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Abstract  

Heat pumps are expected to play a central role in 

decarbonizing the building sector but face challenges 

in existing multifamily buildings. A smart district 

energy system connects heat pumps, PV modules and 

combined heat and power units to achieve an energy- 

and cost-efficient operation. Dynamic simulations 

indicate that CO2 emissions can be reduced by 52 % 

compared to the current energy system, without 

energetic refurbishment of the buildings. A further 

CO2 reduction could be achieved by a larger share of 

heat pumps, however at the cost of a lower economic 

profitability. Measurement results from the first 

heating period are presented and discussed. The dual 

source heat pump system achieves a coefficient of 

performance of 3.1, after lowering the heating curve 

and optimizing a peak load mixing valve. On district 

level, a high level of electrical autarky (88 %) and self-

sufficiency (81%) was achieved in January 2022 and 

electricity for the heat pumps was fully supplied by the 

CHP and PV systems. 

Introduction 

Heat pumps in existing buildings and districts still 

play a negligible role due their technical requirements 

regarding suitable temperature levels and the 

availability of ambient heat sources in urban built 

environments. Also owing to limited practical 

experience, heat pumps still play a subordinate 

existing multifamily buildings with a share of only 

6 % (Born et al., 2017). 

Moreover, high prices of purchase of electricity from 

the grid in combination with high initial investment 

costs for multi-family buildings and the lack of 

operation experience of larger heat pump system can 

be considered major barriers for a wider adoption of 

heat pumps in this market segment.  

In this context, a smart and innovative energy concept 

was designed and constructed for a cluster of five 

existing multi-family buildings, which demonstrates 

the viability of installing heat pumps in existing 

buildings. In this paper we analyse the following 

research topics:  

• What are the synergies of combining heat pumps 

with PV systems and combined heat and power 

(CHP) units, considering optimized control 

strategies? 

• Which lessons can be learnt from measurement 

results of the heat pump systems and the district 

energy system in the first heating period? 

The article presents the simulated and measured 

energy balance with a focus on heat pump efficiency 

and energy management. Measurement results from 

the first heating period and practical operating 

experience and optimization measures are also 

presented. 

 

Figure 1: Multifamily building with 30 

apartments and a heated floor area of 2112 m². 

Simulation of a smart district energy 

system 

District energy model 

A multitude of different supply concepts and 

component dimensions were simulated with a 

specifically developed district model using an in-

house Python framework. 

The dynamic district model consists of component 

models for heat pumps, CHP, gas boilers, heat and 

electric storages, and PV systems using empirical 

performance maps. The efficiency and power of each 

single component is calculated for every hourly time 

step considering the current operating conditions, 

particularly concerning the operating temperature. 

A rule-based controller is implemented for the multi-

agent district energy system. Any single building, or 

all buildings connected via a district heating grid, form 

a sub-system. Each sub-system is operated via a heat-

driven controller, i.e. the supply of sufficient heat to 
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the sub-system has top priority. On district level, a 

global controller operates the heat pumps during 

periods of excess electricity from PV or CHP to 

optimize the overall district performance and improve 

self-sufficiency.  

Regarding the design of the district energy system, the 

components dimensions (installed power of PV, HP, 

CHP, gas boiler and capacity of heat and battery 

storages) and the topology (the integration points of 

heat pumps and CHP, and the layout of the district 

heating network) are varied within the given boundary 

conditions. The underlying optimization objectives 

are: 

• Minimize CO2 emissions for gas and electricity, 

employing CO2 emission factors for electricity 

import and export (fp = 403 g/kWh) and for 

natural gas (fp = 201 g/kWh) as of the year 2020 

(Hess and Scharf, 2021). 

• Maximize annual earnings before interest and 

taxes (EBIT) for the contractor considering costs 

for investment, maintenance as well as operation 

(gas and electricity imports/exports). The internal 

cost structure and the current German regulative 

situation with EEG tariffs and CHP and tenant 

bonuses were considered.  

Trade-off between CO2 emissions and economics 

with installed power of HP, CHP and PV 

Figure 2 shows pareto fronts from the multi-objective 

optimization. Any point in the diagram stands for one 

district energy system, where the power of heat 

pumps, CHP and PV is varied. 

