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Abstract: Effective planning of urban heating systems is crucial for achieving net-zero emissions at
the city level. In particular, the spatial dimension plays a pivotal role in shaping the design and
operation of these systems. Nonetheless, the integration of urban spatial and energy planning is rarely
performed. To address this deficit, the current study proposes a participatory modeling methodology
that explicitly incorporates the spatial dimension to facilitate integration and decision-making in the
planning of urban heating systems. The methodology is applied to a case municipality to evaluate
its benefits and implications for stakeholders involved in urban heat planning. The results reveal
that the participatory nature of the methodology enhances the legitimacy, transparency, and relevance
of the modeling process by engaging urban stakeholders, so as to exploit their valuable knowledge,
experience, and understanding of the local context and related challenges. The developed methodology
provides a spatial representation of district heating expansion, heating technology transition at the
district-building level, and the installed capacities in each district, thereby improving the coherence of
urban heat planning integrated with other urban plans. Consequently, the incorporation of the spatial
dimension adds a nuanced layer of modeling outcomes to standard city level optimization models.
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2023, 16, 4264. https://doi.org/ Urban areas account for 75% of global carbon dioxide (CO,) emissions, with the
10.3390/en16114264 transport and building sectors being the major contributors [1]. Energy use in buildings
makes up 40% of the total primary energy consumption in EU member states, of which
James, Maciej J. Nowak and 80% is linked to space heating and hot water production [2]. Overall, 73% of the heat is
Oleg Golubchikov still generated from fossil fuels [3], which means that there is an urgent need to shift the
heating sector towards an efficient and fossil-free system, so as to reduce CO, emissions in
urban areas. In order to achieve a transition in systems, the role of urban heating systems
planning is especially important.

Spatial aspects are of importance in heat planning, since heat supply decisions should
be based on knowledge of the spatial placement of the heat demand and its density and

location, as well as the distribution of different building archetypes [4]. To support energy
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efficiency, they are considered the key actors when it comes to the implementation of
energy strategies at the local level [5]. In addition, municipality officials usually have
expert knowledge, experience, and understanding of the local context and its challenges,
such as geographic conditions and community functions, which are essential components
of the planning process.

The purpose of this study is to develop a modeling methodology that takes into
account both urban and energy planning considerations in a spatially explicit manner,
together with the active participation of stakeholders. This methodology will be applied
to a specific municipality to evaluate and analyze its effectiveness. We address the fol-
lowing research questions throughout the study: (1) In what ways can an energy systems
model incorporate the spatial dimensions of urban planning in a clear and direct manner?
(2) How can the participation of stakeholders be utilized effectively to enhance the use-
fulness of energy systems modeling in municipal contexts? (3) What advantages can be
gained in terms of urban energy planning through the use of a participatory modeling
methodology that explicitly accounts for spatial considerations?

This study is structured as follows. The next section consists of a review of the
relevant literature. Section 2 presents the development of the spatially explicit participatory
modeling methodology. In Section 3, the methodology is applied to a case municipality and
the entire modeling process is presented and discussed. Section 4 presents the modeling
results and discusses its use and benefits for the stakeholder, and this is followed by an
analysis, evaluation, and discussion of the methodology in Section 5. Finally, Section 6
outlines the conclusions drawn from this study.

1.2. Literature Review

Climate change has emerged as a significant motivating factor for studies that have
focused on identifying strategies and short- and long-term pathways to decrease emissions
of greenhouse gases [6]. Energy Systems Modeling (ESM) has proven to be a useful tool for
such purposes, due to its ability to represent the interactions of multiple components of
the energy systems, e.g., the energy resource, the conversion technologies, and the energy
demand sectors, based on mathematical formulations [7,8]. While ESM is able to provide
valuable insights into the feasibility of future energy systems, with various approaches
being available depending on the purpose, it generally lacks the spatial dimension of
energy planning.

However, some studies have, attempted to address the spatial dimension in heat
planning [9-11]. Steingrube et al. [10] presented a modeling framework that features a
high level of spatial resolution, i.e., at the street segment level (higher resolution including
more segments), to determine the optimal level of centralized heating and grid layout.
They combined two established tools: a building energy demand simulation model and an
energy systems optimization model. Jalil-Vega and Hawkes [9] investigated the impacts of
three different levels of spatial resolution. They stressed the importance of finer spatial
resolution for heating grid-related decision makers, as this provides more detailed informa-
tion on zones that would benefit to a greater extent or more rapidly from the grid. In the
paper by Lichtenwoehrer et al. [11], a holistic methodology that combines the economic,
material, energetic, and spatial aspects developed by Erker et al. [12] was used to assess
the suitability of district heating (DH) networks in several Austrian cases. In their work,
five spatial characteristics were considered: the size of the study area, the construction
period of the buildings, the building typology, the building type of use, and the building
density. Geographic Information Systems (GIS) have been shown to be a valuable tool for
supporting both heat and spatial planning [4,13-16]. A shortcoming of such an approach is
that it relies heavily on the availability and quality of spatial data, e.g., street and building
spatial allocations, which are not always accessible.

The spatial aspects are addressed and handled in municipal urban spatial planning.
Despite the importance of spatial aspects in heat planning, the integration of urban and
energy planning is not commonly performed. Nadin et al. [17] conducted a comparative
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study of spatial planning systems in European countries and showed that at the local
level, there is a limited capacity to integrate spatial planning with other sectoral policies,
e.g., energy policy. Cajot et al. [18] reported that the lack of such integration is mostly
because there are no clearly defined methodologies or appropriate decision support tools.
Another obstacle is the communication barrier inherent to the different backgrounds of the
two disciplines, i.e., physical versus visual sciences [19]. As the spatial characteristics of
urban areas are directly related to energy consumption and efficiency [20], multi-domain
integration to combine the tools and knowledge from urban and energy planning can play
a role in urban energy systems transitions. This type of integration has been called for by
several authors [18,21-23].

A participatory research approach offers a means to incorporate the bottom-up knowl-
edge provided by stakeholders and can assist their decision-making processes. Moreover,
the participation of stakeholders from different backgrounds brings benefits to the planning
process [5] and increases opportunities for knowledge exchange [24], which is claimed to
be important for successful transitions [25]. Another advantage of a participatory approach
is the improved legitimacy of decisions, meaning that decisions that reflect stakeholders’
needs and preferences may be regarded as more legitimate and easier to implement [26].

Participatory research approaches have been discussed in many areas of environmental
policy, but they are uncommon in the energy field [24] and even less common in energy
systems modeling research [27]. By involving external stakeholders who do not work with
energy models in the modeling process, the interaction between scientists and decision-
makers can be improved [28], and it can foster legitimate decisions through reflections of
their positive and negative feedback [29]. Considering the direct impact on energy planning
that stakeholders can have, their participation in the modeling process has the possibility
to drive the best possible outcomes. In addition, such an approach is expected to improve
the energy models and their levels of transparency, and to exploit their full potential for
supporting energy systems transitions.

