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Abstract: Power-to-heat technology represents a promising solution for the decarbonization of the
energy sector. The installation of large-scale heat pumps within district heating systems is widely
recognized to be a cost-effective and competitive way to provide flexibility to the electric system,
enhancing the use of intermittent renewable energy sources. The goal of this paper is to show how
the economic and environmental benefits provided by the installation of a large-scale heat pump in
existing district heating systems vary according to the installation location in different scenarios. To
do that, an integrated methodology is developed. This includes a physical model of the thermo-fluid
dynamic of the district heating network and a detailed modeling of the heat pump. To compare the
different positions and also the different operating conditions, an approach based on exergy analysis
is adopted. Moreover, a specific control strategy of the mass-flow rate is analyzed to further reduce
greenhouse gas emissions. The application to a real large-scale district heating network shows that
reductions in CO, emissions of almost 4% can be obtained by installing a single heat pump of about
4 MWe (over a total thermal load of about 305 MW't), while this positive effect can be reduced by up
to 63% if placing the heat pump at non-optimal locations.

Keywords: power-to-heat; district heating system; smart energy system; electric grid; thermal fluid
dynamic; thermal network model

1. Introduction

District heating (DH) is a convenient and low-carbon solution to provide heat and
domestic hot water to buildings, especially in high heat density areas [1]. With respect to
traditional heating devices, this technology offers higher security of supply, lower costs,
and lower greenhouse gas emissions [2—4], responding to the main challenges that the
European Union is facing [5].

Nowadays, this technology is experiencing a transition to a new generation of systems,
which has been defined by Lund et al. [6] as fourth generation DH (4GDH) and that will
help transitioning towards a future sustainable energy system. Among the most important
goals of this transition, the future DH systems will need to be able to reduce operating
temperatures, to integrate renewables, and to be connected to other energy grids in order
to pursue a common objective [7].

In this framework, power-to-heat technologies represent a promising solution for
renewable sources integration within DH networks [8-11]. Thanks to their numerous
advantages—such as the greater flexibility they provide to the electricity system and the
competitive investment costs [12]—these devices will have an increasing role in the future
energy system [13,14], representing an essential element in the development of integrated
multi energy systems [15,16]. Moreover, their integration within DH applications is be-
coming increasingly relevant as the operating temperatures of DH are targeting significant
reductions [17,18].

Between electric boilers and compression heat pumps (HPs), Blarke [19] found the lat-
ter to be the most cost-effective power-to-heat solution. Historically, the first DH-associated
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HP appeared in Switzerland in 1942, as a consequence of the poor fossil fuel supply dur-
ing the Second World War and the large availability of hydropower [12]. Then, during
the 1980s, HPs received particular attention—especially in Sweden—due to a national
electricity surplus from new nuclear power plants [12,20]. Nowadays, they represent
an interesting solution to efficiently use intermittent and unpredictable energy sources,
such as photovoltaic and wind power, playing an important role in the conversion to a
renewable-based energy system [21,22]. The state-of-the-art of large-scale HPs for DH
applications was analyzed by David et al. [23]. The analysis includes devices operating in
European Union with more than 1 MW thermal output. The work proved that existing
HPs are mature enough to be a key element of the future energy system. In particular, they
can be effectively adopted to push the transition to next-generation systems, as highlighted
by Abokersh et al. [24] in a work aimed at optimizing the performance of a HP on a solar
assisted district heating system.

The installation of HPs in DH networks can be carried out at different levels: at
building, network, and plant levels. The integration at the building level is achieved by
means of small-scale HPs: in this case, an effective integration of the two technologies can
be achieved adopting suitable business models, as discussed by Lygnerud et al. [25]. The
focus of this paper is instead on large-scale heat pumps (LHPs), which can be installed at
network and plant level. Due to the complexity of these systems, their optimal operation
is challenging to achieve; in this regard, Wei et al. [26] provided a data-driven MPC
optimization framework for a DH system using LHPs for heating supply.

Numerous papers have been published in the scientific literature to analyze the most
important characteristics of different configurations for the installation of HPs in DH sys-
tems. Barco-Burgos et al. [27] proposed a review of the different configurations adopted to
integrate high-temperature HPs into DH and district cooling networks. Ommen et al. [28]
focused on the operational performance of five different configurations of HPs for different
operating temperatures. This study proves that highest coefficient of system performance
and lowest costs can be achieved with the “source-demand” and “source-return” configu-
rations, in which the heat is respectively directly sent to the customers and used to preheat
the return line of a DH network. The seasonal coefficient of performance with different
heat sources was analyzed by Pieper et al. [29] who considered groundwater, seawater, air,
and multiple heat source cases which is found to be the best solution. The work published
by Sayegh et al. [30] deals with the integration of a heat pump into a DH network; after
presenting different solutions in terms of placement (central, local, and individual HPs),
connection and operational modes, the authors state that is not possible to obtain a unique
and universal solution. Instead, it is worthwhile to analyze each single situation and coun-
try individually. The Finnish case was analyzed by Kontu et al. [31], whose research work
aims at assessing the viability of large-scale HP in existing DH systems. Ayele et al. [32]
performed an economic optimization of the sizing and location of a heat pump within
small DH networks, showing the advantages of taking into account both the electric and
heating networks.

The aim of this work is to show how the advantages of installing a large HP within
an existing large scale DH network can be dependent on the location selected for the
installation. Indeed, besides the operating conditions of the system and the scenario
analyzed, this dependence can be related to the fact that the HP would work with different
operating temperatures according to the selected location. For this reason, an analysis
quantifying the potential advantages of HP installation at different locations of a sample
DH network is carried out. To perform this analysis, it is worth taking into account which
kind of thermal plants are operating and how they are managed, since this could have a
relevant influence on the performance of the system. The approach adopted is based on
exergy considerations and relies on a solid thermo-fluid dynamic model of the network,
which enables the consideration of the variability of the COP with temperature as well as
the limitations due to the fluid flow. Moreover, the implementation of a mass-flow rate
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control strategy is tested to further reduce greenhouse gas emissions. An application to a
case study of a large-scale DH system is presented.

The current paper is structured as follows: this first section introduces the topic and
justifies the relevance of the work, also giving a brief literature review. The second section
illustrates the methodology adopted in the analysis. The case study is presented in the
third section; while results are reported and discussed in the fourth section. Finally, the
fifth section is devoted to presenting conclusions.

