regionalstatistik gives values for each
NUTS 3 region in 2015 for municipal and bulky waste together. That is why the values
are scaled so that the sum equals the value for municipal waste from Beil et al. (2019),
assuming that the ratio of municipal to bulky waste is the same in each region.

Second, the organic fraction in the municipal waste is calculated based on the shares
given by Beil et al. depending on the type of region, that is, if it is a city, and if
there are bio-waste containers available. The total producible biogas from that organic
fraction is determined using the yield and gross calorific value from Beil et al.
which results in 3.6 TWhgcy.
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Figure 3.18: Specific biogas potential Figure 3.19: Specific biogas potential
from garden and park waste in 2030. from organic share of municipal waste in
2030.

In the last step, the value is projected until 2030 by projecting the amount of municipal
waste to the value from Beil et al. and assuming that every NUTS 3 region has
access to a bio-waste container until then. This leads to a total value of 3.2 TWhgav, and
a map is shown in Figure [3.19]

Summary The projected biogas potential sums up to a value of 294.7 TWhgcy, but by
far the largest share of 83 % is based on energy crops and grassland for which the land
competes with food production. That is why only 50 % of the respective biogas potentials
are considered for the optimization, which results in a biogas potential of 172.8 TWhgcv.
A map with the assumed total biogas potential in 2030 is shown in Figure [3.20, and
Table [A.7 in the appendix lists the biogas potential of every category for each NUTS 3
region.

3.2.3 Energy Demand

The energy demands of the three sectors power, heat, and gas are represented by their
respective final energy demands. Different energy applications from BMWi (2019) are
matched with the sectors by determining that, for example, mechanical energy should
be generated using electricity in the future since most of the renewable energies produce
electricity, so it is the most efficient. For the share of process heat, which is already
supplied by electricity nowadays, it is assumed that it remains like that. However, for
the share of process heat produced using oil, gas, coal, or others nowadays, it is unclear
if it is possible to substitute those energy carriers with electricity due to the required
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Figure 3.20: Assumed total specific biogas potential in 2030 with 50 % of the biogas
potential from energy crops and grassland.

temperature level. That is why that process heat is split into fixed shares of each 50 %
electricity and gas. The matched applications and energy sectors are listed below.

o Power: air-conditioning, other cooling energy, mechanical energy, information and
communication technology, lighting, process heat (electricity), share of process heat
(oil, gas, coal, others)

« Heat: space heating, hot water, process heat (district heating, renewables)

« Gas: non-energetic demand, share of process heat (oil, gas, coal, others)

The calculation of the yearly power, process heat and gas demand of the base year 2015
is based on the data from BMWi (2019)) in combination with assumed efficiencies of 35 %
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for oil or gas to power and 95% for oil, gas, district heating, coal, renewables or others
to heat since the values of the original energy carrier have to be converted to the final
energy.

In the next step, the power and gas demand are projected into the future, using change
rates for each use of energy for the trend scenario of Schlesinger et al. (2014)). The yearly
heat demand is determined using a more complex model, which is described below as well
as the determination of the curves for each sector.

Electricity

A very detailed description of the modeling of the electricity demand curves can be found
in Schiilting (2021)); only a short description is given here.

First, the temperature-dependent share of power consumption is filtered from the Ger-
man power consumption curve since it results from space heating which is already included
in the heat demand curve. Second, this overall German final power demand curve is syn-
thesized using standard load profiles, and with those, load profiles for each consumer
group are assembled. Combining those load profiles with certain statistical values, for
example, power consumption per inhabitant or employee in an economic branch, leads
to power demand curves for each LAU, which are aggregated to the respective NUTS 3
regions.

Since a specific share of process heat is supposed to be supplied by electricity in the
future, that share is added to the profile. The description of how that process heat demand
curve is determined can be found below.

Heat

The heat demand curves used here were developed by Zimmermann et al. (2020). An
updated version is published in Zimmermann (2021). The heat demand of households is
modeled bottom-up with a complex building model that goes through different transfor-
mation steps, such as renovation, depending on the age of the buildings and other factors.
For the sectors commerce, trade and services, and industry, a top-down approach is used,
based on heat demands for Germany, which are disaggregated depending on the numbers
of employees in different branches of the economy. To eliminate the effect of different
weather conditions in different parts of Germany, the space heating demand in all sectors
is corrected with the degree day number. Based on those yearly demands, the curves are
created using standard load profiles combined with constant loads.

Gas

The final gas demand consists of a share of the high-temperature process heat demand
described above and the non-energetic utilization of gas which is modeled using data from
the project DemandRegio (Gotzens et al., 2020)).

The code and data of Gotzens et al. (2020)) are utilized to determine the total gas
demand in the industry: The weather data from 2015 is used for consistency with the
power and heat data, and 2035 is picked as the target year since it is the most future year in
the study and a further extrapolation is too uncertain. First, the spatially and temporally
distributed gas demand for each industrial sector is calculated, which is projected until
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Figure 3.21: Relative curve of the German non-energetic gas demand over a week in
2035.

2035 according to forecasted numbers of employees for each industrial branch. Since
there are no well-established standard load profiles for the industry, its gas consumption
is modeled using different shift types (one, two, or three shifts per day) and week types
(five, six, or seven-day week) which are assigned to each industrial sector.

Based on that, the non-energetic gas demand in each NUTS 3 region can be deter-
mined by using the shares of non-energetic gas demand for each industrial sector given
by Gotzens et al. (2020). Because most of the processes considered here are almost con-
tinuous processes, the non-energetic gas demand only fluctuates by less than 1% due to
the different weekdays and the different shifts, see Figure [3.21

3.2.4 Gas Grid Data

The gas grid data used here is based on the digital map from Verlag Gliickauf GmbH et al.
(2010) and cannot be shown in its raw form due to the limitations of the license. For
different reasons, the data cannot be used directly for the simulations but has to undergo
mostly manual pre-processing first: The data only includes an MOP value for 29 % of
the pipes or 40 % of all pipe kilometers, the map was updated for the last time in 2010,
and there have been some mistakes which were found by the gas grid computation, for
example, wrong diameters in certain pipes (one large pipeline with one small diameter
segment).

In a first step, MOP values are added manually for all pipes by investigating the sur-
rounding gas grid and taking values from surrounding pipes with the same operator or
diameter or based on detailed gas grid maps from operators. Afterward, the gas grid de-

velopment plans from 2012 on have been searched for relevant gas grid extensions, which
were then added to the gas grid (NEL (FNB Gas, 2013), DEUDAN (FNB Gas, 2015),
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Figure 3.22: Locations of special nodes in the Northern German gas grid.

NOWAL (FNB Gas, 2017))). Like this, new and large pipelines are included in the gas
grid data, but smaller projects are neglected since there is no publicly available data.

In the gas grid computation in Section [3.1.2] certain nodes have special functions in
the grid, namely storage, import, export, and inner-German import and export nodes.
Figure shows all those nodes on a map. In comparison to Figure [3.12] the import and
export nodes Emden and Vlieghuis are eliminated since it is assumed that they will not
be used in the future, as described in Section [3.2.2] The storage plants are mapped on the
gas grid structure, so some nodes are moved or combined. Also visible are the locations
of the inner-German import nodes, which are primarily located in Mecklenburg-Western
Pomerania but in Lower Saxony as well.

3.2.5 Gas Storage Data

The storage data is combined from two sources, EID Energie Informationsdienst GmbH
(2019) and gie (2018). The first contains detailed information about all gas storage
plants in Germany and only storage and maximum withdrawal but no maximum injection
capacities. The second source contains working gas volumes as well as maximum injection
and withdrawal capacities but some storage plants are clustered together depending on
the operators. That is why both sources are combined: The data from gie (2018) is
used to create a correlation between injection and withdrawal capacity, which is shown in
Figure [3.23] A linear regression analysis shows that, on average, the injection capacity is
59.77 % of the withdrawal capacity, with an R-square value of 0.8848.

All values are then converted to masses and mass flow rates, respectively, based on the
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Figure 3.23: Correlation between maximum injection and withdrawal capacity of the
gas storage plants according to gie (2018)).

gross calorific value given in EID Energie Informationsdienst GmbH (2019)) and the norm
density for a natural gas with the same GCV from Cerbe et al. (2017). In the last step,
the gas storage plants are assigned to their NUTS 3 region, and all values are listed in
Table B.11

3.2.6 Power Grid Data

The used power grid data for the German high-voltage and extra-high-voltage level is
taken from Meinecke et al. (2019)), and coupling capacities with neighboring countries are
neglected since only the German energy system is considered. To account for near-future
power grid extension, the plans from 50Hertz et al. (2016]) are considered.

3.2.7 Quasi-Stationary Integrated Energy System Model for
Optimization

To design the conventional heat producers in the heating system, such as electric heat
pumps or gas boilers, the average norm ambient temperature for Germany is determined.
It is calculated based on the norm ambient temperature for each zip code area from
DIN/TS 12831-1 (Apr. 2020), which were mapped to the LAUs and weighted by their
heat consumption in 2050, resulting in —11.01 °C. The heat producers are then designed
using the heat demand profiles from Zimmermann et al. (2020) with that temperature.
For systems with an electric boiler, it is designed to provide the share of heating from set
storage top temperature to supply temperature of hot water and process heat.
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Table 3.1: Data of gas storage plants in Germany based on EID Energie Informations-
dienst GmbH (2019)) and gie (2018).

NUTS 3 region Storage Capacity Maximum Injection Maximum Withdrawal

in kg Capacity in kg/s Capacity in kg/s
01002 5.969 - 107 13.76 23.03
03241 2.943 - 108 70.19 117.44
03251 3.648 - 10° 330.33 552.67
03359 9.119 - 107 41.29 69.08
03452 1.277 - 108 38.54 64.48
03456 7.129 - 108 59.18 99.02
03457 2.019 - 10° 407.41 681.62
03461 2.553 - 108 61.94 103.63
03462 3.678 - 107 684.06 1144.48
04011 1.782- 108 71.57 119.74
05170 1.467 - 108 44.04 73.69
05554 2.866 - 10° 918.04 1535.95
06432 6.632 - 107 13.76 23.03
06433 1.119 - 10® 18.58 31.09
06631 9.119 - 107 13.76 23.03
07311 7.461 - 107 17.89 29.94
08226 2.487 - 107 6.19 10.36
08436 8.290 - 108 4.13 6.91
09175 3.026 - 108 33.03 55.27
09183 8.290 - 108 165.16 276.33
09187 1.302 - 10° 133.51 223.37
09371 5.969 - 107 13.08 21.88
12064 8.290 - 107 19.27 32.24
13076 2.147 - 108 55.05 92.11
15081 2.893 - 10® 123.19 206.10
15088 9.616 - 108 159.38 266.66
15089 1.595 - 10? 350.97 587.21
16065 5.140 - 107 8.53 14.28

The heating curve for the heating system is modeled as a linear curve between the supply
and return temperatures of 45 °C and 35 °C, respectively, at the weighted norm ambient
temperature and supply and return temperatures of 20 °C at an ambient temperature of
20°C. The set temperature of the control for the solar thermal collector is 75 °C, and the
top volume temperature is used to control the heat flow provided by the heat producer. Its
set value is 45.5 °C for systems with an electric heat pump so that it is working efficiently
and can always provide the heat for space heating. For the process heat and hot water
demand, the electric boiler raises the temperature from there to the desired value. For
systems with other heat producers, 60 °C is assumed since no electric boiler is used, and
the efficiency of the heat producers does not depend on the temperature except for the
gas-fired heat pump. The set supply temperature of each heat producer is 0.5 K above
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that value and is used for the mass flow rate control. The supply and return temperatures
for hot water and process heat are set to 60 °C and 10 °C to avoid legionella growth and
assuming that the water is consumed entirely and new water is taken from the water grid.

The heat loss coefficient of the hot water storage is chosen to have the same losses as
the number of small hot water storage tanks with the same volume. The small hot water
storage tanks have a height of 2m and a diameter of 1 m.

The technical and economic data for the optimization can be found in the appendix
in Tables [A.TI{A.6] The observation period is chosen to be 20 years and the interest rate
7%. Price changes during the observation period are neglected; the prices change only
depending on the starting year of the period.

To evaluate the emission reduction of the resulting future systems, the emissions of
SNG and natural gas are calculated based on the specific emission value of natural gas
of 202gco,/kWhney (ffe, 2010) and set in relation to the emissions in 1990 (Umwelt-
bundesamt, 2019). Emissions in the upstream chain of natural gas are not considered.
The power grid losses are presumed to be 25.8 TWh,, from Bundesnetzagentur (2016) and
assumed constant for the future.

The described model is then optimized using the Optimization Toolbox (MathWorks
Inc., 2021b). The model is very complex, with up to 26 optimization variables that
highly compete, especially the different heating and electric energy storage technolo-
gies. To achieve an efficient optimization behavior, the algorithms surrogateopt and
patternsearch are executed after each other. Both algorithms work best when all opti-
mization variables have the same order of magnitude, so they are all scaled accordingly.

3.2.8 Quasi-Stationary Gas Grid Model

Gas Properties

Since most of the natural gas imported into Germany nowadays comes from Russia (ENT-
SOG, 2014)), the properties of Russian natural gas, according to Cerbe et al. (2017)), are
used for the simulations with natural gas. All relevant properties for natural gas and
hydrogen are listed in Table [3.2] Since different compositions cannot be accounted for by
the quasi-stationary gas grid model, biomethane and SNG have the same composition as
the natural gas.

To determine the coefficients for quadratic correlations for density, dynamic viscosity,
and gas law deviation coefficient in Equations —, curve fitting with a second
degree polynomial depending on the pressure was applied to property values from REF-

Table 3.2: Properties of natural gas and hydrogen according to Cerbe et al. (2017)) and
TLK-Thermo and ift (2021)).

Property Unit Natural Gas Hydrogen
Norm Density kg/m3 0.74  0.08989
Net Calorific Value kW h/m? 10.036 2.995
Gross Calorific Value kW h/m? 11.1 3.540
Specific Gas Constant J/(kg K) 509.0 4124.4
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Table 3.3: Coefficients for the quadratic correlations to calculate density, dynamic vis-

cosity, and gas law deviation coefficient for Russian natural gas and pure hydrogen based
on NIST (2018)).

Property Coefficient Unit Natural Gas Hydrogen
Density ap1 kg/m3 —2.375-1072 5.690 - 1074
ap2 kg/(m?3 Pa) 6.933 - 107 8.554 - 1077
ap3 kg/(m3Pa?)  1.628-10713 —4.944.107"
Dynamic Viscosity a1 Pas  1.061-107° 8.587-10°¢
Ay 2 s 1.030-1071  6.901-1071°
p 3 s/Pa 2.039-107%°  6.831-10"%
Gas Law Deviation ag,, 1 - 1.003 9.994 - 107!
Coefficient Ak, 2 1/Pa  —2.271-107% 6.023-107°
ag,.3 1/Pa?  3585-10716  1.973.107'7

PROP (NIST,2018). Pressure values were varied from 1 bar to 100 bar, and the correlation
resulted in R-square values of above 0.9999. All coefficients can be found in Table (3.3

Gas Grid

For the isothermal flow of the gas, a constant temperature of 10 °C is chosen. Before ag-
gregating the gas grid, all pipes have the surface roughness of transmission pipes according
to Cerbe et al. (2017) of 0.1 mm.

Disaggregation

Several results of the optimization are used in the gas grid computation afterward, that
is, gas consumption for heating and power plants, gas production from PtG, and the
injection and withdrawal curve of the gas storage plants. Before allocating the curves to
the gas grid’s nodes, they have to be disaggregated first, that is, split into the NUTS 3
regions or directly assigned to specific nodes. In general, the disaggregation is based on
the assumption that the plants or components work the same in the different regions.
This means that they have the same curve, which is simply split into the regions or nodes
using constant shares.

The gas consumption for heating is split according to the yearly heat demand of each
NUTS 3 region for 2050, whereas the gas storage injection and withdrawal curve is disag-
gregated with regard to the storage capacity at each storage node. For the H2 scenarios,
only salt caverns are considered as gas storage plants. Gas consumption for power plants
in each NUTS 3 region is determined by splitting the overall curve according to the cur-
rently installed power plant capacity from Hofmann et al. (2019), assuming that future
power plants will still be located in the same regions because the required infrastructure
exists already.

The PtG plants are assumed to be built in NUTS 3 regions with much excess power
over the year. So first, the residual load is calculated by subtracting the final electric
demand and electric demand for heating from the renewable power production in each
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region. According to their share of the yearly excess electric energy in Germany, the
overall PtG gas production is then assigned to each NUTS 3 region.

3.2.9 Dynamic Models
Gas Properties

In the dynamic models, the fluid properties are supplied by the TILMedia Library (TLK-
Thermo and ift, |2021)) except for the dynamic viscosity; that is why Equation is
used. To account for different constant temperatures and varying compositions of the
methane-hydrogen mixture, property values from REFPROP (NIST, [2018) for 5°C to
15°C, pressure values from 1bar to 100 bar, and hydrogen admixtures from 0vol% to
100 vol% are used to fit the linear curve. For the simulations with pure hydrogen, also
a curve-fitting with data for hydrogen in the same temperature and pressure range is
performed. It results in R-square values of 0.8728 for the methane-hydrogen mixture and
0.9958 for hydrogen, and all coefficients are listed in Table [3.4]

Since the fluid in the gas grid is modeled as a methane-hydrogen mixture, it is assumed
that the biomethane only consists of methane and there is no remaining COs,.

