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Abstract—Nowadays, there is a growing need to increase the
penetration of distributed renewable energy sources (DRESs)
in electrical distribution grids in an attempt to decarbonize
the energy sector. Nevertheless, the intermittent nature of
DRESs introduces several challenges towards the secure and
reliable operation of distribution grids, and especially of low-
voltage (LV) grids, such as overvoltages. In this work, the
integrated operation of electrical distribution grids equipped
with droop control schemes for DRES and district heating
systems is proposed to tackle this issue. It is concluded that the
integrated operation can act as a means towards overvoltage
mitigation, while ensuring reduced network losses and active
power curtailment, thus better exploiting the DRES potential.

Index Terms—Active power control, district heating network,
electrical network, integrated operation, reactive power control,
voltage regulation.

I. INTRODUCTION

Worldwide, several initiatives have been launched both at
national and international levels to tackle climate change
by minimizing greenhouse gas emissions. According to the
recently revised directive [1], European Union has set a target
of 32 % of renewable energy sources (RES) share in the
gross final energy consumption in 2030. In this framework,
the further installation of distributed RES (DRES) in the
existing electrical networks (ENs) is rapidly evolving, with
the photovoltaic (PV) systems being mostly preferred because
of their modular structure and their advanced technology.

However, the further penetration of DRES into the existing
systems may lead to technical challenges related to their
intermittent nature, which results in unbalances between
supply and demand. This can affect the reliable operation
of the ENs in cases of high DRES penetration [2]. The most
common issue is to maintain the network voltages within the
permissible limits. Considering low-voltage (LV) distribution
grids, these limits are 0.9 and 1.1 p.u. [3]. Regarding the
voltage regulation of ENs with high DRES penetration,
several solutions have been proposed in the literature that
can be classified into two main categories, i.e., the active
power control (APC) [4] and the reactive power control
(RPC) [5] schemes. Another promising solution is to add
more flexibility to ENs by connecting other energy systems
[6], thus forming the well-established multi-energy systems
(MESs) [7].

The integration of energy systems has been envisioned by
the European Commission [8], which also proposed a set of
actions in this direction [9]. Among the different systems
that can be integrated, the combined operation of ENs and
district heating networks (DHNs) has gained great attention.
From a technical point of view, the coupling of ENs and
DHNs is mainly based on the electrification of the thermal
loads, which can lead to improved exploitation of the DRES
generation and to the decrease of the curtailed power [10] –
[12]. Integration of the EN and DHN can lead to the cost
minimization of the overall system operation [13] – [16].
In fact, such an integration has been proposed instead of
investing in expanding the DHNs [17]. Also, this scheme
can have positive effects to the reliable operation of the
ENs, as the excess energy is utilized to meet the thermal
needs, preventing the reverse power flow in ENs. In this
way, the potential of DHNs is untapped by providing voltage
support to ENs thus mitigating potential overvoltages [18],
[19]. However, the effectiveness of the integration has not
been evaluated when APC or RPC schemes are applied to
the DRES units connected to the EN.

In this paper, the integrated operation of EN and DHN is
proposed when a droop-based APC/RPC scheme is applied
to the DRES units. The performance of the control strategies
under study is evaluated in terms of mitigating overvoltages,
leading also to reduced network losses both in EN and in
DHN and to reduced amounts of power that need to be
curtailed by the DRES units to tackle overvoltages.

The remaining of the paper is organized as follows. A
detailed modeling of ENs and DHNs is presented in Section
II. The methodological approach for the effective integration
of ENs and DHNs is described in Section III. Section IV
describes the system under analysis and the corresponding
results are presented in Section V. Finally, Section VI con-
cludes the paper.

II. THEORETICAL BACKGROUND

A. Electrical Network Model

Assuming an EN with N nodes, the modeling of the EN is
based on the electrical power flow equations relating the nodal
active and reactive power with nodal voltages, (1) and (2),
respectively. Pi, Qi, Vi, δi are the active power, the reactive
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Fig. 1. Modeling of load and source in DHN, showing the actual flow of
the heat medium. (a) Load and (b) source.

power, the voltage magnitude and the voltage angle at the i-th
node of the system, δj is the voltage angle at the j-th node
of the system, while yij and γij stand for the magnitude and
the angle of the admittance of the line ij, which connects
node i with node j, respectively.