Comparing heat pumps and CHP systems, conflicting 

target functions can be observed regarding a high 

economic profitability and low CO2 emissions. With 

increasing fractions of installed heat pumps, the 

overall CO2 emissions are reduced, however at the 

cost of a reduced economic profitability. Therefore, a 

compromise between low CO2 emissions and a high 

economic profitability is achieved by balancing the 

power of HP and CHP systems and by combining both 

technologies in a synergistic way. The installation of 

PV systems is favourable under both economic and 

CO2 assumptions with the given feed-in tariff and 

assumed investment and installation costs.  

In future energy system, we expect the CO2 intensity 

of electricity to further decrease and an increase of 

costs for natural gas due to a carbon tax. If future costs 

and CO2 emission factors, averaged over the projected 

period of operation of 20 years, are considered, the 

pareto fronts in Figure 2 even change their direction. 

Therefore, heat pumps will be more economic and 

ecological assuming the future development of 

boundary conditions. 

Sp
e

ci
fi

c
C

O
2

e
m

is
si

o
n

s
[k

g/
m

²a
]

0

5

10

15

20

25

30

35

-2 0 2 4 6 8

EBIT Earnings before interests and taxes [€/m²a]

P_PV = 0 Wp/m² P_PV = 30 Wp/m² P_PV = 60 Wp/m²

PHP = 100%
PCHP = 0%

PHP =   0%
PCHP = 100%

Increasing
PV
power

Increasing
heat pump 
power

 

Figure 2: Variation of installed PV, HP and CHP 

power with corresponding pareto fronts resulting 

from the multi-objective optimization regarding 

CO2 emissions vs. EBIT 

Smart district energy concept 

In 2021, the district energy system as shown in Figure 

3 was installed and commissioned. Next to simulation 

results and the corresponding energy balance, the 

German regulatory boundary conditions (EEG, 

KWKG, Mieterstrommodell) and local restrictions 

(crossing of street, limited space in basements, new 

heating plant) were considered in the decision making 

of the final energy concept. 

PV modules are installed on all five buildings with a 

total power of 194 kWp. The optimization results 

indicate that large PV capacities are beneficial under 

both economic and energy efficiency considerations 

due to low levelized costs of electricity and low carbon 

intensity. However, owing to legislative regulations, 

the installed power is limited to 100 kWp per year. The 

PV arrays will therefore be installed in two stages.  

Two decentral heat pumps with a thermal power of 

43kWth and 63 kWth supply heat to two buildings. The 

heat pumps use innovative low temperature sources, 

which specifically address the challenge of limited 

availability of ambient heat sources in urban areas 

(Hess et al., 2019).  

The first heat pump system is coupled to hybrid 

photovoltaic/thermal PVT collectors with a total 

collector area of 202 m². Uncovered PVT collectors 

with enhanced heat transfer of ambient energy through 

a finned heat exchanger at the rear side (Leibfried et 

al., 2019) are used as the sole source for the heat pump 

with a thermal power of 43 kWth. The second heat 

pump system with a thermal power of 71 kWth uses a 

dual heat source with intelligent control and 

hydraulics. Compared to a single-source heat pump, 

only 50 % of the size of a conventional ground source 

heat exchanger is required. The remaining thermal 

power is supplied by an air-to-water heat exchanger 

(Günther and Obermann, 2019). 
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Figure 3: District with energy concept (Image: Google, GeoBasis-DE/BKG) 

Three buildings are connected to a district heating 

network, which is powered by two combined heat and 

power units (CHP) fuelled by natural gas, each with a 

power of 50 kWel/92 kWth. These CHP units will also 

be commissioned in two stages owing to more 

beneficial feed-in-tariffs for smaller CHP plants in 

Germany. A new heating plant was designed and 

constructed for this purpose, as the available space in 

the basement was neither sufficient for a central 

solution with the heating plant integrated in the 

basement, nor a decentral solution with distributed 

CHPs. A two-pipe district heating network distributes 

the heat from the heating plant to the substations in 

each building. Sufficient heat storage capacities are 

considered to allow a certain electricity-driven 

flexibility of the CHP units.  

All heat generator units (heat pumps and CHPs) are 

equipped with peak load gas boilers as auxiliary 

heating backup. Buffer storages are included in all 

buildings and in the heating plant to allow a flexible 

operation of CHP and heat pumps. On the electrical 

side, the district is equipped with a transformation 

station to benefit from lower prices for electricity. 

