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ABSTRACT: The transformation of district heating systems in Germany is a central topic in energy and climate
policy, given the 2045 climate neutrality targets. This study focuses on the main district heating system in the city of
Géttingen in Germany, whose heat generation currently relies primarily on three Combined Heat and Power (CHP)
plants subsidized under the German CHP Act, one wood chip boiler and two gas boilers. In 2025, the network’s heating
demand amounted to 89 GWh, which was mainly covered by wood chips or biogas (41%) and natural gas (21%). This
paper examines an option for increasing the share of renewable energy in the main district heating system of Géttingen.
Therefore, this work analyses the integration of a power-to-heat system from a technical and economic perspective. The
power-to-heat system consists of a Heat Pump (HP) that uses waste heat from a sewage treatment plant and is primarily
powered by an off-grid wind turbine. The scenarios simulated vary in the temperature difference at the waste heat source
and the part-load range of the HP. The optimum rated output of the HP is then determined based on the Levelized Cost
of Heat (LCoH). The results indicate that the economic optimum is achieved with a HP of 2 MW capacity reaching a
LCoH of 38.85 EUR/MWHh. The integration of an on-site wind power plant ensures a self-sufficiency ratio above 0.55 in
all investigated scenarios. Furthermore, the partial load range of the HP has a very positive effect on the LCoH. Overall,
this analysis demonstrates a significant and economically viable decarbonization of the district heating system using
local resources. Based on these results, it is recommended to investigate the potential benefits of integrating additional
thermal or electrical storage systems. This could increase the share of renewable energies in the district heating system
as well as the degree of self-sufficiency, and enable the provision of system services for the electricity market. Such
measures could also contribute to a further reduction in the LCoH.

KEYWORDS: Heat pump; district heating; simulation; levelized cost of heat; sewer; wind power plant; waste water
treatment plant; self-sufficiency

1 Introduction

Greenhouse gas emissions caused by human activities are the primary cause of the observed warming
of the climate system and one of the greatest threats of the 21st century [1]. Global greenhouse gas emissions
have reached record levels in recent years, with energy-related CO,q emissions continuing to rise and
contributing significantly to the increasing carbon load in the atmosphere [2]. According to the latest
estimates, meeting the temperature limits of the Paris Agreement requires a rapid and sustained reduction
in all major greenhouse gas emissions [3].

Reducing CO, .q emissions is therefore both ecologically crucial and economically sensible, as climate
protection measures that limit warming also reduce climate impacts and the associated socioeconomic
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costs [4,5]. In particular, the deployment and expansion of renewable energy technologies, such as wind and
solar power, can significantly reduce CO, emissions from the energy sector by displacing the use of fossil
fuels [6] (p. 406).

In Germany, renewable energies account for around 55% of electricity generation, but only approxi-
mately 22% of heat supply. Overall, the heating sector is responsible for about 20% of total CO, emissions,
which will reach 640 million tons of CO, in Germany in 2025 [7].

A significant reduction in annual greenhouse gas emissions is possible, particularly in District Heating
(DH). In 2024, the share of renewable energy in this sector was only 19% [8]. Providing heat with large-scale
heat pumps (HPs) is one option for decarbonizing DH. Industrial waste heat or waste heat from waste water
can be efficiently tapped for this purpose [6] (p. 413).

As part of its ambitious climate protection goals, the city of Gottingen wants to make its DH supply more
sustainable. Stadtwerke Goéttingen, the operator of the analysed DH system, has contractually committed to
a primary energy factor below 0.5 and a CO, factor below 120 g/kWh [9]. Therefore, the share of renewable
energies in DH supply is to be expanded; by 2045, the aim is to achieve a feed-in of 100% renewable energies
with a maximum share of 15% biomass, and, in the medium term, a reduction in the CO, factor to 0 g/kWh
while taking economic conditions into account [9].

Currently, the district heating system in the city of Gottingen comprises two biomass boilers, several
combined heat and power units fueled by biogas or natural gas, and direct utilization of industrial waste heat.
In 2025, the DH system derived 41% of its energy from renewable sources and waste heat [10].

