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ABSTRACT

To combine a variety of different heat generating technologies, static design methods will not be 
sufficient to design future heat supply systems. New energy system design approaches are being 
developed with consideration of fluctuating renewable energy sources, different subsidy 
measures, as well as CO2-emission reduction targets.

The motive of this study is to develop a new methodology to design and optimise an energy 
system considering these constraints. The methodology is developed based on the Open Energy 
Modelling Framework (oemof) and applied on a sub-urban region in northern Germany. Local 
specifics of energy source potentials are taken into account. It adapts the boundary conditions of 
a German federal funding program for innovative heat supply networks “Heating Network 
Systems 4.0.” Federal funding restrictions of combined heat and power systems and self-
consumption are also considered.

An economic optimisation was conducted considering a variety of energy sources. Cost optimal 
energy system design was computed regarding investments costs, energy prices and annual CO2-
emission restrictions. The integration of combined heat and power (CHP), photovoltaic (PV) and 
heat pump (HP) systems in combination with storage size optimisation can reduce CO2-emission 
of heat production by approx. 69% compared to the current state of heat production.
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1. Introduction

Simple static design approaches for heat supply systems 
cannot take fluctuating renewable energy sources, annual 
CO2-emission restrictions, or complex federal funding 
mechanisms into account, in CHP electricity production 
or HP electricity supply for example. The optimal size of 
thermal energy storage (TES) or information about 
charging and discharging cycles cannot be determined 
either. TES can be beneficial for improved utilisation of 
least-cost technologies [1], thus the economic optimisa-
tion of an energy system is mainly dependent on these 
parameters and data.

The energy system is further affected by changing 
ambient temperature and grid supply temperatures. Both 

significantly influence the efficiencies of heat producing 
units especially HP. A precise analysis of the electricity 
supply of HP systems could benefit these regarding 
lower CO2-emission when compared with other systems 
[2]. The number of parameters cannot be considered 
using static design approaches to determine and design 
an optimal supply solution. To conduct an economic 
optimisation of the energy supply system a more detailed 
approach than the static design approach is necessary. 
There are a variety of tools for optimising energy sys-
tems, such as EnergyPlan [3] and several projects deal-
ing with the investigation of heating and cooling 
distribution networks. An overview of 58 projects in the 
context of Horizon2020 is given by [4] which shows the 
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importance of this topic on the path of lowering CO2-
emission in the district energy supply sector. As pointed 
out in [5] the future planning of energy systems will be 
deeply affected by the process of the transition to a 
decarbonised heat supply system. The work of [1] inves-
tigates four types of district heating plants (DHP) and 
the influences of taxation and subsidies of energy in 
Denmark, Norway, Sweden, and Finland. In [6] the 
investments and operation of an urban energy system 
considering the coupling of electricity, heating, and 
transport sectors is investigated, using the City of 
Gothenburg as an example. The work of [7] conducts a 
design study of a poligeneration system for an existing 
district heating and cooling (DHC) network, though 
without setting specific constraints for CHP funding 
mechanisms as requested for this investigation. The 
work of [8] is analysing options for 100% renewable 
urban districts with highest possible self-consume of 

locally generated renewable energy, pointing out that the 
feasibility of developed concepts for a Dutch case study 
depend on possible subsidies.
The methodology in this study addresses the implemen-
tation of constraints in funding mechanisms for sector 
coupling technologies and 4th-Generation District 
Heating (4GDH) in Germany in particular, based on the 
idea of designing a smart energy system [9]. The main 
goal of this study is to develop a methodology to design 
an economically optimal producer park for a district 
heating supply network considering local specifics of 
the model area as well as requirements regarding the 
CO2-emission reduction of heat production. This meth-
odology considers local energy potentials and a variety 
of heat producing units, as well as time dependencies of 
renewable energy sources and unit efficiencies. A 
specific case study using the methodology is developed 
around a model region in northern Germany, close to the 
city of Bremen.

The methodology is based on oemof.solph which is 
part of oemof [10] an organisational framework for sci-
entists in the field of energy system modelling address-
ing the new challenges of energy system modelling [11]. 
Furthermore, it was “… hypothesized as a progressive 
tool to design a sector-coupled and renewable-based 
energy system …” [12] and contains various packages 
and functionalities to model and optimise complex 
energy systems. Among other things, the framework has 
been used to investigate the optimal storage capacity for 
a northern German region [13] as well as to investigate 
compressed air storage potentials in the German energy 
system [14].

To define and calculate an energy system the model 
generator oemof.solph [15] is applied. The energy 
system model is based on the graph theory [16] and each 
part of the energy system is represented by a node. 
oemof.solph distinguishes between two kinds of nodes, 
buses and components.

The energy system is represented by a linear equation 
system considering these nodes. A more detailed view 
on the equations of this system and its components is 
given in section 2.1. Further information of the mathe-
matical background can be found in [15].

A load profile was created via a thermal building sim-
ulation framework developed at the TU Berlin which 
had been adapted to a model region (see section 2.2). To 
design an optimal producer park to supply the model 
area economical parameters and the potentials of renew-
able energy sources within the model area are needed. 

Abbreviations

4GDH	 4th-Generation District Heating
aux	 auxiliary
BG	 biogas
BM	 biomass
BMWi	� Federal Ministry for Economic Affairs and Energy 

(Bundesministerium für Wirtschaft und Energie)
cap	 capacity
CHP	 combined heat and power
cond	 condensing
COP	 coefficient of performance
ct	 €cent
DHC	 district heating and cooling
DHP	 district heating plants
DHW	 domestic hot water
EEG	� Renewable Energy Sources Act (Erneuerbare-

Energien-Gesetz)
FLH	 full load hours
GT	 geothermal
HP	 heat pump
hr	 high revenue
KWKG	� Combined Heat and Power Law (Kraft-Wärme-

Kopplungs-Gesetz)
LCOE	 levelised costs of energy production
lr	 low revenue
NG	 natural gas
oemof	 Open Energy Modelling Framework
P2H	 power to heat (e.g. electrode boiler)
PV	 photovoltaic
red	 reduction
SPF	 seasonal performance factor
TES	 thermal energy storage
TRY	 test reference year
WW	 wastewater
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As necessary input data, the potentials of renewable 
energy sources in the model area were estimated (see 
section 2.3).

