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Power-to-Heat plants in district heating and electricity distribution systems: a
techno-economic analysis

Gabriele Fambri, Andrea Mazza, Elisa Guelpa, Vittorio Verda, Marco Badami

Dipartimento Energia, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

HIGHLIGHTS

e  The flexibility of district heating-connected heat pumps was investigated

e  The utilization of heat pump could help to electrify the district heating sector

e Heat pump technology resulted a viable solution to provide heat in district heating
e The heat pump flexibility could improve the electricity distribution system balance
e  Exploiting the heat pump flexibility strongly increases the heat pump profitability

ABSTRACT

This paper investigates the Power-to-Heat energy conversion process carried out by heat pumps connected to a District Heating
network used to pro Heating ide heat to the heating sector and, at the same time, to provide flexibility for the electricity sector. The
aim of this work is to analyze from a techno-economic point of view the flexibility potential of this solution used to absorb the over-
generation of Variable Renewable Energy Sources in the distribution system. A scenario, based on the electric distribution system
and the District Heating distribution system of the city of Turin, was created to carry out this type of study. The results showed that,
flexible use of these Power-to-Heat systems can be exploited to shift part of electric loads in periods of renewable over-generation,
with significant benefits from an economic point of view. Furthermore, the position of Power-to-Heat systems within an electricity
distribution network has a significant impact, to make the most out of the flexibility of these plants, they should be placed in those
areas of the network that present the greatest local over-generation of renewables. The use of heat pumps will be necessary for the
energy transition thanks to the high conversion efficiency. However, in order to fully exploit all the benefit that this technology can
offer its flexibility cannot be ignored.

KEYWORDS
Renewable energy integration, District heating system, Electricity distribution system, Multi energy system, Power-to-Heat, techno-
economic analysis.

ACRONYMS
BFS Backward Forward Sweep
CAPEX  Capital Expenditure
CHP Combined Heat and Power
CO2 Carbon dioxide
Ccop Coefficient of Performance
DH District Heating
EER Energy Efficiency Ratio
EN Electricity Network
DSO Distribution System Operator
HP Heat Pump
HV High Voltage
MES Multi-Energy System
NPV Net Present Value
Oo&M Operation and Maintenance
MV Medium Voltage
P2G Power-to-Gas
P2H Power-to-Heat
P2X Power-to-X
RPF Reverse Power Flow
SN DH Sub-Network
SoC State of Charge
SPB Simple Pay Back
PV Photovoltaic plants



TES Thermal Energy Storage

TR Transformer
TSO Transmission System Operator
RES Variable Renewable Energy Sources

1. Introduction

The most recent climate data have shown that, in the last decade, the global average temperature has been 1.09°C higher than the
levels of the late nineteenth century [1]. Scientific evidence shows that this trend is closely related to the increase in anthropogenic
carbon dioxide emissions [2]. The European Union, with the Clean Energy for all Europeans legislation package [3], aims to reach
carbon neutrality by 2050. In this context, Variable Renewable Energy Sources (VRES) will play a fundamental role in
decarbonizing the entire energy system. However, VRES (wind and solar sources) are, by nature, non-dispatchable, highly volatile
and intermittent, and this makes a balance between energy generation and demand difficult [4]. In fact, the electricity distribution
system has not been designed to manage bi-directional power flows. During the inevitable periods of uncontrolled renewable energy
over-generation, the energy produced by the distributed resources connected to the distribution system is fed into the transmission
system. This phenomenon, which is called Reverse Power Flow (RPF), should be avoided, as it is not possible to maintain the proper
operation of the distribution system under these conditions [5]. When RPF occurs, the current solution is to cut off the production
of VRES. This, in addition to being a cost in terms of energy efficiency, is also an economic cost. For example, in 2016, a total of
373 Million Euros was spent in Germany to compensate for the operators of VRES plants for 3.7 TWh of the curtailed electricity
[6]. In order to exploit VRES, it is necessary to adopt solutions and technologies that allow the energy balance to be modulated [7];
this characteristic is referred to as flexibility, and it can be defined as “the capability of a system to modify its energy
generation/consumption profile in order to offer ancillary services to the grid” [8]. Energy storage technologies, such as electric
batteries [9], pumped hydro storage [10] and compressed-air energy storage [11], can offer the required flexibility, although this
kind of solution is normally penalized by high investment costs. New and cheaper sources of flexibility can arise, thanks to the
coupling of other energy sectors [12]: a holistic approach that not only considers the electricity sector according to the principle of
the Multi-Energy System (MES) approach allows the synergies between the different energy-intensive sectors to be exploited [13].
In fact, it is known that storing energy in non-electrical form (for example in the form of heat) is much easier and cheaper than
storing electrical energy [14]. Moreover, the non-electricity energy sectors do not require a constant balance between generation
and energy consumption, and this intrinsic characteristic of flexibility can be transferred to the electricity sector, thanks to Power-
to-X (P2X) energy conversion technologies [ 15]. Various flexible solutions that emerge from the coupling of different energy sectors
have been analyzed in the literature, such as electric mobility [16], the gas sector [17] and hydrogen-based applications [18]. This
article analyzes the flexibility that can be derived from the coupling of the electricity distribution system with the district heating.
The two energy infrastructures are connected through the use of centralized Heat Pumps (HP), which convert electricity into heat.
In literature, these technologies are called Power-to-Heat (P2H) and they include other types of technologies, such as electric boilers
[19]. This article focuses only on HP, and the term P2H will be used henceforth to refer to HP systems.