Gas Grid

For the simulation of the gas grid, a linearization below pressure losses of 0.01 bar is chosen
for hydrogen scenarios and 0.1 bar for SNG scenarios. This only leads to minor errors but
results in a reasonable speed up in simulation time. Each pipe only contains one control
volume since it was shown in Section that it is sufficient to get good results.
Junctions between the pipes account for the mixing of the different gas flows. Each
junction’s size is chosen according to the node’s importance: The node capacity is cal-
culated for each node by adding the capacities of all connected pipes and the absolute
average value of consumption and production at the node. Those values are divided by
the mean value of all node capacities and multiplied by the average junction volume. It is
chosen to be on average 100 m?® for the simulations to compare the quasi-stationary and
dynamic models. This only leads to an increase in gas grid volume by approximately 5 %
for the non-aggregated gas grid, which strongly decreases with higher aggregation grades
due to the sinking number of nodes. For numeric reasons, the average volume is increased
to 1000m? for the simulations with the aggregated gas grid in the dynamic IES model,
which enlarges the gas grid by approximately 2.5 %. To avoid numerical problems due to

Table 3.4: Coefficients for the linear correlations to calculate the dynamic viscosity for
a methane-hydrogen mixture and pure hydrogen based on NIST (2018).

Coeflicient Unit Methane-Hydrogen Mixture Hydrogen

a1 Pas 3.498-1077  2.772-107°
ano S 1.043-107* 1.378-107*
ans Pas/K 2.716-107%  2.050 - 1078
ana Pas 2.807-1076 -
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very small junction volumes, the minimum possible value is 1% of the average junction
volume.

Additionally, the two inner-German import nodes in Lower Saxony are treated in a
particular way. They both constantly import gas from the rest of Germany with the same
curve as all other transfer nodes but with a different sign. Additionally, the subsequent
networks are very small, so there is a high risk of too low pressures at those nodes. That
is why one boundary condition each is connected to those nodes, which delivers a small
ideal mass flow rate to keep the node pressure constant. This only leads to a small error
in the transferred gas flow rate of less than 0.2 %.

Gas Storage Plants

The installed gas storage capacities, including injection and withdrawal capacities, are
assigned by splitting the values from the optimization proportional to the currently in-
stalled capacities. For the H2 scenarios, only salt caverns are considered as gas storage
plants. If larger capacities are required, it is assumed that the capacities are also expan-
ded proportionally to the current values. Since the gas storage plants control the pressure
in the model, critical situations with very low or high pressures can occur when a gas
storage plant is empty, full, or at the mass flow rate limits. To avoid those problems, the
storage and the maximum injection and withdrawal capacities are scaled by factor 1.2,
which gives the model more flexibility.

Furthermore, the nominal pressure set values for each aggregated gas storage per re-
gion are determined based on Equation With Pstorsetbase = 80bar and fyor =
1500 Pas/kg. The bandwidth of the set pressure in Equation (3.76|) is chosen to be
Appw = 20 bar.

Energy Conversion Plants

In the power plant and electrolyzer models, time constants of 2s and 10s, respectively, are
only used for numeric reasons. The limitations of the power plants are already comprised
in the gradient limiter and the reaction time of the electrolyzers is very fast.

Furthermore, for the SNG scenarios, a maximum hydrogen feed-in of 20 vol% is assumed
in accordance with the goals of DVGW (2019).

Regions

Due to the model’s complexity, not every NUTS 3 region can be represented by one
superstructure, but the regions have to be aggregated. This is done using an algorithm
developed by Schiilting (2021): First, all regions, which are not part of Northern Germany;,
are aggregated so that the rest of Germany is part of the model, but the highest resolution
is used in Northern Germany. Second, a loop goes through all remaining regions and
always combines the two adjacent regions with the smallest combined final electric load
until the specified number of regions is reached. To prevent oddly shaped, for example,
very long, regions, the growth in length in latitude and longitude of the regions is also
considered and prevents some aggregation steps. The resulting ten regions are shown in
Figure . The eleventh region (number 1) is the rest of Germany, which is left out
here.
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NUTS 3 regions: (C) GeoBasis-DE / BKG 2018.

Figure 3.24: The aggregated regions of Northern Germany. Region 1 (not shown here)
is the rest of Germany.
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4 Results

In this chapter, the results of the different models are presented, starting with the optimi-
zation of the quasi-stationary IES model in Section .1 Section shows the results of
the quasi-stationary gas grid model and, in Section [4.3] the results of the aggregation al-
gorithm and the derived aggregated dynamic gas grid models are presented. The findings
of the dynamic IES model are shown in Section [4.4]

4.1 Design of the Integrated Energy System

In this section, the results of the quasi-stationary TES model, which was used by the
optimization, are presented. First, the results of the quasi-stationary model are com-
pared with a dynamic model in Section and, in Section [{.1.2] the optimal system
configurations, which were found by the optimization, are presented. The results of the

sensitivity analysis and the variations of the heating technologies are shown in Section
4.1.3] and Section [4.1.4] respectively.

4.1.1 Comparison of Quasi-Stationary and Dynamic Integrated
Energy System Model

First, it has to be checked that the quasi-stationary IES model, with which the IES is
economically optimized, adequately reflects the dynamic IES model’s behavior. For that
purpose, one arbitrary configuration including all considered technologies is simulated
with both models and compared. The dynamic IES model has no spatial resolution here
so that only the differences between quasi-stationary and dynamic modeling are examined.
Since all components somehow depend on the power sector, any deviations between the
models would be visible by examining the electric powers. Figure shows the results
for powers of different components in one period of the year. In general, the results match
well, but some appearing deviations will be explained in the following.

The solver, which solves the system of equations of the dynamic model, uses a variable
time step to resolve all necessary dynamic effects. It depends on the system’s dynamics at
the current simulation time: If fast changes occur, a small step size is chosen, whereas large
steps are made if the system is close to a steady state. In contrast, the quasi-stationary
IES model uses a fixed time step given by the user. Figure shows deviations for the
battery storage plants due to the variable time step. When the state of charge falls below
a threshold due to self-discharge, the battery is quickly charged again with maximum
power. In the quasi-stationary simulations, this charging process is spread out over the
whole time step, which leads to a much smaller charging power which is not visible in the
figure.

For the pumped hydro storage plants, shown in Figure @d.1b] as well as A-CAES and
CCGT power plants, which are not shown here, the simulations match very well. In
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Figure 4.1: Comparison of the results of the dynamic and quasi-stationary TES model
for the electric powers of different components: lithium-ion battery storage plant,

Time in Days

(c)

—
2+
4+
15 20 25 30 35
Time in Days
(b)
60
—— Dynamic
50 - —— Quasi-Stationary
40 ¢
30
20+
10 -
0 | S Y| LA 1A ..‘ AII
15 20 25 30 35
Time in Days
(d)

pumped hydro storage plant, gas turbine plant, and curtailment of renewables.
The storage plants are charged for positive powers and discharged for negative powers.

contrast, Figures and show deviations of several GW,, for the gas turbines and
curtailment of renewables. Those discrepancies result from the accumulation of minor
deviations in all technologies, which come first in the merit order, for example, the time
constants and gradient limitations of the CCGT power plants. Since the gas turbine is
the last technology in the merit order and the remaining excess power is curtailed, the
deviations appear here. All in all, the results match very well, so the quasi-stationary IES

model can be used for optimization.
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4.1.2 Optimal System Configuration
All Scenarios

The optimization was conducted for all scenarios with 60 %, 80 %, and 100 % renewable
energies and either SNG or hydrogen. The optimization algorithm has found the com-
bination of electric heat pumps with gas boilers, in the following called EHPGB, to be
optimal in all scenarios. Despite their high overall efficiency, small and large-scale CHP
plants are not considered by the optimization algorithm since they are implemented to be
operated heat-led. So, the plants produce power in times of high heat demand, which is
not needed to that extent at that time and would have to be stored. This is found to be
not economical by the optimization algorithm. Furthermore, pumped hydro storage and
A-CAES plants are never chosen but only lithium-ion batteries or even no electric energy
storage in the H2 scenarios.

The optimization leads to zero emissions for the H2 scenarios since no natural gas is
used. For the SNG scenarios, emission reductions of 86.7 %, 93.9 %, and 100.6 % compared
to 1990 are achieved, which complies with the German government’s goals, bearing in mind
that the transportation sector is not included here. More than 100 % emission reduction
in 2050 means that negative emissions are reached by using CO, from the atmosphere for
biogas or SNG production and then using the biomethane or SNG in a non-energetic way
that the CO, stays within the product.

Figure [4.2| shows the nominal electric powers of all components in the scenarios, and, in
Figure[4.3] the amount of biomethane or hydrogen from biomass input, storage capacities,
the balance point temperature of EHPGB, and the total system cost are depicted.

The nominal electric power of renewable power generators increases strongly with an
increasing renewable share and almost doubles going from 60 % to 100 % renewables.
Despite the lower efficiency of Power-to-Gas in the systems with SNG due to the additional
methanation, less renewable power is needed than for H2 scenarios. This effect can be
explained by fewer used hydrogen from biomass than biomethane due to higher cost: Only
the potential of biogas from waste is used for the H2 scenarios, whereas the full potential
is exploited in the SNG scenarios.

Lithium-ion batteries are only used in systems with SNG, and their nominal powers
and storage capacities rise exponentially with a rising share of renewables. Due to the
high efficiency of the batteries and the low efficiency and high power-specific but low
energy-specific cost of PtG with methanation, both technologies supplement each other.
For the H2 scenarios, the PtG plants are more efficient and less expensive due to the
missing methanation, making batteries unnecessary.

Also, the nominal Power-to-Gas plant powers follow an exponential growth even though
no PtG is used in 60 % RE SNG. However, nominal electrolyzer powers are always higher
for the H2 scenarios because the missing electric energy storage plants are replaced by
Power-to-Gas-to-Power (PtGtP) plants, that is, Power-to-Gas and re-electrification. Also,
more gas has to be produced since less hydrogen from biomass is used than biomethane
in the SNG scenarios.

The sums of CCGT power plants and gas turbines are similar for SNG and H2 scenarios,
and they stay almost constant for the different shares of renewables. However, there is
a shift from CCGT power plants to GT due to fewer operating hours, which favors GT
despite the worse efficiency because of lower cost.
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Figure 4.2: Nominal electric powers of the different technologies resulting from the op-
timization for all scenarios.

Even though more hydrogen and SNG are produced from excess electricity with a rising
share of renewables, the required gas storage capacities reduce since the energy demand
decreases in all sectors. This is also reflected in the bivalence point temperature for
EHPGB, which sinks with growing renewable energy share. This means that the fraction
of supplied energy by the electric heat pump increases and the gas boiler produces less
heat. Additionally, the heat demand as such decreases due to better insulation standards.

For the cost, there is no clear tendency. For the SNG scenarios, the cost increase,
whereas for the H2 scenarios, they decrease with a rising share of renewables. Additionally,
the cost of the H2 scenarios is always higher for the same share of renewables except for
100 % renewables. To explain the different cost development, the cost fractions are shown
in Figure [4.4]

Cost for most of the components are very similar between H2 and SNG scenarios, but
the biggest differences lie in the cost for biomethane or hydrogen from biomass, (hydrogen
from) natural gas, PtG plants, gas storage plants, and cost for COs certificates.

Expenses for biomethane are higher for the SNG scenarios, but the total cost for na-
tural gas is much lower than for hydrogen from natural gas: For the H2 scenarios, the
natural gas is converted into hydrogen first, which approximately doubles the price. That
is why the H2 scenarios have higher overall costs for 60 % and 80 % renewables. Additio-
nally, the costs for gas storage plants in the H2 scenarios are higher due to the factor in
Equation .

Another difference is the higher cost for PtG and COs certificates in the SNG scenarios.
The H2 scenarios have no CO, emissions and thus no expenses for the certificates, but the
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Figure 4.3: Biomethane or hydrogen from biomass input, storage capacities, hybrid
heating system’s balance point temperature, and total system cost resulting from the
optimization for all scenarios.

SNG scenarios do, which causes roughly half the cost of natural gas. Also, PtG plants are
much more expensive due to the additional methanation and DAC plants. This results in
increasing costs for rising shares of renewables.

It is important to note that the cost for the rededication of the natural gas grid to
hydrogen or the erection of a new hydrogen grid have not been considered here and might
change the relation between SNG and H2 scenarios.

100 % RE SNG

In the following, the exemplary scenario 100 % RE SNG will be presented in more detail.
Figure [4.5 shows the flow scheme for this scenario; all others are shown in Figures [A.THA.5]
in the appendix. The flow schemes show the yearly energies and maximum powers which
enter and leave every component and enable the investigation of overall efficiencies or full
load hours. For example, it can be calculated with the given energies and powers that the
CCGT and GT power plants only have full load hours of 1443 h and 164 h, respectively,
whereas the electrolyzer has 3365 h.

Also, it is visible that the amount of curtailment reaches up to 113.4 GW, and a total
of 45.6 TWhy, for the respective share of renewables which is more than 4.8% of the
generated renewable electricity. It is important to note that this amount was part of the
optimization, so it is the economic optimum: It is cheaper to curtail this much electricity
instead of building electrolyzer, methanation, and DAC plants more than twice the size
just to use 15 % more electricity in the PtG plant.
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Figure 4.6: Sorted annual load curves of the residual load, all storage technologies, and
curtailment for 100 % RE SNG.

To analyze how the different storage technologies are used, Figure [4.6] shows the sorted
annual curves of the residual load, the different storage options, and curtailment. Positive
residual loads of more than 100 GW occur, which are covered mainly by the CCGT power
plant (82 % of the yearly energy), followed by the lithium-ion battery (10 %) and the gas
turbine plant (8 %). Negative residual loads can reach up to 200 GW,;, and the majority is
used by the PtG plant (85 %) or stored in the lithium-ion battery (3 %), and the remaining
12 % are curtailed.

Due to the differing fluctuations of energy supply and demand, the systems’s essential
components are the storage units and, thereof, mostly the electric energy storage plants. In
this system, those are the lithium-ion battery plants and the PtGtP plants. However, they
are operated in fundamentally different ways due to their different technical parameters:
A battery has high efficiency but a certain self-discharge, so it is an appropriate short-term
storage technology. In contrast, the PtGtP technology has a comparatively low round-
trip efficiency but no self-discharge and low storage capacity cost compared to batteries,
making it a suitable long-term storage.

To illustrate the operation of the storage technologies, Figures [£.7] and show their
respective heat maps, that is, electric power at each hour and day over a year. Charging is
marked in yellow and discharging in blue. It is visible that the batteries are not operated
for most of the year, represented by the turquoise areas in the figure, because they are
either full or empty and are primarily used to move excess photovoltaics power in the
middle of summer days to the evening. The PtGtP plants are operated differently. Long
periods of up to twelve days in winter and primarily sunny hours in the summer are used
to charge the gas storage to be able to discharge it during dark periods with no wind of
up to 5.5 days. However, it is important to note here that this illustrates how the PtGtP
plant is operated. Not the entire amount of SNG is re-electrified, and also part of the
biomethane is used in the power plants.
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4.1.3 Sensitivity Analysis

Since many assumptions have been made for the optimization, especially for costs far
in the future, a sensitivity analysis is conducted to investigate how sensitive the results
are to those assumptions. For this purpose, all capital cost values are varied depending
on their assumed cost reduction until 2050. So, if one component’s price is assumed to
be half the cost of today, the optimization is executed with a grid of 16 points over the
interval of no cost reduction down to a quarter of the cost.

In general, it can be stated that the choice of heating system is very stable: All sensiti-
vity analyses showed that the hybrid heating system consisting of an electric heat pump
and a gas boiler (EHPGB) is the most economical even if the cost of competing heat
producers are reduced. Only the balance point temperature changes depending on the
change in cost for the power or gas sector.

Furthermore, the choice of electric energy storage is very distinct: If one is used, it
is a lithium-ion battery plant in all cases. Also, the extent to which biomethane and
natural gas or hydrogen from biomass and natural gas are used stays fairly constant. All
in all, most of the cost values show only a small influence on the results; some examples
of sensitive values are shown in the following. In some cases, certain variation points are
eliminated from the plots since the optimization algorithm did not find a valid solution.
This is characterized by strongly deviating values from the adjacent points. The curves for
lithium-ion battery storage capacity and the heating system’s balance point temperature
remain a bit unsteady since those values are highly sensitive to the competition in the
group of electric energy storage and heating technologies, respectively. For improved
visibility, the reference point, where the factor equals 1, is marked in all plots as a filled
diamond.