In addition to the existing renewable energy sources, one component in the transformation of DH
supply in Goéttingen could be the integration of waste heat from the treated waste water at the waste
water treatment plant in Géttingen using a water-to-water HP. The electrical energy from an off-grid wind
turbine promises low electricity procurement costs, since the economic viability of a HP depends mainly on
electricity costs [11,12]. The system configuration is shown in Fig. 1.
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Figure 1: Schema of the analysed energy system (Icons used from istock, pngtree.com, freepik.com, and flaticon.com).

There are several plants in Europe with HPs that utilize waste heat from waste water. Examples
include [13] with a thermal capacity of 1.9 MW, [14] with 4.5 MW, and [15] with 40 MW, whereby the thermal
energy of the waste water is increased from 8°C to 65°C. In addition, reference [16] provides a collection of
projects on waste heat utilization in waste water treatment plants. However, no studies were found whose
technical and economic results are directly transferable to this case study. This is because the HP are, without
exception, powered by grid electricity and not supplied by a wind turbine via direct line. Furthermore,
economic efficiency depends on hourly and site-specific data regarding weather, DH load profiles, and the
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availability of waste heat. For these reasons, a site-specific analysis is necessary for a sound technical and
economic evaluation.

This paper aims to address the techno-economic feasibility and optimal sizing of a HP and an off-grid
wind turbine, as well as the associated energy flows when connected to the local DH network.

Using several scenarios, the energy and economic interactions of the most important system
components—waste water flow, DH network, and wind turbines—are evaluated on the basis of hourly
balances. The scenarios differ with respect to the temperature drop at the waste heat source, the nominal
thermal output of the HP, and the Partial Load (PL) range. The PL range defines how a HP can reduce its
power rating. 100% means a variation of 0 to maximum power rating is possible. Together with the investment
and operating costs, economic parameters are calculated, including the LCoH. The LCoH is then used to
determine the optimal system configuration.

The work begins with the fundamentals of the state of the art and current knowledge. The input data and
methodology are then described. This includes data handling, energy balance calculations, formulation of
adequate scenarios, and the basis for technical and economic analysis. The work concludes with the techno-
economic results and further research questions.

2 Materials and Methods

The input data for the simulation include weather data, waste water volume flows and temperatures at
the outlet of the waste water treatment plant, and the hourly DH demand in Gottingen. The energy system
is influenced by local weather conditions. The German DWD Climate Data Center [17] provides weather
data for the city of Gottingen including air temperature 2 m above ground level and wind speed 12 m above
ground level. These data are available for all years in the study period; data from the year 2019 are used
which match the year of measurement at the waste water treatment plan. In total, there are 122 h of missing
outdoor temperature measurements, which are supplemented by the smoothed outdoor temperature of the
measurements before and after. In the data set, there are 82 h of missing wind speed measurements, which
are replaced by the monthly average wind speed.

2.1 Wind Power Plant

For the energy system model, a wind turbine of type Enercon E-160 EP3 E2 was selected which provides
the electrical energy for operating the HP in addition to the grid connection. The electrical output is
calculated hourly using the system-specific performance curve and the wind speeds from [17] extrapolated
to 120 m hub height with Eq. (1), which specifies the electrical power as a function of wind speed at hub
height.

O

VHH,i(hHH) = VMH,i *

where vy (hyp) is the wind speed at hub height, vy is the wind speed at measure height, & is the
height, i indexes the time step, and z, takes the environmental conditions into account. Following [4], the
surroundings around the city of Gottingen can be assumed to be zy =1 m.

The wind turbine supplies the HP with electrical energy via a direct line, thereby avoiding grid fees. This
results in electricity procurement costs from the wind turbine of 0.0735 EUR/kWh, which corresponds to the

»

“[...] maximum value for tenders for onshore wind energy for the bidding dates in 2025 [...]” [18] set by
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the Federal Network Agency. Although the wind turbine is grid-connected, only the direct electricity supply
to the HP is considered within the system boundaries of this study. Electricity that is not consumed by the
HP can be fed into the grid; however, the associated revenues are not included in the economic evaluation, as
electricity market participation is outside the scope of this analysis. The grid electricity procurement costs,
amounting to 0.166 EUR/kWh, are close to the industrial electricity price for 2024 according to BDEW [19].