1.1. Power-to-Heat in district heat networks

P2H systems are used in DH to increase the water temperature to a maximum temperature of about 100°C [20], although the latest
technological advances have shown potentials of up to 160°C [21]. Their thermal power ranges between some kW to more than 10
MW. Air [22], groundwater [23], river/lake/seawater [24], drinking water [25] and waste heat [26] are among the sources that can
be used to feed heat pumps in DH networks. In 2017, the analysis reported in [27] showed that 149 units larger than IMW were
connected to DH networks in Europe (for a total of 1580 MW heat produced), and that the technical level of the heat pumps currently
available for DH installation is advanced enough to allow an even larger diffusion. In order to obtain high performance heat pumps,
it is necessary to exploit heat that is available at low temperature or close to ambient temperatures. In [26], the availability of eight
types of heat sources was analyzed: low-temperature industrial excess heat, supermarkets, waste-water, drinking and usage water,
groundwater, river, lake, and sea water. The analysis showed that potential sources exist almost everywhere in DH areas and that
sea water, when available, represents an important opportunity. Various works in the literature have dealt with installing heat pumps
in DH networks, which can also provide important economic benefits. An HP connected to a DH was analyzed in [28], considering
air, seawater or groundwater as the evaporating sources. The economic benefit was shown to range from €2500 to €6800 per house,
depending on the choice of the evaporating source, economic lifetime and discount rate. In [29] different configurations were
analyzed for the integration of the heat pump within the heating and cooling networks. The work concludes that this energy
conversion solution could be a cost-efficient solution that can contribute to the decarbonization of the district heating sector.
Ommen et al.[30] compared the performances of five possible heat pump configurations in Combined Heat and Power (CHP) driven
DH systems, considering different network temperatures, production technologies and fuels. The analysis clearly showed that a
change in the supply temperature has a more significant effect on power production than the modification of the supply temperature,
and that a configuration that increases the source temperature up to the supply temperature is a convenient choice. The best option
for HPs at the CHP level is to increase the return temperature, which results in the lowest operation cost. As far as the connection
of heat pumps is concerned, a study on the installation of heat pumps with a high temperature and a large sized DH was conducted
in [31]. Results showed that connecting heat pumps to distribution networks provided a larger Coefficient of Performance (COP)
than a transport network, and that a large number of full-load HPs could be reached (3500-4000 instead of 2500-3000).
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As discussed in [32], the classic way of controlling P2H plants in DH systems is to balance the heat production and demand. In
addition, it is possible to exploit the flexibility of these plants to reduce production costs and/or environmental impacts by providing
ancillary services and assisting in the integration of VRES [32]. Most of the previous research analyzed the advantages of exploiting
the flexibility of P2H plants at the regional or national level. The available heat sources for use in centralized P2H systems in
Denmark were mapped in [26]. The authors reported that the use of centralized HP systems can benefit from the use of electricity
during periods of high VRES generation. The potential of P2H plants in the Baltic countries was analyzed in [33]. Results showed
that the P2H plant took advantage of the available high renewable production. Another study, set in the North-Eastern part of the
United States, analyzed several solutions enabled by P2H technologies in order to take advantage of the electricity surpluses that
occurred at the national level [34]. The authors of [35] investigated how the utilization of P2H in DH could increase the VRES
market value of Northern European Countries. The flexibility enabled by coupling the DH and electricity sector by means of P2H
and a CHP system, was investigated for a future Italian scenario in [36]. The impact of different tax designs on the flexibility enabled
by P2H systems combined with centralized thermal storage was studied for the Danish system in [37]. Still in the Danish context,
the role of electricity grid tariff schemes for the flexible operation of P2H plants connected to the DH was investigated in [38]. In
[39] the flexibility within the thermal networks enabled by the thermal storage tanks and by the thermal network itself is analyzed.
The paper defines that although the applications of these methods are still uncommon, these kinds of storages have a great potential
to be used to provide flexibility. In [40] the storage potential of a fifth generation district heating and cooling network at very low
temperature is exploited to integrate the excess PV generation: this solution was found to be able to absorb about 40% of the PV
over-generation of the considered scenario. In [41] a multi-energy system is analyzed in which the electricity sector and the DH
sector are connected by means of a heat pump and a combined thermoelectric power plant. The energy flows of the multi-energy
system are optimized according to the production of renewable energy and a variable electricity tariff.

1.2. Scientific contribution

To the best of the authors' knowledge, no previous study has investigated the potentials that P2H systems at a local urban level have
to balance the over-generations of VRES. The thermal model presented in this paper, being able to accurately simulate the network
transients, allows one including the effects of heat pumps on the water thermal mass. This enables the opportunity to correctly
exploit the electricity fluctuations within the network, which plays the role of an energy storage. Moreover, the paper presents also
the effects on the electrical system, including some analysis regarding the beneficial role of P2H to reduce the reverse power flow
from the distribution to the transmission system, considering the actual topology of a real electrical distribution grid. Indeed, in
recent years, distributed resources have been becoming increasingly more important for the control and regulation of electrical
distribution systems. In line with this trend, the European Union is developing market structures to allow distributed resources to
participate in the ancillary services market in order to offer flexibility to Transmission System Operators (TSO) [42]. In the future,
as concluded in the SmartNet project [43], these types of services could also be exploited within the distribution network by
Distribution System Operators (DSOs) for the local balancing of the electricity system. The flexibility enabled by a multi-energy
infrastructure (such as a DH and an electricity grid) could be exploited to handle VRES over-generation at the distribution system
level.

This paper analyzes how P2H systems could be inserted into a distribution context as a flexible connection point between the
electricity and DH sectors. P2H systems are used for sector coupling for two functionalities: i) for high efficiency heat production
in a DH system and i7) to provide flexibility and absorb local VRES over-generation. A scenario based on real data from the
electricity network and the district heating network of the city of Turin (in the north-west of Italy) was considered for this study.
Although the scenario is based on the energy system of this specific city, results and conclusions are generalizable to other cities
served by high temperature DH networks. Three distinct configurations with different connection points within the electricity
distribution system were analyzed. This allowed the research group to enquire into how a different connection point of the distributed
resources could affect the performance of the plants. Moreover, two different control strategies were applied: in the first one, the
DH heat flows were optimized by maximizing the use of the heat produced by the P2H systems; in the second control strategy, in
addition to providing heat to the DH, the P2H systems were used to provide flexibility to the electricity sector. This distributed
flexible resource was evaluated from a technical and an economic point of view. Indeed, this study analyzed the energy flows
between electricity and the DH sector enabled by the P2H technology, as well as the economic profitability of these plants.

1.3. The structure of the paper

The remainder of the paper is structured as follows. Section 2 describes the analyzed multi-energy scenario, the used mathematical
models and the technical and economic assumptions made for the simulation and analysis of the case study. Section 3 reports and
discusses the results of the multi-energy system, as analyzed from a technical and economic point of view, whereas Section 4
summarizes the main conclusions of the study.

2. Methods

A multi-energy system, consisting of DH Sub-Networks (SN) and a medium voltage (MV) distribution Electricity Network (EN)
and), is here analyzed, in order to establish the benefits of coupling the electricity and district heating sectors at the distribution level
(see Figure 1).



The case study presented in this paper is based on the Turin DH, which is linked to more than 5000 buildings (about 60 million m®).
This makes it the largest in Italy and one of the largest in Europe. The network is supplied by two CHP gas plants and storage
systems located in different areas of the city. The Turin DH network consists of two interconnected parts: a transport network, which
includes large diameter pipes (usually larger than 200 mm) that link the thermal plants to the distribution networks, and 182
distribution networks that connect the transport network to groups of buildings located in the same area of the city. A distribution
network was considered in the analysis. The water is currently supplied to buildings at a constant temperature of about 115°C, while
the return temperature is between 65°C and 45°C. A future scenario was considered in the analyzed application, where, taking
advantages of retrofitting actions on buildings, the supply temperature could be reduced by 20 — 30 °C for most of the winter season
(except for the harshest days of the year). Thermal storages (sensible water) have been adopted in the Turin network for peak shaving
purposes, especially the morning peak, which occurs after the night switching off. In the considered application, the adoption of
thermal storage increases the thermal mass of the system. This provides a significant benefit, since it increases the potential of DH
of acting as a source of flexibility for the electricity network. Further developments of the current network are planned, allowing an
increase in the volume connected [44]. The expansion of the district heating system will include new distribution networks. The
various heat distribution networks can differ considerably from each other (building volumes of different orders: 10>-10° m?).
Nevertheless, it is common to find distribution networks that have similar characteristics in terms of size and type of connected
users. In this study, three possible new distribution networks were analyzed, which were hypothesized to have the same thermal
characteristics (see Figure 1.). This methodological choice was made in order to evaluate the effects on the thermal sector of different
P2H system configurations. More specifically, it was investigated how a different connection point of the P2H plant with the
electricity network could modify the performance of the thermal sector and, at the same time, how the same flexible resource could
be more or less advantageous for the electricity sector, depending on the specific connection point with the electricity distribution
network.