There is strong competition between the electric energy storage technologies and the
PtG technology, and the storage capacity cost for lithium-ion batteries is forecasted to
reduce significantly. So, there is a high sensitivity towards that cost which is shown in
Figure |4.9/for 60 % RE. For the SNG scenario, only a slight increase in cost suffices to push
the batteries completely out of the system, but their role substantially increases when the
cost reduce even more than projected: storage capacity and nominal power grow by factor
59 and 21, respectively, when the cost is a quarter of the assumed value. The effect is
stronger for the SNG than the H2 scenario, but even for the latter, batteries will be used
when the cost decrease at least 45 % more than assumed. Despite the big change for the
batteries in those cases, the rest of the system only slightly changes, including renewable
power generators, PtG plants, power plants, and cost.

After investigating a change in battery storage capacity cost, an important component
of the other major storage technology, the PtG plant, is examined. In Figure [4.10] the
sensitivity analysis for the power-specific cost of PtG plants for 100 % RE is shown. For
the SNG scenario, it also includes a variation of the methanation plant cost. It is visible
that changing the PtG plant cost strongly influences the overall system cost, especially
for the SNG scenario due to the high cost of the entire PtG plant. Increased PtG plant
cost reduces the plant’s size, which means less hydrogen or SNG is produced. Thus,
the heating system’s balance point temperature shifts towards electricity which requires
more renewable power and CCGT power plants. Also, the nominal battery power and
storage capacity change significantly for the SNG scenario, whereas, for the H2 scenario,
no batteries are used, even for a PtG plant cost increase by factor 4.
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Figure 4.11: Sensitivity analysis for the cost of (hydrogen from) natural gas for 60 %
RE.

Also, the development of cost for natural gas is uncertain, especially for hydrogen from
natural gas. Figure shows the sensitivity analysis for this element for 60 % RE. The
H2 scenario is more sensitive since the cost for hydrogen from natural gas makes up a
larger share of the overall cost. However, the input of natural gas or hydrogen from
natural gas only reduces slightly by 0.5% and 1% for a cost increase by factor 3 for the
SNG and H2 scenario, respectively. In contrast, the overall system cost almost doubles
for the H2 scenario and increases by 50 % for the SNG scenario. The reduced amount
of natural gas is substituted by shifting towards more efficient but also more expensive
power plants, that is, CCGT plants, as well as battery storage plants. The latter happens
stronger for the SNG scenario since in the H2 scenario, also more PtG is used, which
requires more renewable power.

Also, some other assumptions are varied to examine their influence on the optimiza-
tion results: The speed of renewable power extension for photovoltaics plants as well as
onshore and offshore wind turbines is each multiplied by values between zero and three.
Furthermore, the share of high-temperature process heat supplied by gas and the assump-
tions for the potential of biogas from energy crops and grassland are varied between 0%
and 100 %.

The results are the most sensitive towards the variation of power extension of photo-
voltaics compared to onshore and offshore wind. Figure 4.12] shows the results of the
sensitivity analysis for it for 100 % RE. If the rate of extension is increased, it leads to
a rise in nominal renewable electric power since photovoltaic plants have lower full load
hours than the other power generation technologies. So, more nominal electric power has
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Figure 4.12: Sensitivity analysis for the rate of photovoltaics power extension for 100 %
RE.

to be installed to generate the same energy. Also, it results in larger lithium-ion battery
plants due to the necessity to shift renewable power from day to night. Even in the H2
scenario, lithium-ion batteries are used from factor 2.5 on. The heating system’s balance
point temperature moves slightly towards lower values, so more electricity is used in the
system. Regarding the cost and nominal PtG as well as power plant power, there is no
clear picture: The PtG plant size increases for both lower and higher PV extension rates
since both lead to an increased seasonality of renewable power production. Wind turbines
produce much electricity in winter, whereas photovoltaics plants generate large amounts
in summer. Both lead to a higher seasonal storage demand which also influences the
required power plant sizes. Due to those different effects, the overall cost rise for low and
high PV extension rates. However, the chosen extension rate is close to the economic
optimum.

Another interesting sensitivity is found when varying the share of high-temperature
process heat provided by gas, shown in Figure for 100 % RE. Interestingly, the cost
increase for the SNG scenario whereas they reduce for the use of hydrogen which can
be explained with the different cost for both gases: For the H2 scenario, it is cheaper
to use hydrogen for heat generation than electricity, whereas, for the SNG scenario, the
SNG is more expensive than electricity. For both scenarios, the heating system’s balance
point temperature reduces with an increasing share since the gas is used for the high-
temperature process heat in that case. Larger PtG plants produce more gas, and fewer
power plants are used since the overall power consumption sinks due to the reduced need
for power for process heat. More renewable power is needed for the SNG scenario when the
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Figure 4.13: Sensitivity analysis for the share of high-temperature process heat provided
by gas for 100 % RE.

share is both reduced and increased, which can be explained as follows: For lower process
heat provision by gas, curtailment increases since fewer PtG plants are used, whereas the
overall efficiency decreases for higher shares of gas-fired process heat provision due to the
low efficiency of PtG with methanation. The chosen share, so factor 1, leads to the lowest
required nominal renewable electric power, whereas for the H2 scenario, the value reduces
with an increasing share. The battery plant size for the SNG scenario does not show a
clear tendency as well. It sinks for both higher and lower shares of gas utilization for
high-temperature process heat.

Varying the biogas potential in a sensitivity analysis has a different effect for each
scenario, depending on the extent of biogas usage in the system. For scenarios using the
full potential, the changed potential is still fully exploited. This leads to a shift from
renewable power and natural gas to biogas. Scenarios, which only use the share of biogas
from garbage, remain the same.

4.1.4 Variations of Heating Technologies

The hybrid heating system with an electric heat pump and a gas boiler (EHPGB) was
found to be the best option for the heating technologies. It combines the currently most
common heating technologies in Germany: an electric heat pump combined with an elec-
tric heating rod (EHPEHR) and a gas boiler (GB). Figure illustrates the clear ad-
vantage of the hybrid heating system over purely electric or gas-fired heat production. It
shows the gas and power demand for heating in 2050 for the peak hours for the three
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Figure 4.14: Gas and power demand for heating in 2050 for the peak hours depending
on the heating technology.

considered heating technologies. EHPGB consumes gas and power but both with highly
reduced peaks compared to the purely gas-fired or electrically-driven technologies: It re-
duces the gas peak demand by 92.8 GWycv or 46.0% compared to GB and the power
demand by 60.1 GW or 60.1 % compared to EHPEHR. That explains why it was found to
be the optimal heating technology by the optimization algorithm. This effect is even more
substantial when the temperatures drop down to, for example, the norm ambient tempe-
rature all over Germany instead of —5.5°C on average in the coldest hour in Germany as

in the considered weather data.

To investigate the influence of more power or gas consumption for heating on the
IES, variations are considered combining the hybrid heating system with either electric
heat pumps and electric heating rods or gas boilers. The following heating technology
mixes are considered: 100 % EHPEHR (called 100_0-0), 50 % EHPEHR and 50 % EHPGB
(50-50_0), 100 % EHPGB (0-100_0), 50 % EHPGB and 50 % GB (0_50_50) and 100 % GB
(0_0_100).

Figure shows the key results of the economically optimized variations; the detailed
results are shown in Tables in the appendix. The nominal renewable power
continues the trend, which was already visible in Figure 4.2} The H2 scenarios need more
renewable power than the SNG scenarios, and the required nominal renewable electric
power increases strongly with a rising share of renewables. Also, it is visible that it
expands greatly when gas boilers are used since the gas is mostly produced via PtG using
renewable power.

The figure also shows the year in which it is expected to reach the required nominal
renewable electric power for each variation, assuming the nominal renewable power ex-
tension path presented in Section [3.2.2] Especially the variations including gas boilers
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clearly exceed the possible nominal renewable electric power for the respective year (2040,
2045, 2050), going up to the year 2150 for 2050. The extension rates have to rise strongly
to reach that amount of nominal renewable power, but the high values might lead to
acceptance problems in the population. However, the variations 100_0_0, 50_50_0, and
0_100_0 require very similar values of nominal renewable electric power, which will be for
the 60 % RE scenarios until 2040 but not for higher shares. Also, here, the extension needs
to speed up, especially when considering that the transportation sector is not included in
the model.

The nominal electric PtG power shows the same tendency as the nominal renewable
power: It also strongly increases with more renewables and more gas use in the heat
sector. All variations employ PtG plants except for 60 % RE SNG 100_0_0, 50_50_0 and
0_100_0. Interestingly, none of the variations including hydrogen uses battery plants, and
the SNG scenarios mostly use them, but there is no clear tendency. This might result
from the optimization algorithm not finding the absolute optimum due to the competition
between PtG and the batteries, even though, for each variation, five optimization runs
have been conducted. However, the storage capacities also strongly increase with a rising
share of renewables for SNG 100_0_0, 50_50_0, and 0_100_0.

For the power plants, an interesting effect can be seen. The 100_0_0 variations show a
very high need for power plants of up to 314 GW,, to be able to provide enough power for
heat generation at norm ambient temperature. That is more than three times the nominal
installed conventional power plant power in 2018, which was 102 GW,; (Bundesnetzagen-
tur, 2020), so a large number of power plants would have to be built just to provide
electricity for extreme cold spells. In contrast, the total required nominal electric power
plant power across all variations can go down to 62 GW,, for 100 % RE SNG 0_0_100 since
much less re-electrification is required for the scenarios employing gas boilers.

However, the necessary gas storage demand rises with an increasing share of renewables
since much gas is used in winter, but it is produced via PtG and biogas production or
imported throughout the year. So, a large amount of seasonal gas storage is required.
It reaches values between 67.7 TWhycy and 174.3 TWhycy for the SNG scenarios and
between 80.1 TWhycey and 160.9 TWhyey for the H2 scenarios. In comparison, today’s
natural gas storage capacity is roughly 214 TWhycy (EID Energie Informationsdienst
GmbH, 2019) which equals approximately 47 TWhycy for hydrogen storage using the
factor from Equation or even just 29 TWhycy considering only salt cavern storage
plants. So, the current storage capacities in Germany are not sufficient for any of the H2
scenarios.

The required maximum injection capacity of gas storage plants develops similarly to
the gas storage capacity. However, it does not exceed today’s maximum injection ca-
pacity of 164 GWycy based on EID Energie Informationsdienst GmbH (2019) for the
SNG scenarios. In contrast, the H2 scenarios need more maximum injection capacity
with 81.03-195.3 GWycy compared to today approximately 36 GWycy if all natural gas
storage plants were converted to hydrogen and assuming the factor from Equation ({2.8)).

Contrary to the injection, the maximum withdrawal capacity is always the lowest for
0_100_0 and increases for both higher shares of GB or EHPEHR. Again, the values lie
below today’s value of 275 GWycy for SNG scenarios, but all H2 scenarios clearly exceed
the equivalent value of 60 GWycv.

The total system cost given as the annuity differs strongly between the variations. The
extreme configurations 100_0_0 and 0_0_100 lead to much higher cost than the hybrid
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heating system 0_100_0. The most extreme differences can be found for 100 % RE SNG,
where 0_0_100 increases the system cost compared to 0_100_0 by 34.9 bil. EUR, which
equals a cost increase by 31 %.

4.2 Quasi-Stationary and Dynamic Gas Grid
Computation

This section presents the results of the quasi-stationary and dynamic gas grid computati-
ons of the non-aggregated gas grid. In Section [{.2.1] the spatially resolved gas consump-
tion and production are shown to illustrate how the general gas flow will be. In Section
[4.2.2] the results of the quasi-stationary gas grid computation are shown, and the results
from the quasi-stationary and dynamic computations are compared in Section [4.2.3]

4.2.1 Spatially Resolved Gas Consumption and Production

To get a better impression of the load situation in the gas grid, in Figure [4.16] map
representations of gas consumption and production as well as a balance of both are shown
for scenario 100 % RE SNG 0_.100_0. Since the biomethane potential is fully exploited, it
is not displayed here and can be found in Figure [3.20l The maps for the other years and
variations look similar and, thus, are not shown here.

In Figure [.16a], it can be seen that the consumption without power plants is focused
in and around cities or metropolitan areas since the population density is high and indus-
trial centers exist there. Also, the power plants are located in those areas, as shown in
Figure but sometimes they are rather in the outskirts of a densely populated area,
for example, in the Rhein-Ruhr area in Western Germany.

In contrast, the PtG plants are located in places with high cumulative negative residual
load over the year, so in rural areas with a lot of renewable power production. This is
shown in Figure [4.16¢t The production is mainly centered in Schleswig-Holstein, Lower
Saxony, and Mecklenburg-Western Pomerania in the north of Germany, where many wind
parks are installed and the population density is relatively low. In contrast, Bavaria in the
southeast only has low production capacities due to comparatively low installed nominal
renewable power.

Combining gas consumption and production, including biomethane, reveals from where
to where the gas has to flow through the gas grid, see Figure [£.16dl The balance is
dominated by the differences between rural areas with a high potential for PtG and biogas
and the densely populated areas with high gas consumption, including power plants. Also,
a strong gradient from north to south is visible, so significant gas flows are expected in
this direction. Additionally, gas is imported in the north in Dornum and Greifswald,
which amplifies this effect.

4.2.2 Pressures in the Gas Grid

To judge the flow situation in the gas grid, the pressures can be investigated. Figure
shows the pressures in the highest gas grid level at the 463rd hour of the year (January
20, 7:00 am) for scenario 100 % RE H2 0_100_0. To simplify the illustration, only every
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Figure 4.16: Map representation of @ gas consumption without power plants, @
gas consumption of power plants, gas production from PtG and a balance, also
including biomethane for 100 % RE SNG 0_-100_0.
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Figure 4.17: Pressure values at every third node of the highest gas grid level at the
463rd hour for 100 % RE H2 0-100_0 (low-pressure situation).

third node is shown. At this point in time, the mean of all pressure values reaches its
minimum, so it is the hour where the gas grid is closest to reaching its transport capacity.
It is important to note here that Mecklenburg-Western Pomerania has a connection to
the gas grid but mostly on lower pressure levels. That is why there are only a few nodes
in this state.

For the H2 scenario in Figure 4.17, minimum values of approximately 29 bar occur,
mostly at the border of Northern Germany to the rest of Germany. This is due to the
large distance to the known pressure node in Dornum in the northwest of Lower Saxony.
That is where the high values of above 80 bar lie. The nodes in the south of Lower Saxony
with high pressure values are the inner-German import nodes and the connected nodes.
Figure[A.6]in the appendix shows the same for the SNG scenario, which is less critical with
pressures down to 59 bar due to the different density and NCV of natural gas compared
to hydrogen. In general, certain minimum pressures have to be maintained at the gas
transfer stations to supply the connected lower grid levels, of which the most relevant
have MOPs of 16 bar, 25 bar, and 40 bar. However, the gas grids can often be operated
with much lower pressures, so an evaluation is complex, but a necessary minimum pressure
of 25 bar in the whole grid is assumed.

It is important to mention here that the pressure in most parts of the gas grid lies above
the assumed MOP of 70 bar since the known pressure node was set to 80 bar to be able
to compute the gas grid for the different scenarios. However, many pipes, especially in
the northwest of Lower Saxony, have MOP values of up to 100 bar. Also, in actual grid
operation, the gas grid pressure could be decreased so that the MOP is exceeded nowhere
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in the gas grid, as long as the smallest pressure values do not reach critical values.

To examine a high-pressure situation, in Figure |4.18 and Figure in the appendix,
the pressures for scenarios 100 % RE 0_100_0 are shown for the 5628th hour (August 23,
12:00 am), which features the highest mean pressure value. Again, the flow situation is
more critical for hydrogen (Figure than for SNG (Figure [A.7)), and the lowest pres-
sure values are reached close to the border of Northern Germany to the rest of Germany.
However, both scenarios show very high pressures in Schleswig-Holstein due to the high
PtG input resulting from very high renewable power generation. This leads to pressures
above 106 bar for the SNG scenario and almost 210 bar for the H2 scenario. Those values
are too high and require gas grid extension between Schleswig-Holstein and Lower Saxony
to be able to transport those large gas quantities.

For scenarios with 100_0_0, a lot of power has to be produced in gas power plants for
electric heat generation, and for 0_0_100 scenarios, the gas boilers require much gas. That
is why the gas grid computation fails at critical hours of the year for certain H2 scenarios,
and a few nodes reach pressures below 1bar. However, none of the 0_100_0 scenarios is
concerned. Those low pressures are shown in Figure for 100 % RE H2 100_0_0. It
is visible that the low pressures not only occur at the border to the rest of Germany but
also in the northwest of Lower Saxony and in Schleswig-Holstein since power plants are
located there. This problem could be solved by extending the gas grid or using compressor
stations. However, this clearly shows that hybrid heat generation using electricity and
gas combined leads to a less critical gas grid operation due to lower gas demand.

This is emphasized by Figure [4.20, which shows a box plot of the pressures at all nodes
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Figure 4.19: Pressure values at every third node of the highest gas grid level at the
463rd hour for 100 % RE H2 100_0_0 (low-pressure situation).

at the 463rd hour. The red line represents the median of all values, whereas the blue box
shows the 25th and 75th percentile. The whiskers indicate the minimum and maximum
values. This way, it is possible to visualize a large amount of data and its distribution.
It is noticeable that the pressure values are always the highest for 0_100_0 across all
shares of renewables. 100_0_0 leads to the lowest pressures. The same applies to the use
of hydrogen compared to SNG due to its lower density and, thus, higher velocity and
pressure loss.

