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a b s t r a c t

The current work investigates an integrated framework for evaluating DHN substation flexibility, which
is commonly known to depend on thermal mass and controlling strategies. However, while it is already
acknowledged that thermal comfort is a subjective and dynamic parameter, the present literature has
not stressed out its contribution to DHN flexibility. Therefore, the aim of this study is to enrich the
present flexibility potential evaluation methods, by considering three parameters for the evaluation of
the substation flexibility potential: thermal mass, controlling strategies and thermal comfort settings.
In this work the maximum thermal flexibility potential is set as the maximum thermal power reduction
that the consumer can tolerate, without compromising thermal comfort. The building is simulated
in multiparametric two-day simulation scenarios, where the thermal power cutoff event takes place
during the second day. The current work has uncovered that by reducing the thermal comfort zone
by 2 ◦C, the maximum power reduction increased from 15% to 17% for light buildings, and from 30%
to 40% in heavy cases. Moreover, while implementing preheating controlling strategies lead to up to
60% maximum power reduction, considering the thermal comfort zone of the consumer could further
increase the flexibility potential to 75% reduction and reduce preheating times. The methodology that
emerges from this work could be used to increase the real-time adaptivity of DHN decision support
systems based on evaluation, enhancement and exploitation of thermal network flexibility, as well
as establish a bidirectional exchange of information between energy consumers and producers of the
grid.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. State of the art

Over the recent years a need for reducing the energy consump-
ion arises. This task has also emerged in the building sector, as it
as been made aware that building energy consumption has a sig-
ificant share on the EU primary energy consumption [1]. For the
mprovement of the energy management, a promising concept is
he implementation of District Heating Network (DHN) systems.
DHN features a layout that enables the mass energy production
nd distribution to end-users (consumers), which provide eco-
omic benefits in more populated areas [2], while being econom-
cally viable to be facilitated at the same time [3,4]. Furthermore,
he environmental prospects are a matter that is positively af-
ected by the implementation of DHNs [5]. Recent generations of
he DHNs (4th and 5th generation of DHNs) provide the potential
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addition of Renewable Energy Resources (RES) [6]. In addition, the
reduction of their operating temperature levels can be achieved
in the 5th generation, through the setup of locally installed heat
pumps, that also ensure the personalized supply temperature
demands is achieved [4]. Implemented numerical models that
simulate 5th generation DHN operation point out that those
networks could potentially operate at temperature levels close
to ground temperature [7]. Moreover, the decentralization of the
energy producers in the thermal grid is another benefit of the
4th and 5th generation DHNs [8]. On the other hand, DHNs face
several challenges, such as the proper expansion of the grid and
the addition of new consumers to it [9]. Also, by increasing the
network size, phenomena such as the delayed heat propagation
become an issue that affects the proper planning of heat de-
mand provision [10]. Consequently, demand-side management
has become a significant issue in thermal network management.
Existing works implement demand-side methodology applica-
tions. Namely, the works of [11,12] Both apply demand-side
management methodologies through user optimized heating load
scheduling. As observed from those works, proper demand-side

management is often paired with DHN flexibility.
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Generally speaking regarding thermal systems, flexibility can
be described as the ability of a system to change its operational
load injection/extraction speed by exploiting the variable thermal
system power and adaptability speed [13], as well as thermal
capacity of buildings/network/storages [14]. In short, two thermal
flexibility aspects are variable thermal system power and thermal
storage. Multiple approaches to the definition and quantification
of a system flexibility in the form of Performance Indicators (PI)
have been used in the research community and were pointed out
in various research reviews [15–17]. Using the above perceptions
of thermal flexibility, research provides DHN demand-side man-
agement optimization propositions in the two aforementioned
aspects.