2. Methodology

In this section, the approach developed to estimate the advantages of installing a LHP
at different locations of the DH network is discussed. This consists of:

1. A thermo-fluid dynamic model of the DH network, which is used to reproduce mass-flow
rates and pressures within the thermal distribution infrastructure. This step, described
in Section 2.1, is essential to obtain a proper estimation of the temperature at which
the HP works according to the location selected.

2. A model of the HP operations. The model, as discussed in Section 2.2, is coupled to the
thermo-fluid dynamic model of the DH network, since the performance and outlet
temperature of the HP depend on the temperature of water.

The two models are strictly related to each other. In Section 2.3, an in-depth description
of how the thermo-fluid dynamic model of the DHN and the model of the LHP have been
coupled is provided. The adoption of the two coupled models allows a complete description
of the network operations (including mass-flow rates, temperature, plant loads); this can be
obtained for different selected locations. The output of this analysis is used as input of the
exergy analysis, described in Section 2.4, which aims to compare the advantages provided
by the installation of a large-scale HP in the network at different positions.

Results of the exergy analysis are reported along with a comparison of the CO,
emissions in the different cases in Section 2.5.

2.1. Thermo-Fluid Dynamic Model of the District Heating Network

The thermo-fluid dynamic model of the network permits to estimate temperatures,
pressures, and mass-flow rates within the network. It is based on the conservation equations
of mass, momentum, and energy. The analysis is carried out in steady state conditions,
since the main goal is to analyze the operation of the system at different base loads, while
peak conditions that would require a transient simulation are out of the scope of the present
work. The steady-state assumption can be made when focusing on the operation of the
network on typical average steady conditions occurring after the morning start-up phase
and lasting for each operating day. A representation of typical profiles of the heating load
at building level and plant level is given in Figure 1, in which real profiles of a large-scale
DH network located in Italy are reported. This network is mainly used for space heating
purposes, while the supply of domestic hot water is limited to very few thermal users. The
following considerations can be made:

e At the building level, the heating load profile reproduces a typical pattern in Mediter-
ranean regions: in these areas, the heating devices of the buildings are shut down
(as in the reported case) or attenuated during the night, leading to huge thermal
requests in the morning when the systems are switched back on. Thus, the thermal
transient occurring in the morning is significant, but limited to few hours of the day.
On the other hand, after the start-up transient, an almost steady behavior is observed
for the rest of the day until the system is shut down in the late evening. To have a
better understanding of this aspect, the example reported in the figure has been tested
using a self-developed algorithm to identify the steady-state operating conditions.
The resulting steady-state operating points are reported with green dots in the figure,
and the corresponding average steady-state is represented with a dashed red line.
The main outcome of this test is that steady-state conditions can be identified for the
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majority of the day: in the presented case, they occur for more than 80% of all the
on conditions.

e A similar trend can be observed at the plant level: in this case, the total heating load
can be seen as a combination of all the heating loads of the buildings connected to
the network, the thermal losses, and the dynamics of the network itself. The profile
reported in the figure shows also in this case a low heating load during the night
(due to shut down and attenuation of the different buildings), a consequent heating
peak in the morning, and an approximate steady trend immediately after the morning
start-up phase. Possible deviation from average conditions (like the small valley in
the afternoon) are generally managed with thermal storages, while heating plants are
typically operated with a steady load. Again, steady conditions can be observed for
the majority of the time.
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Figure 1. Representation of the heating load of a building (left) and of the plants (right) during a
typical winter day for a large-scale DHN located in Italy.

For the mentioned considerations, although DH generally has a dynamic behavior
especially at the beginning of the day during the start-up transient and although this
behavior is affected by significant seasonal patterns, some useful analyses (e.g., in the
present work, the analysis on the influence of the location for the installation of a HP in a
DH network) can be carried out by taking into account each steady-state occurring during
each operating day of the year and representing the majority of the operating conditions.
Other examples of analyses on DH conducted in the steady state can be found in the
literature: Bahlawan et al. [33] have developed a diagnostic approach to evaluate possible
faults in DH networks based on a steady-state analysis, using a similar approach identifying
a point when the coefficient of variation of all physical quantities is lower than a fixed
tolerance; similarly, Jakubeck et al. [34] have proposed a validated heat loss calculation
algorithm presenting steady-state results.

The model adopted is one-dimensional and the complex structure of the network,
constituted by pipes connected each other through junctions, is represented by means of the
graph theory [35]. Each pipe is considered as a branch that starts in a node that represents
the inlet section and ends in another node, representing the outlet section. The topology of
the network is described by means of the incidence matrix A, which has as many as the
number of nodes (NN) and as many columns as the number of branches (N B). The general
element A;; assumes the value of 1 if the i-th node is the inlet node of the j-th branch, —1 if
the i-th node is the outlet node of the j-th branch, and 0 if the i-th node and the j-th branch
are not related to each other.

The equations that constitute the model are solved by means of the finite volume
method [36], whose key step is the integration of the equations over a control volume (CV).
On the one hand, continuity and energy equations are integrated over CVs including each
node and half of the branch entering or exiting it. On the other hand, the integration of the
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momentum equation is performed over CVs, including a branch and the two delimiting
nodes. Moreover, it is important to state the assumption of adiabatic and perfect mixing,
applied to the streams converging in a junction: the temperature of all the flows exiting
from the junction are assumed to be at the same temperature.

The integrated forms of continuity, momentum, and energy equations and their
application to a DH network result in the following matrix formulation [37,38]:

A G+ Gex=0 1
G=Y AT .P+Y-7 2)
K-T=g ®3)

Equation (1) represents the matrix form of the continuity equation, where G is a
vector of dimensions NB x 1 containing the mass-flow rate flowing in each branch of the
network, and Gext is a vector NN x 1 containing the mass-flow rates that are injected and
extracted in the nodes (respectively at the substations and in the plants if the return network
is considered).

Equation (2) is the matrix form of the momentum equation, in which Y represents
the fluid dynamic conductance matrix, of dimensions NB x NB, P is the vector NN x 1
containing the pressure at each node, and T is a vector NB x 1 containing the pressure
increase due to pumps.

These two equations make up the fluid-dynamic problem, with unknowns G and P. In
case of complex networks containing loops, this problem is solved by means of an iterative
algorithm, fully detailed in Sciacovelli et al. [39].

