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Abstract—Considering the residential sector, greenhouse gas
emissions can be effectively reduced by the widespread de-
ployment of distributed renewable energy sources (DRESs)
in low-voltage (LV) electrical networks (ENs). Through the
electrification and the integration of different energy systems,
the exploitation of the locally generated renewable energy can
be further increased, acting also as an efficient countermeasure
to the technical challenges posed by the intermittent nature of
DRES units. This work deals with the modeling of multi-energy
systems (MESs) consisting of ENs and district heating networks
(DHNSs). A detailed model is developed and compared with
an already existing open-source tool in terms of accuracy and
modeling capability. The model is enhanced by the incorporation
of thermal droop control schemes into the DHN components.
The validity of the proposed model is assessed via simulations
on a MES composed of a LV EN and a real DHN, highlighting
also the contribution of the integrated control schemes towards
improving the operational reliability and exploitation of the
DRES potential.

Index Terms—District heating network, droop control, elec-
trical network, integrated operation, integrated modeling.

I. INTRODUCTION

A. Motivation and Background

The European Union (EU) has clearly set the path for
promoting renewable energy sources (RESs) to cover the
40 % of the gross final energy consumption till 2030 [1],
respecting the worldwide efforts towards greenhouse gas
emissions minimization. This can be attained by prolifer-
ating the RES integration in the electrical networks (ENs)
and especially in distribution grids by means of distributed
RESs (DRESs).

In parallel to the DRES promotion, the electrification in
end-use sectors is also proposed by the EU [2]. A promising
solution to achieve this objective is the effective integration of
different energy systems [3], that has been already supported
by the EU [4]. Thus, the formulation of the so-called multi-
energy systems (MESs) is recommended [5], where the vari-
ous energy systems are coupled to cover the energy demand
in a collaborative and efficient way. Besides, the MES concept
introduces additional operational flexibility due to the control-
lable energy exchange among the different energy systems,
thus contributing to the mitigation of the technical challenges
that can arise by the high DRES penetration in ENs [6].
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Among them, a severe issue is the violation of voltage limits,
jeopardizing the reliable operation of the ENs [7].

Within the various types of MES in the residential sector,
the combined operation of low-voltage (LV) distribution ENs
and district heating networks (DHNs) seems to be more
common, since it is driven by the electrification of the thermal
loads [8]. It is evident that an appropriate modeling approach
is needed to evaluate the integrated operation of MESs.

B. Relevant Literature

To properly model MESs, the concept of the energy hub
was initially proposed in [9], where the inputs and outputs
of the whole system are interconnected via a coupling matrix
consisting of the conversion and the storage devices charac-
teristics. Nevertheless, this modeling approach does not focus
on the detailed network operation.

An improved MES modeling is introduced in [10], where
the EN and DHN characteristics are taken into consideration.
However, the literature lacks of a common-established solu-
tion for modeling DHNSs, due to their complicated nature.
Specifically, the network characteristics, temperature at the
thermal nodes, mass flow within the pipes, etc., can be
treated as constants or variables, depending on the adopted
assumptions [11]. To facilitate the modeling of the DHN, an
equivalent of electrical power system model is proposed in
[12]. Moreover, a component-oriented modeling approach is
presented in [13], describing the way each DHN component
contributes to the heat medium circulation. The integrated
operation of ENs and DHNs is investigated in [14], where
an equivalent model of the DHN is employed to tackle the
inherent modeling difficulties of DHNSs.

As a common drawback, all the above-mentioned mod-
eling approaches do not consider the integration of control
strategies in the components of both ENs and DHNs while
analyzing the network operation. In [15], heat pumps (HPs)
are controlled to respond to ENs demand-side management
programs, while in [16], the droop control is introduced
to the operation of DHNs, and more specifically to the
thermal storage units. However, the effect of the proposed
controls on the operation of the ENs and DHNs is not
considered, since the accurate modeling of both the networks
is missing. An initial attempt was made in [17], where the
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integrated operation of ENs and DHNSs is enhanced by the
implementation of droop control schemes for the PVs. The
model lacks the use of control strategy dedicated to the HPs,
while its efficiency comes at the loss of green energy due to
active power curtailment of the PVs generation.

