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A B S T R A C T

Nowadays, the expected growth of local flexibility markets and demand-response mechanisms is urging
researchers and practitioners to obtain flexibility from all possible devices, including those historically
considered as ‘‘stiff’’. To this end, this work proposes an alternative control strategy for combustion-based
district heating systems allowing the pumping system to operate as a flexible load. The idea is investigated via
simulation in the case study of Capriasca (Lugano), within the framework of the EU-H2020-ACCEPT project.
Starting from historical on-field measurements of heat consumption, a techno-economic analysis is conducted
upon the flexibility obtainable from the pumping system, along with its cost, in two different scenarios: (i)
participation in a local flexibility market and (ii) participation in a demand response program. Eventually,
further to proving the viability of the proposed idea, the analysis shows that percent flexibility between
25% and 70% of the pumping system rated power can be reached, depending on the heat consumption. The
additional economic advantages of flexible DHS operation in low electricity price scenarios are also highlighted.
1. Introduction

In a bid to counteract the irreversible effects of global warming and
climate change phenomena, an energy transition is currently ongoing
that pursues a fully decarbonised economy by 2050 [1]. This transition
demands massive amounts of renewable energy systems to be installed,
posing the inherent problem of matching instantaneously energy gen-
eration and demand. Additionally, when installed at distribution grid
level, excess of renewable generation may cause technical issues such
as overvoltage and congestion.

Together with the installation of energy storage systems [2–4],
demand-side management currently represents a valuable means to in-
tegrate higher shares of renewable generation in distribution grids [5].
In demand-side management, consumers are invited to change their
consumption patterns via monetary incentives. This scenario intro-
duces two key concepts, namely flexibility and Demand-Response (DR).
Flexibility is referred to as the ability of increasing or decreasing a
consumer’s electricity demand in response to an external signal [6,7].
In particular, flexibility is becoming an indispensable means to prevent
and/or solve distribution grids issues, which is paving the way to
the creation of Local Flexibility Markets (LFMs) where customers can
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sell flexibility to Distribution System Operators (DSOs) [8,9]. Besides,
flexible loads can be exploited in DR schemes. In this case, consumers
are offered either time-dependent energy tariffs or one-shot monetary
incentives, named tokens, to change their foreseen consumption and
thus help solving or preventing grids issues [7,10–12].

The expected growth of LFMs and DR schemes is opening new
research and engineering pathways aimed at obtaining flexibility from
any available device, including those that have been historically con-
sidered as ‘‘stiff’’, i.e., non flexible. Electric Vehicles represent one of
the most flexible classes of electric loads, as charging operations can
be easily shifted in time or modulated in intensity [6,13,14]. Another
promising option lies in the Sector Coupling (SC) [15–19]. This last
can be defined as the integration of different energy vectors with
one another, with the aim of maximising synergies between them.
A typical example of SC is provided by the Heating Ventilation and
Air Conditioning (HVAC) systems based on Heat Pumps (HPs), where
thermal energy demand, naturally more flexible, turns into a shiftable
electric demand [20,21].

Another interesting example of SC lies in the residential districts,
where several energy vectors are normally involved. In the field of
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the so-called multi-energy districts, the most complex yet complete
case of district-level SC, with electricity, gas and heating networks
being simultaneously optimised is addressed in [22–24], with the main
contribution lying in the mathematical formulation of the optimal
technical dispatch problem. Additionally, [25,26] address the market
aspects of the three-vector problem by proposing a network-secure
bidding optimisation accompanied by a model predictive control.

By moving to research works focusing only on district-level electric-
ity and heat coupling, different objectives are pursued in the literature.
M. Majidi presents a day-ahead optimisation framework for a smart
district, where the main objective is once again the optimal technical
dispatch problem [27]. A. A. Bashir [28] and I. Hadachi [29] pro-
pose two mixed-integer linear-programming frameworks that exploit
the flexibility provided by both Combined Heat and Power Systems
(CHPSs) and EV fleets.

By focusing on contributions that take only the heat generation/
distribution system into account, a wide agreement is found that elec-
tric flexibility can be obtained via two types of energy assets, namely
CHPSs and HPs, as it is shown in [30] in the Barry Island practical
case study. Y. Cao [31] and J. Tan [32] propose respectively a market-
driven optimal operation schedule that takes into account the effects
on the electric distribution network, and a strategic investment scheme
for a District Heating System (DHS) participating in both electricity
and reserve markets. Eventually, if only CHPS is taken into account, an
optimal dispatch is presented in [33], where the available flexibility is
enhanced through a variable mass flow operation. On the other hand, X.
Xu [34], rather than focusing on the optimal dispatch problem, tackles
the flexibility quantification.

The above analysis shows that all main sources of district-level flexi-
bility are flexible by nature. In the particular case of CHPSs, flexibility is
obtained directly by modulating the ratio between heat and electricity
production. As opposed to it, in simple DHSs, all energy from fuel
combustion is used to produce hot water, with a relatively small electric
consumption provided by the pumping system. For this reason, DHSs
have been historically considered as ‘‘stiff’’ electric loads, with research
efforts normally focusing on other aspects, such as modelling of heat
losses [35,36], exploiting thermal inertia and thermal storage [37–
39] or handle failure events [40]. From a more electrical perspective,
research works mainly focus on pumping system controls aimed at
optimising the electric consumption [41–44].

From all the above, the following observations can be done. Firstly,
although in many countries conventional DHSs are more numerous
than CHPSs [45], research works on flexibility direct their efforts only
towards CHPSs, whereas DHSs remain almost unexplored. In particular,
novel solutions to untap flexibility from DHSs, which have been his-
torically considered as electrically ‘‘stiff’’, have not been investigated.
Secondly, flexibility quantification has been conducted only for CHPSs
and only from a technical perspective, [34], whereas no analyses have
been conducted for DHSs. To this end, this work wishes to propose
an alternative control strategy for combustion-based DHSs allowing the
pumping system to operate as a flexible load. Here, it is necessary to
highlight that DHSs are not usually designed for a flexible pumping
operation, so that the proposed idea poses the risk of exceeding the
rated pressure of pumping and pipes systems. As a countermeasure, an
anti-over-pressure droop control is proposed as an additional element
of innovation.

To recap, in a bid to fill the bespoke gaps found in the literature,
this work wishes to provide a threefold contribution:

1. Propose an alternative control strategy for combustion-based
DHSs that untaps the electric flexibility available in the pumping
system, which is developed together with a DHSs modelling
technique suitable for flexibility evaluation.

2. Provide a techno-economic analysis of DHSs flexible operation
when participating in:

• LFMs.
2

Fig. 1. Simplified example of DHS.

• DR schemes.

3. Introduce an anti-over-pressure droop control.

The idea is investigated in the DHS of Capriasca (Lugano), a small,
semi-rural village in the Swiss Prealps, demo site of the H2020 AC-
CEPT project [46]. Here, the viability of the idea is assessed, and a
techno-economic analysis is conducted starting from historical on-field
measurements of heat consumption of a typical and a heavy winter day.