Previous studies have contributed to and deployed stakeholder participation-based
methodologies in energy and environment modeling studies [24,30-36]. However, they
did not utilize ESM [24,31,32] and did not include the modeling process itself [31,33,34],
but instead comprised discussions of different approaches to including stakeholders in
the energy systems modeling and planning and the benefits thereof. One study [37]
used a branch of game theory to study the allocation of the emission cap with assumed
participants, prosumers, who are not directly involved in energy planning, as in the current
study. A modeling study starts with data collection, proceeds with the identification of
target problems, and goes beyond the analysis of the modeling results [34]. With this
perspective in mind, the methodology developed by Yu et al. [30] shows how stakeholders’
participation can be incorporated into the entire energy systems modeling process.

Although the abovementioned studies represent attempts to consider spatial aspects
in energy/heat planning to capture the spatial impacts, an integrative method for heat
planning that incorporates the urban planning side is lacking. Since urban planners can
influence the possibilities to employ renewable energy and energy efficiency during the
early stages of the urban spatial planning process [19], the lack of an integrative approach
may lead to missed opportunities in terms of cost-efficient energy transition options [38].

2. Methods
2.1. Participatory Modeling Methodology for Local Heat Planning

With the aims of proposing, developing, and applying an integrative methodology
that allows stakeholders from different domains to participate in the energy modeling
process, this study adopts and expands the participatory methodology developed and
presented by Yu et al. [30]. As shown in Figure 1, this methodology consists of five steps,
covering the whole process of spatially explicit energy systems modeling (heating systems
in this study) and based on stakeholder participation.
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4 A
STEP 1 STEP 2 STEP 3 STEP 4 STEP 5
Stakeholders’
Participation Planning Process UP Process Features Scenario Energy Systems Evaluation of
Review Integration Formulation Modelling Modelling Outcome
Review of EP/UP Spatial Identification of Spatial Evaluation and
process and aggregation and stakeholders’ representation validation of
identification of heat demand needs and in models outcomes and
gaps and needs analysis preferences application
. J
Figure 1. Methodology flow adopted from Yu et al. [30]. EP, energy planning; UP, urban planning.

The five steps of the methodology are described in the following subsections. While
Yu et al. [30] only addressed the first two steps, the present study addresses all five steps.
Through its application to a case municipality, the robustness of the methodology is evalu-
ated and discussed.

2.1.1. Step 1: Planning Process Review

First, the energy and urban planning processes are analyzed to identify the needs,
challenges, and preferences from both the energy and urban planning perspectives. After
reviewing the official publications of the municipal plans, an empirical research approach,
e.g., semi-structured interviews with stakeholders, is adopted for Step 1. Once the docu-
ments are reviewed, a questionnaire that forms the basis for the stakeholder interviews is
formulated. The questions concern:

e Planning goals and challenges;

e  Specific process description of energy and urban planning;

e  How the interaction between the two planning processes occurs;
e Different rules and ordinances affecting the planning processes;
e Important information exchange for the planning tasks;

e  C(larification of the reviewed documents.

After the documentation review and communication with stakeholders/incumbents
have been performed and empirical knowledge has been obtained, the necessary informa-
tion to support the integration is extracted using an analysis of the planning processes. For
an overview of Step 1, see Figure 2.

a )
Document review E | i NGRS
' : ' — nergy planning process Preferences
Semi-structured interviews
; Challenges
Meetings Opportunities
Email communication —_—> Urban planning process ppGaps

N\

Empirical Knowledge Collection

Process Analysis Necessary Information Extraction

Figure 2. Overview of Step 1.

2.1.2. Step 2: UP Process Features Integration

Certain urban spatial features are identified and integrated into the energy systems
model by making the information amenable to modeling in Step 2. Features of the urban
planning process that have been incorporated into energy systems planning studies in
previous studies include spatial/zoning plans, density, land use, urban form, and building
information [30]. Two features that are identified as being directly related to energy
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consumption and that must be integrated into the model are (1) the official urban territorial
subdivision and its density and (2) building information. With this information, spatial
aggregation and a building energy demand analysis are carried out in Step 2.

Spatial aggregation allows one to link the urban plan to the energy plan and to define
new districts that correspond to the official urban cadastral subdivision. Urban spatial
characteristics are related to energy consumption and the access to certain technologies
that are affected by these spatial characteristics [39,40]. Thus, these determining charac-
teristics, e.g., the building type, distance to energy-producing technologies, and energy
demand density, should be taken into account in the spatial aggregation. The applicable
information sources for spatial aggregation include municipal plans and national/local
statistics on energy technologies. Municipal planners can provide their preferences, as well
as information that is difficult to obtain from public documents.

The building information, i.e., the type, age, and size of buildings, is one of the
factors that affect the energy consumption and energy performance of the building [41,42].
The building energy demand in each of the identified districts is calculated using the
data on building information in this step. Information of this type is usually available
from the national building registry database. As a result, new districts are defined with
specific building information of corresponding districts, and their energy demands are
estimated based on the available data, serving as important parameters in the energy
systems modeling in the subsequent steps.

2.1.3. Step 3: Scenario Formulation

Scenario planning is used to explore different possible futures and uncertainties, rather
than for making a single outcome prediction [43]. The impact of uncertainties on scenario
planning may be reduced if the scenarios are formulated based on discussions with energy
planning-related stakeholders rather than on assumptions by the modelers alone [44]; this
is one of the novelties of our study. Municipality energy scenarios are formulated in Step 3
in a participatory approach through various types of contact, e.g., interviews, workshops,
and email communications, based on a provided outline. The outline offers stakeholders
the basis for possible scenarios in the form of various options based on communication
with them, i.e., constraints that should be binding in the model, different settings of the
model parameter values, and the option to select and combine different elements in order
to formulate scenarios (see Figure 3).

N

Constraint A: Contraint B: Parameter:
Scenario 1: b c d e f g h i
Scenario 2; b c d e f g h i

J

Figure 3. A scenario formulation outline to be provided to stakeholders.

Stakeholders receive opportunities to express what they need to observe and what
types of modeling outcomes they would need to utilize as a decision support tool. Weak-
nesses of the model can also be addressed by discussing the compatibility of the modeling
outcomes with the social and economic realities of the scenarios [45]. The following points
are considered relevant to discuss during communication with municipality stakeholders:
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locally set climate goals, technology preferences, national energy policies, upcoming invest-
ment plans, expected structural changes, and geographic/environmental limitations. This
involvement of the stakeholders promotes not only the robustness of the scenarios, but also
their applicability levels.

