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Abstract: This work aims at developing a methodology for the assessment of district heating (DH)
potential through the mapping of energy demand and waste heat sources. The presented method is
then applied to the Metropolitan City of Milano as a case study in order to investigate the current
and, especially, the future sustainability of DH with the foreseen building refurbishment and
consequent heat demand reduction. The first step is the identification of the areas the most
interesting from a heat density and an economic point of view through a clustering algorithm, in
which lies the main novelty of the work. The potential is then assessed by investigating their synergy
with the available heat sources, which are mapped and analyzed in terms of recoverable thermal
energy and costs. In future scenarios with foreseen heat demand reduction, low-temperature
networks and excess heat sources are considered, such as metro stations and datacenters, together
with the conventional sources, such as thermoelectric plants. The outcomes prove that lower heat
demand corresponds to higher network costs with consequently reduced district heating potential
but also prove that the properties of low-temperature district heating can potentially compensate
for the drop in its cost-effectiveness. Another interesting finding is that the renovation of buildings
in an area should be not performed evenly but with criteria; for instance, in synergy with DH
diffusion.

Keywords: district heating; district heating potential; clustering; low-temperature district heating;
distribution costs

1. Introduction

In recent years, within the challenge of reducing greenhouse gas emissions, thus
reducing primary energy supplies while simultaneously meeting the energy demands of
growing populations and a vibrant economy, district heating (DH) has gained increased
interest and importance, especially in Europe. According to Ref. [1], the thermal sector in
Europe accounts for about 50% of the final energy consumption and around 80% of total
final energy use in buildings. Moreover, as it can be derived from the studies conducted
within the Ecoheatcool project [2], initiated by Euroheat & Power in 2004-2006, the
majority of European buildings are highly dependent on fossil fuels to provide energy for
space heating and domestic hot water. With the European Directive 2004/8/EC [3], district
heating has been recognized for the first time as a technology capable of extensive
recycling, distribution and utilization of excess heat flows, but it is only with the 2016 EU
“Strategy on heating and cooling” [4] that European Union really commits in energy
efficiency assessing that “a smarter and more sustainable use of heating and cooling is
within reach as the technology is available.” This technology is district heating.
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Since it is a centralized heat supply, district heating is characterized by economy of
size and optimized operational conditions in heat generation, allowing high conversion
efficiency, hence improved utilization level of primary energy supply and lower
combustion emissions [5]. Indeed, what is meant is that by replacing individual heating
solutions with natural gas boilers with centralized DH, it is easier to control the
environmental impact with respect to emissions of NOx, dust and noise: it is easier to act
on reducing stack emissions from a single power production plant integrated to DH with
respect to a multitude of NG or coal-fired boilers. CO:z emissions are also reduced when
using DH since recycled heat or renewables can be used. In the same way, centralization
allows to better exploit the primary energy, with higher conversion efficiencies also due
to the fact that potential conversion losses can be easily detected and taken under control.
Moreover, the fundamental characteristic of district heating is that local costumer
demands can be met through the exploitation of several different heat sources, which can
be not usable by any individual heating technology [6] and whose heat would otherwise
be wasted.

Nevertheless, besides these notable features, the main limitation of district heating is
that its domain and operation are bounded to the local dimension [5]: distribution
networks are generally limited to a maximal cost-effective total length of 20-50 km,
dependent on the amount of energy transported, as reported in [1]. The core issue at the
basis of district heating systems economy is, therefore, that their suitability and
competitiveness are strictly related to the local heat demand concentrations: since the
investment costs for the construction of the network are very high and represent the
additional cost with respect to any individual heating solution, the profitability of these
systems is significant only if the local conditions allow them to be widely exploited [5]. It
basically means that the important investment cost for the construction of the distribution
network is repaid only if the heat demand is very high and concentrated. In future energy
systems headed to sustainability and improved overall energy efficiency, the heat demand
density is expected to significantly decrease as a consequence of the foreseen building
refurbishment, and this translates into the need of analyzing the profitability of DH, which
could be questioned.

In order to investigate the current and especially the future sustainability of DH with
the foreseen building refurbishment and consequent heat demand reduction, this work
presents a methodology for the evaluation of large-scale district heating potential, from a
technical and economic point of view, in current and future heat markets. The developed
methodology has been indeed applied to four scenarios, which represent four different
energy configurations with increasing rates of building refurbishment, dictated by the
European Long-Term Strategy for 2050 [7], and with different district heating
technologies. In the first scenario, representing the current energy system in the area
under study, and in the second one, 3rd generation district heating (3GDH) has been
considered: it is characterized by steel distribution pipes in which the hot fluid is
distributed at an average temperature we assumed equal to 90 °C. Instead, in the other
two highly refurbished scenarios, 4th generation district heating (4GDH) systems have
been simulated. The aim is to investigate how DH potential varies if a reduction in heat
demand is considered together with a reduction in distribution average temperature,
which can potentially lead to a reduction in distribution capital costs and in heat
generation costs. Indeed, 4th generation district heating technology is characterized by
cheaper construction materials (plastic pipes) and more performing systems, by lower
distribution temperatures and distribution losses, by the possibility to exploit excess heat
otherwise wasted and therefore not purposely generated. For such reasons, it is expected
to be able to cope with the reduced heat demands while maintaining economic
competitiveness (lower total cost with respect to the individual heating solutions) and
while ensuring its environmental sustainability.
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1.1. Aim of the Work

This work provides a methodology for the assessment of large-scale district heating
potential, from a technical and economic point of view, through the mapping of energy
demand and waste heat sources. The Metropolitan City of Milano is used as a case study,
and the methodology is applied to simulate current and future scenarios. The method is
composed of mapping-based steps for the estimation of the heat demand, the assessment
of the recoverable heat from available sources and the estimation of costs through their
matching in space. District heating feasibility is assessed starting with the identification,
through a clustering algorithm, of the areas the most interesting from DH network
development; thus, areas in which the heat demand density is high enough to ensure
limited distribution costs. Afterwards, the quantification and the mapping of the available
waste heat sources are performed in the area under study. Conventional heat sources,
such as power plants, are considered in the case of 3GDH, and unconventional low-
temperature excess heat sources, such as industries, wastewater treatment plants, metro
stations, datacenters and groundwater wells, are added in the case of 4GDH. In the
identified strategic areas in which there are suitable conditions for the implementation of
district heating, its potential is then assessed from an economic point of view, by
comparing the overall cost associated with this technology (thus, distribution costs,
transmission costs, heat generation costs) to the individual heating solutions taken as
reference, namely oil- and natural gas-fired boilers in the current case and air- and
ground-source heat pumps for the future scenarios. By considering the overall cost
associated with DH, we are not excluding a priori the areas with low heat demand density
and consequent high distribution cost. Indeed, an area with these characteristics could
still be attractive for DH development if cheap heat supply sources exist there: the high
distribution costs in low heat demand density areas can be counteracted by the integration
of cheap excess heat sources [8].

1.2. Previous Studies

This work is certainly not the first one in which the aim was to assess district heating
potential at a large scale, but several innovative aspects have been introduced. First of all,
since the existing district heating systems in Italy belongs to the 3rd (or even to previous)
district heating technology, this work represents an innovation in the sense that the
estimation of the potential of 4th generation district heating at a large scale has never been
computed before in an Italian context. Regarding Europe, investigations of district heating
potential at a large scale have been already performed, but they all deal with the current
3rd generation technology. Among them, Heat Roadmap Europe 4 (HRE4) [9] and
Hotmaps [10] projects, both financed by means of the European Union’s Horizon 2020
research and innovation program established from 2016 to 2019, proved to be at the basis
of the methodology presented in this work (HRE project especially). Indeed, even if their
focus was the estimation of district heating potential at a large-scale level in the current
configuration, i.e. 3rd generation district heating, they addressed all the key steps of DH
potential analysis: analysis of the building stock and of the heat demand, analysis of heat
resources and their potential, mapping and definition of suitable DH regions.