This paper is structured as follows. Section 2 provides the theoret-
ical background of both DHSs and flexibility. Section 3 presents the
proposed ‘‘flexible’’ pumping control strategy, while the DHS modelling
is developed in Section 4. Finally, the Capriasca case study is presented
in Section 5, whose results are shown and discussed in Section 6.

2. District heating background and flexibility definition

2.1. Main DHS components

A DHS is a centralised system that generates hot water in one or
more thermal plants and delivers it to several end-users through a
piping network. A simplified example is shown in Fig. 1, where its main
components can be seen:

• One or more central thermal plants, where cold water returning
from the users is heated up, either in a boiler (gas-fired, wood-
fired, etc.) or in a HP. The heat-producing unit, in turn, can be
either connected directly to the end-users or through a storage
tank.

• A heat distribution network, where hot water is taken from the
thermal plant, mixed with some cold water returning from the
consumers and eventually pressurised to be sent to the end-users.
Usually, this circuit is referred to as ‘‘primary’’ and counts with
one or more pumping stations.

• Heat delivery substations, where hot water is delivered to the
end-users.

• Users internal hot-water distribution systems, which are usually
referred to as ‘‘secondary’’.

2.2. Traditional ‘‘stiff’’ control strategy

In a combution-based system, a control loop regulates the combus-
tion process at thermal-plant level. Besides, at primary-circuit level, two
control loops operate in a coordinate way to regulate the hot water
distribution. The two loops are shown in Fig. 2. Firstly, the pump con-
troller regulates the hot water flow within the piping system. For this
task, several control techniques are available [44]. This work considers
the relatively common option of setting a specified differential pressure
𝑑𝑃𝑟𝑒𝑓 to the remotest user. Secondly, hot water is delivered to the users
at a lower temperature compared to that leaving the thermal station.
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Fig. 2. Distribution control loops: pump and mixing valve.
This task is accomplished by a mixing valve, which mixes cold water
returning from the users to the hot water stored in the tank. To this
end, the valve opening is modulated via a PI controller based on the
difference between the set-point delivery temperature 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 and its
measured value 𝑇𝑑𝑒𝑙−𝑚𝑒𝑎𝑠. This third control loop has the fundamental
role of decoupling hot-water production and distribution, providing so
a considerably faster response to heat demand variations, compensating
so for the high inertia of the thermal station.

In the way DHSs are normally operated, 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 is kept constant.
Then, in case an end-user rises its heat demand, its internal control
system acts to receive a higher hot-water mass flow rate from the pri-
mary circuit. Subsequently, a higher primary mass flow rate increases
the pressure drops in the circuit, causing the pump PI to increase
the pressure and hence the electricity consumption. At the same time,
the variation in absorbed heat causes hot water to return at a lower
temperature, so that the mixing valve also kicks in to take hot-water
delivery temperature back to 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 .

2.3. Flexibility markets and demand response general aspects

2.3.1. Flexibility
As already mentioned, flexibility 𝜙 is referred to as the ability

of increasing or decreasing the electricity demand in response to an
external signal. In particular, an increased electricity demand 𝑃𝑒𝑙

|

|𝑢𝑝
results in the so-called downwards flexibility 𝜙𝑑𝑜, whereas a decreased
one 𝑃𝑒𝑙

|

|𝑑𝑜 in upwards flexibility 𝜙𝑢𝑝. Both 𝜙𝑑𝑜 and 𝜙𝑢𝑝 need to be
evaluated with respected to the baseline consumption 𝑃𝑒𝑙

|

|𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒, so
that:

𝜙𝑑𝑜∕𝑢𝑝(𝑡) = 𝑃𝑒𝑙(𝑡)||𝑢𝑝∕𝑑𝑜 − 𝑃𝑒𝑙(𝑡)||𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 . (1)

It is now observed that the variation in electricity consumption is
usually related to a cost. In the case of fully electrical loads, such as EVs,
HPs, etc., only electricity price needs to be considered. Conversely, a
DHS represents a typical example of SC, where flexibility is obtained by
shifting energy demand from the electrical to the thermal vector and
vice versa. As a result, to assess the flexibility cost, the variations in
both electricity and fuel costs, 𝛥𝑐𝑒𝑙 and 𝛥𝑐𝑓𝑢𝑒𝑙 respectively, need to be
considered:

𝛥𝑐𝑒𝑙 = ∫𝑇
𝜋𝑒𝑙(𝑡)(𝑃𝑒𝑙(𝑡)||𝑢𝑝∕𝑑𝑜 − 𝑃𝑒𝑙(𝑡)||𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 )𝑑𝑡, (2)

𝛥𝑐𝑓𝑢𝑒𝑙 = ∫𝑇
𝜋𝑓𝑢𝑒𝑙(𝑡)(𝑄𝑑𝑒𝑙(𝑡)||𝑢𝑝∕𝑑𝑜 − 𝑄𝑑𝑒𝑙(𝑡)||𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 )𝑑𝑡, (3)

being 𝑇 a generic time period, 𝑄𝑑𝑒𝑙 the thermal power delivered by the
primary circuit and 𝜋 and 𝜋 the electricity and fuel prices.
3

𝑒𝑙 𝑓𝑢𝑒𝑙
2.3.2. Local flexibility markets
One of the ways for DSOs to cope with over-voltage and congestion

issues is to activate flexibility mechanisms and thus remunerate users
that agree to change their foreseen demand (baseline). In this context,
LFMs provide a marketplace where flexibility is traded between DSOs
and consumers, either directly or with an intermediary aggregator [9,
47]. Then, an auction process is opened and all users belonging to the
distribution grid zone where flexibility is needed are free to bid, taking
into account that both reserve and activation are remunerated [48].

In case a DHS operator decides to participate in a LFM, bidding
needs to ensure an economic remuneration. To this end, a Minimum
Market Bid (MMB) needs to be evaluated in accordance with 𝛥𝑐𝑒𝑙 and
𝛥𝑐𝑓𝑢𝑒𝑙. By reminding that in a SC system energy is shifted from one
vector to another, in a DHS the MMB is given by the sum of the
variations in fuel and electricity costs, bearing in mind that if the
former is positive the latter is negative and vice versa:

𝑀𝑀𝐵 = 𝛥𝑐𝑓𝑢𝑒𝑙 + 𝛥𝑐𝑒𝑙 . (4)

2.3.3. Demand response mechanisms
An alternative way for handling over-voltage and congestion issues

in distribution networks is to directly offer customers economic in-
centives for changing their foreseen demand. In simple words, DSOs
constantly forecast the future status of the distribution grid through
a series of relevant indicators, such as bus voltages, cables or trans-
formers load level, etc. Then, should one or more indicator exceed a
warning or dangerous value, an intervention request is forwarded to
retailers and/or aggregators offering them an economic compensation.
Further to this request, retailers and/or aggregators provide customers
with either an updated time varying tariff (indirect DR), or one-shot
payments named tokens (direct DR) [11,12]. By comparing the two
approaches, one may notice that modelling a tariff-based DR scenario
would require a considerable amount of information, leading to a
highly complex analysis that would be out of the scope of this work.
Therefore, only the token-based schemes are considered from now on.