2.1.4. Step 4: Energy Systems Modeling

One of the main objectives of energy systems modeling is to support decision-makers
and planners by providing knowledge regarding possible outcomes, which are generated
through investigations of energy transition strategies and policies [33]. The necessary
input data and assumptions for the modeling work are communicated and supplemented
by energy and urban planning stakeholders in Step 4, so as to increase the transparency,
legitimacy, and relevance of the model/modeling outcomes for their planning work. Prior
to communicating to validate and discuss input data and model assumptions, it is necessary
to consider what type of energy systems model would be suitable for the purpose of decision
support in long-term energy planning.

The methodology of this study requires a model that can provide an overall picture
of the long-term future energy systems while reaching the climate goal. Energy Systems
Optimization Models (ESOMs) provide insight for system development using linear pro-
gramming techniques, and can represent robust tools for analyzing the dynamics in energy
systems [46]. A linear program can be expressed mathematically, as in Equation (1):

Minimize or maximize CTx, subject to Ax < bandx > 0 1)

where x is a vector of the decision variables, C is a vector of the coefficients that determine
the objective function to be minimized or maximized, A is a matrix of coefficients that
represent the constraints imposed on the decision variables, and b is a vector of constant
terms that define the limits of the constraints [47]. In the case of ESOMSs, the decision vari-
ables may represent energy generation capacity, technology deployment, energy demand
or other relevant quantities, while the constraints may represent physical and technical
limitations, environmental targets, economic considerations, or policy goals. By solving
the linear program, an ESOM can generate optimal solutions for the energy system under
consideration and may provide valuable insight into the potential impacts of different
policies and strategies on the system’s performance.

The selection of an ESOM is, therefore, considered appropriate. DeCarolis et al. [48]
identified four analytical strengths of ESOMs. To begin with, ESOMs can provide a reliable
system for defining the technological and economic performance features of all the modeled
processes. Additionally, the model design permits rapid and efficient normative goal
seeking in intricate systems. Furthermore, the outcomes of the model can indicate a diverse
selection of energy possibilities that align with energy and environmental policies. Lastly,
the authors contend that ESOMs have the ability to account for interactions between
different sectors, which can yield valuable insight that may be difficult to obtain using
models specific to a single sector [48]. The optimization models’ outputs include future
technology capacity and generation, marginal commodity prices, the total system cost, and
emissions across the modeled energy system.

2.1.5. Step 5: Evaluation of Modeling Outcome

A spatially explicit ESOM can provide district-building-level solutions. The outcomes
of the model are communicated, validated, and discussed with the stakeholders in Step 5
through various channels, such as workshops and project meetings, to adjust the model and
assess its relevance and usability. Stakeholders are informed as to how the model works
and what they can expect from the model in advance, after which, they give feedback and
suggest changes according to their needs. This facilitates iterative development of the model
between Step 3, Step 4, and Step 5. The model outcome includes energy production per
district and building type, capacities of conversion and production plants, CO, emissions
over time, and the total system cost.
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3. Results and Analysis—Application to a Case Municipality

The municipality of Lyngby-Taarbaek (LTK), located in the northern suburbs of Copen-
hagen in Denmark, was chosen as the case municipality due to its current phase of heat-
ing system transition. As of 2022, the municipality has a population of 57,826 residing
within an area of 38.88 square km. This equates to a population density of approximately
1500 individuals per square kilometer. Considering that the municipality has a relatively
high population density [49], which implies that residential buildings make up most of the
urban area, providing heating to these houses is a crucial aspect of energy and urban plan-
ning. Given that the methodology is dependent upon stakeholder participation and that
their needs are the driver for the modeling process, the strong interests of the municipality
stakeholders in investigating different heating options will facilitate the application of the
methodology. In the LTK case, the planners who are relevant to heat planning represent
the municipality stakeholders.

In LTK, the majority (around 60%) of the buildings in the municipality are heated with
natural gas. The recent heat plan, approved in early 2022, assigns the focus of their heat
plan to DH expansion in areas of high heat consumption where the building density is
relatively high. The municipality has been making efforts to expand the DH network to
areas where a strong gain in terms of CO, emissions reduction through reduced usage of
fossil fuels for heating could be achieved at low cost. This would lower the municipality’s
dependence upon fossil energy sources, allowing it to achieve the goal of being CO,-neutral
by the year 2035 [50]. The following sections describe the application of the five steps of
the methodology to the case municipality.

3.1. Step 1: Planning Process Review

Both heat and urban planning processes were analyzed based on planning document
reviews and semi-structured interviews with municipality stakeholders. The purpose of
the interviews was to learn about the current planning process practices, so as to identify
the challenges related to heat and urban planning integration, as well as to identify the
stakeholders’ needs and preferences (Table 1). The interviewed stakeholders included heat
planners, a climate coordinator, and an urban planner. During the interviews, the stake-
holders provided an overview of their respective planning processes and the associated
challenges, and described the cooperation between the two municipality departments.

Table 1. Stakeholders’ specific needs and preferences in their respective planning processes, as
obtained from interviews [51-56].

Stakeholders’ Needs and Preferences in Their Respective Planning Processes

Heat planning process:

e  Establishment of new districts serving as a basis for spatial representation in a heating
systems model for district-level heating solutions.

e  Better communication between heat and urban planners when developing new areas to
include certain local considerations.

e  Preferences in relation to future heating technology options are expressed, which will feed
into Step 3 and Step 4.

Urban planning process:

e A tool that urban planners can use to include heating information in daily urban planning
tasks.

e  Use of heat planning information in dialogues and discussions with building developers to
point out the preferred directions of the urban development.

e  Better communication between heat and urban planners when developing new areas so that
both work in the same direction.

It is clear that the two planning processes are comparable to each other. The processes
start with the submission of proposals for new projects and, thereafter, there are several
reviews and public hearings engaging multiple stakeholders. The processes finish with
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approval being granted by the responsible politicians. The entire process takes about
6 months, on average, in both cases. The main integration obstacles are (1) heat plan-
ning being highly dependent upon consultants, causing the work focus to be mostly
on the technical aspects and (2) the lack of means in urban planning departments to
include heat-related information in their daily work. The first point is related to what
Nuorkivi and Ahonen [19] pointed out about different backgrounds of urban and energy
planners, i.e., visual science-based versus technical /engineering-based. The second point
is more of a systemic obstacle since the regulations and national law with which urban
planners must comply have a weak focus on energy/heating. These two current obstacles
indicate that a heat planning tool that enables integration with urban planning aspects
would be beneficial in providing more coherent and integrative urban heat planning.

