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Abstract: Several studies show that heat pumps need to play a major role for space heating and
hot water supply in highly decarbonised energy systems. The degree of elasticity of this additional
electricity demand can have a significant impact on the electricity system. This paper investigates
the effect of decentral heat pump flexibilisation through thermal energy storage units on electricity
storage investment. The analysis is carried using an open source model for the German electricity
system based on the Open Energy Modelling Framework (oemof). Results highlight the importance
of flexible heat pump operation in 100% renewable energy systems and relate well to findings of other
existing studies. Flexibilisation of heat pumps in the German energy system can reduce the need for
electricity storage units significantly. While no impact was found for systems with a share below 80%
renewable energy, investment in short term storage units is reduced by up to 42–62% in systems with
shares of more than 80% renewable energy. In contrast, the impact on long term electricity storage
investment was comparatively low in all modelled scenarios. Conducted sensitivity analyses show
that both findings are rather insensitive with regard to the available biomass for electricity supply
as well as to changes in the heat demand covered by heat pumps. Economically flexible heat pump
operation has only a minor effect on system costs. However, the indirect replacement of battery
with thermal energy storage units is environmentally beneficial due a lower resource consumption
of minerals.

Keywords: energy system modelling; 100% renewable energy systems; open science; sector coupling;
heat pump; flexibility options; thermal energy storage; electricity storage

1. Introduction

The goal of the 2015 Paris agreement [1] is to keep global warming well below two degrees
compared to pre-industrial levels. In 2018, the special report of the Intergovernmental Panel on Climate
Change (IPCC) [2] reaffirmed the importance of this goal by analysing pathways for a warming of 1.5°.
Due to the remaining carbon budget, a drastic decarbonisation up 100% of all sectors until 2050 with
even negative emissions after the year 2050 will be required to reach the 1.5° goal. In the electricity
sector emissions are mainly reduced through a shift from fossil fuel based to renewable energy based
supply. Within the heating sector, this solution is rather challenging as renewable resources are limited.
Therefore, reducing energy consumption in the heating sector by insulating measures is on the top
of the agenda. Nevertheless, a residual heat demand will have to be covered by renewable energies.
District heating (DH) systems allow for better integration of renewable technologies compared to
individual heating systems. However, the DH potential is also limited as systems require certain
spatial heat demand densities for economic operation.

For individual heating solar thermal, biomass or electricity are left as the major options in Germany.
Solar thermal energy has to cope with opposed seasonality of demand and supply. Hence, only small
shares of solar thermal energy may be integrated in the heating sector without seasonal storage units.
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Therefore, the economic potential of solar thermal supply in Germany is limited to around 60 TWhth
annually [3]. Energy production from sustainable biomass conflicts with nature conservation and
food production. In addition, the heating sector and the transport sector (aviation and shipping)
will compete with one another in carbon neutral societies due to the high value of transportable and
storable energy (see discussions in References [4–7]). Finally, heat pumps are an energy efficient option
to supply heat and reduce CO2 emissions [8,9]. Due to the above mentioned reasons, the authors argue
that “[. . . ] heat pumps are deemed the most suitable individual heating solution in a 100% renewable
energy system for the EU” [10], p. 1644. In various studies for highly decarbonised energy systems heat
pumps and solar thermal collectors are the dominant energy sources [11–13]. Especially for individual
heating systems this technology is often mentioned as the major option in Germany [14,15]. A broad
roll-out of decentralised heat pumps moves decarbonisation challenges from the heating sector to
the electricity system. A central question regarding the added electricity demand induced by heat
pumps is their elasticity to match with intermittent renewable energy supply. Elasticity of heat demand
may be increased by a thermal energy storage (TES) with a positive impact on the electricity system.
The aim of this paper is to analyse the effect of decentral heat pump flexibilisation on electricity storage
investment in renewable energy systems.

2. State of Art and Research Question

Bloess et al. [16] review power to heat technologies for renewable integration. The authors
conclude that sector coupling comes with multiple benefits such as a reduced peak load,
lower electricity storage needs, less renewable curtailment and more efficient power plant dispatch.
For the mid-term perspective the Danish energy system in 2030 is optimised with the open source
Balmorel model by Hedegaard and Münster [17]. Results suggest great importance of residential
decentralised heat pumps for the integration of wind energy. However, only a minor effect of
flexibilisation through TES is observed. At the European level, Brown et al. [11] analyse synergies of
sector coupling in highly decarbonised energy systems with an open source investment model based
on the Python package PyPSA. The heating scenario of this study shows a positive effect of long and
short term thermal energy storage (TES) for integrating solar thermal heat as well as thermal energy
from power to heat units. Heat pumps play a significant role for decentralised heat supply, that is,
in areas with low density of heat demand where district heating is not a reasonable option. For the
electricity-heat coupling long term storage units contribute significantly to integrating Wind and
PV. However, no detailed analyses of HP flexibilisation in systems under different renewable energy
penetration and different heat demands are provided in this study. Also, the power-to-energy ratios
are fixed in this model. Hence, no statement on required optimal storage energy capacity can be given.
An analysis for Germany in the European context is presented by Bernath et al. [18] to investigate the
role of heat pumps for renewable energy integration using the optimisation tool Enertile. The closed
source model includes district as well as decentral heating systems with heat pumps. Ruhnau et al. [19]
analysed the effect of heat pumps on the economic value of wind with the open source market model
EMMA for Germany. The modelled scenarios also include an analyses of interdependencies between
different flexibility options that indicate lower electricity storage investment due to the existence of
thermal storage capacities in scenarios with 30% wind energy supply. Fehrenbach et al. [20] optimised
the residential German heating sector under varying levels of renewable energy expansion using a
TIMES model. Unfortunately, model source code and data for this study are not publicly available.
In addition, the overall optimisation approach does not allow to compare effects of inflexible and
flexible operation. The impact of increased power-to-heat on the heat sector transformation in Germany
is also analysed by Bloess [21] with a multi-period expansion model. This study models different levels
of heat demand with and without power-to-heat and determines a major impact of power-to-heat on
the electricity sector. The author concludes that thermal storage plays a greater role than short term
electricity storage, although further verification is required. Many studies have investigated electrical
storage requirements on the European and German level [22–25]. These studies solely focus on the
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electricity sector and do not analyse the interdependencies between flexibility options in the heat and
electricity market.

The literature review shows that a number of relevant studies for sector coupling and heat pumps
are available. Nonetheless, no open source modelling approach exists to analyse the effect of heat pump
flexibilisation in settings with different renewable shares. Specifically the interdependencies with other
flexibility options are not assessed in detail by a ceteris paribus approach. This paper investigates
the interactions of flexibility options in an electricity-heat sector coupled system. In particular the
impact of heat pump flexibilisation through TES in the decentral heating sector is analysed, regarding
its influence on electricity storage investment and operation. The analysis is conducted based on an
open source model for the German energy system including the neighbouring countries.