2.2 Waste Water Heat at the Effluent Outlet of the Waste Water Treatment Plant

According to [20,21], the waste water at the outlet of a waste water treatment plant is on average 5 to
10 Kelvin warmer than the outside air over the course of a year. The difference is greatest during the winter
months from October to April. This is also seen at the outlet of the waste water treatment plant in the city
of Gottingen in Fig. 2. There, the waste water flow at the outlet of the treatment plant is given with daily
temperature and daily volume flow for the year 2019.
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Figure 2: Temperature curve of the waste water stream at the waste water treatment plant. The difference in temperature
between the waste water and the ambient temperature is greatest during winter months.

For the simulation, the daily values are distributed evenly across the hours of the day, with the heat
extractable from the waste water being calculated using Eq. (2).

Qww,i = fitww,i Cp - ATww,i (2)

where wa,i is the amount of waste heat, and #1ww; is the mass flow rate of the waste water at time step i. ¢,
is the thermal heat capacity of water with 4.185 kJ/kgK, and AT is the temperature drop due to heat extraction.

It is assumed that the heat exchanger is capable of transferring the required heat load. The reduction in
heat transfer performance due to biofilm formation is accounted for by appropriate over-sizing of the heat
transfer area. This corresponds to common engineering practice, where fouling resistances are considered
during the design stage using fouling factors or safety margins [22].

In practical operation, biofilm growth and removal processes (e.g., due to shear stress) typically reach
a dynamic equilibrium, resulting in an asymptotic fouling resistance and a quasi-steady heat transfer
performance [22] (p. 11-15). This approach is also consistent with industrial design practices as described in
heat exchanger design guidelines [23].
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2.3 Heat Pump

The HP is modelled on the basis of a standard thermodynamic cycle. The working medium evaporates
in the heat exchanger on the heat source side, absorbing thermal energy in the process shown in Fig. 3
points (D) to 2). A compressor in (2) uses electrical energy to increase the temperature and pressure level
of the working medium. Finally, the working medium releases its heat for heating purposes via a second
heat exchanger, also referred to as the condenser on the heat sink side, between (2) and (3). After passing
through an expansion valve in (4), the temperature and pressure of the working medium drop back to their
initial state. After condensation, the working medium begins the cycle anew. Overall, the HP raises the
temperature of the treated waste water flow and feeds the thermal energy thus generated into the supply line
of the district heating network. Ammonia (NHj3) is currently the most commonly used natural refrigerant
for flow temperatures of around 90°C on the heat sink side [24].

Heat sink
DH return flow — iy —t—s DH supply flow

X@ @

@

Waste water flow <«— <« Waste water flow

Heat source

Figure 3: Schematic flow diagram of a waste water-based heat pump, showing the typical units and components.
Adapted from [25].

Various key figures are used for technical and economic evaluation: the Coefficient of Performance
(COP), the Annual Performance Factor (APF)', the Full Load Hour (FLH), the Levelized Cost of Heat
(LCoH), and the Degree of Self-sufficiency (DSs).

Following [26], the operation of a HP can be described in a practical yet idealized manner by the Lorenz
cycle. The corresponding COPy orenz,i expresses the amount of heat (Q;) that can be supplied per unit of work
(W;) at time step i and is defined by Eq. (3). Further discussions on the use of the Carnot or Lorenz cycle as
a reference for HP performance can be found in [4,27].

Q;
C()PLorenz,i = WII (3)

According to [26], the COPypren, can also be expressed by the average temperatures of the low-
temperature heat source and the high-temperature heat sink. The average temperatures (T) on the waste
water side (WW) and the DH side are calculated for each time step i using Eqs. (4) and (5), respectively.
Based on these average temperatures, the COPpyren, can be determined using Eq. (6) [28] (p. 349).

! Alternative terms used in the literature include Seasonal COP (SCOP) or Seasonal Performance Factor (SPF).
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- _ TWW,in,i - TWW,out,i
Tww,i = (4)
TWW,in,i
In| ————
TWW,out,i
_ TDH,in,i - TDH,out,i (5)

Tpn,i =
Tpn,in,i
In| ————
ToH,out,i

Tou,i
COPLorenz,i = —L (6)

pH,i — T'ww,i

Losses in the system components and peripherals are simplified and taken into account using the degree
of quality (1) in order to indicate the actual efficiency (COP;) of the overall system in accordance with Eq. (7).
Based on the literature in Table 1, an average factor of 0.55 is reasonable.