Finally, Equation (3) represents the thermal problem. Specifically, K is the NN x NN
stiffness matrix, constructed adopting an upwind scheme [36] to associate face values to
nodal values of temperature, T is the vector NN X 1 of the nodal values of temperature,
representing the unknown of the problem, and g is the known term vector NN x 1, ac-
counting for losses. As boundary conditions, mass-flow rates injected into the network and
the corresponding water temperatures are imposed.

For validation purposes, model results are compared to experimental data in Figure 2.
In particular, the supply temperature reaching four different substations belonging to dif-
ferent buildings connected to a small-scale DH sub-network located in Italy is represented;
this network corresponds to a portion of the large-scale DH network analyzed in this paper
as a case study in which a sufficient amount of experimental data are available. Model
results are obtained through a steady-state application of the thermo-fluid dynamic model
to the quasi-steady conditions identified in the analyzed network, while experimental
measurements (which are taken every five minutes) are made available by the DH oper-
ator. It is possible to appreciate an excellent match between results and measures for all
the on-conditions of the system. Concerning the off conditions (with zero heating load
due to the night-time shutdown which is very common in buildings in Italy), which are
highlighted in the figure with shaded areas, experimental measurements are not significant
since the measurement system is typically located in technical rooms of the buildings which
are unheated and exposed to outdoor conditions; thus, when the system is stopped, the
water mass is subjected to temperature losses that are far higher than those occurring
underground. Contrarily, when the system is active and the mass-flow rate continuously
circulates, this aspect does not significantly affect the temperature solution because of
the very short time the mass-flow rate circulates in the unheated environment. In these
conditions, model results show good alignment with the temperature values recorded by
the sensors. Further validation of the proposed thermo-fluid dynamic model of the network
(in its complete transient formulation) has also been conducted by previous studies [38,40].
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Figure 2. Comparison of experimental measurements and model results for the supply and return
temperature of four different substations belonging to different buildings of a small-scale DH network

located in Italy. Shaded areas refer to off-conditions in which experimental measurements are
not significant.

2.2. Heat Pump Model

The HP considered for the DH installation is an air-to-water HP with “source-return” [28]
configuration: ambient air is used to preheat water in the return line of the network before it
reaches the thermal/cogeneration plant, as illustrated in Figure 3. This layout guarantees a

lower source-sink temperature gap with respect to other available configurations. Thus, the
HP coefficient of performance (COP) is higher.

< DH supply line
Users . Plant
- DH return line o
> Lol
\ 4 A
AN
< FAVAVAN <

A\ 4

B

air
Figure 3. Schematic of a DH integrated HP with source-return configuration.

In order to represent the HP within the model, it is assumed that the mass-flow rate
is extracted in a certain junction (node) and then reinjected at higher temperature in a
new fictitious node, which is inserted downstream at a fixed distance. The mass-flow rate
processed by the HP is constrained by the maximum value admitted by the device: if the
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HP is located on a branch whose total flow exceeds this threshold, only a portion of the
flow rate is treated by the HP, while the remaining part bypasses the electric device and
then it is mixed with the flow that has been heated up by the HP.

The temperature of the mass-flow rate that is reinjected into the system depends
on (a) the inlet temperature, i.e., the extraction temperature, that consequently varies
depending on the position of the HP, and (b) the COP of the machine. Its value can be
derived from the definition on the COP of a HP, expressed by Equation (4), where Q
represents the useful heat and W,; is the input work, which is constant.

[¢]
|Wel|

COP = @)

Since Q = Gupcp(Toutyp — Tinyp ), being Gpp the mass-flow rate elaborated by the HP
(this value is limited by an upper boundary Gy;,), ¢p the specific heat of water, Tyt pp the
water temperature at the outlet of the HP (corresponding to the water temperature at the
injection node) and Tj,,,, the water temperature at the inlet of the HP (corresponding to
the water temperature at the extraction node), Equation (4) can be reformulated as:

cor-WwW
Touth = Tian + m (5)
The COP varies with the temperature of the cold source, i.e., ambient air, T¢, and
the temperature of the hot sink Ty, taken equal to the mean between T;,,,, and Toutpp, as
reported in Equation (6). This makes the COP dependent on the solution Ty, itself and
Equation (5) non-linear.

TH _ 1’[] meaII(TinHP; ToutHP)
Ty—— Tc mean Ty, Toutyp) — Tc

COP = ¢ (6)

In Equation (6), the coefficient ¢ represents the second-law efficiency of the HP. This
is a technical characteristic of the HP, expressed as the ratio between the effective COP,
measured with an experimental test and the Carnot COP at those conditions. The second-
law efficiency of the HP is kept constant throughout the analysis: in this case, the value of
1 is considered equal to 0.34.

In order to evaluate Ty, it is necessary to solve a system of nonlinear equations,
made by Equations (5) and (6), where Tj;,,, and Gyp depend on the topology of the network
and on the HP position and are evaluated by means of the thermo-fluid dynamic model.

2.3. Coupling District Heating and Heat Pump Models

In order to obtain a complete description of the operation of the system, the two
described models need to be coupled. The full model, including both the thermo-fluid
dynamic description of the DHN and the modeling of the LHP, can be summarized by the
following steps:

1.  Atfirst, a simulation of the supply line of the district heating network is performed.
This simulation uses as input the mass-flow rates required by all the buildings of the
network G, the share of mass-flow rate supplied by each plant G,, and the supply
temperature of each plant of the network T;. These values represent the boundary
conditions of the supply-simulation thermal problem. By applying the thermo-fluid
dynamic model developed in Section 2.1 to the supply network, it is possible to obtain
the temperature distribution along the whole supply line T°, besides the mass-flow
rates and pressure distribution (for clarity, only the thermal part is discussed in this
section, although the hydraulic part is also included in the simulation).

2. The second step consists of a simplified modeling of the thermal users” behavior.
This step allows calculating the boundary conditions of the return network thermal
simulation T}, (that are the input of the next step) by knowing the mass-flow rates
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required by the users G, their heating loads ®,,, and the supply temperatures of the
thermal substations T}, (which are part of the solution calculated at step 1 T%).