At this point, similarly to the LFM case, a DHS operator needs to
decide whether to accept a DR incentive or not. In economic terms,
an analogous process to the MMB needs to be followed to quantify the
Minimum Acceptable Token (MAT), whose definition is given later in
Section 5.3.

3. Proposed ‘‘flexible’’ control strategy

Following from the DHS description provided in the previous sec-
tion, the proposed ‘‘flexible’’ control strategy is now presented. From
a more general perspective, the operation of a DHS can be described
by expressing the thermal energy balance in a generic time instant 𝑡,
which can be expressed as in (5), where:
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𝑚

𝑄𝑏𝑜𝑖𝑙: is the thermal power produced by the boiler.
𝑄𝑡𝑎𝑛𝑘: is the thermal power delivered/absorbed by the tank.
𝑄𝑑𝑒𝑙: is the thermal power delivered by the primary circuit.
𝑄𝑑𝑒𝑚: is the thermal power demanded by all users.
𝑄𝑙𝑜𝑠𝑠: is the thermal power loss between pipes and soil.
𝑄𝑢𝑠(𝑖): is the thermal power absorbed by the ith user.
𝑚̇𝑝𝑟: is the primary circuit hot-water mass flow rate.
𝑐𝑝: is the hot-water specific heat.
𝑇𝑑𝑒𝑙: is the hot-water delivery temperature.
𝑇𝑟𝑒𝑡: is the hot-water return temperature.
𝑚̇𝑝𝑟
𝑢𝑠(𝑖): is the ith user hot-water mass flow rate at the primary side.

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑄𝑏𝑜𝑖𝑙 +𝑄𝑡𝑎𝑛𝑘 = 𝑄𝑑𝑒𝑙 = 𝑄𝑑𝑒𝑚 +𝑄𝑙𝑜𝑠𝑠,

𝑄𝑑𝑒𝑚 =
𝑛
∑

𝑖=1
𝑄𝑢𝑠(𝑖)

𝑄𝑑𝑒𝑙 = 𝑚̇𝑝𝑟𝑐𝑝(𝑇𝑑𝑒𝑙 − 𝑇𝑟𝑒𝑡),

𝑚̇𝑝𝑟 =
𝑛
∑

𝑖=1
𝑚̇𝑝𝑟
𝑢𝑠(𝑖),

(5)

Here, it is noted that 𝑄𝑑𝑒𝑙 depends on 𝑇𝑟𝑒𝑡, which is normally left
uncontrolled and depends on 𝑄𝑙𝑜𝑠𝑠 and on whether users are connected
through a heat exchanger or not. On the other hand, these relationships
are not expressible in a simple closed-form analytical form and hence
have been omitted in (5).

Based on (5), thermal power delivery 𝑄𝑑𝑒𝑙 possesses two degrees
of freedom, namely 𝑚̇𝑝𝑟 and 𝑇𝑑𝑒𝑙, provided that 𝑇𝑟𝑒𝑡 is normally left
uncontrolled. As opposed to the traditional ‘‘stiff’’ control, where only
̇ 𝑝𝑟 is controlled, this work proposes the novel idea of modifying the

reference of 𝑇𝑑𝑒𝑙 in response to a flexibility signal, allowing so the
pumping system to operate as a flexible electric load . The idea is
relatively simple. For a given 𝑄𝑑𝑒𝑚, if a lower electricity consumption
is desired, hot water set-point may be raised, so that the corresponding
mass flow rate decreases along with the electricity consumption. In the
other way around, if a higher electric demand is desired, hot water
set-point may be lowered to increase the pumping consumption.

The viability of the idea, along with a techno-economic flexibility
analysis are investigated in the case study of Capriasca (Lugano),
Switzerland, whose modelling is described in the following section.

4. Flexibility-oriented DHSs modelling and anti-over-pressure
droop

As mentioned above, in order to prove the proposed idea in a
practical case study, this work considers the DHS of Capriasca (Lugano),
Switzerland, one of the demo sites of the H2020 project ACCEPT [46].
The network extends for approximately one kilometre and serves nine
users, including a sports centre, schools, a church, residential apart-
ments, etc. [49]. A schematic outlook of the network is shown in Fig. 1.
This section describes the modelling of all DHS components in the Open
Modelica software [50]. In particular, the modelling technique is de-
scribed, which has been specifically developed for a flexibility techno-
economic analysis. Bearing that in mind, the following simplifying
hypotheses are introduced:

1. All users are connected in parallel with the primary circuit.
2. All users are connected with a temperature-controlled heat ex-

changer, in such a way that hot water leaves the exchanger
secondary side at a fixed yet constant temperature.

3. Heat exchangers possess a negligible thermal inertia.
4. The boilers and tank system operation is semi-ideal, as explained

in the following.
5. Thermal stratification within the tank is neglected.
6. Mixing valve is replaced by an equivalent pump, as also ex-

plained in the following.
4

Table 1
Boilers rated powers and average combustion efficiencies [51,52].

Wood-fired Oil-fired

Rated power [kW] 550 500
Average combustion efficiency [%] 86 92

Fig. 3. Boilers model in Open Modelica.

Eventually, it is observed that some of the above hypothesis have
been made due to the confidentiality of some information, e.g. connec-
tion with the primary circuit or presence of an exchanger. Nonetheless,
these simplifications make the DHS model more general, allowing so
for an easier generalisation of the results to other DHSs.

4.1. Boiler and tank system

As already said above, the DHS at hand is based on a main wood-
fired boiler assisted by an oil-fired one. In the real system, cold water is
extracted from the bottom of the tank, at almost the same temperature
as the returning water 𝑇𝑟𝑒𝑡, and circulated through the boilers. As it
is common occurrence, the wood-fired one operates in an intermittent
way, as it is switched on and off periodically in such a way as to keep
combustion efficiency at its highest, while keeping the temperature at
the top of the tank within its permitted range.

Following from the hypothesis of a semi-ideal operation, some
simplifications are introduced. The boiler and tank system model used
in this work is illustrated in Fig. 3. As it can be seen, returning water
from the users circulates directly through the boilers. These last are
modelled as heat-receiving pipes where an instantaneous combustion
takes place, so that produced heat is equal to the required value,
𝑄𝑤𝑜𝑜𝑑−𝑟𝑒𝑓 and 𝑄𝑜𝑖𝑙−𝑟𝑒𝑓 respectively. 𝑄𝑤𝑜𝑜𝑑−𝑟𝑒𝑓 and 𝑄𝑜𝑖𝑙−𝑟𝑒𝑓 are evaluated
via PI controller, equipped with saturation and anti-windup, along with
two min/max blocks devoted to the activation of the oil-fired unit when
the overall demand exceeds 𝑄𝑤𝑜𝑜𝑑−𝑟𝑎𝑡𝑒𝑑 . Combustion efficiencies are
assumed to be constants, whose values are reported in Table 1 [51,52].

With regards to the simplification above, by observing (5), it is
noted that the limitation of the control system described above lies
in the fact that individual contributions 𝑄𝑏𝑜𝑖𝑙 and 𝑄𝑡𝑎𝑛𝑘 cannot be
represent accurately. On the other hand, it can also be seen that this
simplification ensures the estimation of their sum and hence that of
the thermal balance on the right-hand side of (5), which is acceptable
for techno-economic analysis purposes. In any case, future efforts are
needed to include more accurate boilers models.