Figure shows the same box plot but for the 5628th hour, so the high-pressure
situation. Due to very high maximum values, the plot is cut, and the maximum values
are written at the top of the plot. This indicates increasing maximum pressures due to
rising PtG generation linked to higher shares of renewables and more extensive use of
gas in the heat sector. Also, it emphasizes the aforementioned effect: The flow situation
is the most critical, due to low pressures, for the 0_0_100 scenarios. Also, for each H2
scenario, the pressures are always more extreme than for the respective SNG scenario, so
the minimum values are lower and the maximum values are higher.

4.2.3 Comparison of Quasi-Stationary and Dynamic Gas Grid
Computation

In this section, the results of the quasi-stationary and dynamic gas grid computation are
compared. As an example, scenario 60 % RE H2 0.100_0 is chosen.
First, the mean error in pressure over the whole year according to Equation (3.78) lies
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Figure 4.20: Box plot of the pressure values at all nodes of the highest gas grid level at
the 463rd hour.

between —0.04 bar and 0.02bar and has a median close to zero. So, the mean error is
minimal. More interesting is the standard deviation of each node over the whole year
according to Equation since errors can still occur even though the mean values are
the same. The standard deviation ranges from almost O bar up to 1.8 bar, which means
that there is one point that deviates on average by 1.8 bar. Related to the MOP, this
equals 2.6 %.

Figure depicts each node’s standard deviation, which has a standard deviation
greater than 0.8 bar on a map. This reveals that the error rises with an increasing distance
from the known pressure node in Dornum. In the south of Lower Saxony and the north
of Schleswig-Holstein, the highest values occur.

This can be explained by the considered dynamic effects in the dynamic simulation:
Due to the volume of the gas grid, dampening of the changes in pressure occur, which are
neglected by the quasi-stationary computation. This can be illustrated with Figure
which depicts the pressure curves during the high load period at the node with the highest
standard deviation. It shows that the curve of the quasi-stationary simulation reacts to
demand changes with higher peaks in pressure due to its inherent negligence of the dam-
pening effects. The dynamic simulation reflects the more physical behavior. Compared to
the quasi-stationary simulation, it looks slightly delayed and with lower peaks comparable
to a delay in a first-order differential equation.

Next to the pressures, also the mass flow rates play an important role in a gas grid
operation. To examine the differences in mass flow rates, the utilized grid capacity is
calculated for each hour of the year according to Equation . Investigating the dis-
tribution reveals that the median is almost identical, with 15.3 % for the quasi-stationary
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Figure 4.21: Box plots of the pressure values at all nodes of the highest gas grid level
at the 5628th hour. The values at the top indicate the maximum value if it exceeded the
shown range of the plot.

and 15.2% for the dynamic simulations. Also, minimum (10.4 % vs. 10.0%) and maxi-
mum (57.9% vs. 53.6 %) values are very similar.

In the next step, the gas grid extension additional to the existing 44 000 GWyxcy km
for hydrogen is determined according to Equation . Following the quasi-stationary
gas grid computation, 8450 GWycy km of gas pipelines would have to be added, whereas
the dynamic gas grid simulation only indicates 7526 GWyxcy km. This confirms that the
dynamic simulation considers the dampening and does not reach as high or low peaks as
the quasi-stationary computation.

In conclusion, it can be stated that the dynamic and quasi-stationary gas grid com-
putation match well since the fundamental physics are the same. The most significant
difference lies in the dynamic change of pressure, leading to a delay at nodes far away
from the known pressure node. This also shows that the quasi-stationary grid computa-
tion covers the worst case, and the dynamic simulation can show the available grid buffer
in actual operation.

4.3 Aggregation of the Gas Grid

For the aggregation of the gas grid, the results of the gas grid computation will be used.
Therefore, an appropriate point in time needs to be found at which the aggregation
algorithm will use the mass flow rate and pressure values. Since the total gas demand,
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including power plants, is the highest at the 464th hour of the year, this results in the
lowest absolute pressure values in the gas grid. To minimize the errors, which are especially
critical at this point in time due to the very low pressures, this hour was chosen for every
scenario. Since the pressure and mass flow rate values in the gas grid differ from one
scenario to the other, the gas grid is aggregated for each scenario separately to reduce the
resulting error.

However, as shown in Section [£.2.2] the gas grid computation for certain scenarios and
hours results in pressures below 1bar, which means that the results are not adequate
for the aggregation. That is why, in those cases, the closest hour for which the gas grid
computation did not fail was chosen. Like this, for every scenario, an appropriate point
in time for aggregation can be found between the 462nd and the 467th hour.

In the following, the results of the aggregation will be presented. Pressures and mass
flow rates in the gas grid result from dynamic simulation of the concerning gas grid.

4.3.1 Changes in the Gas Grid Structure

First, the gas grid structure changes during different steps of the aggregation are shown
in Figure for scenario 60 % RE H2 0-100_0. The color shows the average utilized
pipe capacity according to Equation (3.84]). It is visible that the aggregation algorithm
significantly reduces the number of pipes and, thus, the complexity of the gas grid. An
aggregation grade of 98.2% according to Equation (3.77)) is reached at the end of the
aggregation. Also, from a graphical comparison, one can see that the gas grid utilization
stays similar in the different areas, so this information is contained. The connections to
the rest of Germany are particularly highly utilized, which is linked to the significant gas
transfer. Also, high grid utilization can be seen in the west of Lower Saxony, where large
gas storage plants are located.

To illustrate the effect of the gas grid reduction on numerical complexity, in Figure [4.25]
the changes of CPU time and number of loops over aggregation grade are shown. All
values are relative to the non-aggregated grid. The number of pipes and nodes equals the
number of states in the dynamic model since in each pipe or junction volume the pressure
appears as a state. The states are the variables for which the solver tries to solve the
system of equations, and reducing the states usually reduces the CPU time.

The aggregation almost proportionally reduces the CPU time according to the reduction
of states, so the aggregation reaches its goal by making the model faster. However, the
CPU time reduction is even slightly stronger than proportional, illustrated by the angle
bisector. This can be explained by the additional reduction of loops in the gas grid.
At first, the reduction of loops is slower than proportional but speeds up with higher
aggregation grades, simplifying the gas grid even more than the pure reduction of pipes
and nodes. The original highest gas grid level has 570 loops at 2237 pipes compared
to 2 loops at 35 pipes which equals a reduction of 99.6 %, which is higher than the
corresponding aggregation grade and leads to a CPU time reduction of 99.4 %.

4.3.2 Pressures in the Gas Grid

In the next step, the changes in the pressure values at the nodes after aggregation will
be investigated. Due to the design of the aggregation algorithm, the pressures at the
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Figure 4.25: Relative CPU time and number of loops over relative number of remaining
pipes and nodes for different aggregation grades for 60 % RE H2 0_100_0.

nodes are still the same at the time instance whose data was used for the aggregation. An
exception can be deviations due to the aggregation of short pipes when the pressure at the
nodes is adapted to avoid negative pressure losses. However, at other times, there will be
errors since the flow situation will be different than at the time instance of aggregation.

To illustrate that, Figure [£.26] depicts the resulting errors over a whole year for scenario
60 % RE H2 0_100_0. For different aggregated grids, the remaining nodes’ pressure values
are compared to their original values in the non-aggregated gas grid. Figure depicts
the standard deviation in the pressure of all nodes according to Equation (3.79)). Its
minimum, maximum, and median values increase with the declining number of pipes
with minor exceptions. Furthermore, Figure [4.26b] shows the mean error in pressure
according to Equation . The values are similar between 1301 and 208 pipes, but the
absolute error increases stronger from 104, and especially from 35 pipes on. This equals
aggregation grades of 95.1 % and 98.2 %, respectively. Starting at 35 pipes, the absolute
values of the minimum and maximum jump to —1bar and 3 bar, respectively, so much
larger errors occur. It is important to note here that those are values over a whole year,
so the exact deviations can be much higher.

Figure[4.27|shows the pressure at the node with the highest standard deviation, which is
located close to Kiel in Schleswig-Holstein, for different aggregation steps. It is noticeable
that the error is not zero at the time instance based on whose data the gas grid was
aggregated, that is, the 464th hour (marked in red). This is linked to the aggregation of
short pipes where the node’s pressure is adapted in certain cases. However, the deviation
is comparatively small, also at other time instances. The largest error occurs for the gas
grid with 35 pipes due to the significant simplifications.

If the standard deviation and mean error in pressure are compared between the scenarios
over different aggregation grades, it can be seen that the tendency is the same: The errors
increase with higher aggregation grades. Furthermore, higher shares of renewables as well
as hydrogen compared to SNG lead to larger errors. Also, the heating system 0_-100_0
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80 T T T T T T T T T

75

70
—~
<
2 65 i
) I
% 60 | *
§ ——2237 Pipes \
& 55 [|——410 Pipes kﬁr | i

——208 Pipes \ \/\/ H
50 ——104 Pipes N
45 60 Pipes |
35 Pipes
| | | | | | | | |
400 420 440 460 480 500 520 540 560

580

Time in Hours

Figure 4.27: Pressure at the node with the highest standard deviation for different
aggregation steps for 60 % RE H2 0_.100_0. The time instance based on whose data the
gas grid was aggregated is marked in red.

100



4.3 Aggregation of the Gas Grid

results in the smallest errors. This leads to the following conclusion: The higher the gas
grid utilization, the larger the errors. This is caused by increased gas use in the heat
sector or power plants and extended fluctuating gas production in PtG plants.

4.3.3 Required Gas Grid Extension

One essential result of the gas grid model is the required gas grid extension to sustain a
working gas grid in the future according to the scenarios. Since the aggregation strongly
simplifies the gas grid, the model must not significantly lose precision in predicting the
required gas grid extension. That is why this value was calculated for each of the aggre-
gation steps of scenario 60 % RE H2 0_100_0 and depicted in Figure 4.28

Despite the considerable simplification of the gas grid, until 208 pipes, the value stays
quite the same. However, aggregating the gas grid further leads to larger errors of 41.5%
for 104 pipes and 73.6 % for 60 pipes compared to the non-aggregated gas grid. The errors
can be explained by the combination of pipes with high and low utilized capacity, which
prohibits the detection of pipes operated at the limit. The more pipes are aggregated,
the more significance this effect gains. Nevertheless, it is crucial to see the absolute error
values in relation to the current gas grid capacity for hydrogen, which is 44 000 GWycv km.
So, an error of, for example, 382 GWycy km for the gas grid with 104 pipes resembles less
than 1% of the gas grid capacity.

Comparing the required gas grid extension over different scenarios, as shown in Ta-
ble reveals that the values are much higher for H2 scenarios and increase for higher
shares of renewables in most cases. Also, the extended use of both electricity and gas in
the heat sector requires more gas grid capacity. A more thorough analysis of this aspect
is done in Section [£.4.]

Figure shows how the relative errors in gas grid extension develop with higher
aggregation grades. For the SNG scenarios in Figure [£.29a] the relative errors are already
relatively high for low aggregation grades. Also, most scenarios reach relative errors of
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Figure 4.28: Required gas grid extension for different aggregation steps for 60 % RE H2
0-100-0.
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Table 4.1: Required gas grid extension based on the dynamic simulation of the non-
aggregated gas grid. For the H2 100_0_0 scenarios, the simulations failed due to too low
pressures.

Required Gas Grid Extension in GWycy km
100_0_0 0-100_0 0-0_-100

SNG 60% RE 109.7 25.7 35.8
100 % RE 75.6 43.1 651.8
H2 60 % RE - 920.8  2625.1
100% RE - 38945 74231

—100 % at aggregation grades above 95 %, which means no gas grid extension is required.
However, those extreme values have to be seen in relation to the absolute required gas grid
extension values in Table 4.1 which are very low for most SNG scenarios. For scenario
100 % RE SNG 0_0_100, the SNG scenario with the highest required gas grid extension
shown here, has comparatively low relative errors up to aggregation grades just above
95 %.

The relative errors for the H2 scenarios show a similar behavior; see Figure [4.29b] The
100_0_0 variations are not shown because the simulations failed since too low pressures
in the gas grid occur due to aggregation errors and high gas grid utilization. The relative
error is maximum 22.6 % until more than 90 % of the gas grid have been aggregated, which
resembles a gas grid with approximately 200 pipes. For 100 pipes or aggregation grades of
approximately 95 %, the relative error ranges from 23.24 % to 42.6 %. Afterward, relative
errors of up to 85.6 % occur.

In conclusion, the aggregation leads to high relative errors for small values of required
gas grid extension. However, the relative errors are comparatively small for aggregation
grades of 90 % and rise strongly afterward.

4.4 Dynamic Simulation of the Integrated Energy System

Section showed that the errors increase with higher aggregation grades, but the CPU
time reduces significantly. In the next step, the gas grid will be combined with the rest
of the TES. For this, an aggregation grade has to be chosen at which the precision of the
gas grid model and its numerical efficiency keep a good balance. The gas grid aggregation
was executed for each scenario, and a gas grid with approximately 100 pipes was chosen,
which approximately equals an aggregation grade of 95 %.

The dynamic TES models for the H2 scenarios take 29-40h to simulate, whereas the
SNG scenario models take 54-119h using the solver Radau IIa with a tolerance of 107°
on a desktop computer with an Intel® i7-8700 CPU and 32GB RAM. The difference
between SNG and H2 scenarios results from the additional gas properties, which have to
be calculated for methane, as well as the lithium-ion batteries and the more complex PtG
plants used in most SNG scenarios.

The gas storage plants in the regions play a crucial role in the simulation since they
control the pressure at the respective nodes. The pressure at the gas storage within the
region is attempted to equal the set pressure according to Equation . However, the
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Figure 4.29: Relative error of required gas grid extension over different aggregation
grades for selected scenarios.

gas storage capacity as well as the injection and withdrawal capacity limitations apply.
That is why the pressure at certain nodes reached values below 1 bar, leading to simulation
failure. To avoid this, there are two options: First, the gas storage volume in Region 10
can be increased since it is the only gas storage in the east of Northern Germany and it
is comparatively small. However, it plays a significant role for the gas pressure in this
region and can lead to too low pressures when the gas storage is empty. So, for 60 %
RE SNG 00100, 80 % RE SNG 50_50_0, and 80% RE SNG 0_.0_100 it is increased
by factor 5 and for 80 % RE SNG 100_.0_0, 100 % RE H2 100_0_0, and 100% RE H2
50_50_0 by factor 2 compared to the other simulations. Second, the maximum injection
and withdrawal capacities of the gas storage plant in Region 10 can be increased. This
helps if the pressure falls too low because the withdrawal capacity is limited. So it is
increased by factor 1.5 for 80 % RE SNG 0_0_100 and by factor 1.2 for 80 % RE SNG

50-50_0 to ensure a stable gas grid operation.
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4.4.1 Required Gas Grid Extension

Figure [4.30] shows the required gas grid extension over all variations for the dynamic IES
model. It also includes the results for the non-aggregated quasi-stationary gas grid model
and the dynamic aggregated gas grid model with 100 pipes. To distinguish the missing
simulation of the aggregated dynamic gas grid model of scenario 60 % RE H2 100_0_0,
which did not work due to too low pressures, from zero values, it is marked with a short
red bar. For better comparison, the same scale is used for all H2 and SNG scenarios,
respectively.

As shown in Section [4.2.3] the quasi-stationary and dynamic gas grid simulations match
well, but the dynamic simulations are a bit dampened, so lower required gas grid extension
is expected. Also, the required gas grid extension decreases with higher aggregation
grades, as has been presented in Section[£.3.3] That is why the required gas grid extension
is always lower for the simulation of the aggregated grid with 100 pipes. One outlier is
scenario 60 % RE SNG 50_50_0 due to higher deviations resulting from the aggregation.

For most scenarios, the required gas grid extension values based on the results of the
dynamic IES model also lie below the values for the aggregated gas grid model or at a
similar level. This can be explained by the function of the gas storage plants: In the gas
grid models without the rest of the IES, the gas storage plants are operated by curves given
by the optimization, whereas in the dynamic IES model, they are controlled according
to the gas grid pressure at the respective nodes. This leads to a gas grid operation that
is more adapted to the flow situation in the gas grid. Also, the operation of the power
plants and PtG plants is modeled in more detail in the dynamic IES model since the
power and gas production depends on each region’s local residual load. In contrast, in
the gas grid models without the rest of the IES, the power plants and PtG plants are also
simply following the curve given by the optimization. So, the consideration of the whole
system has a benefit since less gas grid extension is sufficient for most of the scenarios.

