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Abstract: The increasing share of renewable energy sources in energy systems will lead to unpre-
dictable moments of surplus/deficit in energy production. To address this issue, users with heat
pumps can provide support to power grid operators through flexible unit operation achieved via
Demand Response programs. For buildings connected to low-temperature heating networks with
ensured third-party access, further room for flexibility can be explored by investigating the produc-
tion of surplus heat that can be sold to the network. A key aspect lies in the identification of the
energy pricing options that could encourage such flexible operation of a heat pump by “thermal
prosumers”. To this aim, the present study investigates the impact of ad hoc variations in the electric-
ity purchasing price through discounts or penalties included in the “network cost” component of
the price on cost-effective operation of a heat pump connected to the thermal network. To discuss
the effects of different pricing options in terms of increased flexibility, an office building located in
Italy and equipped with a high-temperature heat pump is adopted as the case study. A heuristic
profit-oriented management strategy of the heat pump is assumed, and dynamic simulations are
performed. The results indicate that at current electricity prices, the heat pump operation is profitable
both when supplying the heat to meet the building’s requirements and when producing surplus heat
for sale to the thermal network. In addition, it is revealed that the penalties applied to the electricity
purchasing price are effective in encouraging changes in the heat pump operation strategy, reducing
its average production (the building increasingly relying on buying heat from the network) and the
associated electricity consumption by 46.0% and 79.7% in the “light” and “severe” local power deficit
scenarios, respectively.
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1. Introduction

Climate change and the recent energy crisis have raised the urgent need to increase
the share of renewable energy sources (RESs) in the energy sector [1]. In this regard, in
2021, the Climate Change Conference (COP26) reaffirmed the role of RESs in achieving
the Paris Agreement’s goal of limiting the global average temperature rise [2]. Regarding
energy security, in the REPowerEU plan, the European Union raised the renewable target
for 2030 to 45% as a strategy to reduce energy dependency from Russia [3]. However, the
large exploitation of RESs has led to the development not only of new energy conversion
systems [4] but also of new models of energy sharing such as renewable energy communi-
ties [5]. Indeed, it is widely recognized that new energy-sharing strategies can contribute
greatly to reducing carbon dioxide emissions and energy waste [5]. However, to achieve
these goals, technical and economic problems must still be solved [6]. For instance, the
sharp increase of the RES capacity in the electricity sector observed in recent decades has
raised the issue of unpredictable surplus and deficit of electricity production. In this regard,
different solutions have been proposed to deal with these moments. For example, some
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authors proposed solutions based on electricity storage [7,8], the management of the user
demand [9], or power-to-X technologies [10,11]. Regarding the latter, the idea of using
electricity from RESs for non-electric purposes allows the coupling of the electricity sector
with other sectors, such as transportation, gas distribution, chemical industries, and heating
and cooling networks [12,13]. Focusing on power-to-heat technologies, heat pumps (HPs)
are considered valid support for transmission or distribution system operators (TSOs and
DSOs) in managing excess electricity in the grid [14]. Indeed, through the provision of
Demand Response (DR) programs, HPs could help TSOs in the moments of high surplus or
deficit of electricity production [15]. More specifically, HPs could be activated for electricity
overproduction, and the produced heat (not consumed by the user) could be stored on-site
in the building envelope or in other storage systems [16].

Large efforts have been devoted by researchers to the investigation of HP capabilities
to improve building operational flexibility. For instance, Zhang et al. [17] called attention to
the need to define metrics for assessing building-to-grid flexibility achieved through HPs,
by considering the different purposes of the involved actors (i.e., grid operators, final con-
sumers, etc.). Meesenburg et al. [18] found that in the case of flexibility provision through
HPs, higher exergy destruction during plant operation is observed, with a consequent
increase in the final unit cost of the supplied heat. Lee et al. [19] performed a review of HP
controls for providing ancillary services to the grid. The authors distinguished the capa-
bility of HPs to provide service for a load following reserve or frequency regulation. The
authors identified that HPs could provide a better flexibility while guaranteeing reduced
heat costs and higher ramp rates than other technologies, although the lack of experimental
studies was pointed out. Manner et al. [20] investigated the capability of internet-connected
residential HPs to provide primary frequency regulation. The authors found that only if
residential HPs are aggregated, a sufficient capacity for primary frequency regulation is
achieved. Bartolucci et al. [21] showed that in the case of electric microgrids, HPs coupled
to thermal storage could provide ancillary service while assuring cost savings of up to 30%.
Tina et al. [22] investigated the capability of commercial buildings in providing flexibility
to help the TSO. A Mediterranean shopping center served by an HP was assumed as a
case study, with two DR strategies compared. The authors found that a large flexibility
potential exists throughout the year, although occupants” discomfort could arise during
summer. For large-scale HPs, Meesenburg et al. [23] showed that they could provide
primary frequency capacity. Arteconi and Polonara [24] investigated the capability of
an air-source HP coupled to an underfloor heating system to provide flexibility through
DR. The authors implemented HP control based on the electricity price, which decreases
(or increases) the HP temperature set point depending on high or low electricity market
price. A substantial decrease in the peak demand was achieved. Vivian et al. [25] found
that HPs coupled to thermal energy storage in a residential district could contribute to
reducing stress on the power grid. Ibrahim et al. [26] developed a dynamic model of a
variable speed HP for providing frequency regulation support. The authors provided a
detailed state-space model of the HPs. Rasmussen et al. [27] developed an algorithm for
the activation of large-scale HPs for primary frequency support. The authors found that
the strategy tends to increase the overall energy consumption but allows a better operation
of the power system reducing the peak demand. Rodriguez et al. [28] compared different
strategies for implementing DR by using HPs in plus-energy dwellings. The authors found
that a proper combination of variable temperature setpoints and dynamic electricity pricing
could lead to 15% of cost savings. Gjorgievski et al. [29] reviewed existing projects focused
on DR via power-to-heat technologies. The authors pointed out that direct load control
of power-to-heat technologies is more effective than real-time pricing requiring a quick
response. Other studies developed sophisticated controls for DR in buildings via HP [30,31].
You et al. [32] evaluated the operational flexibility of residential HPs, taking into account
heat demand uncertainties. Schibuola et al. [33] compared three control strategies for DR
through an HP coupled with a solar thermal plant and a photovoltaic system. Two of
them relied on the hourly electricity prices, and one was based on HP activation using
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only electricity produced by the photovoltaic panels. The last strategy allowed for cost
reduction and energy savings. Research has also considered the possibility of using district
heating networks (DHN) for the storage of surplus heat produced by distributed HPs [34].
It is worth noting that, in this case, the user connected to the DHN could act for certain
hours either as a heat consumer or producer (termed the “thermal prosumer”) similarly to
the option with the electricity grid [35]. Research focused on the integration of HPs into
DHN s has covered a broad spectrum of studies: from solving technical issues (e.g., different
operating temperatures [36], pressure imbalance due to the presence of multiple heat pro-
ducers [37]) to the lack of a proper pricing mechanism [38] or a well-established regulatory
framework [39]. Regarding the regulatory framework, the concept of “third-party access”
(TPA) has also been extended from the electrical grids to the DHNs. In general, regardless
of the heat sources (e.g., thermal RESs, HPs, and industry), economic and policy conditions
should be provided to grant access to new heat suppliers to the DHN [40]. It is recognized
that TPA facilitates higher competition (and consequently the efficiency) of heat production,
and reduction of greenhouse gas emissions [41]. Some projects have also considered TPA
for solar thermal prosumers in DHNSs [42,43]. Finally, the effects of energy pricing on the
integration of heat supplied by distributed producers with HPs have been investigated.
For instance, Ostergaard et al. [44] highlighted the importance of taxes in the electricity and
heat prices in promoting the increase of the capacity of the distributed HPs in the DHNs.
Dominkovi¢ et al. [45] investigated dynamic pricing for DHN systems in the presence of
multiple producers. The authors found that the inclusion of HPs could lead to a lower
marginal heat cost and reduced carbon dioxide emissions.