The goal of this research is to identify a feasible heat 
production system for a sub-urban region which assures 
an optimal use of local resources and adapts to the local 
potentials. The developed methodology during this 
research enables the local municipality to gain informa-
tion about possible future heat supply solutions.

2. Energy System Optimisation

The methodology of the optimisation of the energy 
system is primarily an economic optimisation of a heat 
supply system using the newly developed framework. 
Furthermore, the potentials of local energy sources and 
the heat demand of the building stock were estimated. 
The following sections give an overview of the method-
ology used to define the energy system, implement its 
boundaries, estimate the annual heat demand and the 
local energy source potentials.

2.1. Energy system definition and optimisation
The heat supply simulation and energy system optimis-
ation are conducted using the developed methodology 
based on oemof [10] and oemof.solph [15] shown in 
Figure 1. With its functionalities and libraries, an energy 
system model based on user inputs is defined and trans-
lated into a linear system of equations using oemof.
solph. For optimisation of the system, a minimisation 
problem is defined and solved using open source solving 
algorithms pyomo [17], [18] and cbc [19].

As shown on the left in Figure 1 the optimisation is 
based on various input data which is estimated or calcu-
lated (see section 2.2 and 2.3). To define the components 
of the energy system and most of the necessary input 
data in this methodology an excel file can be used. Some 
currently existing functionalities of the existing oemof 

packages were adapted and further developed. As shown 
in Figure 1 necessary input data are:

•	 heat demand profile(s)
•	 possible energy conversion units (e.g. boilers, 

CHP units)
•	 annual CO2-emission restrictions, funding 

program restrictions
•	 timeseries of ambient temperature and variable 

unit efficiencies
•	 time series of fluctuating renewable energy 

sources
•	 total annual potentials of energy sources (see 

Table 6)
•	 economic data (variable and fixed costs (see 

Table 8, Table 9)
The oemof.solph package within the optimisation frame-
work creates a model of the energy system, which is 
made up of energy sources, sinks, storages, and transfor-
mation units. Each transformation unit in this system is 
represented by a component. The components of the 
system are connected via buses. A bus is a mathematical 
connector which can connect several components to 
represent energy or mass exchange.

A schematic and simplified energy system model for 
the model region is given in Figure 2. In this schematic 
overview the main components of the energy system are 
shown. Energy sources (on the left, e.g. biomass (BM), 
ambient heat sources and PV) transmit energy flows 
(represented by arrows) to various transformation units. 
These so-called transformers convert energy flows from 
sources into usable energy flows which feed the sinks.

In this study five different transformation units have 
been considered: CHP, boiler, HP, power to heat (e.g. 
electrode boiler) (P2H), and storages. A Boiler for natu-
ral gas (NG) is considered as condensing boiler. A BM 
boiler is considered as conventional boiler with lower 
efficiency than a NG boiler. Transformation units con-
vert several sources of energy to heat and/or electricity.

Figure 1: Framework of the optimisation process
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Storages can store produced surplus energy and dis-
charge it to the grid when needed. For the model region 
only TES (hot water tanks) are considered as they are 
cheaper, more efficient, and increase the flexibility the 
CHP production [20]. Sinks, the thermal and electric 
grid in the system for example, are shown on the right. 
The electrical sink in this system represents the local 
grid for feed in of surplus electricity production. Further 
it can be used as source for electricity supply of HP or 
P2H units. Since the electricity supply has so far been 
provided via an established distribution network, the 
electricity demand of the households is not taken into 
account in the design of the heat supply system.

As conventional heat producing units, CHP units and 
condensing boilers using NG are considered. Solar ther-
mal collectors, several HP systems, or P2H units in 
combination with PV collectors are considered as 
renewable heat producing units.

The efficiencies of the transformation units listed in 
Table 1 are assumed constant over time and independent 
of the unit size, except those for CHP units. Their effi-
ciencies are constant over time but dependent on the 
unit’s capacity (cap). The efficiency ranges for a small 
CHP unit (10 kW) from thermal/electrical efficiencies of 

0.55/0.35 to efficiencies of 0.45/0.42 for a unit with a 
capacity of 2,000 kW. Part load efficiencies or start-up 
phenomena of these units during operation are not 
considered.

For each of these components (sources, transformers, 
storages, and sinks) an integral energy balance equation 
considering a closed system is defined. The balance 
equation is discretised according to the timestep. In this 
study, a time step resolution of one hour is chosen, as 
recommended in [2], among others. The entire energy 
system is defined by a linear system of equations (Eq. 
(1)).

	
dU
dt

E t E t C tin out
�
�
�

�
�
� � � � � � � � � �� �   	 (1)

In Eq. (1) U represents the internal energy of a compo-
nent for each timestep t. E  represent energy flows to 
and from a component. C  represents energy conversion 
or losses inside a component at each timestep, e.g. heat 
losses of a TES. For each timestep a minimisation prob-
lem is solved using functionalities of oemof.solph [15]. 
The objective function of the optimisation Eq. (2) is the 
minimisation of total annual levelised costs of the 

Figure 2: Schematic and simplified overview of the energy system
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system (AC) with respect to system boundary condi-
tions. Boundary conditions are satisfying the total heat 
demand Qtot in each timestep (Eq. (3)) without exceed-
ing the given limit of annual CO2-emission Etot (Eq. (4)). 
Where cf represents the specific cost of each energy flow 
qf, Ii the specific investment cost regarding the maxi-
mum capacity qi,out,max of a component and ef the spe-
cific CO2-emission of an energy flow.