COPz = CC)PL()renz,i N (7)

Table 1: Values for the degree of quality according to different literature.

Reference Factor Reference Factor

[29] (p. 14) 0.5 [30] (p. 366) 0.5-0.6

[31] (p. 116) <0.5 [32] (p. 340) 0.45-0.55

[33] (p. 16) 0.6 [34] (p. 6) 0.55
[35] (p. 19, p. 21) 0.4-0.6

With Eq. (8) the energy balance of the HP can be expressed. Depending on the consumed electric power
(P;) and the used waste heat (wa,i), the heat delivered by the HP (QHp,i) can be calculated for time step i.

Qup.i = Pi + Qww.i (8)

The APF shows the annual (a) efficiency of a HP and is the quotient of the annual thermal energy (Q?)
supplied divided by the sum of the annual electrical energy (P*) consumed [32] (p. 338).

Qi
Pa

APF = 9)

The FLH is calculated from the annual amount of thermal energy generated (Qfp) divided by the
nominal thermal output of the HP (Qy), as shown in Eq. (10).

Qi

Qx

FLH = (10)

The investment costs are derived from the costs of tapping the heat source, the HP itself, and other
auxiliary equipment. The literature provides figures of different existing HP systems, given in Table 2. From
these key metrics a regression function can be derived as shown in Fig. 4.
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Table 2: Specific investment costs of several heat pump systems.

. Specific Costs . Specific Costs
Reference Qn in ME/MW Reference Qn in ME/MW
Pieper [36] 0.5 1.91 KEA-BW [37] 2.4 0.9
Pieper [36] 1 1.23 Agora [11] 1 1.1
Pieper [36] 4 0.72 Agora [11] 10 0.65
Pieper [36] 10 0.62 Lf. Wiarmeplanung [38] 1.5 1.2
KEA-BW [37] 0.2 2.23 Lf. Wiarmeplanung [38] 20 0.6
; 3
Z ® Pieper
O 25
z KEA-BW
é 15 % ® Agora
e, &%, y = 1.3331x0322
.8 .. SUS RZ=0.9493 ® Lf Wirmeplanung
% I O O s L SRR L L LR T T Ty S S P A L4
------- Potenz (All studies)
0

01 2 3 45 6 7 8 9 10111213 14151617 18 19 2021
Nominal thermal power in MW

Figure 4: Specific investment costs of HPs and the regression function derived from them. The references can be found
in Table 2.

Using the result from Fig. 4, the specific investment costs (cj ;yp) can be calculated as a function of the
nominal heat capacity of the HP (Qx) given in Eq. (11). Thus, the investment costs (Cy yyp) are calculated
by Eq. (12).

ciup(Qn) = 1.3331- Q7% (11)
Crup(QN) = 1 1p(QN) - Qn (12)

Additionally, the costs of Operation and Maintanance (O&M), excluding energy costs, must be deter-
mined. Literature assumes the O&M costs to be between 1.5% and 3% of the investment costs (see Table 3).

In this paper, 3% is used.

Table 3: Operation and maintenance cost share of the investment costs.

Reference Share of Investment Costs in % Reference Share of Investment Costs in %
[39] 15 [40] 2
[11] 3 [41] 1.5t0 2.5

[42] 1 Plus variable
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Given an expected lifetime (n) of 20 years and a discount rate (z) of 5%, the investment costs are
z-(14z)"

increased by the annuity factor that is oy As the O&M are due yearly, they are assumed to be
interest-free. Finally, the total annual costs of the system (C;) can be determined by Eq. (13).

z-(1+2)"
(1+2)" -1
Following Eq. (14), the quotient of total costs (3. Cy,;) divided by the amount of energy generated

during lifetime (¥} Qup,;) is the LCoH. The LCoH is the most important key figure when dimensioning the
system and should be as low as possible.

n
c Cy g
LCoH = Zi Lt
Zi QHP,i

Cr = Ciup(Qn) - +Cip(Qn) - 0.03 (13)

(14)

The heat pump’s DSs is defined as the ratio of the electricity supplied to the HP by the wind turbine to
the total electrical energy used by the HP.