The distribution EN is part of the MV system of the city of Turin. The network is connected to the high voltage (HV) system via
three HV/MV transformers (TR). The EN is characterized by a high penetration of VRES. When the VRES production exceeds the
electricity demand of the network, the over-generations cause RPF in the HV/MV transformers. The loads and VRES plants are not
uniformly distributed within the electricity network (see Figure 2). Most of the VRES systems are installed downstream of TR#2
and TR#3. About half of the electricity network users are connected to the part of the network powered by TR#2. TR#3 is the one
most subject to the over-generations of renewables: 70% of VRES over-generations occurs downstream of TR#3, 21% downstream
of TR#1, and 9% downstream of TR#2. The connection points of the VRES inside the electricity network are schematized in the
Figure 3.

The electricity and the district heating sector are connected though three P2H plants. Each P2H plant is connected downstream of
the connection point between the transport district heating network and a district heating distribution network. In particular, the P2H
plants are connected to the return flow of the distribution networks. The connection of the P2H plants with the electricity network
was defined according to the methodology presented in [45] (which allows an optimal configuration of the distributed energy
resources according to the distribution network losses). Each P2H plant is connected downstream of one of the three EN
transformers. For the sake of simplicity, the TRs, the P2H systems, the SNs and the ST have been enumerated as shown in Figure
1.

This configuration makes it possible to analyze P2H systems in the three considered positions of the electricity network, which have
very different local characteristics: medium local VRES over-generation (P2H#1), low local VRES over-generation (P2H#2) and
high local VRES over-generation (P2H#3). As discussed before, the three DH sub-networks to which the P2H plants are connected
and the three P2H plants were chosen with the same thermal characteristics (see Table 1). Each SN feeds the thermal demand of an
equal volume of buildings. Consequently, the three subnets have an equal heat demand profile (see Figure 4). In this way, the three
configurations only differ with respects to their connection points with the EN. The choice of analyzing a scenario with three
different plants, three transformers and three DH subnets was made to make the study more general.

P2H absorbs the EN electricity and injects heat into the DH. The P2H plants preheat the return flows of the district heating network,
thus decreasing the heat load required by the central system that feeds the district heating. The P2H systems can operate flexibly,
thanks to the presence of Thermal Energy Storages (TES) installed at the district heating sub-network level. Moreover, the P2H
systems can store the energy taken from the electricity network inside the thermal storages in the form of heat, which can
subsequently be used to satisfy the thermal demand of the DH. This scenario has been simulated for one year, with a time resolution
of 15 minutes. As described in Section 2.5, two cases were simulated: the first, the Base case, in which the P2H systems only operate
as a function of the DH heat needs, and the second, the Optimized case, in which, as before, the P2H systems are used to supply DH
heat and, in addition, the flexibility of these systems is exploited to absorb the local VRES over-generations.
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Table 1. Multi-energy system parameters.

Unit TR#1/P2H#1/SN#1 TR#2 / P2H#2 / SN#2 TR#3 / P2H#3 / SN#3
Electricity users MW, 5.10 9.30 3.90
PV MW, 2.90 4.50 3.30
WT MW, 0.60 0 2.70
P2H installed capacity MW 2.50 2.50 2.50
TES volume m3 250 250 250
Heated volume m? 250,000 250,000 250,000

2.1. Mathematical models

This section describes the component models of the multi-energy system. The multi-energy system was simulated with four
modules:

e the power grid module,
e the DH network module,
e the P2H system module,
e the control module.

These modules were developed separately and integrated with each other using the co-simulation approach presented in [8] and
[46]. Simulating multi-energy systems is a complex mathematical problem as the operation of each component of the system is
affected by the behavior of all other components. In the co-simulation approach, the different components of the multi-energy system
are simulated on separate simulators that are interconnected via a communication system. In this way it is possible to develop the
model of each component independently from the others. Each component can then be developed with the most appropriate
mathematical method and simulation software. The time horizon of the simulation (1 year) was discretized in time steps of 15
minutes. Each module simulates the operation of a particular component of the multi-energy system. At the end of the k-th co-
simulation step, the modules exchange the information required as input in the successive simulation time step.

Thanks to this approach, different methods to solve the mathematical problem were integrated in a single simulation platform. In
the specific case of this study, at every co-simulation step k, the DH network dynamic model calculates the flows on the branches
of the network using an internal integration step 9 (of duration dt); the electricity network model calculates the power flow (steady
state condition of the grid) using an iterative calculation for each time step k, i.e., the network equations are calculated for several
iterations j until the convergence is reached; in the same way, the P2H model solves the equations for several h iterations until the
convergence is reached; finally, the controller models are solved using an algebraic method (see Figure 5).

It is worth noting that the different modules are equivalent to black boxes, which exchange one to each other input-output data every
co-simulation time step k, without the necessity for any model to know the internal structure and the calculation method of the other
modules.
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2.1.1. District heating network model

A physical model of the network was used to evaluate the temperature within the DH pipelines in order to accurately estimate the
impact of P2H on DH. The network model also contains the thermal storage model. The heat flows on the network and the
interactions with the storage systems are calculated dynamically with an integration step 9. The duration dt of the integration step
Y has been set in such a way as to allow the convergence of the model to be achieved; in the case study analyzed, the integration
step is of the order of 30 seconds.

The DH model allows the contribution of the thermal losses and thermal transients to be taken into account. The model includes
mass and energy conservation equations for each junction and each pipe of the network, respectively. These equations were validated
in [49]. The model is one-dimensional for each pipe, since the heat propagation follows the main direction of the water flow. A
graph approach was used to describe the connection between pipes and junctions. According to this approach, they were considered
as branches and nodes. Such an approach is commonly adopted for the description of the topology of a DH network. Specifically,
the connection between nodes and branches is described using the incidence matrix (A), which has the same number of rows as the
number of nodes (N), and the same number of columns as the number of branches (B). A general element, 4j, is equal to 1, or -1,
depending on whether the node represents the inlet or outlet of the branch, and 0 if the node is not connected to the branch. This
approach allows matrix equations to be written for the entire network. The mass conservation equations written for the nodes and
for the entire network are reported in Eq. (1) and Eq. (2), respectively. Eq. (1) states that, at each node, the sum of the entering mass
flows must be equal to the sum of the exiting mass flow. From a network perspective, Eq. (2), the sum of the mass flow in each
node (achieved by multiplying the incidence matrix by G, the matrix of the mass flows in the branches) must be equal to the mass
entering or exiting the systems from the external environment Gy, (e.g., at the thermal plants).