	 min
i f t

f f
i

i i maxAC c q t I q� � � �� �
,

, ,( ) out 	 (2)

	 s t q t Q t t
i

i out demand. . ( ) ( ) ;,� � � �� �1 8760 	 (3)

	 s t q t e E
f t

f f tot. . ( )
,

� � � 	 (4)

The economic optimum after minimising the total cost 
of the system is based on annuities of investment costs 
and annuities of variable costs. Annuities levelise the 
cost of initial investments and possible later re-
investments over an economic time horizon considering 
annual cost escalation rates and interest. Various heat 
producing technologies within capacity ranges (sum-
marised in Table 8) are selected for the model region 
based on the potential analysis (see section 2.3) and the 
common technologies available on the market. Annuities 
of producer costs are adapted to the nominal size of each 

producer. Annuities of variable costs are levelised costs 
considering annual cost escalation rates and interest of 
fuel costs for example (Table 7).

After the optimisation process and the post-process-
ing of the results, information about optimal investment 
of producer capacities, the resulting producer operation, 
annual CO2-emission of the system, levelised costs of 
energy production (LCOE) as well as necessary storage 
capacities is obtained.

2.1.1. CHP unit, boiler, and P2H unit
In Figure 3 the representing model of a transformation 
unit (in this case a CHP unit) and its nodes is given. 
Busses in this model are mathematical connectors which 
connect various system components, the fuel source on 
the left and the CHP for example. Through a bus no flow 
conversion takes place.

Using the defined thermal and electrical efficiencies 
of the CHP unit (see Table 1) the source energy flow is 
converted into 2 product flows. Each transformation unit 
(i) and their connections between input and output 
energy flows are modelled for each timestep using Eq. 
(5). The efficiencies for the transformer types sum-
marised in Table 1 are set to be constant over time.

	
j

m

i out j
l j

k m

i in l i ljq t q t
� � �
� �� �� �
1 1 1

, ,

,

,

, , ,( ) ( ) � 	 (5)

Table 1: Constant efficiency ranges of transformer units

Producer Size range Unit Efficiency range [-]

thermal electrical

CHP 10–2,000 kWth [0.55; 0.45] [0.35; 0.42]

Condensing boiler 50–2,000 kWth 0.97

BM boiler 500–2,000 kWth 0.85

P2H 50–1,000 kWth 0.99

PV 5–750 kWp,el 0.18

Figure 3: Schematic model of a CHP transformation unit
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In Eq. (5) m represents the number of output flows, k 
represents the number of input flows. In this case two 
output flows (m = 2), an electrical (j = 1), and a thermal 
flow (j = 2) are produced from one input flow (k = 1). 
For each output flow of the unit i an efficiency hi,lj is 
defined. Similar to the CHP unit a boiler or P2H unit is 
modelled, e.g. an electrode boiler. Instead of two output 
flows, only one output and input flow (k = 1, k = 1) and 
one efficiency for energy conversion are defined.

2.1.2. HP unit
For HP units, time dependent instead of constant effi-
ciencies were chosen as they are highly dependent on 
condensation and evaporation temperature. The conden-
sation temperature is related to the supply temperature 
of the connected heating grid, which itself is connected 
to the ambient temperature. The ambient temperature of 
the test reference year (TRY) 2015 in Germany is used 
for further calculations. To calculate the coefficient of 
performance (COP) of HP units the efficiencies accord-
ing to [21] are used and summarised in Table 2.

The supply temperature of the district heating grid 
varies between 95°C and 65°C with respect to the ambi-
ent temperature. The maximum grid temperature is 
caused by the highest supply temperature of the oldest 
buildings present in the model area, whereas the mini-
mum grid temperature depends on the temperature 
requirements of the domestic hot water (DHW) supply. 
The maximum possible COP of a compression HP (Eq. 
(6)) is calculated based on the efficiency of the Carnot 
cycle [22]. The lower temperature level (Tlow(t)) is cal-
culated using the source temperature (Tsource(t))  and the 
heat exchanger temperature difference (DTHE). 
Accordingly, the high temperature level (Thigh(t)) is cal-
culated using the sink temperature (Tsink(t)). For each 
time step of the optimisation the Carnot efficiency 
hCarnot(t) (Eq. (6)) and the cop of the HP COPHP(t) are 
calculated (Eq. (7)). Considering a plate heat exchanger 
for the HP, the temperature difference at the heat 
exchanger sides is set to DTHE = 2 K.

	 COP t
t T t

T t

Carnot
Carnot low

high

( )
( ) ( )

( )

� �
�

1 1

1
�

	 (6)

COP t COP t T t T
T t T

HP HP Carnot
HP

source HE

sink H

( ) ( )
( )

( )

� � �
�

�
�

�
�

1
�
� EE

(7)

The resulting COP of the available heat sources air, 
wastewater (WW), and surface geothermal (GT) for 
each time step are shown in Figure 4. Due to fluctuat-
ing supply temperatures as well as fluctuating source 
temperatures, the COP of each technology shows a 
strong variation on an hourly basis. The COP for 
air-HP shows a high fluctuation over the hole year due 
to hourly ambient temperature fluctuations. The COP 
for WW HP shows high fluctuation during winter 
months due to supply temperature fluctuation. It is 
almost constant during summer months due to a con-
stant WW and supply grid temperatures [23]. According 
to the information provided by the local WW disposal 
company, the annual WW temperatures range betweenen 
12-14°C.

