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A B S T R A C T

The energy transition faces the challenge of increasing levels of decentralised renewable energy injection into
an infrastructure originally laid out for centralised, dispatchable power generation. Due to limited transmission
capacity and flexibility, large amounts of renewable electricity are curtailed. In this paper, we assess how
Power-to-Gas facilities can provide spatial and temporal flexibility by shifting pressure from the electricity
grid to the gas infrastructure. For this purpose, we propose a two-stage model incorporating the day-head spot
market and subsequent redispatch. We introduce Power-to-Gas as a redispatch option and apply the model to
the German electricity system. Instead of curtailing renewable electricity, synthetic natural gas can be produced
and injected into the gas grid for later usage. Results show a reduction on curtailment of renewables by 12%
through installing Power-to-Gas at a small set of nodes frequently facing curtailment. With the benefits of
decentralised synthetic natural gas injection and usage, we exploit the advantages of coupling the two energy
systems. The introduction of Power-to-Gas provides flexibility to the electricity system, while contributing to
a higher effective utilisation of renewable energy sources as well as the natural gas grid.
1. Introduction

With the ongoing and future expansion of Renewable Energy (RE)
sources, the amount of decentralised, intermittent electricity is increas-
ing in the transmission grid. Historically, conventional power plants
have been placed strategically, i.e., close to load centres. However, RE
units are installed where their generation potential is maximised given
the geographic weather conditions. Especially large amounts of wind
generated electricity in areas with modest power consumption have
to be transported to locations with high demand (industrial zones and
densely populated areas).

In Germany, this has pushed transmission grids to their operational
limits. With the task of maintaining a stable grid and maximising RE
infeed in the generation mix, the costs for overall Congestion Manage-
ment (CM) have increased during past years to almost a billion Euro
annually (Fig. 1a).

To alleviate line congestion, Transmission System Operators (TSOs)
rely on applying redispatch measurements. Current redispatch proce-
dures often result in curtailing RE in front of the congested transmission
lines and increasing electricity output of conventional, dispatchable
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1 Power-to-Gas (PtG) is composed of two consecutive process steps. During the first step, electrolysis, electricity is used to split water into hydrogen and

power plants behind the curtailed lines. While the volumetric share
of RE curtailment is lower than redispatch (Fig. 1b), its cost share in
CM has grown from around half in 2015 to more than three quarters
in 2019 (Fig. 1a). The curtailment of RE sources and upregulation of
conventional power generation conflict with the goal of a low carbon
energy system. As such, we can see curtailment of RE as an indication of
lacking flexibility in electricity systems. Due to the decentralised nature
of RE and the resulting geographical imbalances of load and generation,
we refer to this type of flexibility as spatial flexibility.

In this paper, we consider curtailed renewable electricity as unused
potential. In the long term, large-scale grid expansions can be expected
to provide significant additional flexibility [6]. However, it will often
take many years until additional capacity will be available. Meanwhile,
flexibility potentials that could be provided by other energy sectors
have not been explored to their full potential. In this regard, stronger
cross-energy sector integration is a central pillar to more efficiently use
existing infrastructure and technologies. In recent years, we have seen
a growing interest in Power-to-Gas (PtG) as a promising technology to
couple the electricity and gas sectors (Table 1). Rather than curtailing
vailable online 26 November 2020
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Fig. 1. Volume and expenditures for redispatch and curtailment from 2015 to 2019
in Germany BNetzA [1–5].

renewable infeed, the electricity may be used to produce carbon-neutral
Synthetic Natural Gas (SNG) to replace conventional natural gas.1

s such, PtG could provide flexibility by shifting pressure from the
lectricity to the gas system. Since natural gas usage in Europe has been
eclining, and is foreseen to decline further, the gas grid will be able
o accommodate large amounts of SNG.

In this paper, we focus on assessing the potential of PtG in conges-
ion management with the underlying main research questions:

• To what extent can PtG provide flexibility in redispatch?
• Which factors drive SNG production when PtG is used to reduce

curtailment and redispatch volumes?

o address these questions, we have developed a two-stage, techno-
conomic Linear Program (LP) model. The first stage Economic Dis-
atch (ED) model implements the Day-Ahead (DA) spot market. Based
n the first-stage market results, the second-stage CM model resolves
ransmission line congestions through redispatch measures. In a vari-
nt, we allow PtG as an option for spatial flexibility in the CM.

The following section reviews recent literature with a focus on
lexibility in electricity systems. Next, in Section 3, we introduce the
tG technology, including its two key components electrolysis and
ethanation, and review PtG projects in Germany. In Section 4, we
resent our mathematical model formulations and underlying assump-
ions for the ED and CM while Section 5 presents the open-access data
sed. In Section 6, we discuss results, and perform sensitivity analyses
or variations in PtG system efficiency, RE share, and CO2 price in
ection 7. We summarise and draw conclusions in Section 8.

. The importance of spatial flexibility

When considering ancillary services, the term flexibility is rather
sed to address balancing energy instead of redispatch. Yet, in both
ypes of ancillary services, flexibility is needed to secure a stable and
eliable grid. Flexibility is often described as the ability to react to
mbalances between load an generation [7,8]. Imbalances can occur
oth on demand and supply side [9] as well as due to factors external to
he power system [10,11]. From a technical perspective, in an electrical
rid flexibility is required to maintain frequency and voltage at desired
evels.

To reconcile differences between generation and demand, TSOs pro-
ure balancing capacity in the balancing market. Prequalified flexibility
roviders can offer their flexibility to the TSO, who decides based on
rice and location which options to use. The type of flexibility can
2

e differentiated by type (positive or negative) and duration (primary, m
secondary, tertiary) [12].2 Different flexibility technologies exist for
both demand and supply-side [13–15], as well as storage [13,16], and
curtailment [9,17].

On the other hand, congestion management is used to alleviate
congestion in the grid, and includes redispatch and feed-in manage-
ment. From a regulatory and application-oriented point of view, it is
necessary to strictly separate balancing energy and congestion manage-
ment [18]. In order to prevent congestion, the TSO is allowed to reduce
generation of qualified power plants before and increase generation
after the congested lines. The term redispatch is used for dispatchable
power plants. In case RE facilities have to reduce their output, the
regulations for feed-in management, i.e., curtailment of RE, apply.

Calculations for redispatch measures take place before the intraday
market [19]. Each balance-responsible party has to send their result
of the day-ahead auction for their balancing group to the TSO. Based
on these results and on own forecasts, the TSO selects which power
plants should be available for redispatch. Due to the separation of the
balancing markets and congestion management, a conflicting manage-
ment of power plants may occur. As such, the mandated adjustments
in balancing and in redispatch may interfere with each other [20,21].
Part of the discrepancy is due to a lack in communication between
transmission and distribution grid operators as well as between TSO
and affected power plants. Better communication and larger reserves
for balancing would resolve this [20]. Additionally, a more integrated
view on flexibility and redispatch could be beneficial, especially in
light of the foreseen phase-out of dispatchable nuclear and coal-fired
generation capacities [18].

Obligations for the curtailment of RE are described in §14 EEG.
Feed-in management is the ‘‘last resort’’ by TSOs to prevent congestion
and only allowed when all other options cannot be successful. This
ensures that the largest possible volume of RE is used. Curtailment
volumes are based on the TSO’s own forecasts. The TSO is obliged to
communicate curtailment volumes to power plant owners one day prior
to the occurrence, unless their need could not be foreseen reasonably
(§14, 2 EEG). As such, the timing and volume of curtailment relies
largely on the forecasting accuracy 24-hours ahead by the TSO. Yet,
the time between mandated curtailment and actual curtailment of the
RE facility is unknown. Only the affected facility, the start and end time
of the curtailment, and the reason are available.

There are different classifications of the time intervals between
information availability and start time of the congestion management
measure. dena [20] distinguishes between long-, mid- and short-term
measures (intraday changes due to changes in wind speed and solar
radiation, which may be communicated right before delivery). Nabe
and Neuhoff [18] even speak of ‘‘short-term redispatch measures’’,
occurring during the intraday market. Hadush and Meeus [21] point
out different states of reaction of the TSO from green (no need for
any congestion management) to red (curtailment or other technical
measures are needed). Forecast errors and their impact on redispatch
have been analysed by Kloubert et al. [29]. They propose to implement
an intraday redispatch market, which would reduce overall redispatch
cost, since forecast errors are generally smaller closer to delivery time.
Such short-term deviations from the day-ahead redispatch have to be
taken into account when analysing concepts for curtailment reduction.
Under perfect information and favourable conditions, curtailment may
be planned like redispatch immediately after the day-ahead and well
before the intraday market. In that case, flexibility may not be an
important factor to reduce curtailment. However, due to the fluctuat-
ing nature of RE and their growing installed capacity, the available
measures must be flexible enough to cope with short-term changes
intraday and physically close enough to where curtailment is needed.

