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Decarbonizing the heating sector is a key challenge in Europe and Germany and lags significantly behind the
electricity sector regarding the share of renewable energies. This is also due to municipal heating planning
being still in progress in many places, and decision-makers being uncertain about efficient technologies. We
apply an advanced energy system model with linear optimization to the German energy system with special
consideration of district heating. Our goal is to determine the near-optimal solution space in the heating sector,
which we define as solutions within a 1% increase in optimal system cost. We show that the optimal share of
district heating on the German heat demand is only 8.3%, but 27.2% of the demand can be supplied in the
near-optimal solution. Larger shares are inefficient due to higher investments caused by lower heat density in
sparsely populated regions. The wide range of solutions at comparable costs must encourage urban authorities
to implement and communicate consistent heat planning regardless of the choice between centralized and
decentralized heat supply. Direct electrification dominates both centralized and decentralized heat generation
in all scenarios. Combined heat and power (CHP) plants are part of the optimal solution, but their heat
production is limited by high fuel cost. It is therefore risky to plan with high shares (>20%) of CHP in heating
networks. Alternative flexibility options such as water-based seasonal heat storage and the use of excess heat
from power-to-x plants show promising results. They increase the district heating share in the near-optimal
solution to 42.2%, but are limited by the amount of land required and the monetary value of the excess heat,
respectively.

1. Introduction One aspect of heat supply in decarbonized or close to decar-

bonized energy systems is the cost-minimal composition of heat and

The transition to decarbonized energy systems is a key challenge
for societies worldwide. This is particularly true for the heating sector,
which often lags behind electricity generation in terms of decarboniza-
tion. This is reflected in a share of only 25% of renewable energy in
heat generation in 2022 in the EU, compared to 41% in electricity
generation [1]. The differences in Germany are even larger with 17%
renewable energy in the heating sector and 47% in electricity genera-
tion [1]. The increasing political awareness of the need to accelerate
the decarbonization of heating led, for example, to the German Heat
Planning Act [2], which obliges all German municipalities to draw up
a heating plan by mid-2028 at the latest. Understanding how to effi-
ciently decarbonize the heating sector while leveraging the flexibility
of sector coupling and dispatchable power plants is critical to shaping
the future energy landscape.
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the competition between central heating via district heating networks
and decentralized heating close to consumers. Large German climate-
neutral energy system studies find shares of district heating on the total
heat demand between 8% [3] and 32% [4]. Studies in the Danish [5]
and European [6] energy system found that district heating shares
around 50% are cost-effective and can decrease the total system cost
by 6%. Dehghan et al. [7] observed a cost decrease of 1.57 bn. £/a
when implementing centralized electric heating in the energy system
of the United Kingdom (UK). Zhang et al. [8] showed for two different
decarbonization scenarios in the UK that 21% of heat are supplied
by heating networks in the optimal heating portfolio, but a scenario
without heating networks is only 0.4% more expensive. Additionally,
the competitiveness of heating networks increased with lower national
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emissions. Marx et al. [9] found that decentralized heating systems are
more exposed to uncertainties in energy prices because central heating
systems can substitute fuels to a certain degree, indicating the value of
flexibility offered by district heating networks.

In general, flexibility is expected to play a crucial role. Combined
heat and power (CHP) plants, whose future role is the subject of
controversial debate, can provide heat independently from weather
conditions. Studies that conclude that they will disappear from heat
generation [6,10,11] are just as common as studies that conclude that
they are a mainstay [12-15]. Large German energy system studies find
shares of CHP plants on the total district heat generation between
15% [4] and 37% [3], mainly from hydrogen and biomass. Moser
et al. [16] showed in a theory-based assessment that CHP plants cause
a high risk for competing heat sources in deregulated heat markets. If
electricity prices are high in the long-term, CHP plants have negative
variable heat costs and replace other low-cost heat producers such as
excess heat. Full load hours of CHP plants are expected to decrease with
less carbon intensity in the energy system [8], which puts pressure on
the operators to generate profits in less hours of the year.

In contrast, power-to-heat (PtH) via heat pumps or electric boil-
ers plays a major role in most studies [6,11,14,15,17,18], because it
absorbs electricity that would otherwise be curtailed and therefore
decreases hours with curtailment and increases the financial value of
renewable energies [19]. In a study using the current carbon intensity
of electricity in four different European countries, heat pumps proved
to reduce emissions in all countries already, while electric boilers can
lead to higher emissions if the electricity is carbon-intensive [20].

Seasonal thermal energy storage (STES) is not considered in many
energy system studies, although results are promising: Brown et al. [15]
found that PtH and solar thermal benefit from STES, because they
become more flexible and decrease their dependency on commodity
prices, which is similar to the findings from Sifnaios et al. [12]. Like
STES, the integration of excess heat is not represented in energy system
studies, although possible contributions are expected to be large [12].
Doraci¢ et al. [21] showed that industrial excess heat is be cost-
competitive in current heat markets, but high shares of excess heat
might lead to critical supply situations in some parts of heating net-
works [22]. As a rather new aspect, the excess heat from electrolyzers
could become a major heat source, and there are positive business
models for its integration [23].

1.1. Research gap and research questions

The wide range of results, particularly with regard to the competi-
tion between centralized and decentralized heat supply and the role of
CHP plants, indicates that there are many different solutions close to
the optimum. Zhang et al. [8] showed that total system cost are similar
for solutions with and without district heating, but did not evaluate the
solution space systematically. Additionally, the future energy system
will be characterized by volatile feed-in of renewable energies and,
accordingly, volatile energy prices. Liu et al. [24] showed that the
electricity price has a significant impact on the merit-order in potential
district heating markets, because PtH and CHP create sector-coupling
between the heat and electricity market. Investigating this requires a
model that endogenously represents multiple sectors’ flexibility and
influence on energy prices. The integrated modeling of different sectors
and considering circumstances in decarbonized energy systems was
identified in a review by Brown et al. [25] as a major research gap.
Many studies are based on historical data and therefore miss the ability
to analyze the future energy system [17,20,21,24] and a systematic
evaluation of the solution space between different heating solutions for
decarbonization is missing.

In addition, to the best of the authors’ knowledge, there are no
national decarbonization studies that take into account the impact
of emerging technologies such as STES and electrolysis. Similarly,
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the interplay of different fuels needs to be considered for a quanti-
tative analysis of the business case for the usage of excess heat of
electrolyzers [26].

Considering these research needs, our main goal is to provide
a holistic analysis of a decarbonized heat supply, while considering
sector-coupling and the interdependencies in an emission-free energy
system. This involves an evaluation of the near-optimal feasible solu-
tion space to determine solutions with similar cost. Our core research
questions are the following:

» How large is the decision space for expanding district
heating networks, and what consequences does this have
for municipalities?

» What are key flexibilities in district heating networks, and how
large is the decision space for the contribution of CHP plants to
heat generation?

» What can excess heat from power-to-x processes contribute to
heat generation?

To address this, we design a decarbonized, sector-coupled energy
system optimization that considers competing technologies for heat
supply, which we describe in Section 2. We apply the model to Ger-
many as an example of an industrialized country with large residential
heat demand in winter. We present and discuss the results in Section 4
and show their limitations in Section 5.2. We conclude our study and
highlight policy implications in Section 6.