Subsequently, Section 3 provides a mathematical description of the model followed by an overview
of modelled scenarios with their relevant input data in Section 4. Based on these two sections results
are presented in Section 5. The last section provides a short summary followed by a critical appraisal
of the study.

3. Method

Lund et al. [26] describe differences between two methodological positions: simulation vs.
optimisation. In this paper a hybrid approach is chosen to analyse the effects of heat pump
flexibilisation. While installed generation capacities and the transmission grid capacities are defined
exogenously, storage and heat pump capacities are determined endogenously by optimisation.
With this approach, effects of heat pump flexibilisation on electricity storage units can be assessed
without interference of other system variables. The analysis is carried out with a linear programming
optimisation model based on the Python package oemof-tabular which is part of oemof cosmos [27].
The source code of the package is available on GitHub [28] under the BSD 3-Clause license.

Figure 1 illustrates the graph based model of a power and heat coupled energy system with
this software.

Figure 1. Illustration of a sector coupled energy system modelled based on oemof tabular.
The energy system is modelled as a bi-partite graph with components (squares) and buses (ellipses).
Electricity flows are coloured blue, biomass green and heat red.

3.1. Mathematical Description

The underlying mathematical model of this graph structure is implemented in the oemof-solph
package. In the following, mathematical description of all endogenous variables are denoted by x,
while all exogenous variables are denoted by c.
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The model is a combined dispatch and investment model with exogenously defined parameters
for the electricity system and investment for electricity storage units and the decentral heating system
(HP and TES). For the investment part of the model all dispatch constraints below apply as well.
However, the upper bounds of the maximum capacity of HP, TES and electricity storage units
(except PHS) are subject to optimisation. The objective function of the model minimises total operating
and investment costs, as shown in Equation (1).

min: ∑
g

∑
t

operating cost︷ ︸︸ ︷
cmc

g · x
f low
g (t) +

∑
h

investment cost HP︷ ︸︸ ︷
ccapacity_cost

h · xcapacity
h +

∑
s

investment cost storage︷ ︸︸ ︷
ccapacity_cost

s · xcapacity
s + cenergy_cost

s · xstorage_capacity
s . (1)

The marginal costs cmc
g of a generator g are calculated based on carrier ccc

g costs, variable operation
and maintenance cvom

g cost and CO2 costs cco2
g that are determined based on the carrier specific emission

factor of the generator ecarrier
g (Equation (2)).

cmc
g =

ccc
g

ηg
+ cco2 · ecarrier

g + cvom
g . (2)

The investment costs are defined as the annualised capacity costs including fixed operation and
maintenance (fom) costs. For storage units, these costs are composed of an energy and a power
component. For the TES, the power-energy-ratio is not fixed to determine the optimal TES sizing.

Energy balances and commodity balances are modelled with the set of Buses B. For buses all
inputs x f low

i(b),b to a bus b must equal all its outputs x f low
b,o(b) (Equation (3)).

∑
i

x f low
i(b),b(t)−∑

o
x f low

b,o(b)(t) = 0 ∀t ∈ T, ∀b ∈ B. (3)

Equation (4) shows the constraint for inelastic loads. For the set of all loads denoted with l ∈ L
the load xl at time step t equals the exogenously defined profile value cpro f ile

l multiplied by the total
annual demand cdemand

l

x f low
l (t) = cpro f ile

l (t) · cdemand
l ∀t ∈ T, ∀l ∈ L. (4)

Dispatchable units (d ∈ D) such as fossil fuel based power plants are limited by the defined
capacity (Equation (5)). Marginal costs of the generators are calculated based on Equation (2) and
added to the objective function.

x f low
d (t) ≤ ccapacity

d ∀t ∈ T, ∀d ∈ D. (5)

Volatile renewable supply is modelled as must-run production. For all volatile components
denoted with v ∈ V the flow is fixed as described in Equation (6). The set of all volatile components
includes all volatile sources.

x f low
v (t) = cpro f ile

v (t) · ccapacity
v ∀t ∈ T, ∀v ∈ V. (6)
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Biomass units and Heat pumps are modelled with a conversion process of one input and one
output and a conversion factor shown in Equation (7).

x f low
c,to (t) = ce f f iciency

c (t) · x f low
c, f rom(t) ∀c ∈ C, ∀t ∈ T. (7)

In the case of biomass plants the outflow is exogenously bounded by its nominal power rating as
it is modelled for other dispatchable units. For the set of heat pumps h ∈ H the flow is bounded by an
optimisation variable xcapacity

h,to shown in Equation (8).

x f low
h,to (t) ≤ xcapacity

h,to ∀h ∈ H, ∀t ∈ T. (8)

In combination with the commodity components (Equation (9)), the biomass supply can be limited
by the available biomass potential by setting an upper limit on the aggregated flow of the component.
The variable x f lowk represents inflows for a biomass commodity bus from which the conversion process
is fed.

∑
t

x f low
k (t) ≤ camount

k ∀k ∈ K. (9)

For storage units (s ∈ S), the mathematical representation includes the flow into and out of the
storage as well as a filling level. The inter-temporal energy balance of the storage is given in (10).
The loss rate for the storage can be obtained by a time constant loss_rate = 1− exp−

1
24·d , where d

denotes the time constant in days.

xlevel
s (t) = xlevel

s (t) · (1− closs_rate
s )−

x f low
s,out

ceta_out
s

+ ceta_in
s · x f low

s,in (t) ∀t ∈ T, ∀s ∈ S. (10)

For the storage technologies with investment, the out- and inflow x f low
s,∗ as well as the energy xlevel

s
is bounded by an optimisation variable (Equations (11) and (12)).

x f low
s,in (t) ≤ xcapacity

s ∀t ∈ T, ∀s ∈ S (11)

xlevel
s (t) ≤ xstorage_capacity

s ∀t ∈ T, ∀s ∈ S. (12)

Hydro reservoirs are modelled as storage units with a constant inflow and possible spillage
described in Equation (13).

xlevel
r (t) = xlevel

r (t− 1) · (1− closs_rate
r (t)) + xpro f ile

r (t)−
x f low

r,out(t)

ce f f iciency(t)
∀t ∈ T, ∀r ∈ R. (13)

The inflow is bounded by the exogenous inflow profile (Equation (14)). Thus, if the inflow
exceeds the maximum capacity of the storage, spillage is possible by setting xpro f ile

r (t) to lower values.
The spillage of the reservoir is therefore defined by cpro f ile

r (t)− xpro f ile
r (t).

