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ABSTRACT

Climate change forces district heating operators to reduce their CO,-emissions and decarbonize their
district heating systems (DHSs). A solution for a decarbonized system might be the combination of
central and decentral units. This combination offers the possibility to supply each consumer with their
individual temperature.

However, it raises the question of the optimal design between central and decentral units and how they
perform against a central supply. Therefore, a mixed-integer linear programming (MILP) model was
developed capable of designing and operating several supply systems inside the network at different
locations — decentralized and centralized. In this study, the combined system is compared to a central
supply. Every energy converter’s and storage’s design and operation are optimized based on an
objective function, minimizing the total system cost consisting of the annuity of operational and capital
expenditures (opex and capex). The model can select central options such as a buffer tank, photovoltaic
(PV) field, combined heat and power (CHP) plant, biomass boiler, large-scale wastewater heat pump
(WWHP), and a solar thermal field. The combined system additionally designs booster heat pumps —
other decentral options are not viewed in this study. The optimization horizon is one year in 24 h
timesteps. The MILP method and all necessary component models are implemented as an open-source
Python package.

The method was applied in a case study with a district heating network (DHN) supplying 22 buildings
distributed into six classes. Every class has a demand and supply temperature curve. In this study,
different temperature levels and electricity prices were investigated. The results show that the combined
system of central and decentral units performs best at a maximum network temperature of 85 °C,
installing booster heat pumps only at high-temperature buildings. The combined system can distribute
the temperature’s lift, increasing the coefficient of performance (COP) for the central heat pump.
Furthermore, the lowered network temperature decreases the investment for the WWHP because a
second compressor stage is no longer needed. The best configurations supply heat between 14 ct/kWh
and 16 ct/kWh.

1 INTRODUCTION

Global climate change is one of the biggest threats in the 21 century. It is not only a threat due to more
extreme weather conditions but also due to the costs caused by these events. Newman and Noy (2023)
found that US$ 143 billion per year is attributed to extreme weather events caused by climate change.
Renewable DHNSs are a promising approach to reduce greenhouse gas emissions and decarbonize the
energy system.

DHNSs offer a cost-effective and flexible solution for large-scale utilization of low-carbon energy for
heating purposes (International Energy Agency, 2023). However, the decarbonization potential of
district heating is largely untapped, as 90 % of the heat supplied in district networks is produced from
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fossil fuels, especially in the two largest markets of China and Russia (International Energy Agency,
2023). Aligning with the Net Zero Emissions by 2050 (NZE) Scenario requires significantly stronger
efforts to rapidly improve the energy efficiency of existing networks and switch them to renewable heat
sources (such as bioenergy, solar thermal, large-scale heat pumps, and geothermal) (International
Energy Agency, 2023).

Especially supplying heterogeneous demand strutures is challenging for district heating operators
because the consumers get the same temperature from the network. A solution might be to combine
central units with booster heat pumps, satisfying the individual needs of consumers connected to the
network. In order to support the operators, a tool was developed to answer the research question: How
can a planer optimize the design of a DHS, including central units and booster heat pumps connected
by a network?

1.1  State-of-the-Art

The heat supply via DHNs has evolved over the decades, developing from a central supply system to
a combination of central and decentral units. Lund et al. (2021) include several renewable heat supply
technologies in the 4™ generation of DHNS, such as PV, solar thermal fields, biomass, CHP powered
by biogas, centralized heat pumps, and others. The transition from the 3™ to the 4" generation requires
lowering the network’s supply temperature in order to integrate renewable heat sources efficiently
(Lund ef al., 2021). The needed supply temperature of the building dictates the network’s
temperatures. Hummel ef al. (2021) identified a high potential for refurbishing the building structure
in several European countries. Suppose the refurbishment leads to a heterogeneous demand structure
due to different temperature needs. In that case, operating the network at lower temperatures and
lifting the temperature inside the building can be a more efficient approach. Lund et al. (2021)
described this concept as 5 generation. Wirtz et al. (2020) not only included the combination of
central and decentral units in their optimization but also parallel heating and cooling. However, this
research focuses on the network and its temperature with a heterogeneous demand structure.