3. Once the boundary conditions of the return network thermal problem (namely the
temperatures leaving each thermal substation T}) are known, it is possible to run a
simulation of the return line of the network, requiring as further input the mass-flow
rates injected from the buildings G, and those extracted from the plants G,. This
is the step including the coupling with the heat pump model (being the heat pump
considered with “source-return” configuration). Indeed, the temperature distribution
along the return network T", which is the solution of the thermal simulation of the
return network, is influenced in this case also by the presence of the heat pump,
which is responsible for a temperature rise in the corresponding branch and needs
to be accurately included into the return network simulation. Thus, the conditions
described in Section 2.2 are imposed here: in the outlet node of the heat pump,
there will be a Dirichlet boundary condition to fix its temperature equal to Tout,p,
evaluated according to Equations (5) and (6); it is worth highlighting again that this
system of equations is non-linear, due to the dependency of the COP on the network
temperatures themselves. Thus, the coupling and the solution of this step is non-
trivial. Moreover, further non-linearities arise when considering the mass-flow rate
Gpp as not known a priori as assessed by the solution of the hydraulic problem, but
evaluated depending on the thermal solution itself, as will be shown in Section 4.4.
In this last case, some iterations are also needed to obtain the correct solution. In the
end, this step allows evaluating the temperature distribution along the whole return
network T".

4. The last step allows evaluating the final heating load of the plants as ®, = Gcp, (Tf, - T{,) .

The total heating load of the plants will be reduced with respect to the case without
heat pump because of the higher value of the return temperature T,, included of the
solution obtained at Step 3, in at least one of the plants.

The described model allows obtaining a complete thermo-fluid dynamic description of
the DHN considering the installation of a LHP. A schematic of the full model is reported in
Figure 4. The solution will be useful to estimate significant KPIs to assess the performances
of heat pump installation in different points of the network. These KPIs are discussed in
the next sections.

DISTRICT HEATING + HEAT PUMP MODEL

| STEP 1 STEP 2 STEP 3 STEP 4 '

1 1

. Supply Thermal Return Network Evaluation of ! OUTPUT:

INPUT: ' Network User Simulation + Heat the Plants ! Ts

Ty ! Simulation Model Pump Model Heating Loads ! T
G ! ' u
G: i INPUT: INPUT: ~ INPUT: INPUT: : T
w i TS, Gy, Gy, G, @, TS TY, Gy Gy W, 3 T, TS, G, i Tin

1 1 H
4 ' OUTPUT: OUTPUT: OUTPUT: OUTPUT: ! ¥

. T? (including T}7) e T (including 1) CDp ! (‘Dp

| |

1 1

: Gp Ty T* Gy T :

! THERMAL T’— THERMAL !

! ©p  PLANT USERS u !

1 . 1

: Tinup I :

1 1

1 1

1 1

1 1

. W  HEAT !

1 PUMP 1

| i i

Figure 4. Flow chart of the model including thermo-fluid dynamic simulation of DHN and a model
of the heat pump. For clarity, just single elements are represented (thermal plant, supply line, return
line, thermal users, heat pumps).
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2.4. Exergy Analysis

In order to show how the positioning of a LHP within a DH network could affect
the actual performances of the system, an exergy analysis is adopted. The parameter ¢ is
defined as the ratio between the exergy of the fossil fuel that can be saved thanks to the
HP (AEfye), which is the difference of the exergy of the fossil fuel before and after the
installation of the HP, and the electric power required (W,;):

o= AEfuel - Efuel, without HP — Efuel,with HP @)
Wei Wei

The HP is supposed to be driven by electricity from renewable energy sources, thus its
exergy contribution is not included when calculating the exergy saved into the numerator.
It is instead taken into account in the denominator in order to normalize the savings.

Different HP configurations are compared by monitoring the parameter ¢; higher
values of the coefficient indicate more advantageous configurations.

For the cogeneration plants, the exergy associated to the fuel consumption can be
estimated using the second-law efficiency #;; definition, reported in Equation (8). This
value is assumed constant and equal to 0.56, which is the value given by the company
managing the DHN analyzed.

Micnp = EECHP ®)

fuelchp

In Equation (8), Ecyp represents the exergy of the product, that is the temperature rise
of the DH mass-flow rate in the cogeneration plant. For each plant, it is computed as:

T,
Echp = Gplunt(bout - bin) = Gplfmtcp (Tout —Tin — Toln Ytiut) 9)
i

Therefore:
Gpluntcp (Tout —Tin —Toln %l:lt)

Nlicyp

EfMEZCHp = (10)

On the other hand, boilers have a constant first law efficiency, equal to 0.90, as given
by operators of the analyzed DHN. Hence, in order to compute the exergy of the fuel, it is
possible to suppose that it is equal to its thermal power:

_ GplantCP(Tout - Tin) 11)
nlboiler

Efudbuiler = q)fudboiler

In Equations (9)—~(11), Gyt represents the mass-flow rate processed by the plant, ¢
is the specific heat of the fluid, Ty is the temperature of the reference environment, Ty, is
the temperature of the water exiting the thermal plant, and Tj, is the temperature of the
water reaching the plant. T;,, is estimated using the thermo-fluid dynamic behavior of the
network. This estimation is carried out with the discussed numerical model.

2.5. CO, Emissions Reduction

The quantification of the environmental impact is completed by an estimation of the
CO, that can be saved through the installation of the HP. The carbon dioxide emissions can
be evaluated through the following equation:

Ech, rco,/cH.
meo, = 4T2/4 (12)
1

where Ecp, is the exergy of CHy (which can be directly related to the primary energy),
rco,/cH, is the CO; emission factor that can be estimated around 1.956 kgcoz/ Sm3gas,
and H; is the lower heating value, equal to 33.96 MJ/Sm? for the natural gas. The carbon
emission savings are obtained by subtracting the carbon dioxide emissions in the two
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cases (case without HP installation minus case with HP), which has been done for all the
scenarios analyzed to compare the emissions savings in various HP locations.

2.6. Cost Savings

Lastly, an evaluation of the convenience of installing a LHP within the DH infras-
tructure is carried out by monitoring an economic KPI, defined as the unit cost of thermal
production, which is labelled as ¢ and estimated dividing the total expenses (i.e., the ex-
penses due to the fuel consumption and to the electricity required by the heat pump) by
the thermal energy produced by the different plants (CHP, HOB, HP):

. ccH,Ech, + caWe
Ety,

(13)

The specific costs for gas and electricity are taken from a database of IRENA [41] and
referred to the year 2022, considering the EU ETS emission prices for fuel costs and the cost
for electricity coming from renewable solar production.