The previous literature review pointed out that numerous published papers have
recently investigated the capability of users with HPs to support the grid operators in the
times of surplus/deficit of electricity from RESs [46]. However, most studies investigate
strategies for promoting the operational flexibility of the HPs not connected to DHNSs, with
a primary focus on small-capacity units supplying heat to a single dwelling or a small
group of energy users with either a fixed or stochastic load. To the authors’ knowledge,
there is an apparent literature gap regarding the operational flexibility of distributed heat
pumps connected to DHNs with room for increased the HP operational flexibility due to the
possibility of selling excess heat to the network. At present, such a configuration becomes
of particular interest because of the relevant role recognized by energy communities in
the transition toward sustainable energy. Additional novelty of such strategy is in the
perspective adopted in this study with respect to energy pricing: in most of the published
literature, the HP operational flexibility is investigated by assuming a given energy price
profile according to a typical “price taker” approach; in this paper, however, the potential
effects of discounts or penalties applied to the electricity prices are investigated, thus also
rendering the results of potential interest for policy making. In line with this goal, a refer-
ence arrangement involving an HP connected to a low-temperature DHN with a third-party
access option is considered, which qualifies the building as a thermal prosumer capable
of gaining revenues from selling the heat. The economic boundary conditions (e.g., the
purchasing prices of electricity and heat) and technical constraints (e.g., temperature and
pressure setpoints of the DHN) must be taken into account, since they affect the operation
and profit of thermal prosumers [44,47]. Focusing on the economic conditions, the present
study investigates the effects of ad hoc changes in the electricity purchasing prices on the
operational flexibility of a thermal prosumer with an HP and coupled to a DHN. More
specifically, this study will assess whether a change in the component of the electricity price
related to the “power grid management and support to the energy system” could be:

- A useful strategy for TSOs and DSOs to promote operational flexibility of thermal
prosumers so that they could be of help in the times of surplus and deficit of electricity
supplied from RESs. It is worth noting that no change has been imposed in the current
management of the electricity or heat market.

- An opportunity for a typical heat consumer with an HP and connected to the DHN to
become a thermal prosumer. Indeed, the unit cost of heat produced by HPs will be
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highly sensitive to the electricity purchasing prices, and this cost will affect the user’s

decision to self-produce heat or buy it from the DHN (in case of thermal demand),

and finally, the possibility of being a heat producer when excess heat is produced

on-site [48].

To show the energy and economic benefits of the proposed strategy, an office building
located in Northern Italy supplied by an HP and connected to a DHN is adopted as the case
study. A profit-oriented heuristic algorithm for HP operation is developed. The analysis
is based on a validated model of the prosumer’s substation in the DHN, and an annual
dynamic simulation is performed in the Transient System Simulation Studio (TRNSYS).
Energy savings and economic revenues will be calculated and compared to a reference
scenario characterized by the adoption of the DHN as the only heat source for meeting
the user’s thermal demand. The analysis considers some alternative scenarios based on
different variations in the electricity purchasing prices.

This paper is structured as follows. In Section 2, the algorithm for HP operation is
presented. In Section 3, the case study is described together with the modeling. In Section 4,
the results are presented and discussed. In Section 5, the last section, conclusions are briefly
drawn.

2. Materials and Method

Before providing details on the strategy proposed for promoting the operational
flexibility of a thermal prosumer, a description of the management of HP is given.