3.2. Step 2: UP Process Features Integration

As described in Section 2.1.2, two features of the urban planning process are considered
important to take into account in the heating systems model: (1) official urban cadastral
subdivisions or districts and (2) building information. In the following sections, the process
of integrating these two features into the heating system model will be explained.

3.2.1. Spatial Aggregation

The municipality stakeholders expressed the need to define new districts for heat
planning. This is because the establishment of new districts enables the municipal planners
to identify and prioritize areas for DH expansion using a detailed feasibility analysis.
Therefore, the new districts should be determined based on the relevant spatial information.
In the case of LTK, three maps containing different items of information from urban and
heat planning documents are combined to draw up the new districts (see Figure 4). First,
the existing geographic divisions of the municipality in the national building and dwelling
registry (BBR) serve as the basic framework. In Denmark, for each individual building
and residential or business unit, its identification, location, purpose, year of construction,
technical conditions, and power /heating installation are registered in The Central Register
of Buildings and Dwellings (BBR). Although the BBR is maintained by the Ministry of
Housing, Urban and Rural Affairs, it is the property owners’ responsibility to provide
input data and to ensure that the BBR information for their property is accurate. Such
information is used for various purposes by state and municipal officials, as well as by
private companies. The municipality’s official urban quarter divisions and current heating
supply structure are used to define the new districts. Updated information on the DH
and natural gas grid infrastructure can be found in PlansystemDK “https:/ /kort.plandata.
dk/spatialmap (accessed on 9 April 2023)”, which is a public database used by all Danish
municipalities. With this combination of sources, the communication with the municipal
planners continuously feeds their preferences into the process. As a result, 15 new districts
are identified, as shown in Figure 4d. The maps are overlaid in QGIS Desktop 3.18.2, and
the coupled BBR data in Figure 4a is provided with the necessary information, e.g., floor
area, building numbers, building type, construction year, for the following section to be fed
into the modeling tool as input data.

3.2.2. Building Heat Demand Analysis

Building heat demand calculations are carried out based on the selected variables from
the BBR. The selected variables include the building type, living area, building age, and
location. All the buildings in the case municipality are categorized into six different building
types: detached houses and farmhouses; terraced and semi-detached houses; multi-dwelling
buildings; student housing and community residential buildings; non-residential buildings,
i.e., Residential 1 to 5; and commercial. In addition, they are divided into three building
age groups: built before 1960; built between 1961 and 2006; and built in 2007 or later. The
total heat demand of the buildings was calculated by multiplying the net floor area by the
average annual heat consumption (in kWh per square meter) for each building type, age
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group, and district. The average values were obtained from the project Energiforbrug i
Bygninger (Energy Consumption in Buildings) [57]. The building type distribution in the
case municipality shows that Residential 1 and Residential 2 are the predominant building
types. Table 2 shows an overview of the building heat demand analysis.

(a)

(c)

Current DH areas
DH planned areas
Block heating areas

k Natural gas areas

~
(b)

District

d WDl
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~ =03
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Tl : \ m D5
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Figure 4. Overview of the spatial aggregation. (a) The 46 areas divided and presented in the BBR.
(b) The official urban quarters division. (c) The current heat supply landscape in the municipality.
(d) The result of the spatial aggregation, i.e., newly established districts to be implemented in the
model. The overlapping divisions in (a—c) and the relative proximity to the existing district heating
network, together with the preferred number of districts from the municipality interviewees are the
deciding factors for identifying the 15 new districts.

Table 2. Calculated annual heat demand (GWh) per building type in each district. Presented as
examples are District 1, District 2, District 14, and District 15.

Annual Heat Demand (GWh)

Building Type District 1 District 2 .o District 14  District 15
Residential 1 2.01 0.00 9.23 14.04
Residential 2 9.44 342 1.19 0.89
Residential 3 2.39 0.06 o 0.47 0.10
Residential 4 0.05 0.04 0.01 0.00
Residential 5 0.00 0.04 0.01 0.03
Commercial 26.37 21.00 0.39 0.80

3.3. Step 3: Scenario Formulation

To understand the future vision of the municipality and to develop consistent and
tailored scenarios, several aspects need to be communicated, e.g., the preferences for
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specific technologies, locally set climate goals, upcoming investment plans, and structural
changes expected in the municipality, as well as geographic and environmental limitations
linked to the investments. Several municipality heating systems transition scenarios were
formulated based on the municipal plans and visions with different levels of detail. The
scenario formulation started with setting the municipal climate goals, i.e., a specific CO,
emissions reduction target and phasing out of fossil-based technologies, and investigating
the heating technologies that are being discussed in the municipality. One of the benefits
of formulating scenarios based on stakeholders’ participation is that they can provide a
local-specific experience, which can affect the list of parameters in the model. This aspect
is helpful in delimiting the modeling scope and making the model more relevant and
customized to the case municipality. An overview of the parameters determining the
scenarios is presented in Figure 5.

( Parameter W
Individual
HP subsidy Renovation Electricity price heating
Investment
EU EU .
DH_exp 0% 15% 20% No Ave Wave High Base Low S1&2 S2
EU
Reno1 0% 15% 20% No Ave WEaL\J/e High Base Low S1&2 S2
EU EU .
2 Reno2 0% 15% 20% No Ave Wave High Base Low S1&2 S2
2
[0]
? EU EU
HP_exp1 0% || 15% || 20% No Ave || wave | | High || Base || Low S182 || s2
HP_exp2 0 9 9 No EU || BV High || B L 5182
_Eexp 0% 15% 20% Ave Wave ig ase ow S2
Combine 0% || 15% || 20% No || m || wave | | High || Base || Low | [st82 || s2

Figure 5. Scenario matrix.

In any scenario, the climate goals of achieving 25% CO, reduction compared to the
level in 2018 by the year 2025 and net-zero emissions by the year 2050 should be met, and
natural gas- and oil-fired heating should be phased out by the year 2035. While attempting
to reach these goals, four parameters (heat pump subsidy, renovation, electricity price,
and individual heating investment) have been selected as the deterministic parameters
for the scenarios. The selection reflects the stakeholders’ input and some of the important
points, including the following: “ ... in general, we will work on renovation scenario because
people are looking at more house renovations because of high energy prices on both electricity and
natural gas” [55]. “Individual heating scenario is very likely. But focus will be stage 1. There will
be some HP remained but will mostly be district heating. Some of the very relevant areas would
be one in the top left (District 6), they get the DH at the latest so it is very relevant to look at
other possibilities” [53].

3.3.1. HP Subsidy

There is a central government subsidy scheme for heat pumps (HPs) in Denmark that
is administered by the Danish Energy Agency. Currently, the subsidy covers 15% (up to a
maximum of 20%) of the market price of the HPs [58]. In addition, to be subsidized, the
building should not be located in a DH area [58,59]. This scenario investigates the impacts
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of the subsidy on individual HP investments by reducing the investment cost by 20% in
the model.