2. Model and methods
2.1. Energy system model

We use an advanced model based on the home-built framework
Energy System Transformation Model (ESTRAM). Subject to optimiza-
tion is both the investment into and the dispatch of energy system
components c¢. An investment decision is made once for each compo-
nent while the dispatch is optimized for each time step t. We perform
a green-field optimization, meaning we do not consider existing infras-
tructure and the inertia of the energy system. We model Germany as
a single node (no transport of commodities, e.g. copper plate for the
carrier electricity) and in an hourly resolution, resulting in 8760 time
steps t for a full year. The major driver for high shares of renewable
energies is the restriction of CO, emissions, which we force to be
zero. Therefore, we do not consider a pricing system for CO, such as
the European Union Emissions Trading System (EU ETS). ESTRAM is
written in Python and uses linear optimization and the commercial
solver Gurobi [27].

2.1.1. General model structure
Within the objective function, the total system cost C**' (in €) is
minimized.

Ctotal = CCapeX 4 com 4 cramp Ccarrier (1)

Ce@X (in €) is the annualized CAPEX of all components, C°™ (in €) is
the operation and maintenance (O&M) cost of all components, C™P
is the ramping cost (in €) and cearrier (in €) is the import cost of all
energy carriers.

The model constraints can be separated into the energy balance
equations and the component models. The energy balance constraints

PP N Pt NP ey @
cecout cecin

balance the production and consumption of each energy carrier e
in each time step ¢ using the power output ng_‘, (in MW) of every
component Ce‘_’llt with energy carrier e as an output carrier and, in
similar fashion, the power input P, ; (in MW) of every component C;*
with energy carrier e as an input carrier.

A full documentation of the mathematical model, including the

component models, can be found in the Appendix A.
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2.1.2. Components
Components have an output power Pc"ﬁ‘, (in MW) of an energy

carrier. Besides imports with a power P;TPO“ (in MW), energy carriers
are generated from sources g. Imports do not necessarily correspond
to an import from foreign countries but rather display an import into
the model’s scope. Imports cause cost via specific prices cza”i“ (in
€/MWh). In contrast, producing an energy carrier inside the model’s
scope via sources or converters does not cause import cost. Endogenous
production allows the production of synthetic fuels with zero emissions,
while importing fossil fuels is not possible due to zero emissions.
Converters x additionally have an input power Pjﬁ?’, (in MW) and
can convert between different energy carriers with a set efficiency. This
models sector coupling explicitly. Due to our focus on CHP plants, we
apply ramping constraints and ramping cost to account for the different
controllability of different types of power plants. Ramping restricts the

change in power output of a converter x

PP 0P 1h > PO — PO Vx, Vit 3)

x,t—1

using the ramping factor £ ° (1/h). Additionally, we use ramping cost
to price every change in power output.

Energy carriers can be stored in storage units s for temporal
balancing.

Components are generally aggregated into one single representative
component. The most important variables of components are their
installed capacity P."* (in MW) and their output power P, (in MW).
Relevant parameters are specific fix cost cgix (in €/MW), O&M cost co™
(in €/(MW - a)) and the capacity potential p* (in MW).

2.1.3. Consumers

Consumers u are a subset of components c. The share @, (no unit)
of each consumer on the total demand d,, of its application a can be
part of the optimization. These consumers use a must-run formulation

P® ., =®,-d,  VueUM Vi 4)

which forces their power input Pu“} to be equivalent to their share on
the total demand for every time step t. This ensures that all consumers
run simultaneously according to their share, and the sum of shares of
all consumers supplying the same application needs to be 1. This is
in contrast to the merit-order formulation use where each unit can be
dispatched independently from other units for every hour.

2.2. Input data

The scenario is set in the year 2045, which means that year-
dependent input data such as technology cost and energy consumption
are assumed for the year 2045. We use 2045, because it is the target
year for climate neutrality in Germany according to current law [28].

We base our analysis on the historic weather year 2012 from the
reconstruction data set ERA5 [29]. The weather year 2012 is char-
acterized by an extremely cold period over four weeks in January
and February where temperatures in central Germany reached —20 °C
on several consecutive days. We have refrained from using climate
projections, which predict the climate in the future based on scenarios,
in order to use a historical weather year instead, which represents an
extreme scenario for the German heating sector.

A full documentation of input data assumptions is available in
Appendix B, but we present the most important data in the following.

2.2.1. Components

We model the sources q of onshore and offshore wind, solar photo-
voltaics (PV), and hydropower plants. The most important converters x
to model sector coupling are electrolyzers and large-scale heat pumps.
Synthetic and emission-free gas and oil are available from biomass,
methanization of H, and the Fischer-Tropsch process. Nuclear and
coal-fired power plants are not part of the optimization due to polit-
ically planned phase-outs in Germany. Instead, dispatchable electricity
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generation is available from H,-ready gas turbines or combined cycle
power plants. Both power plants can burn hydrogen or natural gas.
Storage is available for most energy carriers via battery and pumped
storage for electricity, salt caverns for gas and hydrogen and thermal
storage for district heating.

2.2.2. Energy carriers and demand

We consider the energy carriers e district heating, electricity, natural
gas, oil and hydrogen. We also consider three biomass forms (digestible,
oily and woody). The model needs to supply a useful energy demand
d,, of an application a (in MW) by using final energy in the form of
an energy carrier e. We make assumptions concerning component and
energy carrier prices and the consumption for the year 2045 that are
detailed in Appendix B.

The energy carrier consumption that we assume for 2045 is similar
to other energy system studies, e.g. [3,4,30]. It considers energetic
consumption in all sectors (households, industry, tertiary, transport)
and feedstocks e.g. for the petrochemical industry. We do not allow the
import of emission-free fuels, but instead an unlimited import of green
hydrogen for a price of 3 €/kg (or 90 €/MWh), which is in a similar
magnitude as in other large energy system studies [3,4,30] and specific
estimations of supply cost for Germany [31]. This covers import prices
from different locations to Germany. Hydrogen import power is set to
be constant throughout the year to avoid unrealistic power balancing
by imports. The import of all other carriers is not set to be constant.

Additionally, we allow load shedding of all carriers for
2000 €/MWh to restrict the maximum shadow price of energy
balance. In linear capacity expansion models, the shadow price rises
to very high values in at least one timestep per optimization, because
this timestep would require capacity expansion with additional load.
Allowing load shedding restricts the shadow price to the price of load
shedding. Thus, it is a common choice in different energy system
models [32] to restrict the maximum shadow price of energy balance.

Biomass as an emission-free and flexible energy carrier has a large
impact on the future energy system, but its availability is uncer-
tain [33]. We extract potentials (in TWh/a) and prices (in €/MWh)
from the ENSPRESO data set [34], using the scenario ENS_Med and
a linear interpolation between values of the years 2040 and 2050
to approximate our target year of 2045. This results in a potential
of 350 TWh and prices between 15 and 28 €/MWh. The prices are
producer prices and are not intended to reflect pricing in a potentially
highly competitive market with competition between different sectors.
This is consistent with our macroeconomic view of the overall model.

2.2.3. Heating sector

The heating sector consists of decentralized heating technologies
and the district heating branch, which produces heat in centralized
units and distributes it to consumers via a district heating network.
We consider the decentralized heating technologies shown in Fig. 1
using the cost assumptions shown in Table 1. District heat can be
supplied from combined heat and power (CHP) units using different
input energy carriers: biomass-fueled CHP using either wooden or
gaseous biomass and gas-fueled CHP using either synthetic natural gas
(SNG) or hydrogen. Due to the zero-emission scenario and the lack of
carbon removal technologies, there are no conventional CHP plants that
use coal, for example. In addition, district heating can be generated
from heating plants and through direct electrification from electrode
boilers and large air heat pumps. All decentralized heating technologies
and the district heating network are consumers u (see Section 2.1.3).
We optimize the share @, (no unit) of each consumer on the total heat
demand d,, of the applications a space heating and domestic hot water
according to Eq. (4). The final energy consumption of all applications
besides space heating and domestic hot water is set exogenously. This
includes energy consumption for industrial process heat as well.