C. Contributions

In this paper, a detailed model for the steady-state, balanced
operation of integrated ENs and DHNs is developed. The
main contribution is the introduction of a thermal droop
control scheme (TDCS) aiming at controlling the temperature
across the DHN. Note that this control scheme is proposed
for the first time in the literature. Additional strengths of this
work involve:

o A comparative analysis with open-source software pack-
ages pandapower [18] and pandapipes [19] to evaluate
the accuracy of the developed model.

o The efficacy of the integrated operation of ENs and
DHNs to mitigate overvoltages without DRES active
power curtailment.

Simulations are conducted on a MES composed of a LV EN
and a real DHN to evaluate the performance of the proposed
approach and assess the impact of the TDCS on the reliable
operation of both EN and DHN.

II. MATHEMATICAL FORMULATION

The proposed modeling approach is based on the equations
describing EN and DHN, along with the coupling device
employed to achieve their integrated operation.

A. Electrical Network

For the mathematical description of an EN consisting of =
nodes, the well-known power flow equations are given by:
Vie = (1)

3ViYijcos(05 — 0; + i),

ViViYijsin(6; — 6 + i), Yi€eE (2

ok

-2
Here, P; and Qi stand for the active and reactive power
absorption at the i-th node of the EN, while V; and §;
correspond to the magnitude and angle of the voltage at the
same node, respectively. Y;; and -y;; represent the magnitude
and the angle of the admittance of the line connecting -th
and j-th nodes.

B. District Heating Network

Within a DHN, the heat medium flows from a primary
source to the loads through the set of pipes comprising the
supply subsystem. The heat medium returns to the main
source through another set of pipes corresponding to the
return subsystem. Due to the temperature variation propa-
gation, transport delay is introduced in both subsystems and
the heat medium needs time to travel from the beginning
towards the end of a pipe. Contrary to ENs, this time delay
may reach minutes or hours depending on the velocity of
the heat medium and various pipe parameters until reaching
to a new steady-state condition. For analyses in time with
time-step longer than the transport delay, this phenomenon
can be neglected. In this work, single time-step analysis is
implemented; thus, no delay in the thermal propagation is
considered.
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Fig. 1. Generic configuration of a DHN.

Thermal sources can be either centrally located at a single
node or distributed in several nodes of the network. The sup-
ply subsystem is physically connected to the return subsystem
through heat exchangers that model thermal loads or sources.

To fully describe the operation of a DHN, both an hydraulic
and a thermal model are necessary. The hydraulic model deals
with the mass flow within the pipes and the heat exchangers,
while the thermal model aims at calculating the temperature
at several points of the supply and the return subsystems.
In this paper, a generic modeling approach is adopted where
variable mass flows and temperatures are assumed (VF-VT
scheme) [11]. Additionally, the combined modeling approach
of [10] is adopted.

In Fig. 1, a general structure of pipes and nodes connected
via a heat exchanger, either load or source, is presented.
The mass flow through the p-th pipe is denoted as i,
while the nodal mass flow of the thermal load and source
connected to node k are represented by mk ol and mq o
respectively. Negative value of the nodal mass ﬂow indicates
source connection, i.e., the heat medium flows from the return
to the supply subsystem. The mass flow within a certain pipe
in the supply subsystem is assumed to be the same with the
corresponding pipe in the return subsystem. Moreover, the
mass flow within a load/source is assumed to be the same for
both the supply and the return subsystems. 7)) ..., and .7
stand for the temperature in the sending and receiving end of
the p-th pipe, respectively. Superscript « € {s, r} denotes the
examined subsystem, namely supply (s) and return (r). T}, ,
is the temperature of the heat medium leaving k-th node in
the subsystem .