Concerning 4th generation district heating, several research studies can be found in
literature, but they are mainly based on small and experimental networks. Much of the
strategic research and development on low-temperature district heating in Europe has
been mainly carried out in countries with high district heating penetration rates, such as
Sweden, Denmark and Finland, where there is a strong tradition in heat planning and a
mature district heating market. Among the most important research performed in these
countries, there is an Annex X project [11], in which there are 7 existing applications of 4th
generation district heating technology reported around the world, and the study in Ref.
[1], published in 2019 by the Aalborg University (Denmark). Both contributed to
demonstrate the potential of low-temperature district heating in future heat markets,
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highlighting the technologies needed to improve energy efficiency along the entire value
chain of district heating from production over distribution to delivery. In parallel with
them, many studies are investigating the use of heat pumps powered by ambient heat in
DH networks: in [12], large heat pumps integrated into DH are studied as a solution to
increase the flexibility of renewable energy overproduction and eight natural sources for
the HP are analyzed. In [13], a mapping of low-temperature heat sources for DH is
performed for Denmark. Similar studies have been performed also in Finland and Sweden
[14,15]. The majority of these studies focuses on heat pumps using ambient heat, but
several pieces of research are currently being developed in relation to their application to
less conventional low-temperature heat sources such as wastewater treatment plants
[10,16], datacenters [17,18], power transformers [19], metro stations [20] and industrial
processes [21-24].

The common basis of all national and regional studies about DH potential
development in synergy with excess heat recovery and renewables is the geographical
characterization of heat demand and heat availability. Since the heat demand density is
the driver of the infrastructure costs of a district heating network, the final extent of the
district energy system is governed by the infrastructure costs, correlated to the heat
demand distribution and concentration, but also to the availability of resources. That is
for this reason that the energy system analysis must be combined with spatial planning.
The concept of “heat synergy regions” where high heat demand and heat availability
coexist have been defined for the first time in the first pre-study Heat Roadmap Europe 1
[6] through the definition of a simple excess heat ratio: a ratio equal or greater than one
means that the excess heat supplied is equal or greater than the heat needed in the area.
The method has been then improved in the following Heat Roadmap Europe 4 (HRE4)
project [25] through the definition of a priority grouping, in order to exclude those areas
in which the excess heat ratio 21 were given by simultaneity between very low supply and
very low demand. The first priority group includes all the regions with high levels of both
heat supplied and heat demanded, determining the most suitable regions for excess heat
recovery projects such as district heating; the lowest priority group includes all the regions
in which there is the possibility to exploit excess heat, however where both heat demand
and excess heat availability are low.

Even if the approach has been perfected, a new method based on a clustering
algorithm has been introduced in this work with the aim to perform a deeper exploration
at the local level both in current and future energy frameworks. In particular, the
introduction of clustering allowed defining heat synergy areas at a large-scale level (the
Province of Milan in this specific case) by taking into account local aspects and giving
more specific results, for example by assessing the convenience to connect an existing heat
source to an identified DH network rather than another one. Even the number and the
shapes of the clusters are determined by the input conditions, thus by the energy
framework of the analyzed area. This means that the areas to be furtherly studied in order
to assess the costs related to DH to be compared with the individual heating solutions are
not established a priori and with a defined shape and size (e.g., the hectare). Clustering
algorithms or other approaches for heat demand aggregation have been proposed and
utilized in other studies that can be found in literature. In these cases, the aim was similar:
to assess the integration of DH in urban energy systems [26] or to perform a spatial-
approach heat planning in urban areas [27]. In the first-mentioned research study, the
buildings of the city under study that are not connected to a DH network are grouped
through the k-means clustering algorithm. This algorithm, anyway, requires that the
number of clusters to be generated is defined a priori as input, avoiding the output
variations according to the starting energy framework of the area. In [27], and in the most
recent version of the study [28], a suitability map for DH is elaborated through a spatial
smoothing method based on fuzzy algorithms, which consider the influence of nearby
objects. In this way, an overview of the suitability areas in space and time is obtained, and
in each of them, it is possible to find out the leading heat supply system. However, it
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presents several intrinsic limits: it is a grid-based approach, in which the areas to be
grouped have a predefined shape that is the hectare; the approach can lead to the situation
in which a raster cell is suitable to more than one supply category, requiring further local
analysis and planning; the “weight” used to assign a category to each cell is the linear heat
density estimated based on modelled pipelines. Again, this would require subsequent
detailed planning, since networks could be topologically incorrect, and the choice of linear
heat density as weight could lead to excluding a priori areas with low heat demand
density and consequent high distribution cost, but with cheap heat supply sources, which
will make these areas interesting from DH point of view.

The added value of this work is to have developed a schematic methodology, which
is therefore simplified in certain aspects but clear, reproducible and explicit. The
developed methodology allows recognizing all the steps that make possible a first
recognition of the plausible potential of an area by combining technical and economic
aspects. The main novelty of this work is the definition of the areas the most suitable for
DH development, through a density-based clustering algorithm, in a way that makes DH
potential analysis possible even for future scenarios. The methodology is therefore useful
as planning support for policy makers but also for operators in the sector and local
planners.

2. Methodology

The assessment of DH potential is a complex issue that requires the knowledge of the
heat demand and characteristics of the building to be served on the one hand and the
typology and amount of available heat supply sources on the other, together with their
associated characteristics and costs. It ultimately requires the combination of these two
elements both in space and in time in order to quantify the amount of recoverable heat
through DH systems, the associated costs and, therefore, the affordability of this
technology.

The concept of affordability can be evaluated from the perspective of the DH user, of
the utility provider or from the viewpoint of the policy maker, whose aim is to ensure the
community an effective heating service at reasonable prices. In the work here presented,
the economic convenience of the analyzed technology can be placed in the last-mentioned
option since the general aim is to define DH potential at a large-scale level, from the
energy system point of view.

The basic idea behind the calculation of the economic sustainability of DH here
assumed is the one elaborated in the Heat Roadmap Europe (HRE) project [9], according
to which a district heating system is feasible and competitive in a certain area if the total
cost of district heat is lower than the cost of the heat generated by any alternative
individual heating solution.

A schematization of the general cost situation is illustrated in Figure 1, where the
expenses required to supply the same amount of heat are reported for the case of the
individual solution and for district heating. The cost components are always the
investment cost and the operation and maintenance costs. In the case of individual heating
solutions, they are solely referenced to heat generation; however, in the case of DH, they
also need to be considered for the distribution and transportation network, which is,
therefore, the marginal factor when comparing localized and centralized heating
solutions. By observing the illustration of Figure 1, it can be understood that district
heating competitiveness occurs if the total cost associated with the centralized heat
generation is sufficiently low (with reference to the figure below, A < 0). This happens
when the heat demand density is high enough to enable the construction and the
operation of a heat distribution network at an affordable price, even when considering an
expensive heat source; or when the high distribution cost to be paid in low heat density
areas is counteracted by the possibility to exploit low-cost heat from an excess heat source
located in the surroundings.
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Figure 1. Graphical representation of the possible terms of comparison between the individual heating solution and
district heating. Adapted with permission from ref. [29]. Copyright 2021; Urban Persson, Eva Wiecher, Bernd Moller, Sven

Werner.

The potential of district heating is assessed in terms of costs and corresponding heat

market shares in comparison with the individual heating solutions, but, as mentioned in
[9], DH can be considered as a local issue: the assessment of its competitiveness necessarily
requires extensive information, such as the spatial distribution of local heat demands and
supply sources.

With the aim to assess DH potential at large scale without overlooking the

fundamental local aspects of this technology, the work consists in the mapping-based
steps reported in the following;:

1.