2.1. Description of the Profit-Oriented Heat Pump Management Strategy

To perform this analysis, it is necessary to preliminary define a management strategy
for the HP installed in the prosumer’s substation. In this respect, a thermal prosumer
aims at maximizing its profit by operating the HP depending on the economic boundary
conditions (i.e., electricity and heat purchasing price). Figure 1 shows a profit-oriented
heuristic management strategy for the HP in the prosumer’s substation, considering the
economic (i.e., prices) and technical conditions. For each time step (typically, one hour), the
strategy evaluates if it is profitable to activate the HP only for self-production or for selling
heat to DHN, or to switch it off and use the DHN as the only heat source. Figure 1 shows
three economic conditions that can affect the HP operation (as indicated by the yellow
parallelograms in the figure). The first two are the buying/selling prices of heat from/to
DHN, here indicated as pj, pyn_puy and p, pan_senr, respectively. The third parallelogram is
the electricity buying price (p,sy)- This price significantly contributes to the unit cost of
heat produced on site by the HP, i.e., ¢;, ;;p. However, it is worth noting that ¢j, p depends
on technological aspects as well. Indeed, the HP coefficient of performance (COP), controls,
and interface with the substation, highly affect the amount of electrical energy required by
the HP. As the first step, the measured T,;, and the part-load ratio (indicated as PLR and
expressed as the ratio of the user demand, Dy, and the HP heating capacity, H.) are used as
input data for the HP model to calculate the COP (see Equation (1)).

COP = f(T,r, PLR) (1)

The unit cost of the heat produced by the HP is then calculated by using the COP
(from Equation (1)) and the price of the electricity purchased from the grid, as shown in
Equation (2).

Chn, HP = Pe, buyCOP (2)
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Figure 1. Flowchart of the profit-oriented management strategy of a thermal prosumer with an HP

(Grey boxes: reading and calculation steps; yellow boxes: introduction of economic conditions; red

and green boxes: output of the strategy).

In the presence of a heat demand (i.e., D;, # 0), the algorithm suggests the most

profitable HP operation strategy. In particular:

When the user’s thermal demand is higher than the HP heating capacity (i.e., D, > H),
if the unit cost of heat produced by the HP, cj, j;p is greater than the heat purchasing
price, then the HP is switched off, and the prosumer meets its demand by using heat
from the DHN. Conversely, if the unit cost of heat produced by the HP is lower than
the heat purchasing price, the HP is operated at “full capacity”, and the uncovered
fraction of the thermal demand (i.e., Dj-H.) is met by using heat from the DHN.
When the demand is lower than the HP heating capacity (i.e., Dy, < H,), if the cost of
heat produced by the HP is higher than the heat purchasing price, the HP is switched
off, and the prosumer meets its thermal demand by using the heat from the DHN. A
reverse situation in this case requires a further distinction. Indeed, since D), < H,, it is
necessary to understand if it is profitable to run the HP only to cover the user demand
(i.e., modulating its capacity), or to run the HP at its full capacity and sell the surplus
heat to the DHN. More specifically, as shown in Figure 1, if the unit cost of the heat
produced by the HP is greater than the heat selling price, the HP is modulated to run
at full capacity.

In the case of null heat demand from the user (i.e., Dj, = 0), the strategy evaluates

whether it is profitable to sell the heat to the network by comparing the unit cost of the heat
produced by the HP and the heat selling price.
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Lastly, it is worth pointing out that although most studies have analyzed the HP
operational flexibility using optimization methods [47,49], the adoption of a heuristic
approach could be justified by the fact that this study does not aim to find an optimal HP
management strategy for flexibility provision, but rather it assesses the sensitivity of the
profit gained by the prosumer from the ad hoc changes in in the electricity purchasing prices.

2.2. Description of the Strategy for Promoting the Flexibility of a Thermal Prosumer

Different components are usually found in electricity purchasing prices. These compo-
nents are related to energy production, management of the power grid, and taxes. In this
study, to promote the operational flexibility of thermal prosumers with HPs, the component
of the price of the electricity related to the “network costs” and “energy system support”

(briefly indicated as pgﬁ‘;"ss) was varied while keeping the component related to the energy

generation cost szful\y] fixed.

To quantify the effects of this strategy on the profit of the thermal prosumer, different
scenarios were proposed. As shown in Figure 2, the “Neutral” scenario is characterized by
the absence of incentives or penalties aimed at promoting the user’s operational flexibility.
For the other scenarios, a transition was assumed from a “Severe Deficit” in electricity
production from RESs (during the whole year) to a constant “Severe Surplus” condition
characterized by a large availability of electricity from RESs. In the “Surplus” scenarios
(i.e., both “severe” and “light”), HPs could help the TSO by increasing its electricity
consumption with the heat produced, consumed on site, or sold to the DHN. Conversely, in
the “Deficit” scenarios, the TSO could encourage the users with HPs to decrease electricity
consumption. In general, in the case of a severe deficit on the supply side, a rise in the
electricity price is the strategy pursued by the TSO to encourage the users to decrease their
consumption. Contrarily, in the case of severe surplus, a lower electricity price encourages
the users to increase energy consumption. As shown in Figure 2, for scenarios of “deficit”
in electricity production (red circles in the figure), an increase in pgbfilcﬁyrES was assumed
(+100% for the “Severe Deficit” and +60% for the “Light Deficit”). Inversely, for scenarios
of “surplus” in electricity production (red circles in the figure), a discount in pNCES was

e,buy
assumed (—100% for the “Severe Deficit” and —60% for the “Light Surplus”).

+100%pg Gity

NC&ES
+60%pe,buy .

A c0uplssEs

-100%p4 fay”

Severe Surplus Light Surplus Neutral Light Deficit Severe Deficit

Figure 2. Variation of the electricity buying price in each scenario.