The Agora Energiewende study “The roll-out of large-scale heat pumps in Germany” [11] compares
different heat sources for large HPs. They conclude that the investment costs for HPs that use the heat at
the outlet of a waste water treatment plant are the lowest [11] (p. 75). Furthermore, plants are designed for a
high annual operating time in order to achieve low heat production costs. Up to 7500 FLH are achieved, for
instance in [43]. In 2023, HPs with a total rated thermal output of 60 MW were installed in Germany and
600 MW were in planning or under construction [34].

2.4 District Heating Load

The hourly heat load curve for the DH network from 2016 is adjusted to 2019 using the specific
heating load curve. The geometric mean of the outside temperatures over the preceding four days, calculated
in Eq. (15), is used to generate a smoothed outside temperature that takes into account the thermal inertia
of buildings. Using the hourly DH demand and the smoothed hourly outside temperature, three specific
heating load curves with the highest possible coeflicient of determination are derived, see Eq. (16). With
these three specific heating load curves, the DH demand is approximated for 2019 as a function of the outside
temperature.

i T TinTi s, 2248 Ti s, Zin T o1y

T, - —24 24 24 15)
1+ 0.5+ 0.25 + 0.125

where T, ; is the outside temperature according to geometric mean and T; is the measured temperature at
time step i.

—-155.89 kW/°C~ T; +5487.1kW for T; < 15.17°C
QDH,i =1-1070.7 kW/OC- T; +19371kW  for 15.17°C < T; < 24.59°C (16)
1700 kW for 24.59°C < T;

where QDH,i is the heat load of the DH system, and T; is the outside temperature at time step i.

Data from the existing biomass plant of the Stadtwerke Gottingen show quarterly supply and return
temperatures of approximately 90°C and 60°C, respectively, for 2019 and 2020. The emission factor for DH
generation in 2025 is specified as 0.164 kg/kWh according AGFW FW 309-6 [44].
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3 Results

The first result shows the potential of the heat source according to the scenarios in which heat
consumption is guaranteed at all times. Next, the total heat that can be provided by the HP is only limited
by the DH demand. Here, an inexhaustible heat source is considered. The combination of both results forms

the basis for creating a time series over one year, calculating the electricity supply balance, and dimensioning
the final HP.

3.1 Potential of the Heat Source

Fig. 5 shows that the amount of waste heat from the waste water increases linearly with the extraction
capacity to just under 26 MW at a maximum temperature spread of AT 10 Kelvin. Ata AT of 6 K, the annual
heat quantity stagnates at an extraction capacity of 17 MW, at AT 5 K at 15 MW, and at AT 4 K at 11 MW.

& 200 9 « ——Q@10K
< B
% 180 8 T;' ——Q@6K
< 160 7 v Q@sK
> >
2 140 6 o
o c
fc‘j 120 53 Q@4K
< 100 £ - FlH@10
E g0 45 K
o 3 FLH@ 6K
~ 60
40 2 FLH@5K
20 1 FLH@4K
0 0

123456 7 8 91011121314151617181920212223242526
Nominal thermal power in MW

Figure 5: Influence of the temperature spread over the nominal thermal power of the heat pump. The available amount
of waste heat from the waste water is not constrained by the district heating demand.

The temperature spread (AT) has a significant impact on the amount of recoverable waste heat. For
a variable extraction capacity of up to 26 MW, the annual recovered energy is 200 GWh/a at AT =10 K,
120 GWh/a at 6 K, 100 GWh/a at 5 K, and 80 GWh/a at 4 K.

This indicates that, with few exceptions, the waste water temperature remains above 10°C throughout the
year, since higher temperature spreads always allow more heat to be extracted at the maximum controllable
capacity. Conversely, smaller temperature differences limit the total recoverable heat over the year.