The first step relates to the heat demand and particularly to the share of heat demand
that could be technically met by district heating, considering both residential and
service sectors. Four scenarios are evaluated, and the total heat demand estimated in
each of them is geographically distributed in the area under study, with a spatial
resolution that is given by the census areas (Census areas are geographic regions
defined to take population and housing censuses, and they generally represent the
smallest territorial entity for which these types of data are available in most countries).
In two scenarios, the overall estimated heat demand is supposed to be met by 3GDH
networks. In the other two, only the fraction of heat demand that is foreseen to be
refurbished is considered, and it is supposed to be satisfied by 4GDH networks.

The second phase of the work concerns the distribution cost. In each census area, the
length of the potentially constructible distribution network is estimated, and the
distribution costs can be calculated on its basis. The technical potential of DH in
census areas with an acceptable distribution cost is assessed.

The following step is the aggregation of the census areas through a clustering
algorithm, based on the technical potential filtered by considering the estimated
distribution costs (the result of point 2). The most suitable regions (clusters) for DH
development are therefore identified for the case of 3GDH and 4GDH. Taking Figure
1 as a reference, these clusters are composed of census areas for which A < 0.
Therefore, the clustered heat demand is obtained.
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4. In the fourth step, the existing renewable and excess heat supply sources are
identified and mapped, and the amount of heat that could be recovered and
potentially used in each cluster through district heating networks is estimated. The
length and the costs of the transportation network are estimated.

5. At this point, the overall cost associated with DH technology (the sum of the total
distribution cost in Figure 2 - box a , heat generation cost in Figure 2 -box b and
transmission cost in Figure 2 - box c) in each identified cluster can be compared with
the cost that would be paid if the same amount energy were met by individual
heating solutions. District heating economic potential in each cluster can be assessed.

6. Ultimately, DH potential can be assessed as the economic potential (obtained in point
5) over the technical potential (from point 2) or over the clustered heat demand (from
point 3).

A graphical representation of the methodology developed and used in this work is

reported in Figure 2.

. - Effective width
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* Period of construction
« {1 Centralized heating system l
(ol - Technical potential of DH with acceptable
Heat demand . Dlstrlbutlon.capltal cost o distribution cost
estimation -  [PUITEIIng @ess (Sum of heat demand for those census areas
Technical potential + substation cost where @< Cing so1)

(retrieved from DH companies
associated to AIRU) e MinPts, n

* Eps ¢
M atchind
Heat sources’ recoverable
c

economic potential of DH

DBSCAN algorithm -
Clustered heat demand
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b

’ Heat generation cost ‘
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adapted to the Italian case )
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v

DH economic potential assessment

Figure 2. Schematic representation of the methodology developed and used in this work for DH
potential assessment. Step 1 in yellow, step 2 in orange, step 3 in red, step 4 in green, step 5 in blue
and step 6 bolded in black. Boxes labelled a, b and c are summed in step 5 to obtain DH total cost.

2.1. Heat Demand Estimation — Technical Potential

The first distinction between the proposed scenarios stands in the heating needs to
be met. The methods used to quantify the heat demand have been developed by Pozzi et
al. in the framework of a wider project, funded by the Italian DH association AIRU, which
has as main focus the estimation of renewable-based DH potential in Italy [30], starting
from open data sources. In that context, the models used for the residential and the service
sectors in Milan, presented at the 6th International Conference on Smart Energy Systems
[31], have been extended to the Italian country and validated.

The main input data used for the quantification of the thermal energy consumption
in residential and service sector buildings in Milan and for the subsequent distribution at
census level have been retrieved from four main references: ISTAT [32], CENED [33], GSE
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[34] and the Hotmaps toolbox [35]. Please refer to [30] for further details. The overall heat
demand in each census area for the current scenario is assessed, and it is then reduced to
obtain the heating needs for the other three envisaged scenarios.

2.1.1. Heat Demand Estimation in Current Scenario

Regarding the current scenario, not all the estimated overall heat demand in each
census area can be met by a DH system. A first technical criterion is defined: we consider
that among the multi-family buildings, only the quota in which a centralized heating
system is already installed can be technically connected to a DH network. This can be seen
as a pretty strong hypothesis since the connection to DH of a non-centralized multi-family
building is not impossible, but it would require additional important costs for the re-
design of the distribution system and the installation of the substation. In view of this, the
estimated overall heat demand technically connectable to DH (technical potential) in each
census area is evaluated as in Equation (12), where ¢ [%] is the ratio of buildings
equipped with a centralized heating system to the total number of existing buildings.
Another assumption is that only 25% of the buildings with a centralized heating system
has also a centralized system for domestic hot water (DHW) preparation.

Qtot curr; = (@su; + Qpuw, " 0.25 + Qrgg,) - € [Wh/year] M

2.1.2. Heat Demand Estimation in Scenario 2

In the second proposed scenario, the overall heating need in each census area is given
partially by the current heat demand and partially by a reduced heat demand, as can be
seen in Equation (2). The definition of the reduced heat demand has been done according
to the EU 2050 Long-term Strategy [7], according to which 40% of the overall heating needs
will be reduced by 60% in 2050 through building refurbishment. The remaining fraction
of heating needs not involved in this reduction, which therefore accounts for 60% of the
total, is considered as in the current case.

Qtot_casez; = Qrot.curr; " 04 - (1 —0.6) + Qrotcyrr, * 06 [Wh/year] )

2.1.3. Heat Demand Estimation in Scenarios 3 and 4

In the third and fourth scenarios, only the heat demand related to the foreseen
refurbished buildings is considered, and it is assumed to be met by low-temperature
district heating networks, thus by 4GDH.

Concerning scenario number three, the fraction of considered heat demand is the
same used in scenario number two (thus, the one envisaged by the EU2050 LTS [7]); the
only difference is that the remaining not-refurbished part is neglected.

Scenario number four, eventually, represents the case in which a 60% reduction is
assumed for 100% of the existing buildings, meaning that a complete requalification is
hypothesized.

2.2. Estimation of the Overall Distribution Network Cost

Once the heat demand technically satisfiable by DH is estimated, in order to assess
the cost associated with this technology in each census area, it is necessary to estimate the
investment and operating costs related to the heat distribution network, which generally
accounts for more than half of DH total cost. Since the aim of the work is to assess DH
potential in current areas in which this technology is not yet installed and in future
scenarios with increased buildings refurbishment rate, the network that could be
potentially built needs to be simulated. To this end, the effective width correlation
developed in Sweden by Persson et al., within the Heat Roadmap Europe project [36,37],
to estimate the length of the potential distribution network on a given territory based on
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demographic and urbanistic parameters has been adapted to the Italian framework and
used. Starting from this estimated network length, the capital cost associated with the heat
distribution network is then calculated by applying the distribution capital cost model
[36]. The overall distribution network cost is finally assessed as the sum of the distribution
capital cost, the operating and pumping cost, the substation cost.

2.2.1. Distribution Capital Cost, Cy

The problem of distribution network simulation and associated cost estimation has
been already treated at a large scale in previous works conducted by Persson and Werner
since 2010 [29,37,38]. Based on existing networks in Sweden, the researchers managed to
define a parametric curve that relates the effective width w, defined as the ratio of the
area under study over the length of the network in this area, to the plot ratio e, which
expresses the building density within a city area. The linear heat density, Q/L [MWh/m],
which is the ratio between the total heat annually sold to the costumers connected to the
network (i.e., the technical potential estimated in paragraph 2.1) and the length of the
network itself, can be then computed as in Equation (3) and, eventually, the investment
cost related to the network can be calculated as in Equation (4) by using the capital cost
model defined by Persson et al. within the Heat Roadmap Europe project [36].