The first flexibility aspect (i.e., thermal energy storage) ex-
amines the ability to exploit the heat delay propagation that, as
already mentioned, manifests in DHNs and buildings-consumers.
Contrary to the second aspect, this one seems to be a more
popular subject of research, as far as the DHN flexibility scope
is concerned. There is a multitude of approaches that investigate
ways to enhance DHN flexibility by exploiting the thermal mass
of the system, as well as point out system characteristics that
directly affect it. The research of [18] suggests that utilizing
the indoor environment of buildings and by extent, the thermal
mass of the buildings, could lead to network power capacity
requirement reduction. For example, it has been stated in [19]
that key aspect of the building envelope characteristics that affect
thermal system flexibility include thermal mass, insulation and
air tightness. What is more, the study of [20] used the thermal
capacity of the buildings to store produced electrical energy of
building integrated photovoltaic (BIPV) system, so that building
was cooled. In the events of efficiency reduction of the BIPV
system, the cooling setpoint was increased. This allowed the ex-
ploitation of thermal flexibility in order to maximize the usage of
the RES related electrical energy, while abstaining from drawing
electricity from the grid. However, what was not investigated
in that paper was the case of varying thermal comfort zones
when applying the proposed methodology. In addition, thermal
mass does not only exist in consumers, but also in the network
itself. In the work of [21], flexibility of the DHN was enhanced
by varying the heat flow of the DHN medium that is providing
the heat loads to the consumers. It is noted that in this work
the thermal comfort was evaluated by the observation frequency
of low temperatures of the fluid that returns from the building-
consumer. That means that there is the potential for this work
to be reexamined, provided that building models are available,
as well as thermal comfort zones are evaluated directly using
temperatures from the building interior, and not from the tem-
perature levels of the heating system. The work of [22] indicated
that taking the thermal mass of the network into account may
lead to cost and power curtailment.

Moreover, DHN flexibility not only depends on thermal ca-
pacity, but also the controlling strategies that are used in the
network [14,17,22]. Control strategies can be correlated with the
second flexibility aspect (thermal power variation). To start with,
this aspect has been approached by research by managing the
consumer heat load satisfaction by multiple sources, also known
as multi-energy system optimization. More specifically, works
examine the structures of such multi-energy systems, in terms
of occupant thermal comfort [23], hydraulic operation [24], and
even exergy assessment optimization [25]. It is worth mention-
ing that controlling strategy methodologies are a great tool for
optimizing multi-energy system infrastructure [26].

A prime example of this are predictive control strategies in
DHNs. In this context, several works manage to predict the state
of the DHN system and therefore schedule the heating load and

the network operation in advance. Actions like preheating, also
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used in studies [27,28], require that future states of the building
are known, which is attainable by predictive controlling. Namely,
the majority of studies utilize model predictive controlling (MPC),
which is considered one the of the most effective predictive
controlling layouts for DHN operation. More specifically, in [29],
an MPC layout is used, along with a simplified physics model,
capable of considering the consumer thermal mass in the ther-
mal controlling. In another study [30], MPC is implemented to
reduce the primary energy consumption in a centralized solar
DHN system, using detailed models of the components of the
network. Additionally, a decentralized controlling approach is
applied by [31], where every building has its own MPC, which
is responsible for determining the optimal heating demand. On
the other hand, the thermal plant has also its own MPC, which
attempts to minimize thermal production cost and concurrently
meet the thermal demands of the consumers. In other words,
this is an example of single-direction information transference
from the controllers of the consumers to the controller of the
producers. MPC has been also used for lowering the network
temperature levels [32], as well as the configuration of the opera-
tion of pumps distributing the thermal load [33]. In general, MPC
strategies can optimize DHN operation in real-time application,
although it is required that an accurate enough representation of
the real system is used as a simulation model, as also confirmed
from the literature above.

Furthermore, other layouts, such as Reinforcement Learn-
ing [34], Genetic Algorithms [35] and Mixed Integer Linear Pro-
gramming [36,37] can also be spotted in the literature, regarding
optimized DHN operation and demand-side management. One
major challenge that predictive controlling faces as a tool to
manage heat loads of DHNs is that a reliable model of the existing
system (the thermal grid, its subsystems and consumers) is vital
to its effective use.

Regarding its utilization, flexibility is mostly associated with
attempts to optimize heat load schedule, in terms of primary
energy consumption. This is achieved by exploiting thermal grid
flexibility to shave peak heating loads, by using the thermal
masses present in the grid [38]. Peak loads have been reported
to occur mostly after night setbacks [39]. Efforts to decrease
the peak loads also include the implementation of load shifting
in several works [40,41], while [28] has also investigated the
concept of indoor air preheating as a load shifting method to
decrease peak loads in DHN. The same study has also examined
scenarios of variable indoor temperature setpoints, depending on
heat load cost. This allowed the building to collect heating loads
during low-cost phases and store them in order to attain the
necessary thermal comfort during high-cost phases, leading to
primary energy consumption reduction. Moreover, load shifting
is an effective strategy for maintaining thermal comfort during
imminent heat supply cut-off events [27]. Increasing flexibility
and reducing the cost are directly linked in the case of district
heating networks [42,43]. Lastly it should be noted that flexibility
is an expendable resource when exploited and needs certain time
periods to recover [44]. Since heating rescheduling leads to the
reduction of peak loads, the current design of the heating systems
in the thermal grid may lead to cases of over-dimensioning, and
therefore optimal characteristics of the thermal system installed
in the DHN should be reinvestigated. An instance of the required
heating output being reduced due to rescheduling having been
observed is in the work of [45].