3. Case Study
3.1. System Description

The topology and the building thermal demand are taken from a real case study
consisting in a large-scale DH network (serving more than 6500 buildings) located in
Northern Italy. In the selected system, typical winter demand is 1 GW, with peaks up
to 1.4 GW. The main final use of the heating demand is space heating, while supply of
domestic hot water is limited to very few users. Six thermal plants and storages satisfy the
thermal demand of the network. The network can be considered as the integration of two
interconnected parts: the transport network (whose illustration is provided in Figure 5) and
the distribution network. The former connects the plants to multiple distribution networks,
and it is characterized by larger diameters. The latter, instead, connects the transport
network with various buildings located in the same area of the city, and it characterized by
smaller diameters.

CHP1

HOB2

HOB1

CHPr2

Figure 5. Schematic of the DH network topology. Only the supply transport line is shown.
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The network is supplied by pressurized hot water at 120 °C, while the return tempera-
ture varies from 50 °C to 70 °C, depending on the thermal load.

The storage available within the network, used for peak shaving, are not included in
the study since the analysis as previously discussed is carried out in steady-state operations.
Four plants are involved in the analysis: two CHP plants (labelled as CHP1 and CHP2) and
two boilers (HOB1 and HOB2).

The analysis is performed considering the average plant heating load, which is equal
to 305 MWt. The HP supplies the network with its nominal electric power, equal to 4 MWe.
Thus, it can provide about 3% of the total thermal power depending on the COP. Despite
the potential for the heating load to vary significantly during the year, this has a minor
influence on the optimal positioning of the HP, which is instead more affected by how
the heating load is distributed among the different plants. Moreover, the consideration of
the average heat load allows for significant results even when considering the full annual
operation, since it can be shown that ¢(®) = @(P) because their relationship is nearly
linear. These two aspects will be better addressed in the discussion section.

3.2. Analyzed Scenarios

To assess the convenience of installing the HP in different locations of the network,
different configurations are analyzed representing various combinations of the possible
production layout in terms of distribution of the heating load among the different plants:

e  Cogeneration-based operation (Configuration 1): The thermal power is completely
supplied by the two cogeneration plants CHP1 and CHP2 and by the newly installed
HP. The operation selected is that CHP1 and CHP2 process 53% and 47% of the total
mass-flow rate respectively.

e  Cogeneration and heat-only boiler operation (Configuration 2): The thermal power is
provided by cogeneration system and heat only boiler. Specifically, 63% of the total
mass-flow rate is provided by cogeneration plants and 37% from boilers. This scenario
refers to large demands that cannot be fully met by the cogenerators and less efficient
production systems—e.g., heat-only boilers (HOB)—must be operated.

e  The other configurations are characterized by off operations of the various plants (this
could happen for various reasons, such as maintenance or fault). Specifically, the
plants taken off in Configuration 3 to 6 are respectively CHP1 (Configuration 3), CHP2
(Configuration 4), HOB1 (Configuration 5), and HOB2 (Configuration 6).

The different distribution of the heating load among the different plants brings to
different results in terms of convenience of installing the HP in one point of the network
rather than another, which is evaluated by means of the various key performance parame-
ters discussed in Section 2. To have a global view of what happens throughout the whole
year of operation, an average scenario is analyzed, combining the different configurations
for their respective operating time. This scenario combines some time the system operates
in the condition of Configuration 1, some it operates as in Configuration 2, and the other
configurations (Configuration 3 to 6) are characterized by off operations of the various
plants. This allows a global yearly view assessment.

The average yearly operating conditions are estimated using an average coefficient,
weighted on the yearly operating time of each configuration. Thus, a new coefficient ¢ is
defined to take into account the percentage of time p of each configuration i:

# Conf.
9= Y pigi (14)
i=1

These six configurations are combined to estimate the average yearly operation with
two different scenarios:

e  Base-case: The installation of the HP along the return network brings an increase in the
return temperature to one or more production plants. The mass-flow rate processed by
each plant is kept unchanged with respect to the case without the HP. Consequently,
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the heating load of the production plants with higher return temperature decreases,
regardless of whether the plant is a CHP or a HOB.

e Different mass-flow rate control strategy: In this second case, when the HP preheats
the flow in the return line to the production plants, the mass-flow rate of the different
plants are subjected to a control strategy and modified with respect to the base-case
such that the CHPs are forced to work always at the same thermal power. If the
HP preheats a water flow directed to the CHP, its mass-flow rate is increased so that
the CHP thermal load is constant. The increased mass-flow rate also helps keeping
temperatures lower, improving the COP of the device. Instead, the HOB mass-flow
rate is decreased so that its thermal load decreases. This strategy results in a further
total exergy reduction even when the HP is located in the proximities of a CHP plant,
(in case of combined CHP-HOB operations). The heating load of the CHP plants is
reduced only in the case HOBs are not in operation (e.g., as occurs in Configuration 1).
This mass-flow rate control strategy can be applied only when there are not specific
constraints on the network infrastructure (e.g., mass-flow rate congestion and fluid-
dynamic bottlenecks).

4. Results and Discussion
4.1. Cogeneration-Based Operation

The first set of analyses aims at estimating the advantages given by the different
locations of a large-scale HP in a cogeneration-based DH system. Here, specifically, as
described in Section 3.2, CHP1 and CHP2 process respectively 53% and 47% of the total
mass-flow rate. The results obtained from the simulation are presented in Figure 6. What
stands out in the figure is that the best position for the HP is as close as possible to the
cogeneration plant. This is true for three main reasons:

e  If the HP is installed in the proximity of the plant, the distribution losses are lower.
Oppositely, if the mass-flow rate is heated-up far from the production plant, the heat
dispersion increases.

e  The closer the HP to the plant, the lower is the inlet temperature Tj,, due to the
distribution losses on the return line. This results in a positive effect for the COP.

e  The mass-flow rate is higher in the branches that are closer to the plant. Therefore,
given that the electric power of the LHP is fixed, and so is the thermal power, the
temperature rise is lower. As a consequence, T,,; might be significantly reduced:
this is a further and more relevant positive effect for the COP. However, it is worth
remembering that the mass-flow rate that the HP is able to process has a limit: if the
branch exceeds this threshold, only a portion of the flow rate is treated by the HP and
then it is mixed with the remaining part. This is the reason why comparable values of
@ are obtained for all the cases with a sufficient large mass-flow rate.