Information on the temperature of surface GT sys-
tems is taken from [24]. The COP also shows more 
fluctuation during winter months than during summer 
months. There, a steadier curve progression is observed, 
due to a constant supply temperature and a steady rise of 
the surface temperature. During September the COP of 
the surface GT collectors shows a gap at the beginning 
of the heating period. This is based on the assumption of 
a higher extraction rate at this point [24]. In case of an 
unlimited low-temperature heat source, e.g ambient air, 
the definition of one conversion factor for electricity is 
sufficient. To be able to consider limited heat source 
potentials, e.g. extractable heat from WW, it is necessary 
to follow the oemof.solph documentation [15] on page 
13 to define efficiencies for the conversion of electricity 

Table 2: Ambient parameters, supply net parameters and HP efficiencies

Parameter Unit Value Parameter Unit Value

Max. supply temp. °C 95 HP efficiency air/water - 0.40

Min. supply temp. °C 65 HP efficiency brine/water - 0.55

DHW temp. °C 60 HP efficiency water/water - 0.55

Min. ambient temp. °C -12 Heating surface exponent - 1.3
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and the conversion of heat from the heat source (Eqs. (8), 
(9)). The heat output is calculated using the COP of each 
timestep (Eq. (10)).

	 �el
el

sink HP

t P t
Q t COP t

( )
( )

( ) ( )
� �

1
	 (8)

	 �th
source

sink

HP

HP

t Q t
Q t

COP t
COP t

( )
( )

( )

( )

( )
� �

�1
	 (9)

	 Q t P t t Q t tsink el el source th( ) ( ) ( ) ( ) ( )� � � �� � 	 (10)

To be able to consider all the different electricity sources 
of the HP system, a system model as shown in Figure 5 
is defined. As input flows, various sources of electricity 
and heat are possible. The electricity supply of HP can 
be realised by direct grid supply, self-consumption of the 

PV collectors as well as self-consumption of the CHP 
units. The fluctuation of electricity from renewable 
energy sources and its specific funding revenues need to 
be considered to economically optimise the operation of 
the affected units. The different costs of electricity 
regarding their production units make a detailed view on 
HP units and P2H units and its electricity sources neces-
sary (see section 2.1.3).

2.1.3 Auxiliary power system
Due to federal funding restrictions the revenues of elec-
tricity generated by CHP or PV units differ depending 
on the installed capacity of a unit and its annual produc-
tion. The electricity produced by a CHP unit receives 
federal funding, as laid out in the Combined Heat and 
Power Law (Kraft-Wärme-Kopplungs-Gesetz) (KWKG) 
[25], where the maximum duration of this funding is 

Figure 5: Schematic model of a HP transformation unit

Figure 4: Annual COPs of different HP systems



46	 International Journal of Sustainable Energy Planning and Management Vol. 31 2021

Methodology to design district heating systems with respect to local energy potentials, CO2-emission restrictions, and federal subsidies using oemof

also specified. The Renewable Energy Sources Act 
(Erneuerbare-Energien-Gesetz) (EEG) [26] defines 
additional costs for self-consumption of electricity from 
renewable energy sources or CHP units (EEG levy).

For the electricity supply of HP systems, a more com-
plex model with additional auxiliary (aux) transformers 
and buses was designed to consider all necessary cost 
and funding flows for accounting and optimisation. In 
Figure 6 the auxiliary power system for electricity flows 
from PV units and CHP units is shown. The calculated 
cost data are summarised in Table 3.

Table 3: Calculated levelised cost of electricity flows in  

HP systems based on [25], [26]

Flow Cost description Range of levelized 

cost [€/kWh)]

1
EEG-levy on CHP and PV 
electricity production

0.026

2
CHP unit operational cost (excl. 
fuel cost)

[0.004; 0.020]

3 CHP grid feed in (high revenue) [-0.121; -0.087]

4 Regular electricity revenue -0.041

5
Own power consumption cost (incl. 
EEG-levy)

[-0.009; 0.008]

6
PV grid feed in revenue (refund of 
EEG-levy)

[-0.125; -0.082]

7 Grid electricity cost for HP systems 0.227

Electricity is produced in the transformation units 
“PV el”, which represents the PV collector, and the CHP 
units in the system which convert NG to electricity and 
heat. For electricity accounting, the heat produced by the 
CHP unit is not considered in this aux power system.

The produced electricity (with production costs 1, 2) 
flows to aux transformers (“PV to P2H”, “PV to HP”, 
“CHP hr”, “CHP lr”, “CHP HP”). For these transform-
ers, efficiency values of 1 are implemented as no flow 
conversion takes place. The high revenue (hr) electricity 

feed-in to the grid of CHP units, which can be achieved 
for the funding duration, is represented by “CHP hr”. 
“CHP lr” represents the grid feed-in with low revenue 
(lr), the common electricity revenue. The electricity pro-
duced by PV can be fed into the HP supply transformer 
(“PV to HP”) and the P2H supply transformer (“PV to 
P2H”) without additional revenues or costs. From “PV 
to HP” it can be fed into the local grid with costs 6, or 
self-consumed in the HP. The revenue for electricity 
from the CHP units depends on unit size, full load hours 
(FLH), as well as the fuel source [25].

A limited amount can be fed into the local grid with 
hr (cost 3) or into the HP system for self-consumption 
(cost 5). After reaching this limit the grid feed in with lr 
is possible (cost 4). Without electricity production of 
both the CHP unit and PV unit the electricity supply of 
the HP can be realised by consuming electricity from the 
local grid (cost 7). The supply of the P2H unit with elec-
tricity produced in the CHP unit is not considered as the 
minimum COP for all HP systems (see Figure 4) is 
higher than the efficiency of the P2H unit. Depending on 
the electricity source, its cost, and the COP of the HP 
system the LCOE of the HP varies.