Broadly speaking, the existing literature has identified me-
chanics that affect thermal system flexibility in district heating
networks, as well as ways to increase the thermal flexibility by
utilizing predictive controlling. However, in the presented cases
above, occupant comfort is considered as a static optimization cri-

terion. To elaborate, it has been widely established that thermal
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omfort is the most prevalent aspect of occupant comfort [46]. An
merging research concept regarding the system flexibility man-
gement in DHNs is the perception of occupant thermal comfort
s a dynamic, variable, and subjective optimization parameter
hat influences thermal grid operation. Results of a parametric
tudy of flexibility uncertainty [47] state that occupant thermal
omfort is something that should be closely observed when eval-
ating DHN flexibility potential. Therefore, there are prospects
or further evolving the methodologies used for evaluating the
lexibility potential of the building. Current research focuses on
valuating flexibility potential using thermal mass and controlling
trategies, whereas there is a need for including the thermal com-
ort settings of the consumers as a prime factor when assessing
HN flexibility.

.2. Aim of this work

The purpose of this work is to propose an integrated method-
logy regarding the evaluation of a DHN substation flexibility
otential during power output reduction periods, that either take
lace for peak-shaving purposes, or happen due to thermal power
nexpected cut-down events. More specifically, the approach
xamines the maximum heating power reduction that the sub-
tation is able to withstand, without compromising the thermal
omfort of the occupant-consumer.
Most works focus on evaluating the flexibility potential in re-

pective thermal grid through the examination of two parameters
hat are known to affect the flexibility potential of a thermal
etwork, namely controlling strategies and thermal mass. The
roposition of this study, however, attempts to use those two
arameters in combination with a third: the thermal comfort
haracteristics of the occupant. The addition of this third param-
ter, as shown by the literature may potentially provide a more
ynamic perception to the evaluation flexibility potential, which
s affected by the occupants as well. Therefore, the proposed
pproach addresses the following subjects:

• Consideration of the thermal comfort settings, along with
the building thermal mass and implemented controlling
strategies, in the assessment of the substation thermal flex-
ibility. It is noted that the present literature has room for
further examination of the combination of those three fac-
tors.

• Multi-parametric dynamic simulation scenarios of the sub-
station and its building-consumer, during events of thermal
power reduction, due to peak-shaving or power cutdown
strategies. Those scenarios contain various instances of ther-
mal comfort settings, building weight categories, as well as
different controlling strategies. The inclusion of all those fac-
tors in the simulations provide a generalized result regard-
ing the performance of the proposed methodology, namely
the evaluation of the flexibility potential of the substation.

This methodology could be implemented in DHN decision sup-
ort systems, regarding the dynamic demand-side management
f the heating loads supported in the thermal network.

. Materials and methods

.1. General description

In this section, the implemented methodology for the estima-
ion of the building thermal flexibility potential is analyzed. Af-
erwards, parameters that affect said flexibility are also examined.
he methodology is summarized in the following list.

(1) Implementation of the simulation environment that will be
used for the peak shaving potential analysis.
3

(2) Establishment of a valid building model, as well as vali-
dated district heating systems and components.

(3) Determination of the simulation scenarios that will be con-
ducted, as well as the variable parameters whose influence
in thermal flexibility of the substation will be examined.

(4) Generation of results and discussion on the observations,
regarding the system thermal flexibility potential, as well
as its connection on the examined parameters.

Since the aim of those simulations is the determination of
substation thermal flexibility, an indicator should be used for the
quantification of it. For the purpose of this work, the thermal
flexibility potential of the substation is described as follows: the
building reaches its maximum thermal flexibility potential, when
the reduction of available heating power of primary loop is such,
that thermal comfort is altered more than 5% (absolute value),
when compared to the respective reference case scenario (namely
the scenarios where no power reduction event exists). The system
and its characteristics are elaborated in the next subsection, for
clarification reasons.

2.2. Simulation case

As already explained, the case system is a DHN substation that
provides heating loads to an office building (Fig. 2.1).