Mp
Z ¢ (k)=0 (1)
m=1
9
A- Gl(ﬂz + Gextl(\;?})( =0 (2)

Where:

e M, is the number of nodes adjacent to node n,

. G,El?m (k) is the mass flow in the branch n — m which connect node n and the adjacent node m at time step k and the
iteration of the integration procedure 9,

e Ais the incidence matrix,

. G](;_?IE represents the matrix of the mass flows in the branches at time step k and the iteration of the integration procedure ¥,

. Gextﬁf,){ is the matrix containing the mass flow exchanged between the nodes of the network and the external environment
at time step k and the iteration of the integration procedure 9.
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Similarly, the energy conservation equations are reported in Eq. (3) and Eq. (4). The energy conservation equation is written in a
transient form since the temperature perturbations within the network travel at the water velocity. This is done since the water keeps
long time to reach the thermal plants from the buildings (and vice versa), e.g., order of 30 min- 1h. This means that the time step is
much smaller than the phenomena studied, therefore the energy transient should be included in the analysis if temperature gradients
are expected to occur. Eq. (3) includes the unsteady term, which represents the thermal capacity of the node, the convective term
and, on the right-hand side, the heat generated/losses (which include the contribution of the thermal losses toward the ground).

Mn
dT? (k)
prey it D (pecy (0 VI, () = oK) 3
m=1

Where:

e  pisthe water density,
® ¢, is the water specific heat,

9)
ary Py . . o . . . . . .
. T“a—() indicates the derivative of water temperature in node n at time step k and the iteration of the integration procedure

t
0,
.,

v,
. VT,EQH (k) represents the thermal gradient in the branch n — m at time step k and the iteration of the integration procedure
v,

. (pss)(k) represents the specific the heat generated/losses in node n at time step k and the iteration of the integration

(k) is the velocity of the water flow in the branch n — m at time step k and the iteration of the integration procedure

procedure 9.

Integrating and expressing the thermal losses as the product of the global heat exchange coefficient (Uror) and the temperature
difference between the water in the pipe and the temperature of the ground (T}, ) it is obtained Eq. (4).

d1," (k) N Q) ®) )
P 6y o Yk ) 6y G T () = Uror - (T () = Ty, )
m=1

Where V,, is the volume of the node n.
Adopting an Upwind scheme this can be written in matrix form for all nodes. In the matrix form, Eq. (4), the three terms of Eq. (5)
are respectively gathered in the mass matrix M, the stiffness matrix K and the known term g.

My T) + Ky Tae =gn ¥V k=1,..,K (5)

Where:

e M, represents the nodal mass matrix, which includes the terms multiplied for the temperature derivative,
. T]E]ﬁk) is the vector containing the time derivative of the temperature of the nodes at time step k=1,...,K and the iteration of

the integration procedure ¥,

e Ky represents the stiffness matrix of the network nodes, which includes the terms multiplied for the temperature,
. T]E]ﬁk) indicates the vector containing the temperatures of the nodes at time step k and the iteration of the integration

procedure 9,
e gy is the vector containing known terms in the energy equation, which include the terms not multiplied by the temperature
or its derivative.

Further details on the model are provided in [49].

The thermal energy storage is connected to the supply network, to store the additional heat produced in the off-peak hours. In
particular, this used to provide heat during the morning peak demand (that occurs between 5 am and 7 am). The storage is charged
in the night, between 0 am to 5 am, to keep low the thermal losses. During the night, the mass flow circulating in the system is low
due to the limited heat demand of the district heating users; in some part of the network (in particular in some distribution networks),
water is not circulating. For this reason, due to thermal losses, the temperature inside the network (and within buildings and heating
devices) decreases. In the morning, when users request heat from the network, the central system, in addition to providing heat to
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the users, must provide the heat necessary to bring the network temperature (and temperature of the heating devices as shown in
[50]) back to operating temperature. This causes a peak in district heating heat demand from 5:00 to 7:00. Using the thermal storage
allows to decrease the peak demand required from the central plant.

The heat power exchanged with the stage is calculated at each iteration of the integration procedure 9 as:

) ) 9 )
Prs(k) = ¢ * Grs (k) * (T1gs ue (k) = T n () (©)
Where:
. be(Z)S (k) is the heat power exchanged with the thermal storage (CI)T(zé(k) > 0 means that the storage inject heat into the DH
network, d)T(l}Z)s (k) < 0 means that the storage absorbs heat form the network),
. GT(Z)S (k) is the water mass flow enhanced with the storage,
. TT(g%'in (k) is the temperature of the water flow entering the storage,

. TT(g;out (k) is the temperature of the water output flow.

2.1.2. Power-to-Heat model

The P2H configuration is used to increase the return temperature up to the supply value. The efficiency of P2H is closely related to
the temperature of both the heated water and the source side. The P2H energy conversion process is operated by large-scale
geothermal HP plants, which exploit the higher temperature of the groundwater to achieve a higher performance.

There is an implicit relationship between the temperature at the exit of the P2H plant, Tlgll)-l,out (k), and the exchanged heat flux,

¢1§§; , as shown in Eq. (7): hence, an iterative approach was used to evaluate Tl,(;ll)_l'out(k) and d’é% (out temperature and produced

heat evaluated at the iteration h at the time step k ) given Tpyy i, the COP, the water specific heat ¢, and the water flow the flow
of water passing through the heat pump Gp, .

(h) (h-1)
d)PZH ( TPZH,in (k)' TPZH, t(k)' COPPZH)
i) (k) = Tpogin (k) + ) m; %)

p

P2H,out

In order to take the characteristics of the device into account, as well as the operating conditions, the COP was estimated with Eq.
(8), adopting the performance of the device in the design condition (taken from the catalogue) and using the Carnot coefficient to
simulate performance under real operating conditions.

i TPZH,av (k)
TPZH,av (k) - TPZH,ev

COPpyy = € (®)

where:

®  Tpypqyp is the logarithmic average temperature of the water processed in the P2H plant.

e ¢ is the ratio among the performance of the HP under the design conditions (r) and the Carnot COP under the same
conditions (COP¢grnotn), as shown in Eq. (9),

e in this application, Tp,y ., is the temperature of the groundwater, which can be considered equal to 15°C.

r

€= ——— 9
COPCarnotD ( )

2.1.3. Electricity network model

The electricity network analyzed in this case study is radial (the number of nodes without the slack, N, is equal to the number of
branches, B). The power flow calculation was solved with the equivalent single-phase Backward Forward Sweep (BFS) algorithm
[47]. BES calculates the current in each branch for each time step, k = 1, ..., K, as in Eq. (10):

i) =171} =T [ycow IV +5° @ (v )]

()

0 , Vk=1,.,K (10)
!k] =!0,k_F'ZB'lB_k

where:

. lgi € €581 indicates the vector that contains the complex currents, for iteration j at time step k,
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. \_/,Ej ) € €V is the vector of the complex voltages, at iteration j at time step k,

() N,1
Iyy € C

e T € NB" indicates the inverse of the node-to-branch incidence matrix,
ey € CN1is the vector that reports the load admittances and the network admittance,

represents the vector that contains the load node complex currents, at iteration j;

e s, € CM1 represents the vector of the constant power loads at time k, that is, the loads that absorb a constant power whatever
the nodal voltage,

*  Vor = Vilackk " Un» Yo € CV'!indicates the vector filled with the complex value of the slack voltage (Vgjacx ) at time step
k (uy € N¥1 is the unitary vector),

. ZB € CP! represents the diagonal matrix that reports the values of the impedances of the network branches,

e Kis the number of time steps,

e (O and o are the Hadamard division and product, respectively,
e *is the conjugate operation.