The constraint (Eq. (11)) was implemented limiting 
the annual amount of electricity which can be funded. 
As the economic optimisation includes an invest optimi-
sation of the producer size (see Eq. (2)), the CHP capac-
ity of the component is a variable of the optimisation 
problem. This affects the amount of produced electricity 
which is applicable for funding (Eq. (12)).

t
CHP hr
el

CHP hp
el

CHP
hr

CHP max
elq t q t FLH q

�
� �� � � �
1

8760

, , ,( ) ( ) 	 (11)

	 FLH
q t

qi
t i

el

i max
el� � ( )

,

	 (12)

Figure 6: Auxiliary system model for HP electricity supply
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	 FLH h aCHP
hr

, ,NG  /= 3 000 	 (13)

	 FLH h aCHP
hr

, ,BG  /= 4 380 	 (14)

For NG units an amount of 30,000 h over 10 years is 
considered (Eq. (13)) [25]. For CHP units using biogas 
(BG), 50% of the annual electricity production is com-
pensated with high revenue values (Eq. (14))[26]. If the 
electricity transport through the transformers “CHP hr” 
and “CHP HP” exceeds this limit, the energy flow from 
bus “CHP el” can only be transported through trans-
former “CHP lr”.

2.1.3. 4th Generation network funding
To consider the federal funding program for 4GDH net-
works the total amount of heat produced during a year 
needs to be allocated to its production unit based on the 
type of heat. Three categories of heat are defined 
depending on the fuel of the heat producing unit [27]:

•	 Renewable (index ren)
•	 Biomass (index bm)
•	 Conventional / fossil (index conv)

These attributes were added to the flows in the energy 
system. To apply for the funding program several terms 
and conditions must be met. The sum of all flows with 
these attributes (Eqs. (15)-(17)) is taken into account to 
implement the constraint (Eq. (20)).

	 Q q tren
t

ren�
�
�
1

8760

( ) 	 (15)

	 Q q tbm
t

bm�
�
�
1

8760

( ) 	 (16)

	 Q q tconv
t

conv�
�
�
1

8760

( ) 	 (17)

At least 50% of the annual heat production must be 
realised by renewable energy sources according to the 
funding program [27]. Heat produced from BM can be 
considered as renewable up to the total amount of all 
other renewable heat in the system (Eq. (18)). If more 
heat from BM than from renewable sources is produced, 
the surplus BM heat is considered as conventional/fossil 
heat (Eq. (19)).

	 Q
Q Q Q
Q Q Qbm ren

bm bm ren

ren bm ren
, ��

�
�

�
�
�

	 (18)

	 Q Q Qbm conv bm bm ren, ,�� � 	 (19)

	 Q Q Q Qren bm ren conv bm conv� � �, , 	 (20)

A higher share of renewable heat in the systems offers 
the possibility to receive more funding awards [28]. A 
constraint to specify the desired additional percentage 
share (R) of renewable heat in the energy system based 
on the EEG [28] is implemented (see Eq. (22)). A factor 
of 8 for example means an additional share of 40% of 
annual renewable heat production of the system in addi-
tion to the minimum of 50%.
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	 Q QR max R min, ,,= =100 50 	 (23)

2.2. �Model region specifics and demand profile 
simulation

The model area consists of a heterogeneous building 
stock of 217 buildings of which 58% are residential and 
42% are non-residential buildings. Most buildings, with 
regard to the net heated area, are constructed before 1984 
(64.2%). The building parameters, such as building type, 
year of construction, and renovation status vary over the 
model area. The categories of the construction year of 
buildings of the model area are summarised in Table 4.

Table 4: Building age categories of model area

Year of 

construction

Quantity Quantity 

[%]

Area [m²] Area [%]

before 1948 37 15.2 19,009 13.9

1949-68 24 9.9 9,869 7.2

1969-83 55 22.6 58,922 43.1

1984-2010 38 15.6 26,795 19.6

after 2010 63 36.6 22,257 16.3

A school complex of three buildings, a new con-
structed supermarket, and buildings with mixed commer-
cial and living usages are the main representatives of 
non-residential buildings. To simulate the heat load of the 
model region a detailed study of the building stock was 
conducted, where inquiries with habitants and database 
analysis of building parameters were combined. Building 
models were automatically generated and simulated 
using the tool Teaser [29]. Separate load profiles for 
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domestic hot water and space heating were created. Due 
to a cooling demand only in the supermarket, which is 
planned as self-sufficient including waste heat utilisation, 
the design of a district cooling network is not considered.

Load profiles of domestic hot water were created by 
scaling nominal domestic hot water profiles according to 
each building’s net leased area. Load profiles for space 
heating were created by scaling individual reference 
building load profiles based on the residential buildings 
of the German building typology Tabula [30]. Data such 
as the respective building’s net leased area, partial reno-
vations of windows, facade, roof, and floor were included 
in the scaling. As a result, load profiles from the corre-
sponding building’s space heating and domestic hot 
water demand were generated for the complete model 
area using a timestep of an hour (see Figure 7).

Table 5: Current heat producing units and percentage  

share of annual heat production

Heat producer unit Number of 

units

Share of annual heat 

production [%]

Boiler (oil) 27 5.7

Boiler (NG) 212 72.5

HP 15 3.0

CHP, boiler (NG, 
school complex)

3 18.8

The average hot water demand is almost constant 
throughout the year, except for the period from May to 
September. In comparison, the space heating demand 
shows a high fluctuation, which is quite common for 
heat supply networks and a heterogeneous building 
stock [31]. The highest demand occurs in the months 
from November to April. In the summer months, the 
demand for space heating is correspondingly low. The 

simulated annual heat demand is 16,524 MWhth/a with a 
thermal peak load of approx. 8,600 kWth.

The current state heat production is realised inde-
pendently for each building mainly depending on NG 
and oil. In Table 5 the currently installed heat producing 
units and their percentage share of annual heat produc-
tion are shown. The total annual CO2-emission of the 
existing energy system is approx. 3,852 t/a. The LCOE 
in €-cent (ct) per kWhth of the current energy system is 
approx. 11.2 ct/kWhth. These data represent the refer-
ence case for later comparisons.