2 For Germany, the anonymous bids and the outcomes of the balancing
arket can be found on regelleistung.net.

http://www.regelleistung.net
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Table 1
Overview of PtG projects in Germany.

Name Year Status Electrolysis Methanation Max input
(kWel)

Min input Max output
(N m3/h)a

Eff. Ramping Source

Exytron Compact PtG 2019 Active AEL Catalytic 62.5 n.a. 2.5 0.9b n.a. dena [22]
Exytron Alzey 2019 Active AEL Catalytic 500 n.a. n.a. n.a. n.a. dena [22]
Store&Go at Falkenhagen 2018 Active AEL Catalytic 2000 n.a. 57 0.58 n.a. dena [22] and StoreandGo [23]
BioPower2 Gas 2016 Ended PEM Biological 300 n.a. 15 n.a. n.a. dena [22], Aryal et al. [24]

and Heidrich et al. [25]
Exytron Demo 2015 Active AEL Catalytic 21 n.a. 1 0.9b n.a. dena [22]
Methanation at Eichhof 2015 Ended n.a. Biological 25 n.a. 4 n.a. n.a. dena [22]
Audi e-gas 2013 Active AEL Catalytic 6000 n.a. 325 0.54 ≥ 1 MW

per 5 min
Ghaib and Ben-Fares [26]

PtG at Eucolino 2012 Active n.a. Biological 108 n.a. 5.3 n.a. n.a. dena [22]
Helmeth 2012 Ended SOEC Catalytic n.a 20% 60 kWth 0.76b n.a. Gruber et al. [27]
PtG 250 2011 Ended AEL Catalytic 250 70% n.a. 0.496 n.a. Zuberbuehler [28]

aA standard cubic metre (N m3) is the amount of gas (in this case CH4 at 1.01325 bar and 273.15K).
Including heat utilisation of the methanation process.
(

tG may offer such a solution. Naturally, benefits of additional flexibil-
ty options for redispatch depend on costs, efficiency, and availability.
igh costs (above € 100/MWh), limited capacity, and short availability
eriods all undermine the potential [30]. A feasible option needs to
e cost-efficient and available throughout periods with curtailment
ctivity.

In contrast to flexibility in balancing markets that are energy only,
lexibility for redispatch must account for two different location at the
ame time, i.e., before, and after a congested grid element. To a certain
xtent, negative flexibility (or load reduction) before and positive flex-
bility (load increase) after the congestion may be provided. However,
his would not only decrease the flexibility reserves for balancing mar-
ets, but also increase the need for real-time adjustments [20]. If these
wo locations lie in different balancing groups, this may cause conflicts
ith balancing measures in both groups. Therefore, load reduction may

ontribute to the conflict potential between balancing markets and
ongestion management.

To refer to the twofold locational impact, described above, we de-
ote flexibility for congestion management as spatial flexibility. Spatial
lexibility is highly related to other types of flexibility measures, such
s grid extensions. Grid reinforcements are necessary to cope with the
hallenges of decentralised energy generation [11,13]. Additionally,
he size of the system can have a beneficial effect on flexibility. Huber
t al. [8] point out that connecting smaller areas reduces the need for
lexibility as uncorrelated local imbalances can compensate each other.

hile grid extension may reduce the overall need for flexibility [31],
ngoing grid projects face great opposition in the public, resulting in
egal challenges and long planning and project lead times [32].

In contrast, technologies that use already existing infrastructures
re likely to suffer much less opposition. By shifting an energy carrier
rom one infrastructure to the other (e.g., from the electricity to the
as grid), flexibility options in both systems can be used. Pilpola and
und [33] and Brown et al. [34] investigate how renewable infeed
an be increased through flexibility by sector coupling. On the demand
ide, technologies include PtG, Power-to-Heat and smart charging of
lectric vehicles. On the supply side they incorporate wind power
urtailment and Vehicle-to-Grid [11,34,35]. Flexibility by PtG, and
ossible locations have been analysed by Haumaier et al. [36]. In one
f their scenarios, surplus wind onshore generation is used to produce
2 and SNG. They conclude that, while the potential for PtG exists,
onsumer charges, electricity tariffs, and taxes, pose a barrier to PtG
ecoming a feasible, competitive flexibility option. To the best of our
nowledge, explicitly considering the spatial dimension in flexibility
rovided by combining PtG with gas-fired power plants has received
imited attention in the literature.

Therefore, we propose to analyse the potential of PtG in redispatch.
patial flexibility is central to use otherwise curtailed renewable elec-
ricity by producing SNG. After injection to the gas grid, it can then
3

e used by connected Gas-fired Generation (GfG) units to generate
Table 2
Overview of electrolysis parameters.

Source Electrolysis Efficiency Ramping Min. input
(%) (%/s) (%)

Thema et al. [38] n.a. 70 n.a. n.a.

Milanzi et al. [44] AEL 74 33 20–40
PEM 67 10 0–10
SOEC 82 n.a. n.a.

Quarton and Samsatli [39] AEL 73 n.a. n.a.
PEM 76 n.a. n.a.
SOEC ≥ 80 n.a. n.a.

Götz et al. [45] AEL 70 n.a. n.a.
PEM 70 n.a. n.a.

Schiebahn et al. [43] AEL 67 10 20–40
PEM 67 10–100 5–10

Sterner et al. [46] n.a. 64–77 n.a. n.a.

electricity. In fact, only in combination with GfG units, PtG can be
seen as spatial flexibility option. In order to cope with ‘‘short-term
redispatch’’ measures, PtG as a sector coupling technology needs to be
flexible enough to allow unforeseen variation in RE infeed during the
intraday market. Being able to do so, PtG may be a viable technology
to reduce RE curtailment.

3. Power-to-Gas applications in Germany

Globally, the majority of PtG projects is located in Germany [37–
39]. Table 1 gives an overview of past and ongoing PtG projects in
Germany. For most project, the sources do not reveal all technical
parameters, such as ramping times and minimum input. Therefore, we
present additionally the state-of-the-art on both electrolysis and metha-
nation (Table 2). The most common technologies chosen for electrolysis
are Alkaline Water Electrolysis (AEL) and Polymer Electrolyte Mem-
brane (PEM). Although Solid Oxide Electrolyte Electrolysis (SOEC) can
reach higher efficiency (more than 80%) it is still in a laboratory stage
only. Its main challenge is to mitigate the impact of high temperatures
on the used materials [40]. Recently, the Helmeth project has shown
promising results by coupling SOEC with a methanation process and
using excess heat of the latter to reuse it in the process, hence increasing
the overall efficiency [27]. Both AEL and PEM are flexible and able to
increase power input within seconds. Some electrolysis units have been
used for secondary control reserves, which requires the ability to ramp-
up to at least one MW in five minutes [41]. In terms of flexibility and
application in control reserve markets, the PEM technology seems most
promising [42]. While AEL needs to run at minimum loads of around
20–40% [43], PEM can be operated at less than 10% [43,44].

Most current German PtG projects rely on AEL rather than PEM
Table 1). This indicates that the units were not intended to provide
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Table 3
Overview of methanation parameters.

Source Methanation Efficiency Min. input
(%) (%)

Salomone et al. [48] Catalytic 83 . n.a.

Boudellal [37] n.a. ≥ 80 n.a.
n.a. 93 n.a.

Schmidt et al. [49] Catalytic 70–85 n.a.

Milanzi et al. [44] Cath. & 80b 0.25
Biological 78a n.a.

Götz et al. [45] Catalytic 78 0.1–0.4

Schiebahn et al. [43] Catalytic 83 n.a.

aLiterature median.
bProject median.

flexibility, but rather to produce SNG at lowest cost, as lifetime and
investment cost are the relative advantages of AEL [45]. For methana-
tion, both biological and catalytic processes are used. In a biological
methanation the produced hydrogen is often used as a co-substrate to
increase biogas output of existing biogas plants [47]. Hydrogen can be
used to accelerate biological processes and increase biogas purity [24]
and is mostly used in small-scale applications [45,47]. For units with
the highest installed capacity, i.e., Store&Go Falkenhagen and Audi
e-gas, a catalytic approach is used rather than a biological. Further
review of methanation processes (Table 3) shows the advantage of
catalytic methanation: much higher efficiencies up to the theoretical
maximum efficiency of 83% of this exothermic reaction [43,48]. System
efficiencies higher than 83% can be achieved by making use of the
waste heat [43,44].