Two more scenarios (not shown in Figure 2) were investigated. More specifically, in
both, a “random” variation (on an hourly basis) in the electricity price was assumed. As
shown in Equation (3), in the “Random1” scenario, the electricity buying price randomly

varied between the value of the electricity buying price in the “Severe Surplus” scenario
SevDef
e,buy, MAX

SevSur

(e, p; bty .in) and that of the “Severe Deficit” scenario (i.e., p ), thus replicating

unpredictable moments of electricity deficit and surplus.
In the second case, termed the “Random?2” scenario, the electricity buying price values

(i.e., pfﬁf;’ D2) varied as shown in Equation (4). In particular, starting from the “Random1”
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RAND1 ;

scenario, the following constraints were imposed: (i) if the electricity price p; buy 18

RAND2
e,buy

is higher than the maximum value of

lower than the maximum value of the “Neutral” scenario, then p was assumed

RAND1

equal to psfg D1, (ij) if the electricity price p o buy

RAND2
e,buy

Compared to the “Random1” scenario, “Random?2” scenario assumes electricity price
variation to help the TSO only in the hours of electricity deficit (i.e., “Severe Deficit” or
“Light Deficit” situations). Conversely, the electricity price does not vary in the hours
of electricity surplus. However, the reason for this choice will be better clarified in the
result section.

the “Neutral” scenario, then then p was assumed equal to pé\fb’i}ﬁ/{ ax (Equation (4).

RAND1 _  SevSur SevDef
pe,buy - pe,buy,min < RANDOM < pe,buy,MAX (3)

RAND2 _

e,buy e,buy, MAX
pe,buy (4)

NEUT

RAND1 RAND1 NEUT
pe,buy IF p S p
NEUT RAND1

pe,buy,MAX IF pe,buy > pe,buy, MAX

3. Description of the Case Study and Investigated Scenarios

An office building located in Verona Villafranca (Veneto, Northern Italy) with a max-
imum thermal demand equal to 75 kW was adopted as the case study. The user’s heat
demand profile was obtained by using the Building Energy Signature method [50,51]. This
approach allows for developing the hourly distribution of the building’s thermal demand
Dy, as shown in the following equation:

Th,ier — Tair (i) ] ®)

Dh(i) = Dh, des * { Th et — T4
, es

where Dy, 45 is the design heat load of the building calculated at the outdoor design
temperature T, T is the dry bulb temperature of the outdoor air, Ty pr is the outdoor
air temperature at which the net heat load of the building is equal to zero. In this analysis,
Ty et was set at 20 °C as suggested by [52], and Dy, 4,; was set to 75 kW (maximum thermal
demand of the user). By knowing the values for T,;,, the hourly distribution of D), and
the total energy request for the considered period were calculated. A further load related
to domestic hot water (DHW) demand was considered. The DHW demand is shown in
Table 1. The overall hourly thermal power and monthly energy requests (comprehensive of
heating and DHW demand) are shown in Figure 3. The global annual energy demand is
equal to 63.3 MWh.

Table 1. Daily schedule for DHW production.

Daily Hours Temperature Set Point Hourly Heat Capacity
10-12 (3 h) 55°C 11.03 kW
15-16 (2 h) 55°C 11.03 kW

The weather file of Verona Villafranca (Cfa climate according to Képpen classification)
was retrieved from the METEONORM database [53].

3.1. Description and Modeling of the Prosumer’s Substation

Figure 4 shows a schematic of the prosumer substation adopted in this work. This
arrangement was based on the experimental setup proposed by Pipiciello et al. in [54]. In
recent work, Dino et al. [55] developed a virtual model of this substation in TRNSYS 18,
which was duly validated by using data available from [54].
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As shown in Figure 4, a “return-to-supply” configuration of the substation was as-
sumed. It includes three heat exchangers (HEs) and a High-Temperature Heat Pump
(HTHP). A variable water flow rate is drawn from the return line of the DHN and heated
up using HE3 to the supply temperature setpoint (i.e., 60 °C) by the HTHP. The water flow
rate returning from the hydronic loop of the building is heated using heat from the HTHP
via HE2. Then, if the supply water temperature is not equal to the setpoint required by the
user, the water flow rate is heated via HE1 using heat available from the DHN.

Three different circuits are then identified as follows:

1. The primary circuit which directly connects the DHN to the substation. It includes
the accessories used when the user is either a producer or consumer (i.e., HE1 and
HE3). It is activated to cover the user energy demand if HE2 cannot supply the overall
energy amount requested (through HE1), or when the heat generated by HTHP is

exchanged with DHN (through HE3).

2. The secondary circuit, which consists of the HE1, HE2, and other accessories, used to
heat the water returning from the hydronic loop of the building.
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3. The tertiary circuit, where the heat produced by the HTHP is exchanged with the
water returning from the building through HE2 and with the DHN via HE3.

In the present study, a 4th generation DHN was assumed. For this reason, the operating
temperature of the supply line of the DHN was equal to 60 °C. Details on temperature,
flow rates, and HE sizes, are reported in Table 2.

Table 2. Design parameters for the heat exchanger installed with the substation.

Primary Side Secondary Side
F1/ 7.30 m3/h F9 4.87 m3/h
T1 60 °C T9 40°C
Heat i‘g{”ger T/ 50 °C T10 55 °C
Q 85 kW
UA 11.77 kW/°C
F5’ 3.65m3/h F8 4.87 m3/h
T5 70 °C T8 40°C
Heat ?{"Eganger Té/ 50 °C T9 55 °C
Q 85 kW
UA 6.89 kW/°C
F3 1.93m3/h F6 241 m3/h
T3 35°C T6 70 °C
Heat ];:;‘Eganger T4 60 °C T7 50 °C
Q 56 kW
UA 454 kW/°C

As previously mentioned, the described system was reproduced in the TRNSYS envi-
ronment [55]. The HE modeling followed the same approach as in [55]. More specifically,
Type5 (counter-flow heat exchanger) was used and the overall heat exchanger coefficient
was externally calculated by considering an empirical correlation obtained by an elabo-
ration of the Dittus—Boelter equation. The HP management strategy was implemented
in TRNSYS by using a “calculator”, which provides the operating signal for the HTHP.
Iterative feedback controllers (type 22) were adopted to simulate the controls that regulate
valves C2, C1, and the speed of pump P (Figure 4). They attempt to maintain the required
temperature set point by variating the flow delivered to the heat exchangers (HE1 for C1
and HE2 for C2) or the flow rate delivered by the pump P (for HE3). A detail of the iterative
feedback controller settings is shown in Table 3.