Rémé and Wahlroos (2018) investigated the effects of a new decentralized renewable heat supply in
an existing DHS. They performed a case study for Helsinki evaluating the techno-economic
performance of decentralized heat pumps and solar collectors for different temperature levels.
Utilizing EnergyPro as a modeling tool, they found that CHP-based heat production is set to decrease
68-73 % by 2030. In this study, different temperature levels are also examined for a combined supply
system of central and decentral units. In addition, this study adds a spatial discretization for the exact
position of the decentral unit’s installation and implements an optimized design for the energy
converters and storages.

Huang et al. (2017) developed a model to coordinate the dispatch of electric power and DHN's
utilizing decentral units. The model is an optimality condition decomposition and connects the electric
grid with two DHNs via two CHP plants. The DHN was connected to a thermal storage for dispatch.
In this work, CHP plants are also included as part of the central system; however, this study focuses
more on the design optimization for the supply system than the operation, as Huang et al. (2017) did.
Nuytten ef al. (2013) investigated the flexibility of CHP plant systems. The focus was the effect of
centralized vs. decentralized storages on thermal systems. They found that an increasing CHP plant
does not increase the system’s flexibility, while the buffer tank size has an almost linear influence on
the flexibility (Nuytten et al., 2013). This study optimizes the design of the supply system, making it
unnecessary to test different buffer tank sizes.

Gratiela er al. (2022) examined a similar research question connecting a central supply system with a
DHN and using decentral booster heat pumps to lift the temperature inside the building. They
simulated scenarios investigating different energy mixes with a fixed temperature development for the
DHN. This study contributes to their work by developing an optimization and analyzing different
temperature levels in the demand structure.

Morvaj et al. (2016) developed a MILP model optimizing the system’s design, operation, and layout
of the DHN. They minimized CO;-emissions and costs in a multi-objective optimization. The energy
hub supplying heat consisted of a PV field, CHP plant, gas boiler, solar thermal field, and a buffer
tank. The central supply in this study has a similar system with an additional WWHP. However, the
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model introduced in the method section can also deselect a component. In addition to Morvaj ef al.’s
(2016) work, this study also designs decentral units and considers the network’s temperature.
Mertz et al. (2016) developed a mixed-integer nonlinear problem optimizing the network design. The
goal was to minimize the operating costs of the network and its investments. They depicted the
network into nodes and edges, similar to Krug ez al. (2020). In contrast to Krug ef al. (2020), they
used an exponential description to calculate the temperature losses inside the pipe. In this study, the
formulation provided by Krug ef al. (2020) to describe the thermal energy balance for each pipe was
used.
Mu et al. (2020) focused on the optimal dispatch for an integrated energy system with multiple plants.
They optimized the operation and utilized waste heat, improving the system’s energy efficiency.
Sporleder et al. (2023) added design optimization to the operation optimization for all energy
converters and storages. The MILP model was limited to central units. This study wants to
complement Sporleder ef al.’s (2023) work by integrating decentral units into the MILP model. Based
on the state-of-the-art this research paper wants to contribute with
e a generic and open-source MILP model capable of optimizing the dimension and operation of
central and decentral units in a DHN,
o different temperature levels and electricity prices and their effect on the design of a DHN with
a central supply (referred to as the central system) and a DHN supported by booster heat
pumps (referred to as the combined system) are investigated for a heterogeneous demand
structure.

The paper follows up with the method section, explaining the mathematical formulation for designing
the decentral units, extending the approach by Sporleder et al. (2023). In the result section, the
method is applied to a case study examining different electricity prices. This study continues by
discussing the results and concludes with the most important findings.

2 METHOD

This section explains the most important equations used in the MILP model and the altered equations
from the existing literature. Figure 1 shows the DHN for this research with the different building classes.
The DHN is an existing network in Germany. Due to confidential reasons, the topology was slightly
changed. Each building class has a minimum and maximum supply temperature depending linearly on
the ambient temperature (see Table 1). Due to the time step of 24 h, the maximum supply temperature
can be lower than, e.g., 95 °C for the big house building class because averaging the time series data
leads to lower maximum and minimum values.