Pi =
N∑
j=1

|Vi||Vj ||yij |cos(δj − δi + γij) ∀i ∈ N (1)

Qi = −
N∑
j=1

|Vi||Vj ||yij |sin(δj − δi + γij) ∀i ∈ N (2)

B. District Heating Network Model

A DHN is comprised of the following: (a) a main
source acting as a slack bus, (b) nodes where the thermal
loads/sources are connected to, and (c) two sets of pipes,
one for the supply and one for the return subsystem [20].
The main difference between those two subsystems is the
temperature level, with the return subsystem having lower
temperatures than the supply subsystem. The supply and re-
turn subsystems of a DHN are connected via the loads and the
sources. Distributed thermal sources can be also considered
in a DHN, as an analogous of the DRESs connected to ENs.
In such a case, the heat medium from the return network is
inserted into the sources where its temperature is increased
up to a predefined value. The reverse process is followed for
the thermal loads; the heat medium from the supply network
is inserted to the load where its temperature is reduced down
to a certain level [21].

Based on the above analysis, it can be derived that two
types of nodes in DHNs exist, i.e., nodes where (a) loads
and (b) sources are connected, as depicted in Fig. 1. ṁq is
the nodal mass flow into a load or a source. Each load/source
is associated with the following temperatures:

• Ts, which is the node temperature of the supply subsys-
tem;

• Tr, which is the node temperature of the return subsys-
tem;

• To, which is the outlet temperature of the load/source
before mixing in the network. To is assumed to be
an a priori known parameter of the system, i.e., the
temperature of the heat medium flowing from the load to
the return subsystem and from the source to the supply
subsystem.

To achieve a generic DHN modeling, a variable mass flow
and variable temperature (VF-VT) scheme is assumed [22].
This means that both the temperature along the nodes of the
supply and return subsystems, and the mass flow at each one

of the pipes are unknown variables. A combined hydraulic-
thermal model as described in [20] is used to calculate the
variables.

1) Hydraulic model: For a K-node DHN, the continuity
of flow is expressed as follows:∑

p∈Ik

ṁp −
∑
p∈Ok

ṁp = ṁk
q ∀k ∈ K (3)

where ṁp is the mass flow in the p-th pipe and ṁk
q is the

nodal mass flow into the load/source connected to the k-th
node. Ik stands for the set of pipes where the flow comes
into the node k and Ok is the set of pipes where the flow
leaves the node k. This means that the sum of the mass flow
that enters a node is equal to the sum of the mass flow that
leaves the node plus the mass flow flowing into the connected
load/source, assuming that this is a negative value for the
case of a source node. The continuity of flow for the entire
DHN is expressed through (4), where A denotes the network
incidence matrix [20], ṁ is the vector of the mass flow into
all the network pipes, and ṁq is the vector of the nodal mass
flow.

A · ṁ = ṁq (4)

Eq. (3) and (4) express the hydraulic model of a radial
DHN. For meshed DHNs, additionally, the sum of pressure
drops/rises in closed loops should be considered equal to zero.

2) Thermal model: Assuming that M is a subset of K
where a thermal load/source is connected, (5) models the
relationship between the thermal power and the temperature
difference corresponding to each load/source; Φk expresses
the thermal power of the source/load connected to the k-th
node, cp is the specific heat capacity of the heat medium,
Tk,in is the temperature inserting into the load/source, i.e.,
Ts and Tr for a load and a source, respectively. To,k is the
temperature leaving the load/source connected to the k-th
node before mixing with the return and the supply subsystem
for a load and a source, respectively. To,k corresponds to the
To temperature and is a known parameter.

Φk = cpṁ
k
q (Tk,in − To,k) ∀k ∈ M (5)

For DHN with P pipes, (6) expresses the heat losses
and applies to both the supply and the return subsystems.
Specifically, it describes the temperature drop of the heat
medium in the heating network. Tp,start and Tp,end are the
temperatures at the beginning and the outlet of the p-th pipe,
and Ta is the ambient temperature which affects the operation
of the DHN. λp, Lp and ṁp stand for the heat transfer
coefficient per unit length, the length and the mass flow into
the p-th pipe, respectively.