Only for all H2 0_0_100 scenarios and 60 % RE SNG 100_0_0, the required gas grid ex-
tension based on the dynamic IES model is much higher than for the aggregated dynamic
gas grid model. The differences between the scenarios can be explained by the following:
For the quasi-stationary and dynamic gas grid models without the rest of the IES, the
required gas grid extension is mostly driven by the demand during cold spells in winter.
Especially the gas transfer to the rest of Germany requires a lot of grid capacity, as can
be seen in Figure [4.24] For the dynamic IES model, the required gas grid extension is
mostly caused by two effects: First, it can also be caused by the demand during cold
spells, then the gas grid extension values are smaller or very similar. This is due to the
more advanced control of the gas storage plants, which considers the pressure and leads
to better use of the gas grid capacity. Second, gas storage injection can require a lot of
gas grid capacity. With an increasing gas use in the heat sector, the required gas storage
and injection capacities increase, see Figure [{.I5] At the beginning and middle of the
year, it can occur that the gas storage volumes in the rest of Germany are full, which
represent roughly half of the whole German gas storage capacity. Then, the gas storage
plants in the northwest of Lower Saxony take up large quantities of gas from all over
Germany, especially from PtG from Schleswig-Holstein. This leads to the required gas
grid extension, especially when the heat sector demands much gas, such as in the 0_0_100
scenarios. For 60 % RE SNG 100_0_0, the reason for the high value of required gas grid
extension lies in the high gas demand of power plants to supply electricity for heating
during the cold spell.
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4.4 Dynamic Simulation of the Integrated Energy System

60 % RE SNG 60 % RE H2
800 F ' ' ' — ' ' ' '
-Non-Aggregated Quasi- 8000 r
Stationary Gas Grid Model
600 -Aggregated Dynamic 16000 +
Gas Grid Model
Dynamic Integrated
400 ¢ 1 I
Energy System Model 4000
200 12000 ¢
g 0
3 80 % RE SNG 80 % RE H2
“ 800 F ' ' ' T ' ' ' '
= 8000
@)
=
600 ¢ .
.S 6000 r
2
£ 400} -
LE 4000 ¢
g
—
O 200 12000 f
2
- L_I_LM_LMA
T 0
A
=
S 100 % RE SNG 100 % RE H2
800 8000 ¢
600 16000 |
400 ¢ 14000 r
200 | I 12000 |
0 J+ ll B . 1] 0 L
Q/Q/Q 0 o by 0 » Q/@Q q O PPN N by 0 » Q/@Q
S\ \ I\ \ DR\ E\ A\

Figure 4.30: Required gas grid extension resulting from the different models for all
scenarios. Failed simulations are marked in red.
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Due to the different properties of the gases, there is a striking difference between
the SNG and H2 scenarios: For SNG, there is either no or just a small amount of
gas grid extension necessary. The maximum value based on the dynamic IES model
is 477 GWycv km, whereas, for H2, it is 7776 GWycy km. For both H2 and SNG, the
maximum values occur for 100% RE 0-0_100. However, this extension should be re-
garded as related to the current gas grid capacity of 88000 GWycy km for SNG and
44000 GWycy km for hydrogen. This merely resembles a gas grid extension by 0.5 % for
SNG and 17.7 % for hydrogen, respectively, which is much less than for the power grid,
as presented in Section [4.4.2]

Furthermore, for all scenarios, the non-aggregated quasi-stationary gas grid model re-
sulted in the lowest gas grid extension values for variation 0_100_0 and increasing values
towards either more use of power or gas in the heat sector. The dynamic IES model con-
firms this in most cases. However, for 80 % RE H2, scenario 50_50_0 has a slightly lower
value than 0_100_0. For the SNG scenarios, the required gas grid extension values are
mostly very small and, thus, lie very close to each other. That is why 0_100_0 is mostly
close to the minimum. The minimum values for each renewable share occur at 60 % RE
SNG 0.100_0, 80 % RE SNG 0_0_100 and for 100 % RE SNG 100_0_0-0_50_50.

To illustrate where the gas grid needs to be extended, Figure 4.31| shows the gas grid of
exemplary H2 scenarios where the color marks the gas grid extension. The clear difference
between the 60 % and 100 % RE scenarios is visible, as well as the discrepancy between the
variation of heating technologies in each renewable share category. The gas grid extension
focuses on two areas: First, the connection between Schleswig-Holstein and Lower Saxony
to integrate the high production of hydrogen from PtG into the gas grid. Second, the
connection of the gas storage plants in the northwest of Lower Saxony so that they can
take up excess gas. The rest of the gas grid either does not have to be extended or just
to a minor extent.

4.4.2 Required Power Grid Extension

Figure shows the required power grid extension for all scenarios calculated from
data from the dynamic IES model according to Equation (3.91)). The required power grid
extension increases with the rising use of gas in the heat sector since then also the amount
of PtG increases. This necessitates extensive transport of renewable electric power and,
thus, a lot of power grid extension. For 100 % RE, the power grid extension also rises for
increasing use of power for heating since power plants need to produce much electricity
during cold spells. This causes a high need for power transmission lines as well.

Another trend is that the required power grid extension increases with higher shares of
renewables since, in general, the use of electricity, especially for PtG, rises. H2 scenarios
require more power grid extension in all variations since the power grid extension is mainly
coupled to the amount of renewable generation, which is higher for H2 scenarios than the
respective SNG scenarios. Only for 100 % RE 0_0_100, the SNG scenario needs more
power grid extension than the H2 scenario since more renewable power is required for the
SNG scenario due to very high amounts of demanded SNG.

The minimum values of required power grid extension lie between 100_0_0 and 0_100_0
for all scenarios, so in the direction of increased use of power in the heat sector.

Relative to the original transmission grid capacity of 4100 GW¢ km, the power grid
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Figure 4.31: Maps of the required gas grid extension resulting from the dynamic IES
models for selected H2 scenarios.
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Figure 4.32: Required power grid extension for all scenarios.

extension ranges from 12.4% to 124.8%. So, the power grid has to be extended to a
much larger extent than the gas grid for all scenarios.

Figure [4.33| shows the required power grid extension on a map for selected H2 scenarios.
Note that only the transmission lines that have to be extended are depicted here. In
general, it is visible that most of the extension is required in the north-south direction,
especially from the regions with high renewable generation in Schleswig-Holstein and the
northwest of Lower Saxony to the south of Germany. This effect is more substantial for
more extensive gas use in the heat sector as well as higher shares of renewables due to
the enormous rise in renewable power generation. The SNG scenarios show very similar
results.

4.4.3 Cost for Gas and Power Grid Extension

To truly compare the grid extension in both grids, the annuities are calculated according
to VDI 2067 Part 1 using cost assumptions listed in Table For the
gas pipelines, a diameter of 600 mm is assumed since this represents approximately the
average diameter of the existing highest gas grid level. For the power transmission lines,
new erections of 380 kV double circuit lines with 4000 A maximum current, comparable to
typical projects in 50Hertz et al. , are assumed. To connect the power transmission
line to the surrounding power grid, power transformers for 110/380kV and the required
switch fields are added at the beginning and end of each new transmission line.

The resulting costs are shown in Figure [£.34] Tt is clear that the power grid extension
dominates the cost in all scenarios but especially in the SNG scenarios since almost no gas
grid extension is necessary. However, even for the H2 scenarios, the cost for power grid
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Figure 4.33: Maps of the required power grid extension resulting from the dynamic IES
models for selected H2 scenarios.
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Table 4.2: Assumptions for the calculation of gas and power grid extension cost.

Value Source

Gas Pipeline

Capital cost 1720EUR/m FNB Gas
Yearly O&M cost 2.5% Sterchele et al. (2020b
Lifetime 30a Sterchele et al. (2020b
Power Transmission Line
Capital cost 2500 EUR/m 50Hertz et al. (2021b))
Power Transformer
Capital cost 17TEUR/kW, 50Hertz et al. (2021b))
Switch Field
Capital cost 4.9mil. EUR  50Hertz et al. (2021b)
All Power Components
Yearly O&M cost 3.0% Sterchele et al. (2020b
Lifetime 40a Sterchele et al. (2020b
60 % RE SNG 80 % RE SNG 100 % RE SNG
1.5 1.5 1.5
B Power Grid
1t/ Gas Grid
0.5
0 m..
60 % RE H2 80 % RE H2 100 % RE H2

Annuity for Required Gas and Power
Grid Extension in bil. EUR

Figure 4.34: Cost for required extension of power and gas grids for all scenarios.
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extension makes up 72.4-94.9% of the cost. Also, the H2 scenarios always have higher
costs than the respective SNG scenarios.

The total cost of grid extension is lowest for 0_100_0 for 100 % RE H2 and SNG. For
60 % RE SNG and 80 % RE H2, 50_50_0 has slightly lower cost, and for 60 % RE H2 and
80 % RE SNG, even 100_0_0 has the lowest grid extension cost. Nonetheless, for most
scenarios, the cost of the variations 100_0_0-0_100_0 are very similar.

However, it has to be noted here that the gas grid extension focuses on Northern Ger-
many, whereas the power grid extension covers the entire country. Nevertheless, assuming
that the gas grid extension in Northern Germany is representative for the rest of Germany;,
this would simply scale up the cost in all scenarios with the same factor. Even this would
not significantly change the relation of the variations to each other, and the qualitative
results would stay the same.

Nevertheless, to consider the whole system, the costs have to be compared, including
the overall cost of the IES in Figure The cost difference between the optimal 0-100_0
scenarios and the respective 50_50_0 and 0_50_50 scenarios range between 3.3 bil. EUR and
15.6 bil. EUR. However, the differences in cost for grid extension between the variations
are all less than 0.6 bil. EUR.. So they are so low that they do not outbalance the differences
in overall system cost. That is why, even considering the grid extension cost, 0_100_0
(100 % EHPGB) stays the most economical option for 60 % to 100 % renewables. Also,
hydrogen has not lost its cost-benefit for 100 % RE, and SNG is less expensive for 60 %
and 80 % RE.
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5 Summary and Outlook

Aiming at CO, emission reductions of up to 95 % until 2050 compared to 1990 (BMWi,
2018)), a significant change of the German energy system is imminent. To quantify the
effects of certain parts of the energy system, different models are developed and used in this
thesis. The overall model covers the sectors power, heat, and gas excluding transportation
with 60 %, 80 %, and 100 % renewable energies in the considered integrated energy system.
A particular focus is laid on the gas sector in Northern Germany, where the gas grid is
modeled in detail.

First, an optimization is developed to find economical configurations of the German
future integrated energy system. This includes a variety of energy storage and heating
technologies as well as different power plants. For Power-to-Gas plants, options with and
without methanation are considered to investigate the use of either SNG or hydrogen in
the gas grid.

The economic optimization finds hybrid heating systems consisting of electric heat
pumps and gas boilers (EHPGB) to be the most cost-effective. A sensitivity analysis
shows that this is a very robust result, and just the ratio of consumed gas to power
changes slightly. Lithium-ion batteries are the only electric energy storage plant type used
but exclusively in scenarios with Power-to-Gas with methanation. Power-to-Gas and gas
power plants are needed to a large extent, as well as renewable power generators. For all
technologies, but particularly renewable power generators, an extensive and fast nominal
power and storage capacity expansion is necessary to enable the system to integrate such
high shares of renewables. The comparison of either hydrogen or SNG in the gas grid
shows that the cost is lower for SNG for 60 % and 80 % renewables, but hydrogen is more
economical at 100 % renewables due to various effects.

Additional to the optimal case of EHPGB, variations of the composition of the heating
technologies in the system are considered and economically optimized: exclusively gas
boilers or electric heat pumps as well as balanced mixes of each technology with EHPGB.
With those variations, the effect of different heating technologies with different extents of
power and gas use for heating on the integrated energy system are investigated.

Second, a computation of the Northern German gas grid is implemented and parame-
trized with the optimization results. This enables the investigation of how the different
shares of renewables and heating technologies, as well as the use of either hydrogen or
SNG, influence the operation of the gas grid. An aggregation algorithm is developed to
reduce the complexity of the gas grid and enable integration into the dynamic integrated
energy system model.

The gas grid computation revealed that using hydrogen in the gas grid instead of SNG is
more critical since lower pressures are reached due to different gas properties. This effect
gets more extreme for the extended use of either power or gas in the heat sector, especially
during cold spells where both heating technologies increase the gas demand. Electric heat
pumps indirectly cause higher gas consumption due to the high power demand, which is
satisfied by gas power plants.
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5 Summary and Outlook

Comparing dynamic and quasi-stationary gas grid computation shows that both match
very well, but the dynamic simulation includes the dampening of the gas grid. This
results in a more realistic behavior with less extreme peaks and better use of the gas grid
capacity. However, quasi-stationary computations work well for worst-case investigations.

Also, the simulations of the aggregated gas grid models lead to good results compared
to the non-aggregated model. First, the aggregation algorithm can reduce the number of
pipes of the gas grid by more than 98 %. Also, over a large range of aggregation grades,
the results, including the required gas grid extension, match well even for aggregation
grades of 90 % or even higher for certain scenarios. However, the errors increase stronger
for higher aggregation grades. On the one hand, the errors increase with fewer remaining
pipes, but on the other hand, the computation time reduces drastically, which is necessary
to couple the gas grid with the rest of the integrated energy system.

Third, the aggregated gas grid model is integrated into the dynamic integrated energy
system model, which includes all energy producers and consumers, storage and conversion
plants as well as an aggregated power grid. Using this model, the optimization results
can be verified in a spatially resolved, dynamic model. Furthermore, the required grid
extension for the gas and power grid can be determined.

For the gas grid, the results of the required grid extension from the dynamic IES model
match well with the values from the quasi-stationary and aggregated gas grid models. In
most cases, the calculated required extension is lower for the dynamic integrated energy
system model than for the gas grid models. So, considering the entire system, including
the energy grids and all technologies, is important since it gives more detailed results,
and the gas grid models often overestimate the required grid extension. The gas grid
is mostly sufficient for all SNG scenarios; only minor extension is necessary. More gas
grid extension is required for scenarios with hydrogen due to the different gas properties
compared to SNG. However, for EHPGB, the gas grid extension values are lowest or close
to the minimum values.

Looking at the power grid extension shows similar results. EHPGB often requires the
least power grid extension compared to the other heating technologies. However, in some
cases, the power grid capacity has to be more than doubled.

Interestingly, the extensive use of gas by gas boilers to produce heat does stress not
only the gas grid but also the power grid due to the increased demand for Power-to-Gas.
This necessitates high transmission capacities both in the power and the gas grid. The
same applies to a high share of electric heat producers combined with a high share of
renewables. The heat producers require large power plants to provide the power during
cold spells, which need a suitable power and gas grid connection as well as gas from
Power-to-Gas.

Calculating the cost of both grid extensions shows that the power grid extension domi-
nates the cost. Adding them to the overall system cost enables a more detailed comparison.
However, the system cost without the grid and the grid extension cost are both lowest
for EHPGB in most cases, or the cost difference does not outbalance the cost difference
of the rest of the system. So, the consideration of grid extension does not significantly
change the optimal solution.

Different model aspects could be investigated in the future and might lead to a better
understanding of the integrated energy system. An alternative to gas grid extension is
the erection of compressor stations, which were so far neglected in the model. Also,
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considering the whole German gas grid might be beneficial to cover the gas grid extension
in the whole grid. Furthermore, the investigation of separate SNG and hydrogen grids
can be worthwhile since it depends on the renewables’ share if using hydrogen or SNG is
more economical. This way, the benefits of both gases can be combined.

For both, power and gas sector, the calculated grid extension only considers the highest
grid level and neglects the distribution grid. Especially in the power sector, the distribu-
tion within the region is not limited by the power grid capacity, which could be added to
investigate further the effect of electric heat producers on the power grid.

Also, not only economic and ecological aspects but also the resilience of the integrated
energy system should be examined to evaluate the security of supply in the future in detail.
In this context, the dynamic simulation can provide detailed time-resolved insight into
the propagation of disturbances not only within the gas grid but also to the connected
sectors. The developed algorithms and models provide a solid basis for those possible
enhancements.

All in all, the use of hybrid heating systems is beneficial for the integrated energy system,
not only regarding the cost but also for the minimization of power and gas grid capacity
and an increase in consumer flexibility. Hybrid heating systems can help transform the
German energy system efficiently to limit the effects of climate change.
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A Appendix

A.1 Input Parameters

Table A.1: Economical and technical assumptions for renewable energy generators.
Yearly O&M cost are given in percentage of the capital cost.