Table 1: Needed supply temperature, demand, and frequency of occurrence for each building class

Building Frequency Minimum temperature at Maximum temperature Maximum

class warmest ambient at coldest ambient demand
temperature temperature

Kindergarten 1 60 °C 70 °C 42 kW

Small house 12 60 °C 75 °C 55 kW

School 1 60 °C 80 °C 95 kW

Middle 5 65 °C 85°C 110 kW

house

Hospital 1 70 °C 90 °C 256 kW

Big house 2 75 °C 95 °C 220 kW

The method is a MILP model minimizing the annuity of capex and opex. The MILP model from
Sporleder et al. (2023) was extended, depicting booster heat pumps at the consumers. The Python
package can be found under Fraunhofer IEG (2023) in the branch decentral. The time horizon is one
year — 2030 — within 24 h time steps. The economic calculation is based on the annuity method (VDI
The Association of German Engineers, 2012). In the following, the most important equations are
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introduced and the changes made to the model. A very detailed description of the model can be found
in Sporleder et al. (2024).

26 m 29 m
9‘””’*0“““@ % & O @9 @
76m 161 m)@ kindergarten small house school middle house hospital big house
44m 1 2,4,6,9, 18 3,13,20, 7 5,19
@ 28 m @ 21 m 10, 15, 16, 23,24
21, 22, 26,
27,28
33m
G @ G & & O
connecting
46'm 3Mm 91m supply system 4o

Figure 1: Depiction of the case study’s DHN with the six building classes in the top, with rising

temperature level from left to right; at position eight is the central integration point with a)

solar thermal field, b) PV field, c) buffer tank, d) WWHP, e) electric grid, f) CHP plant, g)
biogas, h) biomass boiler, i) biomass

The method is divided into two problems: a hydraulic optimization for the network to calculate the
resulting mass flows and a design optimization problem. Separating the problem allows a linear
description of the design optimization for the network because the mass flows become parameters. In
the design optimization, the temperature inside the DHN is a variable. After the first run of the design
optimization, the thermal efficiencies are recalculated, e.g., COPs for heat pumps. Then, the design
optimization runs a second time, where the temperature is again a variable. The objective function of
the design optimization problem is given by Equation (1) (Sporleder et al., 2023)

min(f opex,var' gopex,fix’ hcapex)' (1)
where the variables investment costs h°@Pe*, variable opex f°Pe*VaT and fixed opex goPe*fix g
minimized. The opex include the sum of all operational costs over the given time horizon. The

dimension of each device influences its investment. Depending on the nominal dimension of the

decentral unit Q2eCentralnOm the capex h@PeX in the objective function increase. The capex also

includes the equipment of the central supply. Each device has a buying decision represented as an
auxiliary variable. The central heat pump has a control auxiliary variable for each timestep. All other
variables are continuous. The equipment’s specific capex and other techno-economic information
were extracted from the Danish Energy Agency (2024). The electricity price is from 2023 in Germany
—on average 9.5 ct/kWh. Additional allocations are added separately — ca. 4 ct/kWh for the central
heat pump and 7 ct/kWh for the booster heat pumps. The electricity price is given as a time series.
Each pipe has an energy balance represented by Equation (2) (Sporleder et al., 2023)

e
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TOIgt1 Tout ) ) (2)
CpmaaT‘*'ma,th( clznt out) U Am( Tout TtSO'l) =0 fora

ez 7%t e,
where the mass m,, the outlet temperature T2¢", the timestep At, and the specific heat capacity Cp can
express the pipe’s energy storage. The mass flow 1, ; comes from the hydraulic optimization'
therefore, Equation (2) is a linear constraint. The inlet temperature is denoted as T,;. The soil

temperature T£0!, the heat transfer coefficient Uy, the pipe’s surface AT, and the outlet temperature
determine the pipe’s heat loss.
The thermal output from the central supply is given by Equation (3) (Sporleder ef al., 2023)

pro [m .C ( out Tir})] — Z Qconv Z (Qout stor an ,stor (3)
atCp a,
KkEZEOY (q) KkeZS®r (q)
fortet,a€ZPr,
where the mass flow 7, ; enters the heat exchanger with the inlet temperature T, and leaves it with

the outlet temperature T¢". The heat exchanger’s efficiency is denoted as uP'®. The sum of the