Tp,end = (Tp,start − Ta) · e
− λpLp

cpṁp + Ta ∀p ∈ P (6)

Finally, for each one of the K nodes, the temperature of
the heat medium leaving the k-th node is the same in the
beginning of all the corresponding pipes. This temperature
(Tk,out) is calculated via (7), based on the mixture of the
incoming flow, with the heat medium flowing into a pipe and
coming into the k-th node with the outlet temperature Tp,end.

Tk,out ·
∑
p∈Ok

ṁp =
∑
p∈Ik

(ṁp · Tp,end) ∀k ∈ K (7)



III. PROPOSED INTEGRATED SCHEME

In this paper, the integrated operation of EN and DHN
is proposed for the overvoltage mitigation in the EN. In
the LV EN, the well-established droop control schemes are
incorporated. Specifically, the APC and RPC schemes are
used for the control of DRESs and their effectiveness is
assessed in the case of (a) a standalone EN and (b) an
integrated EN and DHN. Except for the overvoltage in the
EN, the proposed integrated method is evaluated with regards
to the losses that occur in both the networks, in combined
operation, and to the active power curtailment level.

Regarding the APC scheme, part of the total active power
of DRES injected into the LV network is curtailed, depending
on the voltage at the point of common coupling (PCC) (Vi),
according to (8).

Pgen,i =


Pr,i Vi < Vth

Pr,i(1− Vi−Vth

Vmax−Vth
) Vth < Vi < Vmax

0 Vi > Vmax

∀i ∈ G

(8)
G is a subset of the N where DRESs are connected. Pgen,i is
the active power finally injected by the DRES connected to
the i-th node, while Pr,i stands for the rated active power of
the DRES. Vi is the voltage at the PCC, Vth represents the
voltage threshold, i.e., the voltage at the PCC that triggers
the active power curtailment when reached. Vmax stands for
the maximum voltage at the PCC. This strategy is efficient in
LV networks because of their resistive nature and the strong
dependence between the injected active power and the node
voltage [23].

The RPC scheme is mathematically expressed according
to (9).

Qgen,i =



Qr,i Vi < Vmin

Qr,i
V l
th−Vi

V l
th−Vmin

Vmin < Vi < V l
th

0 V l
th < Vi < V up

th

−Qr,i
Vi−V up

th

Vmax−V up
th

V up
th < Vi < Vmax

−Qr,i Vi > Vmax

∀i ∈ G

(9)
Here, Qgen,i is the output reactive power of the DRES
located at i-th node, where a negative value indicates reactive
power absorption. Furthermore, Qr,i is the corresponding
rated power. V l

th and V up
th stand for the lower and upper

voltage thresholds for the activation of the reactive power
injection and absorption, respectively. Vmin and Vmax stand
for the minimum and the maximum permissible voltage at the
PCC, respectively. The RPC method consists a less efficient
solution for the LV networks due to the high R/X line ratio
[23].

The integrated operation of EN and DHN is achieved
through coupling devices, such as heat pumps (HPs), electric
boilers and combined heat and power units. In this work, HPs
are assumed as the main coupling device type, operating with
an unidirectional power flow, i.e., they consume electrical
power from the EN to generate thermal power and provide it
to the DHN. The relation between the input and the output of
a HP is expressed in (10), where P el

hp is the input electrical
power, Φhp is the corresponding thermal power generated by
the HP and COP denotes the coefficient of performance of
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Fig. 2. Topology of the integrated electricity and district heating system.

the HP. It is worth mentioning that the HP is modeled as a
constant power load for the electrical power simulations.

P el
hp = Φhp/COP (10)

In the proposed technique, the active and reactive power
of the DRESs are calculated using (8) and (9), respectively.
The results are considered in (1) and (2), respectively, for
the nodes where the DRESs are connected. Additionally,
the result from (10) is also considered in (1) for the nodes
of the EN where the HPs are connected, thus leading to a
corresponding increase of the electrical load. The combined
analysis is achieved by solving (1) – (7), using (8) – (10).

IV. CASE STUDY

For the evaluation of the integrated operation of EN and
DHN when droop-based APC/RPC scheme is implemented,
four different control strategies are studied, i.e., (a) standalone
EN with an APC scheme applied to the DRES units (Strategy
1), (b) standalone EN with a RPC scheme applied to the
DRESs units (Strategy 2), (c) integrated operation of EN and
DHN when an APC scheme is applied to the DRES units
(Strategy 3), and (d) integrated operation of EN and DHN
when a RPC scheme is applied to the DRES units (Strategy
4). EN and DHN are coupled using HPs.