The extraction capacity also influences the number of FLHs in an almost linear fashion. In the worst
case, the FLHs begin to decrease from 8760 to 3000 h in the case of a AT 4 K and an extraction capacity of 7 to
26 MW. Furthermore, it can be observed that the temperature spread (AT) strongly aftects the number of full-
load hours (FLHs), shifting their decline toward lower extraction capacities. For example, with AT =10 K,
FLHs of 8760 can be achieved up to an extraction capacity of 17 MW. For AT = 6 K, this applies only up to
10 MW, for 5 K up to 8 MW, and for 4 K up to 7 MW. As a result, the limit of 5000 FLHs is first exceeded in
scenario AT 4 K at a withdrawal capacity of 16 MW, followed by AT 5 K at 20 MW and AT 6 K at 24 MW. A
AT of 10 K remains above 5000 FLH even at maximum withdrawal capacity.
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3.2 Potential for Partial Load of the Heat Pump

The maximum heat quantity of 80 GWh/a is provided by a HP with a maximum PL range of 100% and
a nominal thermal output between 21 and 26 MW (see Fig. 6). At a PL range of 75%, this is 70 GWh/a at a
power rating of 17 MW, at 50% it is 62 GWh/a at 15 MW, and at 25% it is 52 GWh/a at 12 MW. In general, the
lower the PL range, the greater the drop in heat output after the peak has been reached.

o

28 9 £ ——Q@100PL
%70 8 % ——Q@75PL
£ 7 @ Q@50PL
50 6 8|—aqesn
S 5 8 —--- FLH@100PL
TE“ 40 I 4 é FLH@75PL
_q:) 30 ST ~a 3 L FLH @ 50 PL
=20 ) FLH@25PL

10 1 5000 FLH

0 0 4000 FLH

1234567 8 91011121314151617 1819 2021 22 23 24 25 26
Nominal thermal power in MW

Figure 6: Influence of the partial load (PL) range over the nominal thermal power of the heat pump. The available
amount of waste heat from the waste water is constrained by the district heating demand.

Up to a power rating of 2 MW, 8760 full utilization hours can be achieved. At maximum power rating,
these are reduced to around 3000 h at 100% PL range and to just over 100 h at 25% PL range. FLHs decrease
more significantly with increasing power rating and lower PL ranges.

3.3 Potential of the Overall System and System Design

According to Fig. 5, up to 7 MW of heat output can theoretically be extracted from the waste water
stream, with the heat quantity and FLHs remaining the same across all scenarios. According to Fig. 6,
however, the annual heat quantity increases sharply up to a nominal output of 3 MW. The increase slows
down above 3 MW. At 3 MW, the ratio of heat quantity to nominal output is optimal with maximum annual
heat quantity. Looking at Fig. 6, the FLHs are greatest up to a nominal thermal power of 2 MW. Therefore,
an optimal LCoH can be assumed for a nominal output of up to 2 MW.

This is confirmed by the overview of the LCoH in Table 4. In accordance with the maximum achievable
FLH in Fig. 6, all scenarios up to a nominal output of 2 MW have a favorable LCoH. These remain constant
for increasing temperature spreads or PL ranges. The greater the nominal output, the greater the influence
of the PL range on the LCoH. In general, the greater the PL range, the greater the nominal output of the HP
can be. The temperature spread has a negligible influence on the LCoH. In summary;, it should be noted that
the HP is designed for the most advantageous LCoH at 2 MW.

The sensible choice of a rated power of 2 MW is also confirmed by the course of the APE. Fig. 7 shows
the thermal energy and the APF over the nominal thermal power of the HP. The APF drops down strongly
from nearly 4 to approximately 3.5 until a rated power of around 2 MW is reached for every scenario. For
higher nominal thermal power, it levels out at around 3.
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Table 4: Levelized costs of heat of different scenarios.

Partial Load in % 25 50 75 100
ATinK 4 5 6 10 4 5 6 10 4 5 6 10 4 5 6

EUR/MWh

[0}
o
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G 70 R
£ \ . 43
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c 50 s 3 @)
0-’ b
= [0}
£ 40 e
[ [g+]
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4K PL100 5K PL100 6K PL100 <
20 4K PL75 5K PL75 6K PL75
4K PL50 5K PL50 6K PL50 1
10 - | = == APF4KPL100 - — = APF5KPL100 — = = APF6KPL100
— — = APF4KPL75 — — — APF5KPL75 — — = APF6KPL75
0 = = = APF4KPL50 “_ — = = APF5KPL50 —~ — — APF6KPL50
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Nominal thermal power in MW Nominal thermal power in MW Nominal thermal power in MW

Figure 7: Thermal energy and annual performance factor of the scenarios.