Technology Unit 2040 2045 2050 Source

Offshore Wind Plant

Capital cost EUR/kWg 2494 2337 2251 Palzer (2016

Yearly O&M cost % 3.03 3.03 3.03 Palzer (2016)
Lifetime a 20 20 20 Palzer (2016)
Onshore Wind Plant

Capital cost EUR/kWq 1401 1400 1400 Palzer (2016)

Yearly O&M cost % 34 34 34 Palzer (2016)
Lifetime a 225 225 225 Palzer (2016)
Photovoltaics Plant

Capital cost EUR/kWg 597 576 571 Palzer (2016)

Yearly O&M cost % 1.96 1.96 1.96 Palzer (2016)
Lifetime a 30 30 30 Palzer (2016)
Run-of-River Plant

Capital cost EUR/kWg 1600 1600 1600 Palzer (2016)

Yearly O&M cost % 2 2 2 Palzer (2016)
Lifetime a 50 50 50 Palzer (2016)

Full load hours h 3989 3989 3989 50Hertz et al. (2017)
Technical potential GWq 53 5.3 5.3 Henning et al. (2015)
Relative yearly Ziems et al. (2012)

production profile

Decentral Solar Thermal Collector

Capital cost EUR/m? 163 162 162 Palzer (2016)
Yearly O&M cost % 1.3 1.3 1.3 Palzer (2016)
Lifetime a 30 30 30 Palzer (2016)
Technical parameters Viessmann (2019))

Central Solar Thermal Collector

Capital cost EUR/m? 108 106 106 Palzer (2016)
Yearly O&M cost % 14 14 1.4 Palzer (2016)
Lifetime a 30 30 30 Palzer (2016)

Continued on next page
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Table A.1 — continued from previous page
Technology Unit 2040 2045 2050 Source
Technical parameters Viessmann (2019)

Biogas Plant

Capital cost EUR/KWNCV uper. gas 836 827 826 Palzer (2016
Yearly O&M cost % 5 5 5 Palzer (2016)
Lifetime a 20 20 20 Palzer (2016
Biogas Upgrading Unit

Capital cost EUR/KWNCV uper. gas 296 286 284 Palzer (2016])
Yearly O&M cost % 5 5 5 Palzer (2016)
Lifetime a 20 20 20 Palzer (2016
Efficiency related to % 88 88 88 Palzer (2016)
NCV

Yearly Availability ~ h 8400 8400 8400 Palzer (2016)
Biomass to Hydrogen Plant

Capital cost EUR/kWxcv 1917 1886 1882 Palzer (2016)
Yearly O&M cost % 6 6 6 Palzer (2016)
Lifetime a 20 20 20 Palzer (2016
Efficiency related to % 48 48 48 Palzer (2016])
NCV

Yearly Availability h 8000 8000 8000 Palzer (2016)

Table A.2: Economical and technical assumptions for Power-to-Gas and power plant
technologies. Yearly O&M cost are given in percentage of the capital cost.

Technology Unit 2040 2045 2050 Source

Electrolyzer

Capital cost EUR/kWgq 213 202 200 Palzer (2016)

Yearly O&M cost % 4 4 4 Palzer (2016)

Lifetime a 18.1 184 18.5 Elsner and Sauer (2015)
Efficiency related to % 77.6 783 78.5 Elsner and Sauer (2015)
NCV

Relative efficiency Modified version of Kopp
curve et al. (2017)
Electrolyzer and Methanation Unit

Capital cost EUR/kW, 843 805 800 Palzer (2016)

Yearly O&M cost % 25 25 25 Palzer (2016)

Lifetime a 24.4 249 25.0 Elsner and Sauer (2015)
Efficiency of % 83.1 83.1 83.1 TUHH (2021)

methanation unit

related to NCV

Continued on next page
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Table A.2 — continued from previous page

Technology

Unit 2040

Source

Low Temperature Direct Air Capture Plant

Capital cost
Yearly O&M cost
Lifetime

Specific power
demand

EUR a/tCOQ 215

% 4
a 30
kWhel/tco2 1281

Specific heat demand ~ kWhyy, /tco, 202

Combined Cycle Gas Turbine Plant

Capital cost

Yearly O&M cost
Lifetime

Efficiency related to
NCV

Smallest unit
Minimum load
Maximum load
gradient

Start up time (hot)

Gas Turbine
Capital cost
Yearly O&M cost
Lifetime

Efficiency related to
NCV

Smallest unit
Minimum load
Maximum load
gradient

Start up time (hot)

EUR/kW., 700

% 3
a 32.5
% 63.1
MW 100
% 45.6

% Pl nom/min  10.1

min 24 .4

EUR/kWy 375

% 3.5
a 50
% 43.8
MWy 50
% 14

% Pet.nom/min 100

min 3

2045 2050
201 199
4 4
30 30
1182 1102
192 182
700 700
3 3
325 325
63.3  63.5
100 100
46.6 47.5
10.3  10.5
249 255
375 375
3.5 3.5
50 20
449 46.0
50 20
14 14
100 100
3 3

Fasihi et al. (2019)
Fasihi et al. (2019)
Fasihi et al. (2019)
Fasihi et al. (2019)

Fasihi et al. (2019)

Gorner et al. (2016))
Gorner et al. (2016))
Gorner et al. (2016))
Gorner et al. (2016])

Own assumption
Gorner et al. (2016))
Gorner et al. (2016))

Gorner et al. (2016))

Gorner et al. ( )
Gorner et al. )
Gorner et al. (2016))
Gorner et al. ( )

Own assumption
Gorner et al. (2016))
Gorner et al. (2016])

Gorner et al. (2016))
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Table A.3: Economical and technical assumptions for heating technologies. Yearly O&M
cost are given in percentage of the capital cost.

Technology Unit 2040 2045 2050 Source

Large-Scale Combined Heat and Power CCGT Plant

Capital cost EUR/kW¢ 1250 1250 1250 Gorner et al. (2016))

Yearly O&M cost % 2.8 2.8 2.8 Palzer (2016)

Lifetime a 32.5 325 325 Palzer (2016)

Nominal electric and TUHH (2021) (CHP

thermal load CCGT plant "Fortuna')

Efficiency field TUHH (2021) (CHP
CCGT plant "Fortuna')

Maximum load % Pelnom/min 10.1  10.3 10.5 Gorner et al. (2016))

gradient

Start up time (hot) min 60 60 60 Gorner et al. (2016))

Ratio of nominal - 2 2 2 Wirme Hamburg (2020))

thermal load of CHP
CCGT plant to peak
load boiler

Small-scale Combined Heat and Power Plant

Capital cost EUR/kWg 2989 2975 2973 Klotz et al. (2014)),
relative cost reduction
from Palzer (2016)

Yearly O&M cost % 145 1.45 145 Klotz et al. (2014)
Lifetime a 10 10 10 Klotz et al. (2014)
Electric efficiency % 32 32 32 Klotz et al. (2014)
Thermal efficiency % 60 60 60 Klotz et al. (2014)
Electric Heat Pumps

Capital cost EUR/kWy, 1006 978 956 Palzer (2016)

Yearly O&M cost % 3.5 35 3.5 Palzer (2016)

Lifetime a 20 20 20 Palzer (2016)
Performance Curve Palzer (2016))
Electrode Boiler and Electric Heating Rod

Capital cost EUR/kWy, 70 70 70 Elsner and Sauer (2015)
Yearly O&M cost % 2 2 2 Elsner and Sauer (2015)
Lifetime a 15 15 15 Elsner and Sauer (2015))
Efficiency % 99 99 99 Elsner and Sauer (2015)
Gas Heat Pump

Capital cost EUR/kWy, 894 823 800 Palzer (2016)

Yearly O&M cost % 1.5 1.5 1.5 Palzer (2016)

Lifetime a 20 20 20 Palzer (2016)
Performance Curve Palzer (2016))

Continued on next page
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Table A.3 — continued from previous page

Technology Unit 2040 2045 2050 Source

Gas Boiler

Capital cost EUR/kWy, 175 175 175 Palzer (2016)

Yearly O&M cost % 2 2 2 Palzer (2016)

Lifetime a 20 20 20 Palzer (2016)

Efficiency related to % 98 98 98 Elsner and Sauer (2015)
NCV

Table A.4: Economical and technical assumptions for storage technologies. Yearly O&M
cost are given in percentage of the capital cost.

Technology Unit 2040 2045 2050 Source

Pumped Hydro Storage Plant

Capital cost EUR/kWg 850 850 850 Elsner, Fischedick, et al.
(2015)

EUR/kWh 50 50 50 Elsner, Fischedick, et al.

(2015)

Yearly O&M cost % 1.2 1.2 1.2 Elsner, Fischedick, et al.
(2015)

Lifetime a 80 80 80 Palzer (2016)

Charging efficiency % 88 88 88 Elsner, Fischedick, et al.
(2015)

Discharging efficiency % 89 89 89 Elsner, Fischedick, et al.
(2015)

Maximum load % Pel nom /min 60 60 60 Vattenfall GmbH (2018)

gradient

Technical power GWg 8.6 8.6 8.6 Benndorf et al. (2014)

potential

Technical capacity GWh 52.12 52.12 52.12 Calculated using

potential Benndorf et al. (2014))

with scaled up power
from above

Adiabatic Compressed Air Energy Storage Plant

Capital cost EUR/kWg 663 658 658 Elsner and Sauer (2015)

EUR/kWh 25.0 24.0 23.5 Elsner and Sauer (2015)

Yearly O&M cost % 1 1 1 Elsner, Fischedick, et al.
(2015)

Lifetime a 40 40 40 Elsner, Fischedick, et al.
(2015)

Charging efficiency % 87.8 88.1 88.4 Elsner and Sauer (2015)

Discharging efficiency % 787 79.0 79.2 Elsner and Sauer (2015

Continued on next page
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Table A.4 — continued from previous page

Technology Unit 2040 2045 2050 Source

Maximum load % Pel nom /in 10 10 10 Own assumption (CAES

gradient plants can be used for
minute reserve
(Crotogino et al., 2001)))

Minimum SOC % 60 60 60 Elsner, Fischedick, et al.
(2015))

Battery Storage Plant

Capital cost EUR/kWg 453 450 45.0 Elsner and Sauer (2015)

EUR/kWh  145.0 145.0 145.0 Elsner and Sauer (2015])

Yearly O&M cost % 1 1 1 Elsner, Fischedick, et al.
(2015))

Lifetime a 21.2  21.8 22.0 Elsner and Sauer (2015)

Charging efficiency % 944 947 949 Elsner and Sauer (2015)

Discharging efficiency % 944 947 949 Elsner and Sauer (2015)

Maximum load % Pel nom /min 00 00 oo Own assumption

gradient

Self-discharge rate % /month 3.22  3.05 3.00 Elsner and Sauer (2015

Minimum SOC % 0 0 0 Elsner and Sauer (2015)

Minimum SOC % 100 100 100 Elsner and Sauer (2015)

Decentral Hot Water Storage Tanks

Capital cost EUR/m? 1091 1053 1040 Palzer (2016)

Yearly O&M cost % 1.3 1.3 1.3 Palzer (2016))

Lifetime a 20 20 20 Palzer (2016)

Height m 2 2 2 Own assumption

Diameter m 1 1 1 Own assumption

Relative heights of Recknagel et al. (2017)

entries and exits

Heat transmission W/(m? K) 0.5 0.5 0.5 Own assumption

coefficient of storage

wall

Central Hot Water Storage Tanks

Capital cost EUR/m? 124 121 120 Palzer (2016

Yearly O&M cost % 1 1 1 Palzer (2016)

Lifetime a 40 40 40 Palzer (2016)

Height m 50 50 50 Own assumption

Relative heights of Recknagel et al. (2017)

entries and exits

Heat transmission W/(m?K) 05 05 0.5 Own assumption

coefficient of storage
wall

Continued on next page
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Table A.4 — continued from previous page

Technology Unit 2040 2045 2050 Source
Gas Storage Plants for Natural Gas, SNG, and Biomethane
Capital cost EUR /kg 0.604 0.604 0.604 Stolzenburg et al. (2014)

(Green field salt cavern
with 500 000 m? with
density values from
TLK-Thermo and ift

(2021))
Yearly O&M cost % 2 2 2 Stolzenburg et al. (2014)
Lifetime a 30 30 30 Stolzenburg et al. (2014)

Gas Storage Plants for Hydrogen

Capital cost EUR /kg 6.237 6.237 6.237 Stolzenburg et al. (2014)
(Green field salt cavern
with 500 000m? with
density values from
TLK-Thermo and ift

(2021))
Yearly O&M cost % 2 2 2 Stolzenburg et al. (2014)
Lifetime a 30 30 30 Stolzenburg et al. (2014)
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Table A.5: Cost assumptions for power grid extension due to renewables and electric
heat pumps. Yearly O&M cost are given in percentage of the capital cost.

Unit 2040 2045 2050 Source

Undersea Cable for Offshore Wind Plants

Capital cost EUR/kWlnom ofishore 430 430 430 Henning et al. (2012)

Yearly O&M cost % 3 3 3 Sterchele et al.
(2020D))

Lifetime a 40 40 40 Henning et al. (2012)

High-Voltage Direct Current Transmission Line for Offshore Wind Plants

Capital cost EUR/kWel nom oftshore 200 200 200 Henning et al. (2012)

Yearly O&M cost % 3 3 3 Sterchele et al.
(2020b)

Lifetime a 40 40 40 Sterchele et al.
(2020b)

Medium-Voltage Grid Extension for Onshore Wind Plants

Capital cost EUR/kWelnom onshore 180 180 180 Sterchele et al.
(2020b)

Yearly O&M cost % 3 3 3 Sterchele et al.
(20200)

Lifetime a 40 40 40 Sterchele et al.
(2020b)

Low-Voltage Grid Extension for Photovoltaics and Electric Heat Pumps

Capital cost EUR/kWeinom pv/erp 140 140 140 Henning et al. (2012)

Yearly O&M cost % 3 3 3 Sterchele et al.
(2020b)

Lifetime a 40 40 40 Henning et al. (2012)
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Table A.6: Cost assumptions for different energy carriers and CO,.

Unit 2040 2045 2050 Source

Garbage (for Biogas Production)

Energy-specific = EUR/MWhNev upgr.gas 11.4  11.4  11.4  Palzer (2016)

cost

Biomass (for Biogas Production)

Energy-specific  EUR/MWhNcv uper. gas 42.4  40.1 379 Palzer (2016)

cost

Natural Gas

Energy-specific  EUR/MWhycy 47.7 519 56.3 Palzer (2016)

cost

Hydrogen from Natural Gas

Energy-specific = EUR/MWhycey 100 100 100  Assumption based on

cost approximate price of
hydrogen from PtG in
the system

CO-

Mass-specific EUR/tco, 143.5 171.8 200.0 Interpolation between

cost the average value of

2019 (EEX, 2019) and
an upwardly corrected
value for 2050 from

Schlesinger et al.
(2014)
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A.2 Biogas Potential

Table A.7: Biogas potential in GWhgcy for each NUTS 3 region in Germany.

Biogas Potential in GWhgcy from
NUTS 3 Animal Energy Grass- Bio-Waste Garden and Organic Share in
Region = Manure Crops land Container Park Waste Municipal Waste

01001 0.28 0.00 0.74 5.05 3.39 4.10
01002 247 4.70 0.00 14.47 9.64 10.49
01003 6.00 26.62 11.49 12.79 8.54 10.20
01004 3.22 15.27 0.00 2.73 3.15 2.26
01051 206.04  684.22  321.45 13.31 6.55 6.65
01053 83.65  537.05 84.09 12.95 8.72 9.37
01054 376.19  915.21  502.28 9.63 8.44 9.28
01055 77.29  523.98 86.86 11.72 8.95 10.09
01056 67.81  223.94 122.21 24.15 12.52 15.91
01057 98.77  503.83 96.34 11.58 2.75 2.79
01058 315.96 1304.10  359.15 34.97 12.53 11.07
01059 397.80 1485.90  335.20 12.19 9.72 7.37
01060 163.36  696.56  156.29 21.17 11.75 13.15
01061 201.62  485.23  252.79 9.15 2.98 2.15
01062 75.95 314.61 73.97 17.34 10.14 12.61
02000 4.09 82.53  296.33 104.98 67.57 103.89
03101 1.54 52.29 18.40 14.76 10.61 8.34
03102 2,51  136.83 0.00 5.94 5.14 3.70
03103 241 32.31 0.00 11.46 4.99 2.83
03151 79.20  668.52  219.74 11.07 8.11 8.99
03153 20.13  238.17 61.53 8.12 5.83 6.24
03154 10.05  359.40 61.58 6.10 4.22 2.93
03155 91.94 41428 151.42 9.38 6.59 4.16
03157 16.92  412.85 54.02 12.58 0.64 4.79
03158 9.47  523.46 31.47 13.60 2.28 2.96
03159 93.21 300.36  213.43 20.11 14.44 12.53
03241 145.89  949.68  312.00 67.22 95.70 52.48
03251 664.40 1102.49  372.42 34.90 10.18 8.44
03252 56.04  351.49 74.76 8.71 17.65 6.44
03254 41.44  829.03 69.68 19.14 11.78 11.07
03255 48.60  140.97  112.65 4.23 3.41 2.01
03256 303.49  616.80  209.01 7.65 13.87 4.70
03257 63.87  260.92 78.64 20.67 10.34 3.01
03351 128.39  513.56  181.21 10.45 9.54 6.22
03352 774.32  946.82 1237.42 11.64 9.65 11.26
03353 141.98  336.53  294.80 14.57 16.47 10.29
03354 89.32  404.02  202.16 2.94 6.31 1.56
03355 107.18  392.00  263.75 10.61 9.75 6.95

Continued on next page
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Table A.7 — continued from previous page
Biogas Potential in GWhgoy from

NUTS 3 Animal Energy Grass- Bio-Waste Garden and Organic Share in
Region = Manure  Crops land Container Park Waste Municipal Waste