More specifically, it consists of several components, namely
a thermohydraulic network responsible for providing heating in
the building interior. The network is divided into a primary loop
(left side) and a secondary loop (right side), which are indirectly
connected through a heat exchanger. The primary loop is open-
ended and receives heated flow from a supposed producer. The
primary heated flow is controlled by a valve which operates
accordingly, in order to heat the secondary loop fluid to the
desired temperature setpoint. The heating energy is transferred
through the heat exchanger to the secondary loop and heats the
circulating fluid. Finally, the heated flow of the secondary loop,
which is controlled by a building thermostat, is provided in the
indoor air of the building conditioned zone through a radiator.

As far as the building is concerned, it is a 10 × 10 × 3.16 m3

box-shaped building, with a 5 × 2.12 m2 window on the south
wall and a 2 x 1 door on the eastern wall. It is noted that the
building is exposed to climate conditions that correspond to those
of Kozani, Greece, during January [48]. Therefore, the respective
climatic data were used in the simulations. In addition, since in
this simulation the thermal behavior of a building is examined, a
user is going to occupy the building during the time period 08:00
- 17:00 (typical office working schedule).

2.3. Simulation components

For the purpose of this work, model libraries were developed
in Python environment. More specifically those libraries fall un-
der two main categories. The first is the library of the component
models of the thermohydraulic network. The components are the
heat exchanger and the radiator models, that derive from TRNSYS
physical equations [49]. More specifically, for the heat exchanger,
the following equations are used (Eqs. (1)–(4)).

Cpr = ṁpr · Cp,pr [
W
K

] (1)

Csec = ṁsec · Cp,sec [
W
K

] (2){
Cmin = Cpr , Cpr < Csec

Cmin = Csec, Cpr > Csec
(3)

where:
C : Thermal capacity of the primary loop fluid flow
pr
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Fig. 2.1. Schematic representation of the simulated case of a district heating substation connected to a building.
Csec: Thermal capacity of the secondary loop fluid flow
Cmin: Minimum thermal capacity between both fluid flows
ṁpr: Primary loop fluid mass supply [kg/s]
ṁsec: Secondary loop fluid mass supply [kg/s]
Cp,pr: Primary loop fluid thermal capacity [J/(kg K)]
Cp,pr: Secondary loop fluid thermal capacity [J/(kg K)]
Maximum heat transfer Q̇max depends on the minimum ther-

al capacity between both fluid flows Cmin and the temperature
ifference between primary and secondary inlet flow (Eq. (4)).

˙max = Cmin ·
(
Ti,pr − Ti,sec

)
[W] (4)

here:
Ti,pr: Temperature of the primary loop fluid that enters the

eat exchanger
Ti,sec: Temperature of the secondary loop fluid that enters the

eat exchanger
Actual heat transfer is calculated in Eq. (5):

˙ac = ε · Q̇max [W] (5)

inally, fluid temperatures exiting the heat exchanger are calcu-
ated in Eqs. (6) and (7):

o,pr = Ti,pr −
Q̇ac

Cpr
[
◦C] (6)

o,sec = Ti,sec −
Q̇ac

Csec
[
◦C] (7)

where:
To,pr: Temperature of the primary loop fluid that exits the heat

exchanger
To,sec: Temperature of the secondary loop fluid that exits the

heat exchanger
As far as radiator heating power is concerned, the following

equations take place for the calculations:

Q̇rad = Q̇60 ·

(
To,cons+To,cons

2 − Tindoor
60

)1.33

[W] (8)

o,cons = Ti,cons −
Q̇rad

ṁsec · Csec
[
◦C] (9)

where:
To,cons: Temperature of the secondary loop fluid that exits the

radiator
Ti,cons: Temperature of the secondary loop fluid that enters the

radiator [◦C]
ṁsec : Secondary loop fluid mass supply [kg/s]
Q̇60: Radiator nominal operation heating power @60 ◦C active

temperature [W]
4

Tindoor: Building indoor temperature [◦C]
The second library category consists of the models that depict

the thermal mechanics that occur in a building. Starting with the
building model, it is based on the physical equations of the ISO
13790- simple hourly model [50]. More specifically, the building
model in this method is a 5 resistance, 1 capacitance (5R1C),
which has been proven to be sufficiently accurate in simulating
building thermal mechanics on a daily basis [51]. Additionally, the
building demand is calculated according to the simulation proce-
dure of the building that was followed (see Section 2.4.). Despite
it being an hourly model, the controlling systems act on regular
intervals, affecting the indoor space and, hence, require that the
simulation model runs at a sub-hourly time step. Furthermore,
ISO 13790 - simple hourly model requires the evaluation of solar
gains, which are calculated using local solar radiation data [48],
according to the equations found in [52].