We do not consider temperatures model-endogenously. Neverthe-
less, we need to make assumptions about temperatures to parameterize
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Fig. 1. Schema of the heat supply options. The lower box contains the heat supply
components that use a must-run formulation to follow the heat demand consistently.
The upper box contains the district heat components that use a merit-order formulation.
The pit storage and excess heat usage from power-to-x are not part of every scenario
and therefore grayed out. The schema has been designed using resources from
Flaticon.com.

Table 1
Specific cost of decentralized heating technologies.

Consumer u Fix cost c,i“ O&M cost co™
Unit €/kW % of c¢f™/a
District Heating 657-1915 6

H,/SNG Heating 260 3

Heat Pump 840 3

Wood Pellet Boiler 400 6

certain components: We generally assume lower temperatures than
today both in central and decentralized heating as it is seen as a
prerequisite for carbon-free heating technologies [35]. We assume a
sink temperature of 55 °C for domestic hot water and 40 °C for space
heating to calculate an hourly coefficient of performance (COP) for the
decentralized heat pump. We assume a sink temperature of 55 °C for
the large-scale heat pump that provides district heating. Accordingly,
the district heating network is a 4th generation network. For both
the large-scale and decentralized heat pump, we use the ambient air
temperature as source temperature. We model the COP by an empirical
formula for air-source heat pumps from [36]. We assume distribution
losses of the district heating network of 13% [37].

2.2.4. Investment into district heating network

All scenarios consider increasing specific investments (in €/kW)
into the district heating network with higher district heating pene-
trations. Specific investments increase due to decreasing connection
density, which requires more pipes per connected customer. We derive
data about the density of heat demand for Germany in 2050 from the
scenario Baseline from the data set of the sEEnergies project [38], which
is described in more detail in a project report [39]. The data set assumes
a 24.8% reduction in heat demand until 2050 and describes spatially
resolved heat areas. Each heat area consists of its total land area and
its heat consumption. We use

_B-(ey+e-p)

Cais = ®

q-w
from [40] to calculate the marginal distribution cost Cy, (in €/GJ)
of district heating networks per heat area, using the annuity factor g
(1/a), the empirical coefficients ¢; (construction cost constant, in €/m)
and ¢, (construction cost coefficient, in €/m?), the average system pipe
diameter p (in m), the heat density ¢ (in J/m?/a) and the effective width
w (in m). The heat density is the ratio between heat consumption and
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Fig. 2. Specific investment for constructing district heating networks for the target year
2050. We plot Germany in red and six exemplary large European countries (Austria,
France, Italy, Spain, Sweden, United Kingdom). Numbers are derived from scenario
Baseline from the data set of the sEEnergies project [38]. We linearize the cost into
seven segments, which we mark by a black step function. In our model, investments
within each segment are identical. When the potential of a segment is exhausted, the
model must invest in the next most expensive segment.

Table 2
Input parameters for Egs. (5)-(7) to model specific investments for the construction of
district heating networks depending on connection density.

Input Parameter Value Source

¢ 349 [39]

¢ 4213 [39]

Building area - [42]

Land area - [38]

Heat consumption - [38]
Peak-to-average 4.6 Own calculation

total land area. We calculate the effective width
w=618-¢0 (6)

from [41] where e (no unit) is the plot ratio, which is the ratio between
the total building area and the total land area from [42]. We calculate
the average system pipe diameter

p = 0.0486 - In(q - w) + 0.0007 (@]

from [39]. We convert from marginal distribution cost (in €/GJ) to an
investment (in €/kW) using a peak-to-average-ratio of district heating
networks of 4.6, the ratio we observe in our model for the weather
year 2012. We omit the annuity factor from Eq. (5), because we need
absolute investments as an input to ESTRAM. We show all other input
parameters in Table 2.

We apply Eq. (5) to all heat areas from the data set in [38] and
aggregate them to cost-potential curves per country. Fig. 2 shows the
resulting specific investment for Germany in red and six exemplary
large European countries. Germany is an average country and there
are countries with both higher and lower specific cost at all parts of
the cost-potential curves. We split the curve into segments (marked by
horizontal black lines) and assign an average investment and a potential
to each segment, because we are restricted to linear optimization. The
model can invest into each segment until its potential is exhausted and
then needs to invest into the next most expensive segment. Table 3
shows the average heat density and example cities for the five cost
segments with the lowest specific invest. The cheapest cost segment
below 700 €/kW is characterized by an extremely high heat density
in mostly large and densely populated European cities such as Madrid,
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Table 3
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Properties of linearized cost segments for the target year 2050. Numbers are derived from scenario Baseline from the data set of the

sEEnergies project [38].

Cost range Avg. heat density DE Max. heat demand Example cities DE Example cities non-DE
€/kW GWh/km® %
0-700 27.1 8.3 Munich Milan (Italy)
Cologne Madrid (Spain)
700-800 17.5 14.0 Berlin Gothenburg (Sweden)
Hamburg Aarhus (Denmark)
800-900 18.8 12.9 Hanover Birmingham (UK)
Leipzig Amsterdam
(Netherlands)
900-1000 14.7 15.4 Kiel Lyon (France)
Gelsenkirchen Turku (Finland)
1000-1200 12.4 17.5 Bochum Gent (Belgium)
Chemnitz L 6dz (Poland)

Milan and Munich. Increasing specific invest generally goes hand in
hand with decreasing heat density, although it is no necessity due to the
concept of effective width from [41] as the higher heat density between
800 and 900 €/kW compared to 700 and 800 €/kW shows.

2.3. Modeling to generate alternatives

Modeling to generate alternatives (MGA) is a method to evaluate the
near-optimal feasible space, first applied to energy system optimization
models by DeCarolis et al. [43]. There are multiple possible formula-
tions for MGA. Our implementation, which is similar to Neumann and
Brown [44], uses an optimal solution with an optimal objective value
C* as a starting point. We call this the base case. We then introduce an
additional constraint so that the total system cost

Ctolal —e.C* (8)

with the relative cost ¢, which is always greater or equal to one. Ad-
ditionally, we formulate a new objective function where we minimize
(or maximize) any other variable, which we then call the MGA variable,
e.g. the share of district heating on the total heat demand @p;icircat-
The result is the solution space (minimum and maximum value) of the
MGA variable for every relative cost ¢ and we interpret it as the flatness
of the optimum. A flat optimum allows for a large solution space with
only small relative cost increases and vice versa.

2.4. Shadow prices

It is common practice in energy system optimization models to
deduce commodity prices from shadow prices of the optimal solution.
We name the shadow price from the energy balance constraint (Eq. (2))
the carrier price ¢,, for each energy carrier e. From this, we derive the
total cost for the provision of final energy per carrier (in €)

cfe = 2 ZP;‘N{&,Jh Ve ©)

uEU;“ !
as the time integral over the product of the commodity price {,, and
the final energy consumption of each energy carrier, which we derive
from the sum of the power input of all consumers. We can express this
as average annual price Z, (in €/MWh) by

Cfe

z,= —Em Ve (10)

ZMGUg“ Zi Pu,e,t
the division of the total cost C® and the sum of the final energy
consumption.

In a similar fashion, we calculate the monetary revenues of a

component ¢

Reve= > D PM ¢, -1h Ve an

eeEQM 1

as the sum over all output carriers E of the product of the carrier
price ¢, , and the power output P> .

3. Model extensions and scenarios

We gradually introduce two model extensions, described in the fol-
lowing paragraphs, to evaluate their impact on the composition of heat
generation. The reference scenario Ref is based on assumptions that we
consider standard for the modeling of heat in energy system models and
does not use any model extensions. We create three additional scenarios
where the scenario name describes the model extensions used in this
scenario (e.g. the scenario STES-EHPtX uses the model extensions STES
and EHPtX): STES, EHPtX and STES-EHPtX.