Table 3. Iterative feedback controller settings.

Actuator Device Controlled Variable Temperature Setpoint
C1 T1o 55 °C
2 To 55 °C
P Ty 60 °C

Finally, C1’ and P control the flow rate on the hot side of HE1 and cold side of HE3,
respectively, according to the control logic shown in Table 4.

Table 4. Settings Value for the flow rate control.

Actuator Device Controlled Variable Control Logic
cr’ Fy C1' is open if Tg < 55 °C AND Fg >0
P F3 P is activated if T¢ > 65 °C AND F; >0

In conclusion, it is worth stressing the main assumptions of this work. First, the
hydraulic modeling of the whole DHN was not included, and for this reason, constraints
related to pressure setpoint, and the maximum flow rate of the hot water that could be



Sustainability 2023, 15, 7494

10 of 22

injected into the DHN by the prosumer were accounted for. Secondly, the analysis did
not consider any constraints related to the operation of the DHN, e.g., the actual request
from the DHN of the surplus heat produced in loco by the prosumer. All these aspects
affect the operation of distributed thermal prosumers [47]. In this work, the DHN was
assumed as a virtual storage, whose operation is not influenced by the capacity of the
considered prosumer. However, this assumption could be no more justified for a larger
heating capacity of the prosumer, or if an optimization in the management of HP should be
carried out [47].

3.2. Modelling of the High-Temperature Heat Pump

Considering the temperature of the hot water supplied to the hydronic loop of the user
(i.e., 55 °C) and the operating temperature of the DHN (i.e., 60 °C), it was necessary to select
an air-to-water HP capable of producing hot water at 70 °C. A “KWP” high-temperature
heat pump, provided by Kroll® (Germany) was selected [56]. In Table 5, the main technical
data are summarized. Figure 5 shows the heating capacity and the COP values for the
case of hot water produced at Tyuter = 70 °C. Note that the profiles shown in the referenced
figure consider only the variation in the COP and heating capacity with the temperature of
the air entering the evaporator (i.e., T;). Conversely, the effect of part-load operation was
not provided.

Table 5. Technical data of the selected HTHP.

Working area

Tair > —15°C 35< ngfgr <70 °C
Refrigerant
R32 R1234ze
Filling quantity: 22 kg Filling quantity: 5 kg
GWP =675 GWP =7
Compressor
Scroll compressor Reciprocating compressor
Maximum operating current: 25.7 A Maximum operating current: 33.2 A
Maximum power consumption: 15.5 kW Maximum power consumption: 19 kW
57.0
—Heat_capacity = -=COP

56.5

56.0

55.5
E 55.0
2
T 545 e
g e
o ’
g 54.0 -
T R4

53.5 -

530 -

52.5

52.0 - 20

-10 5 0 5 10 15 20 25 30 35

Air Temperature [°C]
Figure 5. HTHP performance curves evaluated for Ty, = 70 °C [56].
The data retrieved from the datasheet were processed in a statistical model to obtain

equations that allow for a quick calculation of the performance of the HTHP by knowing
only T,;,, while keeping the temperature of the produced hot water at 70 °C. It is worth not-
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ing that this “black-box” approach is very useful, for instance, for embedding experimental
or empirical data in algorithms that make use of Model Predictive Controls [57]. Moreover,
the approach relies on polynomial equations which usually require a low computational
effort while guaranteeing good approximation [58-60].

Following this method, a non-linear regression analysis was carried out to correlate
T,iy with COP and heating capacity. A MATLAB script was used to obtain two sets of

predictors for the non-linear polynomial equations that describe the HTHP performance in
the following form:

HC =p1 X T:zliy + p2 X T;ir + p3 X Tuzir + pa X Tair +Ps (6)

COP:p6XT;ir+p7XTsir+p3XTazir+p9xTair+p10 ()

The heating capacity, H, is expressed in kW, the T,;, in °C. The predictor coefficients
and the statistical evaluation parameters are shown in Table 6. High values of R? (close
to 1) and low values of root mean square error (RMSE) show the predictor’s reliability. In
Figure 6, the comparison between the datasheet and calculated performance is reported
showing the good correspondence of the black box model.

Table 6. Values of predictors and evaluation parameters of the statistical regression.

Hc(15°C < Ty, < 27.5°C) cor
P1 1.563 x 10~* Pe —4.450 x 1077
P2 —1.591 x 1072 p7 —1.210 x 107°
3 0.574 s 1.068 x 10~*
P4 —8.466 ) 2.628 x 1072
Ps 96.13 P10 2412
R2 0.9992 0.9998
SSE 0.406 7.421 x 1074
RMSE 0.0395 3.353 x 1073
He(—10°C < Ty < 15°C)
52.5 kW
He (T, > 27.5°C)
56.2 kW
57 3.0
Z /
= r
256 e . 28
g ° ° o o"..
8.55 . Ys
8 ° * § o'....
g 54 o 724 o
< [ ‘a’ .0..
= . &
£53 -1 2.2
(-2 ...
g5 2.0
52 53 54 55 56 57 2.0 2.2 24 2.6 2.8 3.0
Datasheet heat capacity [kW] Datasheet COP

Figure 6. Comparison of data retrieved from datasheet with statistically predicted data.

The HTHP equations (Equations (6) and (7)) were implemented in the TRNSYS model
by using a “calculator”. The profit-oriented strategy for the assumed HTHP did not consider
the possibility of modulating the HP heating capacity (i.e., the possibility of operating
the HTHP at PLR values between 0 and 1), as only full-load data were available from the
manufacturer. The outlet temperature of the water on the condenser is set at 70 °C, and the
difference between the inlet and outlet temperature is set at 20 K. Since the heating capacity



Sustainability 2023, 15, 7494

12 of 22

and COP depend only on T}, the flow rate is assumed variable and is calculated through

the following expression:
Hc

AT (AT = 20K)

®)

Meond =

3.3. Description of the Economic Boundary Conditions

In this subsection, the heat and electricity prices for the case study are shown. Regard-
ing the heat price, the substation was considered a part of a DHN with one main distributor
that imposes the buying price, and the TPA is allowed with a fixed buying and selling heat
price for the prosumer.