As the temperature spread has no impact on the LCoH, Fig. 8 is important to determine AT as it gives
the degree of self-sufficiency. Fig. 8 plots the electrical energy generated by the wind turbine against the
temperature reduction of the waste water. Analysis of the overlap between the maximum hourly waste heat
available and the hourly wind energy shows that the electrical energy from wind power that can be used by
a HP increases from 12 to 13.2 GWh/a at a temperature spread of AT 5 K. This corresponds to an increase of
1.2 GWh. From the AT 5 K scenario to the AT 6 K scenario, the increase is reduced to 0.6 GWh and falls to
0.1 GWh from the AT 6 K to the AT 10 K scenario. The degree of self-sufficiency is greater than or equal to
0.6 for the AT =4 or 5 Kelvin scenarios.



12 Energy Eng. 2026;123(8):25

w
(2}

§ 100 é‘  Excess electrical
0 3o @ energy from
= 0.80 = wind turbine
> Y
b0 25 063 m m @ ®Electrical energy
9] o :
. 0.58 = fromgrid
5 20 98 e 1040 e 0.55/0.60 8 g
T kS
(8] .
‘€ 15 8.7 o ®Electrical energy
g - 0.40 go from wind
w10 8 turbine
0.20 ® Degree of self-
5 sufficiency
0 0.00

4 5 6 10
Temperature reduction of the waste water stream in Kelvin

Figure 8: Energy balances and degree of self-sufficiency over different temperature spreads at waste heat source.

Fig. 9 shows DH generation in 2019, totaling 80 GWh, broken down by the types of heat generators used
and the scenarios analysed in this study. In addition, the amount of heat generated by the HP is shown, which
cannot be fed into the district heating network due to a lack of simultaneity between generation and demand.
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Figure 9: Share of heat generation in the district heat demand and unused heat pump heat due to lack of simultaneity.

As an example, the scenario with a temperature spread of 4 Kelvin shows that 76% of the potential HP
energy could be used, while 24% of the DH was provided by other heat generators. A further 23% of the
total amount of district heat demand could also have been covered by the HP if demand and generation had
been simultaneous.

It also shows that with a temperature spread of 5 Kelvin, the ratio of usable HP heat to total HP heat
generated is highest at 1.59.

Taking everything into account, the system would be optimally designed according to the operating
parameters in Table 5. This results in the costs and emission reductions shown in Table 6.

The HP has a power rating of 2 MW, and a PL capacity of 90% ensures a high degree of flexibility. The
amount of heat provided over the course of the year 2019 is 17.5 GWh/a. The electrical energy required to
operate the system comes from two sources: On the one hand, around 1.18 GWh/a is provided by the power
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grid, and on the other hand, 3.60 GWh/a is sourced directly from the connected wind turbine. This results
in a total electricity consumption of 4.78 GWh/a. With a total of 8741 FLH, the HP is used intensively. The
degree of electricity self-sufficiency is particularly noteworthy: with a self-sufficiency rate of around 75%, the
majority of the electricity demand can be covered by renewable, locally generated wind energy. This results
in low electricity costs and low CO, emissions.

Table 5: Technical parameters of an economic optimal dimension of the heat pump.

Parameter Value Unit
Nominal thermal power 2 MW
Partial load capacity 90 %
Delivered heat 17.482 GWh/a
Electrical energy from grid 1.180 GWh/a
Electrical energy from wind turbine 3.602 GWh/a
Sum of electrical energy 4.782 GWh/a
Full load hours 8,741 h
Annual performance factor 3.66 -
Degree of self-sufficiency 0.753 -

Table 6: Overview of the costs of the heat pump and its potential to reduce CO, emissions.

Parameter Value Unit
Investment costs 171,000 EUR/a
O&M costs 43,000 EUR/a
Electricity costs from grid 200,589 EUR/a
Electricity costs from wind turbine 264,721 EUR/a
Sum of electricity costs 465,311 EUR/a
Sum of the costs of the heat pump 679,200 EUR/a
LCoH 38.85 EUR/MWh
Specific costs of CO, emission reduction 0.237 EUR/kgCO,
Reduction of emissions 2867 CO,t/a

The economic parameters in Table 6 show that the annual investment costs for the HP amount to
171,000 EUR/a, plus 43,000 EUR/a for O&M. The electricity costs are divided proportionally between grid
electricity, at approximately 200,707 EUR/a, and electricity from the wind turbine, at around 264,721 EUR/a.
The total annual electricity costs therefore amount to approximately 465,311 EUR/a. The total annual system
costs for the HP are therefore around 679,200 EUR/a. These total costs result in a LCoH of 38.85 EUR/MWh.
The system achieves annual CO, savings of around 2867 t. The specific costs of the avoided emissions are
0.237 EUR/kgCO,.