Q conv out,stor

energy converter’s heat flow is added to the subtraction of storage discharging Q and

in,stor

charging Q .
The operatlon of the decentral units influences the variable opex f°P*Var in the objective. In
Sporleder et al. (2023), the energy balance of the consumer was given by Equation (4)

jcon (4)

a,t . i t
Lcon = g ecp(Tah — ToEY) fort€t,a € Z°",

where Q59" is the heat demand, i, is the mass flow in the network at the consumer, T} is the

temperature leavmg the consumer and TC‘l } 1s the entering temperature. The entering temperature was
1
SUPRlY | where TSUPR, i
For the model with decentral units, Equatlon (4) changes to Equation (5)
jcon

<t 5)
at decentral,el . in out con| (
‘utransfer = Pa.t + ma,tcp( at — Tg ) fortet,aeZ

defined as T2 geony =T, is the supply temperature needed inside the building.

where Pac}f centralel i< the electric input into the heat pump. The right term is the network’s thermal

power, and it reacts as a heat source for the heat pump. The thermal power of the network plus the
electric power of the decentral heat pump lead to the thermal power output of the heat pump
Qg‘;centra‘. This has to be bigger than the building’s demand. ua"sfer is the efficiency of the heat
transfer at the house station.
The allowed temperature inside the network is reduced by 5 K, from 95 °C to 65 °C, forcing the
optimizer to build decentral booster heat pumps. Additionally, a minimum temperature at this
consumer is ensured with Equation (6)

P(;i'tecentral,el + ma,tcp( &nt _ Tout) > 1y, e (Tsupply le(:lt,lt) fort €t a€Zon, (6)
The decentral unit is further limited by Equation (7)

Q'decentral < Q'con fOT teT a€ Zon, (7)

The dimension of a decentral unit QI¢¢e"ralnOM i¢ defined by Equation (8)

Qdgcentral o gdecentralnom g5y ¢ e 7 g € 60N, )
The opex for the booster heat pump depends on the thermal power and the COP. The MILP model
runs twice, and in the first run, the source temperature — here TOF* — is estimated, and in the second
run, the source temperature is taken from the first run’s results. Then, the COP is calculated as a time
series a priori based on the Carnot efficiency with a fixed quality grade of 0.4 for WWHPs and 0.5 for
water-to-water heat pumps. The opex is then calculated with Equation (9-10)

jdecentral 9)
C;)pex,var = Atz Qdecentral opexvar | at C?Iectric fOT' ace Zdecentral’
COP,;
tet "
CgpeX.flx — '(zliecentral,nomcopex,ﬁx for a € zdecentral (10)
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opex,var opex,var/fix

is the specific variable opex, c®Pe*fiX is the fixed opex and Cy is the opex
over the time horizon for one booster heat pump. The fixed opex C, 2 Pexfix 15 added to the overall fixed
opex g°Pe*fiX The same is done for the variable opex Cy" ", The constraints are unchanged for
the other energy system components (Sporleder ef al., 2023). The data for the model can be taken
from Fraunhofer IEG (2023). The electricity price c£1€°t¢ is a fluctuating curve with an average price
of 9.5 ct/kWh. The biomass and biogas price is 14 ct/kWh (Pfluger et al., 2023).

In addition, equations were implemented to increase the capex for a heat pump if a second compressor
stage is needed. Every central heat pump has an auxiliary control variable u; ;. If the heat pump is
operated while lifting the fluid’s temperature greater than 75 K, a decision variable y; for the second
stage is set to 1, defined by Equation (11)

u < yn(r) for i€ zheatpump (11)

tercritical

where T is the number of time steps where the temperature delta between sink and source is
greater than 75 K and n(t) is the number of time steps. If y; is 1, the capex for the heat pump
increases by 60 %.