To account for real market heat prices, data of heat purchasing prices released by
DHN distribution company in Veneto during 2021 were adopted. In particular, the prices
for non-household customers who consume less than 29 MWh per month were used [61].
Since in the real case there are no prosumers, the selling price offered by the distributor to
the prosumer was assumed to be 80% of the buying price (Table 7) based the average ratio
between buying and selling price reported in [62].

Table 7. Reference value for heat purchasing price (from DHN to the prosumer) and heat selling
price (from the prosumer to the DHN).

Heat Price 1Jan~1 Apr. 1 Apr-1 Jul. 1Jul.-1 Oct. 1 Oct.—31 Dec.
PH, DHN, buy
(EUR/KWh) 0.0965 0.1009 0.1168 0.1554

PH, DHN, sell

EUR/kWh) 0.0772 0.0807 0.0934 0.1243

Data available from the Italian Agency for Energy Market Regulation (ARERA) were
used for the electricity price [63]. More specifically, the Italian electricity price for both 2021
semesters and a non-household consumer with an installed power are assumed greater
than 15 kW, (Table 8). As shown in Table 8, data from ARERA showed a clear picture of
the components of the electricity price related to energy production, the management of
the power grid, and taxes.

Table 8. Reference value of the purchasing price of electricity.

' Energy Generation Cost Network Cost and Energy Final Price (VAT and Taxes
Period Component System Support Component
GEN NC&ES InCluded)
p e,buy 14 e,buy
(EUR/kWh) (EUR/kWh) (EUR/kWh)
2021, 1st semester 0.0736 0.0613 0.1771
2021, 2nd semester 0.1218 0.0396 0.2094

Based on the electricity prices shown in Table 8, the prices for the investigated sce-
narios (see Figure 2) were calculated as shown in Table 9. The prices vary between 0.1157
EUR/kWh and 0.2491 EUR/kWh. Moreover, the analysis considers a variation of the
electricity prices for two semesters in one year.

Table 9. Variation in the electricity purchasing price for the first five scenarios.

Period “Severe Deficit” “Light Deficit” “Neutral” “Light Surplus” “Severe Surplus”
(+100%py 55F5) (+60%p ) (No Variation) (—60% pp5.eF®) (=100% ppyF)
(EUR/kWh) (EUR/kWh) (EUR/kWh) (EUR/kWh) (EUR/kWh)
2021, 1st semester 0.2384 0.2139 0.1771 0.1403 0.1157
2021, 2nd semester 0.2491 0.2332 0.2094 0.1856 0.1698
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3.4. Description of the Adopted Economic Indicators

For each scenario, a cash flow (CF) was calculated as the difference between revenues
arising from the heat selling and costs sustained for purchasing heat from DHN and
electricity from the grid (Equation (9)). The calculation of revenues and costs was performed
on an hourly basis and for one-year operation (Equations (10) and (11)). The unit heat
prices are reported in Table 7 and considered constant for each scenario, while the adopted
electricity prices are shown in Table 9.

CF = Mrevenues - Mcosts (9)
8760
Myevenues = Z Eth,HE3(T> X ph,DHNSL,”(T) (10)
=1
8760
Meosts = Y, EpnpE1(T) X Ph,DHNy,, (T) 4 Eei (T) X Pepuy(T) 11)
=1

To better understand the economic benefits achievable in each scenario, a baseline
scenario characterized by the absence of an HTHP was assumed. In particular, in this
scenario, the thermal energy demand of the user is entirely met by the heat supplied by the
DHN, bringing the one-year cost to 7210 EUR. As shown in Equation (12), this cost leads to
a negative cash flow, since no revenues are generated in this scenario.

8760
CFygse = 0 — 2 Dh(T) X ph,DHNbl,y (T) (12)

=1

Arising from this outcome, the one-year economic savings were then calculated by
the difference between the cash flows achieved in each scenario and the baseline one
(Equation (13)).

SAVref = CFscenario — CFpase (13)

Finally, the economic savings were also calculated by comparing the “Neutral” sce-
nario with the other scenarios (Equation (14)). This information is useful to compare
the same technological system under different boundary economic conditions due to the
flexible operation.

SAVneut = CFscenario — CFueutral (14)

4. Results and Discussion

To assess the energy savings and the economic benefits achievable by the thermal
prosumer, it is worth analyzing the results obtained from a one-year simulation.

Figure 7 shows the amount of energy exchanged in all HEs after one year of operation.
These results are useful to gain insights into the effect of the strategy here proposed on the
operation of the HTHP and the substation (e.g., interactions among the HEs, and between
the substation and the DHN). It is worth noting that HE2 (orange bars in Figure 7) shows
a constant amount of energy exchanged for each of the proposed scenarios, except for
the “Severe Deficit” scenario. Conversely, the amount of thermal energy exchanged in
HES3 (grey bars) shows an increasing trend when moving from the “Severe Deficit” to the
“Severe Surplus” scenario. This trend could be easily explained by the fact that due to the
decreasing electricity price, the HTHP is operated for a longer period with more thermal
energy available for the DHN.
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Figure 7. Thermal energy exchanged within each heat exchanger (values for HE2 and HE3 are on the
left axis, HE1 on the right).

In almost all the scenarios, the thermal demand of the user is almost covered by using
HE2 (i.e., by using the energy supplied by the HTHP) as evidenced by the energy exchanged
in HE1 (blue bars) which is always less than 0.05 MWh. For the “Severe Deficit” and “Light
Deficit” scenarios, the energy exchanged in HE1 is not zero, and it is equal to 27.9 MWh
and 2.2 MWh, respectively. Both values account for 44% and 3.5% of the heat consumed
by the user in one year. The “Random1” and “Random?2” scenarios show equal values of
heat exchanged by HE1 and HE2 (i.e., 14.6 MWh and 50.7 MWHh). In addition, the energy
exchanged by HE3 in the “Random?2” scenario is lower than the one of the “Random1”.