The temperature of the heating medium leaving a
load/source before mixing within the return/supply subsys-
tem, respectively, is assumed to be an a priori known param-
eter. T, and T}, stand for the outlet temperature of the load
and source, respectively. The temperature of the heat medium
in points A and B depends on whether this heat exchanger
is a load or source. In case of a load, these temperatures are
equal to T}, and Tf, ;- On the contrary, T(fi sand T} . are
the corresponding temperatures in case of a thermal source.

The hydraulic model is based on the following principles:

o Continuity of mass flow in each node as expressed by
(3). The set of equations corresponding to all network
nodes are defined in (4).

Zmp— Z Ty, =me, +mk . VEeQ (3
pEl pEO0
A - 1h = Tig) + Thg )

Here, (2 is the set of DHN nodes, I} is the set of pipes
where the flow comes into node k and the Oy is the set



of pipes where the heat medium leaves the node k. A
is the incidence matrix containing information related
to the network topology [10], m is the vector of the
mass flow of the network pipes, while g ; and rg g
correspond to the vectors of the nodal mass flow of loads
and sources, respectively.

e Zero loop pressure. In every loop within a DHN, the
sum of pressure deviations due to friction must be equal
to zero. This is mathematically expressed as follows:

B-h=0 ®)

where B and h correspond to the loop incidence matrix
relating loops to branches, and the vector of pressure
deviations, respectively [10].
With regards to the thermal model, the following equations
are used:

o Eq. (6) is introduced to model the temperature drop
across each pipe due to the thermal losses caused by the
thermal conductivity between the pipe and the ground.

o Eqgs. (7a) and (7b) are employed to model the mixing of
the heating medium in the supply and return subsystems,
respectively. After the temperature mixing, the temper-
ature leaving a node is the same in the beginning of all
the connected pipes and loads/sources.

« Egs. (8a) and (8b) describe the heat exchanger model
for loads and sources, respectively.
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Here, II, ®, and © are the set of pipes, loads, and sources in
the DHN. )\, and L, stand for the heat transfer coefficient
per unit length and the length of the p-th pipe, respectively.
Rk, and Qs express the thermal power of the load and
source connected to the k-th node, respectively. Finally, c,
is the specific heat capacity of the heat medium, while 7}, is
the temperature of the ground where the pipes are installed.

C. Coupling Device and Proposed Control Scheme

Among the various technologies that can be used to gener-
ate heat via the Power-to-Heat technology, HPs are selected.
Their distinct characteristic is the unidirectional energy flow
from ENs to DHNs. The mathematical expression that relates
the input with the output of a HP is expressed as follows:

Pl i = Qup/COP )

Here, P,le)’i stands for the electrical consumption of the HP
installed in the i-th EN node. Qpp 1 is the thermal power
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Fig. 2. Proposed TDCS.

generated by the HP installed in the k-th DHN node, which
corresponds to Qi . COP represents the HP coefficient of
performance.

The thermal power output of the HPs may lead to uncon-
trollable increase of the temperature in the supply subsystem
of a DHN. To regulate temperature and maintain it within
the acceptable limits, a TDCS can be incorporated into HPs
operation, as in [16] used for the thermal storage. The main
scope is to actively control temperature and indirectly share
the thermal generation among the sources, as an analogous to
the droop control strategy for overvoltage mitigation in active
ENs with high DRES integration [20]. The mathematical
formulation of the proposed TDCS is provided in (10) and is
graphically illustrated in Fig. 2.

Z?D[fz’ R T}? out < Tmin
QZ;SI o W’ Tmzn < T/f out < Ttlh
Qups = Qs Thy < Ty < T2
;lll;ﬂyk - %’ TZ;LP < Tlg,out < Thnax
Z?f’;’ TI? out 2 Tmax
Yk € ©
(10)
a=Qnpk — thk, vk € © (1D
b=Qipx— Qipk, k€O (12)

Q. and Qp'y stand for the minimum and the maximum
output of the HP in node k. Q% i corresponds to the
thermal power generated when the HP operates within the
deadband, where no control is activated. a and b are constant
parameters for each HP, calculated according to (11) and
(12), respectively. T}, and T,;’ stand for the lower and
upper temperature thresholds for the activation of the TDCS,
respectively. T}, and 13,4, correspond to the minimum and
the maximum permissible nodal supply temperatures.