The pipes’ capex Cip P€ are defined by (Pfluger et al., 2023)
CPIPe — 158,11 pPiPe P pibe £ ¢ gpie (12)

where is the diameter of each pipe given in mm, and Lgipe is the length of each pipe in m. It is
assumed that the network is newly installed and the capex are added to h¢P€X,

where ¢

critical

pipe
Da

3 RESULTS

2000
1750
1500

1250 4

1000

Heat flow in kW

750

500

250

0

o~

i\
S o8

S o

o N I\ N\ N S\ S\ AV A
o W A o Y A e NN\

B Small house 75 °C EEE Big house 95 °C B School 80 °C
W Middle house 85 °C BN Hospital 90 °C EEE Kindergarten 70 °C

Figure 2: Summed up demands for the different building classes with their respective max. supply
temperature

The result section compares the central system with a combined system. The case study can be seen in
Figure 1. The optimizer can choose from a WWHP, a solar thermal and PV field (each max. 300 m?),
a CHP plant fired with biogas, a biomass boiler, and a buffer tank (max. 100 m®). The PV field and
the CHP plant can deliver electricity to the WWHP or sell it to the grid. The WWHP has a constant
heat source with 15 °C and pays 1 ct/kWhy, for this heat source. The network is newly installed, and
the investment is in the total system cost. The demand structures consist of one kindergarten, one
school, one hospital, and 19 housings divided into three building classes. The smallest building occurs
12 times, the middle building five times, and the big building twice. Figure 2 shows the stacked
demands over all buildings differentiated into their classes. The building class small house has a
relatively low supply temperature, and this building class occurs more often than other classes,
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leading to the highest summed-up demand. The building class big house has a relatively high
temperature but only occurs twice, leading to a smaller summed-up demand. The maximum
temperature required in the summer is 75 °C. The network’s temperature is limited in 5 K steps,
starting at 95 °C and reducing to 65 °C.

3.1 Techno-Economic Analysis for the Base Scenario

For the analysis, the DHS in Figure 1 is optimized once with only central units as a supply system
and then with a maximum temperature of 75 °C inside the network. The electricity price from 2023
(on average 9.5 ct/kWh) is gradually decreased by 1 ct/kWh and, at maximum by 4 ct/kWh.

In the base scenario with a central supply system without any electricity price change, the optimizer
dimensions a WWHP with 1.78 MW, a CHP plant with 0.39 MW4, a solar thermal field with 300 m?,
a PV field with 300 m?, and a buffer tank with 100 m>. The energy mix is shown in Figure 3a). The
WWHP covers the majority due to the favorable heat source and the space limitation for the solar
thermal field. The buffer tank balances out the fluctuations in the electricity price. The total system
cost, including all the equipment — network, transfer/house stations, etc. —is 14.65 ct/kWh.

Waste water heat pump
Solar thermal

N CHP
Demand

I
S
=

97.1% 0.7%
2.2%

Heat flow in kW
=
(=3
<

500

0 -
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Figure 3: Energy mix for the a) central supply and the b) combined supply for no electricity price
change

For the option of decentral units, the energy mix changes and shifts a small load inside the buildings
(12.2 %). The optimizer designs a WWHP with 1.44 MW, and a PV and solar thermal field with
respectively 300 m?. The solar thermal field has a higher energy output with 187.6 MWh compared to
the solar thermal field installed in the central system with 161 MWh. A lower network temperature
and an increased thermal efficiency for the solar thermal field cause this higher energy output. The
mean injection temperature at node 8§ is 75 °C in the combined system, while the mean injection
temperature in the central system is 87 °C. The lower temperature in the combined system causes

17 % less thermal losses.

Furthermore, the seasonal COP of the WWHP increases from 2.46 to 3, and the specific capex
declines from 1,529 €/kW to 1,156 €/kW because the temperature delta between sink and source
decreases, and no second compressor stage is needed.
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Figure 4: The energy supply for different building classes showing the share of thermal power from
the network/grid and the decentral units on the left y-axis; showing the network/grid’s
temperature and the needed supply temperature on the right y-axis for building class a) big
house, b) hospital, ¢) middle house, d) school, ¢) small house, f) kindergarten

At the building class kindergarten and small house, no decentral unit is installed except for building
number 28 because it is at the network’s end. The installation of the decentral units increases the total
capex by 29 %. This leads to a total system cost of 17.34 ct/kWh. The booster heat pumps are smaller
and specifically more expensive than the central supply heat pump.