3.1. STES

The model extension STES introduces a seasonal thermal energy
storage (STES). In the Danish district heating sector, which is one of the
most advanced in Europe, the two main thermal energy storage (TES)
systems are water tank thermal energy storage (TTES) and water pit
thermal energy storage (PTES) [12]. We consider TTES in the scenario
Ref already, but model it as a short-term storage with a maximum
energy capacity of 30 MWh/MW. In the model extension STES, we add
a PTES as a seasonal energy storage with an energy capacity between
333 and 3000 MWh/MW to evaluate the value of a seasonal shift of
heat from summer to winter. We use the Danish Energy Agency [45]
as our main source to parameterize the PTES (see Table 4). Thermal
storage does not consider temperatures model-endogenously, similar
to the heating sector described in Section 2.2.3. The storage model
considers the energy transfer into and out of the storage tanks and does
not derive any temperature changes from the energy transfer.

3.2. EHPtX

The model extension EHPtX introduces the usage of excess heat
from three power-to-x technologies, namely the electrolyzer, the gas-to-
liquid plant and the Fischer-Tropsch plant. Temperature levels of the
excess heat are between 50 and 80 °C [23,48], which is consistent with
our assumptions from Section 2.2.3. We assume that the gas-to-liquid-
plant outputs 0.233 MWh excess heat per MWh of liquid fuels [49],
the electrolyzer outputs 0.194 MWh per MWh of hydrogen [23,48]
and the Fischer-Tropsch plant outputs 0.1 MWh per MWh of liquid
fuels [48]. The Fischer-Tropsch plant includes an on-site plant for
direct air capture (DAC) to incorporate a source for CO,. The DAC plant
consumes some excess heat of the Fischer—Tropsch process already [50]
and the 0.1 MWh of excess heat per MWh of liquid fuels is the available
excess heat after DAC.
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Table 4
Input parameters for thermal energy storage.
Input Parameter TTES PTES Unit
Value Source Value Source
E2P Min 3.3 Own estimate 333 Own estimate MWh/MW
E2P Max 30 Own estimate 3000 Own estimate MWh/MW
Round-trip efficiency 98 [45] 79 [12,46] %
Decay 2.84 [47] 0.65 [45] %,/week
Fix Cost Energy 3 [12,45] 0.47 [12,45] €/kWh
O&M Cost 0.3 [45] 0.5 [45] % of fix cost/a
4. Results and analysis 120 1 W
c
4.1. General findings W 4 Q
< 100 A I c
For our case study, Germany reaches cost-minimal climate neu- e . - 2 Lgc)
trality without foreign imports in all scenarios. We show the total - 80 A - — - P
system cost in scenario Ref and the changes in system cost in the three 8 . ! = -0 :
other scenarios in Fig. 3. The total system cost in scenario Ref are - 60 - - b
116.1bn. €/a. The largest cost contributors are wind and solar power QE) ' i" ' . - F=-20©
plants with a contribution of 27 bn. €/a each. The heating sector includ- o7 &
ing the cost of decentralized heating, the district heating network and o 40 1 . - —4 2
facilities for the generation of district heat causes cost of 21 bn.€/a. (_u :%
Other notable contributors to the total system cost are storage units S 204 - L _6 c
with 17 bn.€/a and plants for power-to-x-products with 12bn. €/a. = w
The scenario STES reduces the total system cost by only L _g 81
0.23bn.€/a, mainly by replacing more expensive CHP plants as 0 u'_ ' ' ' ©
backup generation. The scenario EHPtX has a larger impact and LQCJ m é E 'LC)
reduces the total system cost by 1.6 bn.€/a. The system requires less L'T, T T
primary energy due to the higher total efficiency and can therefore - B
reduce cost for solar PV and storage units. The combined scenario m
STES-EHPtX has an impact of 2.4 bn. €/a, which is larger than the sum G
of both parts. Scenario
4.2. Central vs. decentralized heating BN Bioenergy crops/residues Fischer Tropsch Ptl/Gtl
EEE Decentral Heating BB Electrolysis
In Fig. 4, we show the optimal share of district heating on the total EEm District Heat Network EEE Backup Power Plant
heat demand ®p;,;c1ear PET Telative cost e. In scenario Ref, the optimal MEN DisticCHeat Generation:  EEE Hydro:Powerand Storage
share in the base case is 8.3% (which is the potential of the cheapest W= Thermal Storage W Load Shedding
. . .. . B H2 Storage Solar Power Plant
cost section from Fig. 2). The district heating network causes annual GaE Storage B Wind Offshore
cost of 1.85bn.€/a while the provision of district heat calculated by mEm Battery Storage Wind Onshore

Eq. (9) causes cost of 1.77 bn. €/a. The network and the heat generation
contribute equally to the total cost of district heating. The main heating
technologies are decentralized heat pumps, which account for 59% of
the total heat demand, and wood pellet-based heating, which makes up
32%.

STES and EHPtX increase the share @py . icear il the base case by
0.4 and 7.2 percentage points respectively, while the combination of
both increases it by 13.9 percentage points to a share of 22.2%, which
is the full potential of the two cheapest cost sections from Fig. 2. This is
1.8 times the effect of both extensions on their own and demonstrates
that (i) especially the usage of excess heat of PtX processes notably
increases the cost-effectiveness of district heating and (ii) the synergies
of excess heat with seasonal thermal storage have an impact that is
greater than the sum of their individual parts.

If we consider that the model supplies 562 TWh of useful heat, a 1%
cost increase (1.16 bn. €/a) would be equal to very moderate additional
cost of 2.1 €/MWh. We apply modeling to generate alternatives with
the share of district heating on the total heat demand @p; ;¢ ipeq @S OUr
MGA variable. At an ¢ of 1.01, we observe a share of district heating
between 0 (in scenarios Ref and STES) and 42.2% (in scenario STES-
EHPtX). From this, we derive that the solution space at similar cost is
large: Without STES and excess heat (scenario Ref), 27.2% of the heat
can be supplied by both central or decentralized heating, while 0% of
the heat supply is clearly district heating favored and 72.8% of the heat
is clearly favored towards decentralized heating. With STES and excess

Biomass Gasification

Fig. 3. Total system cost in scenario Ref (left side of the figure) and changes in system
cost in the three other scenarios (right side of the figure). Positive changes on the right
side mean an increase in cost compared to scenario Ref and negative changes mean a
decrease in cost compared to scenario Ref. Dotted horizontal lines show the total cost
change and indicate the total cost savings achieved by this scenario compared to the
scenario Ref.

heat (scenario STES-EHPtX), 36.0% of the heat can be supplied by
both central or decentralized heating, while 6.2% of the heat supply is
clearly district heating favored and 57.8% of the heat is clearly favored
towards decentralized heating.

A side note on using hydrogen in decentralized heat generation:
this heating technology is not part of the cost-minimum solution.
Nevertheless, we can estimate the additional cost of decentralized hy-
drogen heating compared to the cost-minimum solution using MGA. Its
maximum share on the total heating demand at relative cost ¢ of 1.01
is 4.8%, which translates to additional cost of 43 €/MWh useful heat.
At relative cost of 1.05, additional cost are 48 €/MWh at a share of
hydrogen heating of 21.6%. The use of hydrogen for space heating thus
doubles the cost of heat generation compared to the average annual
cost of district heating of 38 €/MWh. This even neglects the additional
cost of operating gas distribution grids, which could otherwise be shut
down.
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Fig. 4. Minimum and maximum share of district heating on the total heat demand
over the relative cost ¢ using the method of modeling to generate alternatives (MGA).
The objective of the MGA here is to minimize (lower line) or maximize (upper line)
the share of district heating on the total heating demand.