0 ≤ xpro f ile
r (t) ≤ cpro f ile

r (t) ∀t ∈ T, ∀r ∈ R. (14)

Transmission between the countries is modelled with a transshipment approach, as shown in
Equation (15).

x f low
f rom,n(t) = (1− closs

n ) · x f low
n,to (t) ∀n ∈ N, ∀t ∈ T. (15)
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CO2-emission limit LCO2 is set for all flows x f low
e indexed by e ∈ E with by Equation (16).

∑
t

∑
e

x f low
e (t) · cemission_ f actor

e ≤ LCO2 . (16)

4. Scenarios

Systems with different renewable energy shares of 60% in 2030 to 100% in 2050 have been
implemented within the described model to analyse the impact of heat pump flexibilisation with
TES in Germany. The scenarios are based on the TYNDP2018 for the years 2030 and 2040 and on the
e-Highway scenario 100% RES [29]. The following section provides an overview about important
scenario assumptions. The source code of the model including script for generating input data can is
publicly available on Github [30].

The model covers Germany with its electrical neighbours applying a spatial resolution of one
node per country. A temporal resolution of one hour is chosen with a total time horizon of one year.
The grid capacities are taken from the e-Highway and TYNDP2018 databases (s. Appendix B.3). For the
neighbouring countries of Germany published data on installed capacities from the TYNDP2018 [31]
as well as the e-Highway [29] project have been used. This data has also been used for commodity
cost and operational expenditures. Adaptions have been made for Germany with regard to the
installed capacities as well as the electricity and heat demand assumptions (Sections 4.1 and 4.2 below).
With these adaptations the 2050 scenario represents the Green Late (GL) scenario of the RESCUE study
for Germany [14].

4.1. Installed Capacities

Figure 2 shows the installed capacities in Germany and the respective renewable energy share for
each scenario.
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Figure 2. Installed generation capacities in Germany (DE) for all scenarios.
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The 2030DG scenario has the lowest installed capacities of renewable energies resulting in the
lowest renewable energy share of around 60%. In 2040 the most progressive scenario is the 2040GCA
with a renewable share of approx. 88%. Compared to the 2040DG this scenario has more wind onshore
and offshore capacity installed. Also other European countries have a higher share of renewable energy
in their energy mix. The 2050REF scenario is based on the e-Highway 2050 100% RES (Europe) and the
RESCUE 2050 GL scenario (Germany) and results in a scenario with 100% RE supply.

4.2. Demand

Assumptions regarding the electricity demand are a driving factor for the energy system.
Values are associated with a high degree of uncertainty as the development of the future electricity
demand strongly depends on demographic and economic development as well as implemented
policy measures. The German goals regarding efficiency aim to reduce the conventional electricity
demand (i.e., excluding electric vehicle, power-to-heat) by 10% until 2020 and 25% by 2050 compared
to 2008 levels (403.8 TWh). Within the Basis Szenario of the German BMWI Langfristszenarien the
conventional net electricity demand accounts for 417.2 TWh in 2050. The total gross electricity demand
accounts for 612.4 TWh [32], p. 221. In the e-Highway 100% RES scenario the total gross demand
is 665 TWh. Other studies suggest considerable higher electricity demand levels for 100% systems.
For example, Reference [33], p. 9 model systems with a demand higher than 1000 TWhel and over
200 TWhel of excess energy in some scenarios. This shows the great range of possible future electricity
demand levels. For the scenarios of this study the inelastic electrical demand (demand excluding
heat pump consumption) has been based on scenarios for electrification of other transport and heat
sectors according to the RESCUE [14] study to match with the installed generation mix. The demand
calculations are shown in Table 1. For non-German countries, data from TYNDP2018 and the
e-Highway project has been used. Normalised time series for electricity load profiles have been
generated with the OPSD project data [34].

Table 1. Electricity demand values are based on the German efficiency goals. For the GS scenario it is
assumed that a reduction of 25% and for GL 15% reduction is achieved.

2030 2040 2050

Reduction (2008) 0.10 0.125 0.15
Electricity demand in TWh 485 471 458
Transportation (EVH) in TWh [14] 30 80 115

Demand in TWhel 515 551 573
Distribution Loss [32], p. 221 0.11 0.09 0.07

Demand incl. losses in TWhel 571 601 613
Heat covered by HP in TWhth [14] 57 195 284

Total heat demand per year is based on the RESCUE scenarios, which describe CO2 neutral
energy systems in 2050. In the selected GreenLate (GL) scenario heat demand covered by heat pumps
accounts for 57 TWhth (2030), 195 TWhth (2040) and 284 TWhth (2050) [14]. Values for decentral heat
production from heat pumps of the RESCUE GL scenarios are in the range of scenarios described
in Hansen et al. [33]. Compared to [18] the additional electricity demand induced by decentral heat
pumps is considerably higher in the RESCUE scenarios. To examine impacts of different heat demand
levels a sensitivity analysis for the heat load is conducted. For the normalised heat profiles of hot water
and space water heating another OPSD data set [35] has been used. The same data set has also been
used to model the variable COP of the HP.

4.3. Investment Data

Pumped hydro storage (PHS) capacities have been set endogenously as their potential is
strongly limited. For additional storage investment two different types of storage units are modelled.
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One representing a short term storage option (lithium battery) and another representing a long-term
storage (hydrogen storage) option. The parameters for the storage and heat pump investment are
shown in Table 2.

Table 2. Data for the decentral heating system based on [11], data for the electricity storage based
on [23,36,37]. Storage efficiency is shown as round trip efficiency.

Investment Cost FOM Lifetime WACC Efficiency Storage Capacity
Euro/kW Euro/kWh Euro/kW(h)a Years h

HP 1400 - 49 (Value in Euro/kWa) 20 0.05 variable -
TES 0 38.4 0.39 20 0.05 0.81 endogenous
Lithium 2050 35 187 10 20 0.05 0.92 6.5
Hydrogen 2050 1000 0.2 10 22.5 0.05 0.46 168

4.4. Renewable Generation

The solar PV and onshore wind profiles are based on the renewables ninja project [38,39]. Run of
river profiles have been calculated with results of the Restore2050 project [40]. The total inflow
provided in the data set has been split in proportion to the run of river and reservoir capacities in the
scenarios. The weather year 2011 has been selected for all scenarios [11]. The full load hours of the
volatile energy supply for different renewable technologies and each country are given in the appendix
in Table A4.

The maximum biomass potential per country is derived from the hotmaps project [41] and is equal
among all scenarios. The potential does not cover waste but only agriculture and forestry residues.
For Germany the available potential has been adapted to values of the RESCUE study. With an
electrical efficiency of 48.7 % for biomass to electricity conversion the potential in Germany is around
22 TWhel (s. Appendix B).