3.3.2. Renovation

This parameter investigates the impact of renovation of the existing buildings in the
municipality. The current building renovation practice in Europe reduces energy consump-
tion by 1% annually on average [60]. In 2020, the European Commission introduced a
strategy called “A Renovation Wave for Europe”, which is aimed at greater renovation by
doubling the annual energy renovation rate over the next 10 years. The term EU Ave in the
scenario matrix (see Figure 5) refers to the current building renovation practice, implying a
1% annual reduction in heat consumption, while EU Wave indicates deeper renovation that
results in an 18% reduction of heat consumption by the year 2030, as compared to the level
in 2015 [60].

3.3.3. Electricity Price

The seasonal electricity price in the base year, i.e., 2021, was taken from Nordpool
“https:/ /www.nordpoolgroup.com/en/ (accessed on 9 April 2023)”, and the average
seasonal prices for the last 5 years have been calculated. Three different electricity price
levels were applied to address the impacts on both electricity-generating (combined heat
and power, CHP) and electricity-consuming (HPs and electric boilers) heating technologies.

3.3.4. Individual Heating Investment

In the latest heating plan of the case municipality, the current natural gas areas are
divided into two groups, representing two different stages, depending on when the DH is
likely to reach the respective areas. Stage 1 (S1) areas may acquire DH during the next 5 years,
while Stage 2 (S2) areas may only receive DH when the Stage 1 expansion is completed [50].
This parameter will investigate the heat production in the areas that are waiting for the
connection when DH is being expanded within the municipality, which is in accordance
with the need expressed by the stakeholder: “The relevance for stage 1 (S1) will be district
heating expansion scenario and stage 2 (S2) will be relevant to look at other scenarios ... ” [53].

3.4. Step 4: Energy Systems Modeling
3.4.1. Model Description

The ESOM TIMES (Integrated MARKAL-EFOM Systems) are adopted for the mod-
eling. TIMES is a cost-optimization linear programming model that optimizes the total
system cost over the chosen time horizon [61]. The intervals between the years up to the
final year and the division of a year into multiple time-slices, e.g., seasonal or diurnal, can
be designed according to the desired model outcomes for the questions asked. It is based
on perfect foresight, meaning that the model knows the exact heat demand and costs for
everything in any future time-slice. The model should exogenously meet the given heat
demands at any time-slice and the input, i.e., the techno-economic data, such as investment
costs, fuel costs, operation and maintenance (O&M) costs, and efficiency levels of different
type of technologies, are given by the modelers. The generated results will then show the
heating technology dispatch for every technology and for every time-slice, as well as the
cost-optimal investment in new production capacity. The output also includes the total
system cost for the entire chosen time horizon and its carbon emissions. In Section 3.4.2,
the spatial considerations will further explain how the model represents the “where”.

3.4.2. Spatial Considerations and Model Components

To represent spatial considerations in the model, the 15 districts newly established
in Step 2 are considered model regions (REGs). The model here means a set of data
files—spreadsheets describing the studied energy system in terms of technologies, com-
modities, resources, and demands for energy services—and is compatible with a model
management tool [62]. Adding multiple districts to the model means that the model will
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need multiple spreadsheets that represent each supply system in each district. The input
data given to the model, i.e., the heat demands per time-slice, supply technology, and
techno-economic data, are unique for each district. Accordingly, the objective function
(Equation (2)) minimizing the total system cost for the entire chosen time horizon is the
sum of the total system costs for all the districts:

OBJ(t) = Y~ , Y, (1+d,) Y ANNCOST(r, ) ?)

The objective function includes the costs for investment, operation, maintenance,
and activities, as well as end-of-life costs. The term d,/y is the discount rate by region 7,
year y, and the base year REFY. ANNCOST(r,y) indicates the annual costs over region
r in year y. The goal is to minimize the objective function [63]. In this study, the term
“region” in the objective function can be substituted with districts to allow representation
of the spatially different (small) systems in each district. The decision variables include the
capacity addition, i.e., investment, for technology p, in period v, and region r (Cp ), and
the production by process p, in region r, and period t (G, ¢, ). In addition to the main types
of constraints that must be satisfied in order to accurately portray the energy system in
question (Equations (3) and (4)), a few constraints are imposed via specific parameters set
by the modeler. The additional constraints in this study include emission targets, a ban on
natural gas, an imposed CO, tax, and the HP subsidy.

Zp Gr,t,p 2 Dt,r (3)
where Dy is the heat demand in time ¢ in region r.
Gr,t,p < Cp,v,r (4)

3.4.3. Model Development

This section presents how the heating systems model is built based on the municipal
stakeholders’ participation and describes the assumptions that are made. The heat demand
of each district is exogenously given. Only areas that are currently being supplied with
natural gas, i.e., Districts 6-15, are modeled. The remainder of the municipality, which is
already connected to the existing DH network, i.e., Districts 1-5, is assumed to continue
using the current heat supply option in the future. Two levels of heat supply technologies
are given: individual heating and communal heating technologies, i.e., DH. The former
includes small HPs, gas boilers, and solar collectors supplying heat to individual dwellings
(Appendix A), while the latter includes large-scale HPs, electric boilers, and waste incin-
eration units supplying heat to the heat networks (Appendix B). In other words, the DH
customers receive their heat through the heat network, which is in turn connected to the
plants supplying the DH. Prices for different fuels are exogenously given to the model
(Appendix C). Figure 6 shows the structure of the developed model.

The spatial aggregation and the building heat demand analysis carried out in
Step 2 provided the base structure of the model. Once the spatial aspects were set, the heat
supply technologies were investigated and selected with the stakeholders. The role of the
participating stakeholders in Step 4 is to discuss the model technology options that are
locally available and that are viable in the local context according to the municipal internal
dialogues [53,54]: “ ... Not sure if there will be large scale air source heat pumps (in the new
district heating plants options). Maybe. Probably very noisy. Theoretically possible but electric
boiler will be there and will be the backup system for district heating and geothermal is a long term,
five-six-ten years from now, to be part of the district heating system in the future. Also, (we are)
looking at ground water heat pumps as these areas where you have to pump away ground water
because it is too close to the surface, also we would like to use excess heat from those pumps.” [53].
In addition, the stakeholders supplemented technical data for the existing heat supply
plants. The techno-economic data for the existing and new technologies were obtained
from the Danish Energy Agency [64,65]. The cost assumptions for the DH connection, i.e.,
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distribution, transmission piping, and substation costs, were calculated based on [66]. For
details, see Table A3 in Appendix B.
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Figure 6. Structure of the model. Left- and right-hand side of the figure represent the supply and

demand side, respectively.