4.2. Delivery pump

Fig. 4 illustrates the modelling of the hot-water delivery system,
including the delivery pump and the mixing pump. The former is
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Table 2
Pumps and electric motor efficiencies.

Pump Electric motor

Average efficiency [%] 80 93.75

Fig. 4. Hot-water delivery system in Open Modelica.

modelled as a pressure-controlled pump, operating under the action of a
PI controller. This last is equipped with saturation and anti-windup and
actuates to ensure a 0.5 bar differential pressure to the remotest user.
Besides, the limiter is set exactly to the pump rated pressure 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 ,
that is, 7.5 bar. However, it is noticed that operation at 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 is
permitted only in temporary conditions, as an anti-over-pressure droop
is included that is presented in the next subsection. Pumps electric
consumption is expressed through (6), where:

𝑃𝑑𝑒𝑙: is the water delivery pressure.
𝑃𝑟𝑒𝑡: is the water return pressure.
𝜂𝑝𝑢𝑚𝑝: is the pump mechanical efficiency.
𝜂𝑒𝑚: is the pump electric motor efficiency.

Efficiencies are reported in Table 2.

𝑃𝑒𝑙 =
𝑚̇𝑝𝑟(𝑃𝑑𝑒𝑙 − 𝑃𝑟𝑒𝑡)

𝜂𝑝𝑢𝑚𝑝𝜂𝑒𝑚
. (6)

4.3. Mixing valve/pump and anti-over-pressure droop

As already mentioned in the hypotheses above, a mixing pump
has been used in lieu of a valve. This choice has been made with
the objective of ensuring the model numerical stability, as in Open
Modelica valves are highly unstable. On the other hand, it is pointed
out that the mixing pump operates within an extremely low differential
pressure, so that its energy consumption is totally negligible (see (6)).
In other words, the mixing pump is practically equivalent to a valve.

In terms of control system, the mixing pump is regulated by a
PI, which is equipped with saturation and anti-windup, and acts to
maintain the hot-water delivery temperature at 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 .

Following from the introduction, it is observed that DHSs are not
usually designed for a flexible pumping operation. In particular, as the
DHSs approaches it peak operating conditions, a decrease in 𝑇𝑑𝑒𝑙 could
result in an excess of mass flow rate and thus in over-pressure issues.
5

Fig. 5. Over-pressure droop characteristics.

Fig. 6. Over-pressure droop operation: (a) Delivered temperature vs. heat demand, (b)
Delivered Pressure vs. heat demand.

To this end, an over-pressure droop is proposed in this work based on
the scheme shown in Fig. 4 and the characteristics of Fig. 5.

As it can be seen in Fig. 4, 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 is given by the sum of two
contributions. The first is the standard set-point 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓0 , which is set
in accordance with the electrical flexibility one wishes to obtain.

The second is the output of the bespoke over-pressure droop control
𝛥𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 . Its operating principle is relatively simple. When the pump
pressure is lower than 95% of the rated value 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 , the droop
output 𝛥𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 is zero and the system operates normally. Conversely,
when 95% of 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 is exceeded the droop kicks in by rising
𝛥𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 . The droop also actuates in conjunction with the limiter of the
delivery pump’s PI, as the latter impedes that 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 is exceeded,
should the droop gain be insufficient.

An example of the anti-over-pressure droop action is shown in
Fig. 6, where controlled and uncontrolled conditions are plotted respec-
tively in solid and dashed lines. As it can be seen, when heat demand
exceeds 750 kW𝑡ℎ, 95% of 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 is reached. Consequently, for
larger heat demands, the bespoke droop in engaged that progressively
increases the temperature set-point as shown in Fig. 6(a), resulting in a
pump pressure curtailment process where 𝑃𝑝𝑢𝑚𝑝−𝑟𝑎𝑡𝑒𝑑 is never exceeded,
as illustrated in Fig. 6(b).

4.4. Pipes

Hot-water distribution pipes are modelled as a pair of buried pipes,
as sketched in Fig. 7(a). In Modelica, this configuration is represented
by two heath-exchanging pipes, each of them connected to three ther-
mal resistances, in such a way as to take into account the thermal
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Fig. 7. Pipes modelling: (a) buried pipes, (b) thermal resistances.

losses with the surrounding soil, as shown in Fig. 7(b). The first 𝑅𝑡ℎ−1
represents the thermal resistance of the pipes insulating coat; the sec-
ond 𝑅𝑡ℎ−2 the soil equivalent thermal resistance, while the third 𝑅𝑡ℎ−3
models the mutual heat exchange. The three resistances are evaluated
via (7)–(9), [53], where:

𝑟𝑖𝑛: is the pipe internal radius.
𝑟𝑜𝑢𝑡: is the pipe outer radius.
𝜆𝑖𝑠𝑙: is the insulation thermal conductivity.
𝐿𝑝𝑖𝑝𝑒: is the pipe length.
𝑑𝑐 : is the buried depth.
𝑑𝑜: is the pipes mutual distance.
𝜆𝑠𝑜𝑖𝑙: is the soil thermal conductivity.

𝑅𝑡ℎ−1 =
𝑟𝑖𝑛 ln(

𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

𝜆𝑖𝑠𝑙4𝜋𝐿𝑝𝑖𝑝𝑒𝑟𝑖𝑛
, (7)

𝑅𝑡ℎ−2 =
𝑟𝑖𝑛 ln(

4(𝑑𝑐+𝑟𝑜𝑢𝑡)
𝑟𝑜𝑢𝑡

)

𝜆𝑠𝑜𝑖𝑙4𝜋𝐿𝑝𝑖𝑝𝑒𝑟𝑖𝑛
, (8)

𝑅𝑡ℎ−3 =
𝑟𝑖𝑛 ln(

√

( 2(𝑑𝑐+𝑟𝑜𝑢𝑡)𝑑𝑜+2𝑟𝑜𝑢𝑡
)2 + 1)

𝜆𝑠𝑜𝑖𝑙4𝜋𝐿𝑝𝑖𝑝𝑒𝑟𝑖𝑛
, (9)

Additionally, in Modelica, the heat transfer between fluid and pipes
internal surfaces is also taken into account that is a function of the fluid
velocity and hence mass flow rate.

For the DHS of Capriasca, installation and material parameters
are reported in Table 3, along with the average soil temperature
considered, which has been selected from [54].

4.5. End-users

For each of the nine end-users an equivalent model has been re-
alised based on the assumption that each of them is connected with a
temperature-controlled heat exchanger.

Thermal balance within the exchanger can be written as in (10),
where superscripts 𝑃𝑟 and 𝑆𝑒𝑐 denote the primary and secondary sides
6

Table 3
DHS installation and material parameters.