A focus on the amount of heat exchanged by the three HEs is shown in Figure 8.
More specifically, the results are presented only for the two opposite scenarios, i.e., “Severe
Deficit” and “Severe Surplus”. Comparing Figure 8a,b, the heat rate for HE1 and HE2 is
equal, since both HEs operate to meet the energy demand on the user side. HE3 is never
activated in the “Severe Deficit” scenario, while it operates for 8 h at a constant heat transfer
rate in the “Severe Surplus” scenario. The different behavior is due to more profitable
economic conditions in the “Severe Surplus” scenario, which encourage the prosumer to
activate the HTHP for selling heat to the DHN. However, as shown in Figure 8b, HE3 is
operated in the absence of energy demand by the user, i.e., during evening, nighttime,
and early morning. Note that, as already mentioned, this analysis did not consider any
constraints on the maximum amount of heat that could be supplied by the prosumer to the
DHN during nighttime.

Figure 9 shows the electrical energy supplied to the HTHP for one-year operation. Fol-
lowing the criterion shown in Section 2, it is apparent that the electrical energy consumed
by the HTHP in one year decreases in scenarios of higher electricity prices. Indeed, moving
from the “Light Deficit” scenario to “Severe Deficit”, the electricity consumed by the HTHP
decreased from 92 MWh in the “Light Deficit” (—46.0% compared to the “Neutral” scenario)
to 35 MWh (—79.7% compared to the “Neutral” scenario) in the “Light Deficit”. For the
“Random1” and “Random?2” scenarios, energy consumption was 123 MWh and 110 MWh.
In particular, both scenarios show intermediate results between the “Light Deficit” and
“Neutral” scenarios, even though they were characterized by different boundary condi-
tions. The observed trend justified that changes in the electricity prices could promote the
operational flexibility of the user.
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Figure 8. Substation’s heat transfer rate daily trend: (a) “Severe Deficit” scenario; (b) “Severe
Surplus” scenario.
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Figure 9. Electrical energy supplied to the HTHP.

As previously mentioned, the economic analysis considered the savings from the
thermal energy produced by the HTHP (which is no longer purchased from the DHN) and
the revenues from the thermal energy sold to the DHN. The annual economic cash flows
and savings reported in Figure 10a were calculated assuming as a baseline scenario the one
with no HTHP installed and the DHN used as the only heat source. The annual economic
cash flows and savings reported in Figure 10b were calculated adopting the “Neutral”
scenario as the reference (i.e., when the HTHP is installed but with no variation in the
electricity prices). As shown in Figure 10a, the cash flow and savings show an increasing
trend when moving from the “Severe Deficit” scenario to the “Severe Surplus” scenario,
due to the decreasing electricity price. Both CF and SAVy,,,. are negative for the “Severe
Deficit” scenario, thus suggesting that it would be more profitable to exploit the DHN as
a heat source. Although in the “Light Deficit” scenario the cash flow is still negative, the
savings are positive since it is referred to the baseline conditions with the entire demand
covered by DHN and no heat selling. As shown in Figure 10b, money savings are achieved
only in scenarios of electricity surplus and in “Random1”.

The “Random1” scenario achieved economic performance similar to that of the “Neu-
tral” scenario. The “Random2” scenario achieved a cash flow close to zero but a SAV},,s0
equal to 6763 EUR, thus suggesting that it is profitable to include the HTHP. In Figure 10b,
the “Severe Deficit” and “Light Deficit” scenarios show negative results since they are
referred to as the neutral scenarios. This is due to the less profitable conditions imposed
by the electrical grid operator. Conversely, the “Light Surplus” and “Severe Surplus” sce-
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narios achieved positive values of SAVeyt; the results range between —10,359 EUR and
18,493 EUR. For the “Random1” and “Random?2” scenarios, a counterintuitive result is
achieved: indeed, the energetic outcomes showed that the performances of these scenarios
were intermediate between the “Light Deficit” and “Neutral” scenarios, while the economic
results show that they are closer to the “Neutral” one. This is due to the random distribu-
tion of electricity prices that affect the HTHP activation and the economic balances with
different effects.
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Figure 10. Cash flow and money savings for each scenario: (a) with no HTHP and (b) adopting the
“Neutral” scenario as the reference.

The analysis of the described results revealed that in the “Neutral” scenario, profitable
results can be achieved, compared to the DHN used as the only heat source.

The introduction of discounts for promoting operational flexibility during electricity
surplus leads to a relevant increase in profit. If such a strategy is carried out using public
resources, the effect is an extra profit generated by the system that is already profitable
without taxation or incentives (i.e., in the “Neutral” scenario). If public incentives aim
at balancing inequalities, discounts may, on the contrary, lead to a significant increase.
The “Random1” scenario considers the whole range of prices; therefore, less profitable
conditions are offset by the more convenient ones.

From the previous findings, the “Random?2” scenario was developed. It was conceived
by cutting off all the values of prices that could increase the profit. Then, electricity prices
are varied taking into account only penalties when the grid used as the only heat source
(i.e., “Severe Deficit” or “Light Deficit” situations). Despite this penalization, the results
shown in Figure 10 let us appreciate the positive results achieved by this case due to the
performance of the HTHP.

To better understand the energetic and economic results shown here, it is worth
comparing the annual profile of the unit cost of heat produced by an HP with the buying
and selling price of heat from the DHN. Figure 11a shows that the unit cost of heat in
the “Severe Deficit” scenario is comparable with the purchasing price of heat from the
DHN (black continuous line vs. pink line), thus suggesting that on-site heat production
does not always provide cost savings. Regarding the selling price of heat (black dashed
line), the profiles shown in Figure 11a indicate that only the “severe” and “light” deficit
scenarios have hours characterized by no benefits from selling heat to the DHN. Conversely,
economic benefits are achieved through the sale of heat to the DHN in the other scenarios.