2.2.	Model region energy potentials and economic 
parameters

In order to apply the developed methodology to a specific 
case study, local energy potentials were estimated. The 
available renewable energy sources in the model region 
and their estimated potentials are summarised in Table 6.

Table 6: Theoretical potentials of renewable energy sources

Source Potential in 

GWh/a

Source Potential in 

GWh/a

WW-HP 2.1 Wood chips (local) 6.0

GT-collector 17.2 Straw pellets 19.5

GT-probes 19.1 PV 1.2

Local companies as e.g. a municipal waste disposal 
company, provided information on the energy potentials 
of WW and BM within the model area. Further energy 
potentials using different ambient heat sources, e.g. sur-
face GT collectors or probes in combination with HP, 
were considered estimating good temperature levels and 
stability [32]. The data of the average daily WW volume 
of 2400 m3/d and a cooling of 2 K results in an annual 
potential of approx. 2.1 GWhth/a.

Figure 7: Hourly heat demand profiles of the model region
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In regional proximity (≤ 50 km), different sources of 
BM such as wooden BM and straw pellets are available. 
A municipal waste disposal company could provide 
woodchips with an energetic potential of approx. 6 
GWhth/a (wood chips (local)). The purchase of addi-
tional wood chips or wood pellets at market conditions 
is considered as well (wood chips (market), wood 
pellets).

Due to renaturation programs of swamps and moors 
in the area, the usage of straw pellets as BM source can 
also be considered and its potential was estimated to 
19.5 GWhth/a. However, the first analyses of this energy 
source showed that its production and transportation 
cost will be higher compared to other BM sources. 
The potential of GT-collectors (17.2 GWhth/a) and 
GT-probes (19.1 GWhth/a) was calculated according to 
[33], [34] for surface collectors with a depth (≤5 m) and 
probes with a possible depth of (≤100 m). For the poten-
tial analysis, the available net area, which includes all 
undeveloped surfaces, was used. These technologies are 
in direct competition with each other through the use of 
the same area. Suitable roof areas in terms of orientation 
and inclination (3.7 ha) of the total roof areas (7.2 ha) 
within the model region could be used for the installa-
tion of PV or solar thermal collectors. Due to different 

ownership structures and uncertainties about the actual 
usable roof areas, only roof areas of public buildings 
were considered. These roof areas could situate approx. 
6,100 m2 collector surface. Using the data of [35] and 
assuming a southerly orientation and an inclination of 
30° of PV collectors, this results in an annual potential 
of 1.2 GWhel/a.

Theoretically, the annual heat production potential of 
all renewable energy sources can meet the annual heat 
demand of the model region. Realistically, the fluctua-
tion of the heat demand and renewable energy sources 
over the year and even over one day must be considered.

NG is considered as a possible fossil energy carrier. 
The use of BG is considered on a balance sheet basis 
because no BG plant is situated in direct surrounding of 
the model area. The local electricity grid is considered 
as a source of electricity. Depending on the supply con-
tract and the amount of annual electricity demand e.g. 
for residential or commercial customers, the costs for 
electricity can vary. For usage in sector coupling sys-
tems such as electrode boilers (P2H) or HP systems 
different prices are implemented. Economic parame-
ters, e.g. cost escalation rates (see Table 7), were used 
to calculate the specific investment costs ranges of the 
considered heat producing units (see Table 8), as well 

Table 7: Cost elevation rates and calculated economic parameters [36], [37]

Parameter Unit Value Parameter Unit Value

NG % p.a. 2.45 BG % p.a. 2.45

BM % p.a. 0.72 Electricity % p.a. 0.74

CO2-cost % p.a. 2.00 Maintenance cost % p.a. 2.45

Invest cost % p.a. 0.60 Other cost % p.a. 0.60

Economic horizon a 20 Annuity factor - 0.076

Table 8: Levelised specific investment cost of producing units adapted from [36], [37]

Producer Size range Unit Levelized invest cost Unit

CHP 10–2,000 kWel 475.9–81.5 €/kWel /a

Condensing boiler 50–2,000 kWth 18.7–6.7 €/kWth /a

Biomass boiler 500–2,000 kWth 80.4 €/kWth /a

Air-HP 10–2,000 kWth 90.4–40.7 €/kWth /a

GT-probe-HP 10–200 kWth 187.2–142.8 €/kWth /a

GT-collector-HP 10–200 kWth 138.6–110.5 €/kWth /a

WW-HP 100–500 kWth 114.4 €/kWth /a

P2H 50–1,000 kWth 19.5–17.8 €/kWth /a

TES 10-20,000 kWhth 1.183 €/kWhth /a

PV 5–750 kWp,el 152.8–73.3 €/kWp,el /a
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as the levelised costs of considered energy carriers (see 
Table 9).

The specific CO2-emission of considered energy car-
riers are also given in Table 9. The levelised cost for 
CO2-emission is 62 €/t based on current decisions of the 
federal government.

3. Main Results

To support the local administration in deciding on an 
optimal solution for the municipality’s future heat 
supply system, several scenarios were defined during the 
project. A variety of CO2-emission reduction scenarios, 
as well as scenarios with preferred system parameters, 
such as annual share of renewable heat, have been inves-
tigated. For this article and in the context of Smart 
Energy Systems-4th Generation District Heating, the 
most relevant design scenarios were chosen. Their main 
optimisation parameters are listed in Table 10.