5. Results

The following section presents the results of the modelled scenarios. First the optimal investment
in storage units is presented. Results of the sensitivity analyses are described at the end of this section.

5.1. Heating System Investment

Figure 3 shows the results for the investment in the heating system. The interaction between
electricity system and heat pump operation can already be identified in this figure. The main driver
for the investment in TES is the heat demand. For the 2030 scenario with low heat demand covered by
heat pumps and a lower share of renewable energy no investment in TES is chosen.

In all scenarios with renewable energy shares above 80% the installed energy capacity ranges
from around 108 TWh to around 150 TWh. No additional investment into heat pumps above their
lower bound of the heat peak-load demand is observed. The optimal sizing of TES for the covered heat
demand of 284 TWhth in 2050 is around 150 GWh. With the area for space heating of the GL scenario,
this would amount for 0.5 L/m2 water tank volume of the heated space area (6.37 Mrd m2 in the GL
scenario). The TES investment of 108 to 152 TWhth) for all scenarios above 80% RE share is in the range
of results determined by [20] (52–252 TWhth).

For all scenarios the energy of the storage is in a range of 1.2–1.4 times the respective thermal
peak load. Interestingly, this value is in line with current practices of storage sizing in (district) heating
systems [42,43]. The power-to-heat ratio of the TES is significantly lower than the assumed values
of 72 h of maximum installed capacity in MWth by Reference [11]. The reason for this difference can
be found in the low investment cost per MWth. With low cost per MWth, the optimal values shift to
higher capacities even though only a marginal return on investment exists.
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Figure 3. Investment in decentral heating system components for different scenarios. Units are given
in GW and GWh.

5.2. Electricity Storage Investment

Figure 4 shows the investment in short-term (lithium) and long-term (hydrogen) storage units
for the different scenarios. The investment increases with higher shares of renewable energy. For the
2030DG system no additional storage besides PHS is required in Germany. Long term storage
investment can only be observed in the 2050 scenario.

The results show that the effect of heat pump flexibilisation is significantly higher for short term
storage units. Obviously, for the scenario where no TES is installed, no change in electricity storage
capacity can be observed. Flexibilisation of HP by TES can reduce short-term storage investment by
3.3 GW (42%) up to 5 GW (61%) . For the long term storage, investment is only decreased by 0.37 GW
(6.8%) in the 2050 scenario.

The reduction in short term electricity storage investment induced by heat pump flexibilisation
matches with results from [19], where PHS investment can be reduced by around 5 GW in a scenario
with 30% wind share. Results for the 2050REF scenario (12.8 PHS and almost 11 GW lithium battery)
are also comparable with 21 GW of short term storage requirement in 100% systems in Germany of [23].
However, a highly flexible heating sector can reduce additional investment by around 4.9 GW (44.5%).
The authors of the “storage roadmap study” [25] highlight the great range of storage investment and
their dependence on driving system variables like biomass potential and demand side management
(DSM). In their study, DSM can reduce storage demand from 19.2 (no DSM) to 5.5 GW (max. DSM)
for a system with around 88% RE-share in Germany, i.e., by around 71% in Germany [25], p. 88.
The short-term storage requirements within these scenarios are also similar to the 2040GCA scenario
with 88% RE-share. For a 100% RE-system in Germany Müller et al. [37] identify a total storage
investment of 13.7 GW (excluding PHS) with a majority of the investment found in hydrogen storage
units. In contrast to this paper, their model includes an intra-country grid constraint. Grid bottlenecks
can cause higher long-term storage investment to integrate (offshore) wind supply, which is indicated
by investment in northern Germany. Due to the copper-plate approach in the presented model in this
study, such bottlenecks can not be reflected.
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Figure 4. Investment in electricity storage units in GW with lithium on the left and hydrogen on the
right side. The power has been chosen for better representation. Energy can be calculated based on
the assumption of the maximum storage capacity in hours (6.5 h for lithium and 168 h for hydrogen).
The absolute height of the bars represent investment without TES, that is, heat pump flexibilisation.
Light dyed part represents electricity investment with HP flexibilisation. Therefore, dark coloured
parts of the bars represent investment required due to inflexible heat pump operation.

5.3. System Costs

Table 3 lists the objective values for four scenarios. Economically, only small changes can be
observed due to the flexibilisation. For the 2050 scenario the total costs are reduced by 0.52% in the
case of elastic heat pump electricity demand compared to an inelastic demand. The lowest reduction
with 0.27% takes place in the 2040DG scenario.

Table 3. Objective value for scenarios with (Flex) and without (No-Flex) flexibilisation. Deviation may
occur due to rounding of values inside the table.

No-Flex (bn Euro) Flex (bn Euro) Change (%)

2050REF 22.32 22.20 0.52
2040DG 41.49 41.38 0.27
2040GCA 26.80 26.71 0.34
2030DG 45.38 45.38 0.00

5.4. Storage Dynamics

Figure 5 presents a closer look on lithium battery (b) and the TES storage (b) cycles for the 2050
scenario. For cycle counting the Python package CyDeTs [44] has been used. The plot shows that the
majority of cycle length are below the value of 72 h with a clear peak around 24 h and a smaller peak
at around 10 h. The pattern of the electricity and the TES storage are similar. Note that this is not
forced by the same underlying mathematical model approach as the ratio between storable energy and
capacity of the TES, which has not been fixed inside the optimisation.

A majority of time, the storage units operate at full cycles (DoC of 1). Two different cycle length
occur due to different operations in winter and summer time. In winter, shorter cycles are used to
integrate PV peaks and shift energy a few hours towards the evening. In contrast, shifts in summer
can be used to meet demand of longer periods of time during the night. The analysis of TES storage
cycles shows that a fixed ratio of 72 h proofs as a reasonable assumption for systems with high shares
of renewable energies. If a complexity reduction of models is required, results can also be used as
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an indication for temporal aggregation measures to reduce computational run times of large models.
Here, aggregating data on a daily basis will reflect the basic pattern of storage dispatch as most cycles
of the TES are included.
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(b) 2050REF TES

Figure 5. Storage cycles of lithium battery and TES for the 2050 scenario.

Figure 6 shows the temporal operation of TES during the year (a) and caused differences in storage
charge and discharge for lithium storage units (b) due to heat pump operation with and without TES.
The temporal impact on electricity storage operation can be analysed in Figure 6b. The plot reveals a
clear seasonal and daily pattern. Charging is reduced during the summer months at noon, when PV
generation peaks. In contrast, discharge is reduced in evening times. Charging and discharging of
the storage is reduced to over 9 GW in some hours of the year. This pattern shows the PV integrating
effect of TES by replacing electricity storage units. Due to the cycles of the TES, impact on long-term
storage operation is significantly lower compared to short-term storage operation, which is reflected in
the investment as well.
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(b) Change in electricity storage operation.