Parameter Measure unit Symbol Value

Pipes inter-distance m 𝑑𝑜 0.2
Pipes buried depth m 𝑑𝑐 0.6
Soil thermal conductivity W/(m K) 𝜆𝑠𝑜𝑖𝑙 1.2
Insulation thickness m 𝑑𝑖𝑠𝑙 0.4
Insulation thermal conductivity W/(m K) 𝜆𝑖𝑠𝑙 0.03
Soil average temperature ◦C 𝑇𝑠𝑜𝑖𝑙 9

Fig. 8. End-User in Open Modelica.

respectively, while 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the inlet and outlet temperatures at
either side of the exchanger:

𝑄𝑢𝑠(𝑖) = 𝑚̇𝑝𝑟
𝑢𝑠(𝑖)𝑐𝑝(𝑇

𝑝𝑟
𝑖𝑛 − 𝑇 𝑝𝑟

𝑜𝑢𝑡) = 𝑚̇𝑠𝑒𝑐
𝑢𝑠(𝑖)𝑐𝑝(𝑇

𝑠𝑒𝑐
𝑖𝑛 − 𝑇 𝑠𝑒𝑐

𝑜𝑢𝑡 ). (10)

In the real case, in the secondary circuit, the end-user controller
modulates the primary mass flow rate 𝑚̇𝑝𝑟

𝑢𝑠(𝑖) through a valve, in order

to maintain 𝑇 𝑠𝑒𝑐
𝑖𝑛 at the set-point value, while 𝑚̇𝑠𝑒𝑐

𝑢𝑠(𝑖) is normally constant.

Consequently, one may observe that if 𝑚̇𝑝𝑟
𝑢𝑠(𝑖) and 𝑚̇𝑠𝑒𝑐

𝑢𝑠(𝑖) are set, the four

temperatures possess only two degrees of freedom. By exploiting this
property, the model can be simplified by setting the end-user PI to
control 𝑇 𝑝𝑟

𝑜𝑢𝑡 rather than 𝑇 𝑠𝑒𝑐
𝑖𝑛 . In this way, it is possible to model only the

primary side of the exchanger, as it is shown in Fig. 8, with considerable
advantages in terms of execution time and numerical robustness, whilst
maintaining the same exchanger thermal energy balance.

In Open Modelica, the end-user is modelled as in Fig. 8. The primary
of the heat exchanger is modelled as a heat exchanging pipe, whose
outlet temperature 𝑇𝑢𝑠(𝑖)−𝑚𝑒𝑎𝑠 is controlled by the PIus(i), which regulates
the valve opening.

5. The capriasca case study: Analysis methodology

In a bid to provide a thorough yet insightful techno-economic
analysis of the proposed idea, three main groups of simulations are
conducted:

• A preparatory multi-static analysis.
• Participation in a LFM.
• Participation in a DR Program.

5.1. Preparatory multi-static analysis

In the multi-static analysis, a multitude of steady-state points is
obtained. In particular, two characteristics are evaluated:

1. Pumps electricity consumption 𝑃𝑒𝑙 vs. 𝑄𝑑𝑒𝑚.
2. Pipes thermal losses 𝑄 vs. 𝑄 .
𝑙𝑜𝑠𝑠 𝑑𝑒𝑚
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Fig. 9. Heat demand curves of the nine users stacked onto one another and total demand: (a) Typical winter day, (b) Heavy winter day.
In this case, with the objective of getting some qualitative yet
valuable information needed to better understand the following two
groups of simulations, a direct correlation between 𝑃𝑒𝑙, 𝑄𝑙𝑜𝑠𝑠 and 𝑄𝑑𝑒𝑚
is obtained. In particular, for the purpose at hand, dependency of
𝑄𝑑𝑒𝑚 from time is removed by assuming it to be shared among all
end-users proportionally to their rated thermal powers. Then, the two
characteristics at hand are evaluated for three values of 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 , namely
78 ◦C, 82 ◦C and 88 ◦C, corresponding respectively to the maximum,
baseline and minimum electricity consumption. Temperature limits
have been chosen based on the expertise and recommendations of the
DHS operator Capriasca Calore SA.

5.2. Participation in a LFM

In the case of the Capriasca DHS, the existence of an LFM is assumed
in order to analyse the potential the DHS possesses. One of the main
points to observe is that flexibility changes with the thermal demand,
which, in turn, depends on the weather conditions. Therefore, LFM
participation is analysed in a typical winter day, where only the wood-
fired boiler is engaged, as well as in a heavy winter day, where also
the oil-fired one is switched on. Heat consumption for the two winter
days is considered for 24 h with a granularity of 30 min. Aggregated
consumption derives directly from on-field measurements, whereas
individual consumption is estimated based on Authors’ expertise and
similarity with other DHSs. Fig. 9 illustrates the aggregated and indi-
vidual heat demands stacked onto one another for the typical and heavy
winter day.

In order to assess the DHS participation in a LFM, the following five
characteristics are evaluated:

1. Pumps electricity consumption 𝑃𝑒𝑙 vs. time.
2. Upwards flexibility, 𝜙𝑢𝑝, vs. time.
3. Pipes thermal losses 𝑄𝑙𝑜𝑠𝑠 vs. time.
4. Differential fuel cost 𝛥𝑐𝑓𝑢𝑒𝑙 vs. time.
5. MMB vs. time.

By observing that LFMs only trade upwards flexibility, the bespoke
characteristics are evaluated for both 82 ◦C and 88 ◦C, corresponding
respectively to the baseline and maximum upwards flexibility.

In accordance with (1), 𝜙𝑢𝑝 is defined as:

𝜙𝑢𝑝(𝑡) = 𝑃𝑒𝑙(𝑡)||88 ◦C − 𝑃𝑒𝑙(𝑡)||82 ◦C . (11)

Per-unit values of flexibility are also calculated that are referred to
the pumping system rated power.

When it comes to the MMB, LFM is assumed to operate in an
hourly basis, i.e., flexibility is traded in hourly packages, so that 𝛥𝑐
7

𝑓𝑢𝑒𝑙
Table 4
Wood and oil prices.

Wood Oil

Price (𝜋) [e/kWh] 0.06 0.10

Fig. 10. Capriasca distribution grid congestion level colour code.

corresponds to the additional fuel cost for the DHS operator for a 1-hour
flexibility package. Subsequently, by recalling the way boilers, tank and
their control are modelled, for the generic 𝑗th hour, 𝛥𝑐𝑓𝑢𝑒𝑙(𝑗) can be
expressed as follows:

𝛥𝑐𝑓𝑢𝑒𝑙(𝑗) = 𝜋𝑤𝑜𝑜𝑑 ∫

𝑡(𝑗)

𝑡(𝑗−1)
𝑄𝑤𝑜𝑜𝑑 (𝑡)||88 ◦C − 𝑄𝑤𝑜𝑜𝑑 (𝑡)||82 ◦C 𝑑𝑡

+𝜋𝑜𝑖𝑙 ∫

𝑡(𝑗)