A challenge with catalytic methanation is heat management as
the reaction temperature needs to be above 700 ◦C. The minimum
oad for catalytic methanation is at around 20–40% [50]. Below 20%,

the process becomes very inefficient and the produced SNG has low
quality [50]. Unfortnately, no sources reveal technical data regarding
start up times and minimum load, which should be accounted for in a
model focusing on flexibility.

When considering flexibility of a PtG unit, ramping time and min-
imum load requirements are the main determinants. On these aspects,
PEM has the most favourable characteristics and is therefore most suit-
able to deal with electricity input variations. To achieve high efficiency
and sufficient SNG purity, catalytic methanation seems appropriate. To
further increase the flexibility and cost-effectiveness of the PtG unit the
electrolysis process output and the methanation process input can be
decoupled using storage capacity for hydrogen [51]. This allows the
methanation to run at higher and less fluctuating levels. We implicitly
assume such a storage to be available with high enough capacity.

4. Model

We implement a two-stage LP model, consisting of an ED and a
CM model including transmission constraints. To model the decoupled
procedure of the DA market and CM, we propose sequential market
clearing, followed by hourly redispatch at a limited foresight of 24 h.
This structure reflects the DA spot market and current cost-based
redispatch mechanism in Germany. Sequencing allows us to analyse
longer periods day by day in a rolling horizon fashion. A schematic
overview is presented in Fig. 2. The short vertical arrows represent
the individual 24 h of a day which are considered in the CM model.
We include a list of the model terminology, including sets, variables,
and parameters Appendix A. Variables are displayed in uppercase italic,
while parameters are written in lowercase roman.
4

c

Fig. 2. Schematic overview on sequential model runs including ED and CM.

4.1. Model assumptions

With the objective of this paper to assess the potential of PtG in
redispatch, we make some assumptions to maintain a balance between
technical accuracy, computational complexity, and result quality. In the
following we briefly present and explain the model assumptions.

Ramping. The ramp rate describes a thermal power plant’s ability to
increase and decrease output per time (e.g., in MW/min). For rotating
generation units (coal, nuclear, hydro, etc.) ramp-rates range from 2%
to 15% per minute of their maximum output [52]. As such, with an
hourly modelling resolution, this would translate into possible ramp
rates of 100% per hour, making a ramping constraint non-binding. At
an hourly level, we can hence neglect ramping constraints. This does
not impact the model results but reduces the number of constraints by
2 ∗  ∗ (8760 − 1) and thus calculation complexity. Note that including
amping in models with quarter-hourly or minute resolutions would
ignificantly impact the model outcome.

o commercial cross-border exchange. Including historic cross-border
xchange time series as a fixed parameter to the model directly trans-
ates into an increase in load in times of export and a decrease in
imes of import (Eq. (2)). As such, an electricity export would yield an
ncreased Market Clearing Price (MP). However in reality, if electricity
s exported from a country A to country B in a particular hour, a lower
onal MP in country A than in country B is indicated. For this reason we
o not include historic cross-border trade. Alternatively, modelling the
arket and subsequent redispatch for Germany and all neighbouring

ountries would require larger data sets and computational times which
re beyond the technical and contextual scope of this paper. As such,
o be able to narrow down the potential impact of PtG and to keep
omputational times within acceptable limits, we only determine the
D and CM on a national level. We point out that by neglecting cross-
order exchange, congestion that may be induced or alleviated through
rade on interconnectors are not represented.

irtual SNG storage. To keep track of the amount of SNG in the gas grid
i.e., produced but not used yet), we assume the presence of a single
irtual SNG storage. All PtG units can inject into the storage and all
fG units can withdraw SNG. In future research, this assumption may
e substituted by modelling the gas grid.

.2. Day-ahead economic dispatch

The ED model minimises total system costs for generation while
onsidering Marginal Cost (MC), market clearing, and Pumped Hydro-
lectric Storage (PHS) constraints. Given uniform pricing on the DA
pot market, a single copper plate is assumed, i.e., physical transmission
ine constraints are neglected in the bidding process. From this optimi-
ation step, we obtain total system costs and a cost-minimal dispatch for
ll generation units. We deliberately exclude binary variables, such as
nit commitment, to obtain the market price as the dual to the market

learing constraint (Eq. (2)).
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Objective function. The objective function (Eq. (1)) minimises total
generation costs summed up over all technologies and the total, 24 h
time horizon.

min
𝑃𝐷𝐴
𝑔,𝑡

∑

𝑡

∑

𝑔
cmc
𝑔 𝑃𝐷𝐴

𝑔,𝑡 (1)

Market clearing. The market clearing constraint (Eq. (2)) ensures that
demand is satisfied by the generation units at all times.
∑

𝑔
𝑃𝐷𝐴
𝑔,𝑡 −

∑

𝑛
dload𝑛,𝑡 = 0 , 𝑡 ∈  (2)

Power generation. A generation unit can only operate within a certain
range (Eq. (3)). The output of a generation unit is lower-bound by
must-run obligations and upper-bound by its installed capacity.

pmin
𝑔 ≤ 𝑃𝐷𝐴

𝑔,𝑡 ≤ pmax
𝑔 , 𝑔 ∈ , 𝑡 ∈  (3)

PHS. A PHS is defined by its maximum pumping (Eq. (4)), generating
power (Eq. (5)) and storage capacity (Eq. (6)). Its storage level can
never exceed the maximum capacity and is calculated based on the
previous storage level, plus electricity demand and minus generation
of the previous period (Eq. (7)).

𝐷𝑠,𝑡 ≤ pmax
𝑠 , 𝑠 ∈  , 𝑡 ∈  (4)

𝑃𝐷𝐴
𝑠,𝑡 ≤ pmax

𝑠 , 𝑠 ∈  , 𝑡 ∈  (5)

𝐿𝑠,𝑡 ≤ lmax
𝑠 , 𝑠 ∈  , 𝑡 ∈  (6)

𝐿𝑠,𝑡 = 𝐿𝑠,𝑡−1 − 𝑃𝐷𝐴
𝑠,𝑡−1 + 𝜂s𝐷𝑠,𝑡−1

, 𝑠 ∈  , 𝑡 ∈  ∶ 𝑡 > 1
(7)

Non negativity. Eq. (8) ensures that the power output, PHS pumping
and storage level can never be negative.

𝑃𝐷𝐴
𝑔,𝑡 ≥ 0 , 𝑔 ∈ , 𝑡 ∈  (8)

𝑃𝐷𝐴
𝑠,𝑡 ≥ 0 , 𝑠 ∈  , 𝑡 ∈  (9)

𝐷𝐷𝐴
𝑠,𝑡 ≥ 0 , 𝑠 ∈  , 𝑡 ∈  (10)

𝐿𝐷𝐴
𝑠,𝑡 ≥ 0 , 𝑠 ∈  , 𝑡 ∈  (11)

4.3. Congestion management

Following a previous formulation by Kunz and Zerrahn [53], we
implement a CM model which includes Direct Current (DC) power flow
grid constraints and decisions based on the market results, i.e., the
MP and dispatch for each hour. In this modelling step, we calculate
a system-wide cost minimal redispatch, i.e., upwards and downwards
adjustments of dispatchable power plants and curtailment of RE units,
required to meet the physical constraints of the transmission grid.

Objective function. The CM model minimises the total cost for redis-
patch and feed-in management (Eq. (12)). Following the formulation
by Kunz [54, 7] and based on current remuneration schemes [19,55]
redispatch is profit-neutral: Power plants that increase their output to
their previous bid are reimbursed by their MC. At the same time, an out-
put decrease of a power plant is compensated by its lost profit, i.e., the
difference of the MP at a time 𝑡 minus its MC. We include additional
costs for an increase of output by PHS accounting for efficiency losses.
In addition, we include costs for lost load.

min
𝛥𝑃+

𝑔,𝑡 ,𝛥𝑃
−
𝑔,𝑡

∑

𝑡

∑

𝑛
[

∑

𝑔

(

cmc
𝑔 𝛥𝑃+

𝑔,𝑡 + (𝛹 𝑡 − cmc
𝑔 )𝛥𝑃−

𝑔,𝑡

)

+
∑

𝑠

𝛹 𝑡
𝜂s

𝛥𝑃+
𝑠,𝑡 + cVOLL𝑃 𝑙𝑜𝑠𝑡

𝑛,𝑡

]

(12)

In the CM model, we use variables 𝑃 ′
𝑔,𝑡 to denote the composition of the

day-ahead dispatch, plus upwards and downwards power adjustments
in the CM model (Eq. (13)).