With current German regulative scheme, it is however 

not possible to combine tenant electricity model with 

the self-consumption of PV electricity in heat pumps. 

Although technologically feasible, the contractor must 

operate both systems separately, which naturally 

limits the attractiveness of the concept and is therefore 

identified as a major regulatory barrier for advanced 

energy concepts.  

Energy and CO2 balance 

The detailed energy balance of the district energy 

system obtained from the simulation model is shown 

in Figure 4. The heat pump systems are expected to 

achieve a seasonal performance factor of SPF = 3.0 of 

the PVT heat pump system and of SPF = 3.5 of the 

dual source heat pump system. The performance of the 

PVT heat pump system is similar to an air source HP 

and the dual-source system is expected to perform 

similar to a conventional ground source HP. 

Low supply temperatures in the heating circuit are 

essential for an efficient heat pump operation. A 

reduction of previous nominal heating temperatures 

from 75/60°C to 55/45°C was achieved via a selective 

exchange of critical, undersized radiators. Only 11 % 

of all radiators were replaced by radiators with a larger 

surface and thus heating capacity for this purpose. 

This minimally invasive low-ex measure is expected 

to reduce the electricity consumption for space heating 

by 40 % (Lämmle et al., 2022) 

The heuristic, rule-based district controller achieves a 

high self-sufficiency rate for the electricity supply to 

the heat pumps. According to the simulation, 88 % of 

the electricity is locally generated by the CHP and the 

PV systems. During the heating period, the CHP units 

operate relatively constantly, which allows an 

economic and ecologic operation of the district during 

winter. The self-consumption of PV electricity in heat 

pumps, albeit technically feasible, collides with 

German regulatory requirements and is therefore not 

considered in the contractor’s business model. In 

terms of CO2 balance, the energy concept is expected 

to achieve a reduction of CO2 emissions by 52 % 

compared to the previous supply system with gas 

boilers and without PV panels. The reduction is 

achieved through a reduction of electricity import (-

19 %), CO2 bonus from electricity grid feed-in (-

25 %), and through a reduction of the consumption of 

natural gas (-9 %). 
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Figure 4: Annual energy balance of district indicating the energy flow (Heated floor area: A = 11243 m²). 

Energy management system (EMS) 

Different energy management strategies were 

compared in a simulation study: without energy 

management system, a simple heuristic, rule-based 

controller for the heat pumps, and a reinforcement 

learning controller. The objective of these smart 

controllers is the reduction of CO2 emissions by 

increasing the self-consumption and by reducing gas 

import in peak load gas boilers and the CHP with 

optimized operation schedules.  

Compared to the case without EMS, the heuristic 

controller reduces CO2 emissions by 5 %. The RL 

controller achieved a reduction of CO2 emissions by 

13 % (Voigt, 2021). Despite the promising results of 

the RL controller, the heuristic controller will be rolled 

out in the summer period due to simpler 

implementation with expected better stability. In a 

second phase, the RL controller will be tested in the 

field.  

Measurement results of a dual source heat 

pump system (DSHPS) 

Main barriers for the application of heat pumps in 

densely populated urban areas are the limited 

availability of uncovered ground and need of noise 

protection, which restricts usage of the sources ground 

and air, respectively. These barriers are addressed 

specifically by the dual source heat pump system 

(DSHPS), that is developed within the research project 

“HEAVEN” and demonstrated in one building of the 

district. By combining the individual advantages of 

both sources, a stable and high source temperature and 

thus a seasonal performance in range of a ground 

source heat pump system is to be achieved. 

Meanwhile, lower investment costs are expected for a 

well-designed DSHPS (Grossi et al., 2018).  

Figure 5 shows a simplified hydraulic diagram of the 

DSHPS. It consists of an HP cascade with heating 

power of 42.3 kWth + 28.7 kWth and heat source 

capacity of 33.6 kWth + 23 kWth at B0/W35 

conditions. A round tube, flat plate air-to-brine heat 

exchanger (AHX) of 40 kWth and a borehole heat 

exchanger (BHX) of 30 kWth nominal capacity are 

installed as heat sources. The heat pump system is 

planned as a bivalent parallel system with a 100 kWth 

gas boiler, which is designed for supporting domestic 

hot water (DHW) with supply temperatures above 

65 °C as well as space heating (SH) for ambient 

temperatures below -5°C.  