In scenarios “Random1” and “Random?2”, the unit cost of heat shows an oscillating
behavior, which, in the first scenario, allows for more profitable conditions than those of
the second scenario (Figure 11b,c).

Development of a Prediction Model of the Unit Cost of Heat

The previous analysis highlighted that the economic boundary conditions together
with HP energy performance highly affect the operation and profit of the thermal prosumer.
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Moreover, as previously mentioned, there is not always a match between favorable market
conditions and good HP performance. It is interesting to find a correlation between the
unit cost of heat and the boundary conditions (i.e., the outdoor temperature affects the
HP energy performance and the market price of electricity). It is worth noting that other

operating and marginal costs (e.g., maintenance costs) are here neglected, but they can be
easily included in the methodology.
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Figure 11. Comparison between DHN heat buying and selling price and the unit cost of heat produced
by the HTHP for: (a) scenarios obtained by varying the NC and ES electricity price components,
(b) “Random1” scenario, (c) “Random?2” scenario.

To find a correlation between cj, T;;,, and p,;, the results of the simulation were used as
input for a statistical regression in the MATLAB model. The results of regression analysis
suggested that the unit cost of heat is related to T,; and p,; according to the polynomial

equation shown in Equation (15). The values of predictors are shown in Table 10, together
with the statistical evaluation parameters.

cn = ag+ay X Ty + a2 X poy + a3 x T2, + ag X Toir X P (15)

air
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Table 10. Values of the statistical predictors and evaluation parameters.

Predictor
ag 1.978 x 1073
a —4.490 x 10~*
a 4.053 x 1071
a3 1.557 x 1072
a4 —2.701 x 1073
Predictor evaluation parameter

R2 0.0017
SSE 0.9994

RMSE 1.850 x 10~*

Such a black box model allows for fast and reliable heat costing and can be directly
integrated into an evaluation tree algorithm such as the one proposed in this paper. Indeed,
Equation (15) predicts the cost of heat generated on-site by the HTHP with the known
values T,;,, pe from the weather forecast and market conditions imposed by the grid dealer.

The regression model of Equation (15) was also presented in the form of a “map”,
as shown in Figure 12. Such representation allows us to assess the sensitivity of the unit
cost of heat to the electricity prices and outdoor air temperature. More specifically, when
T,ir < 7.5 °C, ¢y, is highly sensitive to the electricity prices p,;, as evidenced by the rapid
change of colors in the contour plot (region to the left from the red dashed line). For
temperature values higher than 7.5 °C, conversely, the sensitivity of ¢, to the electricity
prices is greatly reduced (region to the right from the dashed line).
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Figure 12. Map of the unit cost of heat.

5. Conclusions

The present work investigated the behavior of a thermal prosumer with an HP when
changes in the components of the electricity purchasing price are adopted as a strategy
to increase its operational flexibility. More specifically, this study analyzed the effects of
discounts and penalties included in the component related to the “power grid management
and support to the energy system”. A thermal prosumer’s substation equipped with an
HTHP and servicing an office building in Northern Italy was adopted as the case study.
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Dynamic simulations for one-year operation were performed using a TRNSYS model de-
veloped by the authors in the past work. A profit-oriented heuristic management strategy
for the HP operation was developed and implemented in the dynamic simulations. Seven
different scenarios were investigated, each one related to different economic conditions
imposed by the TSOs and DSOs to promote the prosumer’s operational flexibility. The anal-
ysis revealed that the ad hoc changes in the electricity purchasing price (either discounts or
penalties) are a good strategy for promoting operational flexibility. For instance, in the case
of “light” and “severe” electricity deficits from RESs, the penalties applied to the electricity
purchasing price appear effective in encouraging a change in the heat pump operational
strategy, reducing its average production and the associated electricity consumption by
46.0% and 79.7%, respectively. Moreover, the results of the economic analysis showed
that with current electricity and heat prices, heat pump operation is profitable for both
meeting the building’s thermal needs and producing heat for sale to the DHN. However,
discounting the electricity prices during electricity surplus led to a substantial increase
in the prosumer’ profit. This outcome highlighted the fact that a thorough analysis of
discounts is necessary to avoid unjustified incentives, especially when public resources are
used. Future studies should focus on thermal grids with substations that include different
local heat generators, with a special focus on those supplied using by RES technologies.
The substation performance will be analyzed taking into account the constraints related
to the DHN architecture, the capability of the network to consume the heat provided by
prosumers, and the coordination of the DR programs for heat and electricity. Finally, heat
pricing methods and third-party access regulatory framework will be also included to
support the decision by policymakers in developing renewable energy communities.
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Nomenclature

Acronyms

DHN District Heating Network

DR Demand-Response system
DSO Distribution System Operator
HE Heat Exchanger

HP Heat Pump

HTHP High-Temperature Heat Pump
RESs Renewable energy Sources
TSO Transmission System Operator
Variables

CF Cash flow (EUR)

ChHP Cost of heat produced by the heat pump (EUR/kWh)
Cp Specific heat (k] / (kg °C))

E, Electrical energy (kwh or MWh)
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Ey, Thermal energy (kWh or MWh)
Hc Heating capacity (kW)

m Flow rate (kg/s)

Mievenues Revenues (EUR)

Meosts Costs (EUR)

Pe,buy Electricity price (EUR/kWh)

PnDHN_buy ~ Price of heat bought from district heating network (EUR/kWh)
PnDHN sell  Price of heat sold to district heating network (EUR/kWh)

R? R-squared—Coefficient of determination (dimensionless)
SSE Sum of Squares Estimate of errors (kW)
RMSE Root Mean Square Error (kW)
RAND Random distribution function
Q Heat transfer rate (kW)
SAV Economic Savings (EUR)
T Time (s or h)
UA Global Heat transfer coefficient (kW /°C)
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