𝑡(𝑗−1)
𝑄𝑜𝑖𝑙(𝑡)||88 ◦C − 𝑄𝑜𝑖𝑙(𝑡)||82 ◦C 𝑑𝑡, (12)

where 𝑡(𝑗−1) and 𝑡(𝑗) represent the first and last time instants of the 𝑗th
hour, while 𝜋𝑤𝑜𝑜𝑑 and 𝜋𝑜𝑖𝑙 are the wood and oil prices, whose values
are reported in Table 4. Eventually, to fully assess the MMB, it is also
necessary to take into account the variation in electricity cost 𝛥𝑐𝑒𝑙. In
an analogous manner to (12), for the generic 𝑗th hour, 𝛥𝑐𝑒𝑙(𝑗) can be
expressed as in (13), where 𝜋𝑒𝑙 is assumed to be constant during the
𝑗th hour:

𝛥𝑐𝑒𝑙(𝑗) = 𝜋𝑒𝑙 ∫

𝑡(𝑗)

𝑡(𝑗−1)
𝑃𝑒𝑙(𝑡)||88 ◦C − 𝑃𝑒𝑙(𝑡)||82 ◦C 𝑑𝑡. (13)

As a result, the MMB can be defined as:

𝑀𝑀𝐵(𝑗) = 𝛥𝑐𝑓𝑢𝑒𝑙(𝑗) + 𝛥𝑐𝑒𝑙(𝑗). (14)

Following from (13), LFM participation analysis is conducted for
five different electricity prices, namely 0.03 e∕kWh, 0.06 e∕kWh,
0.09 e∕kWh, 0.15 e∕kWh and 0.24 e∕kWh. These values have been
chosen in a bid to represent different forms of access to the electricity,
ranging from self-consumption solutions (low prices) to traditional
retail markets (high prices).

5.3. Participation in a demand response program

As already mentioned in Section 2.3.3, DR mechanisms are activated
in order to solve contingent or foreseen technical issues in distribution
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Fig. 11. Capriasca distribution grid load level and 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 .
grids. In order to correlate these issues with a DR intervention request,
in this work, the so-called traffic-light approach is used. The load level
of the transformer serving the Capriasca distribution grid is considered
as critical indicator and different colours are assigned to different load
levels, as represented in Fig. 10. Then, based on the traffic light colour,
different DR requests are generated. Subsequently, a grid scenario is
defined where a considerable overload is found in the Capriasca’s
distribution transformer. The load daily profile is depicted in the colour
bar of Fig. 11, with an overload being experienced between 10 a.m. and
3 p.m. At this point, an assumption is made that the overload is caused
by an excess of distributed generation in the grid and a DR mechanism
is defined with the following flexibility requests:

• 50% downwards flexibility between 95% and 105% load (8 a.m.
to 10 a.m. and 3 p.m. to 5 p.m.).

• 100% downwards flexibility above 105% load (10 a.m. to 3 p.m.).

Theoretically, translating the 50% and 100% flexibility requests
into a temperature setpoint would require a relatively complex process
that would be out of the scope of this work. As an alternative, a
simplified approach is used in this example. By analysing the results
of the preparatory multi-static analysis (shown later in Section 6.1),
a quadratic relation between the hot water delivery temperature and
flexibility is found. Then, by keeping the same temperature range used
for the LFM analysis, a 79.8 ◦C and 78 ◦C set-points are selected for the
50% and 100% downwards flexibility respectively, as shown in Fig. 11.

At this point, given that the DR event begins at 𝑡𝑖 and ends at 𝑡𝑓 , the
Minimum Acceptable Token (MAT) can be defined. Here, it is important
to highlight that several token options are currently being proposed in
the literature [5]. In this example, tokens are assumed to be a ‘‘one-
shot’’ electricity price 𝜋𝐷𝑅

𝑒𝑙 that supersedes the initial price 𝜋0
𝑒𝑙 for the

whole duration of the DR event. Based on that, the overall energy cost
of participating in the DR event needs to be lower than in the baseline
condition:

𝜋𝑓𝑢𝑒𝑙 𝐸𝑓𝑢𝑒𝑙
|

|

|𝑇𝐷𝑅
𝑑𝑒𝑙−𝑟𝑒𝑓

+𝜋𝐷𝑅
𝑒𝑙 𝐸𝑒𝑙

|

|𝑇𝐷𝑅
𝑑𝑒𝑙−𝑟𝑒𝑓

< 𝜋𝑓𝑢𝑒𝑙 𝐸𝑓𝑢𝑒𝑙
|

|

|82 ◦C
+𝜋0

𝑒𝑙 𝐸𝑒𝑙
|

|82 ◦C (15)

where:

𝜋𝑓𝑢𝑒𝑙 𝐸𝑓𝑢𝑒𝑙
|

|

|𝑇𝐷𝑅
𝑑𝑒𝑙−𝑟𝑒𝑓

=

𝜋𝑤𝑜𝑜𝑑 ∫

𝑡𝑓

𝑡𝑖
𝑄𝑤𝑜𝑜𝑑 (𝑡)||𝑇𝐷𝑅

𝑑𝑒𝑙−𝑟𝑒𝑓
𝑑𝑡 + 𝜋𝑜𝑖𝑙 ∫

𝑡𝑓

𝑡𝑖
𝑄𝑜𝑖𝑙(𝑡)||𝑇𝐷𝑅

𝑑𝑒𝑙−𝑟𝑒𝑓
𝑑𝑡, (16)

𝜋𝐷𝑅
𝑒𝑙 𝐸𝑒𝑙

|

|𝑇𝐷𝑅
𝑑𝑒𝑙−𝑟𝑒𝑓

= 𝜋𝐷𝑅
𝑒𝑙 ∫

𝑡𝑓

𝑡𝑖
𝑃𝑒𝑙(𝑡)||𝑇𝐷𝑅

𝑑𝑒𝑙−𝑟𝑒𝑓
𝑑𝑡, (17)

𝜋𝑓𝑢𝑒𝑙 𝐸𝑓𝑢𝑒𝑙
|

|

|82 ◦C
=

𝜋𝑤𝑜𝑜𝑑 ∫

𝑡𝑓

𝑡𝑖
𝑄𝑤𝑜𝑜𝑑 (𝑡)||82 ◦C 𝑑𝑡 + 𝜋𝑜𝑖𝑙 ∫

𝑡𝑓

𝑡𝑖
𝑄𝑜𝑖𝑙(𝑡)||82 ◦C 𝑑𝑡, (18)

𝜋0
𝑒𝑙 𝐸𝑒𝑙

|

|82 ◦C = 𝜋0
𝑒𝑙

𝑡𝑓
𝑃𝑒𝑙(𝑡)||82 ◦C 𝑑𝑡, (19)
8

∫𝑡𝑖
Fig. 12. DHS users electric demand in a typical and heavy winter day.