III. SYSTEM UNDER ANALYSIS

The performance of the proposed comprehensive solution
is evaluated in the integrated EN and DHN system depicted in
Fig. 3. The EN comprises a small-scale LV distribution grid,
where multiple PV units are connected. Details regarding the
EN configuration can be found in [20].

The examined DHN is part of a real system located in
Kozani region, Greece. The DHN is supplied by a slack
node which is an ideal thermal generation unit that maintains
the temperature and the pressure of the supply subsystem
constant and equal to 105 °C and 18 bar, respectively. This
slack node can be regarded as a thermal-hydraulic analogous
to the slack bus in ENs and is introduced to cover any heat
power mismatch of the DHN [10]. The parameters of the
DHN pipes are presented in Table I, where D corresponds
to the pipe diameter. It is worth mentioning that the number
of each pipe corresponds to the number of the To Node in
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Fig. 3. MES topology consisting

Table I minus 1. In Table II, the thermal loads connected to
the DHN nodes are presented. The heat transfer coefficient A
of the DHN pipes are provided in Table III with respect to
D [21]. The ambient temperature T, is assumed equal to 10
°C, while water is used as heat medium, with specific heat
¢p equal to 4182 J/kgK.

As shown in Fig. 3, three high temperature HPs are
considered in the examined MES, acting as coupling devices
between the EN and the DHN [22]. Considering the operating
parameters of the HPs, the COP and the outlet temperature
(T,s) are equal to 2.5 and 110 °C, respectively. Finally, the
loads outlet temperature (15, ;) is set equal to 75 °C.

Egs. (1)-(12) that mathematically describe the proposed
comprehensive solutions are solved in MATLAB [24] using
fsolve, which is efficient in reaching system solution without
depending on the initial condition estimation.

IV. COMPARISON WITH pandapower-pandapipes

The performance of the developed model for the combined
operation of ENs and DHNs is compared with the already
existing open-source software packages pandapower and
pandapipes. The validity of each software package has been
demonstrated in [18] and [19] through comparisons with other
well-established tools. However, it is worth mentioning that
there is a difficulty in modeling the return subsystem with the
pandapipes software, which is dealt properly in the proposed
developed model.

The performance of the proposed EN and DHN models is
compared against the pandapower and pandapipes packages,
respectively, in terms of voltage, supply temperature, mass
flow and thermal losses. In Fig. 4a, the difference in the EN
voltages is displayed. Moreover, the difference in the supply
temperature and the mass flow of the DHN are shown in
Figs. 4b and 4c, respectively. It can be observed that the
proposed EN and DHN models have negligible numerical
differences with the pandapower and pandapipes packages,
respectively. This is also evident in the calculation of the
thermal losses of the supply system which are equal to
13.116kW , having a negligible difference of 1.727 - 1076,

V. ASSESSMENT OF THE PROPOSED TDCS INTEGRATION

41 5860 62 64
of a LV EN and a real DHN.