Q Wh

rmaewe [ ©
C—a*%—a*(clJrCZ*d“) €/Wh 4
d — % - % [/ ] ()

C’/L [€/m] represents the specific investment cost per metric unit of length; a is the
annuity (exactly as it was done in the HRE project [29], the annuity factor a has been
chosen equal to 0.051, based on a real interest rate of 3% and 30 years investment lifetime
of the DH network, to reflect a long-term investment strategy to obtain the benefits of
district heating in the future); d, is the average distribution pipe diameter computed as
in Equation (5) as function of the linear heat density; C; indicates the size-independent
construction cost constant [€/m]; C, is the construction cost coefficient [€/m?] directly
proportional to the pipe diameter d,, since it represents the cost of putting pipes into the
ground. Please note that Equation (5) is valid only if considering the linear heat density

(%/,) in[G/m1.

dy = 0.0486 - In (Y, ) +0.0007 [m] )

This exact methodology has been used in this work, but a different formulation of
the parameter effective width has been formulated, validated in the Italian context [39]
and applied according to data availability in input data. The result is the Equation (6),
where the effective width has been formulated as a function of the building ratio n,,
namely, the ratio of the number of total buildings, residential and tertiary, over the total
land area, A;.The linear heat density formulation changed as well, as in Equation (7). For
further details on the effective width formulation, please refer to the correlated Italian
study of ref [39].

w = 50.25 - n,7%1%27 [m] (6)
2 = /A wny) whym) 7)

In the case of the distribution capital cost Cy, the difference between the 3rd and 4th
district heating technologies can be mainly attributed to the disparity between the used
construction cost coefficients C; and C,, which are representative of the different
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construction materials used for distribution pipes: steel in the case of the current 3rd
generation district heating and plastic in the case of the future networks. Starting from
empirical values of these coefficients, obtained through a collection of data among district
heating utilities in Milan, C; and C, has been taken equal to 780 €/m and 1878 €/m?,
respectively. Concerning the case of 4GDH, a reduction of 15% has been applied, again,
based on the local utility know-how.

2.2.2. Pumping Cost

In addition to the costs associated to the network, we also considered the operating
pumping cost (8). Based on district heating practical experiences in Italy, we assumed that
the energy consumed for pumping is 5% of the energy injected into the network and that
the electrical cost associated to pumping, cepymp, amounts to 107€/MWh (as estimated
by RSE [40] for a DH Italian utility in 2030) both in the current and in the future scenarios.
Please refer to [30] for further details.

The equations used for the case of 3GDH for the current scenario and the second
scenario are reported in the following. In the case of the future scenario, only the pumping
cost value and the linear heat density vary.

Cpump = Qtot_CURRi " quy * 0.05 - Cel,pump = Qinjected *0.05 - Cel,pump [€] (8)
_A2nG %
9% =" [%] )
L
n — —
(Ts,i + Tr,i) = . o
G = Z S T unai ) With 1= 87603600 [C 5] (10)

i=1
Qinjectea is the estimated overall heat demand technically connectable to DH, increased
because of the distribution losses: losses along the network mean higher thermal energy
generated at the supply sources with respect to the heat needed by the users. The
percentage of losses to be considered is calculated as in Equation (9), where 4 [W/m2K]
is the average heat transfer coefficient of the network, and G [°C - s] represents the
integral throughout the year of the differences between the ground temperature and the
average DH distribution temperature.

2.2.3. Substation Cost

The last cost item to be defined is the investment cost required for the installation of
the substations. Again, according to experimental data from existing networks retrieved
from DH companies associated with AIRU, the annualized cost for the substation in single
houses is assessed to 39.5 €/ MWh and to 7.1 €/ MWh in multi-family houses.

Once the total cost related to DH distribution networks (sum of pumping cost, costs
for distribution network construction and operation and substation cost) has been
estimated, the technical potential of DH in the census areas with an acceptable overall
distribution cost is assessed. It is defined as the sum of the heat demand of all those census
areas in which the required total distribution network cost per MWh supplied is lower
than the cost to be paid if the same amount of heat is met by individual heating solutions
specific to each census area.

This value of heat demand is required in the following step to perform the spatial
heat demand aggregation.

2.3. Spatial Aggregation — Clustering

The core of the work stands in the third step of the methodology: the spatial
aggregation of the census areas through a clustering algorithm, which brings to the
assessment of the clustered heat demand. A density-based algorithm has been chosen,
meaning that census areas are grouped according to not only the intensity of the heat
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demand but also their closeness. This step allows to identify the regions the most suitable
for district heating development and/or installation in terms of heat demand and based
on their geographical position. By considering the geographical distribution of the heat
demand, the treated areas are labelled as interesting and therefore selected according to
the urbanistic features of each of them and of all the adjacent areas. This represents the
main novelty of the research.

2.3.1. DBSCAN Algorithm

There exist several different methods to perform clustering, i.e., the automatic
grouping of similar objects into sets. Among them, DBSCAN (Density-based spatial
clustering of applications with noise) has been chosen, and it has been here implemented
on Python on the basis of a demo retrieved from Scikit-learn website [41] (Scikit-learn is a
free software machine learning library for the Python programming language, which features
various classification, regression and clustering algorithms). DBSCAN has been selected in
this study mainly because it is a density-based and non-parametric clustering algorithm,
which allows to handle very large databases and to obtain clusters dependent in number
and shapes on the database itself, meaning that the number of clusters is not a parameter
to be set a priori and meaning that clusters of arbitrary shapes are obtained, in contrast to
many other methods. Similar to linkage-based clustering algorithms, it is based on
connecting points within a certain distance threshold. However, it groups together only
the points that satisfy a density criterion, defined as a minimum number of objects
(MinPts, n) within this cut-off radius (Eps, ).

Given a set of spatially distributed objects and the values of the two input parameters,
the algorithm can differentiate the items to be grouped in three different ways:

e A point is named core sample if the number given by itself plus the existing points
in its neighborhood, which is determined by the radius of value ¢, equals or exceeds
the value of the MinPts parameter.

e A point is identified as border sample if in its neighborhood there is a number of
samples lower than the assumed 7 value.

e A pointisnamed noise or outlier if no samples are included within its radius of value
eps.

As it can be seen in Figure 3, a point labeled as noise is not part of a cluster, by
definition. Therefore, a cluster is a set of core and border samples.

MinPts = 4

Border v

Figure 3. [llustration of DBSCAN clustering algorithm. Source: [42].

It is evident that the number and the shape of the clusters are dependent on the
spatial distribution of the items to be grouped, and it is strictly related to the chosen
essential parameters. In this work, the centroids of the census areas represent the points
to be clustered. In order to group them according to the estimated heat demand, the
algorithm has been implemented by setting another optional parameter named
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sample_weight in addition to the two essential parameters described before. Its function is
to associate a weight to each point, such that a point with a weight of at least MinPts is by
itself a core sample and thus certainly included in a cluster. The weight used in this work
is the potential energy demand of the census areas to be served by DH, namely the
technical potential estimated for each census area once the heat demand and the total
distribution costs have been defined (output of the second step of the methodology). In
this way, the census areas characterized by a high heat demand, which also results to be
potentially met by DH in a cost-effective way with respect to any individual heating
solution specific to each area, are clustered and therefore chosen to be further analyzed.
On the contrary, the census areas in which the total cost associated with the distribution
network is higher than the cost of the individual heating solutions are excluded.

2.3.2. Definition of DBSCAN Parameters for the Application on the Case Study

According to the size and the characteristics of the treated dataset, the two essential
parameters, ¢ and n, can assume very different values. “The parameter n essentially
controls how tolerant the algorithm is towards noise” [41], and, therefore, it may be
necessary to choose larger values when treating very large datasets, noisy data or data
that contains many duplicates. The parameter ¢ controls the local neighborhood of the
points, and its choice is crucial for the clusters to be meaningful since it has a major impact
on the results. Indeed, when chosen too small, most data will not be clustered at all and
labelled as noise; when chosen too large, clusters will merge, and the majority of objects
will be in the same cluster. Their definition required a prior parametric analysis.

The analysis, carried out in the Metropolitan City of Milan, consisted of applying the
clustering algorithm to varying the parameters within certain intervals and in comparing
the obtained results of clustered heat demand and associated distribution network costs.
The values the most appropriate for ¢ and n have been selected either analyzing through
objective indicators the fluctuation in grouped thermal energy and costs, or by means of
manual analysis and ocular observations of the output generated by the algorithm,
avoiding the cases in which the points are grouped in few or too many clusters so that the
identified areas can be effectively representative of real district heating systems to be
potentially constructed.

