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A B S T R A C T

Sustainable but fluctuating renewable energy sources require new storage technologies to ensure a stable
energy supply. One long-term storage technology that exploits the existing gas infrastructure is Power-
to-Gas (PtG). The techno-economic and social challenges of this technology have been addressed in a
large, interdisciplinary research project in Baden-Württemberg (south west Germany), whose results are
presented in this paper.

© 2018 Elsevier Ltd. All rights reserved.

Employing the Climate Protection Concept of the Federal State
Government of Baden-Württemberg, timely-resolved load profiles
for gas and electricity up to the year 2040 have been generated at
the level of individual municipalities. The profiles include
residential and industrial electrical load, gas required for heating
(conventional and power-led combined heat and power plants), as
well as gas and electricity demand for mobility. The installation of
rooftop PV-plants and wind power plants is projected based on
bottom up cost-potential analyses which account for some social
acceptance barriers. In times with negative residual load, the PtG
technology could be used to convert electricity into hydrogen or
methane.

To derive the gas and electricity profiles of the power-led CHP
units, detailed thermal models of two different types of buildings
are used. A stratified fluid storage tank is used to decouple heat
demand and heat production. CHP capacity and storage volume are

designed to enable a minimum availability of the CHP of 90 % and a
minimum heat demand cover ratio of 50%. The results show that
there is no clear trend regarding the development of CHP capacities
in the future. However, to enable a power-led CHP operation while
complying with the above-mentioned requirements, the heat
storage volume has to be enlarged by up to a factor of 13.

The detailed analysis of four structurally-different model
regions delivered quite different results. While in large cities, no
negative residual load is likely due to the continuously high
demand and strong networks, rural areas with high potentials for
renewables could encounter several thousand hours of negative
residual load. A cost-effective operation of PtG would only be
possible under favourable conditions, including high full-load
hours, a strong reduction in costs and a technical improvement of
efficiency. These conditions are not expected to appear in the short
to mid-term but may occur in the long term in energy systems with
very high shares of renewable energy sources.

The social acceptance of a newly implemented PtG infrastruc-
ture strongly depends on communication and participation.
Considering local conditions and enabling all stakeholders and* Corresponding author.
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stakeholder groups to participate in discussions and – if possible –

in decisions will provide a stable basis for introducing PtG plants
into the energy system.

1. Introduction

Ambitious national and regional energy plans in Germany
include a continued rapid expansion of renewable energy
technologies. In order to efficiently integrate the electricity from
these technologies into the energy system, several measures are
required in parallel. These include network strengthening and
expansion, much more flexibility in all areas of the energy system,
a more extensive use of automation as well as information and
communication technologies (smart grid) and large increases in
storage capacities. The latter include pumped hydropower plants
and batteries, as well as so-called sector-coupling approaches,
whereby energy vectors such as electricity, heat and power, as well
as sectors such as transport, buildings and industry, are more
strongly linked. Power-to-Gas (PtG) is one such technology, which
involves the conversion of electricity into hydrogen and/or
methane through electrolysis, which can then be locally stored
or injected into the gas infrastructure [1].

Several studies have already technically, economically and/or
environmentally analysed the PtG technology (see e.g. [2] and [3]
for reviews). Several studies have focusses on specific locations. For
example, Garcia et al. [4] examine the potential uses of renewable
hydrogen storage systems across Europe, by analysing suitable
locations, regulatory and economic frameworks, as well as with an
expert survey. Nastasi et al. [5] analyse decarbonisation strategies
through PtG for heating in three European cities, Rome, Berlin, and
Copenhagen, whilst also considering low and medium tempera-
ture heat demands. Zoss et al. [6] analyse a PtG system as a grid
balancing option in the Baltic states, Qadrdan et al. [7] analyse the
potential role of PtG in the Great Britain (GB) context using a
combined gas and electricity network (CGEN) model, Guandalini
et al. [8] carry out an analysis of the potential for PtG from wind
and PV in Italy, and Gutierrez-Martin and Rodriguez-Anton [9]
analyse the Spanish context.