TABLE I
PIPE PARAMETERS OF THE DHN
From To L D From To L D
Node Node (m) (mm) | Node Node (m) (mm)
1 2 4.86 125 33 34 11.22 25
2 3 6.73 25 33 35 10.22 125
2 4 4.90 125 35 36 18.98 65
4 5 10.17 40 36 37 12.41 25
4 6 9.08 125 36 38 6.29 65
6 7 4.49 25 38 39 5.23 25
6 8 12.10 125 38 40 3.64 65
8 9 7.53 25 40 41 9.97 32
8 10 6.42 125 40 42 8.36 65
10 11 7.60 25 42 43 10.55 25
10 12 6.32 125 42 44 18.20 65
12 13 4.87 25 44 45 23.24 40
12 14 9.46 125 45 46 23.51 32
14 15 4.46 25 45 47 9.04 40
14 16 2.98 125 47 48 3.99 25
16 17 10.57 25 44 49 9.17 65
16 18 2.70 125 49 50 15.23 25
18 19 9.55 25 49 51 3.86 65
18 20 6.28 125 51 52 9.42 25
20 21 4.05 25 51 53 21.35 65
20 22 11.29 125 53 54 12.18 25
22 23 28.57 50 53 55 4.77 65
23 24 6.17 32 55 56 6.31 25
23 25 21.07 50 55 57 5.29 65
25 26 4.76 25 57 58 29.25 25
25 27 8.04 50 57 59 16.23 65
27 28 9.71 25 59 60 6.65 25
27 29 14.63 50 59 61 14.59 65
29 30 7.84 25 61 62 3.59 25
29 31 18.83 50 61 63 10.18 65
31 32 9.19 25 63 64 4.54 25
22 33 3.04 125 - - - -
TABLE II
RATED THERMAL POWER CONSUMPTION
Thermal Load Nodes
23.24 (kWy,) 19,26
46.48 (kWy,) 3,7,9,11,13,15,17,21,28,30,32,34,37
39,43,46,48,50,52,54,56,58,60,62,64
69.72 (kWy,) 24,41
116.20 (kWy,) 5
TABLE III
HEAT TRANSFER COEFFICIENT IN RELATION TO PIPE DIAMETER
D (mm) 25 32 40 50 65 125

A (Wgp/mK) 018 0.189 021 0219 0236 0.321

In this work, a detailed modeling approach is developed HPs installation affects the temperature mainly in the supply

and presented for the steady-state integrated operation of

subsystem, (10) is used to control the output HP thermal

ENs and DHNs, where HPs are employed. The model is power, which is injected to the DHN. Higher value of the
further enhanced through the implementation of a TDCS HP thermal power leads to higher temperature across the
introduced in the operation of the HPs. Specifically, as the DHN, starting from the connection node. In (10), T},;n, Ttlh,
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Fig. 4. Comparison between the operation of the proposed model and the
open-source software. Calculated difference in the magnitude of (a) voltage,
(b) temperature, and (c) mass flow.

T’ and T, are set equal to 102.375 °C, 104.475 °C,
105.525 °C and 107.625 °C, respectively, which correspond
to deviation in percentage with respect to the temperature in
the slack node equal to -2.5 %, -0.5 %, +0.5 %, and +2.5 %,
respectively. The temperature values are selected considering
the temperature level of the supply subsystem, which is equal
to 105 °C in the DHN under study. Q7% Qi ;. and Qp*¢
are set equal to 50 %, 75 % and 100 % of the HP rated
thermal output, respectively.

To study the effectiveness of the proposed technique, the
following three scenarios are examined: (a) baseline scenario
where the EN and DHN operate with no HP connection
(Scenario 0), (b) combined operation of EN and DHN with
HPs installed in Nodes 8, 23 and 57 of the DHN, as depicted
in Fig. 3 (Scenario 1), and (c) combined operation of EN and
DHN, as in Scenario 1, enhanced by the implementation of
the proposed TDCS to the HPs (Scenario 2).

The HPs thermal output for each scenario is presented
in Table IV. Assuming that the rated power of the HPs
installed is equal to 174.3 kWy,, they are set to operate at
75 % in Scenario 1. This leads to increased temperature
in the supply subsystem starting from the nodes where the
HPs are connected, i.e, Nodes 8, 23 and 57, as presented in
Fig. 5. Specifically, in Node 57, the temperature is equal to
104.749 °C in Scenario 0, while it is increased to 108.349 °C
in Scenario 1. Thus, as the temperature exceeds 7,4z, the
TDCS is activated in Scenario 2, leading to a decrease in
the temperature, which becomes 107.366 °C. This is a result
of the corresponding HP thermal power which is decreased,
as seen in Table IV, due to the activation of the TDCS
according to (10). Moreover, the temperature in Node 8 and
23 is successfully decreased, with the first one operating at
the third region of (10) (temperature equal to 105.500 °C)
and the second operating at the fourth (temperature equal to
107.105 °C).