For the municipality of Milan, taken as reference, the algorithm has been applied with a
chosen parameter n = 1 and with different values of ¢, ranging between 0.005-0.155. (Even if
the parameter ¢ indicates a distance, since it represents the cut-off radius within which the
algorithm counts the existing points and categorizes them based on the MinPts parameter, it
is a dimensionless parameter. Indeed, so that the algorithm can run, the dataset needs to
be standardized by removing the mean and scaling to unit variance). In Figure 4, the
resulting trends of the clustered heat demand technically connectable to district heating and
the overall cost of the potential networks are reported as a function of ¢.
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Figure 4. Trend of the clustered heat demand (blue line) and the distribution cost (orange line) to varying of the

parameter.

Since both the curves show a trend that is constant at first and decreasing then, the
first derivative of the heat demand (see Figure 5) has been chosen as an objective indicator
for the analysis. It means that the “optimal” value of ¢ is the one at which the curves
present a significant change of the slope, thus, where there is an increase of the clustered
heat demand in response to a decrease of the associated overall network (absolute) cost.
In this specific case of Milan, ¢ = 0.09 has been chosen.
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Figure 5. Absolute distribution total costs (blue line) and difference quotient of the clustered heat demand (orange line)
over the interval & = 0.005 + 0.155.

The same analysis has been then conducted for other Italian cities with different
geographical and urbanistic characteristics (i.e., municipalities with different territorial
extensions, different population densities, etc.) so that they can be representative of the
entire broader sample. Therefore, an optimal value of € has been defined for each of them,
and then, with a further investigation, the diameter of the city has been chosen as the
geographical/urbanistic parameter with which to correlate the eps parameter of each
municipality with the one of the reference city of Milan. It means that, starting from the
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optimal value of 0.09 assumed for Milan, the optimal & value can be assessed for all the
other cities composing the Province of Milan as in Equation (11).
dMilan [_]

&_municipality = 0.09 - (11)

dmunicipality

The diameter has been chosen among other parameters, as for instance, the total land
area or the floor area of the city, since it appears to be the one with which the difference
between the calculated value of ¢ and the one obtained with the analysis of the first
derivative is lower. The diameter, dmynicipaiity, Of €ach city has been estimated as the
averaged distance between the maximum and the minimum latitude and longitude
belonging to the city.

The application of the DBSCAN algorithm in the Metropolitan City of Milan, with
these parameters and with the distribution cost-limited technical potential as
sample_weight, has brought to the definition of 412 clusters, which include 8053 census
areas over the total 14011 composing the province of Milan. In Figure 6, the map with all
the census areas colored according to the estimated amount of the distribution cost-
limited technical potential in scenario 1 is reported; in Figure 7, the obtained clusters for
scenario 1 are illustrated. The census areas composing the generated clusters represent the
areas potentially the most appropriate and interesting for DH development: they are
characterized by high heat demand; they are potentially connectable to a DH system from
a technical and economic point of view; they are relatively close to each other.
Consequently, the areas excluded by the algorithm are considered as zones in which DH
is not reasonably convenient and where the heating needs can be met in a more cost-
effective way by individual heating solutions. Therefore, they are excluded from the
following steps of the entire methodology. In this sense, the clustering algorithm not only
allows to identify the areas in which district heating potential is higher, but it also operates
as a filter by reducing the scale of the problem and the computational complexity.

Figure 6. Map of the province of Milan at the census level. The census areas are colored according to the estimated technical
potential filtered by considering an acceptable distribution cost. Scenario 1.
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Figure 7. Map of the province of Milan, with the generated heat demand clusters distinguished by color. Scenario 1.

2.4. Heat Sources and Potential Transportation Network

In order to effectively compare, in each cluster, the cost of the individual heating
solutions with the overall cost related to DH (i.e., the sum of the heat generation cost, the
distribution cost and the transportation cost) to define its potential as the final result, the
fourth step of the methodology is the analysis and the mapping of the existing heat
sources. Their characteristics and their location will bring to the estimation of the heat
potentially recovered, the heat source cost and the cost required to transport that heat.
Since this work is mainly addressed to future district heating systems characterized by
low distribution temperatures, the heat supply sources considered are renewable and
excess heat sources, namely industrial facilities, thermoelectric and waste-to-energy
plants, wastewater treatment plants, groundwater wells, datacenters and metro stations.
The sources belonging to these categories that are already present in the province of Milan
have been derived from different databases and analyzed in terms of thermal energy
potentially recoverable through district heating systems. Lastly, they have been mapped
so that the length and the cost of the transportation network needed to connect them to
the clusters of heat demand previously generated can be estimated.

Regarding the high-temperature waste heat sources, namely industrial facilities and
combustion plants, waste-to-energy plants and incinerators, the databases from which the
input data have been retrieved are the AIA database, updated every year by the regional
Agency for environmental protection ARPA, for the first two categories, and the national
waste inventory of ISPRA [43] for the other ones. The input data related to the low-
temperature excess heat sources, i.e., datacenters and metro stations, have been retrieved,
respectively, from the free website called Data Center Map [44] and from PETA 4.3 web
map application [45], accessible at the Heat Roadmap Europe project web site. Eventually,
for what concerns the renewables heat sources, i.e., wastewater treatment plants and
groundwater wells, the input data have been derived from the Hotmaps Toolbox [35] in
the first case, and from the company in charge of managing the integrated water service
in Milan (MM S.p.A.) in the second case.
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2.4.1. Mapping of Heat Sources and Estimation of Excess Heat Recovery

Starting from these databases in which the values of energy, power and/or fuel
consumed by the sources, or the amount of CO2 emitted annually are collected, the
fraction of recoverable energy from each considered source has been estimated by
applying recovery coefficients selected from the most referenced studies found in the
literature [10,21-23], that are at the basis of the study of Dénarié et al. [46] in which those
values have been further studied and finally applied to assess waste and renewable heat
recovery in DH in Italy. Please refer to it for what concerns the analysis of heat supply
sources and the estimation of the recoverable heat.

In a very concise way, the procedure used to calculate the available excess heat Ej.q;
to be potentially recovered in a district heating system starting from the primary energy
consumed by the heat source is reported in Figure 8.

Not recoverable heat

Eexcess T>100°C
Heat internally recoverable
Recoverable heat < 60°C < T < 100°C
T < 100°C Directly recoverable, Epeat HT

Heat externally recoverable

T<60°C
Indirectly recoverable Epear LT

Figure 8. Procedure used for the calculation of the excess heat recoverable through a DH system, from the primary energy
consumption of the excess heat source.

Where Ep.;m is the primary energy input consumed by the production site, Eg
represent the energy absorbed by the production process, so the process energy used for
the realization of the final product, and E,y..ss indicates all the waste heat which is not
embedded in the final product and that is usually dissipated in the environment. Out of
this final term, which is the one of interest for this work, additional discrimination can be
done according to the temperature level at which this waste heat is produced. The level
of temperature with which to distinguish between high-temperature and low-
temperature sources is given by the average operational temperature of district heating
so that this cut-off temperature is around approximately 90 °C for the current case and
around 40°C for the future 4GDH case. Effluents at temperatures equal to or higher than
200°C are not considered in this study since it is assumed that this share of thermal energy
is more suitable to be internally recovered [21,46].

At the end, the methodology allows two results to be obtained in terms of the thermal
energy effectively recoverable in district heating systems, expressed as E,..yr (12) and
Erecir (13). In the case of excess heat at higher temperatures than the cut-off temperature,
the recovery can be directly performed by means of a heat exchanger, while in the case of
lower temperature excess heat, temperature upgrade through a heat pump is required.