2.4. Simulation scenarios

In this section, the simulation scenarios that will take place
in this work are presented. Each simulation lasts for two days
and runs on a timestep of 1 min. During the first day, the district
heating substation is going to operate as usual, while at the
start of the second day and onwards, the substation is going to
have a reduced ability to heat the building. In this case, this is
achieved by reducing the maximum hot fluid flow in the primary
loop. This in turn will reduce the energy that passes through
the heat exchanger to the secondary loop and consequently, to
the building. The purpose of the simulations is to examine how
thermal comfort is affected at all scenarios. Through this observa-
tion, the thermal flexibility limits of the building are revealed, for
each different scenario. In short, the building thermal flexibility
evaluation is performed as follows:

1. Two-day simulation of the building for each scenario, with-
out heat flow reduction (reference point scenarios)

2. Two-day simulation of the building for each scenario, with
gradual heat flow reduction during the second day (re-
duced heat flow scenarios). The maximum heat flow re-
duction will be conducted, by restraining the maximum
primary flow mass supply.

3. Comparison of the thermal comfort between scenarios
The thermal comfort percentage (TCP) indicator is calcu-
lated according to Eq. (10):

TCP =
tcomfort

toccupancy
[%] (10)

where:
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Table 2.1
Fixed parameters of the substation used in the simulations.
Fixed parameters

Symbol Description Value Unit

Tin,pr Heat exchanger, primary side inlet temperature 95 ◦C
Tout,sec,set Heat Exchanger, secondary side outlet temperature setpoint 90 ◦C
Um Building average heat loss coefficient 0.7 W/(m2 K)
Aside Building total side area 344 m2

Tindoor,set Building indoor temperature setpoint 19 ◦C
εhx Nominal heat exchanger effectiveness 0.9 –
ṁpr Maximum primary loop mass supply 0.05 kg/s
ṁsec Secondary loop mass supply 0.05 kg/s
Q60 Radiator nominal operation heating power @60 ◦C active temperature 4000 W
εrad Nominal radiator effectiveness 1 –
Fig. 2.2. Flow graph of the simulation procedure, implementing the controlling strategies.
tcomfort : Time that elapsed, where the indoor tem-
perature did not fall below the bottom limit of the
respective thermal comfort zone during occupancy
toccupancy: Time that elapsed during the occupancy pe-
riod

4. Evaluation of thermal flexibility potential (maximum heat
flow reduction without compromising reference point ther-
mal comfort levels)
At this point, the parameter values that are taking place
during the simulations are displayed. First of all, the fixed
parameters that are used in all simulation are presented in
Table 2.1.

Furthermore, simulations cover each combination of the fol-
lowing scenario features, whose characteristics are elaborated be-
low (see Table 2.2). Moreover, those parameters will be examined
for two different controlling strategies that the substation will
adopt, namely conventional heating and preheating strategy [53]
(Fig. 2.2).

Finally, it should be noted that the indoor air temperature
is uniform across the interior space. In addition, the space is
always heated using the conventional heating strategy during
the occupancy hours for the first day of the two-day simulation.
However, energy consumption and thermal comfort are not taken
into account in the final results, regarding the first day of each
simulation. Essentially, the focus is placed on the second day of

each simulation.
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3. Results

3.1. General information on dynamic simulations

Before the scenario results are presented, in order to grasp the
heat power output energy reduction in a more practical sense,
the heat power output reduction correlated to primary loop mass
supply reduction is presented in Fig. 3.1, which applies both in
conventional and preheating thermostat cases.

As it can be seen from Fig. 3.1, heating power output of the
substation is reduced at significant rates when mass supply is
reduced. More specifically, max substation power output reaches
1 kW (75% reduction) at 90% primary loop mass supply reduction.
It can be seen that the correlation between mass supply curtail-
ment of the primary loop and the thermal power reduction of the
substation are correlated almost linearly.

Moreover, in Figs. 3.2–3.5 a case of a two-day simulation is
presented, where 90% primary loop mass supply reduction takes
place in the second day of the simulation.

As Figs. 3.2 and 3.3 display, during the first day of the sim-
ulation, the building operates in a business-as-usual schedule.
However, during the second day, a thermal power supply reduc-
tion occurs, which could originate from a peak-shaving, or merely
an unexpected cut-down event. During the second day, the mass
supply, and consequently, the thermal load output of the substa-
tion to the building is significantly reduced in the case of Fig. 3.1
(75% power reduction). Additionally, the mass supply curtailment

eventually led to low return temperatures of the primary loop
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Fig. 3.1. Thermal comfort results for the second simulation day for all conventional heating scenarios.