Figure 6. Temporal operation of TES during the year (a) and caused differences in storage charge and
discharge for lithium storage units (b) due to heat pump operation with and without TES.

From Figure 6a, it can be seen that the daily effect also applies for TES operation. For TES charging
is mainly taking place around noon. In this case low heat demand allows to charge storage units with
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PV during the day. In the summer discharge is lower and distributed for a longer period of time.
Whereas in the colder month, discharge is shorter with a higher rate. In the main heating period,
the pattern changes and charging is done at night instead during the day.

5.5. Sensitivities

The dispatchable biomass potential has a major impact on (electricity) storage investment [25].
Therefore, a sensitivity analysis has been conducted for the 2050 scenario with regard to the biomass
potential. As shown in Figure 7, an increasing biomass share reduces battery as well as hydrogen
storage investment.
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Figure 7. Sensitivity for installed storage capacities in GW in the 2050 scenario at different biomass
potentials. Values for flexible heat pump operation are depicted as dashed lines. The 2050REF scenario
is indicated by the vertical line inside the figure.

At the same time, investment in TES is less sensitive with regard to the biomass potential.
Without any biomass available, the hydrogen investment increases considerably by around 214% to
16 GW, while lithium increases to 19.6 GW by around 136% compared to the 2050REF scenario. With a
biomass potential of 120 TWhth, investment decreases to 4.7 GW (lithium) and 1.5 GW (hydrogen).
The effect of the HP flexibilisation is not effected substantially by the biomass potential. A reduction
from 5.3 GW to 3 GW can be observed for the difference of flexible vs. in-flexible heat pump operation
for short term storage units.

Figure 8 shows the results for the heat demand sensitivity. Clearly, electricity as well as TES
investment increases with higher heat demand. While the TES investment changes linearly by about
±20%, electricity storage units show a non-linear increase. Storage investment rises by 62.5% from 11
to 17.8 GW for lithium and by 67% from 5.5 to 9.1 GW for hydrogen with a 30% higher heat demand.

Nevertheless, according to the biomass potential, reduction in electricity storage investment due
to heat pump flexibilisation is not affected substantially at different heat demands. Compared to the
reference case (4.9 GW), short term electricity storage investment increases to 5.9 GW in the case of 30%
higher demand. Similary, investment decreases to 4 GW in the case of 30% lower heat demand.
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Figure 8. Sensitivity for installed storage capacities in GW in the 2050 scenario at different heat demand
levels. Values for flexible heat pump operation are depicted as dashed lines. The 2050REF scenario is
indicated by the vertical line inside the figure.

6. Discussion

The presented results confirm the conclusions of Hedegaard and Münster [17], that the impact
of heat pump flexibilisation is not relevant in systems with renewable energy shares below 80%.
However, with higher RE shares, the importance of TES increases significantly. In addition,
the conducted sensitivity analyses reveal the crucial role of available biomass potential for overall
electricity storage investment. In particular long-term storage can by reduced more than half with
the first 30 TWh of dispatchable biomass. Regardless, it has been shown that the flexibilisation of
heat pumps is only slightly affected by the available biomass potential and therefore constitutes a
robust option to reduce electricity storage requirements. Although the overall economic effect is small,
indirect replacement of electricity storage investment by TES can be beneficial as less minerals like
Cobalt, Lithium or Silver are required. Worldwide demand for Cobalt due to lithium batteries in 100%
RE systems could exceed reserves even with high recycling rates and improvement in technologies.
Similarly, lithium reserves may also be exceeded without high recycling rates [45], p. 446.

It is important to note that, due to the spatial resolution of the model, grid constraints inside
countries are not modelled. Hence, storage investment might be required also in systems with less
renewable penetration to ensure intact markets and avoid re-distpach. For example, the German grid
development plan 2019 (German: “Netzentwicklungsplan”) models scenarios of the electricity system
with a RE share of around 67–68% in Germany and installed battery capacities of 8 to 12.5 GW [46]
for 2030. Therefore, further investigations should include a higher spatial resolution including grid
constraints of the transmission grid inside countries. With such a resolution, heat pump flexibilisation
may become relevant even at lower renewable energy penetration.

Another aspect for discussion is the 100% RE scenario setting for the year 2050. This setting
constitutes a scenario with an highly integrated European electricity system. In particular, Norway with
large hydro capacities plays a crucial role in this scenario. While several studies have shown the
benefits of integrated systems solutions opposed to island solutions, it is by no means clear that such
scenarios actually materialise. Therefore, other 100% scenarios within less integrated systems should
be developed to examine a broader spectrum of possible solutions. Nevertheless, the overall results
indicate robustness for systems above 80% RE share.

As shown by Reference [25], DSM is an important option for renewable energy integration and
can reduce electricity storage demand. Further research should cover interactions between heat pump
flexibilisation, electricity storage and (electrical) DSM. As most electrical DSM options and the TES
work on short time scales, the question of their combined potential arises.
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7. Conclusions

This paper presents an open source model for Germany to analyse the interaction between
investment in electricity storage and thermal energy storage units for heat pump flexibilisation in
decentral heating systems. Overall, the results relate well to existing studies and show that TESs can
help to integrate renewable energies by reducing electricity storage investment. In energy systems with
a share of more than 80% renewable energy share the investment in short-term storage units can be
reduced up to 42–62% by TES. Except for the 100% scenario, no investment in long term energy storages
were observed. With a reduction of 0.37 GW (6.8%) the impact in this setting was comparatively low.
Generally, storage investment increases significantly with reduced available biomass for dispatchable
electricity generation. However, sensitivity analyses show, that the results of heat pump flexibilisation
are rather insensitive with regard to the available biomass for electricity supply as well as to changes
in the heat demand covered by heat pumps.

Overall, the results reveal only moderate need in additional short-term storage investment in the
medium run in Germany. In particular, long term storage units like hydrogen are not required before
renewable energy shares approach 100% of the electricity supply. With less than 1% reduction in system
cost, the economic effect of flexible heat pump operation was found to be low. However, the indirect
replacement of batteries with thermal energy storage units is environmentally beneficial due to a lower
resource consumption of minerals. Therefore, heat pump flexibilisation can play an important role for
a resource efficient energy transition.
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Abbreviations

The following abbreviations are used in this manuscript:

COP Coefficient of Performance
FOM Fixed Operation and Maintenance
HP Heat Pump
IPCC Intergovermental Panel on Climate Change
LP Linear Programming
PHS Pumped Hydro Storage
PV Photovoltaic
RE Renewable Energy
RoR Run of River
TES Thermal energy storage
TYNDP Ten Year Network Development Plan
WACC Weighted Average Cost of Capital

Appendix A. Model Symbols

Table A1. List of sets in the model.