Erec ur = Eneatur - Nxu  [Wh] (12)
COP
Erectr = Eneatur * Mxu - ©oP=1 [Wh] (13)

nxy identifies the recovery efficiency through the heat exchanger, essentially dependent
on the construction materials and the configuration of the HX; the COP of a heat pump,
which stands for Coefficient of Performance, expresses the ratio of provided useful
heating to work required. On an empiric basis, based on the authors’ experience, an
empirical value of 0.8 has been assumed as recovery efficiency through the heat
exchanger, while the coefficient of the heat pump has been estimated by means of the
Martynovsky empirical formulation reported in Equation (14) from Ref. [47].



Energies 2021, 14, 2627

17 of 32

COP = 074—¢ (O.OO32TE +0.765 T—E) +09 [-] (14)
Te —Tg Tc

Here, T represents the heat pump evaporation temperature, i.e., the temperature
of the hot fluid exiting the heat source, and T, represents the heat pump condensation
temperature, i.e., the temperature of the fluid when entering the heat exchanger of the DH
substation. In Figure 9, the curves representative of the 4th and 3rd generation district
heating technologies, with supply average temperature of 40 °C and 90 °C, respectively,
are reported. A supply average temperature of 40 °C has been used for scenarios #3 and
#4, while 90 °C for the current and the second proposed scenario.

COP_Martynovsky
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Figure 9. Heat pump COP as function of evaporator temperature for different values of
condensation temperature.

Higher values of COP and, therefore, lower operating costs are expected for the case
of 4th generation district heating. This means that, in future scenarios, a higher number
and variety of heat sources could be potentially exploited with respect to the current
scenario since higher heat generation costs can be counteracted by lower operating costs.

The costs related to the heat generation and the heat recovery from each of the
mapped sources have been estimated, and then, in each cluster, the average cost has been
summed to the total distribution network cost estimated as explained in chapter 2.
Eventually, for those cases in which a heat supply source is located in the vicinity of a
cluster and not inside it, the remaining cost item to be considered is the one related to the
required heat transportation network.

2.4.2. Estimation of Transportation Networks’ Length and Cost

Exactly as in the case of the distribution network, whose topology and length are not
known a priori, the estimation of these two features for transportation network represents
the fifth necessary step of the entire analysis here presented. Their length and especially
their associated cost are needed so that the overall DH cost can be assessed in each cluster
and compared to the individual heating solution. In this way, the cost-effectiveness of DH
and, therefore, its potential at a large scale can be determined. The main cost database is
given by [48,49] from the Danish Energy Agency (DEA), in combination with the cost data
retrieved from existing experiences in Italy.
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If an excess heat source results to be located outside any cluster, the length of the pipe
needed to connect this heat supply unit to the main potentially constructible network
within the cluster needs to be estimated. Therefore, the excess heat sources existing in the
province of Milan are mapped, and the linear distance between each point identifying the
source and each generated cluster in its neighborhood is obtained through a specific
processing tool implemented in QGIS. The result is the map in Figure 10.
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Figure 10. Heat map of a portion of the Province of Milan. Heat supply sources not belonging to any cluster are reported

as black points and they are connected to the nearest cluster through the “distance to the nearest hub” QGIS processing
tool.

At this point, considering that the transportation cost is mainly dependent on the
distance heat source-cluster and the amount of heat supplied that influences the
dimension of the pipes, a viable transmission distance is defined according to equation
(15) from Ref. [50], and only the heat supply sources characterized by an acceptable ratio
E,oc/distance are effectively considered.

Erec/ iy FEree <300 GWh

[km] (15)
60 Eyec > 300 GWh

Distance = {

The specific cost of the transportation network has been estimated equal to 5-10-
€/MWh/m, which also includes a cost increase due to the transportation losses along the
grid, according to the analysis of some of these connections. In those clusters that result
to be connected to an existing heat supply source, the overall DH cost is therefore
estimated as the sum of this transportation network cost to the distribution network and
the heat generation costs.

At the end of this step, the economic potential is obtained; thus, the sum of the heat
demand in all those clusters in which the DH total cost (i.e., the sum of the heat generation
cost and the distribution and the transmission costs) is lower than the cost required to
supply the same amount of energy with the individual heating systems specific to each
area.
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3. Results

At this point, the potential of district heating can be expressed in terms of DH
economic potential over the technical potential estimated in the second step of the
methodology or over the clustered heat demand obtained as the output of the clustering
algorithm in step 3. As it should be now clear, this share of heat demand that can be met
through district heating is assessed in terms of costs, according to the typology of the
networks (high or low distribution temperatures), according to the geographical position
of the heat demand assessed through the clustering algorithm and according to the
location and the typology of the heat supply sources.

With the aim to enable the reader to better understand and appreciate the obtained
findings for the Province of Milan, a sort of reference tool is given by applying the model
proposed by Persson et al. in the HRE project. In this way, the added value of the model
proposed in this work is highlighted (namely, the identification of synergy regions of
demand and heat sources through a clustering algorithm), and the findings that have
emerged by applying it could be appreciated not only in absolute terms but also in
comparison with the outcomes derived from the methodology currently the most
referenced and diffused. The results obtained on the census level through the application
of the reference methodology are compared with the ones obtained per cluster by
applying the methodology presented in this paper. They are presented in paragraph 3.1
for the current case (scenario 1) only.

Then, an overview of the intermediate and of the final results obtained by applying
the developed methodology to all the four scenarios are reported in paragraph 3.2.

3.1. Results Compared with the Reference Approach

The primary result indicator generally chosen in literature to assess the feasible
potential of district heating technology in the heat market comes from the analysis of the
distribution capital cost curve depending on the heat market share. Essentially, the
presented methodology has been applied for the computation of the specific distribution
total cost per census area to represent the reference approach and per clusters to represent
the innovative method, including the clustering algorithm. Then, so that the results can
be compared, a threshold value of 50 €/ MWh has been chosen, and the heat demand that
can be met without exceeding this limit has been estimated. The market share, defined as
the covered heat demand over the total heat demand in the area under study, is therefore
estimated as well. These results can be seen in Figures 11 and 12.
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Figure 11. Specific distribution total cost per census area for scenario 1. Results representative of
the reference methodology.
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Figure 12. Specific distribution total cost per cluster for scenario 1. Results representative of the
developed methodology.

According to the figure above, which is representative of the reference approach, we
can state that about 11600 census areas over the total 14000 can be served by DH with a
specific distribution total cost lower than 50 €/ MWh. They are responsible for a heat
demand of 12.3 TWh, which represents 93% of the overall technical potential with
acceptable cost, which is 13.3 TWh for scenario 1.
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If the same analysis is done at cluster level, what is obtained is illustrated in the figure
below. Here, 120 clusters over 412 can be met by DH without exceeding the cost value
chosen as limit. They are responsible for a heat demand of 9.05 TWh, compared with the
total 13.3 TWh, which gives a DH potential of 68%.

It is evident that the proposed method leads to a reduction of DH potential in
scenario 1 of about 30%. Anyway, this disparity should not be seen as a problem but rather
as proof that the presented methodology can exclude, in a unique step, those areas that
maybe are characterized by high heat demand but that are far from each other. It means
that the areas that would be included in defining DH potential with the reference
approach will still be excluded if a spatial analysis is done a posteriori. Indeed, as it can
be seen in Figures 13 and 14, the clustering algorithm brings to a reduction of the census
areas to be considered for the following steps of the methodology by excluding those areas
that are too sparse. The DH potential appears to be lower with the proposed approach,
but it is a more comprehensive result that takes into account the amount of heat required,
with also the relative position of the heat demands and their location with respect to the
available heat sources. Therefore, the overall required cost for DH expansion can be
estimated too.

Figure 13. Map of the census areas with an associated specific distribution total cost lower or equal to 50 €/ MWh. Scenario 1.
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Figure 14. Map of the clusters with an associated specific distribution total cost lower or equal to 50 €/ MWh. Scenario 1.