Fig. 3.2. Example of a two-day simulation scenario (temperatures and mass supply results of the substation).

Fig. 3.3. Example of a two-day simulation scenario (building temperatures).

Fig. 3.4. Example of a two-day simulation scenario (thermal energy results of the substation).

6
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Table 2.2
Scenario parameters that are used in the simulations.
Scenario parameters

Symbol Description Value Unit

Cm Building heat capacity 80000 (Very light)
165000 (Medium)
360000 (Very heavy)

J/K

Rm Maximum primary loop mass
supply reduction

0–90
(0 is considered the reference case for each scenario)

%

Tcomf_range Indoor air temperature comfort
range of the occupant

20–22

19–21
(1 ◦C decrease of the first temperature range case)

18–20
(1 ◦C decrease of the first temperature range case)

◦C
Fig. 3.5. Example of a two-day simulation scenario (effectiveness results of the substation).
fluid. Low temperature levels are also observed in the secondary
loop, meaning that the radiator of the consumer operates at lower
temperatures than its nominal operation values. This is why the
heating capabilities of the substation are effectively reduced.

Moreover, in Figs. 3.4 and 3.5, results regarding the operation
of the thermal system can be viewed. To begin with, it is evident
that thermal loads are delivered to the building through the
substation whenever building internal temperatures drops below
setpoint. In addition, the results of the primary mass supply
cutdown are displayed in Fig. 3.4, as the thermal power has been
significantly reduced during the second day of the simulation.
Finally, Fig. 3.5 indicates the effectiveness factors of the substa-
tion heat exchanger, as well as the effectiveness of the radiator
of the building-consumer. Essentially, variable effectiveness fac-
tors indicate the transient thermal phenomena that occur at the
moments that heating turns on or off.

3.2. Conventional thermostat cases

In this section the implementation of the parametric simula-
tions will be displayed. To begin with, the conventional thermo-
stat strategy results are displayed in Figs. 3.6 and 3.7. It is noted
that the following energy consumption values refer to the second
day of the two-day simulation, as that is where the occupancy,
as well as the primary flow mass supply reduction take place, as
already mentioned.

By observing the thermal comfort levels of Fig. 3.6, it is firstly
evident that the heavier the weight category of the building is, the
higher the thermal comfort levels are, because of the ability of the
heavier structures to retain indoor temperature at higher levels,
as more energy has been stored in the opaque elements of the
building, from the first day of simulation. Moreover, as expected,
as maximum primary loop mass supply cut-down intensifies,
thermal comfort drops significantly. This is because the supplied
heating power output of the substation is reduced during the
second day of the simulation (see Fig. 3.1).

Regarding thermal comfort temperature ranges, the lower
ones tend to lead to higher thermal comfort satisfaction. This is
7

because the lower the temperature levels are, the less heating
power upkeep is required to maintain them. Therefore, an occu-
pant with thermal comfort zones that reach lower temperatures
lead to a building that has higher thermal comfort levels, with
that feature being reinforced the heavier the structure is.

What follows is the quantification the maximum mass supply
reduction that the building can tolerate without compromising
the thermal comfort of the occupant significantly. As already
explained in Section 2.1, this limit has been chosen to be the mass
supply reduction case where occupant thermal comfort has not
dropped more than 5% (e.g., from 90% to 85%), when compared to
its respective reference case. The results are displayed in Fig. 3.7.

Results from Fig. 3.7 indicate how thermal comfort changes
for each scenario, when exposed to the mass supply reduction
event. Each scenario has a maximum primary loop mass supply
reduction, which can be viewed in Table 3.1, along with its
respective maximum heating power reduction output (derived
from Fig. 3.1), without reducing comfort more than 5%.

From Table 3.1 the quantification of maximum flexibility po-
tential through the used indicator, (described in Section 2) is
presented, along with the respective maximum substation power
output. Without applying a preheating controlling strategy, it can
be seen that power output can be reduced by approximately
15% for very light building cases, 17% for medium cases and
30% for heavy cases. Especially in the heavy case, by reducing
the thermal comfort zones by 2 ◦C, the substation potentially is
able to change its heating power reduction from 20% to 40%. On
the other hand, in the very light case, the respective reduction
change is approximately 2%. Moreover, there is a 7% reduction
change regarding the medium case. Finally, the mass supply for
the same thermal comfort zone change reduces between 30%–
60% for all cases. The general remark that comes out of analyzing
Table 3.1, the heavier the building is, the more influential the
thermal comfort zone change is.