For these considerations, the highest value of ¢, equal to 43.1%, shows up at node 367,
that is the closest node to an operating cogeneration plant. This node is highlighted
in Figure 4 with a star marker. Concerning the carbon dioxide emissions, according to
Equation (12), the savings amount to 8.6 tcpp/day.

4.2. Cogeneration and Heat-Only Boiler Operation

When the thermal load is high, as described in Section 3.2, this is considered to be
supplied with cogeneration (63% of the total mass-flow rate) and boilers (37% of the total
mass-flow rate). Results of the simulation for this configuration are shown in Figure 7.
The most interesting aspect is that the scale significantly changes. Close to CHP plant, the
¢ values have approximately the same order of magnitude of the previous case. In the
proximity of boilers, the ¢ values are remarkably higher. This is because the mass-flow rate
processed keeps unchanged before and after the HP installation therefore the adoption of
the HP deals to a reduction in the heat supplied by the HOB. Second, HOB efficiency does
not decrease when increasing the return temperature; differently than CHP, as shown by
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Equations (10) and (11). Therefore, as expected, if they are operating, it is convenient to use
the HP close to the HOB thermal load.

P
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i 8r Boiler 0% ]
0 0.25
g
S 6r > 1002
-
o
3
o4t 11 qo0.15
Boiler 0% 10.1
2 - 4
{0.05
of . BCHP 47% e o
-5 0 5 10

x-coordinate [km)]

Figure 6. ¢ coefficient throughout the analyzed DH network in a cogeneration-based operation (the
star indicates the best position) —Configuration 1, base case.
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Figure 7. ¢ coefficient throughout the analyzed DH network when supplied by both cogeneration
plants and heat-only boilers (the star indicates the best position) —Configuration 2, base case.

In particular, for the same reasons previously mentioned—namely lower distribution
losses and higher COP—the best position for the HP turns out to be the closest one to the
boiler with the highest mass-flow rate. This happens at node 103, that ensures a ¢ value
equal to 234.2%. The corresponding amount of CO, emissions reduction is of 46.6 tco, /day.
This proves that reducing the thermal load of a boiler is far more effective than reducing
the thermal load of a CHP plant.

4.3. Average Operating Conditions

The previous analyses show that the differences among the various potential positions
for the installation of a HP a complex DH network depend on how the thermal load is
distributed among the different types of plants during the day. Here, the average yearly
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operating conditions are analyzed. The case reported here considers six different production
assets: the two configurations described in the previous paragraphs (Configuration 1
and Configuration 2) and four configurations in which one plant at a time is turned off
(Configurations 1 to 6). The results of each set-up are illustrated in Figure 8. The best
location of the HP depends on how much each configuration works. Therefore, a percentage
of time is fixed for each case, as reported in the figure.
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Figure 8. ¢ coefficient throughout the analyzed DH network with different configurations (the star
indicates the best position for each configuration) —Configurations 1 to 6, base case.

The values of @ for the proposed example are reported in Figure 9. An interesting
aspect is that the best position for the HP obtained by averaging the various configurations
(denoted in the figure with a star) does not correspond with any of the best positions of the
single cases. Actually, it is located at node 383, in a branch that is connected both to the
CHP and to the HOB. In this location, the temperature value in the return network—which
is used as the inlet temperature for the HP and influences the COP—varies between 50.4 °C
and 50.9 °C depending on the selected configuration (50.6 °C considering the average
yearly operation). The corresponding value of @ is equal to 116.5%.

Moreover, it is possible to estimate the CO, emissions that can be avoided in a whole
heating season, which is extended from October 15th to April 15th in the location considered.
If the HP is located in its optimal position they accounts for 4220 tcp, /y, which represents a
reduction of about 3.3% with respect to the total amount of emissions in a year without the
power-to-heat device (that are about 126 - 10% 0, /y). This percentage strongly depends on
the size of the HP, and it can be further enhanced by increasing its electric power. If the HP
is installed close to CHP2 and to HOB2 the CO, reductions are respectively of 1560 tcoy /Y
and 4058 tcop /y. This would lead to a decrease in the CO; savings of —63.0% and —3.8%
if placing the HP respectively close to the cogeneration and boiler plants instead of its
optimal position considering the whole yearly operation.
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Figure 9. ¢ coefficient throughout the selected DH system, averaged on the annual operation (the
star indicates the best position) —Average yearly operation, base case.

Finally, considering the unit cost of thermal production, it is reduced from 115 €/MWh
in the case the HP is not installed, to 111 €/MWh if installing the heat pump in its opti-
mal position.

4.4. Mass-Flow Rate Control Strategy

As highlighted from the previous findings, it appears to be significantly more favorable
to reduce the thermal load of a HOB (if it is working), by installing the large-scale HP in its
vicinities, since it is generally less efficient than a cogeneration plant.

On the other hand, the reduction in the thermal load of a cogeneration plant does not
give equally positive results. Indeed, in these cases the coefficient ¢ dramatically drops
from 234.2% to 44.2% (these values refer to the example in Section 4.2). Based on these
results, a different mass-flow control strategy is analyzed: the CHP are forced to work
always at the same thermal power while the HOB thermal load decreases, as detailed in
Section 3.2.

Considering the mass-flow control strategy, the ¢ coefficient throughout the DH
network for each configuration is reported in Figure 10. Apart from the first case, in which
the boiler is not active and there is no possibility to reduce its thermal load, all the other
configurations can obtain a greater average value of ¢. Note that, due to the control strategy,
the mass-flow rate percentages reported in the figure are no more exact, but they are useful
to give upper or lower mass-flow rate boundaries.

Figure 11 shows the weighted coefficient @, obtained according to Equation (13). In
this case, the maximum ¢ is about 133.1%, greater than the case without control strategy
(which was 116.5%) but in the same position. Generally, it can be observed that the value
of @ within the network is higher than the previous case: its average value passes from
50.3% to 96.8%. This is because, by applying the control strategy discussed, more positions
become attractive for the prospective installation of a power-to-heat device.
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Figure 10. ¢ coefficient throughout the analyzed DH network with different configurations, using
the mass-flow rate control strategy (the star indicates the best position for each configuration)
—Configurations 1 to 6, mass-flow rate control strategy.
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Figure 11. ¢ coefficient throughout the analyzed DH network, using the mass-flow rate control strat-

egy (the star indicates the best position) —Average yearly operation, mass-flow rate control strategy.