3.5. Step 5: Evaluation of Modeling Outcome

The modeling work was presented and communicated during and after the modeling
process to obtain the stakeholders” opinions regarding relevance and usability. These have
been used to adjust the model in an iterative manner. When the preliminary modeling
outcomes were presented to the stakeholders, they expressed what they wished to learn
from the scenario modeling and its outcomes.

The stakeholder input included the relevance of the scenarios to certain districts, how
the model outcomes could be used for their heat planning, obstacles to the installation of
certain technologies, and which types of information the urban planner will obtain from the
model. Some samples of the stakeholders’ reflections are as follows: “ ... There are a lot of
demand from the citizen for district heating. For them, it is a question whether if they should wait for
district heating or get another individual heating.” [55]. “ ... In general, in Lyngby (municipality),
people want to have district heating also because of all the discussion about noise issues. So, if they
don’t have the ability to make brine water heat pump, they would go for district heating if possible. I
would expect that if people have brine water heat pump, then, they will not likely to choose district
heating unless the electricity price goes really high. But (with) air to water heat pump, they would
change to district heating at some stage. A lot of people are thinking of leasing air to water heat
pump for the time until they get district heating.” [53]. ... And for us, when we negotiate with
district heating company, we can use our own calculation and our expectations (on) what people
choose when they wait for getting district heating. Then it is becoming very relevant with renovation
scenario because it is everyone’s interest with the reduced consumption. Then it is also easier for
district heating (company) to expand as far as possible and people are also very aware of this.” [53].

4. Modeling Results and Use

The process of applying the developed modeling methodology to the municipality has
generated numerous graphs presenting various long-term heating pathways, not only at
the municipality level, but also at the district and building levels. Since the focus is on the
assessment of the benefits of the methodology for urban heat planning, the selected modeling
results exemplifying how the applied methodology can contribute to heat planning are
presented. The selected results include spatial overviews of the DH network expansion,
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heat production by building type in the districts, and future installed capacities of different
scenarios in the districts. The presented examples have been selected based on the following
criteria: (1) the addition of a new layer of information to those generated in previous energy
systems modeling studies and (2) the provision of what the municipality stakeholders seek
to learn from the model. Figure 7 shows an overview of how the annual heat production
mix changes over time in each scenario. Together with the heat capacity mix, CO, emissions,
and total system cost, these are the general outputs of ESOMs.
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Figure 7. Cost-effective annual heat production mixes in the four studied scenarios. In (a,b), the heat
demand is assumed to increase by 1% per year. INDHP, individual heat pump; INDNG, individual
natural gas boiler; DH, district heating; NEWHP1, new individual heat pump air source; NEWHP2,
new individual heat pump water source.

4.1. Spatial Representation of District Heating Expansion

The modeling outcome can depict the spatial distribution of the DH network expansion
over the chosen time horizon, i.e., revealing cost-efficient district-by-district DH expansion
over time. The outcome also shows the temporal evolution of the DH connections by
building type in each district, which depends on the following factors: distance to the
existing network, heat demand density, and building type, all of which directly affect the
costs for distribution and transmission pipes.

Figure 8 shows how the DH network may expand over time in a DH-favorable scenario.
Starting from the current DH network (light-blue districts), the network connection expands
to the surrounding districts (dark-blue districts) in a cost-optimal way, depending on
multiple factors that affect the connection cost.

Municipal planners rely on such information not only for their planning tasks, but
also for engaging in constructive dialogue with DH companies that operate within their
jurisdictions. Using such model outcomes, planners can suggest different alternatives for
prioritizing areas and buildings for DH connections. This means that planners can work
closely with DH companies to develop expansion plans that are efficient, effective, and
sustainable. Overall, having access to this type of information is critical for municipal plan-
ners, as it helps them to make informed decisions and to develop strategies for expanding
DH networks in their districts.
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(c) 2029 (d) 2035

(a) 2021 (b) 2025 N

\%

)

Figure 8. DH expansion over time from (a—-d). The districts depicted in light blue represent the
current DH supply area and the areas in dark blue indicate new connections to the existing DH
network. In (a), there are the current DH area with light blue color and over time, to (b—d), the new
DH areas appear as dark blue represents.

4.2. Heat Production Transition at the District-Building Level

Furthermore, the modeling outcome presents the annual heat production shares in
the different building types (residential 1-5 and commercial buildings) in the modeled
districts. This allows comparisons of scenario-dependent variations of the heat production
mix transitions at the building-district level.

As shown in Figure 9, District 6 and District 11 have been selected to show how the
heat production operation differs depending on the district characteristics, i.e., building
type composition, distance from existing DH network, and heat demand density, when
the same investment options are given. For instance, while Residential 5 (Res 5) and
Commercial building (Com) in District 6 choose to invest entirely in individual HPs, the
same building types in District 11 have their heat supplied mostly from DH.

4.3. Installed Capacity per District

Finally, the modeling outcome enables an investigation of the cost-efficient evolution
of the installed capacities of different heat supply plants, not just at the municipality
level, but also at the district-building level. Scenario variations can also be investigated
and compared, and the outcomes create an overview of how existing and new installed
capacities change over time.

Figure 10 shows an overview of how the installed capacities of new and existing
technologies in District 7 change up to the chosen time horizon in each scenario, providing
different and detailed overviews from the perspective of the entire municipality. The
capacities of the DH plants that are supplying the network can be specified if necessary.
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Figure 9. Heating technology shares by building type in District 6 and District 11 in the heat pump
subsidy scenario with 20% investment cost subsidy. Investment in individual water-to-air heat pumps
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Figure 10. The evolution of the installed heating technology capacity in District 7 for the four sce-
narios. DH_exp, DH expansion scenario; HP_exp, HP subsidy scenario; Reno, renovation scenario;
Combined, combined scenario.

This information can help planners to identify areas that require improvement or
upgrading, as well as areas that have excess capacity. With this knowledge, planners can
develop plans that are tailored to the specific needs of their municipality and optimize
the heating systems for greater efficiency. Furthermore, having an enhanced view of the
municipality’s heating systems can help municipal planners to make informed decisions
regarding future developments and expansions. They can identify areas in which new
installations may be required or where existing systems can be expanded to accommo-
date the growing demand. This can improve the planning process and ensure that new
developments are integrated seamlessly with existing heating systems.
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5. Discussion

As previous studies have stressed, knowledge of the spatial distribution of the heat
demand is crucial for the planning of collective heat supply systems, since the cost of
the heat network infrastructure is heavily dependent upon these spatial elements, e.g.,
linear heat density, distances from heat generators, and lengths of the pipes [11,40,67,68].
Needless to say, spatial placement is also important for the installment of individual
heating technologies, as both individual and collective heating systems should interact to
ensure optimal economic and environmental conditions while satisfying the heat demands.
Utilizing this linkage as the rationale for the integration of urban and energy planning, this
study proposes a spatially explicit participatory modeling methodology and applies it to
the heating system of a case municipality.