3.3. Preheating thermostat cases

In this section, the preheating strategy scenarios are examined.
Due to the purpose of preheating scenarios is to achieve 100%
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Fig. 3.6. Thermal comfort results for the second simulation day for all conventional heating scenarios.
Fig. 3.7. Thermal comfort change results for the second simulation day for all conventional heating scenarios.
Table 3.1
Results of flexibility indicators for all conventional heating scenarios.
Scenario building
category

Thermal comfort
zone

Maximum primary loop
mass supply reduction [%]

Maximum substation power
output reduction [%]

Light 20–22 32 14.34
19–21 34 15.59
18–20 36 16.84

Medium 20–22 32 14.34
19–21 37 17.47
18–20 42 21.07

Heavy 20–22 43 21.94
19–21 51 28.93
18–20 63 40.34
thermal comfort, the following figures will contain the preheat
time for each scenario instead of thermal comfort levels (Fig. 3.8).
That being said, some scenarios of preheating under extreme heat
flow reduction did not manage to maximize thermal comfort.
More elaborately, those are the scenarios whose preheating time
is equal to 15 h (the hours that elapse from 17:00 of the first
day to 08:00 of the second day) and maximum comfort has not
been attained. Therefore, in those scenarios, further preheating
is not allowed, as the preheating schedule overlaps with the
conventional heating schedule of the first day.

In Fig. 3.8, the preheating durations are presented for each
ase. As already mentioned, all cases that reached 15 h of preheat-
ng were not able to maximize thermal comfort, and therefore the
8

limit of system flexibility has been surpassed. It can be observed
in that some cases, the substation even managed to maximize
thermal comfort, even at 90% mass supply reduction, where es-
sentially it operated at four times less power output than the
original case (Fig. 3.1), namely 1 kW. Those cases tend to be
medium and very heavy cases. However, even in those scenarios,
preheat times are large, ranging from 9–13 h approximately. The
rest of the cases manage to have their comfort maximized at 80%
mass supply reduction, which corresponds to 60% power output
reduction.

Regarding thermal comfort ranges, changes in range limits can
lead to reduction of the preheating duration in all cases, especially
in larger mass supply reduction events. To elaborate, for the very
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Fig. 3.8. Thermal comfort change results for the second simulation day for all conventional heating scenarios.
ight case, a 5%–10% reduction in preheat duration per ◦C of the
one change. The respective value for the medium case amounts
o 17%–20%, while for the very heavy case the reduction amounts
o 35%–50%. Moreover, the medium building case is not flexible
nough to reduce their mass supply to 90%, when the comfort
ange is 20-22 ◦C or 19-21 ◦C. However, for the case of 18-
0 ◦C comfort case, the medium building manages to achieve
aximum thermal comfort when the substation operates at the
0% of the original maximum mass supply, essentially achieving
5% thermal power curtailment.
The results of this approach are now compared with the re-

pective results of other works. First of all, the ways that building
eight categories and implemented controlling strategies affect

lexibility are similar to observation made by [18,19], which has
tated that utilizing the thermal mass, namely preemptively stor-
ng heating energy in the thermal mass of the building, in order
o cover thermal demands when needed without being impacted
y insufficient thermal power. By examining the results of [21], it
an be observed that heavier category buildings encourage pre-
eating strategies, which is also confirmed in this work. Finally,
he proposed approach has also confirmed the significance of the
roposition of recent research [47], namely, to consider thermal
omfort settings in the evaluation of the flexibility potential.
hile the above work has pointed out the impact of the occupant
references regarding their comfort, this work is also able to
rovide, with the usage of a performance indicator, a numerical
valuation of how flexible the substation is, towards providing
he required thermal loads to the consumer (see Figs. 3.7 and 3.8).

. Conclusions

To sum up, this work aims at investigating the influence of
ultiple parameters on the thermal flexibility of a DHN substa-

ion. The majority of the explored literature has proposed several
pproaches for identifying and/or boosting flexibility potential
n various cases. Since the aim of flexibility utilization is the
eduction of the carbon footprint and the facilitation of RES in
he DHN, detailed knowledge of the system flexibility is always
rucial. More specifically, an integrated approach is proposed,
or estimating maximum flexibility potential in DHNs, during
eak shaving events or power supply cutoffs that may occur in
thermal grid. In other words, the purpose of this work is not

o provide an optimization methodology for the operation of the
ubstation during peak shaving effects, but rather to demonstrate
he contribution of the consideration of thermal comfort settings
o the evaluation of the District Heating Network substation
lexibility, during peak shaving effects. According to the authors’
urrent knowledge, this is something that has not been examined
xtensively in the literature, as most works examine flexibility
sing only the thermal mass and controlling strategies as main
9

factors, which lead to a static evaluation of the flexibility poten-
tial. However, this work also proposes a third factor, namely the
existing thermal comfort settings of the building, which makes
the flexibility evaluation dynamic, at times when thermal comfort
settings of consumers also change.