Regarding the CO, emissions, by applying the mass-flow rate control strategies it is
possible to obtain a reduction of 4823 tcpp / y(—3.8% with respect to the case without HP) by
locating the HP at its best position, 4376 tcp, /y near the cogenerator and 4298 tcp, /y near
the boiler. Consequently, potential CO, savings of respectively 9.3% and 10.9% risk being
lost if placing the HP close to the CHP or the boiler rather than at its optimal position, which
must be evaluated considering the average yearly operation. Comparing the reduction
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obtained in the case of mass-flow control strategy, improvements have been achieved in all
the cases, but the most significant improvement is achieved in the proximities of the CHP
plant, where the previous strategy performed poorly.

Finally, also the unit cost of thermal production drops to 110 €/MWh.

It is worth mentioning that the possibility to apply this mass-flow rate control strategy
is strictly dependent on the network configuration and on its operating condition. In
the case analyzed, there were not specific problems of mass-flow congestion within the
pipelines of the network. For other applications, these limitations must be taken into
account and the shift of mass-flow rate to the boilers can be operated only until the pipeline
threshold is reached.

4.5. Comparison and Discussion

A comparison of the different positioning in terms of CO, emissions is given in
Figure 12. To have a global view of the potential benefits, results are referred to the average
yearly operation and are reported both for the base-case and for the second scenario with
mass-flow rate control strategy. From this figure, it is possible to see that the CO, emission
reduction that can be achieved through the installation of the HP is always greater when
the mass-flow rate control strategy is applied, since in this case more positions become
significant for the installation of the device. In the best position, the installation of HP using
the mass-flow rate control strategy brings to a reduction in the yearly CO, emissions of
4823 tco, /y), which represents a —3.8% reduction compared with the case without HP.
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Figure 12. Comparison of the CO, emissions avoided with and without the control strategy proposed.
Three HP locations are considered: (1) the best location, (2) near CHP2, and (3) near HOBI.

In the case where no control strategy is applied (e.g., when it is not possible due to
the constraints and the possible bottlenecks in the network), using an approach that allows
estimating the best position for the installation of the HP becomes even more relevant
because the different savings of the various locations are higher. Indeed, the best position for
the HP—corresponding to an intermediate position—brings to a CO2 emissions reduction
of about 4220 tcp, /y (—3.3% with respect to the case without HP), while potential CO,
savings of 63.0% risk to be lost if misplacing the HP close to the CHP plant (corresponding
to a CO, reduction of 1560 tcp,/y), despite this plant being in operation for most of the
time; this potential reduction would be instead of 3.8% if placing the HP close to the boiler
(corresponding to a CO2 reduction of 4058 tco, /y).
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Finally, a summary of the values assumed by the different parameters adopted in the
analysis in different locations of the network (i.e., the best location, near CHP2, and near
HOB1) are reported in Table 1. The values reported quantify:

Table 1. Summary of the values assumed by the different parameters adopted in the analysis in
different locations of the network.

KPI
Average Yearly Value
17 CO; Reduction Cost Savings
. Near CHP2 43% 1560 tcon/y 0.8%
% % Near HOB1 112% 4065 tcop/y 2.7%
Mmoo Best position 117% 4222 tcop/y 2.8%
< I Near CHP2 121% 4376 tcop/y 2.9%
2%

£28 Near HOB1 118% 4298 tcon/y 3.0%
Best position 133% 4823 tcop/y 3.2%

e The exergy parameter ¢ defined in Equation (7) and representing the ratio between
the exergy of the fossil fuel that can be saved thanks to the HP and the electric
power required.

e  The CO, reduction which can be obtained as the difference between the CO, emissions
obtained in the scenario without the installation of the HP and the CO, emissions
achieved using the HP in the different cases, i.e.,: mé‘j’iotlz’out HP _ m%;ioth HP calculated
according to Equation (12). No emissions are considered for the electricity needed by
the HP, since it is supposed to be driven by renewable sources in this scenario.

e  The cost savings that can be achieved through the installation of the HP. This is

Cwithout HP?Cwith HP o . .
calculated as “— i 7p——, where the specific operating costs are evaluated using

Equation (13). In this case, both costs for natural gas needed by HOBs and CHPs
and the cost for electricity from renewables are considered. The investment cost is
not included in the computation since it has been found to be negligible: considering
the investment costs reported in [42,43] and the expected lifetime [43], it impacts cost
savings of less than 0.1%.

For all the parameters reported in the table, higher values correspond to more favorable
situations. Thus, according to the results, locating the HP in the right position assumes
more and more relevance, especially in the case in which flow control strategies cannot be
applied due to restrictions or bottlenecks in the network.

The installation of a HP in a DH network can be seen as a cost-effective way to integrate
renewable sources in the DH supply. Thus, the convenience of installing a LHP within
an existing DH network is clearly dependent on the availability of renewable sources in
the considered area. As a consequence, the values assumed by the different parameters
may significantly vary when electricity from renewable energy sources is not available.
To give more generality to the results, a similar analysis is repeated considering a further
scenario in which only 50% of the yearly electricity needed by the HP is supplied with
renewables, while the remaining part is obtained by CHP plants. Of course, in this case
the advantages tend to decrease, but the trend (depending on the positions and on the
flow control strategy) remains the same. In the best position, the CO, reduction decreases
to 1006 tcoy/y in the base-case and 1607 tcpy /vy if applying the mass-flow rate control
strategy; concerning cost savings, these are of 0.5% and 1.0% in the two different scenarios.