Through the application of the modeling methodology to the case, we deduce that
municipal urban and heat planners can investigate different types of heating systems
transitions, as compared to their own assessments, and then use the modeling outcomes
to communicate with other stakeholders, e.g., building developers and energy utilities.
Furthermore, the differences in both heat production and installed capacity reflecting the
different district and building types offer the planners detailed information in addition to
that provided by the general city level optimization models.

The developed methodology allows municipal stakeholders to be involved in all
five steps that provide the incumbents’ input and perspectives in various ways. This
impacts the model, scenario formulation, and modeling results, and helps to customize the
model to the local context and needs. In addition, it offers a common basis for urban and en-
ergy planners, facilitates their cooperation, and tackles communication barriers [19]. While
previous studies have addressed and argued the advantages of stakeholders” involvement
in energy planning [5,24,26] and the integration of energy planning with urban spatial plan-
ning [18,21-23], none of these studies have applied energy planning modeling tools that
engage the stakeholders in the entire modeling process. Two previous studies, Refs. [24,69]
have applied the participatory modeling concept by intimately engaging the stakeholders
in the modeling process at the city and regional scales, respectively, although the focus was
on land-use planning. The developed methodology enhances multidisciplinary mutual
understanding and can benefit the municipality as a whole in supporting coherent urban
heating systems planning by closely engaging the stakeholders in the process. This is the
value that our study can deliver to local government institutions and energy utilities.

This study contributes to the integration of urban and energy planning by incorpo-
rating urban spatial dimensions, i.e., spatial aggregation and building information, into
the energy systems model. In the integration process, the participatory approach is central
to connecting the two domains into a mutual understanding of urban energy planning.
One of the main advantages of the developed methodology is its strategic and inter-
disciplinary character, incorporating spatial planning, energy technology, and building
technology. In this way, the spatial characteristics are connected to the district-building
level solutions through an energy systems model, so as to generate spatially detailed results.
This enables models to evaluate various synergies by considering urban systems and their
dynamics both as a whole and by their separate parts. By doing so, integrated energy
systems models provide higher-quality analysis to facilitate planning decisions [70].

The application of this methodology to other cases will depend on the possibility to
entice stakeholders to participate in the process. Moreover, engaging stakeholders in every
step of the process is naturally time-consuming, regardless of the significant benefits of such
an approach. The availability of the database can also be a limitation of the methodology,
given that access to a large national building registry (BBR in this study) is not always
possible for other countries. In addition, the close involvement of stakeholders can limit the
scope of the study, in that only needs-driven scenarios are formulated. Thus, there needs to
be a balance between what the stakeholders desire to learn and what the researchers seek
to investigate. A shortcoming of this study is that only municipal planners were involved
in the process, and other stakeholders, e.g., citizens and actual heat consumers, were not
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taken into account. In light of these shortcomings, future research will need to develop
further integrated methods of this type to apply to other cases and, eventually, to promote
integrative energy planning in cities.

6. Conclusions

In this study, a spatially explicit participatory energy system modeling methodology
was developed with the aim of improving the integration of urban and energy planning.
The methodology was applied to the heating system of a case municipality involving
relevant stakeholders, urban and heat planners, throughout the modeling process, from
model formulation to results validation.

The methodology combines a spatially detailed approach with a participatory ap-
proach used throughout the modeling process, from problem identification and data
collection to analysis of the model results and discussion of the insight gained. The spatial
approach includes a participatory district definition and a spatially detailed energy systems
optimization modeling. The modeling methodology encompasses stakeholders’ reflections
on their perspectives and knowledge throughout the modeling process. Either directly or
indirectly, their input and feedback must be implemented to adjust the model throughout
the five modeling steps of current systems status setting, visions, data provision, scenario
formulation, and the expression of needs and preferences.

The findings of the present study have economic, political, and social implications
for the municipality, as well as for urban and energy planners. The study shows that the
integration of urban and energy planning through a participatory modeling methodology
can generate optimal energy choices that are cost-effective and efficient. The spatially
explicit modeling approach provides a detailed understanding of the energy demand and
supply at the district and building levels, allowing for identification of the most cost-
effective solutions. This can lead to significant cost savings for the municipality, energy
providers, and residents. We also highlight the importance of stakeholder engagement
and participation in the energy system decision-making process. By involving relevant
stakeholders throughout the modeling process, the methodology strengthens the legitimacy
and transparency of the decision-making process. This participatory approach may increase
public trust and acceptance of the energy system decisions, which can be crucial for the
successful implementation of energy policies and plans. The study’s participatory approach
may help to address social equity and justice concerns in the energy system decision-making
process. By involving stakeholders from different municipal departments, the methodology
ensures that the energy system decisions reflect the diverse needs and preferences of the
community. This may ensure more equitable energy access and distribution, thereby
reducing energy poverty and social inequalities.

Through its application to a municipal heating system, spatial information from the
national buildings database is coupled with stakeholder information, enabling model
districts to be constructed that link the urban and energy planning perspectives. In this
way, a spatially explicit heating system optimization model was built that represents the
heat demands for six building categories in fifteen districts. Thus, long-term optimal
heating choices for each district can be modeled under different future scenarios. The
modeling process is built upon close interactions with stakeholders from different mu-
nicipal departments, each providing their context-specific local knowledge throughout
the modeling process. Thus, by actively considering, reflecting, and implementing their
visions, preferences, and plans, the methodology strengthens the usability and relevance of
the results. The generated modeling results include the following: (1) spatial overviews of
DH network expansions; (2) heat production by building type in districts; and (3) future
installed capacity under different scenarios for individual districts.

The modeling results benefit both urban and energy planners, thereby enhancing
integration of the two planning perspectives. The modeling also contributes to enhancing
understanding of the linkages between the energy and spatial dimensions at the local
(municipality) scale. The application and its outcomes contribute to two key points. First,
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the development of the methodology itself is an attempt to integrate urban and energy
planning (heat planning in this study) by bringing the relevant stakeholders onboard
during the entire modeling process. This participatory nature of the methodology needs
to be stressed as an important element, as it confers upon the model higher levels of
legitimacy, transparency, and relevance. In addition, it facilitates integrated heat planning
that is coherent with other municipality plans. Second, implementation of the spatial
consideration, which was discussed with the stakeholders, adds an additional detailed
layer of modeling results to the general city level optimization models, e.g., heat production
operation at the district building level.