Figure 4 shows six consumer locations, each depicting a building class. The plot differentiates
between the thermal power coming from the network and the power added by the decentral heat
pumps. On the right y-axis, the temperature at the transfer station is shown together with the needed
supply temperature. The temperature at the consumers is relatively constant at 75 °C.

Figure 4a) shows the consumer at location 5 from the big house building class. The supply
temperature mostly fluctuates between 75 °C and 95 °C, resulting in a seasonal COP of 2.5. The mass
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flow is at 0.45 kg/s. The share of supplied energy by the grid is 60 %, and the share of supplied
energy by the booster heat pump is 40 %.

Figure 4b) shows the consumer at location 7 from the hospital building class. The supply temperature
mostly fluctuates between 70 °C and 90 °C, resulting in a seasonal COP of 5.1. The network’s
temperature at this location is between 70 °C and 79 °C. The share of supplied energy by the network
is 80.5 %, and the share of supplied energy by the decentral units is 19.5 %. The mass flow is similar
to consumer 5.

Figure 4c) illustrates the thermal power at consumer 13 from the building class middle house. The
seasonal COP increases to 9 compared to consumer 7. The share of supplied energy by the grid
increases to 89.1 %. The consumer receives a mass flow rate of 0.27 kg/s due to the more
considerable distance to the central supply station and the reduced number of consumers on that line.
Figure 4d) shows consumer 18 with a network share of 98.5 %, and it is questionable to install a
decentral unit for the missing temperature lift.

Figure 4¢) and f) depict consumers 4 and 1 from the small house and the kindergarten building class.
At these locations, the thermal power and temperature supplied by the network are sufficient;
therefore, no decentral unit is installed.

3.2 Techno-Economic Analysis for Different Electricity Prices
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Figure 5: Energy mix for the a) central supply and the b) combined supply for a maximum network
temperature of 75 °C and an average electricity price of 5.5 ct/kWh

Figure 5 shows the energy mix for a) the central supply and b) the combined supply of central and
decentral units for an average electricity market price of 5.5 ct/kWh. It should be noted that the
allocations are added to this price. The network’s temperature is limited to 75 °C in the combined
system.

The central system no longer installs a CHP plant (390 kW4, in the base scenario) due to the lowered
electricity price. In the base scenario, the CHP plant is used to supply electricity during peak prices.
For a lower electricity price, the WWHP buys the electricity from the energy market instead of relying
on the CHP plant. The solar thermal and PV field have a dimension of 300 m?. The total system cost
decreases to 12.9 ct/kWh. The network’s mean injection temperature at node 8 stays at 87 °C.
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In the combined system, the injection temperature stays at 75 °C. The decentral supply is increased
slightly by 0.6 %. The WWHP is decreased to 1.4 MW compared to 3.1. The total system cost
decreases by 2 ct/kWh to 15.33 ct/kW compared to the combined system in the base scenario —
section 3.1.

Figure 6 shows the development of the total system cost dependent on the network temperature.
Furthermore, four electricity price reductions are plotted. Lowering the electricity price, leads to
lower total system cost for generating and distributing the heat. The system is dominated by Power-to-
Heat technologies, which depend on the electric market. For the 65°C scenario, the 9.5 ct/kWhe
scenario is close to the 8.5 ct/kWh. scenario. This can happen due to the optimization gap (2 %) and
the close values.

avg. 9.5 ct/kWhg (base scenario) avg. 6.5 ct/kWhey
avg. 8.5 ct/kWhg/ avg. 5.5 ct/kWhg/
avg. 7.5 ct/kWhg

Total system cost in ct/kWh

65 70 75 80 85 90 95
Network temperature in °C

Figure 6: Development of the total system cost depending on the network temperature for an average
electricity price of 9.5 ct/kWhel, 8.5 ct/kWhe, 7.5 ct/kWhe, 6.5 ct/kWhei, and 5.5 ct/kWhe

For the 85 °C scenario, the total system cost for the heat supply decreases. In this scenario, a booster
heat pump supports buildings 5, 7, and 19. These buildings belong to the buildings classes big house
and hospital requiring relatively high temperatures — see Figure 4a) and b). The WWHP only needs
one compressor stage in this scenario, leading to a specific capex of 1137 €/kW. The seasonal COP is
at 2.6. For an electricity price of 6.5 ct/kWhe, the total system is 13.4 ct/kWh. With the installation of
decentral booster heat pumps, the buffer tank is never installed.