Finally, the relevance of adopting an average heating load for the analysis is demon-
strated. This is achieved by repeating the simulations of the base-case with a higher heating
load, set to about 600 MW and corresponding to the maximum steady-state condition iden-
tified during a year of operation in the selected case-study. The ¢ coefficient throughout
the network corresponding to this higher heating load is represented in Figure 13. The
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values are lower with respect to the operation at 305 MW not only because of the higher
temperatures on the return network (in this case, in the best position of the HP, the return
temperature taken as input of the electric device is about 64.7 °C on average, while in the
previous case it was 50.6 °C), resulting in lower values of the COP, but mainly because
the heating load provided by the HP has a lower share with respect to the total heating
load since the electric power is fixed. Nevertheless, the trend of ¢ among the different
positions is similar, since it is mainly associated with the different share of the heating load
among the various plants rather than on the absolute value of the heating load itself. For
this reason, the best position is always the same.
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Figure 13. @ coefficient throughout the selected DH system, averaged on the annual operation (the
star indicates the best position) —Average yearly operation with increased heating load (600 MW),
base case.

Finally, a black-box methodology is developed to quickly estimate the average ¢
coefficient corresponding to a different heating load. This model is built by elaborating all
the results (temperatures in critical points of the network, temperature increase given by
the HP) obtained with the average heating load, equal to 305 MW, in the cases without and
with the installation of the HP. This makes it possible to very quickly evaluate the ¢ value
corresponding to a situation with a different heating load ®. This model is validated by
comparing the @ values obtained from the model to those achieved with the full simulation
with the maximum steady-state heating load (about 600 MW): the relative error is very
small, less than 0.1%. This model is then used to estimate the @ coefficient for all the values
of steady-state heating load of the selected case-study over the year. The load duration
curve of the network considered is reported in Figure 14a and it can be seen that the
average heating load ® is about 305 MW. In Figure 14b, the values of ¢ corresponding
to each ® value are reported. It can be seen that the average ¢ value obtained with the
analysis discussed in the previous chapters using the average steady-state heating load ® is
9(®P) = 1.1653 and is very well aligned with the value that would have been obtained with

a full analysis ¢(®) = 1.1693. The relative error is less than 0.4%, proving that not only the
trend along the various point of the network is the same, but also that the absolute values
assumed by the parameters are significant for representing the average yearly operation.
This is related to the nearly linear behavior of ®(¢).
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Figure 14. Steady-state load duration curve of the large-scale DH network analyzed (left) and values
of @ corresponding to each steady load (right).

5. Conclusions

LHP installations within DH networks are among the main strategies to improve the
system efficiency and to reduce carbon dioxide emissions.

The paper proposes a methodology to analyze how the advantages provided by the
installation of LHPs in existing large DH networks can vary considering different potential
locations for the installation of the device. The proposed approach combines: (a) a steady-
state thermo-fluid dynamic model of the network; and (b) a model of the HP that considers
a variable COP and a limit on the mass-flow rate that can be treated. The comparison of the
different positions is carried out by means of exergy considerations on the results provided
by the integrated model. Moreover, CO, emissions and production costs are proposed as
further KPIs.

An application to a real DH network is proposed. The potential benefit is quantified
through the following parameters: (a) ¢, representing the ratio between the exergy of
the fossil fuel that can be saved thanks to the installation of a HP and the electric power
required; (b) the CO, emission reduction; (c) the unit production cost.

By analyzing the results, it turns out that the potential benefit is strictly dependent on
the adopted plant configuration. Regarding the influence of the positioning, in the case of
a cogeneration-based system, it results to be more convenient to collocate the HP in the
immediate vicinity of the CHP plant, due to distribution losses and COP-related reasons.
On the other hand, if a boiler is operating within the system, it turns out that reducing
its thermal load is significantly better: therefore, if the mass-flow rates processed are not
changed, the HP should be located in its proximities (because it reduces the boiler supplied
heat). Thus, to have a global view, it is worth to consider the average operating conditions
over a year. By doing this, the best position for the HP results to be in an intermediate
position, which allow a CO, emissions reduction of about 4220 tcpy/y (—3.3%) if a HP
of 4 MWe is used. Potential CO, savings of 63.0% can potentially be lost if misplacing
the HP close to the cogeneration plant (corresponding to a CO, reduction of 1560 tcop /y),
despite it is the plant that works for the majority of the time; this reduction would be 3.8%
if placing the HP close to the boiler (corresponding to a CO; reduction of 4058 tcop /).

Finally, a further analysis is performed by considering a different mass-flow rate
control strategy in order to improve the advantages provided by the installation of a HP.
This is possible in the case of networks and operating conditions in which there are no
specific problems of flow congestion. The mentioned control strategy aims to reduce the
boiler load, although the HP is located on the return line toward a cogeneration plant. This
is achieved by increasing the mass-flow rate of the CHP according to its return temperature
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and by decreasing the boiler mass-flow rate. In this way, the CHPs are kept at a fixed
thermal load, while the boiler load is reduced despite its return temperature does not
increase. This helps enhancing the advantages provided by the installation of a HP within
the system, by increasing the saved carbon dioxide emissions up to 4823 tcoa/y (—3.8%)
with respect to the case without HP. In this case, if the HP is not located at its best position
but close to the cogeneration plant or to the boiler, the potential CO, savings reduce by
9.3% and 10.9% respectively.

To sum up, it can be stated that the outcomes of this study are promising in terms of
reduced pollutant emissions guaranteed by the installation of a LHP driven by renewable
sources within an existing DH network. The approach discussed in this work represents a
powerful tool to compare different potential locations for installation and to reduce even
more the carbon dioxide emissions.

As regards possible developments, the CO, emissions monitoring could be performed
under variable excess of electric power. Furthermore, the model could be extended to also
take into account the distribution losses in the electric grid.
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Nomenclature

c Specific cost (€/kWh) Acronyms

cp  Specific heat (J/kg/K) COP  Coefficient of Performance

E Exergy (W) DH District Heating

G  Mass-flow rate DHN  District Heating Network

H;  Lower heating value (M]/ m’) HP Heat Pump

p Percentage of time (-) LHP  Large-scale Heat Pump

Q  Useful heat (W)

r Emission factor (kg/m3) Matrix/Vectors

T Temperature (K) A Incidence matrix (=)

W Input work (W) G Mass-flow rate vector (kg/s)

g Known terms vector (W/K)

Greek letters K Stiffness matrix (W/K)

nr  First-law efficiency (-) P Pressure vector (Pa)

71 Second-law efficiency (-) T Temperature vector (K)

g Elzii}:gK;;;)r (W) Y IFluid-dynamic conductance matrix (Pa)

P HP second-law efficiency (-) T Pressure rise vector (Pa)
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