4.3. Generation of district heat

In Fig. 5, we show district heat generation by technology per
scenario. Direct electrification using the large-scale heat pump and the
electric boiler is the most cost-effective choice in scenarios without
excess heat and has a share of 81% in Ref and 100% in STES. In
scenario Ref, electric boilers play a major role with a share of 15%
on the district heat generation. Their declining relevance in all other
scenarios shows that their flexible and cheap heat generation can be
substituted by components such as seasonal storage or excess heat. CHP
plants (in the form of wood pellet power plants) contribute 20% of
the annual energy in all scenarios without seasonal thermal storage.
If we consider seasonal storage, they show installed capacities between
9 TWh (in STES) and 49 TWh (in STES-EHPtX) and replace CHP plants
entirely. However, pit thermal energy storage in the order of magnitude
of several TWh faces challenges in terms of land consumption. Breaking
our results for Germany down to the city level for e.g. Berlin (assuming
a share of 3.9% of the German heat demand) would require 350 to
2900 GWh in close proximity to the district heating network. This
would cover 60 to 330 ha at a depth of 10 m and a temperature
difference of 50 K, which is a challenging land requirement in densely
populated areas.

4.3.1. CHP plants

As we already know from Fig. 5, the wood pellet power plant
contributes 20% of the annual energy in the district heating network
in the cost-minimal case. In this base case, the average annual price
for district heat calculated from Eq. (10) is 38.0 €/MWh. We take a
closer look at the relevance of CHP plants in Fig. 6 in the scenario
Ref. Using modeling to generate alternatives, we maximize the district
heating generation of CHP plants. The objective function maximizes the
sum over all CHP plants and does not force a high output of a particular
technology. Therefore, we can derive a hierarchy of the cheapest CHP
plants from the results.

At a 1% cost increase (1.16 bn.€/a), the generation of CHP plants
increases from 10.1 to 59.9 TWh, mainly from the wood pellet power
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Fig. 5. District heating generation per technology in the different scenarios.

plant. This equals additional generation cost of 19.3 €/MWh or 50%
of the average annual price of 38.0 €/MWh. The additional generation
cost increase even further with higher relative cost €. From a 2% cost
increase onward, the total district heating generation does not increase
anymore, but CHP plants replace generation from the large-scale heat
pump instead. At a 5% cost increase, when district heat generation of
hydrogen and synthetic natural gas surpasses 10 TWh, the additional
cost reach 47.0 €/MWh, even surpassing the average annual cost from
the base case.

Minimizing the output of CHP plants using MGA shows that it can
be forced to O for a cost increase of only 1% in all scenarios.

4.3.2. Excess heat

Our results see a strong local hydrogen economy with over 600 TWh
produced from domestic electrolysis. This leads to a large potential
of excess heat from PtX in scenario EHPtX of 148 TWh. The main
contributors are 116 TWh from electrolysis and 29 TWh from Fischer—
Tropsch PtL. Without a seasonal thermal storage, 41% of the excess
heat is curtailed, leading to 86 TWh being used. To contextualize these
numbers: [38] estimates that there is an excess heat potential from
industry at 55 °C in Germany of 34 TWh/a. The potential from Fischer—
Tropsch PtL might be even larger than 29 TWh if we consider that we
assume that around half of its excess heat is required for DAC, although
CO, might be captured from nearby combustion processes in reality.
With the additional consideration of seasonal storage in STES-EHPtX,
the full potential of 148 TWh can be integrated. Overall, the potential
of excess heat from PtX is large compared to existing excess heat and
is a promising source of excess heat in future hydrogen economies.

Existing research on barriers to the integration of excess heat into
heating networks indicates that a win-win situation for both the excess
heat provider and the network operator is a prerequisite [51]. In
Fig. 7, we plot the share of monetary revenues calculated from Eq. (11)
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Fig. 6. District heating generation over the deviation from the optimal objective using
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is to maximize the district heating output of all CHP plants combined in the scenario
Ref. The combined output of CHP plants is surrounded by a red rectangle.

between different output carriers for the three technologies producing
excess heat and, as a comparison, for the wood pellet power plant. It is
obvious that district heat as a waste product has a significantly lower
monetary value than the main products of PtX, which are synthetic oil
and hydrogen. Revenues from district heating are always less than 3.2%
of total revenues for the electrolysis, 1.2% for Fischer Tropsch PtL and
3.0% for Gas To Liquid, despite having an energetic share of up to 23%.
As a comparison, the wood pellet power plant shows a monetary share
of district heat of 34% in the scenario Ref.

The electrode boiler is a relevant technology in the scenario Ref in
particular and is generally described as a peak load boiler that covers
a high heat load in winter. Our observations contradict this narrative.
The electric boiler is operated on cheap electricity prices, while high
thermal load in winter is covered by the heat pump and CHP plants.
Its production in the summer half (from the end of March to the end
of September) is 83% of its annual production in Ref and even 92%
in STES. Excess heat from PtX products replaces the electrode boiler.
The average electricity price for the electrode boiler is 7.0 €/MWh in
Ref and 0.3 €/MWh in STES, compared to an average electricity price
in the scenario Ref of 55.3 €/MWh for the large-scale heat pump and
116.2 €/MWh for the decentralized heat pump.

5. Discussion

Our results concerning the competition between centralized and
decentralized heating show a large solution space with similar total
costs. This is important, as decentralized heating places a significant
financial burden on individual households with high initial investment
that can lead to social challenges. The mandatory requirement for
homeowners to install expensive climate-friendly heating solutions for
climate protection reasons has led to opposition to the German Building
Energy Act in recent months. For similar reasons, some EU member
states have expressed concerns about the revision of the EU’s Energy
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Fig. 7. Share of revenues of different power-to-x plants and the wood pellet power
plant per output carrier.

Performance Buildings Directive [35]. Compared to decentralized heat
supply, district heating networks can be decarbonized without having
to replace the building installation. In addition, they offer the advan-
tage of integrating flexible heat sources, but are constrained by lower
heat density in sparsely populated areas. Municipalities in urban areas
with high heat density are thus able to alleviate the financial pressure
on private households and ensure coordinated, efficient heat supply by
the operation and decarbonization of district heating networks. District
heating networks are typically owned and operated by public services,
which can be more easily incentivized by the government to make
investments than private households.

We would like to clarify here that this does encourage a freedom of
choice between central or decentralized heat on the level of municipal-
ities, but does not encourage it on the level of individual households.
We show that the solution space for many municipalities with high
heat density is large and both central and decentralized heating is
cost-effective. Nevertheless, we base our model on the assumption of a
binary investment decision, where a contiguous heat area either is or is
not supplied by district heating. This does not consider that individual
households within a district heating network choose decentralized
heating and thus reduce the heat density of the district heating network.
In scenario Ref, only the cost section of district heating networks with
the lowest investment (and the highest heat density accordingly) is
built. This indicates that lower heat densities induced by heterogeneous
heating technologies within the same municipality are a serious threat
to the cost-effectiveness of district heating networks. Limiting the free-
dom of choice of individual households using a compulsory connection
to the heating network then seems justifiable. Future research could
consider a non-binary investment decision within one heat area to
consider heterogeneous consumer behavior.

Similar cost at different solutions explains the large difference in
solutions in German energy system studies with district heating shares
between 8% [3] and 32% [4] and is also visible in the case study for
the UK in Zhang et al. [8]. The consideration of increasing investments
in district heating networks with higher shares of the total heat demand
seems to be of crucial importance in order to accurately model the
economic use of heating networks, which is similar in Zhang et al. [8].