 

Figure 5: Simplified hydraulic diagram of the 

bivalent parallel DSHPS. 

The DSHPS was taken into regular operation in 

January 2022 with a basic control strategy for the heat 

source and heat supply. Figure 6 shows the energy 

shares of heat supply and consumption in the first 

operation period (Phase A: 26.1.-11.2.2022).Not all 

measurement devices have been installed yet. 

Therefore, some values (heat flow from gas boiler and 

in heating circuit) was approximated based on 

available data.  

The heat pumps achieve a total share of 66 % for heat 

supply, while the remaining 34 % are covered by the 

backup gas boiler. Thereby, 77 % of the space heating 

demand supplied by the heat hump. For DHW supply, 

the share of the heat pump is only 23 %. Table 1 shows 

the associated energetically weighted mean 

temperatures of source and sink side as well as the 

resulting HP performance factor including source side 

auxiliary energy (PF2) (Zottl et al., 2012).  

The following optimization potential was identified 

during Phase A: The DSHPS was operated with a 

conservatively parametrized heating curve with 

temperatures of 60 °C above Tamb = 0 °C. Moreover, 

the operation of the gas boiler for space heating is not 

required, as HP power and supply temperatures are 

sufficient. This is mainly due to a poor parameterized 



                                                                                                                                                   

 

peak load three-way mixing valve for supporting SH 

circuit by DHW.  

Table 1: Energetically weighted mean 

temperatures, averaged daily SH and DHW load 

and related PFs 

VA R I A B L E  UN I T  PH A S E  A PH A S E  B  

Tamb °C 4.9 4.9 

TBHX,sup °C 7.9 7.2 

TAHX,brine,sup °C 2.5 2.4 

THP,sec,sup °C 59.3 54.8 

TSH,sup °C 54.0 49.4 

TDHW,sup °C 71.6 72.0 

QSH kWh/d 775 679 

QDHW kWh/d 168 168 

PF2, BHX - 3.09 3.23 

PF2,AHX - 2.83 3.08 

PF2,DSHPS - 2.90 3.13 

Both optimization potentials were addressed in a 

second operation period (Phase B: 19.2.-7.3.2022) 

under comparable conditions regarding ambient and 

source temperatures as well as heating demand. The 

heating curve was lowered, and the amount of peak 

load mixing was reduced. Further, a slightly higher 

share for utilizing the ground source was observed.  

The realized improvements lead to the requested aims: 

the share of the gas boiler SH was reduced from 23 to 

16 %, respectively from 34 to 28 % in total (see Figure 

6, right). The performance factor PF2 increased from 

2.9 to 3.13 due the effective reduction of the mean 

supply temperature THP,sec,sup from 59 °C to 55 °C 

(Table 1).  

 

Figure 6: Energy shares of heat supply and 

consumption for Phase A (left) and Phase B 

(right). 

Future improvements of sink side control are aimed to 

solely supply SH by HP and to lower DHW 

temperatures for increasing HP share and related PFs. 

The discussed results illustrate typical measures for 

improving HP performance in multifamily houses, by 

reducing heat pump supply temperatures to a 

minimum and by reducing the share of the gas boiler 

to a minimum via adapted controller settings.  

Measurement results of district energy 

system 

A detailed evaluation of the district energy systems 

with a focus on electrical energy management is 

presented for the month of January 2022. Due to 

delays in the construction and commissioning of the 

district, an evaluation of the entire first heating period 

was not possible. Moreover, only parts of the district 

energy concept are in operation: two out of five PV 

systems (94 kWp from 194 kWp) and one out of two 

CHP units (50 kWel from 100 kWel) have been 

installed. This is due to legislative regulations for PV 

systems and CHP units in Germany, which 

economically favour an installation in two separate 

stages. The heat pump, which is connected to PVT 

collectors, is not yet in operation due to complains of 

tenants regarding noise. Figure 7 shows the detailed 

energy balance of the district energy system in January 

2022.  

Owing to the current system configuration, the gas 

boilers supply more than 40 % of the total heat 

demand. The use of the second CHP module and the 

second HP system as well as the optimization of the 

HP systems will reduce this share.  