The first design scenario (a) is a static design method 
using an ordered annual load curve to estimate unit 
capacities for the most economic annual heat produc-
tion. In the second and third design scenario (b, c), the 
developed methodology is applied. Additional con-
straints are implemented in order to fulfil requirements 
of the federal funding program or annual CO2-emission 
reduction (red) goals. Scenario b is called the 4thgenera-
tion scenario, where a constraint was set to assure an 

annual renewable heat production of 90%. In the third 
scenario (c) a high level of CO2-emission reduction 
(80% compared to the reference case) was defined as a 
constraint. This scenario is called the 80%reduction 
scenario.

3.1.	Static design approach
A static design method was chosen as the first design 
approach. An ordered annual load curve of the load 
profile was used, and heat producer sizes were 
designed based on ideal FLH (see Figure 8). The base 
load due to the lowest heat production cost is realised 
by a BM boiler. It is supplied by locally available 
wood chips without additional purchase of market 
wood chips. The mid and peak loads are produced by 
a NG condensing boiler. The heat production fits the 
heat demand exactly, as it is one of the design 
requirements. Heat storage is not considered in this 
scenario.

With the static design approach, the economically 
optimal heat producing solution was calculated without 
consideration of fluctuating sources, CO2-emission con-
straints, storage management or time dependent cop of 
HP. This method of energy system design leads to a 
non-satisfying solution. The estimated results of approx. 
2,951 t/a annual CO2-emission which compared to the 
reference case represents a reduction of 23.4%. A BM 
boiler with wood chips from a local supplier as well as a 

Table 9: Specific cost and specific CO2-emission of energy carrier adapted from [36], [37]

Energy carrier Levelized cost [€/kWh] Specific CO2-emission [kg/kWh]

NG 0.0387 0.240

BG 0.0982 0.120

Wood chips (local) 0.0127 0.026

Wood chips (market) 0.0343 0.026

Wood pellets 0.0525 0.029

Straw pellets 0.0579 0.040

Electricity (residential) 0.3233 0.340

Electricity (commercial) 0.1796 0.340

Electricity (P2H) 0.1169 0.340

Electricity (HP) 0.2266 0.340

Table 10: Main parameters of the optimisation

Parameter Unit Value Main scenarios Unit Value

Annual heat demand GWh 16.8 (a) Static design - -

Max. heat load MW 8.7 (b) Renewable share % 90

Current emissions t/a 3,852 (c) Emission reduction % 80
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NG boiler are installed. These units have the lowest fuel 
and investment costs (Table 8, Table 9). This leads to 
LCOE in €-ct per kWhth of this system of approx. 6.9 
ct/kWhth which represents a reduction of 38.1% 
compared to the reference case. These costs include 2.2 
ct/kWhth specific cost of the heat supply grid.

3.2.	4th generation scenario
The optimisation results of the 4thgeneration scenario 
using the developed methodology are shown in Figure 9. 
At first sight, a more diverse energy system can be 
observed. The base load is satisfied by a WW-HP, a 
GT-HP, and a CHP unit. The main heat demand is satis-
fied by a BM boiler. An air-HP, a P2H unit and a NG 
condensing boiler cover peak load hours. When the heat 
production exceeds the actual demand, the excess heat is 
stored in TES. During peak and low load hours the heat 
demand is not satisfied by the installed units. During 
these hours heat with lower specific cost and specific 
CO2-emission is discharged from the TES instead.

A more detailed view of the annual heat production 
and the percentage share can be seen on the right. The 
boundary condition of the system requiring a minimum 
of 90% renewable heat is satisfied by the HP units, the 
P2H unit, and the BM boiler. The CHP unit and the con-
densing boiler together account for 10% of the produced 
heat.

The total annual CO2-emission of the optimised 
energy system is 1,240 t/a which represents a reduction 
of 67.8% compared to the reference case. The optimised 
storage size in this scenario is 13.6 MWhth. Due to heat 

losses of the supply grid and the heat storage, the total 
annual heat production is 17,265 MWhth/a. The LCOE 
are approx. 6.7 ct/kWhth, including 1.5 ct/kWhth specific 
cost of the supply grid, less than in scenario a due to the 
funding revenues in this scenario. As this scenario 
mainly depends on HP systems, information about the 
electricity supply of these units is presented in Figure 10.

The sum of electricity consumed by all HP systems 
over one year is shown on the left. On the right, the 
annual power consumption of each HP system is shown. 
During the summer months (June till September) the 
supply can be provided almost completely by the PV 
unit. At some points during August and October the 
CHP unit and grid supply are required to cover the 
higher electricity demand. During the heating period 
from October to May and during winter months, the 
electricity produced by PV cannot satisfy the demand 
for the HP systems and the supply is mainly supplied by 
the CHP unit. During peak load hours during December 
till March additional grid supply is necessary. Using the 
gained information about the optimal operation of the 
HP systems, the seasonal performance factor (SPF) of 
the HP systems can be calculated. These are summarised 
in Table 12.

3.3. 80% Reduction scenario
In Figure 11 the annual load curve of the 80%reduction 
scenario is shown. The HP systems are partly displaced 
by a BM boiler with high capacity and a high level of 
annual FLH. Compared to the 4thgeneration scenario, 
the installed capacity has increased by 53% and the 

Figure 8: Annual load curve and annual heat share, static design approach
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annual share of heat production of this unit has 
increased from 45% to 78.4%, as shown in Figure 11 
on the right.As BM is the energy source with the lowest 
specific CO2-emission, this energy system depends 
mainly upon it. The installed capacity of the air HP 
system as well as that of the installed capacity of the 
CHP unit is reduced to a quarter of that found in the 
4thgeneration scenario. The installed capacity of the 
WW-HP is similar. The FLH and annual share of pro-
duced heat of these units have decreased significantly. 
The total annual CO2-emission of the system is approx. 
771 t/a. According to the restrictions of the federal 
funding program for renewable heat from BM (see Eq. 
(11)), a total share of 30% of the annual heat produc-

tion can be considered as renewable heat. As this 
stands, the required 50% renewable heat production 
have not been met.