4 Discussion

The DH demand of 2016 has been transferred to 2019 using a smoothed outdoor temperature. This
approach minimizes the influence of short-term weather fluctuations and allows the typical DH load curve
to be represented more accurately. The data set has only minor data gaps in September. While the deviation
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between the generated load data and the climate-adjusted heat demand in 2016 is negligible in terms of
annual balance, the accuracy of hourly values cannot be verified. As a result, peak loads and short-term
variations in the simulated DH demand may differ from actual operation, which could lead to slight over-
or underestimation of the HP performance and the corresponding LCoH and CO, reduction. In addition,
the greater the proportion of climate-independent industrial heat demand, the greater the deviations in the
determined heating load curves. Here, real load profiles can improve the reliability of the results.

Similarly, the waste water flow data are only available on a daily basis, which introduces additional
uncertainties. Due to the hourly resolution of the simulation, short-term fluctuations in waste water
availability might not be captured, potentially affecting the hourly heat supply from the HP. Access to higher-
resolution data (e.g., 15-min intervals) would improve the reliability of the results and allow a more precise
assessment of the economic and environmental impacts, such as sector coupling, wind power trading, and
electricity demand of the HP.

The investment costs correspond to those in [45]. Since electricity prices in particular influence the
economic efficiency of a HP, a sensitivity analysis should be carried out here. Nevertheless, assuming a trend
toward lower electricity prices with increasing shares of renewable energy, the LCoH could be expected to
decrease. If additional flexibility of large HPs to support the electrical grid is considered, further economic
benefits may result. Moreover, the costs of connecting the HP to a wind turbine via a private line are currently
uncertain, as the exact turbine location and applicable legal requirements are not yet determined. These
factors could influence the overall economic assessment.

Furthermore, only a small portion of the waste heat potential of the waste water is utilized with a
2 MW HP. Given the relatively low LCoH compared to other renewable thermal sources such as geothermal,
deploying a larger nominal capacity may be justified if it leads to greater CO, reductions. The extent to
which thermal or electrical storage systems can economically increase the proportion of waste heat used
should be investigated in a future work. As shown in Fig. 10, there is a clear mismatch between waste water
heat availability and DH demand, particularly during summer when significant potential remains unused.
Incorporating thermal storage would enable the use of larger HPs more effectively and increase seasonal
waste heat recovery, thus enhancing both economic and environmental outcomes.

30
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Figure 10: Hourly heat demand and difference between heat demand and thermal output of the heat pump.
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5 Summary and Outlook

The study shows that the use of waste water heat via HPs can be an attractive concept for decarbonizing
municipal DH. The concept can be implemented economically, particularly with the wind turbine, which
operates the HP via its own power grid. For the site in Gottingen, the best LCoH is achieved by installing a
2 MW HP covering up to 75% of its electricity requirements from wind power. The heat generated is cost-
effective with a LCoH of 38.85 EUR/MWh, and the system enables 2867 t of CO, savings annually. The
limiting factors for even greater waste heat usage are, on the one hand, the mismatch between waste heat
supply and heat demand and, on the other hand, a lack of storage options.

The combination of wind power and large-scale HPs using waste heat from waste water is an effective
tool for the climate-friendly transformation of DH supply. From an economic and ecological perspective, it
is important in Germany to supply the HP with local, off-grid, renewable, and cost-effective electricity as this
is exempt from taxes and levies. The methodological assessment underscores the fundamental feasibility, but
also identifies limitations in terms of data quality and influences that have not been taken into account: e.g.,
industrial base load, flexibly controllable loads.

Further analyses should use input data with higher temporal resolution. This applies in particular to
load and source profiles. Heat and, where applicable, electricity storage should also be integrated in order
to reduce the mismatch between heat source and sink. The resulting added value of balancing out possible
fluctuations as a system service on the energy market could have a positive impact on the LCoH.
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