Biomass-based CHP plants account for 20% of the annual district
heat generation in the cost-minimal solution and supply heat mainly in
winter. Nevertheless, solutions without CHP plants have similar costs,
while larger CHP market shares than in the cost-minimum solution
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significantly increase the overall system cost due to high fuel cost
at carbon neutrality. This is especially true for hydrogen-fueled CHP
plants, which incur large additional cost when forced into district
heating. The generation of district heat from CHP plants is expensive
due to high prices of combustible materials at climate neutrality. In
the scenario Ref, H, and synthetic natural gas show average annual
prices of 73.5 and 103.7 €/MWh, respectively. The price is generally
even higher in winter, which is when CHP plants produce heat, when
electricity production from PV is low and the energy demand due to
heating is high. The conversion of gaseous energy carriers into heat
with much lower exergy and thus monetary value is expensive and only
cost-effective during limited times of the year with high heat demand.
The hierarchy of CHP plants in the model is another indicator for the
relevance of the operation cost from carrier prices: Biomass-based CHP
plants are the preferred CHP plants for longer operation in winter due
to their low fuel cost between 15 and 28 €/MWh. Their Capex are
factor 1.7 higher than the H,-ready combined cycle power plant and
factor 3.5 higher than the H,-ready gas turbine. Nevertheless, district
heat generation by CHP plants is only cost-effective on cheap input
fuels due to the high value of synthetic fuels at carbon neutrality. The
resulting unit commitment runs the wood pellet power plant on 817
full load hours and longer cycles (74 h on average). No CHP plant is
close to a base load unit commitment. In addition, we observe the effect
that CHP shares in district heating generation that exceed the optimum
replace other low-cost heat from direct electrification and thus lead to
higher overall costs. This is an effect that was theoretically shown by
Moser et al. [16].

Direct electrification via heat pumps and electric boilers is the most
promising method for the decarbonization of district heating networks.
Our results point out that the main asset of decarbonized district
heating is the ability to react to fluctuating electricity prices. Flexible
heat pumps in heating networks on average pay less than 50% for their
electricity compared to inflexible decentral heat pumps. The electric
boiler mainly runs on excess electricity with an average electricity price
of only 7.0 €/MWh. This indicates that the electrode boiler is an excess
heat technology instead of a peak load technology. Additionally, it
underlines the strength of district heating networks to react to fuel
prices and flexibly integrate the cheapest energy source in each time
step. Individual households will soon have to behave more system-
friendly, but unlike district heating, this cannot be done across the
board. [52] estimated that the cost for industrial excess heat recovery
using a flue-gas condenser are 200 €/kW, which is 2.5 times the cost
we assume for the electrode boiler. The definition of excess heat and
how we generate excess heat might change in PV-dominated energy
systems with opposing heat consumption: curtailment in summer will
be high and only technologies with low Capex can use it economically,
running on low full load hours. Many existing studies on the usage of
power-to-heat options use historical price and emission data [17,20,24]
or even assume flat prices [21]. Following this, Malcher et al. found
that electric boilers would lead to higher emissions than gas boilers due
to the emission-factor of electricity. Doraci¢ et al. [21] find a share of
CHP plants in their heat supply of 61%. These findings significantly
deviate from our results and prove that sector-coupled models with
model-endogenous commodity prices are necessary to accurately assess
how decarbonized energy systems affect the heating sector.

Since power-to-heat and water-based seasonal storage are low-cost
technologies, the coupling of heat generation to PV becomes significant.
The Pearson correlation coefficient between PV production and district
heat production is 0.31 in Ref, 0.54 in STES and 0.61 in STES-EHPtX,
despite their opposing seasonality. Prior research, which did not con-
sider seasonal thermal energy storage or excess heat of PtX, concluded
that power-to-heat usage has no impact on PV deployment [11]. This
shows that considering cheap technologies with high flexibility that
can use high peaks from PV electricity is necessary to evaluate the
interconnections between PV and heat generation.
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The monetary value of excess heat is low compared to their core
business of synthetic fuels. The main products will remain the core
business of PtX plants, which aligns with the existing literature [26].
The consequence of this is that there will be very little incentives
for the operator of an electrolyzer to feed excess heat into a heat
network. Other location factors, such as the availability of renewable
electricity and the connection to infrastructure to distribute the main
products, will remain the deciding locational factors. Overall, excess
heat utilization is a promising option in locations offering good ad-
ditional site factors for power-to-x plants. In addition, a considerable
surplus of electricity can be expected in urban areas with high heat
density, as large PV systems are installed on rooftops there. This surplus
electricity can be used by cheap power-to-x applications running on
low full load hours. For such regions, the combination of excess heat
utilization and seasonal thermal energy storage becomes interesting
and shows a large potential for cost reduction. Nevertheless, the cost
savings from seasonal heat storage systems have to be related to their
space requirements in densely populated areas. If such systems can be
implemented effectively within the heating network area, it will make
district heating even more attractive.

5.1. Sensitivity to biomass availability

The future availability of sustainable biomass is highly uncer-
tain [33] and competition with sectors that are difficult to decarbonize,
such as industrial process heat, could intensify competition for scarce
resources. However, biomass plays an important role in the heating
sector in our results. Usually, we assume that 350 TWh of biomass are
available from both bioenergy crops and residues. To test our results’
robustness, we limit biomass availability to residues only, which leads
to a potential of 186 TWh.

We apply modeling to generate alternatives with the share of district
heating on the total heat demand @p;y icihear @5 OUr MGA variable. In
Fig. 8, we plot the resulting consumer shares @ in the scenario Ref. In
the base case (¢ = 1), the share of district heating @py;ictiear 1S identical
to our main scenario at 8.3%. The reduced biomass availability is
reflected in a shift in the share between decentralized technologies.
Biomass heating drops from a share of 32.3% to 11.6% while the
decentralized heat pump covers the additional heat demand. The wood
pellet CHP plant still contributes around 20% of the annual district heat
while H,-fueled CHP plants are not part of the optimal solution. At
relative cost € of 1.01, @pg iciear iNCreases to 33.2%, which is even
higher than the share in the main scenario of 27.2%. At this point,
decentralized biomass-based heating is phased out. This trend of larger
Dpisrictear Without bioenergy crops continues with larger e.

Overall, biomass availability mainly affects the use of decentralized
biomass heating. When biomass availability is low, the possible loca-
tions for district heating even increase due to the lower competitiveness
of decentralized heating. The use of biomass in CHP plants is not
affected. Instead, decentralized biomass heating is displaced by the heat
pump. Therefore, we can conclude that our main results are robust to
low biomass availability.

5.2. Limitations and further research

As is usual with energy system models, our results are only valid
within the framework of the assumptions made. An important modeling
choice we made is the usage of a green-field optimization, which
neglects path dependency. We chose a greenfield approach, because
less path dependency means that the results can be interpreted more
clearly and we expect a moderate impact of this approach on our
results. The decarbonization of heating requires a replacement of fossil
heating technologies such as gas and oil within the next 20 years,
which is still possible, as lock-in effects that would favor certain paths
have not yet taken place. However, this could change in the coming
years, e.g. due to the construction of new fossil heating systems or the
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introduction of new CHP plants, and future research could take path
dependency into account.

Second, we do not consider flexibility of decentralized heating via
local buffer storage. This increases the ability of heat pumps to respond
to fluctuating electricity prices. However, we expect the impact from
this to be small, because the additional flexibility from buffer storage
is limited to a load shift potential of only a few hours. Additionally,
efficient use of distributed flexibility requires coordinated control,
which would require improved digitization under current conditions in
Germany.