The CHP unit in the local district network was in 

operation for a total of 741 h in January, which 

corresponds to over 99 % of operation time, and 

provided 78.5 MWh of heat (73 % of the district 

heating) and 36.9 MWh of electricity. 80 % of the 

electricity from the CHP units is consumed directly on 

site (11 % HP, 63 % households, 5 % auxiliary 

energy) and the remaining 20 % of excess electricity 

is fed into the grid (Figure 8). To cover the remaining 

electricity balance, 2 MWh were supplied by the PV 

system and 4.3 MWh were imported from the grid. 

Thus, the degree of electrical autarky is 88 % and the 

share of self-consumption is 81 % (all PV electricity 

was consumed directly on site). This is in line with the 

simulation results, even though the entire energy 

concept is not yet in operation. Although the use of the 

second heat pump system will increase the electricity 

consumption, more locally generated electricity will 

be available with the second expansion stage of CHP 

and PV in 2022.  

As shown in Figure 8, 99 % of the electrical energy 

used for heat supply (heat pump and auxiliary energy) 

is generated locally. Due to the long operation time, 

the share of CHP is the highest. 78 % of the electricity 

consumption of the heat pump and 85 % of auxiliary 

energy is covered by the CHP unit. Despite the winter 

conditions, 22 % of the heat pump and 14 % of the 

auxiliary energy can be provided by the PV system.  

In January 2022, the district achieved a reduction of 

CO2 emissions by 23 % compared to the previous 

supply system with gas boilers and without PV panels. 

The reduction is achieved through a reduction of 

electricity import (-19 %) and CO2 bonus from 

electricity grid feed-in (-6 %). However, due to the 

current system configuration, the gas consumption is 

slightly higher compared to the previous system 

(+2 %).  



                                                                                                                                                   

 

 

Figure 7: Energy balance of district in January 2022 indicating the flow of electricity, heat and gas.  

The aim of reducing CO2 emissions by at least 50 % 

has not been achieved, yet. However, it has been 

shown that a large amount of electricity imports 

could be reduced. The share of gas consumption by 

gas boilers will be further decreased by using the 

second CHP unit and the second HP system. The 

higher electricity generation of the CHP and the 

expansion of the PV system to 194 kWp also 

increases the amount of electricity generated locally 

and thus the CO2 savings through feed-in and 

reduction of import, even if there is more electricity 

demand from to the second HP. In addition, as the 

project progresses, it is expected that even in warmer 

outdoor conditions, when the CHP is only partially 

running but the PV system produces more 

electricity, the locally generated electricity can be 

used to generate heat with heat pumps and in 

households. 

 

Figure 8: Electricity supply and consumption of 

the district and relative shares in January 2022 

Conclusion 

This paper presents simulation and measurement 

results of a smart district energy system for existing 

multifamily buildings, that combines proven 

technologies to achieve both an economic operation 

with low CO2 emissions. Heat pumps, PV systems 

and combined heating and power units in a local 

district heating network are interconnected via an 

energy management system to optimize electrical 

self-consumption, autarky and thus achieve an 

economic and energy-efficient operation. 

Dynamic simulations indicate that CO2 emissions 

can be reduced by 52 % compared to the current 

energy system, without energetic refurbishment of 

the buildings. A further CO2 reduction could be 

achieved by a larger share of heat pumps, however 

at the cost of a lower economic profitability. The 

implemented energy concept therefore comprises a 

trade-off between low CO2 emissions and high 

economic profitability. AI-based energy 

management approaches using a RL controller have 

the potential to further optimize the energy system 

and reduce CO2 emissions during operation. 

Measurement results from the first heating period are 

presented and discussed. The dual source heat pump 

system achieved a performance factor PF2 of 2.9 in 

the first operation phase. Lowering the heating curve 

and optimizing a peak load mixing valve realized an 

improvement of the PF2 to 3.13. On district level, 

with currently half of the final district energy system 

in operation, a high level of electrical autarky (88 %) 

and self-sufficiency (81%) was achieved in January 

2022. The electricity for the heat pumps were fully 

supplied by the CHP and PV system without any 

required imports from the grid. The second stage of 

heat pump, CHP and PV installations will be 

commissioned in 2022. The current measurement 

results indicate that final district energy system is 

expected to achieve the ambitious CO2 goal. Further 

optimization measures of the heat pump systems and 

the roll-out of advanced energy management 

strategies will further improve the economic 

performance and energy efficiency during operation. 
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