Numerous contributions have also analysed the long-term
requirements and potentials for PtG in the German energy system
(e.g. [10–16]). Jentsch (2014) models 18 German regions with a DC
approach for the high voltage transmission network between
them, concluding a requirement for between 6 and 16 GWel of PtG
for Germany in 2050 [11]. A similar approach is adopted by Heffels,
who models the transmission network in significantly higher
detail (440 nodes) and achieves a higher temporal resolution
through the coupling of long-term and short-term model
components [10]. He determines a requirement for around 16
GWel of PtG alongside about 6 GWel of battery storage capacity in
2050 (see also [10,17,18]). Further, Robinius et al. analyse the future
potentials for PtG to link the German power and transport sectors
under different scenarios [15,16]. Schiebahn et al. techno-
economically analyse PtG concepts in a German context, including
production of hydrogen and methane for use in the transport
sector or feed-in to the gas grid [12]. Hence studies analysing PtG in
a national (German) context conclude that most of the future
potential capacities of PtG plants are located in the windy north of
the country. For the federal state of Baden-Württemberg on which
this paper focusses, negligible or no PtG capacities were
determined by these studies on the level of the electrical
transmission network.

Some of the technical, economic, and social questions
surrounding the potential employment of this technology in
Baden-Württemberg (BW) have been analysed in the interdisci-
plinary research project “Power-to-gas concepts with high social
acceptance for an efficient and flexible storage and energy

infrastructure for the integration of renewable energies in
Baden-Württemberg”. In total, eight partners collaborated within
this project, which ran from November 2013 to October 2016. The
main goal of the project was to carry out a detailed study of the
challenges and opportunities for PtG in four model regions. This
contribution in particular focusses on the implications of
decentralized micro-CHP units and the social acceptance along
the energy production and consumption chain.

The paper is structured as follows. First, the methodology for
predicting the residual load in BW is summarized in Section 2.
Subsequently, a method for dimensioning a power-led micro-CHP
and an associated heat storage to yield an availability of 90% and a
heat demand cover ratio of 50 % is presented. The methodology
section closes with the approach for studying the social acceptance
of the PtG technology in the model regions. In the result section 3,
we first analyse the derived residual load both for total BW and the
four model regions. We then derive the potential for regionally
generated synthetic natural gas (SNG) using a combination of
electrolyzer and methanation during times of negative residual
load. In addition, the potential for generating hydrogen instead of
SNG is studied. Subsequently, the role of the micro-CHPs in the
merit order of power plants in BW is presented and the resulting
implications regarding the capacity of CHP and heat storage are
studied.

Insights into social acceptance based on interviews and focus
groups complete the findings. Finally, the results are shortly
summarized in Section 4.

2. Methodology

2.1. General methodology and model regions

To study the challenges and opportunities of the PtG technology
on a regional level, we select four characteristic model regions in
BW. The selected regions are supposed to cover a wide variety of
regions in terms of energy supply and demand structure, from
urban areas with a high share of industry to rural areas with a high
potential of renewable energy sources (RES).

One key input dataset for analysing the PtG potential in BW is
the residual load curve. The residual load curve results from
deducting the feed-in of non-controllable RES from the actual load.
For the four model regions, we calculate the residual load curve for
the sample years 2012, 2020, 2030 and 2040. In this work, the
residual load curve comprises residential and industrial load
profiles, feed-in of RES as well as feed-in of combined heat and
power plants (CHP) for residential heating.

The PtG infrastructure, more precisely the electrolyzers, are
supposed to use the time of negative residual load to convert
electric energy into hydrogen, which optionally can be further
converted into SNG. The market potential of the production of
hydrogen as an end product of a PtG plant is studied as an
additional business model.

The assumptions in this work are based on the official
Integrated Energy and Climate Protection Concept (IEKK) for BW
[19]. This concept stipulates the following goals for the year 2050:

� Compared to 2010, 49% reduction of end-energy consumption
� Compared to 2010, 13% reduction of gross-electricity consump-
tion

� In 2050:
� 89% of used electricity from RES
� 32% of used fuels from RES
� 88% of used heat energy from RES
� 18 TWh/a wind energy
� 16 TWh/a solar (PV) energy
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