03356 188.35  243.80  416.33 8.29 4.98 4.54
03357 713.28 1363.59  676.53 9.59 13.71 7.25
03358 22047 574.75  354.35 9.49 7.62 5.31
03359 380.85  551.29  497.67 11.75 10.58 5.90
03360 92.65 623.66 116.69 9.94 4.88 3.95
03361 238.84 32494 232381 791 5.97 4.74
03401 13.89 0.00 30.58 5.02 2.97 3.53
03402 18.60 11.11 20.72 2.98 2.13 1.61
03403 8.96 0.00 31.35 12.83 6.44 4.65
03404 17.23 16.73 16.55 9.54 8.65 6.62
03405 12.45 0.00 47.63 4.46 3.04 4.16
03451 263.94  327.80  332.77 13.14 5.44 4.39
03452 387.33  375.97  715.27 18.68 8.54 5.28
03453 1398.56  992.96  196.30 12.41 7.57 5.23
03454 1491.05 1572.61  260.42 18.77 31.07 11.14
03455 253.20  158.41  486.97 18.70 4.28 5.45
03456 d77.32  667.84  137.59 7.97 13.03 3.87
03457 402.00  275.32  828.56 9.84 7.51 6.85
03458 389.12  604.14  247.73 11.19 5.88 5.13
03459 990.87  975.87  296.98 21.03 28.96 11.63
03460 113291  500.90  120.15 8.70 9.22 3.66
03461 327.54 116.54  825.06 7.96 3.98 1.74
03462 226.68  202.11  404.98 3.36 2.78 3.36
04011 7.17 0.00  310.14 32.74 21.30 22.53
04012 0.19 0.00 5.47 6.70 4.39 8.00
05111 0.50 8.36 0.45 35.96 23.64 28.13
05112 1.38 3.08 0.57 28.85 19.06 26.89
05113 1.98 0.00 0.61 34.22 22.51 29.12
05114 4.16 0.00 0.40 13.22 8.82 14.01
05116 3.88 60.35 0.35 23.77 10.26 12.17
05117 0.44 0.00 0.36 9.94 6.58 8.51
05119 0.34 1.78 0.11 12.39 8.20 13.06
05120 3.05 0.00 0.46 6.43 4.27 5.80
05122 1.45 0.00 0.40 9.32 6.16 9.72
05124 3.59 3.57 0.89 20.56 13.51 17.83
05154 340.80  586.58 10.24 28.34 13.12 11.26
05158 7.23 50.95 1.88 28.39 18.97 22.29
05162 13.38  261.60 1.49 33.57 18.12 25.28
05166 82.24  209.64 2.01 27.66 12.06 12.88
05170 161.54  338.77 8.55 2717 19.00 19.17
05314 0.00 2.82 0.26 18.73 12.39 15.15
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05315 0.00 0.26 0.34 62.29 40.86 65.53
05316 1.88 7.20 0.55 9.60 7.56 8.64
05334 43.03  130.72 6.85 43.93 25.92 27.56
05358 2418  468.90 3.06 24.79 11.17 9.39
05362 6.10 34241 0.83 42.45 18.78 22.09
05366 56.64  195.35 12.33 21.46 9.07 8.12
05370 68.12  396.29 2.28 14.83 13.39 8.27
05374 73.91 37.28 12.93 16.06 12.05 0.00
05378 24.13 1.58 4.86 16.61 11.26 0.00
05382 57.90  177.10 10.18 60.33 24.66 21.14
05512 19.31 0.00 0.64 8.85 4.65 8.05
05513 2.27 0.00 0.18 15.29 11.16 15.56
05515 20.36 76.77 1.04 18.21 12.28 10.16
05554 717.90  768.44 6.75 37.18 18.83 11.00
05558 461.42  359.50 3.58 30.31 9.46 4.95
05562 11532 143.73 2.66 36.29 24.87 32.67
05566 628.57  635.81 7.75 39.13 19.21 12.86
05570 473.38  421.72 4.50 31.98 12.01 9.33
05711 10.71 43.52 0.81 19.56 13.09 12.79
05754 199.90  270.42 5.67 26.78 14.83 9.64
05758 45.60  138.84 1.26 17.05 10.31 7.01
05762 158.06  389.54 6.67 15.66 6.89 2.83
05766 73.35  303.25 4.36 30.19 14.70 8.46
05770 197.57  345.86 5.42 33.20 13.82 7.51
05774 219.17  261.37 6.12 29.64 13.06 9.35
05911 0.29 4.50 0.22 21.42 14.15 18.37
05913 3.06 26.54 0.47 34.43 22.69 29.46
05914 2.66 2.95 0.63 11.10 7.39 11.10
05915 35.28 97.58 1.12 10.54 7.21 8.95
05916 1.75 1.06 0.05 9.15 6.03 9.67
05954 19.87 29.98 3.49 19.52 12.90 12.78
05958 129.81  133.58 16.94 21.00 12.98 8.54
05962 60.04 25.67 8.23 24.44 18.16 21.59
05966 32.38 16.03 5.94 14.76 6.34 3.34
05970 26.60 5.83 7.63 24.14 12.56 10.35
05974 202.48  390.81 5.75 31.70 13.30 9.40
05978 72.87  117.30 2.18 23.26 15.92 15.35
06411 0.19 2.90 16.92 9.39 6.04 6.28
06412 0.71 44.70 25.53 43.03 28.16 33.94
06413 0.00 0.00 0.00 7.27 4.76 5.03
06414 1.75 61.62 47.60 16.22 10.79 15.24
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06431 18.43  182.36  367.75 24.34 10.88 8.17
06432 16.12  313.15  216.12 34.22 11.99 6.34
06433 3.45 177.29 85.40 23.87 10.67 9.49
06434 4.43 79.31  160.16 13.71 11.23 8.77
06435 44.03  342.21 818.83 35.20 17.47 13.74
06436 1.68 75.20 0.00 16.35 9.18 9.93
06437 26.99 98.82  383.50 5.70 6.26 2.86
06438 3.26 37.51 80.06 20.40 13.82 12.11
06439 4.13 62.21  207.27 10.81 11.54 4.70
06440 29.17 64442  471.06 20.21 12.99 7.42
06531 20.01  229.33 427.94 28.25 11.29 7.87
06532 15.72 67.11  601.79 22.23 11.26 11.73
06533 24.05  239.39  374.86 16.51 7.72 791
06534 4259  376.81  691.23 29.10 11.02 7.61
06535 81.47  351.27 1188.82 6.30 7.10 4.13
06611 0.00 2.72 11.80 11.78 7.68 9.21
06631 97.29  347.26 1241.33 17.77 10.38 7.19
06632 36.43 96.73 517.24 7.99 6.07 3.29
06633 33.54  489.58  399.57 34.90 10.50 9.18
06634 66.88  785.08  555.89 10.59 14.03 8.72
06635 92.62 516.00 1011.02 21.52 8.11 5.75
06636 8.58  261.23  489.26 7.96 5.15 2.76
07111 0.68 0.00 0.00 6.61 4.49 4.86
07131 19.95 109.14  369.44 9.68 6.44 5.74
07132 31.88 15.42  444.16 16.98 6.00 3.13
07133 12.85  167.80  302.38 14.16 7.41 4.88
07134 22.35 62.53  403.13 4.73 9.94 2.23
07135 14.06 98.43 0.00 4.18 5.15 2.16
07137 16.70  330.22  212.49 12.45 9.46 10.13
07138 23.32 28.93  368.98 25.50 7.94 5.42
07140 2752 225.65  397.60 10.50 10.83 2.32
07141 20.54  226.69  308.18 12.45 6.02 5.45
07143 39.25 117.02  760.25 21.96 9.35 8.34
07211 0.85 0.00 28.42 6.75 4.57 0.00
07231 42.69  305.45  554.36 6.57 15.97 4.38
07232 181.46 1082.75 1382.29 5.71 7.34 5.50
07233 60.30 15.79  799.27 3.57 5.02 3.24
07235 3296  117.82  482.57 8.69 22.21 10.49
07311 0.00 0.00 3.11 2.84 3.99 2.25
07312 0.53 0.00 21.93 5.79 3.97 5.05
07313 0.00 0.00 3.46 3.51 2.79 1.34
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07314 0.00 0.00 0.00 9.67 6.46 7.54
07315 0.00 0.00 0.00 12.32 8.22 8.56
07316 0.00 0.00 15.60 3.11 2.20 2.42
07317 0.93 0.00 18.28 3.65 1.67 1.44
07318 0.00 0.00 3.92 3.60 2.00 1.90
07319 0.11 0.00 10.79 4.82 3.38 3.57
07320 3.08 0.00 38.03 2.01 1.44 1.16
07331 0.76  770.67 0.00 13.47 5.99 4.94
07332 1.12  155.66 41.98 12.04 0.84 2.03
07333 12,15 585.29  253.06 4.42 6.64 2.63
07334 251 197.22 0.00 8.99 2.50 3.33
07335 16.52 49.19  326.04 6.43 10.91 4.60
07336 21.56  169.08  405.36 4.17 5.89 291
07337 217 219.75 88.96 6.93 5.92 3.15
07338 0.63  159.65 0.00 8.90 6.89 4.43
07339 231 529.37 59.69 13.01 11.20 5.59
07340 25.92  166.02  322.39 6.72 7.53 1.61
08111 1.30 0.00 16.21 36.64 24.02 26.88
08115 18.73 77.51  209.15 27.03 15.86 10.92
08116 12.62 58.19  279.39 30.78 20.91 13.66
08117 51.18  118.06  463.33 14.85 21.16 9.56
08118 29.36 314.64 170.46 31.37 27.88 15.93
08119 33.01 103.86 363.43 26.99 17.17 10.35
08121 0.17 0.00 7.24 7.20 5.26 4.47
08125 26.71 45430  214.18 19.95 14.58 10.89
08126 78.48  286.53  272.68 6.47 9.86 5.04
08127 220.44 42244 756.58 11.25 10.65 2.15
08128 65.11  358.54  252.03 10.35 7.01 1.99
08135 4241 157.72  272.24 7.67 5.73 2.68
08136 145.09  387.92  864.45 18.36 16.96 7.23
08211 0.34 0.00 23.28 5.82 6.68 1.73
08212 0.52 0.00 17.36 18.08 12.86 9.52
08215 8.93 107.66  230.90 25.60 40.90 12.05
08216 4.33 8.13  127.53 13.73 14.45 4.33
08221 0.85 0.00 7.00 9.18 6.06 4.69
08222 0.06 0.00 0.00 17.96 11.93 15.49
08225 43.96  240.02  325.03 8.40 12.65 4.10
08226 23.41  236.22  217.66 33.29 22.06 14.13
08231 0.28 0.00 0.00 7.18 4.79 4.15
08235 20.04 22.38  280.57 9.58 9.70 217
08236 16.53 81.85  225.84 11.52 18.46 2.95
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08237 19.23 63.54  284.98 8.61 5.27 1.71
08311 0.69 0.00 29.28 13.30 8.82 5.11
08315 41.80 36.24  706.47 15.11 13.35 7.58
08316 20.93 7.88  280.77 9.52 9.37 6.19
08317 47.17 85.64  618.07 24.67 22.78 17.70
08325 34.69  115.28  398.30 8.08 6.34 3.04
08326 50.87  110.13  685.66 12.31 9.99 5.67
08327 25.60 65.95  458.68 9.79 6.66 3.66
08335 41.06 173.84  398.65 24.10 11.67 7.04
08336 21.49 0.00  430.31 13.32 16.80 8.97
08337 53.08 136.76  675.45 9.86 11.36 5.14
08415 49.11  122.44  675.63 16.57 12.99 8.23
08416 11.98 31.61  210.86 13.03 9.17 4.57
08417 23.00 62.63  647.65 11.08 8.32 3.87
08421 8.78 0.00 18.95 7.20 4.88 3.30
08425 150.64  519.22  574.29 11.28 12.48 4.43
08426 179.53  629.19  714.65 11.40 9.82 5.93
08435 36.06  108.89  343.48 13.91 8.98 5.11
08436 217.80  377.39 1676.29 16.40 13.98 7.06
08437 83.42  323.13  589.85 7.68 7.51 291
09161 2.08 22.27 22.14 10.56 5.24 3.95
09162 1.52 12.87 35.65 85.19 95.36 68.51
09163 3.73 2.83 0.00 3.63 3.41 3.50
09171 62.46 139.11  213.96 6.37 5.05 4.41
09172 41.77 29.89  381.82 6.10 4.41 3.81
09173 51.95 13.93  764.91 7.34 6.70 4.38
09174 48.36 179.63  151.90 8.77 7.63 4.68
09175 49.06 90.54 271.44 8.07 9.84 3.06
09176 38.96 216.20 192.87 7.57 11.05 5.00
09177 128.83  305.10  351.05 9.65 6.13 3.87
09178 44.20  130.01  226.58 10.17 7.40 5.65
09179 23.63 86.12  124.75 12.54 8.53 6.93
09180 20.32 0.84 0.00 5.13 3.74 1.78
09181 51.88  116.03  445.72 6.91 12.89 2.81
09182 43.68 12.68  655.16 8.42 4.20 3.24
09183 121.59  230.40  394.36 6.58 6.65 3.36
09184 8.50 43.04  101.45 21.20 13.74 11.61
09185 39.09 128.09  229.84 5.56 4.33 2.12
09186 36.43  103.18  187.60 7.29 10.40 3.67
09187 168.71  171.13 1254.93 15.04 21.54 9.76
09188 13.60 21.41  186.69 7.85 5.46 3.63
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09189 149.66  225.85  934.34 10.23 7.62 .80
09190 92.18 39.25 1179.67 7.81 6.50 3.37
09261 3.02 4.92 0.00 4.07 4.03 2.55
09262 0.00 2.72 0.00 4.48 2.43 1.56
09263 0.28 20.00 791 3.23 2.92 1.43
09271 46.87  221.16 28241 10.41 6.28 3.63
09272 46.49 37.74  589.10 6.98 4.52 2.43
09273 4722 148.24  163.75 6.99 5.73 3.62
09274 211.57  331.49  272.07 9.08 7.24 5.31
09275 193.69  233.26  642.37 16.77 10.38 2.85
09276 46.53 29.35  489.72 6.84 4.29 2.38
09277 166.40  366.58  509.85 7.00 6.64 3.24
09278 67.74  343.79  401.48 6.86 7.25 3.04
09279 85.02  260.03  126.87 5.53 5.30 2.57
09361 2.42 8.25 0.00 2.46 3.10 1.45
09362 0.12 4.94 16.60 8.54 10.36 6.41
09363 4.20 9.32 0.00 2.47 3.13 1.54
09371 76.39  162.47  368.67 6.08 7.71 3.07
09372 132.45  207.02  866.96 7.96 9.11 2.53
09373 69.78  185.64  391.50 7.66 9.80 4.06
09374 82.02  148.54  462.92 2.58 8.49 3.37
09375 53.01  285.36  298.92 11.12 18.35 6.32
09376 94.89  199.03  426.12 8.51 7.18 5.37
09377 7797 148.15  340.38 4.31 3.81 2.29
09461 0.00 0.17 2.89 5.59 2.88 4.87
09462 4.12 11.00 0.00 4.24 2.86 2.95
09463 0.35 1.09 8.60 2.42 1.65 2.23
09464 2.75 8.97 0.00 3.76 5.39 1.12
09471 37.81  151.29  278.60 10.79 7.58 3.97
09472 69.15  144.05  529.42 6.13 8.36 3.05
09473 45.94 90.91 195.27 5.09 11.32 3.56
09474 17.94 68.57  258.59 9.05 5.10 3.48
09475 61.83 101.85 370.46 8.15 12.53 2.44
09476 15.17 21.69  201.58 3.99 6.21 3.01
09477 34.04 65.28  263.44 4.26 9.58 2.87
09478 21.32 56.31  175.47 3.91 5.08 3.43
09479 27.22 49.59  212.22 4.30 6.44 1.21
09561 6.06 17.04 0.00 2.59 291 1.46
09562 2.24 9.21 21.78 9.41 4.28 3.51
09563 1.78 8.92 16.18 7.29 4.82 4.21
09564 1.10 4.71 19.46 29.95 19.67 26.93
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09565 1.27 3.47 0.00 2.42 2.77 0.99
09571 186.18  490.83  964.58 12.12 9.12 4.46
09572 13.90 56.85  135.00 7.88 5.76 3.14
09573 20.16 81.94 82.54 10.94 4.69 3.16
09574 23.37 42.62  282.11 9.85 7.30 5.48
09575 119.68  350.74  400.70 6.04 9.69 2.54
09576 4551  111.77  257.71 7.35 8.72 3.90
09577 74.85  199.54  417.00 8.17 4.63 2.36
09661 0.51 0.72 0.00 6.31 2.71 2.23
09662 0.00 0.10 0.00 3.05 4.82 2.72
09663 0.00 3.06 5.62 7.33 4.90 6.24
09671 9.16 22.67  196.64 10.20 11.09 2.05
09672 27.71 67.94  359.88 7.09 10.73 3.03
09673 27.07 11837  320.84 4.68 13.22 2.16
09674 32.10 13197  210.37 6.26 4.61 1.87
09675 42.52  210.15  120.91 7.63 6.17 2.01
09676 16.54 32.37  196.73 7.54 9.00 4.46
09677 14.94 95.54  226.86 12.08 6.17 4.49
09678 26.47 200.48 118.54 6.74 7.57 241
09679 38.88  359.36 96.49 14.11 7.97 4.78
09761 0.00 10.89 8.90 17.32 11.06 11.07
09762 0.00 0.00 0.00 2.70 2.70 1.33
09763 2.70 0.00 93.21 3.93 4.00 2.30
09764 5.11 12.02 0.00 3.00 2.19 1.35
09771 88.76  228.84  211.28 9.74 5.82 3.69
09772 89.39  240.63  402.91 25.69 10.86 8.18
09773 85.00 291.38  220.96 9.39 4.52 2.87
09774 64.34 172.12  324.70 7.23 10.41 3.33
09775 32.28 105.82  167.53 10.00 9.99 6.21
09776 35.49 4.65 435.85 4.72 5.02 2.78
09777 167.19 88.87 1720.34 8.09 8.06 3.65
09778 180.81  254.58 1161.78 8.25 11.25 4.33
09779 108.78  418.99  406.60 13.07 6.45 3.99
09780 105.23 6.50 1569.68 8.97 9.89 5.28
10041 4.20 37.74  153.96 19.23 13.11 7.11
10042 19.00  152.77  455.41 6.11 4.68 0.00
10043 8.24 46.25  205.89 7.85 5.49 0.00
10044 13.40 141.06  283.26 11.57 8.13 0.00
10045 11.01 93.49 36591 8.49 6.09 0.00
10046 17.66  106.40  423.07 5.22 4.27 0.00
11000 0.91 99.61 57.98 206.75 132.43 181.45
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12051 0.79 0.00 13.07 4.20 291 3.30
12052 5.46 4.04 28.58 .86 4.00 4.91
12053 12.25 7747 15.40 3.41 2.39 2.34
12054 4.13 0.00 43.43 9.85 6.58 9.02
12060 73.74  319.75  243.39 10.42 10.76 8.10
12061 113.32  408.87  544.36 9.66 8.16 7.35
12062 23597  682.95  602.86 6.15 2.38 4.68
12063 104.61  632.05  755.58 9.29 7.47 6.47
12064 154.33 135255  233.12 11.20 8.84 717
12065 93.83 45234 577.49 12.19 9.39 8.73
12066 125.08  276.52  187.59 6.60 2.28 2.03
12067 124.87  688.09  381.34 10.71 8.74 8.45
12068 158.12 1094.59  881.35 5.82 2.58 3.82
12069 207.07  787.68  731.25 12.39 10.86 7.40
12070 234.21 1357.13  899.21 4.56 4.56 3.31
12071 100.27  326.68  300.89 6.91 0.87 4.81
12072 180.11  841.54  480.06 9.61 7.82 7.31
12073 185.71 1637.69  747.01 7.11 9.02 6.09
13003 3.79 0.00 28.76 12.10 8.15 11.20
13004 0.50 0.00 2.84 5.75 3.86 4.59
13071 375.69 4018.57 1025.43 15.42 13.80 13.30
13072 433.43 3138.62  838.50 12.54 10.84 8.46
13073 210.27 2698.28  777.53 13.20 10.93 12.73
13074 222.25 1182.15  336.95 9.18 7.78 5.80
13075 442.48 3268.42 1213.65 14.00 12.11 12.56
13076 592.23 3616.93 1264.92 12.58 18.02 7.64
14511 13.62 28.16 35.77 14.60 9.89 7.12
14521 190.09  477.28  566.29 20.42 15.48 11.26
14522 341.60 1880.38  542.61 18.35 14.24 7.20
14523 161.18  510.86  393.89 13.65 10.57 8.52
14524 130.01  632.16  207.00 19.06 13.77 9.72
14612 3.03 46.94 34.08 31.94 21.34 16.72
14625 210.87 1238.65  439.62 17.99 14.30 9.82
14626 153.43 1253.62  430.58 19.58 12.29 6.44
14627 191.36 1327.58  257.40 14.40 11.03 8.51
14628 143.90  693.47 514.24 14.53 11.20 8.46
14713 7.53 90.56 31.80 32.92 22.01 19.26
14729 155.17 1623.42  208.87 15.18 11.79 6.86
14730 208.45 1998.84  261.03 11.61 11.90 6.38
15001 6.07 33.95 67.27 9.61 3.41 3.55
15002 0.00 10.08 18.85 13.92 9.24 11.60
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15003 0.00 37.38 16.07 13.85 9.30 11.67
15081 288.08 2015.79  968.85 5.06 5.16 3.32
15082 133.92 124292  316.41 14.59 7.56 8.41
15083 433.25 3184.49  507.30 10.19 8.75 491
15084 198.81 1575.85  228.22 19.05 8.54 5.58
15085 128.57 1651.11  395.26 13.00 10.28 10.33
15086 41741 1023.67  519.74 7.23 12.74 4.76
15087 145.42 1152.87  270.88 8.31 6.95 6.34
15088 245.78 1846.07  148.26 10.95 9.86 6.39
15089 220.07 1723.22 127.34 22.81 8.95 10.32
15090 347.45 1940.60 1176.82 14.44 6.32 2.67
15091 308.74  952.65  598.47 7.54 8.13 3.63
16051 4.75  184.82 25.33 12.34 9.52 9.05
16052 2.83 84.74 26.21 5.64 5.42 3.77
16053 0.12 0.00 0.00 9.19 4.32 3.45
16054 0.00 0.00 9.14 2.16 1.56 1.89
16055 0.00 0.00 0.00 3.77 2.57 2.69
16056 3.78 38.01 45.13 2.49 1.79 1.40
16061 60.19  603.35  309.26 5.95 5.01 3.74
16062 66.73  522.18  164.12 5.01 4.04 3.37
16063 75.31  484.62  816.36 7.38 6.12 4.15
16064 65.14  933.63  181.10 6.18 5.02 3.89
16065 54.98  929.10  186.82 6.92 4.01 2.90
16066 90.84 317.54  716.25 7.32 7.20 4.80
16067 50.17  700.01  317.62 8.04 6.13 2.94
16068 50.65 1001.43 70.19 4.15 3.46 2.81
16069 59.44  353.99  434.50 3.79 4.20 2.56
16070 46.26  302.60  268.07 6.44 5.11 5.13
16071 85.18  897.77  146.50 4.82 4.10 4.15
16072 12.86 80.70  106.93 3.34 3.73 2.40
16073 62.95  262.77  491.30 6.42 8.59 4.50
16074 104.43  595.80  312.80 5.06 4.03 2.64
16075 106.40  636.09  355.10 4.87 6.89 3.42
16076 100.73  736.54  317.68 5.94 6.22 3.97
16077 4498  783.64 97.99 5.42 4.57 3.03
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A.3 Optimal System Configurations
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Figure A.1: Flow scheme of the IES for 60 % RE SNG.
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Figure A.2: Flow scheme of the IES for 80 % RE SNG.
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Figure A.4: Flow scheme of the IES for 80 % RE H2.
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Table A.8: Results of the heating technology variations for 60 % RE SNG.