Third, we do not consider heat generation from geothermal and
solar thermal sources. Solar thermal energy has similar strengths and
weaknesses to the combination of photovoltaics and heat pumps. It has
a high heat yield per area and competitive cost, but its peak production
is in summer when demand for heat is low. The additional advantage
of solar thermal is that high temperatures are easier to achieve. Since
we are not able to consider temperatures in a linear model for the
national energy system, potential strengths of solar thermal are not
visible. Thus, we decided not to assess the competition between PV and
solar thermal as our model cannot fairly assess the respective strengths
of both systems. Geothermal heat generation could play an important
role in locations with good conditions due to its low cost. However,
the assessment of geothermal potential is time-consuming and costly
and uncertain at the national level, which is the focus of our analysis.
Therefore, we expect geothermal heat to favor district heating networks
in locations with good geothermal conditions regardless of heat density.

Finally, we simplify the use of flexibility options. We assume that
excess heat from power-to-x plants can be integrated without addi-
tional cost for heat exchangers and connection to the heating network.
Flue gas condensers for industrial excess heat cost 200 €/kW [52],
which would be a significant cost increase considering our assumption
for electrolyzers of 360 €/kWy, . Pit thermal energy storage requires
large land areas in densely populated cities, as noted in Section 4.3.
The specific land consumption is 1.72 m?/MWh. At land costs of
1000 €/m?, which is a typical value in large German cities, this would
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add 1720 €/MWh, more than quadrupling the cost assumption of
470 €/MWh. Overall, the potential of these flexibility options is large,
but it depends on local factors whether they can reduce cost.

6. Conclusion

Our study reveals that the future design of the heating sector is
very flexible with various solutions with similar cost, but different
technology usage. We define similar cost as solutions within a 1%
increase in total system cost compared to the optimal solution. We show
a flat optimum in terms of cost-effective heat supply solutions, sug-
gesting multiple viable pathways to decarbonization. Our results show
that, depending on the scenario, 27.2% to 42.2% of the German heat
demand can be supplied by district heating for similar cost compared
to decentralized heating.

Direct electrification via heat pumps and electric boilers is the most
promising method for the decarbonization of district heating networks.
Biomass-based CHP plants account for 20% of the annual district heat
generation in the cost-minimal solution and supply heat mainly in
winter. Nevertheless, solutions without CHP plants have similar costs,
while larger CHP market shares than in the cost-minimum solution
significantly increase the overall system cost due to high fuel cost
at carbon neutrality. This is especially true for hydrogen-fueled CHP
plants, which incur large additional cost when forced into district
heating. We conclude that alternative flexibility options such as electric
boilers and seasonal thermal energy storage should be preferably con-
sidered and that reliance on CHP plants for heat generation should be
treated cautiously. Monitoring and coordination by a federal authority
to avoid large-scale expansion of CHP plants at locations with alter-
natives appears justified to avoid unnecessary competition for scarce
combustible fuels with other sectors.

Excess heat from power-to-x plants has a considerable potential and
can reduce total system cost significantly. The potential is a magnitude
larger compared to industrial excess heat. However, it can only be used
as an additional heat source in combination with other permanently
available options, since the availability of power-to-x waste heat is
correlated with the energy surplus in the overall system and not with
the district heating demand. In addition, the monetary value of excess
heat is low compared to their core business of synthetic fuels, which
poses a challenge for creating a win-win situation for both the excess
heat provider and the district heating network operator.
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Appendix A. Model documentation

A.1. Model notation

A.1.1. Sets
Set Description
ceC Set of components
geQccC Set of sources
xeXccC Set of converters
uelUccC Set of consumers
seSccC Set of storage
ecE Set of energy carriers
E"CE Input energy carriers of

component ¢

EMCE Output energy carriers of

component ¢
teT Set of time steps

XV cXx Converters with variable
efficiency rate
Xt c x Converters with extraction CHP
U c U Consumers with application a
as output
A.1.2. Parameters
Symbol Unit Description

At h Length of time steps

pwace - Weighted average cost of
capital

cf‘mer €/MWh Spec. fuel cost of energy carrier
e

cfix €/MW Spec. fix cost for power

capacity of component ¢

cfix’e"ergy €/MWh Spec. fix cost for energy
capacity of component ¢

com % OM cost share of component ¢

crmpt €/MW Cost for ramping up converter x

OO limit ¢ Spec. CO, emission limit

@ECOZEf t/MWh Spec. CO, emission factor of
energy carrier e

e VAT Max energy import of energy
carrier e

d,; MW Demand of application a in
time step t

A - Life time of component ¢

ﬂccrf - Capital recovery factor of
component ¢

e MW Capacity potential of
component ¢

fod - Capacity factor of source q in
time step t

frame - Factor that represents the

capability to ramp of converter
x
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Symbol Unit Description

nn, - Input efficiency rate of
converter x of energy carrier e
in time step t

ne - Output efficiency rate of

converter x of energy carrier e
in time step t

plunmax - Maximum fuel utilization rate
of CHP converter x
ocb - Minimum power to heat ratio

of CHP converter x
el - Relative potential E2P
deviation factor of storage s

T MWh/MW  General energy to power
capacity ratio of storage s

;151"‘ - Efficiency rate of charging of
storage s

ndis - Efficiency rate of discharging of
storage s

ngd 1/h Energy self discharge of storage
s

A.1.3. Variables
Symbol Unit Description

Pimport MW

» Import of energy carrier e in time

step t

PP MW Power capacity of component ¢

PCinSt MW Power capacity installation of
component ¢

Pg}“ MW Power output of component ¢ in
time step t

P;"t"’th MW Thermal power output of CHP

' component x in time step t

R;‘, MW Ramping up of converter x in time
step t

PL“; MW Power input of component c at
time step t

EZP MWh Energy capacity of storage s

Einst MWh Energy capacity installation of
storage s

E,, MWh Energy of storage s at time step t

A.2. Model formulation

A.2.1. Objective function

Minimize the objective function, consisting of the total cost of
components (CAPEX and cost for operation and maintenance), the
carrier import cost and ramping cost:

Ctotal = CCapex 4 com 4 Ccarrier + ¢cramp (A.1)

The CAPEX are determined by the annual power installation, the
specific fixed price and the capital recovery factor. To consider also
the energy of storage units, a second term is needed:

ceapex _ Z Pcinst . Cgix . ﬁccrf + Einst . cglx,energy . ﬁfrf (A.2)
c

with the capital recovery factor:

erf _ ﬂwacc -+ ﬂwaCC)/IC

¢ (1 + pwaccyde — | ve (A.3)
Operation and maintenance cost:

com — Z Pccap L com Cgix + Z Escap . C?m . cﬁlx,energy (A.4)
c s

c
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Table B.1
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Final energy consumption per energy carrier and application in ESTRAM in TWh. Other energy carriers have an end energy consumption

of zero in our model.

Application Biomass Woody District Heating Electricity Gas H, oil
Aviation 0 0 0 0 0 128.2
Rail 0 0 18.9 0 4.3 0
Street 0 0 162.5 0 32.0 0
Space Heating® 172.6 37.6 86.4 0 0 0
Hot Water® 41.1 8.9 26.2 0 0 0
Process Heat 0 0 179.6 208.2° 0
Cooling 0 0 41.7 0 0 0
Lighting 0 0 43.3 0 0 0
ICT 0 0 37.5 0 0 0
Mechanical Energy 0 0 135.9 0 0 0
Feedstock 0 0 0 28.2 0 171.5
Total 213.6 46.5 732.0 28.2¢ 36.3¢ 299.7

2 The final energy consumption for the applications space heating and hot water is part of the optimization and therefore different
between our four scenarios. The consumption shown here is valid only for the scenario Ref.

b We assume that H, and natural gas are interchangeable for process heat. The sum for both carriers is set to 208.4 TWh exogenously,
but the split between them is part of the optimization.
¢ Excluding the flexible consumption from process heat.