Regarding the temperature in the whole DHN, Fig. 5
illustrates the temperature variation in the supply subsystem
across the two DHN branches, as shown in Fig. 3. It can be
observed that in Scenario 0 across the supply subsystem there
is a temperature reduction due to thermal losses, in both the
DHN branches, starting from Node 1. The same result can be
extracted also for the return subsystem, i.e., the temperature
reduction from node to node, but in the opposite direction,
as shown in Fig. 6. Nevertheless, the temperature deviations
in the return subsystem caused by the combined operation of
EN and DHN are very small even in Scenario 2.

The developed model can also calculate the mass flow in
the pipes of the DHN, presented in Fig. 7. It can be observed

TABLE IV
GENERATED HP THERMAL POWER (KWry)

Scenario 0  Scenario 1  Scenario 2

Node 8 0 130.725 130.725

Node 23 0 130.725 97.944

Node 57 0 130.725 92.528

TABLE V
LOSSES ACROSS THE NETWORKS

Scenario 0 Scenario 1  Scenario 2
EN Losses 11.32 kW¢; 6.37 kW 3.60 kW
DHN Losses 22.09 kWy,  22.26 kWy,  22.22 kWy,

--Scenario 0|
--Scenario 1|
Scenario 2|

Temperature (°C)
S
=

=
K
T

102 L L L L L
0 40 80 120 160 200 240

Distance (m)

Fig. 5. Node temperature in the supply subsystem.

that with the HPs installation, the mass flow from the slack
node is reduced, justifying that the generated power from
DRES is exploited locally, leading to decreased input from
the rest of the network. In fact, in Scenario 2 when the HPs
output is reduced to control the node temperature, the mass
flow is increased following the corresponding temperature
decrease. However, in Table V it can be observed that the
thermal losses of the DHN are increased with the installation
of the HPs when examining Scenario 1, as a result of the tem-
perature increase. Both EN and DHN losses are decreased in
Scenario 2 proving the effectiveness of the TDCS operation.
Note that the variations in the DHN losses are small due to
the system configuration, i.e., the relatively short length of the
pipes, accompanied by the pipe diameter and the operational
temperature level.

Regarding EN, the integrated operation EN and DHN leads
to overvoltage mitigation, as shown in Fig. 8. In Scenario 0,
the node voltage exceeds the upper limit, which is equal to
1.1 p.u. for LV distribution grids [23]. This is a result of the
high PV penetration, which is dealt properly in Scenarios 1
and 2. Finally, through the analysis, the TDCS seems to be
effective in reducing the EN losses, as observed in Table V.

VI. CONCLUSIONS

In this paper, a detailed model is presented dealing with the
steady-state integrated operation of ENs and DHNs. Results
by the proposed model are compared to those by the existing
software packages, pandapower and pandapipes, achieving
high value of accuracy. The developed model is enhanced by
the integration of a TDCS in the operation of the HPs, which
are used as coupling devices. It is concluded that the proposed
TDCS is effective in managing the temperature in the supply
subsystem, which is increased due to the HPs installation.
Moreover, it is concluded that both with and without the
TDCS implementation, the overvoltages are mitigated prop-
erly and the EN losses are decreased. Thus, the integrated
operation of ENs and DHNs leads to higher exploitation of
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the DRES generation, respecting the temperature limits in
DHN when enhanced by the proposed TDCS.

As future work, at first, the introduction of time delay is
proposed to consider the dynamic energy propagation along
the DHN. The model will be enriched to be capable of
implementing cost analysis. Moreover, the proposed model
will be further enhanced by including the unbalances that
may occur in the operation of the EN. Such a detailed
tool including all the above-mentioned features, could be a
valuable asset for the relevant stakeholders, i.e., the system
operators, to simulate and plan the combined operation of the
MESs.
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