The performance of the proposed techniques is investigated
in the integrated EN and DHN system depicted in Fig. 2. The
EN comprises a small-scale LV distribution grid with high
penetration of PV units. It is connected to the medium voltage
(MV) grid via a 20/0.4 kV transformer. Details regarding the
loads and the PV units, as well as the line characteristics are
presented in [4]. A modified version of the network topology
described in [4] is used, where Node 20 is connected to Node
12 instead of Node 6. The rated power factor of the PV
units is equal to 0.85 in the RPC scheme. Furthermore, the
voltage of the slack bus of the EN (Node 1) is equal to 1.05
p.u.. Considering the APC scheme, Vth and Vmax are equal
to 1.075 p.u. and 1.1 p.u., respectively. Finally, in the RPC
scheme, Vmin, V l

th, V up
th and Vmax are equal to 0.9 p.u., 0.92

p.u., 1.08 p.u. and 1.1 p.u., respectively.
The DHN consists of 7 nodes. Node 1 is connected to

the slack bus, i.e., a thermal-hydraulic analogous to the slack
bus in ENs. This node is responsible for covering any needs
that cannot be met locally, including also the thermal losses
along the pipes. In this DHN, distributed thermal sources
are considered transforming it into an active DHN. Thus,
part of the thermal load, where these sources are connected,
is covered locally, and excess energy, if any, is injected to
the DHN, increasing the temperature at the connection point



TABLE I
RATED THERMAL POWER CONSUMPTION

Thermal Load Node 2 Node 4 Node 6 Node 7
kWth 40 40 30 30

TABLE II
LINE LENGTHS OF THE DHN

Line 1-2 2-3 3-4 4-5 5-6 6-7
Length (m) 400 400 600 600 600 600

TABLE III
LOSSES IN THE EN

Strategy 1 Strategy 2 Strategy 3 Strategy 4
2.6598 kWel 33.1332 kWel 2.4599 kWel 18.1166 kWel

with DHN. In this network, the outlet temperature To of
the loads/sources is considered to be known and equal to
55 ◦C and 30 ◦C for the source and the load, respectively.
The ambient temperature Ta is assumed equal to 10 ◦C. The
temperature in both the supply and the return subsystems
corresponds to the one used in the fifth generation district
heating networks [24], where the heat medium temperature
is low in the network pipes and distributed thermal sources
are used to increase the temperature up to the desired levels.

The rated power of the thermal loads is presented in Table
I, while in the source nodes, the same HP [25] is connected
with rated thermal power equal to 47 kWth and a COP equal
to 3.16. The HPs that act as thermal sources for the DHN,
behave as electrical loads in the EN, connected to the Node
11 and Node 18, respectively. For the DHN, the heat transfer
coefficient λ of each pipe is considered equal to 0.2 Wth/mK.
Water is assumed to be used as heat medium, with specific
heat cp equal to 4182 J/kgK. The line lengths of the DHN
are provided in Table II.

The models of the EN and the DHN have been developed
in MATLAB [26]. The power flow simulation of both the
EN alone and the combined operation is implemented using
FSOLVE, which comprises a non-linear equation solver.

V. RESULTS

The combined operation of EN and DHN is evaluated
in terms of overvoltage mitigation. Additionally, the four
control strategies described in Section IV are also compared
regarding network losses and the total curtailed PV power. It
is pointed out that the Strategy 0 refers to the operation of
the EN without the use of any control scheme.

In Fig., 3 the voltage profile of the EN is depicted for the
Strategies 0, 1 and 3. It can be seen that applying APC is
efficient in mitigating the overvoltage problem, due to the
resistive nature of the LV grids. In Strategy 3, the voltage is
further reduced. Regarding the losses in the EN, a reduction
can be observed from 2.6598 kWel to 2.4599 kWel when
moving from Strategy 1 to Strategy 3, as can be seen in
Table III. At the same time, in the Strategy 3, the amount of
active power curtailed from all the PV units installed in the
system is reduced, as can be observed in Fig. 4.

As expected, the RPC scheme is not totally efficient in
mitigating the overvoltage problem in the system under study.
In Fig. 5, there is a reduction in the voltage when RPC
is employed, which is further enhanced with the combined
operation of EN and DHN. The effectiveness of this combined
control is justified by the reduction in the losses occurred in
the EN. From the Table III it can be deduced that, using
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Strategy 4, there is a loss reduction of 45.32 % compared to
Strategy 2.