Consequently, the MAT can be found by equalling the two terms in
(15) and solving for 𝜋𝐷𝑅

𝑒𝑙 :

𝑀𝐴𝑇 =
𝜋𝑓𝑢𝑒𝑙 𝐸𝑓𝑢𝑒𝑙

|

|

|82 ◦C
+ 𝜋0

𝑒𝑙 𝐸𝑒𝑙
|

|82 ◦C − 𝜋𝑓𝑢𝑒𝑙 𝐸𝑓𝑢𝑒𝑙
|

|

|𝑇𝐷𝑅
𝑑𝑒𝑙−𝑟𝑒𝑓

𝐸𝑒𝑙
|

|𝑇𝐷𝑅
𝑑𝑒𝑙−𝑟𝑒𝑓

(20)

The DR participation analysis is conducted with three main objec-
tives. Firstly, to quantify the MAT in a typical and heavy winter day.
Secondly, to compare the flexibility contribution of the DHS against
the overall electric consumption of its users. Thirdly, to observe the
impact of the droop control. In order to assess the bespoke objectives,
the following characteristics are evaluated:

1. Pumps electricity consumption 𝑃𝑒𝑙 vs. time,
2. Downwards flexibility 𝜙𝑑𝑜 vs. time,
3. Pipes thermal losses 𝑄𝑙𝑜𝑠𝑠 vs. time,
4. Grid-level downwards flexibility 𝛾𝑑𝑜 vs. time, where 𝛾𝑑𝑜 indicates

the ratio (in %) between 𝜙𝑑𝑜 and the overall DHS users electric
demand. This last is plotted in Fig. 12.

5. MAT vs. original electricity price 𝜋0
𝑒𝑙.

With regards of Fig. 12, it is observed that a small variation of
the transformer load is incurred, so that the same profile shown in
Fig. 11 is used for both cases. In general terms, DR mechanisms are
expected to operate for both downwards and upwards flexibility. On
the other hand, in the case of this work, the upwards one has been
already analysed in the LFM case. Therefore, to keep this manuscript
within a reasonable length, downwards flexibility only is now taken
into account.
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Fig. 13. Multi-static analysis results: (a) Electric power, (b) Pipes losses.
6. The capriasca case study: Results and discussion

6.1. Preparatory multi-static analysis

Multi-static analysis results are illustrated in Fig. 13(a)–(b). From
13(a) one may see that 𝑃𝑒𝑙 follows a nonlinear trend against 𝑄𝑑𝑒𝑚,
which can be demonstrated to be approximable with a cubic poly-
nomial. Additionally, the power curtailment due to the over-pressure
droop is observable at 750 kWh𝑡ℎ in the 78 ◦C curve.

For what is concerned with heat losses, a nonlinear trend is also
observed. Here, a relatively high growth rate in the low 𝑄𝑑𝑒𝑚 region
and an almost flat shape at high 𝑄𝑑𝑒𝑚 are found. This trend stems from
the different heat transfer coefficient between fluid and pipe at different
fluid velocities, i.e., mass flow rates, which is taken into account by the
Modelica model.

6.2. Participation in a LFM

Results obtained for the typical and heavy winter day are illustrated
in Figs. 14(a)–(d), 15, 16(a)–(d) and 17.

In the typical winter day, as shown in Fig. 14(b), flexibility between
−0.5 kW𝑒𝑙 and −1 kW𝑒𝑙 is available for all morning hours, with the peak
value reached at 11 a.m. corresponding to the highest 𝑄𝑑𝑒𝑚. In terms of
percent values, 30% to 40% values are available throughout the entire
day. Eventually, in terms of 𝛥𝑐𝑓𝑢𝑒𝑙, it is observed that the highest 𝛥𝑐𝑓𝑢𝑒𝑙
does not correspond to the highest flexibility. In fact, 𝛥𝑐𝑓𝑢𝑒𝑙 is related to
the difference in 𝑄𝑙𝑜𝑠𝑠 at different operating temperatures, which occurs
during the dip in consumption taking place at 2 p.m., as 𝑄𝑙𝑜𝑠𝑠 possesses
a higher variation rate against 𝑄𝑑𝑒𝑚 (see Fig. 13).

MMB results are shown in Fig. 15. As it can be seen, the lowest
𝑀𝑀𝐵𝑠 are obtained for the highest 𝜋𝑒𝑙, as operating at a higher
temperatures reduces the electricity consumption, resulting in higher
economic savings. Conversely, when 𝜋𝑒𝑙 is extremely low, i.e., 0.03
e∕kWh, the MMB is practically equal to the differential fuel cost 𝛥𝑐𝑓𝑢𝑒𝑙.
All the above provides an insightful example of the way SC works. In
simple words, given that the fuel price is constant, the higher 𝜋𝑒𝑙 the
more the convenience in shifting energy from the electric to the thermal
vector.

For the heavy winter day, results are shown in Fig. 16(a)–(d), while
the MMB is illustrated in Fig. 17. Here, the first point to note is
concerned with the variation of flexibility, losses and 𝛥𝑐𝑓𝑢𝑒𝑙. In fact, as
heat demand exceeds 700 kWh for several hours, the general trend of
Fig. 13 shows that variations in 𝑄𝑑𝑒𝑚 result in considerable variations
of 𝑃𝑒𝑙, whereas 𝑄𝑙𝑜𝑠𝑠 remain almost constant. As a result, flexibility
peaks at −3.5 kW, which is 2.3 times higher than in a typical day,
although the peak in 𝛥𝑐𝑓𝑢𝑒𝑙 increases of only 1.1 times. For what is
concerned the MMB, it is critical to observe that negative values are
obtained when 𝜋 is higher than 0.15 e∕kWh. This fact results from
9

𝑒𝑙
the same behaviour described above, i.e., a considerable increase in
electricity consumption against an almost negligible variation in heat
loss. Consequently, in case of high electricity prices, 𝛥𝑐𝑒𝑙 can exceed
𝛥𝑐𝑓𝑢𝑒𝑙. In other words, the analysis conducted in this work to investigate
DHS flexibility-related aspects shows that the ‘‘baseline’’ might not be
optimal for heavy weather conditions, as negative 𝑀𝑀𝐵𝑠 indicate that
an increase in temperature would be economically beneficial regardless
of flexibility purposes. In accordance with the above, it should be
pointed out that it is not unusual for DHS operators to increase 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓
in case of heavy weather conditions and high electricity prices. For
what is concerned with this work, setting a new 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 would mean to
recalculate the baseline consumption based on an optimisation process,
which would be out of scope.

6.3. Participation in a DR program

Results obtained for the typical and heavy winter day are illustrated
in Figs. 18(a)–(d), 19, 20(a)–(e) and 21. This time the spotlight of
attention is on the downwards flexibility.

In the typical winter day, flexibility values between 0.5 kW𝑒𝑙 and
1.5 kW𝑒𝑙 are obtained, corresponding to percent values between 25%
and 60%, with the peak being reached once again in correspondence
with the peak thermal demand at 11 a.m. As expected, in Fig. 18(a) no
intervention of the droop controller can be seen. Eventually, Fig. 18(d)
shows the relatively low contribution of the DHS to the overall electric
consumption of the nine users, as 𝛾𝑑𝑜 ranges between 0.20% and 1.25%.
In Fig. 19, the MAT is shown along with 𝛥𝜋𝑒𝑙, this last being defined as
the minimum acceptable electricity price variation with respect to the
MAT:

𝛥𝜋𝑒𝑙 = 𝑀𝐴𝑇 − 𝜋0
𝑒𝑙 . (21)

Firstly, one can note that MAT grows proportionally to 𝜋0
𝑒𝑙. How-

ever, more insightful considerations can be done with respect to 𝛥𝜋𝑒𝑙,
which becomes negative for 𝜋0

𝑒𝑙 of around 0.205 e∕kWh. This, in
turn, shows that at relatively low electricity prices the energy savings
obtained from the reduction in fuel consumption attained during the DR
event would compensate even for an increase in the electricity price.
Conversely, for initial electricity prices higher than 0.205 e∕kWh, a
discount is required to make DR request economically viable. This
aspect is commented further in Section 6.4.