𝑃 ′
𝑔,𝑡 = 𝑃

𝐷𝐴
𝑔,𝑡 + 𝛥𝑃+

𝑔,𝑡 − 𝛥𝑃−
𝑔,𝑡 (13)
5

Nodal balance and power injection. The market clearing constraint from
the ED now has to hold at each node (Eq. (14)). Power injection at a
node 𝑛 is defined as the net difference between all connected generation
(positive) and load (negative). Using the susceptance entry on the
admittance matrix, the voltage angles are linked to the nodal injection
(Eq. (15)).
∑

𝑔
𝑃 ′
𝑔,𝑡 − dload𝑛,𝑡 = 𝑃 𝑖𝑛𝑗

𝑛,𝑡 , 𝑛 ∈  , 𝑡 ∈  (14)
∑

𝑚
𝑏𝑛,𝑚(𝛩𝑛,𝑡 − 𝛩𝑚,𝑡) = 𝑃 𝑖𝑛𝑗

𝑛,𝑡

, 𝑛 ∈  , 𝑡 ∈ 
(15)

ine power flow. Using the line reactance and voltage angles at the
rom-node 𝑛 and to-node 𝑚, we calculate the power flow on a transmis-
ion line (Eq. (16)). The line flow must not exceed its thermal capacity
imit including the Transmission Reliability Margin (TRM) at all times
Eqs. (17) and (18)). The parameter trm is a value between 0 and 1.
his constraint holds true in both flow directions.

𝑥−1𝑛,𝑚(𝛩𝑛,𝑡 − 𝛩𝑚,𝑡) = 𝑃 𝑓𝑙𝑜𝑤
𝑛,𝑚,𝑡

𝑛, 𝑚 ∈  ∶ 𝑛 ≠ 𝑚, 𝑡 ∈ 
(16)

f low
𝑙,𝑡 ≤ 𝑝max

𝑙 (1 − trm) , 𝑙 ∈ , 𝑡 ∈  (17)
[

𝑝max
𝑙 (1 − trm)

]

≤ 𝑃 f low
𝑙,𝑡 , 𝑙 ∈ , 𝑡 ∈  (18)

ower generation. Without the use of binary variables, we can avoid a
ower plant being adjusted both upwards and downwards at the same
ime step by adjusting the constraint for power generation limits.

𝑃
𝐷𝐴
𝑔,𝑡 + 𝛥𝑃+

𝑔,𝑡 ≤ pmax
𝑔 , 𝑔 ∈ , 𝑡 ∈  (19)

min
𝑔 ≤ 𝑃

𝐷𝐴
𝑔,𝑡 − 𝛥𝑃−

𝑔,𝑡 , 𝑔 ∈ , 𝑡 ∈  (20)

𝑃𝐷𝐴
𝑠,𝑡 + 𝛥𝑃+

𝑠,𝑡 ≤ pmax
𝑠 , 𝑠 ∈  , 𝑡 ∈  (21)

on negativity. Non-negativity constraints (Eq. (22)) also apply here,
ith 𝑃

𝐷𝐴
𝑔,𝑡 being replaced by 𝑃 ′

𝑔,𝑡.

𝑃 ′
𝑔,𝑡 ≥ 0 , 𝑔 ∈ , 𝑡 ∈  (22)

4.4. Power-to-Gas extension

We extend the CM model from Section 4.3 with PtG facilities at all
nodes where RE units feed into the grid. To observe how much SNG is
used, we introduce an additional power generation variable 𝑃 𝑃 𝑡𝐺

𝑒,𝑡 for
all GfG units.

Objective function. Fuel costs for PtG units occur when electricity is
used to produce SNG. As such, the MP has to be paid, accounting for
efficiency losses during electrolysis and methanation. To use SNG to
generate electricity, the variable Operation and Maintenance (O&M)
costs of GfG units are accounted for (Eq. (23)).

min
𝛥𝑃+

𝑔,𝑡 ,𝛥𝑃
−
𝑔,𝑡 ,𝐸𝑔,𝑡

∑

𝑡

∑

𝑛
[

∑

𝑔

(

cmc
𝑔 𝛥𝑃+

𝑔,𝑡 + (𝛹 𝑡 − cmc
𝑔 )𝛥𝑃−

𝑔,𝑡

)

+
∑

𝑠

𝛹 𝑡
𝜂s

𝛥𝑃+
𝑠,𝑡 + cVOLL𝑃 𝑙𝑜𝑠𝑡

𝑛,𝑡

∑

𝑟

𝛹 𝑡
𝜂E𝜂M

𝐷𝑃 𝑡𝐺
𝑟,𝑡 +

∑

𝑟
cOM𝑒 𝑃 𝑃 𝑡𝐺

𝑒,𝑡

]

(23)

ower-to-Gas capacity. As an alternative to RE curtailment, PtG fa-
ilities can use the electricity. PtG facilities can only make use of
emaining available output (volume of curtailment) of a solar PV or
ind generation unit (Eq. (24)) or its capacity limit (Eq. (25)).
′
𝑟,𝑡 −𝐷𝑃 𝑡𝐺

𝑟,𝑡 ≤ pmax
𝑟 , 𝑟 ∈ , 𝑡 ∈  (24)

𝑃 𝑡𝐺
𝑟,𝑡 ≤ dmax

𝑟 , 𝑟 ∈ , 𝑡 ∈  (25)
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SNG storage level. Efficiency rates from electrolysis and methanation
are accounted for in the demand for electricity from the PtG unit. The
storage level (Eq. (26)) is determined by the level at the end of the
previous period, subtracted by what is withdrawn for power generation,
plus the SNG produced by PtG units. At the beginning of the first
modelling day, the SNG storage level is set to zero (Eq. (27)).

𝐿𝑡 = 𝐿𝑡−1 −
∑

𝑒

1
𝜂𝑒

𝑃 𝑃 𝑡𝐺
𝑒,𝑡−1

+𝜂E 𝜂M
∑

𝑟
𝐷𝑃 𝑡𝐺

𝑟,𝑡−1 , 𝑡 ∈  ∶ 𝑡 > 1
(26)

𝐿1 = linit (27)

Gas-fired generation. As an alternative to using natural gas as input fuel,
GfG units can use SNG in CM. However, SNG can only be used as long
as it is available in the virtual storage (Eq. (28)), accounting for the
individual thermal efficiency of GfG units.
∑

𝑒

1
𝜂𝑒

𝑃 𝑃 𝑡𝐺
𝑒,𝑡 ≤ 𝐿𝑡 , 𝑡 ∈  (28)

Nodal balance and power injection. The nodal power injection constraint
needs to be adjusted to incorporate the electricity demand by PtG units
and re-electrification of SNG in GfG units.

∑

𝑔
𝑃 ′
𝑔,𝑡 +

∑

𝑒
𝑃 𝑃 𝑡𝐺
𝑒,𝑡 − p𝑑

−
∑

𝑟
𝐷𝑃 𝑡𝐺

𝑟,𝑡 = 𝑃 𝑖𝑛𝑗
𝑛,𝑡 , 𝑛 ∈  , 𝑡 ∈ 

(29)

Relations between the ED and CM (Eq. (13)), as well as nodal angles
(Eq. (15)), line power flow constraints (Eqs. (16), (17), and (18)),
remain unchanged.

Power generation. For conventional, non-GfG units and RE units, the
constraints for generation limits stay the same (Eqs. (19) and (20)). For
GfG units, the sum of power generation from fossil and SNG must not
exceed its capacity limit (Eq. (30)).

𝑃
𝐷𝐴
𝑔,𝑡 + 𝛥𝑃+

𝑔,𝑡 + 𝑃 𝑃 𝑡𝐺
𝑒,𝑡 ≤ pmax

𝑒
, 𝑒 ∈  ∶, 𝑡 ∈ 

(30)

Non negativity. In addition to Eq. (22), the electricity demand from
PtG units (Eq. (31)) and generation from SNG can never be negative
(Eq. (32)).