The developed modeling methodology can easily be adjusted to different local needs
and conditions, so as to contribute to urban and energy planning integration in other
municipalities. The present study demonstrates that the developed methodology, with its
participatory approach and spatially detailed modeling outcomes, provides considerable
benefits in terms of supporting local planners’ energy system decision-making processes.
Moreover, our study suggests that a spatially explicit participatory energy system modeling
methodology can contribute to the integration of urban and energy planning, leading to
cost-effective, efficient, and socially equitable energy system decisions. Future research
could address further testing and validation of the participatory modeling methodology
developed in this study across different urban contexts and municipalities to assess its
generalizability, robustness, and scalability.
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Appendix A. Techno-Economic Data: Individual Heating
Table A1. The data were obtained from [65] and the efficiency of the solar thermal collector is from [71].

Investment Cost O&M Fixed

(KEUR/MW) in Years  (KEURIMW) Hlctime Fuel Eificlency in years
2021/2030/2050 2021/2030/2050
HP air to water 1564/1321/1124 44/32/30 16/16/16 Electricity 3.15/3.45/3.7
HP ground to 2073/1866/1679 41/29/27 20/20/20 Electricity 3.45/3.65/3.85
water—single
Solar thermal o
collector 986/938/848 12/11/10 25/30/30 Solar radiation 0.1/0.1/0.1
Appendix B. Techno-Economic Data: District Heating
Table A2. Techno-economic data for DH plants obtained from [64]. Use of the existing municipal
solid waste (MSW) incineration facility is assumed not to incur any additional investment cost. The
plant has sufficient capacity to cover almost the entire municipality [54].
Investment Cost
O&M Fixed O&M Variable Lifetime
(KEUR/MW_heat) in Fuel Efficiency
Years 2021/2030/2050 (KEUR/MW) (KEUR/GWh) (Years)
HP Large air 860/760/760 2 17 25 Electricity 3.8
source
HP Large water 480/380/380 4 12 25 Electricity 37
source
El boiler small 150/140/130 1.1 0.8 20 Electricity 0.98
El boiler large 70/60/60 1.1 0.8 20 Electricity 0.98
Existing MSW 0 11 038 30 MSW 038
incineration

Table A3. Calculation details for piping costs.

Calculation

Number of buildings x (Substation cost in
kEUR + Distribution network investment cost in
KkEUR)/Needed energy in MW
Distribution network investment cost calculation is
based on [72,73].

Distance (m) x Piping cost (kEUR/m)/Needed energy (MW)
Distance is measured between the centroids each of the
districts and the piping cost is obtained from [74].

Distribution + substation cost
(kEUR/MW)

Transmission cost
(kEUR/MW)

Districtheatingconnection cos tperbuilding (KEUR/MW)
__ (Substation cost (kEUR)+Distribution network investment cos t( KEUR)+Transmission network cos t(kEUR))

Needed energy (MW)

Neededenergy (MW)

__ (Average heat demand (GWh / mz) x Average living space (mz) xPeak fraction/peak hours (h))
- 1000

where the Substation cost is the cost for a unit in which the heat energy being distributed
is transformed from high-temperature/high-pressure to lower levels, the Distribution
network investment cost represents the specific distribution capital cost for the planning
stage before any pipes have been buried in the ground [75], and the Transmission network
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cost is the cost for the transmission lines that connect districts, which is determined by the
center-to-center distances between the connected districts and the pipeline capacities. The
District heating connection cost is based on the spatial properties of each district. Thus, the
model can investigate the district-dependent competitiveness of district heating,.

Table A4. Calculated district heating connection fees for different building types in each district.
Details of the calculations are presented in Table A3.

District Buildine Type Distribution & Transmission Cost
& yP Substation (KEUR/MW) (KEUR/MW)

Residential 1 3004.7
Residential 2 3166.8
Residential 3 962.7

District 6 - - 30.3
Residential 4 1262.6
Residential 5 5183.7
Commercial 5747.3
Residential 1 2855.9
Residential 2 3415.3
Residential 3 1927.2

District 7 - - 53.6
Residential 4 0
Residential 5 0
Commercial 7186.4
Residential 1 3105.6
Residential 2 3423.1
Residential 3 1334.7

District 8 - - 140.0
Residential 4 0
Residential 5 0
Commercial 3284.4
Residential 1 2366.6
Residential 2 3657.2
Residential 3 965.6

District 9 - - 93.5
Residential 4 0
Residential 5 52449
Commercial 5011.4
Residential 1 2815.9
Residential 2 2745.1
Residential 3 1248.2

District 11 - - 37.9
Residential 4 0
Residential 5 2370.1

Commercial 2479.7
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Table A4. Cont.

Distribution &

Transmission Cost

District Building Type Substation (KEUR/MW) (KEUR/MW)
Residential 1 3216.7
Residential 2 4755.8
Residential 3 1124.2
District 12 - - 75.6
Residential 4 0
Residential 5 3607.9
Commercial 11,210.6
Residential 1 2673.3
Residential 2 4113.3
Residential 3 1209.6
District 13 - - 262.1
Residential 4 0
Residential 5 1370.0
Commercial 3044.1
Residential 1 2646.0
Residential 2 4439.7
Residential 3 1172.8
District 14 - - 76.6
Residential 4 23,394.9
Residential 5 9220.9
Commercial 6650.2
Residential 1 3108.1
Residential 2 3628.0
Residential 3 1045.5
District 15 - - 36.1
Residential 4 0
Residential 5 7424 .4
Commercial 2878.5
Appendix C. Fuel Price Data
Table A5. Taxation types and levels imposed on fuels [76].
Fuel Tax Years 2021/2050
(KEUR/GWh)
QOil CO; tax 6.7/10.7
Natural gas CO; tax 4.44/8.74
Electricity Energy tax 121/160
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Table A6. Fuel price changes [77]. H, B, and L indicate the high, base, and low electricity prices,
respectively. SP, SU, AU, WI, and PE are the time-slices in the model that represent the spring,
summer, autumn, winter, and peak, respectively.

Time-Slice Years 2021/2030/2050
(KEUR/GWh)
H_SpP 37.3/56.0/64.9
H_SU 33.9/50.9/55.0
H_AU 45.3/68.0/78.8
H_WI 55.0/82.5/95.7
H_PE 66.6/101/117
B_SP 37.3/44.8/49.2
B_SU 33.9/40.7/44.7
Electricity B_AU 45.3/54.4/59.8
B_WI 55.0/66/72.6
B_PE 66.6/79.9/87.9
L_SpP 37.3/22.4/19
L_SU 33.9/20.3/17.3
L_AU 45.3/27.2/23.1
L_WI 55.0/33/28.1
L_PE 66.6/40/34
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