The electrical network model also calculates, at each step k, the RPF in each transformer of the network, RPFrgy; (k), as shown in
Eq. (11) and Eq. (12).

Errpix =T real (Zslack,k IL*SIaCk,TR#i,k) WVk=1,..,K (11)
RP Py = {STR#“" real (Yflackrk L garmni) <O vk =1, K (12)
0, otherwise

where:

e  Ergui is the electrical energy that flows through the i-th transformer for the time step k,
e 7 is the duration of the time step (e.g., 15 minutes),
®  LjackTreik» Tepresents the complex value of the current flowing through the i-th transformer for the time step k,

More details on the electricity grid model are reported in [48].

2.1.4 Coordination of the Power-to-Heat flexible resources

The flexibility of the i-th P2H is defined by three values at each simulation step (k): the electricity base load, the upward flexibility
(Ttp,p4;) and the downward flexibility (75, p4;) [8]-

The base load (T],4;) is defined as the electrical consumption of the system, whenever it is used solely to satisfy the needs of the
thermal sector: P2H is used to provide as much heat as possible to the DH. To be noted that from 0:00 to 5:00 the P2H units are also
used to charge the thermal storages. During these hours the TES are charged with a constant heat flow until reaching the maximum
state of charge at 5:00. During the other hours of the day, if the TES is charged, the P2H system is turned off to allow the storage to
discharge the accumulated heat until the thermal storage is completely empty. In such a situation, the DH heat demand is met entirely
by the heat coming from the storages. When P2H system is operating (to either charge the storage or to supply heat directly to the
SN), it must be supported by high temperature heat from the DH transport network, in order to reach the required operating
temperature (i.e., 115°C). This is because the P2H system can reach only relatively low temperatures (i.e., 90°C).

The base load of the i-th P2H is defined at each simulation step (k) according to the flow diagram in Figure 6:

Start

SoCrgsyi(k)>0

S, (k) = min onei(k) Phpomsi
P2H# CoP(k) ' COP(k)

End
wPynui (k) =0

w0 () = min W) + OPES Prpons
P2H# CcoP (k) " COP(k)

End End

Figure 6. The i-th P2H base load control algorithm. Optimization of DH heat flows.
Where

max

ona; (k) is the maximum heat power that the i-th P2H plant can inject into the i-th SN at step k;
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o 225 (k) is the heat that the i-th P2H must provide to the i-th TES to store heat during the charging period and linearly reach
the maximum charge at the end of the accumulation period;

®  Pnp,yy; is the nominal heat power of the i-th P2H plant;

o  SoCrggs; (k) is the State of Charge (SoC) of the i-th TES at step k.

Downward flexibility is defined as the maximum allowable downward deviation from the base load. Since, a time interval of 15
minutes has been considered, the electricity consumption of the P2H systems can always be brought to 0. Therefore, the downward
flexibility is always equal to the base load, as shown in Eq. (13):

Tponui (k) = ugzy#i(k) (13)

Upward flexibility is defined as the difference between the electrical load of the plant when it works to deliver the maximum amount
of heat that can be stored in the DH sector (considering the accumulation in storage) and the base load, as reported in Eq. (14):

max max
i . snai (k) + Prpsyi (k) Phpoyy 0
(k) = - (k
Tpanui (k) mm{ COP(k) "CoP (k) Upa i (K) (14)

where ©7554; (k) is the maximum heat power that the i-th P2H can inject into the i-th thermal storage system.

Base case: without P2H flexibility exploitation

In the Base case, although the two energy sectors are connected, the synergies enabled by the energy conversion technologies are
not exploited. P2H systems only operate to satisfy the needs of the thermal sector. According to the above definition, the P2H plants
always work at their base load, as stated in the control logic illustrated in Figure 6.

Optimized case: with Power-to-Heat flexibility exploitation

In the Optimized case, the flexibility of the P2H systems is exploited to control their electricity consumption and optimize the energy
flows of the electricity sector. The electrical load of the P2H plants is shifted as much as possible to match the VRES over-
generations, and thus reduce the RPF in the network transformers. Figure 7 summarizes the logic adopted to control the P2H plants
at the generic time step k. In the absence of VRES over-generation downstream of the i-th transformer, the electrical load of the i-
th P2H is kept equal to the base load. If the i-th transformer is subject to an RPF (RPFygs;), the flexibility of the i-th P2H plant is
exploited to absorb as much of the local VRES over-generation as possible.

RPFrpy(k) > 0 Upopsi (k) = upypui (k) End
RPF ik
£ (. ) Uppprwi (k) = Upyp; (k) + RPFrgy (k) End
> popu; (k)

YES

Upani (k) = Upppyips (k) + iy (k)

End

Figure 7. Flexibility exploitation control algorithm of the i-th P2H unit for RPF absorption.

2.2. Economic analysis

This section shows the details and parameters of the economic analysis carried out to evaluate the profitability of the use of P2H
plants. In particular, section 2.6.1 shows how the cost and earnings deriving from the use of P2H plants are calculated. Section 2.6.2
summarizes the assumptions regarding the P2H plant investment cost and its maintenance. Finally, section 2.6.3 shows how the
economic performance parameters were calculated.

11



2.2.1. Energy costs and incentives for flexibility

The average price of the electricity consumed by the P2H plants was estimated to be 60 €/ MWh. The heat generated by the plants
was estimated to be worth 45 €/ MWh. Indeed, the heat injected into the DH represents a source of revenues, as it brings about a
reduction in the central CHP usage, thus reducing the associated costs. Until now, the flexibility offered at the distribution level has
not been regulated. For this reason, a sensitivity analysis was performed: by varying the value of incentives from 0 to 60 €/ MWh,
the impact of these incentives on the cash flow of P2H plants has been investigated.

The energy costs and the incentives for the provided flexibility are summarized in Table 2.

Table 2. Flexibility incentives and energy costs

Parameter Unit Value
Average electricity cost €/MWh, 60
Heat cost €/MWhy, 45
Incentives for flexibility €/MWh, 0—60

2.2.2. Power-to-Heat plant cost assumption

The investment cost includes the HP purchase cost and the excavation/installation costs for the sink construction. Indications of the
total cost of various kinds of existing large scale HP projects (depending on the heat source and HP capacity) are reported in [51].
An investment cost of 700-1100€/kW is indicated for the specific case of a groundwater HP. According to [52], the investment
cost for a large scale P2H plant will decrease by 10% in 2030 and by 16-20% in 2050. This expected cost reduction will not be
caused by an energy efficiency improvement, as this technology is already well known and fully developed. Nevertheless, the use
of large HP plants connected to the DH is still not particularly widespread. In the future, the penetration of this technology is
expected to increase, with a consequent decrease in the production cost of the components due to a scale effect. In this study, an
investment cost of 770€/kWw has been considered, while, according to [37], the fixed operational and maintenance (O&M) costs
were assumed be equal to 2€/(kWm-year) and the plant lifetime equal to 25 years (see Table 3).