In the heavy winter day, flexibility considerably grows, as values be-
tween 1.5 kW𝑒𝑙 and 3.5 kW𝑒𝑙 are obtained, corresponding to extremely
high percent values between 30% and 70%. Additionally, it should be
noted that the peak value is also curtailed by the engagement of the
anti-over-pressure droop, whose intervention is visible in the rounded
peak shape, as well as in Fig. 20(e). For what is concerned with the
contribution to the overall electric consumption of the nine users, 𝛾𝑑𝑜
still remains as low as 1% to 3%. Regarding the MAT and 𝛥𝜋𝑒𝑙, this last
becomes negative at an initial electricity price as low as 0.08 e∕kWh,
so that a discount is almost always necessary to make DR participation
economically convenient.
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Fig. 14. LFM analysis in a typical winter day: (a) Electric power, (b) Upwards flexibility, (c) Pipes losses, (d) Differential fuel cost.
Fig. 15. LFM analysis in a typical winter day: MMB.
6.4. Results discussion

Following from the results obtained and presented in the previous
subsections, the key findings are discussed below.

In terms of available flexibility, a twofold consideration need to be
made. In terms of absolute values, available flexibility depends on the
overall pumping power installed, which is usually one or more orders
of magnitude lower than the thermal power. In this work, relatively low
absolute flexibilities are obtained, with a maximum of 3.5 kW. This, in
turn, resulted in a relatively low contribution in changing the overall
electricity consumption of the nine users, as variations of up to 3% are
attained. On the other hand, very high percent flexibility values are
reached, ranging from 25% to 70%, which is comparable with a Battery
Energy Storage (BES) or an EV charger. From the above, it is concluded
that DHSs possess a good potential to provide flexibility services, which
could be of special interest for very large DHSs counting on tens of kWs
of pumping powers.
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To continue the comparison between DHSs and conventional flexi-
ble loads such as BESs, EVs or HPs, the second key variable needs to be
acknowledged, i.e., time. In fact, in BESs and EVs, flexibility is available
for a limited time period depending on the State of Charge (SoC). Sim-
ilarly, for HPs, flexibility time depends on the thermal energy needed
to meet the users comfort. Conversely, in DHSs, flexibility is obtained
by shifting energy between the thermal and electric vectors, which
has no time limitation. In other words, DHSs flexibility is available for
unlimited time periods.

By comparing now downwards and upwards flexibility of DHSs,
Fig. 13(a) shows that the former is higher than the latter for the same
𝑄𝑑𝑒𝑚. By observing (5), one may see that for the same 𝑄𝑑𝑒𝑚 temperature
and mass flow rate are linearly proportional, whereas it is well known
that hydraulic losses change quadratically against the flow rate, and so
does the electricity consumption.

As pointed out in Sections 6.2 and 6.3, downwards and upwards
flexibility show a considerable variation against the thermal demand.
Consequently, as already anticipated in Section 5.3, development of
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Fig. 16. LFM analysis in a heavy winter day: (a) Electric power, (b) Upwards flexibility, (c) Pipes losses, (d) Differential fuel cost.
Fig. 17. LFM analysis in a heavy winter day: MMB.
advanced control systems would be necessary in order to adjust 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓
in such a way as to get the desired flexibility value.

From the economic perspective, the first point to note is that the
implementation of the proposed idea of changing 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 based on
the desired flexibility does not require the installation of new devices,
as it only needs an updated control logic. Therefore, implementation
costs are negligible. In terms of economic benefits, both MMB and MAT
showed two main points: (i) the economic viability of a flexible DHS op-
eration, and (ii) the strong bonding between MMB/MAT and electricity
prices. With regards to the latter, low electricity prices represent cheap
energy scenarios, such as individual or shared self-consumption (a
local energy community), etc. Thus, MMB/MAT results show the strong
economic synergy between low electricity prices and participation in
LFMs and DR schemes, which, in turn, demonstrates the additional ad-
vantages for DHS operators in investing in self-consumption solutions.
Additionally, results point out that it would be worth considering the
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additional incomes of flexible operation even in the design process of
future DHSs. Indeed, the extra cost of a more powerful pumping system
could be more than compensated by the participation in LFMs and DR
schemes. Here, it is worth observing that nowadays there exist very few
examples of real LFMs, so that predicting the actual revenue streams for
participation remains a highly complex task.

Eventually, the negative MMB values observed in Fig. 17, together
with the positive MAT found for low electricity prices indicate that the
traditional control scheme with a constant 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓 does not optimise
the overall fuel plus electricity cost. Consequently, by taking into
account the higher volatility expected for electricity prices, it would
be worth developing a more advanced control strategy where 𝑇𝑑𝑒𝑙−𝑟𝑒𝑓
is changed with the objective of minimising the overall energy cost.

The final point to note is concerned with the simplifying hypotheses
the model proposed in this work is based on. As confirmed by the
results, these last are suitable for the purposes of a techno-economic
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Fig. 18. DR analysis in a typical winter day: (a) Electric power, (b) Downwards flexibility, (c) Pipes losses, (d) Grid-level downwards flexibility.
Fig. 19. DR analysis in a typical winter day: MAT and 𝛥𝜋𝑒𝑙 .
analysis. On the other hand, dynamics of transient phenomena might
not be accurately assessed, so that development more accurate simula-
tion models and/or experimental setups represents a key part for future
works.

7. Conclusion

This work has proposed an alternative control strategy for
combustion-based DHSs allowing the pumping system to operate as a
flexible load. The idea has been conducted in the case study of Capri-
asca (Lugano), where a techno-economic analysis has been conducted
considering participation in a LFM and in a DR program. The key
findings have been reported and discussed in Section 6.4 and can be
summarised as follows:

• Very high percent flexibility values are reached, in the range
between 25% and 70%, although absolute flexibility values are
12
limited by the rated pumping power, making flexible operation
especially attractive for very large DHSs.

• As opposed to conventional electric loads, DHSs can provide
flexibility for potentially unlimited time periods.

• Available flexibility depends on the thermal demand, so that
advanced control strategies are needed to obtain the desired
flexibility.

• If downwards flexibility is desired, over pressure issues needs to
be avoided. This work proposed a pressure vs. temperature droop
controller, which proved to be simple yet effective.

• From the economic perspective, the additional advantages of flex-
ible operation have been shown, especially in very low electricity
price scenarios.

• Given the expected volatility of future electricity prices, DHSs
flexible operation should be considered for both DHSs design and
optimal dispatch.
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Fig. 20. DR analysis in a heavy winter day: (a) Electric power, (b) Downwards flexibility, (c) Pipes losses, (d) Grid-level downwards flexibility, (e) Anti-over-pressure droop.

Fig. 21. DR analysis in a heavy winter day: MAT and 𝛥𝜋𝑒𝑙 .
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