Symbol Description

C Set of all conversion processes
D Set of all dispatchable generators
H Set of all heat pumps
K Set of all commodities
L Set of all loads
N Set of all transmission lines
R Set of all reservoir units
S Set of all storage units
T Set of all timesteps
V Set of all volatile generators
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Table A2. List of optimisation variables in the model.

Symbol Description

x f low(t) Energy flow at timestep t
x f low

h,to (t) Heat flow to heat bus from heat pump h timestep t
xlevel

s (t) Storage (energy) level of storage s at timestep t
xcapacity

h,to Thermal capacity of heat pump h

xcapacity
s Capacity (power) of storage s

xstorage_capacity
s Storage capacity (energy) of storage s

Table A3. List of parameters in the model.

Symbol Description

cmg
g Marginal cost of generator g

ccc
g Commodity cost of generator g

cvom
g Variable operational and maintenance cost of generator g

camount
k Absolute amount of commodity k

closs_rate(t) Loss of storage energy per timestep t
cpro f ile(t) Profile of generator, reservoir or load timestep t
ccapacity Capacity of dispatchable or volatile generator d / v
closs

n Loss on transmission line n
cemission_ f actor

e Emission factor of carrier e
ce f f iciency

c (t) Efficiency of conversion process c at timestep t
cetain

s Charge efficiency of storage s
cetaout

s Dis-charge efficiency of storage s

Appendix B. Scenario Assumptions

Appendix B.1. Residual Load
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Figure A1. Electrical residual load in Germany within all main scenarios.
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Appendix B.2. Renewable Energy and Biomass Potentials

Table A4. Full load hours of onshore, offshore, pv and run of river (RoR) supply.

Offshore Onshore PV RoR
Country

AT - 1507 1291 3058
BE 3939 2406 1135 1335
CH - 1354 1416 3832
CZ - 1875 1226 1974
DE 3976 1951 1151 4043
DK 4224 2670 977 -
FR 3295 2040 1265 2722
LU - 2917 1192 2644
NL 4025 1921 1095 1518
NO 4341 3562 811 2028
PL 3964 1834 1113 1493
SE 3792 2654 862 2161

Table A5. Biomass potential of agriculture and forest residue per country in 2050 based on the hotmaps
project [41]. For consistency German potential for electricity has been adapted with regard to the
RESCUE study assumptions.

AT BE CH CZ DE DK FR LU NL NO PL SE

Amount in TWh 23.61 8.08 0.0 32.78 45.05 13.56 149.56 0.61 2.81 0.0 71.36 86.75

Appendix B.3. Grid Capacities

Figure A2 shows the installed the transmission capacities of the electricity system and pumped
hydro storage capacities for all scenarios. As described above, the transmission system is modelled
with a transshipment approach. The e-Highway 2050 in Figure A2d scenario includes major grid
expansion to Scandinavian countries and the south east while the other scenarios only differ within a
narrow range.
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Figure A2. Transmission and PHS storage capacities. Countries are dyed based on their installed PHS
capacity in each scenario. The 2050 scenario is based on the e-Highway2050 [29] 100% RES scenario.
All other scenarios are based on the TYNDP2018 [31].

References

1. United Nations. Paris Agreement. 2015. Available online: http://unfccc.int/files/essential_background/
convention/application/pdf/english_paris_agreement.pdf (accessed on 15 April 2020).

2. IPCC. Global Warming of 1.5 ◦C—Special Report 15. Technical Report. 2018. Available online: https:
//www.ipcc.ch/sr15/ (accessed on 15 April 2020).

3. Hansen, K.; Vad Mathiesen, B. Comprehensive assessment of the role and potential for solar thermal in
future energy systems. Sol. Energy 2018, 169, 144–152, doi:10.1016/j.solener.2018.04.039.

4. Millstein, D.; Wiser, R.; Bolinger, M.; Barbose, G. The climate and air-quality benefits of wind and solar
power in the United States. Nat. Energy 2017, 2, 17134, doi:10.1038/nenergy.2017.134.

5. Haberl, H.; Erb, K.H.; Krausmann, F.; Running, S.; Searchinger, T.D.; Smith, W.K. Bioenergy: How much can
we expect for 2050? Environ. Res. Lett. 2013, 8, 031004. doi:10.1088/1748-9326/8/3/031004.

6. Creutzig, F.; Ravindranath, N.H.; Berndes, G.; Bolwig, S.; Bright, R.; Cherubini, F.; Chum, H.; Corbera, E.;
Delucchi, M.; Faaij, A.; et al. Bioenergy and climate change mitigation: An assessment. GCB Bioenergy
2015, 7, 916–944, doi:10.1111/gcbb.12205.

7. Brown, T.; Bischof-Niemz, T.; Blok, K.; Breyer, C.; Lund, H.; Mathiesen, B. Response to ‘Burden of proof:
A comprehensive review of the feasibility of 100% renewable-electricity systems’. Renew. Sustain. Energy Rev.
2018, 92, 834–847, doi:10.1016/j.rser.2018.04.113.

8. Sterchele, P.; Palzer, A.; Henning, H.M. The role of heat pumps in the transformation of national
energy systems-Example Germany. In Proceedings of the 12th IEA Heat Pump Conference, Rotterdam,
The Netherlands, 15–18 May 2017.

9. Blum, P.; Campillo, G.; Münch, W.; Kölbel, T. CO2 savings of ground source heat pump systems—A regional
analysis. Renew. Energy 2010, 35, 122–127, doi:10.1016/j.renene.2009.03.034.

10. Connolly, D.; Lund, H.; Mathiesen, B.V. Smart Energy Europe: The technical and economic impact of
one potential 100% renewable energy scenario for the European Union. Renew. Sustain. Energy Rev.
2016, 60, 1634–1653, doi:10.1016/j.rser.2016.02.025.

http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://www.ipcc.ch/sr15/
https://www.ipcc.ch/sr15/
https://doi.org/10.1088/1748-9326/8/3/031004
https://doi.org/10.1111/gcbb.12205


Energies 2020, 13, 2878 18 of 19

11. Brown, T.; Schlachtberger, D.; Kies, A.; Schramm, S.; Greiner, M. Synergies of sector coupling and
transmission reinforcement in a cost-optimised, highly renewable European energy system. Energy
2018, 160, 720–739, doi:10.1016/j.energy.2018.06.222.

12. Palzer, A.; Henning, H.M. A comprehensive model for the German electricity and heat sector in a
future energy system with a dominant contribution from renewable energy technologies—Part II: Results.
Renew. Sustain. Energy Rev. 2014, 30, 1019–1034, doi:10.1016/j.rser.2013.11.032.