Table B.2

Input data assumptions of energy carriers e.

Carrier CO, emission factor Import cost Forced constant import power
ﬁ M\LNh
Biomass Digestible Energycrop 0 27.6 No
Biomass Oily Energycrop 0 116.0 No
Biomass Woody Energycrop 0 26.4 No
Biomass Digestible Residue 0 17.1 No
Biomass Woody Residue 0 15.3 No
H, 0 90 Yes
Gas 201 35 Yes
Oil 266 60 No

Table B.3

Input data assumptions of sources q.

Source Fix Cost O&M Cost Life time Max. full load hours LCOE Capacity potential
€/kW % of Fix Cost/a a h €/MWh GW

Solar 485 2 25 1136 31.7 Unlimited

Wind Onshore 900 3.5 25 919-4057° 19.8-87.4" 210°

Wind Offshore 1768 3 25 5001 29.8 70.8

Hydro 3000 1 50 3828 35.5 4.3°

2 We use the ESTRAM feature of subclasses to model wind onshore power plants with different full load hours due to differing wind speeds
across Germany. All subclasses combined have a capacity potential of 210 GW and we assume a distribution across subclasses that is equivalent
to today’s locations of wind parks

b The dimensioning of hydro power plants is not part of the optimization. Instead, we force the model to install today’s installed capacity of

4.3 GW

Carrier import cost:

ccarrier _ 2 2 lePOTt

Ramping cost:

cramp _ 2 ZR

A.2.2. System constraints
Energy balance:

1mport + Z Pout Z P;r; + de’t

Maximum CO, emissions:
Z Z Plrnport

A.2.3. Component

carrier
c?

ramp+

Ve, Vt

COzef CO, limit

<0,

(A.5)

(A.6)

(A7)

(A.8)

In green-field scenarios, component capacity is equal to the annual

installation:

PcaP Pmst

(A.9)
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The capacity is constrained by the capacity potential:

PCCap < pznax Ve. (A.10)

A.2.4. Source
Operation of sources does not exceed their capacities multiplied
with their capacity factor for every time step:

P°‘“<Pcap fc"‘p Vg, Vi (A.11)

A.2.5. Converter
Power output is linked to its power input and its efficiency rate:

out .
2 > Pn,

x,el
e EOUt Mt ecEn

Vx, Vt (A.12)

out Mxet

The primary power output of converters must not exceed their
capacities for every time step:

pout PcaP

© EOU{0]1 . Vx, Vt

(A.13)
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Table B.4
Input data assumptions of converters x.

Converter Fix Cost® O&M Cost Life time Efficiency® Input Output

€/kW % of Fix Cost/a a %

2900 4.5 30 37 Biomass Electricity
Biogas PP District Heating
Biomass Heat 440 7.9 25 115 Biomass District Heating
Plant
Biomethane 896 7.8 20 87 Biomass Gas
Facility
Combined Cycle 1100 4 30 56.1 Gas Electricity
PP or H, District Heating
Electrode Boiler 80 1.5 20 99 Electricity District Heating
Electrolysis 360 5 20 66.7 Electricity H,
Fischer Tropsch + 1447 5.2 25 61 H, Oil
DAC Electricity
Fischer Tropsch 3460 2.5 25 30 Biomass Oil
BtL
Gas to Liquid 501 12.8 20 66.7 Gas 0il
HVO 800 5.4 25 97.7 Biomass oil
H2ready PP 550 4 30 40 Gas Electricity

or H, District Heating
Large-Scale Heat 490 0.4 25 250°¢ Electricity District Heating
Pump
Methanization + 716 4 20 58 H, Gas
DAC District Heating
Electricity

Wood Chip 1500 1.6 20 65 Biomass Gas
Biomethane
Wood Pellet PP 1940 2.8 25 29 Biomass Electricity

District Heating

@ Cost always refer to the primary output power, e.g. the cost of a CHP plant are in kW, and those of electrolysis in kWy,.

b For CHP plants, the efficiency only refers to electrical efficiency without heat extraction. The efficiency rate with heat extraction depends
on the operating point. For converters with multiple inputs or outputs, the efficiency refers to the combined efficiency of the energy E of all

) ) s
inputs i and outputs o: n = MTE
sum ™ E,

¢ The large-scale heat pump uses an hourly coefficient of performance (COP) that depends on the ambient temperature. The given COP of
2.5 is the time-weighted average over the entire year and varies with the scenario, depending on the optimized dispatch.

Table B.5

Ramping parameter parameters of different types of CHP plants.
CHP plant Ramping Source Ramping Cost Source
Unit % of P{*™P/h €/MW
Biogas 8.4 [53] 57 [53]
Combined Cycle 34 [53] 57 [53]
H,-ready 100 [53] 28 [54]
Wood Pellet 8.4 [53] 85 [54]

A.2.6. ExtConverter
Total power outputs of CHP converters physically cannot exceed the

(fuel) input power:
t out,th

P4 PO < Y

in
e€EY

Pin

. ,fur,max
x,et ’1)(

Vx € X vt (A.14)

For extraction CHP converters a minimum power to heat ratio needs
to be considered:

POUt > pOUtth by e yext g (A.15)

A.2.7. Consumer
Consumer split the supply of an application based on their share on
the total demand of their application:

PR n, =®,-d,, VueUMVi (A.16)

Total consumer output for an application needs to cover the
maximum application demand:
?,=1

out
uely

Va (A17)
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A.2.8. Storage
New storage installations can vary inside a given range around the
power to energy capacity ratio:

1
—<
S rel —
”S

Pxinst - Einst < PSirASt - n,rel Vs (A.18)

N
Energy content in storage is derived by previous energy content, self
discharge and input and output processes including efficiency losses:

1
i

s

sref

E;=E;, g (1—n*- areha/a™ 4 gp. (pin. peh — pout. Vs, Vit

st

(A.19)

Energy content of storage units cannot exceed energy storage
capacity:

E ., <

o S ESP Vs, (A.20)

Power input and output of storage units is limited by power
capacity:

PO < PP sVt (A.21)
A.2.9. Carrier
Annual import energy is limited:
(A.22)

2 Pelrtnport At < elemport,max Ve
t

Power of imports has to be equal in all time steps of a year to avoid
flexibility stemming from imports:

import _ pimport
P, et - Pe,t—AI

Ve, Vt (A.23)
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Table B.6
Input data assumptions of storage units s.
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Storage Fix Cost Power  Fix Cost Energy =~ O&M Cost Life time  Round trip n  Decay
€/kW €/kWh % of Fix Cost/a a % %/week

Battery 30 130.7 1 15 90.3 0.8

Gas 575 0.45 0.25 30 85.7 0

H, 575 0.45 0.25 30 85.7 0

Pumped 1065 75 1.5 80 74 0

Pit Thermal 0 0.47 0.5 20 79.2 0.8

Tank Thermal 0 3 3 25 98 3.3

A.2.10. Ramping [12] Sifnaios I, Sneum DM, Jensen AR, Fan J, Bramstoft R. The impact

The ramp up of a converter is determined by the change of its
primary power output compared to the last time step:
+ out _ pout
R 2 Plpoug, = Popowiomy W01 (A.24)
Ramping up converters from one time step to the next one is limited
by the ramping factor:

X

PEPL TP > PO PO Xt (A.25)
Appendix B. Model parameters

See Tables B.1-B.6
Data availability

Data will be made available on request.
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