𝐷𝑃 𝑡𝐺
𝑟,𝑡 ≥ 0 , 𝑟 ∈ , 𝑡 ∈  (31)

𝑃 𝑃 𝑡𝐺
𝑒,𝑡 ≥ 0 , 𝑒 ∈ 𝐸, 𝑡 ∈  (32)

4.5. Model implementation

We implement our linear program in the open-source language
Julia (v.1.3.1), using the Julia for Mathematical Programming (JuMP)
package. In addition, we have built an entire data evaluation toolchain
in R (v.4.0.0) using ggplot2 and leaflet that allows us to visualise model
results.

5. Data

We use an open access reference data set (version 1.0.0), which
covers the entire German electricity, heat, and natural gas sector as
of late 2015 [56]. For the purpose of performing an economic dis-
patch and subsequent redispatch, we extract data on electric load,
installed capacities of conventional and RE generation units, transmis-
sion line capacities, resistance, and reactance, prepared by Weibezahn
and Kendziorski [57]. In the following paragraphs, we provide a brief
overview on the used data. To obtain more detailed insights on how
the geospatial data was collected, we refer to the data documentation
by Kunz et al. [58].
6

Fig. 3. Load distribution over a year. Circle area proportional to load. Transmission
lines are displayed in grey colour.
Source: Own illustration based on Kunz et al. [56].

Table 4
Overview of transmission lines.

Voltage Circuits Th. Capacity Lines
kV # MW #

220 Single 490 228
220 Double 490 129
220 Triple 490 2

380 Single 1700, 2300 244
380 Double 1700, 2300 118
380 Triple 1700 3

5.1. Data overview

Transmission grid. The data set includes 724 multi-circuit AC transmis-
sion lines (Table 4).

Load. The total annual load of 540.339 TWh is distributed across 427
national nodes at hourly resolution (Fig. 3). Load centres are located in
large metropolitan areas and the southwestern region of Germany.

Generation. The data set includes 613 individual thermal power plants
and 33 PHS units, mapped to nodes. RE generation units are aggregated
at nodal level. As of the end of 2015, the installed capacity of genera-
tion units in Germany totalled 197.4GW, of which 93GW are accounted
by conventional thermal power plants, 20.6GW by flexible RE power
plants (biomass, Hydro Run-of-River (RoR), PHS, and geothermal) and
83.8GW by intermittent RE generation units, such as wind and solar
Photovoltaics (PV) (Table 5).

The generation of wind onshore, offshore, and solar PV is calculated
using weather infeed data at hourly resolution [58]. A geospatial
distribution of RE generation infeed is presented in Fig. 4.

Merit order. Marginal generation costs (Eq. (33)) are calculated based
on power plant efficiency, fuel costs, variable O&M costs and emission
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Table 5
Installed capacity and availability.

Fuel Installed capacity (GW) Average availability

Wind onshore 41.2 0.190
Wind offshore 3.3 0.259
Solar PV 39.3 0.096

Biomass 8.1 0.575
RoR 3.7 0.532
PHS 8.8 –
Geothermal 0.03 0.310

Natural gas 23.6 0.800
Nuclear 12.1 0.823
Lignite 20.9 0.774
Hard coal 28.6 0.720
Oil (light) 3.1 0.800
Oil (heavy) 0.6 0.800
Waste 1.6 0.700
Other fuels 2.5 0.530

Fig. 4. Maximum electricity generation by intermittent RE source over a year.

factors (Table B.8). A CO2 price of 7.59 €/t is used for the year
2015 [58].

cmc
𝑔 =

cfuel + cCO2𝜆𝑔
𝜂𝑔

+ cOM𝑔 , 𝑔 ∈  (33)

Based on the installed capacities of RE units and conventional power
plants of 2015 (Table 5) [58], this yields the following merit order
(Fig. 5).

5.2. Data assumptions

In the following, we briefly present the assumptions within and
beyond the data set used.

Must-run. While we have technically formulated must-run in the
model, minimum generation obligations in the data set are not con-
sidered, i.e., pmin

𝑔 = 0. While some studies endogenously approximate
must-run obligations from combined heat and power plants based on
7

Fig. 5. ED merit order based on Kunz et al. [58].

heat demand, these methods require additional modelling [59]. In
addition, the implementation of must-run generation is equivalent in
reducing the remaining dispatch for endogenous optimisation. As such
the merit order (Fig. 5) is shifted to the right, and by obtaining the MP
from the dual to the market clearing condition, this yields a lower price.
Meanwhile, must-run capacities are remunerated through individual,
long-term contracts which we cannot replicate in the model. We further
deliberately do not assume a flat fuel- or technology-specific must-run
share [52] for two reasons: (i) This overestimates the redispatch volume
required as basically all thermal generations might be redispatched to
satisfy both must-run and transmission constraints; (ii) By including
must-run, in some hours, a share of RE is curtailed in the ED already.
Under these circumstances, more renewable electricity is available
which may lead to an over-estimation of PtG. We point out that due
to a lack of must-run obligations, which primarily concerns GfG units,
our model underestimates the share of natural gas in the dispatch, given
its position in the merit order (Fig. 5).

Availability of power plants. To adequately represent power plant out-
ages, as well as scheduled and unscheduled shutdowns, we use fuel-
specific, monthly availability factors provided by Kunz et al. [58].
Further calibration to historic data [60] is done by scaling down
nuclear power plant availability.

PHS. Incorporating PHS and assessing a water value is a challenging
topic on its own. As a direct result of cost-minimisation problems, there
is no incentive to leave a PHS remaining storage level, i.e., the PHS
storage level at the end of a modelling period is zero if not explicitly
defined otherwise. To represent PHS in redispatch measures, we make
the simplified assumption, that 80% of the maximum PHS storage
capacity is available for economic dispatch and 20% for redispatch.
We point out that this assumption can definitely be further improved.
The German online grid transparency platform [61] provides data on
redispatch volume by utility. In the case of PHS, data for the largest
PHS utility is aggregated with RoR. Due to limited data available on
the cost of electricity that PHS utilities have to pay, we further assume
that an increase generation output in the redispatch is remunerated by
the MP, incorporating efficiency losses, given that the utility had to pay
for its electricity demand from the market.

Transmission reliability margin. To account for planned and unplanned
line outages, we follow Weibezahn and Kendziorski [57] and apply a
TRM of 25% (effectively a reduction of the thermal line capacity, see
Eqs. (17) and (18)).

Power-to-Gas and costs. In the CM model, PtG is primarily defined by
the efficiency of electrolysis 𝜂E and methanation process 𝜂M. Based on
state-of-the-art data of both components (Tables 2 and 3), we assume
an efficiency of 𝜂E = 76% and 83%, yielding a total PtG efficiency of
63%. Given an average efficiency of 𝜂 = 49% for GfG units, electricity
𝑒
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Fig. 6. Exemplary economic dispatch weeks for every quarter of the year.
F

generation using SNG yields a total average round-trip efficiency of
30.1%.

Operational costs for PtG are defined by two factors, i.e., the MP
and carbon neutrality. As no system-wide remuneration schemes for
PtG exist to-date, we assume an indiscriminatory market, meaning
that electricity demanded by PtG units is to be paid with the MP.
We point out that this assumptions results in a rather conservative
competitiveness of the technology. This is in parts compensated by the
re-electrification of SNG through GfG units: While the MC for utilising
natural gas in GfG units includes a CO2 price per emitted ton, we
assume SNG to be a carbon neutral fuel, as it is only generated from
renewable wind and solar PV infeed. As such, for using SNG in GfG
units, no costs for CO2 emissions occur.

. Model results

First, we briefly present the DA market results from the ED model,
ncluding a comparison with actual market outcomes. Second, we assess
he redispatch required to account for transmission constraints with the
M model without PtG. Third, we compare how PtG as a technology

or providing flexibility in redispatch affects the outcomes.

.1. Economic dispatch

The ED determines a cost-minimal solution for meeting the total
emand for each day, which sums up to 540.3 TWh over the course of a
ear. As a copper plate is assumed at this stage, electricity generation
ollows load, including demand by PHS. Fig. 6 shows four dispatch
eeks at an hourly resolution. (Refer to Fig. B.20 in the Appendix B for

ull details including MP.) Nuclear and lignite, the most cost-efficient
echnologies after the intermittent RE options, both provide rather
table generation over time and operate mostly at maximum capacity.
his base load follows their position in the merit order (Fig. 5). Gen-
ration by intermittent RE, solar PV and wind infeed, is more variable
hroughout the year. Seasonal patterns can be observed, with higher
n- and offshore wind generation in winter (top left and bottom right,
ig. 6), and a higher solar PV share in summer. (top right and bottom
eft, Fig. 6). Since we ignore must-run obligations (which might cause
E curtailment), all RE generation is dispatched.