13. Merkel, E.; McKenna, R.; Fehrenbach, D.; Fichtner, W. A model-based assessment of climate and
energy targets for the German residential heat system. J. Clean. Prod. 2017, 142, 3151–3173,
doi:10.1016/j.jclepro.2016.10.153.

14. Katja Purr, E.; Günther, J.; Lehmann, H.; Nuss, P. Wege in Eine Ressourcenschonende
Treibhausgasneutralität—RESCUE: Langfassung; Umweltbundesamt. 2019. Available online: https://www.
umweltbundesamt.de/en/rescue (accessed on 22 January 2020).

15. Paardekooper, S.; Lund, R.S.; Mathiesen, B.V.; Chang, M.; Petersen, U.R.; Grundahl, L.; David, A.; Dahlbæk, J.;
Kapetanakis, I.A.; Lund, H.; et al. Heat Roadmap Germany: Quantifying the Impact of Low-Carbon Heating
and Cooling Roadmaps. 2018. Available online: https://vbn.aau.dk/ws/portalfiles/portal/287930627/
Country_Roadmap_Germany_20181005.pdf (accessed on 3 June 2020).

16. Bloess, A.; Schill, W.P.; Zerrahn, A. Power-to-heat for renewable energy integration: A review of
technologies, modeling approaches, and flexibility potentials. Appl. Energy 2018, 212, 1611–1626,
doi:10.1016/j.apenergy.2017.12.073.

17. Hedegaard, K.; Münster, M. Influence of individual heat pumps on wind power integration—Energy system
investments and operation. Energy Convers. Manag. 2013, 75, 673–684, doi:10.1016/j.enconman.2013.08.015.

18. Bernath, C.; Deac, G.; Sensfuß, F. Influence of heat pumps on renewable electricity integration: Germany in a
European context. Energy Strategy Rev. 2019, 26, 100389, doi:10.1016/j.esr.2019.100389.

19. Ruhnau, O.; Hirth, L.; Praktiknjo, A. Heating with Wind: Economics of Heat Pumps and Variable Renewables;
Technical Report; ZBW—Leibniz Information Centre for Economics: Kiel/Hamburg, Germany, 2019.

20. Fehrenbach, D.; Merkel, E.; McKenna, R.; Karl, U.; Fichtner, W. On the economic potential for electric load
management in the German residential heating sector—An optimising energy system model approach.
Energy 2014, 71, 263–276, doi:10.1016/j.energy.2014.04.061.

21. Bloess, A. Impacts of heat sector transformation on Germany’s power system through increased use of
power-to-heat. Appl. Energy 2019, 239, 560–580, doi:10.1016/j.apenergy.2019.01.101.

22. Cebulla, F.; Haas, J.; Eichman, J.; Nowak, W.; Mancarella, P. How much electrical energy storage
do we need? A synthesis for the U.S., Europe, and Germany. J. Clean. Prod. 2018, 181, 449–459,
doi:10.1016/j.jclepro.2018.01.144.

23. Schill, W.P.; Zerrahn, A. Long-run power storage requirements for high shares of renewables: Results and
sensitivities. Renew. Sustain. Energy Rev. 2018, 83, 156–171, doi:10.1016/j.rser.2017.05.205.

24. Maximilian R. Kühne. Drivers of Energy Storage Demand in the German Power System: An Analysis of
the Influence of Methodology and Parameters on Modelling Results. Ph.D. Thesis, Technical University
Munich, Munich, Germany, 2016. Available online: https://mediatum.ub.tum.de/doc/1280982/1280982.pdf
(accessed on 15 April 2020).

25. Pape, C.; Gerhardt, N.; Härtel, P.; Scholz, A.; Schwinn, R.; Drees, T.; Maaz, A.; Sprey, J.; Breuer, C.; Moser, A.; et al.
Roadmap Speicher-Speicherbedarf für Erneuerbare Energien-Speicheralternative-Speicheranreiz-Überwindung
Rechtlicher Hemmnisse; Endbericht. Würzburg 2014. Available online: https://www.fvee.de/fileadmin/
publikationen/Politische_Papiere_FVEE/14.IWES_Roadmap-Speicher/14_IWES-etal_Roadmap_
Speicher_Langfassung.pdf (accessed on 26 March 2020).

26. Lund, H.; Arler, F.; Østergaard, P.A.; Hvelplund, F.; Connolly, D.; Mathiesen, B.V.; Karnøe, P.
Simulation versus Optimisation: Theoretical Positions in Energy System Modelling. Energies 2017, 10, 840,
doi:10.3390/en10070840.

27. Hilpert, S.; Kaldemeyer, C.; Krien, U.; Günther, S.; Wingenbach, C.; Plessmann, G. The Open Energy
Modelling Framework (oemof)—A new approach to facilitate open science in energy system modelling.
Energy Strategy Rev. 2018, 22, 16–25, doi:10.1016/j.esr.2018.07.001.

28. Hilpert, S.; Günther, S.; Söthe, M. Oemof Tabular. 2020. Available online: https://github.com/oemof/
oemof-tabular (accessed on 1 April 2020).

https://www.umweltbundesamt.de/en/rescue
https://www.umweltbundesamt.de/en/rescue
https://vbn.aau.dk/ws/portalfiles/portal/287930627/Country_Roadmap_Germany_20181005.pdf
https://vbn.aau.dk/ws/portalfiles/portal/287930627/Country_Roadmap_Germany_20181005.pdf
https://mediatum.ub.tum.de/doc/1280982/1280982.pdf
https://www.fvee.de/fileadmin/publikationen/Politische_Papiere_FVEE/14.IWES_Roadmap-Speicher/14_IWES-etal_Roadmap_Speicher_Langfassung.pdf
https://www.fvee.de/fileadmin/publikationen/Politische_Papiere_FVEE/14.IWES_Roadmap-Speicher/14_IWES-etal_Roadmap_Speicher_Langfassung.pdf
https://www.fvee.de/fileadmin/publikationen/Politische_Papiere_FVEE/14.IWES_Roadmap-Speicher/14_IWES-etal_Roadmap_Speicher_Langfassung.pdf
https://github.com/oemof/oemof-tabular
https://github.com/oemof/oemof-tabular


Energies 2020, 13, 2878 19 of 19

29. e-Highway 2050: E-Highway2050. Available online: https://docs.entsoe.eu/baltic-conf/bites/www.e-
highway2050.eu/e-highway2050/ (accessed on 9 March 2020).

30. Hilpert, S. Angus Scenarios. 2019. Available online: https://github.com/znes/angus-scenarios/
(accessed on 20 March 2020).