Given that the currently known local thermal poten-
tial of wooden BM is approximately 6 GWhth/a, this 
energy system would be largely dependent on the pur-
chase of BM from the market with an additional thermal 
potential of 7.3 GWhth/a. During mid load hours, excess 
heat is stored. This is then discharged during peak and 
low load hours. The optimised storage size in this sce-
nario is 10 MWhth. The total annual heat production is 
16,941 MWhth/a due to decreased heat losses of the heat 
storage. The LCOE are approx. 7.3 ct/kWhth (including 
grid cost of 2.2 ct/kWhth without funding). As the BM 

Figure 10: Annual electricity flows to HP systems, 4th-generation scenario

Figure 9: Annual load curve and annual heat share, 4th-generation scenario
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boiler is the largest producer of heat in this scenario the 
amount of electricity supply to the HP units is signifi-
cantly lower. The share of electricity supply for the HP 
systems in the high reduction scenario is shown in 
Figure 12.

On the left the sum of electricity consumed by all HP 
systems over one year is shown; on the right the annual 
amount of power consumption of each HP system. A 
surface GT-HP in this scenario is not present due to 
lower annual cop compared to WW-HP systems (see 
Figure 4) and significantly higher investment costs than 
air-HP systems (see Table 8). The electricity supply of 
the air-HP and WW-HP systems can be provided by the 
PV unit (61%) and by the CHP unit (39%). The opera-

tion of the CHP unit mainly takes place during the 
months from November to April but is necessary during 
the summer months as well. The electricity supply of the 
local grid is not necessary. The SPF of the HP are sum-
marised in Table 12.

3.4. Results summary
The main results are summarised in Table 11 and a com-
parison of the three designed energy systems is given in 
Figure 13.

On the left in Figure 13 the installed capacity of each 
unit is presented, on the right the annual heat production. 
Using the static design (left bar) results in higher 
installed capacities. The installed capacity in both 

Figure 11: Annual load curve and producer capacities, 80%-reduction scenario

Figure 12: Annual electricity flows to HP systems, 80%-reduction scenario
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optimised scenarios is significantly lower due to the 
installation of a heat storage unit. The usage of NG, BM 
and various renewable energy sources leads to lower 
annual CO2-emission when compared to the oil and NG 
usage in the reference system.

With the optimised operation of the heat producer, 
further CO2-emission reduction is possible. Due to the 
federal funding program, the LCOE of the 4thgeneration 
scenario are lowest in this study. The potential of CO2-
emission reductions with comparable LCOE is shown in 
the 80%-reduction scenario. However, the high share of 
BM in this scenario makes the system vulnerable to 
supply shortages and is mainly dependent on local BM 
production capacities.

Comparing the SPF (Table 12) shows that the more 
efficient operation of the air-HP takes place in the 
80%reduction scenario because the base load is satisfied 
by the BM boiler with low specific CO2-emission. The 
air-HP is only operated when the cop is high and PV 
electricity is available. The annual performance of the 

WW-HP is comparable in both scenarios as it is mainly 
operated in base load.

Table 12: Seasonal performance factors (SPF)  

of operated heat pump systems

Scenario SPF air-HP SPF 

WW-HP

SPF GT-HP

(b) 4th-generation 2.51 3.74 3.06

(c) 80%-reduction 2.76 3.75 -

4. Conclusion

The methodology developed in this study, adapting func-
tionalities of oemof, made it possible to calculate various 
scenarios for the future energy system of a municipality. 
It enabled the consideration of the special requirements 
of two federal funding programs and allowed their defi-
nition as additional constraints for the optimisation 
problem. Based on the optimisation results, economi-
cally optimised design solutions which fulfil additional 

Table 11: Main results of the current supply system (reference) and the design scenarios

Scenario LCOE [ct/kWh] LCOE red. [%] CO2-emission [t/a] CO2-emission red. 

[%]

Installed cap. [kW]

Reference case 11.2 - 3,852 - n.a.

(a) Static design 6.9 38.1 2,951 23.4 8,673

(b) 4th-generation 6.7 40.2 1,240 67.8 6,578

(c) 80%-reduction 7.3 35.3 771 80.0 6,904

Figure 13: Installed unit capacity and annual heat production of the design scenarios
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objectives were developed, especially involving CO2-
emission reduction and desired heat production from 
renewable sources. The electricity supply of HP systems 
and the influence of the fluctuating electricity sources on 
these systems were calculated and interpreted.

The combinations of P2H and HP units with PV and 
CHP units were given special consideration. It was 
shown that heat production from these systems, consid-
ering fluctuating efficiencies and electricity sources, led 
to a heat supply system design with a CO2-emission 
reduction potential of 67-80% and LCOE of 6.7 ct/kWhth 
respectively 7.3 ct/kWhth.

Beside all uncertainties of the static design approach 
a future heating supply network has a potential of reduc-
ing annual CO2-emission by 23% compared to the refer-
ence case. The dynamic optimisation of the operation of 
producing units using the developed methodology show 
further CO2-emission and cost reduction potentials. The 
linearity of the system and its balance equations lead to 
several uncertainties which are the subject of further 
investigations in this project. Considering constant part 
load efficiencies of producing units lead to an underesti-
mation of fuel consumption for some units with decreas-
ing part load efficiencies. Further, the power to heat ratio 
of CHP units is affected by part load operation, which 
was not considered. Real operation restrictions like up 
and down time or start up behaviour of units could not 
be considered at this time. Frequent non-constant opera-
tion of units could lead to higher equipment wear which 
could negatively affect the working life of said units, 
resulting in a shortened re-investment cycle and a higher 
overall LCOE.

For a realistic implementation of the optimised system, 
it is necessary to control the producer park during opera-
tion, considering measurement data. Concepts for imple-
mentation are currently being investigated.
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