3.2. Results Obtained on the Modelled Scenarios by Applying the Developed Methodology

In Table 1, an overview of the intermediate and of the final results obtained by

applying the developed methodology are reported.

Table 1. Overview of the obtained DH potential (%) in each analyzed scenario, together with the results of each step of

the methodology.
Scenarios
1 2 3 4
3GDH 3GDH 4GDH 4GDH
DH technology (T) (90°C)  (90°C) (40°C) (40°C)
at census Technical potential 23.6 22.5 32 6.1
Heat demand  arealevel  Tech. pot. with acceptable distribution cost 13.3 12.7 1.3 2.9
[TWh] at cluster Clustered heat demand 10.1 9.7 1.02 2.2
level Economic potential 3.36 2.8 0.02 0.2
Average total  at cluster DH total cost 148.5 190.4 973.4 467.2
cost [€/MWHh] level Individual heating system cost 178.5 178.5 176.6 176.6
DH potential over the total heat demand 14% 12% 0.5% 4%
[%] over the clustered heat demand 33% 28% 1.5% 10%

As a reminder, scenario 1 represents the current case served by 3GDH; in scenario 2,
in which again 3GDH is considered, is assumed that 40% of the overall heating needs are
reduced by 60% through building refurbishment; in scenarios 3 and 4, only the heat
demand related to the foreseen refurbished buildings is considered, and it is assumed to
be met by low-temperature district heating networks, thus by 4GDH. In particular, in the
third scenario, the fraction of considered heat demand is the same used in scenario
number two, with the remaining part being neglected, and in the fourth scenario, 60%
reduction is assumed for 100% of the existing buildings.
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In order to give again a general insight on the results obtained, in Figure 15, the
values of the specific distribution total cost obtained in each generated cluster are sorted
from the lowest to the highest and reported for all four scenarios. Low values of cost
indicate a dense building environment, well suited for district heating expansion, while
higher values of cost basically indicate that the studied census areas are characterized by
lower heat demand concentration, where the possibility to install DH infrastructure is not
excluded a priori but requires that cheaper heat supply sources are exploited so that
higher distribution investment costs could be counteracted by lower heat generation costs.
When performing the subsequent step of the methodology with the matching of the
clustered heat demand with the heat supply sources, these areas could become relevant
as the ones that already present a low specific distribution total cost.
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Figure 15. Average specific distribution total cost per cluster. Curves are constructed for each
studied scenario by ordering the values in ascending order.

By analyzing Figure 15, it can be seen that the two curves identifying the case of
3GDH (scenario #1 and #2) present an interesting plateau which indicates that the
expansion of this technology can occur with a reduced increment of costs. It basically
means that a market share of about 75% (circa 300 clusters over the obtained 412) can be
reached with specific costs that remain almost constant and below 100 €/ MWh. These low
values of cost indicate a dense building environment, well suited for district heating
expansion, while the sharper increase of costs over 75% market share (over the plateau)
basically represents the clusters with lower heat demand concentration.

For what concerns 4GDH, it can be noted that the distribution capital cost is generally
higher than the cost related to 3GDH. This is an expected result because of the higher
refurbishment degree that implies lower values of linear heat density. An overview of
linear heat density is presented in Figure 16, where the first and the second scenarios show
the highest values of linear heat density.
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Figure 16. Average linear heat density obtained in each generated cluster. Values are reported in
ascending order and for each studied scenario.

The second and more comprehensive result is given by the comparison, in each
generated cluster, of the total cost of district heating (i.e., the sum of heat generation cost,
distribution cost and transmission cost) with the average cost of the existing individual
heating solution. In the following, this result is reported for each considered scenario.

3.2.1. Results for the Current Scenario

In scenario number one, DH potential is evaluated within the current heat market
framework, thus by considering the current heating needs, to be served at high
temperature (we assume an average distribution temperature of 90 °C). Therefore, its total
cost is compared with the individual heating supply technologies that are installed
nowadays to satisfy the heat demand.

As it can be seen in Table 1, the estimated annual heating needs that can be technically
met by DH in all the census areas composing the province of Milan, from residential and
service sector buildings, for space heating and domestic hot water, accounts to 23.6 TWh.
Of this, the amount technically connectible to DH with an acceptable distribution cost is
equal to 13.3 TWh, and the quota that is clustered is about 10 TWh.

Then, by considering also the heat generation cost and the transmission cost
estimated in step #4 of the methodology, the average DH total cost in each cluster is
assessed. The comparison of this cost with the average cost required to supply the same
amount of heat demand in each cluster by means of individual heating solution allows,
eventually, to obtain the economic potential. In this first scenario, it equals 3.4 TWh.

The two cost items compared to assess the economic potential of DH in the area
under study are reported in Figure 17 for the first scenario.
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Figure 17. Representation of the total DH costs reported in ascending order and compared to relative individual heating
system cost in each identified cluster for Scenario 1.

Each generated cluster is composed of a certain number of census areas characterized
by an individual heating system cost. The average value of this cost in each cluster has
been computed and reported in the figure below in orange. The dotted line is the mean
value of these values in orange.

At this point, the aim is to determine in which of the obtained clusters the DH total
cost is lower than the average individual heating system cost so that the areas in which
DH is cost-effective can be identified. Therefore, the DH total cost estimated in each cluster
has been ordered from the lowest to the highest and reported in the figure in blue. In this
way, the potential DH market share can be immediately assessed by comparing the blue
and the orange curve: DH is cheaper than the existing individual heating solutions in 335
clusters over 412 (80% market share).

Eventually, the economic potential, defined as the sum of the heat demand in those
clusters for which the DH total cost is lower than the individual heating system cost, can
be assessed. In Figure 17, these clusters are the ones for which the orange line is above the
blue line. Therefore, the area in blue indicates the clusters in which DH is competitive and
therefore the clusters whose heat demand need to be summed to obtain the economic
potential of 3.6 TWh. The blank areas below the curve represent the clusters to be excluded
since the associated DH total cost is higher than the relative individual heating system
cost.

To summarize, even if the total DH costs are not so low in this first scenario (148.5
€/MWh on average as reported in Table 1), district heating appears to be more convenient
with respect to the individual heating solutions nowadays installed, i.e., natural gas and
oil boilers mainly, in 80% circa of the obtained clusters: 335 over 412. These areas are
responsible for 3.4 TWh of heat demand. Therefore, the economic potential of 3GDH in
the current scenario is equal to 14% if computed with respect to the total heat demand
(i.e., the technical potential estimated in point 1 of the methodology) or 33% if computed
with respect to the clustered heat demand.

3.2.2. Results for Scenario 2

In scenario number two, the refurbishment of buildings and, therefore, the foreseen
reduction of heat demand is considered but only partially. As said in chapter
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subparagraph 2.1.2, 40% of the overall heating needs are assumed to be reduced by 60%,
while the remaining fraction is considered as in the current case. Moreover, we considered
that the total heat demand, thus both the reduced and the current share, is connected to
DH networks belonging to the third generation: it means that entails a reduced heat
demand with respect to scenario 1, but the same current configuration of DH is
considered. This implies that the average distribution temperature is equal to 90 °C and
that the heat supply sources at a lower temperature require an upgraded temperature
through heat pumps. Besides, the high-temperature sources are directly connected.

In this case, the technical potential estimated for the metropolitan city of Milan is
equal to 22.5 TWh, of which 12,7 TWh can be technically served by DH with acceptable
distribution cost. The clustered quota accounts for 9.7 TWh, and only 2.8 TWh is also
competitive with respect to the individual heating solutions. These results can be
appreciated in Figure 18.
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Figure 18. Representation of the total DH costs reported in ascending order and compared to relative individual heating
system cost in each identified cluster for Scenario 2.

In this second scenario, we have that in about 260 clusters over 412 (63% market
share), DH is cheaper than the existing individual heating solutions and these clusters are
responsible for 2.8 TWh. Therefore, the economic potential of 3GDH in the second
scenario is equal to 12% if computed with respect to the technical potential or 28% if
computed with respect to the clustered heat demand.