31. ENTSOE. Input Data—TYNDP2018. Available online: https://www.entsoe.eu/Documents/TYNDP%
20documents/TYNDP2018/Scenarios%20Data%20Sets/Input%20Data.xlsx (accessed on 9 March 2020).

32. Pfluger, B. Langfristszenarien für die T ransformation de s En ergie systems in Deutschla nd—Modul 10.a:
Re duktion der Treibhausgasemissionen Deutschlands um 95% bis 2050. Studie im Auftrag des
Bundesministeriums für Wirtschaft und Energie, Fraunhofer ISI, Consentec, GmbH, ifeu. 2018. Available
online: https://www.bmwi.de/Redaktion/DE/Downloads/B/berichtsmodul-10-a-bericht-reduktion-
der-treibhausgasemissionen-deutschlands-langfassung.pdf?__blob=publicationFile&v=4 (accessed on 6
February 2020).

33. Hansen, K.; Mathiesen, B.V.; Skov, I.R. Full energy system transition towards 100% renewable energy in
Germany in 2050. Renew. Sustain. Energy Rev. 2019, 102, 1–13, doi:10.1016/j.rser.2018.11.038.

34. OPSD. Open Power System Data—Data Package Time Series 2018. Available online: https://doi.org/10.
25832/time_series/2018-06-30 (accessed on 4 February 2020).

35. Ruhnau, O.; Hirth, L.; Praktiknjo, A. Time series of heat demand and heat pump efficiency for energy system
modeling. Sci. Data 2019, 6, 189, doi:10.1038/s41597-019-0199-y.

36. Guido Plessmann. Modeling Decarbonization Pathways of Europe’s Electricity Supply System Until 2050.
Ph.D. Thesis, Carl von Ossietzky Universität Oldenburg, Oldenburg, Germany, 2019.

37. Müller, U.P.; Schachler, B.; Scharf, M.; Bunke, W.D.; Günther, S.; Bartels, J.; Pleßmann, G. Integrated
Techno-Economic Power System Planning of Transmission and Distribution Grids. Energies 2019, 12, 2091,
doi:10.3390/en12112091.

38. Pfenninger, S.; Staffell, I. Long-term patterns of European PV output using 30 years of validated hourly
reanalysis and satellite data. Energy 2016, 114, 1251–1265, doi:10.1016/j.energy.2016.08.060.

39. Staffell, I.; Pfenninger, S. Using bias-corrected reanalysis to simulate current and future wind power output.
Energy 2016, 114, 1224–1239, doi:10.1016/j.energy.2016.08.068.

40. Kies, A.; von Bremen, L.; Heinemann, D. Hydro Energy Inflow for Power System Studies. type: Dataset. 2017.
Available online: https://zenodo.org/record/804244 (accessed on 4 February 2020).

41. Pezzutto, S.; Zambotti, S.; Croce, S.; Zambelli, P.; Garegnani, G.; Scaramuzzino, C.; Pascuas, R.P.;
Zubaryeva, A.; Haas, F.; Exner, D.; et al. Hotmaps. Open Data Set for the EU28, Hotmaps Project. 2018.
Available online: https://gitlab.com/hotmaps/potential/potential_biomass (accessed on 22 January 2020).

42. Boysen, C.; Kaldemeyer, C.; Hilpert, S.; Tuschy, I. Integration of Flow Temperatures in Unit Commitment
Models of Future District Heating Systems. Energies 2019, 12, 1061, doi:10.3390/en12061061.

43. Andreas Christidis. Thermische Speicher zur Optimierung des Betriebs von Heizkraftwerken in der
Fernwärmeversorgung. Ph.D. Thesis, TU Berlin, Berlin, Germany, 2019.

44. Witte, F.; Kaldemeyer, C. Cycle Detection in Time Series: CyDeTS. 2019. doi:10.5281/zenodo.2806946.
Avaiable online: https://github.com/oemof/cydets (accessed on 12 March 2020).

45. Giurco, D.; Dominish, E.; Florin, N.; Watari, T.; McLellan, B. Requirements for Minerals and Metals for 100%
Renewable Scenarios. In Achieving the Paris Climate Agreement Goals: Global and Regional 100% Renewable
Energy Scenarios with Non-Energy GHG Pathways for +1.5 °C and +2 °C; Teske, S., Ed.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 437–457, doi:10.1007/978-3-030-05843-2_11.

46. NEP. Netzentwicklungsplan Strom 2030, Version 2019—Zweiter Entwurf der Übertragungsnetzbetreiber.
Technical Report. 2019. Available online: https://www.netzentwicklungsplan.de/sites/default/files/
paragraphs-files/NEP_2030_V2019_2_Entwurf_Teil1.pdf (accessed on 30 March 2020).

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://docs.entsoe.eu/baltic-conf/bites/www.e-highway2050.eu/e-highway2050/
https://docs.entsoe.eu/baltic-conf/bites/www.e-highway2050.eu/e-highway2050/
https://github.com/znes/angus-scenarios/
https://www.entsoe.eu/Documents/TYNDP%20documents/TYNDP2018/Scenarios%20Data%20Sets/Input%20Data.xlsx
https://www.entsoe.eu/Documents/TYNDP%20documents/TYNDP2018/Scenarios%20Data%20Sets/Input%20Data.xlsx
https://www.bmwi.de/Redaktion/DE/Downloads/B/berichtsmodul-10-a-bericht-reduktion-der-treibhausgasemissionen-deutschlands-langfassung.pdf?__blob=publicationFile&v=4
https://www.bmwi.de/Redaktion/DE/Downloads/B/berichtsmodul-10-a-bericht-reduktion-der-treibhausgasemissionen-deutschlands-langfassung.pdf?__blob=publicationFile&v=4
https://doi.org/10.25832/time_series/2018-06-30
https://doi.org/10.25832/time_series/2018-06-30
https://zenodo.org/record/804244
https://gitlab.com/hotmaps/potential/potential_biomass
https://github.com/oemof/cydets
https://www.netzentwicklungsplan.de/sites/default/files/paragraphs-files/NEP_2030_V2019_2_Entwurf_Teil1.pdf
https://www.netzentwicklungsplan.de/sites/default/files/paragraphs-files/NEP_2030_V2019_2_Entwurf_Teil1.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	State of Art and Research Question
	Method
	Mathematical Description

	Scenarios
	Installed Capacities
	Demand
	Investment Data
	Renewable Generation

	Results
	Heating System Investment
	Electricity Storage Investment
	System Costs
	Storage Dynamics
	Sensitivities

	Discussion
	Conclusions
	Model Symbols
	Scenario Assumptions
	Residual Load
	Renewable Energy and Biomass Potentials
	Grid Capacities

	References