Variable Unit 100_0_0 50-50_0 0-100_0 0-50_50 0-0_100
Nominal renewable GWq 200.9 200.1 204.6 248.2 322.6
power

Planned year for - 2033 2033 2034 2041 2052
renewable power

Li-ion battery GWq 0.0 0.0 0.7 0.0 3.5
maximum power

Li-ion battery capacity ~GWh 0.0 0.0 1.5 0.2 16.5
Nominal PtG plant GWq 0.0 0.0 0.0 13.7 59.8
power

Nominal CCGT power GWg 83.9 73.2 67.9 56.8 39.5
Nominal GT power GWq 229.7 136.6 44.3 41.0 31.0
Full load hours Li-ion h - - 365 666 921

battery (charging)

Full load hours PtG h - - - 2885 3531
Full load hours CCGT h 3777 3891 3808 2845 1778
Full load hours GT h 91 97 178 155 134
Gas storage capacity TWhycov 100.0 114.3 116.7 132.2 174.3
Gas storage maximum  GWycy 71.1 75.4 74.6 82.0 106.8

injection capacity

Gas storage maximum  GWycey 309.3 273.1 235.8 236.8 251.1
withdrawal capacity

Imported natural gas TWhycov 618.2 608.2 601.6 597.7 603.8

Used biomethane TWhycov 89.3 137.3 137.3 137.3 137.3
potential

Balance point °C - 12.7 11.2 8.5 -
temperature EHPGB

Balance point °C 5.6 5.7 - - -
temperature EHPEHR

Relative CO, reduction % 86.3 86.5 86.7 86.8 86.7
Cost annuity bil. EUR 121.9 114.3 108.1 113.8 125.8
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Table A.9: Results of the heating technology variations for 80 % RE SNG.

Variable Unit 100_.0_.0 50.50_0 0-100_.0 0-50_50 0-0_100
Nominal renewable GWq 292.8 299.4 301.1 369.3 491.7
power

Planned year for - 2047 2048 2049 2059 2087
renewable power

Li-ion battery GWq 4.4 3.0 2.8 7.2 2.7
maximum power

Li-ion battery capacity ~GWh 18.1 12.6 11.0 33.6 14.4
Nominal PtG plant GWq 21.9 27.6 31.3 75.8 136.3
power

Nominal CCGT power GWg 73.4 67.8 65.4 47.8 30.2
Nominal GT power GWq 224.0 140.0 54.8 48.9 36.1
Full load hours Li-ion h 812 826 776 878 799
battery (charging)

Full load hours PtG h 2872 2949 2948 3386 3881
Full load hours CCGT h 2475 2449 2408 1640 1116
Full load hours GT h 67 80 146 130 123
Gas storage capacity TWhyev 80.3 83.9 84.6 118.5 166.2
Gas storage maximum  GWycoy 52.8 55.9 57.9 83.1 119.9

injection capacity

Gas storage maximum — GWyey 297.8 271.8 243.9 257.6 270.1
withdrawal capacity

Imported natural gas TWhyev 295.7 293.7 291.9 295.2 313.0

Used biomethane TWhyev 137.3 137.3 137.3 137.3 137.3
potential

Balance point °C - 8.9 8.1 6.7 -
temperature EHPGB

Balance point °C 4.4 4.6 - - -
temperature EHPEHR

Relative CO, reduction % 93.8 93.8 93.9 93.8 93.4
Cost annuity bil. EUR 118.8 113.2 109.2 120.6 137.0
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Table A.10: Results of the heating technology variations for 100 % RE SNG.

Variable Unit 100_0_0 50_50_0 0_-100_0 0-50_50 0-0_-100
Nominal renewable GWgq 436.7 437.9 440.0 553.0 667.6
power

Planned year for - 2073 2074 2074 2106 2150
renewable power

Li-ion battery GWq 114 13.5 12.9 5.3 0.0
maximum power

Li-ion battery capacity ~GWh 51.1 63.9 61.8 25.1 0.0
Nominal PtG plant GWq 87.8 92.5 95.0 159.5 239.9
power

Nominal CCGT power GWg 61.0 59.7 57.1 38.1 22.0
Nominal GT power GWq 224.9 144.7 64.1 55.6 40.2
Full load hours Li-ion h 866 869 863 713 -
battery (charging)

Full load hours PtG h 3408 3344 3367 3725 3889
Full load hours CCGT h 1521 1463 1442 1062 739
Full load hours GT h 57 69 123 109 112
Gas storage capacity TWhycov 67.7 70.1 70.8 103.8 145.2
Gas storage maximum  GWycy 57.1 59.8 61.2 98.6 145.3

injection capacity
Gas storage maximum  GWycey 299.0 283.1 261.5 276.0 288.8
withdrawal capacity

Imported natural gas TWhycov 0.0 0.0 0.0 0.0 0.0
Used biomethane TWhycov 137.3 137.3 137.3 137.3 137.3
potential

Balance point °C - 6.6 6.4 5.5 -
temperature EHPGB

Balance point °C 3.7 4.2 - - -
temperature EHPEHR

Relative CO, reduction % 100.6 100.6 100.6 100.6 100.6
Cost annuity bil. EUR 119.6 115.8 112.5 128.1 147.4
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Table A.11: Results of the heating technology variations for 60 % RE H2.

Variable Unit 100_.0_.0 50.50_0 0-100_.0 0-50_50 0-0_100
Nominal renewable GWq 230.6 241.2 247.7 291.6 358.9
power

Planned year for - 2038 2039 2040 2047 2057
renewable power

Li-ion battery GWq 0.0 0.0 0.0 0.0 0.0
maximum power

Li-ion battery capacity = GWh 0.0 0.0 0.0 0.0 0.0
Nominal PtG plant GWgq 31.7 40.0 44.7 77.8 126.0
power

Nominal CCGT power GWg 81.8 69.9 64.5 51.4 36.6
Nominal GT power GWq 232.0 139.7 46.2 42.9 33.6

Full load hours Li-ion h - - - - -
battery (charging)

Full load hours PtG h 1246 1395 1509 2025 2629
Full load hours CCGT h 3328 3243 3132 2417 1667
Full load hours GT h 85 90 162 160 148
Gas storage capacity TWhyev 97.7 107.9 112.4 128.6 160.9
Gas storage maximum  GWycoy 80.9 88.0 90.5 111.8 146.3

injection capacity
Gas storage maximum  GWyey 317.7 285.1 246.8 256.2 267.9
withdrawal capacity

Imported hydrogen TWhyev 605.2 593.1 586.2 578.1 581.5
from natural gas

Used potential of TWhyev 0.0 22.1 22.1 22.1 22.1
hydrogen from biomass

Balance point °C - 12.9 11.5 9.8 -
temperature EHPGB

Balance point °C 5.7 5.8 - - -
temperature EHPEHR

Relative CO, reduction % 100.0 100.0 100.0 100.0 100.0
Cost annuity bil. EUR 138.9 131.3 125.5 129.4 137.0

154



A.3 Optimal System Configurations

Table A.12: Results of the heating technology variations for 80 % RE H2.

Variable Unit 100_0_0 50-50_0 0-100_0 0-50_50 0-0_100
Nominal renewable GWq 329.3 338.6 344.4 415.9 506.5
power

Planned year for - 2053 2054 2055 2068 2091
renewable power

Li-ion battery GWy 0.0 0.0 0.0 0.0 0.0
maximum power

Li-ion battery capacity ~GWh 0.0 0.0 0.0 0.0 0.0
Nominal PtG plant GWq 87.4 94.7 98.8 143.0 201.2
power

Nominal CCGT power GWg 65.7 60.6 56.1 40.6 25.6
Nominal GT power GWq 236.1 147.6 57.7 51.1 40.5

Full load hours Li-ion h - - - - -
battery (charging)

Full load hours PtG h 2012 2090 2186 2653 2987
Full load hours CCGT h 2383 2285 2197 1670 1225
Full load hours GT h 84 95 172 166 172
Gas storage capacity TWhycov 86.8 90.6 91.8 116.7 151.9
Gas storage maximum  GWycy 87.7 92.7 95.4 126.8 168.9

injection capacity
Gas storage maximum  GWycey 323.8 293.6 266.0 277.3 288.1
withdrawal capacity

Imported hydrogen TWhycov 286.3 283.9 282.1 284.3 291.4
from natural gas

Used potential of TWhyev 22.1 22.1 22.1 22.1 22.1
hydrogen from biomass

Balance point °C - 9.9 9.5 8.8 -
temperature EHPGB

Balance point °C 5.2 5.7 - - -
temperature EHPEHR

Relative CO, reduction % 100.0 100.0 100.0 100.0 100.0
Cost annuity bil. EUR 122.9 117.0 112.8 119.2 127.5
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Table A.13: Results of the heating technology variations for 100 % RE H2.

Variable Unit 100_0_0 50-50_0 0-100_0 0-50_50 0-0-100
Nominal renewable GWq 468.2 475.9 480.9 558.1 635.1
power

Planned year for - 2081 2083 2084 2108 2137
renewable power

Li-ion battery GWq 0.0 0.0 0.0 0.0 0.0
maximum power

Li-ion battery capacity = GWh 0.0 0.0 0.0 0.0 0.0
Nominal PtG plant GWgq 156.4 162.9 166.4 221.6 288.6
power

Nominal CCGT power GWg 59.2 474 44.9 28.5 13.6
Nominal GT power GWq 243.9 155.6 67.0 59.8 49.1

Full load hours Li-ion h - - - - -
battery (charging)

Full load hours PtG h 2593 2625 2688 2956 3127
Full load hours CCGT h 1803 1698 1617 1274 960
Full load hours GT h 91 103 178 184 205

Gas storage capacity TWhyev 80.1 82.6 83.5 101.1 130.7
Gas storage maximum  GWycoy 105.4 110.0 112.6 152.3 195.5
injection capacity

Gas storage maximum  GWyey 336.5 313.7 285.0 297.2 308.7
withdrawal capacity

Imported hydrogen TWhyev 0.0 0.0 0.0 0.0 0.0
from natural gas

Used potential of TWhyev 22.1 22.1 22.1 22.1 22.1
hydrogen from biomass

Balance point °C - 8.9 8.6 8.1 -
temperature EHPGB

Balance point °C 5.2 5.6 - - -
temperature EHPEHR

Relative CO, reduction % 100.0 100.0 100.0 100.0 100.0
Cost annuity bil. EUR 111.9 107.9 104.2 111.2 119.3
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A.4 Quasi-Stationary Gas Grid Computation
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Figure A.6: Pressure values at every third node of the highest gas grid level at the 463rd

hour for 100 % RE SNG 0-100_0 (low-pressure situation).
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Figure A.7: Pressure values at every third node of the highest gas grid level at the

5628th hour for 100 % RE SNG 0-100_0 (high-pressure situation).
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