Demand peaks and high fluctuations in RE infeed cause GfG units
8

o be dispatched. Further peak shaving is provided by PHS. Storing t
Fig. 7. Generation mix (2015). Historic data by BNetzA [60] (left), ED market results
(centre), and after CM (right).

Fig. 8. Seasonal MP spread.

electricity using PHS occurs in periods with low market prices.3 Al-
though prices are lower in times of high RE infeed, high fluctuations in
prices occur. Notably, both the average and the median price in winter

3 The relation between prices, RE dispatch and storing can be observed in
ig. B.20 in Appendix B. Note that electricity demand by PHS is displayed on
he negative Y-axis.
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Fig. 9. Aggregated redispatch volume over a year.
(mean 36.6 €/MWh) are 2% lower (Fig. 8) than in summer (mean 37.4
€/MWh).

High wind infeed during winter causes price fluctuations and a
larger spread of the median hourly MP in winter compared to summer
(31.7–41.5 €/MWh vs. 32.6–41.5 €/MWh. Fig. 8). The same figure
illustrates how PHS benefit from price differences by storing when
prices are low and injecting in the grid when prices are high.

Comparing model results with historic data. Comparing our results to
historic data [60] gives an insight in the accuracy and validity of the
model. Fig. 7 visualises the generation technology mix by BNetzA [60]
(left), our ED model (centre) and after redispatch (right). It should
be noted, that the BNetzA [60] data shows generation composition in
retrospect, assumingly incorporating after-market corrections. As such,
we primarily compare the first and last plot in Fig. 7. The height
difference is due to omitting cross-border exchange from our model and
is Germany’s net export of about 51 TWh in 2015 [60], about 9% of
domestic demand. We obtain very similar aggregate output levels for
nuclear and lignite, as well as PV and wind (both on- and offshore).
Some differences in conventional technology outputs can be explained
by ignoring must-run obligations. Given the high MC of GfG units,
the high actual market share of 8.3% will largely be due to must-
run primarily of Combined Heat and Power (CHP) plants. Oil-based
electricity generation, at less than 1% in the real market data, is hardly
ever used in our model. This most expensive option will typically only
be used to deal with sudden events such as outages which are not
reflected in our deterministic set up. The generation share of PHS in
our model is 0.6% only, four times lower than in [60]. This is mainly
a result of limited foresight in our model, as we do not include an
incentive for ‘‘left-over’’ PHS storage levels at the end of a day. Overall
we consider the model outputs representative for the real situation in
2015 and an adequate basis for further analysis.

6.2. Congestion management and PtG utilisation

Under consideration of DC power flow transmission constraints, our
CM model determines the cost-minimal redispatch of generation units
across the electricity system. To respect grid constraints, that is to keep
transmission flows within reliability-adjusted line capacity, the TSO
makes adjustments to the ED market results. Foresee line congestion
is alleviated by reducing power injection before and increasing power
output behind the affected line. We present a spatial visualisation of
line utilisation after CM in Fig. B.19 (in the Appendix B). The impact
on the ED can especially be seen in a 0.5 percentage point higher share
of GfG after redispatch (Fig. 7 right plot).

Fig. 9 displays the aggregate redispatch volume over a year; a
power increase is denoted positive, a reduction or curtailment of RE
negative. We include a full-year representation with daily aggregation
with Fig. B.21 in Appendix B. As the market has to be balanced on a
nodal level, hourly upwards and downwards adjustments are symmetric
in volume.4

4 Note that a total share of 3.08% of the total redispatch volume of 10.7 TWh
is attributed to lost load. 87% of all lost load in the model is due to node 272
9

Fig. 10. Redispatch: Aggregated up- and downwards adjustments over a year.

Given the imbalanced distribution of RE, especially wind in the
north, and load centres in the south, we observe a high share of wind
curtailment, especially in winter. Redispatch in winter accounts for 70%
of the total annual redispatch volume. Hard coal, the cheaper option
in the merit order, is dispatched in the market but reduced in the
redispatch model in favour of natural gas. In times of curtailment and
redispatch peaks, PHS are regulated up, accounting for 2.6% of the total
upward adjustments.

Spatial distribution of redispatch. Fig. 10 shows the spatial distribution
of positive (green) and negative (red) redispatch. Negative adjustments
are required mostly in the northern regions with high wind infeed.
Some redispatch measures can be observed in the north east of Ger-
many. Most upwards adjustments occur in a north to south corridor in
the west of Germany.

Interestingly, the course of redispatch measures from north to south
follow the planned High Voltage Direct Current (HVDC) lines (project

(Stuttgart-Weilimdorf), for which the transmission capacity of a single-circuit
220 kV line (thermal capacity of 490MW, TRM not included) is insufficient
to meet nodal load. In our case, lost load is hence mostly attributed to
discrepancies between nodal load distributions assumed in the data set [58]
and real life.
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Fig. 11. Exemplary redispatch weeks including PtG for every quarter of the year.
Table 6
Top five locations for Power-to-Gas utilisation.

Substation Lat. Long. Elec. demand
(Node) (◦) (◦) (GWhel)

Flensburg 54.716 9.317 55.3
Bertikow 53.252 13.957 25.8
Diele 53.126 7.312 10.1
Rhede 53.026 7.254 8.0
Geithe 51.673 7.931 3.6

names ‘‘A-Nord’’ and ‘‘Ultranet’’) [6]. Both planned lines have been
justified, among other reasons, by the transfer of surplus electricity
from wind power parks in the North Sea [62]. Our redispatch model
accounts for 69% of the documented 15.436 TWh (redispatch) [5,63].
The difference is the result of an applied TRM of 25% as a simplified
representation of (n-1)-security, no must-run obligations, and no cross-
border exchange. Omitting the first two yields less required redispatch,
as (n-1) and must-run are more binding constraints than our simplifica-
tion. The effect of cross-border exchange is two-fold: Depending on the
temporal simultaneity and geospatial location of congested lines, it can
increase or reduce the total congestion volume. Excluding the value of
lost load, the total redispatch cost found by our model is 279 M€, 68%
of the documented 412 M€ [5]. This means that average per MW the
redispatch cost are very close to the actual average, within 1.5%.

Flexibility by PtG. With the addition of PtG in the CM model, the TSO is
able to use the previously curtailed electricity to generate SNG. SNG can
then be used as a substitute for natural gas in the upwards generation
of redispatch, shifting energy from the north to the south without
increasing pressure on the electricity grid. This alternative is attractive
at a sufficiently low MP, often the case in times of high RE infeed.
Therefore, SNG is produced especially in winter time, when both wind
availability and curtailment are high. Fig. 11 illustrates this behaviour.

The results show that in 173 h of the year, it is attractive to use PtG;
more than 80% of PtG usage occurs during the winter. In 379 h, SNG
partially replaces natural gas in GfG units. Effectively, this leads to a
total reduction in RE curtailment (negative redispatch) by 12.1% and a
substitution of natural gas for positive redispatch by 1.2% (Fig. 9).
10
Fig. 12. Power-to-Gas and SNG utilisation in redispatch over a year.

Location of PtG units. In Fig. 12 we display all nodes where PtG is
utilised and SNG re-electrified through GfG units. As the production of
SNG is directly related to the volume of wind curtailment, the locations
match nodes with high wind availability and redispatch volumes.

We list the top five locations of PtG utilisation for providing flex-
ibility in Table 6. Similarly, SNG is used in location where positive
redispatch through GfG is most cost-effective to mitigate line conges-
tion. Notably, these results reflect the locations of two PtG projects. The
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Table 7
Parameter variations in sensitivity runs: Electrolysis efficiency 𝜂E, methanation
efficiency 𝜂M, and total efficiency 𝜂.
𝜂E .72 .74 .76 .76 .76 .76 .76
𝜂M .83 .83 .83 .84 .86 .88 .90

𝜂 .60 .61 .63 .64 .65 .67 .68

Fig. 13. Sensitivity of PtG utilisation and RE curtailment in total volume. Data points
epresent individual sensitivity runs.

irst is ‘‘hybridge’’ [64], a 100MW electrolyser to be installed in Lingen,
lose to the Dutch border. It is a joint project by one of the German
lectricity TSO Amprion in cooperation with the gas TSO Open Grid
urope. The second is a cooperation between the German electricity
SO TenneT, gas TSOs Gasunie and Thyssengas at the estuary of the
iver Ems, connected to the substation in Diele (Table 6). ‘‘ElementEins’’
onsists of a 100MW electrolyser too, and primarily aims at utilising
ffshore and onshore wind electricity [65]. Given their good connection
o natural gas storages and access to biogenic CO2, both projects are

planned with methanation units. Furthermore, the locations found also
overlap with optimal locations for PtG units determined by Haumaier
et al. [36]. This indicates that these locations are not only of interest
from a transmission-supporting, but also from an economic point of
view for future PtG operators.