As an example case that implements the proposed methodol-
ogy, this paper examines and quantifies the maximum thermal
flexibility potential of a DHN substation, providing heating loads
to a consumer, namely an office building. The parameters that
are examined are various building weight categories and thermal
comfort zones of the occupant, as well as two different controlling
strategy cases. Regarding the first strategy, the building thermo-
stat signals the substation to provide heating loads only during
the occupancy periods, only if indoor temperature is lower than
the comfort zone. As far as the second strategy is concerned,
a smart preheating strategy is adopted, according to which the
thermostat calculates the moment that heating loads should be
provided before the occupancy period, so that thermal comfort is
maximized. A series of dynamic two-day simulations take place,
using various combinations of the three parameters mentioned
before. In every case scenario, during the first day of the simu-
lation, the building has been heated according to a typical office
working schedule. Moreover, in every simulation, the following
heating power settings takes place: the substation operates as
usual during the first day of the simulation, whereas it is exposed
to a heating flow reduction event during the second day of
each simulation. The aim of those simulations is to determine
the maximum flexibility potential of the substation, namely the
maximum heating flow reduction event it can tolerate, without
compromising the thermal comfort of the occupant.

According to the results, the three parameters were investi-
gated that affect flexibility potential can be ranked among them-
selves, in terms of influence on the maximum flexibility potential
of the substation. First and foremost, the controlling strategy used
(namely in this case the preheating strategy) is the most influ-
ential parameter on system maximum power output reduction
out of the three, as it managed to raise the flexibility potential of
all cases up to at least 60% power output cutdown. The second
parameter is the weight category of the building. As it has been
observed, heavier buildings possess more flexibility potential,
due to the total available thermal mass that can be used to
retain indoor temperature levels. Last but not least, an observable
impact on maximum flexibility potential is made by taking into
account different thermal comfort ranges. What is also worth
mentioning is that the importance of taking occupant thermal
comfort range into account increases in heavier structures. More
specifically, the current work has uncovered that by reducing the
thermal comfort zone by 2 ◦C, the maximum power reduction
increased from 15% to 17% for light buildings, and from 30% to
40% in heavy cases. Another remark is that considering thermal
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omfort ranges also bolsters the influence of preheat controlling
trategies. As results displayed in certain building cases where
he preheating controlling strategy was in effect, the maximum
otential of power output cutdown managed to be increased to
rom 60 to 75%, just by taking into account the case of lowered
hermal comfort settings, that existing approaches usually do not.
rom the above results, it can be inferred that when seeking the
aximum flexibility potential of a substation, considering ther-
al comfort settings along with thermal mass and implemented
ontrolling strategies can make a significant difference in the
valuation and allows for further exploitation of the flexibility of
he district heating network. What is more, since thermal comfort
ettings vary over the duration of day, the proposed approach is
ble to capture that variability when evaluating comfort settings.
This approach ultimately can be used in a DHN decision sup-

ort system, which can be also enriched by a dynamic comfort
ange inputted by the consumer, as thermal comfort is also con-
idered in the decisions, and therefore inform the consumer
bout which strategies are suitable to support their thermal com-
ort requirements. That could lead to a bidirectional exchange
f information between producers and consumers, when im-
lementing demand side management procedures in a thermal
rid.
That being said, there are limitations to this study that should

e addressed. First of all, to support the analysis at this stage,
he examined case was limited to a single substation, providing
eating loads to a single conditioned zone, while the rest of the
HN was not taken into account during the simulation. Moreover,
hermal comfort evaluation was focused on the temperature as-
ect and, therefore, simplified to an indoor temperature range, in
hich the occupant felt uniformly comfortable with the indoor
nvironment. Also, other thermal comfort indicators, such as
ndoor air relative humidity and air velocity, was not considered.
oreover, the evaluation of thermal comfort is based on indoor

emperature measurements, whereas other temperatures, such
s opaque element temperature should be taken into account as
ell.
Future work involves the expansion of the refinement of

he methodology, by addressing the above limitations. Also, the
ethodology can be expanded in a larger scale, including several
ubstations and multiple consumers in each substation. Finally,
his methodology can be used in a multi-energy approach, which
akes advantage of different heat sources.
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