Table 3. Power-to-Heat plant cost assumptions.

Parameter Unit Value
Investment cost €/kW 770
Fixed O&M cost €/(kWy,-year) 2
Lifetime years 25

2.2.3. Simple pay back and Net Present Value

The economic flows of P2H plants are assessed on the basis of the electricity consumed, the heat produced, and the flexibility
provided, which are calculated as shown in Egs. (15-17)

K
Costeponsi = Cel Z Upopi(K) " T (15)
k=1
K
ReVpeqat pausi = Theat Z @popui(k) - T (16)
k=1
K
ReVfiox ponsti = Tfiex Z (uPZH#i (k) — ung#i (k)) ‘T (17)
k=1

where:

e Cost, pyys; represents the annual expenses for the electricity consumption of the i-th P2H plant,

e ¢, is the annual average price of electricity,

®  ReVp,q pays; indicates the annual revenues for the heat production of the i-th P2H plant,

®  Tyeq: 18 the specific revenue for the heat injected into the DH,

®  ReVjey paysi represents the annual revenues for the flexibility provided by the i-th P2H plant. The reader may appreciate
that this kind of revenue is not available in the base case as the flexibility of the P2H plants is not exploited (i.e.,
Upzni(K) = Upopyi(K),V k = 1,...,K),

® Ty, fEpresents the specific incentives for the provided flexibility.
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The annual cash flows (CF) of the P2H plants were determined by considering four factors: the earnings from the production of
heat, the earnings from the flexibility provided, the costs for the consumption of electricity, and the fixed operational expenditure
(OPEX), see Eq. (18).

CFpansi = ReVyearcronsi + ReVsiox cpanni — COSteiectricity,crzusi — OPEXcponsi (18)

The P2H plants were evaluated, from an economic point of view, by means of the calculation of the NPV, Eq. (19), and SPB, Eq.
(20).

Lifetime OPEX
P2H#i
NPVsusi = ~CAPEXpaun ). (= pase) (19)
t=0
CAPEXparn
SPBpyyy; = ——om PRI (20)
P2H#i CFPZH#i
Where:

o  CAPEX p,y4i1s the capital expenditure of the i-th P2H plant (considered only at year 0),
e DRis the discount rate, which is assumed to be equal to 6%.

3. Results and discussion

This section reports the results of the analyzed multi energy system scenario. In particular in section 3.1 the energy flows of the
multi-energy system are reported and discussed. While section 3.2 shows the economic evaluations of the P2H plants.

3.1. Energy flows between the electricity and district heating energy sectors

In order to illustrate the impact of the two different control strategies (Base case and Optimized case) on the multi-energy system,
in this section the energy flows obtained in the two cases are compared (see Figures 8-11).

In the Base case, P2H plants were controlled to optimize the energy flows in the thermal sector. The energy flows in the electricity
sector and the thermal sector of a characteristic day with a high heat demand are shown in Figure 8 (details pertaining to mid-
February). Since the three DH subnetworks of the scenario have the same characteristics, the heat demand profile is the same for all
three subnetworks. The P2H units are used from 0:00 to 5:00 to charge the thermal storage (light green area). Because of the limited
temperature that can be reached (90°C), the HPs alone are not able to charge the thermal storage, whose accumulation temperature
is 118°C. The storage charge is therefore supported by the heat coming from the transport DH network (called Central Heat: CH in
the figures - light gray area). The storage is loaded linearly at night until it reaches the maximum charge at 5:00. In the following
hours, the accumulated heat is used to cover the peak of the morning heat demand (orange area). The heat accumulated in the
storage, being at a high temperature, is able to satisfy the thermal demand of the network, without needing to take additional heat
from the DH transport network. Once the storage is empty (SoC = 0), the P2H plants are again put into operation to supply as much
heat as possible to the DH network. The HP plants are used to preheat the return flows of the thermal utilities of the network, thus
reducing the heat load required by the central heat power plant. The central plant supplies heat to the return flows, preheated by the
P2H plants, up to the operating working temperature of the DH. The heat from the central system is highlighted in dark gray in the
figures.

Figure 8b shows the electricity flows that occur downstream of the electricity network’s transformers. The dashed line shows the
VRES production within the network; it can be seen that TR#3 is the one that is affected the most by over-generation. The flexibility
of the P2H plants is not exploited to absorb VRES generation in the Base case. The load of the P2H systems is distributed, during
the day, only to satisfy the needs of the thermal sector (red area).

Figure 9 shows the heat and electricity energy flows for the same day in the Optimized case in which the flexibility of the P2H
plants is exploited. Until there is no over generation of VRES, the energy flows obtained in the Optimized case are the same as those
obtained with the control algorithm of the Base case. In the Optimized case, the electrical load of the P2H plants is controlled to
follow the VRES over-generation and mitigate the RPF that adversely affects the network TRs: the P2H plants are used to convert
excess electrical energy into heat to be stored in thermal storage. Figure 9b shows the electric power flows that occur in the three
electrical network transformers The overproduction in TR#1 and TR#2 is completely absorbed, while the over-generation in TR#3
(of greater entity) is not completely absorbed, thus leaving a residual RPF. P2H#3 cannot absorb all the over-generation of VRES,
as it has already reached its nominal capacity load. The optimized control of P2H systems also has an effect on the thermal sector.
Indeed, it can be seen that, in the middle of the day (12-15 for SN#1 and SN2, 10-15 for SN#3), when the VRES over-generation
occurs, the heat generated by the P2H plants increase compared to the Base case. In these hours the VERS surplus energy is
accumulated in the thermal storages (see Figure 9a). In the period immediately following the over-generation of VRES, the thermal
demand of the users is completely covered by the storage heat; see, for example, the orange area for SN#3 from 15:00 to 18:00.
From the electrical network point of view, the Optimized control logic allows the load of the P2H units to be shifted so as to match
the local VRES production. For example, the electricity consumption of P2H#3, which would have been from 15:00 to 18:00 using
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the base control algorithm (see Figure 8b), is anticipated and redistributed in a controlled manner during the VRES peak thanks to
the optimized control logic (see Figure 9b).