7. Sensitivity analysis

This section is dedicated to gaining deeper insight in how the model
results react to changes in input parameters, specifically PtG efficiency,
RE infeed, and changes in CO2 prices.

7.1. Varying PtG efficiencies

In the original data set the efficiency for electrolysis rate was set at
76%, and 83% for methanation. As presented in Section 1, efficiencies
vary depending on different factors and underlying technologies. One
of the main factors we have found is the utilisation of heat. Since the
methanation process is an exothermic reaction, high quality steam is
produced as byproduct. By using this waste heat, a higher efficiency
for methanation can be achieved, resulting in an increase of system
efficiencies [66]. The efficiency for PEM electrolysis used above is the
high end of the range when not considering waste heat utilisation.

Based on the PtG technology and project overview (Tables 1–3) we
run sensitivities with decreased electrolysis and increased methanation
efficiencies (Table 7). This analysis shows that the potential of PtG is
in fact highly sensitive to changes in efficiency. Figs. 13 and 14 display
the relation between a marginal change in total PtG efficiency (denoted
on the vertical axis) to the volume of PtG utilisation and RE curtailment
based on the total volume and hours over the year, respectively.

As the costs for PtG are directly determined through the MP and
efficiency losses (Eq. (23)), an efficiency increase directly translates
11

into a higher competitiveness of the technology. A total PtG efficiency
Fig. 14. Sensitivity of PtG utilisation and RE curtailment in total hours.

Fig. 15. Downwards adjustments in redispatch for increasing RE shares.

of around 65% already leads to PtG utilisation in 415 h of the year,
which corresponds to more than two-times the utilisation of our refer-
ence case. With a methanation efficiency of 𝜂M = 0.90, PtG is used in
1269 h, decreasing curtailment measures in 1957 h down to 1324 h.
Accordingly, the demanded electricity by PtG for SNG production sees
a rise from 173GWh to 793GWh, reducing overall curtailment volume
by 64% in comparison to our reference. On the other hand, a total PtG
efficiency below 61%, makes PtG effectively non-competitive, given the
MP structure of our model over the year.5

7.2. Increasing the share of RES

Given the foreseen future additions of RE capacities [6], we in-
vestigate how our model results react to an increase in RE shares.
Specifically, we vary installed capacities of intermittent RE, i.e., solar
PV, wind offshore, and onshore. In four separate model runs, we
increase the installed capacities of intermittent RE at every node by 10
up to 40%. The maximum generation of RE sources follows the same
availability time series from our original data set.

Naturally, a growth of intermittent RE capacities will proportionally
result in increased generation by solar PV and wind in the ED. As
such, curtailment of RE will increase more than proportional to higher
installed RE capacities.

In Fig. 15, we see an increase of intermittent RE by 10% translating
to close to doubling of PtG utilisation.

While in our reference case PtG utilisation lies at 121.3GWh, we
see an almost twelve-fold increase to 1415GWh for a 40% increase of
installed intermittent RE capacities. Two main reasons are that more
curtailed renewable electricity is available, and that more RE in the
day-ahead spot market (ED) pushes all conventional power plants in
the merit order to the right, resulting in a lower MP. Fig. 16 shows

5 See Fig. B.20 in Appendix B.
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Fig. 16. Market clearing price duration curve for increasing RE shares.

the duration curve of the MP for the model year. The MP decreases
by about 2 to 2.5% from one sensitivity case to the next (for each 10
ercent increase in RE capacity).

As for the downwards adjustment of conventional power plants,
here are multiple effects to be observed (Fig. 15): Negative changes
o hard coal based electricity generation remain very stable at 2.8 to
.0 TWh. Negative redispatch of GfG units decreases from 621GWh (ref-

erence) to 336GWh (140% RE). As for nuclear and lignite power plants,
downwards adjustments grow from 178GWh and 303GWh (reference)
to 626GWh and 769GWh (140% RE), respectively. The explanation
for the two counteracting developments is as follows: Based on the
merit order in Fig. 5, the average load in the German electricity is
covered by hard coal as the marginal generating technology. Following
our above explanation, more expensive fuels such as natural gas have
been crowded out from the market, already. As such, with an increase
in RE and less natural gas based electricity in the dispatch, the CM
model receives a lower natural gas volume that can be reduced through
negative redispatch. The opposite can be said for both nuclear and
lignite, being left of hard coal in the merit order.

7.3. Changing the CO2 price

In 2015, every emitted tonne of CO2 was priced at only 7.59 €/MWh
on average [56]. However, developments in recent years show a surge
in CO2 emission costs.6 As such, we investigate how a higher CO2 price
affects the potential of PtG.

At a CO2 price of 10 € per emitted tonne, PtG utilisation has already
decreased by 15%. A CO2 price of 25 €/tCO2 pushes PtG utilisation
down to 35GWh. While counter-intuitive at first, there is a logical
explanation for this behaviour, that is the dynamic interaction between
(i) the ED and CM model and (ii) the direct dependency of costs for PtG
on the MP.

(I) With the lowest emission factor of only 0.49 tCO2 per MWhth,
natural gas has a 47% lower emission rate then its neighbouring fuel
in the merit order, hard coal. As such, natural gas as a generation
technology is affected much less by an increase in CO2 price relative
to all other conventional technologies. As such, now being a much
cheaper option, natural gas is in parts substituting the dispatch of
hard coal. From the perspective of the CM model, this leads to less
hard coal and more natural gas being downward adjusted (Fig. 17).
In addition we observe an overall reduction in required redispatch
volume with a lower share of hard coal based electricity generation
in the economic dispatch (Fig. 17). From the change 20 to 25 €/tCO2
price, the reduction in total downwards adjustments remains close to
unchanged. Given the more beneficial locations of natural gas power

6 A real-time development of CO2 emission allowance price can be found
in https://markets.businessinsider.com/commodities/co2-european-emission-
allowances.
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Fig. 17. Downwards adjustments in redispatch for increasing CO2 prices.

Fig. 18. Market clearing price duration curve for increasing CO2 prices.

plants after frequently congested lines in the German electricity system
compared to hard coal (cf. Figs. B.19 and B.23), total redispatch volume
decreases. The two last columns in Fig. 17 can hence be seen as the
‘‘minimum’’ in required downward adjustments given the German grid
topology of 2015.

(II) Not only in comparison to all other fossil fuels, natural gas
based electricity is now much more competitive, but also compared
to SNG based electricity. This is due to the fact, that one of our key
assumptions in the model is an indiscriminatory market. To utilise PtG
to produce SNG, electricity has to be paid for at the MP. In Fig. 18,
we can see that an increase in CO2 costs effectively shifts the average
MP proportionally. Given the total average round-trip efficiency by
SNG based electricity of 30.1% (including the thermal efficiency of
GfG units), PtG now becomes a very cost-intensive technology. These
increases in costs are not compensated by the mitigation of CO2 costs
when using SNG for generating electricity in GfG units.

We point out that this sensitivity does not mean that PtG is an in-
feasible or uneconomical technology given a higher CO2 price. With an
increasing share of RE in the future, both the volume of RE and a higher
CO2 price can push fossil fuel based generation entirely out of the merit
order. This again would result in a larger price spread, making PtG
attractive again. What we take from this analysis however is the fact
that given our underlying assumption of an indiscriminatory market,
PtG utilisation is highly sensitive to the remuneration mechanisms and
MP in place.

8. Conclusion

In this paper, we have assessed the potential of PtG in combination
with GfG units providing flexibility specifically to support redispatch
measures, given the geographical mismatch of load and RE infeed as

https://markets.businessinsider.com/commodities/co2-european-emission-allowances
https://markets.businessinsider.com/commodities/co2-european-emission-allowances
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well as limited transmission capacities. We have argued, that the need
for flexibility increases not only with the variability and fluctuation
of RE, but also because of spatial imbalances between generation and
demand. Through the utilisation of PtG at nodes facing high RE curtail-
ment, we add flexibility to the system both on a spatial and temporal
level. Through sector coupling, a higher level of RE injection into the
generation mix at lower or equal stress on congested transmission lines
can be achieved.