Considering DHN, node temperature is presented in Fig.
6 for the combined EN and DHN operation. The results
corresponding to both the supply and the return subsystems
are provided, for Strategies 3 and 4. From the slack bus to
the final node of the radial DHN tested, the temperature is
expected to decrease due to the thermal losses in the pipes
of the supply subsystem. However, the HPs connected to the
Nodes 3 and 5 affect the temperature profile; thus, an increase
is noted in Node 5 due to the thermal power provided by
the HP to the supply subsystem. Accordingly, in the return
subsystem, the temperature drop is observed on the opposite
direction, as the starting point here is the final node of the
radial DHN, i.e., Node 7. The temperature in Nodes 4 and
2 in the return subsystem is also increased compared to the
one in the previous nodes, which is observed because of the
HPs installed in Nodes 5 and 3, respectively. Regarding the
mass flow in the pipes, the results from the combined EN
and DHN operation are presented in Table IV.

To better estimate the performance of the combined EN
and DHN operation, a sensitivity analysis is performed by
varying the rated power of the HPs installed, from 0.75 p.u.
to 1.25 p.u.. In Fig. 7, the voltage in Node 17 is shown, for
all the strategies. Node 17 is the node where the maximum
voltage is observed when no strategy is applied (Strategy 0). It
can be seen that increasing the installed capacity of the HPs,
the node voltage is reduced for Strategies 3 and 4. Except
for the decreased voltage, increasing the capacity of the HPs
can also lead to less PV active power curtailment, as can
be seen in Table V. Regarding network losses, a reduction
is observed both in the EN and in the DHN, as shown in
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TABLE IV
MASS FLOW (KG/S) WITHIN EACH PIPE OF THE DHN FOR DIFFERENT

VALUES OF THE HP THERMAL POWER (P.U.)

HP Pipe Pipe Pipe Pipe Pipe Pipe
Thermal Power 1-2 2-3 3-4 4-5 5-6 6-7

0.75 0.96 0.57 0.88 0.45 0.76 0.41
0.80 0.92 0.52 0.86 0.42 0.76 0.41
0.9 0.84 0.44 0.81 0.38 0.76 0.41

1.00 0.75 0.35 0.77 0.33 0.75 0.40
1.10 0.67 0.26 0.72 0.28 0.75 0.40
1.20 0.58 0.18 0.68 0.23 0.74 0.39
1.25 0.54 0.13 0.65 0.21 0.74 0.39

TABLE V
ACTIVE POWER CURTAILMENT (%) IN NODE 17 WITH THE INCREASE IN

THE HPS THERMAL POWER (P.U.)

0.75 0.80 0.90 1.00 1.10 1.20 1.25
45.58 45.10 43.98 42.76 41.57 40.36 39.76

TABLE VI
THERMAL LOSSES FOR DIFFERENT VALUES OF THE HP THERMAL

POWER

HP Thermal Power Thermal Losses
kWth % kWth
35.25 75 38.4831
37.60 80 38.4595
42.30 90 38.4048
47.00 100 38.3356
51.70 110 38.2415
56.40 120 38.0943
58.75 125 37.9745

Fig. 8 and Table VI, respectively. Finally, the installation of
distributed thermal sources in a DHN results in local power
provision to the thermal loads, which influences directly the
mass flow values. Clearly, there is a reduction in the mass
flow in the pipes, as observed in Table IV, a fact strongly
related to the reduced thermal losses.
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VI. CONCLUSIONS

In this paper, the integrated operation of EN and DHN
is proposed to mitigate overvoltages in a LV EN with high
PV penetration. At the same time, the well-established active
and reactive droop control schemes for DRESs are applied
and their effectiveness is evaluated regarding the voltage, the
electrical and thermal losses and the exploitation of the active
power generated by the DRES. Among the examined control
strategies, Strategy 3, i.e., the APC scheme in collaboration
with the combined operation of the two networks, seems to be
the most efficient one both for mitigating overvoltages and
reducing grid losses in the EN. Thus, the electrification of
the thermal needs is a promising solution towards the better
exploitation of the DRES potential, contributing at the same
time to the elimination of the operational issues due to their
high penetration into the existing ENs.
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