Figure 10 and Figure 11 show the energy flows for a characteristic day with a low heat demand (end of September) for the Base
case and the Optimized case, respectively. The heat demand is much lower than that in the winter case (see Figure 10a). Nonetheless,
the morning peak demand remains almost constant. In this period of the day, the water inside the network, which is at a low
temperature due to the limited energy flows at night, must be brought back to the operating temperature of the network, with a
consequent significant heat demand. The morning peak is covered again using the heat accumulated during the night. In the Base
case, the P2H load is more concentrated at night for the storage charge, due to the low heat demand in the central hours of the day,
and during the evening, when user’s heat demand is higher. The electricity consumption profile of the P2H plants is therefore out
of phase with the VRES generation, whose peak production occurs in the central hours of the day (see Figure 10b). The flexible use
of P2H plants makes it possible to shift part of the electricity consumption to the VRES over-generation hours (see Figure 11b). The
energy over-generation that afflicts TR#1 and TR#2 is completely absorbed on the day reported in the figure, while only a part of
the over-generation in TR#3 is absorbed. The absorption of the RES over-generation on TR#3 is blocked at 13:00, as the thermal
storage has reached its maximum state of charge and is no longer able to accumulate energy. The reader may note that the heat
accumulated in TES#1 and TES#3 is not completely released to the DH during the day (the SoC of the two storage units is greater
than O at the end of the day, see Figure 11a). The heat that remains accumulated in the storage at the end of the day is used the
following day. Even for the day before the one represented in Figure 11, TES#1 and TES#3 are not completely discharged at the
end of the day. In fact, as can be seen in Figure 11a, the SoC of the two storages at 0:00 is greater than 0. The heat accumulated in
the previous day is used to decrease the energy consumption used for night storage charging; the night energy consumption (thermal

and electrical) in Figure 10 should be compared with that in Figure 11.

14



SN#l & P2H#1 100 TR#1 & P2H#I1

3 T T T T T
150
0 v—'(\lmﬂ"ﬂ\ol\ooc\cv—'(\lmﬂV\\OI\OOQO—'NMVO —ANNTINONAS — AN NO-0NO — AN <t
— = = N N O = = OO O
SN#2 & P2H#2 TR#2 & P2H#2

3 —

Power [MW]

Storage SoC [%]

Power [MW]

—‘Nm#W\DI\OOO\O-—'NmVW\OI\OOmO—'NM
e et et et e et et O O N N

SN#3 & P2H#3

—OnTi e #e S SN T 0 S S ST O amsnerwocoanToenrag sy
Time [h] Time [h]
I CH to users W TES to users M CH to TES —---- SoC [ Passive load [0 Over-gen.
I P2H to users 71 P2H to TES —— Demand IP2H load - --VRES
(@) (b)

Figure 8. Base case energy flows in each DH subnetwork (a) and in each transformer (b). Details of a day with a high DH heat
demand (February).
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Figure 9. Optimized case energy flows in each DH subnetwork (a) and in each transformer (b). Details of a day with a high DH heat
demand (February).
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Figure 10. Base case energy flows in each DH subnetwork (a) and in each transformer (b). Details of a day with a low DH heat
demand (September).
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Figure 11. Optimized case energy flows in each DH subnetwork (a) and in each transformer (b). Details of a day with a low DH
heat demand (September).
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Table 4 reports the annual energy flows of the three DH subnetworks considered in the Base case for the Optimized case. The table
shows:

e the total heat demand of each thermal SN,

the heat supplied to the users produced directly by the central heat system,

the heat of the P2H used directly to provide heat to the users,

the heat that the central system and the P2H plants accumulate in the TES, respectively,
the total heat that is absorbed and then released by the TES plants.

As mentioned above, the three thermal subnetworks in the Base case behave in the same way, having the same characteristics. A
total of 33% of the heat supplied to users is supplied directly by the CH plant, 29% is supplied directly by the HPs, and the remaining
38% comes from thermal storage. In turn, 53% of the heat accumulated in the thermal storage comes from the DH central heating
system and the remaining 47% from the P2H plants.

The possibility of decoupling the heat demand from the production enabled by thermal storage is exploited in the Optimized case.
The heat accumulated in the storage, which is produced by the centralized heat plant and the P2H plants, increases. Conversely, the
heat that is supplied directly to the users (i.e., without first passing through the storage), which comes from the thermal power plant
and the P2H systems, decreases. It should be noted that both the total heat coming from the thermal power plant (CH to users + CH
to TES) and the total heat produced by P2H (P2H to users + P2H to TES) remain unchanged, compared to the Base case. The
flexible use of the P2H system, in fact, does not change the amount of energy required. Instead, it brings about a production time-
shift, which is made possible by the passage of energy through the storage systems. The greater the exploitation of the flexibility of
the P2H systems, the greater the use of the storage systems. In the analyzed scenario, SN#3 is the one that is most exploited to offer
flexibility. As a result of the flexible use of storage, the thermal energy that is accumulated annually in TES#3 increases by 32%,
compared to the Base case. The energy that is accumulated in TES#1 and TES#2, whose flexibility is exploited to a lesser extent,
increases, due to the flexible use of 29% and 18% of energy, respectively, compared to the Base case.

Table 4. Annual energy flows of the district heating network.

Unit SNi#1 SN#2 SN#3
Base Case  Opt. Case Base Case  Opt. Case Base Case  Opt. Case
Heat demand GWhan 14.77 14.77 14.77 14.77 14.77 14.77
CH to user GWhan 4.83 3.96 4.83 4.30 4.83 3.88
P2H heat to user GWhun 431 3.53 431 3.84 431 3.46
CH to TES GWhun 2.97 3.84 2.97 3.50 2.97 3.93
P2H heat to TES GWhun 2.65 343 2.65 3.13 2.65 3.50
TES heat GWhn 5.62 7.27 5.62 6.63 5.62 7.43

Thanks to the exploitation of flexibility, the P2H load is shifted to the VRES production hours. Table 5 shows that the quantity of
VRES consumed by the network increases and the imported energy (i.e., withdrawn from the HV system) decreases. The greater
the surplus is, the more the electricity load can be shifted and, in turn, the lower the electricity withdrawn from the transmission
system. Thanks to the flexible use of P2H plants, it is possible to absorb 1.37 GWh of VRES over-generation (about 40% of the
total over-production of the entire grid). The amount of energy taken from the HV system decreases by the same amount, as the
over-generation VRES decreases. In fact, the total load of the P2H plants is not modified, and is only shifted from the periods of
low VRES production to the periods of high VRES production.

The part of the network downstream of TR#3 is the one with the greatest over-generation of VRES (see Table 5). Consequently, the
amount of over-generation that have been absorbed by P2H in this part of the network is also the greatest: 0.67 GWhe., calculated as
the over-generations in the Base case minus the over-generations in the Optimized case. The over-generations absorbed by TR#1
and TR#2 are instead 0.48 GWhe and 0.22 GWhe respectively. Despite the fact that a greater over-generation of VRES in absolute
terms, is mirrored by a greater amount of over-generation absorbable by the flexible units, the effect is the opposite in percentage
terms: thanks to P2H units, it is possible to absorb 65% of the over-generations that affect TR#1, 73% of those that affect TR#2 and
only 26% of those that affect TR#3. In fact, the flexibility of P2H is limited by two constraints: the P2H nominal load and the state
of charge of the storage system. The greater the required flexibility is, the more frequent are the periods during which the unit works
at nominal load, thereby limiting the ability to absorb more over-generations of VRES. Moreover, when a greater flexibility and
greater amount of energy to inject into the storage are required, there is an increase in the periods in which the P2H plant cannot
provide flexibility, as the storage has reached the maximum state of charge.