We illustrate that a few bottlenecks in the transmission grid are
responsible for most of the curtailment. These locations are primarily
characterised by high wind infeed, especially in the winter season. In
order to meet demand in the south, GfG units provide positive redis-
patch. With the long-term goal of transitioning to a low carbon or zero-
carbon energy system, the curtailment of RE and upwards adjustment
of conventional, carbon-intense power plants is counterproductive, un-
ecological and cost-intensive. By implementing PtG, otherwise curtailed
electricity from the north has been shifted towards load centres in the
south of Germany, making use of existing gas infrastructures.

The results also give an indication of attractive PtG locations in the
transmission grid that lack flexibility, i.e., nodes with large amounts of
curtailed RE. Instead of curtailing RE sources, we are able to utilise
RE in a reasonable way. Unlike PHS or battery-based storages, the
combination of PtG and SNG utilisation is not bound to a single loca-
tion. Given the well-developed, meshed gas infrastructure in Germany,
it allows for injecting to and extracting from different locations. We
point out that the attractiveness and competitiveness of PtG depends
on investment cost and additional applications outside of congestion
management. For example, synergies with other technologies and sec-
tors, such as the heat and transportation sector should be investigated
in future research. To a certain share of the total gas volume, a direct
injection of hydrogen into the gas grid may be possible. This would
circumvent the methanation process and improve both energy and cost
efficiency, significantly.

Given the price sensitivity of the model, representing must-run
obligations in our model may impact the assessed potential of PtG. If
must-run capacity were to be implemented, the underlying data have
to be robust to yield reliable model results. Similarly, the potential
for PtG increase with higher RE shares and longer periods with low
electricity prices. In addition, further research may as well include a
European perspective, including the modelling of cross-border trade
and countertrading. Possibly, this will result in both increases as well
as alleviations of inland congestion in certain hours. We point out that
our sensitivity analysis based on marginal efficiency changes of PtG is
equivalent to varying the MP, e.g. as a result of future changes in fuel
prices, incorporation of must-run, or cross-border exchange.

Apart from a technical and economical point of view, an analysis
of the regulatory framework should also be part of further research.
Grid infrastructures are natural monopolies and TSOs in liberalised
energy markets are regulated entities. As such, adaptations of current
frameworks with regards to utilisation of PtG by TSOs, e.g. as trans-
mission assets, may be necessary. The results in our paper show that
PtG deserves attention as a potential flexibility provider in future low
carbon energy systems with high shares of renewables.

Acronyms

AC Alternating Current.
AEL Alkaline Water Electrolysis.
NetzA Bundesnetzagentur (Federal Network Agency).
HP Combined Heat and Power.
M Congestion Management.
A Day-Ahead.
C Direct Current.
D Economic Dispatch.
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GfG Gas-fired Generation.
HVDC High Voltage Direct Current.
JuMP Julia for Mathematical Programming.
LP Linear Program.
MC Marginal Cost.
MP Market Clearing Price.
O&M Operation and Maintenance.
PEM Polymer Electrolyte Membrane.
PHS Pumped Hydroelectric Storage.
PtG Power-to-Gas.
PV Photovoltaics.
RE Renewable Energy.
RoR Hydro Run-of-River.
SNG Synthetic Natural Gas.
SOEC Solid Oxide Electrolyte Electrolysis.
TRM Transmission Reliability Margin.
TSO Transmission System Operator.
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odel framework

We provide our model (Julia) and visualisation framework (R)
nder the MIT licence on GitHub: github.com/bobbyxiong/redispatch-
tg.

ppendix A. Model terminology

ets. Sets are denoted by scripted, uppercase letters and contain a
inite number of indices used in the mathematical model.

 Set of nodes: 𝑛, 𝑚
 Set of all power plants: 𝑔
 Subset of , RE units: 𝑟
 Subset of , GfG units: 𝑒
 Set of PHS: 𝑠
 Set of transmission lines: 𝑙 ∈ (𝑛, 𝑚)
 Set of time slices in hours: 𝑡

https://github.com/bobbyxiong/redispatch-ptg
https://github.com/bobbyxiong/redispatch-ptg
https://github.com/bobbyxiong/redispatch-ptg
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Variables. Variables are represented by uppercase letters and are en-
dogenously optimised by the model. They can span over multiple
sets.
𝛹𝑡 MP in €/MWhel

𝑃𝐷𝐴
𝑔,𝑡 Generated power on the spot market (day-ahead) in MWel

𝑃𝐷𝐴
𝑠,𝑡 Generated power from PHS on the spot market

(day-ahead) in MWel
𝑃 𝑖𝑛𝑗
𝑛,𝑡 Power injection at node 𝑛 in MWel

𝛥𝑃+
𝑔,𝑡 Upwards adjustment of the spot market generation in

MWel
𝛥𝑃−

𝑔,𝑡 Downwards adjustment of the spot market generation in
MWel

𝛥𝑃+
𝑠,𝑡 Upwards adjustment of the spot market generation from

PHS in MWel
𝑃 𝑙𝑜𝑠𝑡
𝑛,𝑡 Lost load at node n in MWel

𝑃 𝑓𝑙𝑜𝑤
𝑛,𝑚,𝑡 Line flow from 𝑛 to 𝑚 in MWel

𝛩𝑛,𝑡 Voltage angle at node 𝑛 and 𝑚 in rad
𝑃 𝑃 𝑡𝐺
𝑒,𝑡 Generated power using SNG in MWel

𝐷𝑠,𝑡 Demand of PHS unit in MWel

𝐷𝑃 𝑡𝐺
𝑟,𝑡 Demand of PtG facility in at the location of 𝑟 in MWel

𝐿𝑠,𝑡 Storage level of PHS unit in MWhel
𝐿𝑡 Virtual SNG storage level in MWhth

Parameters. Parameters are denoted by lowercase letters and are ex-
ogenously determined by input data. Their dimension can span over
multiple sets. To link the two model parts and transfer the model output
of the first parts to the second, we use auxiliary parameters. Results for
variables in the DA model that are used as fixed input (parameters) for
the CM model are depicted with an overline.

b𝑛,𝑚 Susceptance entry (𝑛, 𝑚)
cmc
𝑔 Marginal cost of power plant in €/MWhel

cmc,PtG
𝑔 Marginal cost of power plant in €/MWhel using SNG
cfuel Fuel cost in €/MWhel

cOM𝑔 Operation and maintenance cost in €/MWhel

cCO2 CO2 price in €/tCO2
cVOLL Value of lost load in €/MWhel
dload𝑛,𝑡 Load in MWel

dmax
𝑟 Maximum PtG output/electricity demand in MWel
𝜂𝑔 Efficiency of power plant in MWel/MWth
𝜂𝑠 Pumping efficiency of PHS unit
𝜂E Efficiency factor of electrolysis in MWth/MWel
𝜂M Efficiency factor of methanation in MWth/MWth

linit Initial storage level of the virtual SNG storage in MWhth
𝜆𝑔 CO2 factor of power plant in tCO2/MWhth
pmax
𝑔 Maximum power generation limit in MWel

pmin
𝑔 Minimum power generation limit in MWel

prup𝑔 Ramp up rate in MWel/h
prdn𝑔 Ramp down rate in MWel/h
pmax
𝑠 Maximum power generation and pumping limit of a PHS

unit in MWel
pmax
𝑙 Line capacity in MWel
x𝑙 Line reactance in MWel
lmax
𝑠 Storage capacity of PHS unit in MWhel
trm TRM between 0 and 1

Appendix B. Material

Fig. B.19. Average transmission line utilisation after CM.
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Table B.8
Case study — Fuel costs, variable O&M costs, and emission factors based on Kunz et al. [58].

Technology Avg. power plant efficiency Fuel costs Var. O&M costs Avg. emission factor
𝜂𝑔 (%) cfuel (€/MWhth) cOM𝑔 (€/MWhel) 𝜆𝑔 (tCO2/MWhth)

Nuclear 33.0 3.00 0 0
Lignite 37.5 6.22 0 0.98
Hard coal 40.2 10.61 0.53 – 6.53 0.86
Natural gas 42.6 22.76 0 0.49
Oil (heavy) 37.5 22.04 0 0.78
Oil (light) 34.5 45.74 0 0.78
Waste 33.2 0 0 0
Other fuels 33.3 45.74 0 0

Fig. B.20. Daily ED and MP range. Note that the dispatch is summed up over the day.

Fig. B.21. Daily CM redispatch volume (top) and including PtG (bottom).
15
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Fig. B.22. Electricity generation by flexible RE sources over a year.

Fig. B.23. Electricity generation by conventional power plants over a year.
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