The reduction in district heating potential was expected: lower heat demand reflects
higher distribution network costs and, therefore, a higher DH total cost if the same
distribution temperatures are considered.

These results prove that if the boundary conditions are unchanged, the reduction in
heat demand reflects the reduction of district heating potential. In order to enhance DH
potential with the foreseen future refurbishment of buildings and consequent heat
demand reduction, 4th generation district heating technology needs to be considered. Its
intrinsic characteristics are such that the amount of distribution capital cost is
counteracted by lower heat losses along with the network and lower heat generation costs.
Indeed, being the distribution temperature reduced with respect to the 3rd generation
technology (in particular, we considered 40°C instead of 90 °C), it is possible to exploit
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renewable and non-conventional sources whose low-temperature excess heat would be
dissipated in the environment: since these sources are not built on purpose for DH, the
generation cost will be certainly lower than the cost associated to conventional heat
supply sources as cogeneration plants.

In light of these considerations, in the third and fourth simulated scenarios, only a
fraction of refurbished buildings are considered, and the associated reduced heat demand
is assumed to be satisfied through 4GDH.

3.2.3. Results for Scenarios 3 and 4

In the third scenario, 40% of the overall heating needs are reduced by 60% and are
met by 4GDH. The remaining fraction is neglected. The resulting annual heat demand in
the whole province of Milan is equal to 3.2 TWh, of which 1.3 TWh can be served by
district heating from a technical point of view and with acceptable required distribution
costs. 1.02 TWh is the quota included in the 412 clusters generated, and only 0.02 TWh is
the fraction of thermal energy that can be generated and distributed in a cheaper way by
means of DH with respect to the individual heating solutions, which in this case, are
represented by air and/or water heat pumps.

In this third case, economic potential of only 0.5% is obtained if calculated with
respect to the technical potential or 1.5% if computed with respect to the clustered heat
demand.

These very low values may be disappointing. Anyway, if the analysis is performed
in a scenario of complete refurbishment of buildings (scenario number four: 100% of the
overall heating needs are reduced by 60%), it is possible to achieve much more satisfactory
results. Indeed, as can be seen in Table 1, the estimated technical potential in scenario #4
is equal to 6.1 TWh, of which 2.9 TWh is the quota that can be technically met by DH with
acceptable distribution costs. Moreover, 2.2 TWh is the clustered heat demand, and of this,
0.2 TWh is also competitive with respect to the individual heating solutions. This means
that an economic potential of 4% can be reached if calculated with respect to the technical
potential, or 10% if calculated with respect to the clustered heat demand. It is again a
pretty low value, which however demonstrates how a four-fold and a ten-fold increase,
respectively, in 4GDH potential, can be obtained if the refurbishment is applied to the
whole building stock of an area and not only to a smaller part of it.

By looking at Figures 19 and 20, it can be seen how a market share of about 10% in
the third scenario, with the refurbishment of 40% of the entire building stock, can become
a 25% market share with refurbishment applied to 100% of the building stock.
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Figure 19. Representation of the total DH costs reported in ascending order and compared to relative individual heating
system cost in each identified cluster for Scenario 3.
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Figure 20. Representation of the total DH costs reported in ascending order and compared to relative individual heating
system cost in each identified cluster for Scenario 4.

Eventually, an additional consideration that can be done is that the potential of 4th
generation district heating could increase if the system charges in the electric bills are
assumed to be lower in future energy systems. With the hypothesis that the electrical cost
will be halved, DH potential in scenario #4 will be equal to 7% or 18%, based on the
considered denominator. Indeed, 0.43 TWh is the estimated economic potential, over a
technical potential of 6 TWh in the Province of Milan and a clustered heat demand of 2.3
TWh.
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4. Conclusions

The aim of this work was to provide a methodology for the assessment of the
technical and economic potential of DH at a large-scale level without overlooking the local
features of this technology. To this end, a new mapping-based approach has been
developed and applied to the Metropolitan City of Milan at census level.

In order to investigate the current and, especially, the future sustainability of DH
with the foreseen building refurbishment and consequent heat demand reduction, the
methodology has been applied to four different scenarios, and the obtained results have
been compared. Moreover, to validate these results and to enhance the added value of the
proposed approach, the methodology from the HRE project, which is currently the most
referenced one, has also been applied. The results obtained through the application of
both the methodologies have been then compared.

Besides the estimation and the mapping of the heat demand and of the available heat
sources in the area under study, the main novelty of the work here presented stood in the
clustering algorithm. It allowed grouping the census areas characterized by high heat
demand and relatively close to each other. In this way, the geographical aspect of the
problem is considered in a unique step: DH potential is assessed by excluding those areas
that are considered with the reference approach, but that would be anyway neglected if
the geographical aspect is considered a posteriori.

For what concerns the comparison of the analyzed scenarios, the outcomes proved
that lower heat demand corresponds to higher network costs, with consequently reduced
district heating potential, but also proved that the properties of low-temperature district
heating could potentially compensate for the drop in its cost-effectiveness. Another
interesting finding is that the renovation of buildings should not be performed evenly but
in synergy with DH diffusion in order to obtain effective results in terms of the technical
and economic potential of this technology. Given a specific area to be served, the
refurbishment should be made on the whole existing buildings so that they can all be
connected to a low-temperature network in which the heat distributed mainly comes from
renewable and excess heat sources. The refurbishment of only a fraction of the entire
building stock of the area would drop DH potential for the simple reason that the area
could not be served competitively by networks at high temperature nor by networks at
low temperature. For example, if among several refurbished buildings characterized by
low-temperature heat demand, there are some not-renovated buildings with high-
temperature demand, the intrinsic advantages that 4GDH can theoretically bring could
not be enjoyed. Indeed, if the district heating installed in this case is taken as an example,
a heat pump for temperature upgrade would be required in all the substations, increasing
very rapidly the overall cost of the system.

Since it is practically impossible to instantly renovate a whole territory in which areas
with different urbanistic parameters can coexist, one of the major conclusions of the work
is that a method for the selection of the most appropriate areas to be refurbished is highly
required. In those identified areas, 4th generation district heating could be installed, and
its potential could be significant. In this sense, future correlated research could be aimed
at developing approaches based on statistical tools and georeferenced data to identify
areas whose renovation could lead to a higher DH potential.

Regarding the comparison of the proposed approach with the reference one, the main
consideration that can be done is that DH potential appears to be lower with the first-
mentioned approach, but it is a more comprehensive result. Indeed, it takes into account
the amount of heat required with also the relative position of the heat demands and their
location with respect to the available heat sources. Therefore, this disparity should be seen
as proof that those areas that may be characterized by high heat demand but are far from
each other can be excluded in a unique step since the spatial analysis is not done a
posteriori as it would be required in the reference approach.

Besides paving the way towards other important research studies, the approach here
presented can be seen as an effective mapping-based methodology. It can be replicated to
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other cities, according to their characteristics and heat market starting conditions, with the
possibility to obtain interesting location-related results to be potentially used as a
foundation for the definition and the implementation of roadmaps, policies or directives
towards future integrated energy system.

One critical aspect of this methodology could be the fact that the clustering algorithm
is strongly dependent on the choice of the input parameters, thus requiring a prior
analysis, which will be necessarily dependent on the starting characteristics of the area
under study. Slightly different input parameter values can lead to very different results,
and, therefore, the choice of the most appropriate values is a very sensitive issue.
Nevertheless, the clustering algorithm can also be seen as the strong point of the analysis
and the main novelty presented in this work. Indeed, it allows defining district heating
potential also on the basis of the geographical distribution of the heat demands, becoming
very useful to assess DH potential at a large scale without overlooking the fundamental
local aspects of this technology. In conclusion, this study provides a model for the
assessment of the potential of 3rd and 4th generation district heating at a large-scale level,
whose application could contribute to a deeper appreciation of the associated benefits and
criticisms.
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