Table 5. Annual energy flows of the electricity network.

Unit TR#1 TR#2 TR#3
Base Case Opt. Case  Base Case Opt. Case  Base Case Opt. Case
Electricity demand GWhe 7.72 7.72 16.40 16.40 5.65 5.65
P2H load GWhe 2.00 2.00 2.00 2.00 2.00 2.00
Electricity withdrawn ~ GWhe 5.72 5.24 12.02 11.80 3.05 2.38
VRES consumption GWhe 4.00 4.48 6.38 6.60 4.60 5.27
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VRES over-gen. GWhe 0.74 0.26 0.30 0.08 2.53 1.86

3.2. Economic results

Table 6 shows the electricity consumption, production and annual flexibility provided by the three P2H plants for both the Base and
Optimized case. The total production of heat and the total electrical consumption of the three units is the same. Since all three DH
subnetworks have the same characteristics, the quantity of heat that P2Hs can provide and, consequently, their electricity
consumptions are the same. The optimized use of the flexible units allows the load of the units to be shifted over time and enables
flexibility of the plants, without altering their annual energy production or consumption. The plant located downstream of TR#3 is
the one that provides the greatest amount of flexibility. The other two plants are located in less advantageous positions, and hence
they are less frequently used to offer flexibility. The exploitation of flexibility affects the economic flows of the plants: the greater
the flexibility provided by the plant is, the greater are the revenues for the related incentives.

In the hypothesis of 0 incentives (value of incentives = 0 €/ MWh), the economic revenues are exclusively derived from the
production of heat (equal for all the plants). Under this hypothesis, all three plants are subjected to the same economic flows, which
correspond to the economic flows of the Base case, in which flexibility is not exploited. The NPV of all the plants is €670,000 with
an SPB of 10.2 years (see Figure 12a and Figure 12b).

The economic benefits derived from the flexible use of the P2H facilities can be appreciated when flexibility incentives have values
higher than 0. The greater the incentives are, the greater the economic profitability of these plants (i.e., their NPVs) when their
flexibility is exploited. On the other hand, the variation of the incentive parameter in the Base case does not change the economic
flows, since the provided flexibility is always zero (see Figure 12a).

From an economic point of view, the best results are those pertaining to P2H#3. In the most optimistic hypothesis on the value of
incentives (60 €/MWh), the exploitation of flexibility allows the NPV of P2H#3 to increase by 82% and the SPB to decrease by
18%. The exploitation of flexibility also allows the other two plants to improve their economic flows, even though to a lesser extent.
In the most favorable incentive conditions, compared to the Base case, the NPV of plants 1 and 2 increases by 59% and 30%
respectively, and the SPB decreases by 13% and 7%.

It should be pointed out that the installation of a P2H system is always convenient, even when flexibility is not exploited. The gains
that can be derived from the production of heat compensate for electricity and investment costs. Nevertheless, economic profitability
increases significantly if the flexibility of the plants is exploited. In this case, the placement of the P2H plant within the electricity
network plays a significant role. In order to maximize the economic revenues, the P2H plant should be located close to the local
VRES over-generations. In fact, the greater the over-generations that the plant can absorb are, the greater the flexibility that the
plant can provide, with a consequent increase in the revenues for the related incentives. In the analyzed scenario, the NPV of P2H#3,
the one that is positioned the best, is as much as 40% higher than the NPV of P2H#2.

Table 6. Annual energy flows of P2H.

Unit TR#1 TR#2 TR#3
Base Case  Opt. Case Base Case  Opt. Case Base Case  Opt. Case
P2H load GWhe 2.00 2.00 2.00 2.00 2.00 2.00
P2H flexibility GWhe 0.00 0.48 0.00 0.22 0.00 0.67
P2H heat GWhan 6.96 6.96 6.96 6.96 6.96 6.96
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Figure 12. Net Present Value (a) and Simple Pay Back (b) of the three P2H plants for the Base case and for the Optimized case.
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4. Conclusions

This article investigated the concept of using DH connected P2H systems. Three benefits arise from using P2H systems: a) first, the
use of HP plants represents an efficient solution for the production of heat, b) second, these plants can be powered directly by
renewable sources, thus allowing the production of heat with a low environmental impact, and c) third, the P2H energy conversion
technology makes it possible to transfer the flexibility of the district heating sector to the electricity sector. A case study, based on
data from the DH and electricity network of the city of Turin, was analyzed The actual implementation of the strategies presented
in the paper requires the introduction of a communication system allowing the heat pumps to receive the setpoints and to dialogue
with the system operator (through an aggregator, as specified for example in [53]). This can be based on wireless communication
and use IEC 62325 for the exchange of the market information between the trading system and the market-place, and IEC 60870-
5-104 for the telecontrol of the heat pumps. The last one is well established and diffuse in Asia and Europe at distribution level,
even though the use of the protocol IEC 61850 is expected to grow and wide the fields of use in the future, and hence may substitute
it [54].The energy flows between the electricity and DH sectors, made possible by the P2H energy conversion technology, were
analyzed.

The main conclusions can be summarized as follows:

e In the analyzed scenario, the heat produced by the P2H plants could cover about 50% of the DH heat demand. However,
the heat demand cannot be completely satisfied by P2H systems, due to the limited output temperature this technology
reaches (a HP capable of reaching 90°C was considered in this study). However, the current Turin district heating network
works at a temperature of about 115°C. For this reason, the heat generated by heat pumps should always be integrated by
heat generated at high temperatures to reach the working temperature of the network.

e The flexibility enabled by P2H plants was used to absorb the over-generation of VRES that occurred at the distribution
level, which could cause RPF problems in HV/MV transformers. The P2H plants allowed the VRES over-generations to
be reduced by 40% over the whole year.

e  Thanks to the high efficiency of heat production, P2H systems proved to be advantageous from an economic point of view.
Even in the most disadvantageous analyzed case, i.e., without any incentives for providing flexibility, the investment cost
of building a P2H plant was found to be economically positive, with a simple payback time of approximately 10 years. The
exploitation of P2H flexibility allows the economic profitability of the plant to be increased. In the most favorable analyzed
case, the use of flexibility made it possible to increase the NPV of the plant by about 82% and to reduce the SPB by about
20%.

e Although all the analyzed P2H units were connected to the same electricity distribution network, the location of the
flexibility units had a considerable impact on the P2H plants’ performance. In order to maximize the economic profitability
of the plant, it would be necessary to place the P2H plant downstream of the transformer that is affected the most by VRES
over-production. In the analyzed scenario, the optimal positioning of P2H within the electricity network could yield a 40%
increase in profitability.

Thanks to their high conversion efficiency, heat pumps will play a fundamental role in the electrification of the heating sector
necessary for decarbonization objectives. Nonetheless, in order to maximize the benefits that this technology can offer, it is necessary
to take advantage of its flexibility enabled by the coupling of the thermal sector and the electricity sector. Flexibility that will be
increasingly necessary in future energy scenarios characterized by a high penetration of variable renewable energy sources in
distribution systems.
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