4 DISCUSSION

The combined system performs best when installing booster heat pumps for the buildings with the
highest demand temperatures (see building classes big house and hospital). The leading cause is the
demand structure given in the case study. Only three buildings demand a temperature above 85 °C,
while 35 % of the buildings can be sufficiently supplied with temperatures between 60 °C and 75 °C.
However, further lowering the network’s temperature leads to installing booster heat pumps in almost
every building, significantly increasing investments. One key factor is the compressor stage of the
central heat pump. The investments decline if the heat pump can lift the heat source’s temperature to
the network temperature in one stage. Therefore, it should be essential to reduce the temperature of
future DHN to a level where heat pumps utilizing environmental heat do not require a second
compressor stage. Additionally, the COP increases, leading to reduced opex.

The results have also shown that installing booster heat pumps at a few locations can be economical
for a heterogeneous demand structure. Another solution could be refurbishing the buildings and
lowering the building’s demanding temperature. In the future, buildings requiring significantly higher
temperatures, which need booster heat pumps, could receive an individual price tag. This temperature-
dependent price inside a DHN could incentivize owners to refurbish their buildings. A refurbishment
option could be integrated into the optimization, further advancing the tool and the options for a
planner.
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5 LIMITATION OF RESULTS

In the optimization, the thermal calculation is performed after the hydraulic calculation in order to
linearize the model. Performing the optimization with temperatures and mass flows inside the network
will always lead to nonlinearities. Therefore, the two problems were separated, which has often been
done in the literature (Sporleder ef al., 2022).

Furthermore, the chosen time step is set to 24 h, which is relatively long. However, this research
focuses on designing, and the time step and the time horizon should be chosen smaller for an
operation optimization. On top of that, the calculation of all scenarios took 24 h, resulting in a need
for a reduced problem size. The same model was applied by Sporleder et al. (2024), and they
evaluated the effect on the design of the supply system extensively. They concluded that it majorly
affects energy converters that supply peak loads and, therefore, introduced a scaling factor to increase
the dimension of these energy converters. The calculation and explanation can be found in Sporleder
et al. (2024). The same factor (0.145) was applied in this research. Nevertheless, the increase in the
timely resolution is an essential point for future research.

The decentral booster heat pump is calculated with a simplified energy balance, neglecting the
resulting temperature leaving the condenser. This temperature might be higher than the needed supply
temperature inside the building, causing the need for additional storage units. However, this
simplification does not change the qualitative outcome of the results. Installing booster heat pumps in
a few buildings with a high demanding temperature increases the system’s efficiency and lowers
costs.

Furthermore, the temperature reduction step is set to 5 K. A smaller reduction could lead to slightly
different results. Unfortunately, a smaller step of the temperature reduction would also lead to much
higher computational time because more scenarios would be generated; therefore, 5 K was chosen as
a temperature reduction. The results still indicate a trend that can be seen for the 85 °C scenario.

6 CONCLUSION AND FUTURE RESEARCH

In this research, a MILP model was developed to design central and decentral units inside a DHN.
The decentral units lift the fluid’s temperature to the needed supply temperature. This concept of a
combined system was compared to a central system and applied to a case study.

The main findings are that the combined system performs economically best under the given demand
structure at a maximum network temperature of 85 °C. Network operators should aim for
temperatures low enough to integrate heat pumps with one compressor stage. If only a few buildings
require a high temperature, installing booster heat pumps at these locations can increase the system’s
economics. Installing booster heat pumps in all buildings and further lowering the network’s
temperature results in a total system cost for heating above 20 ct/kWh. The best configurations in this
study reach total system cost for heating between 14 ct/kWh and 16 ct/kWh.

In the future, refurbishment could be viewed inside the optimization to increase the options and the
system’s energy efficiency. Additionally, the computational time should be decreased and the timely
resolution increased in future research.
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