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ABSTRACT

The success of energy transition planning depends on several influential and variable factors that need to be
considered and tracked in modeling to support policymakers. Expert-based energy models are mainly developed
following the assumptions of experts and, in most cases, a limited number of stakeholders. This top-down
modeling approach will provide satisfactory results in centrally managed energy sectors (electricity generation
and distribution, district heating, etc.), where further decisions could be projected relatively precisely. However,
the same approach will not provide such certain outcomes in energy sectors where numerous heterogeneous
individuals make decisions about the energy future. Households are a typical example of such a sector. The future
structure of energy consumption in this sector, selection of energy source, or application of specific technology,
especially in households with individual heating systems, introduce significant uncertainty in expert-based en-
ergy modeling and the creation of policy. Besides prices, the decisions of households are influenced by their
attitudes, social environment, and incentive measures, etc. The influence of these factors on the adoption of
sustainable heating by households can be examined using a bottom-up modeling approach, like the agent-based
simulation model. The output of the agent-based simulation model provides useful data that can be further
incorporated as one of the main assumptions in scenario development in an expert-based energy model. This
paper offers an integration of these two approaches (bottom-up and top-down) for the early assessment of
supporting measures and mechanisms for accelerating the energy transition in the household sector. The inte-
grated approach is applied and tested for exploring pathways and effects of policy measures on the transition of

individual heating in the household sector in Serbia.

1. Introduction

The idea of a comprehensive, global energy transition of human
civilization is a novelty of the 21st century (Smil, 2010; Smil, 2010).
This idea has been consolidated through international conferences and
agreements concerning the reduction of the anthropogenic impact of
climate change and the transition towards low-carbon energy (UN
Framework Convention on Climate Change (UN, 1994; UN, 1994), the
Kyoto Protocol (UN, 1997; UN, 1997), the Paris Agreement on Climate
Change in 2015 (UN, 2015; UN, 2015), the European Green Deal (EC,
2019; EC, 2019), etc.).

In terms of scope and dynamics, the current transition cannot be seen
solely as a spontaneous process (Gielen et al., 2019; Gielen et al., 2019)
of technological changes inspired by innovations in renewable energy
technologies and the competitive nature of a commercial environment
(Rubino et al., 2021; Rubino et al., 2021). It is a process that is also
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influenced by the international political framework, the state of the
economy, rising concerns about climate change, and the aim for wider
utilization of clean energies (Olave and Vargas-Payera, 2020; Olave and
Vargas-Payera, 2020). The complexity of the process of current energy
transition creates a need for a comprehensive approach to the energy
planning process as an adequate response for treating complex phe-
nomena (Felder et al., 2011; Felder et al., 2011).

With the help of planning, it is possible to assess future outcomes of
various activities that are anticipated in the planning process (Valken-
burg and Gracceva, 2016; Valkenburg and Gracceva, 2016). In this way,
the risk of future uncertainties and ambiguities can be diminished or
minimized (Hobbs and Meier, 2000; Hobbs and Meier, 2000). As noticed
in (McGookin et al., 2021; McGookin et al., 2021), in recent years the
focus of energy system modeling and planning is on assessing the social,
economic, environmental, political, and technological feasibility of en-
ergy transition. This is primarily due to the need to build consensus on
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the widely accepted and sustainable path forward.

Energy modeling for supporting the energy planning process aims to
develop projections of future energy demand, the structure of energy
consumption by fuel and by activity, the structure of energy trans-
formation processes, and environmental impact, etc. These projections
are most often based on historical trends, energy balances, expert as-
sessments, or based on statistical methods and forecasts of prices of
energy sources and technologies (IEA, 2023; [EA, 2023), (IRENA, 2018;
IRENA, 2018; Tang et al., 2019; Tang et al., 2019). Such approaches
mostly meet the needs of centrally managed energy sectors and
sub-sectors, such as the sector of electricity production, district heating,
various branches of industry, etc., characterized by a limited number of
decision-makers. However, when it comes to projections of the house-
hold sector, especially individual heating in households, in which con-
sumption is fragmented among individual households, and the structure
of consumption is heterogeneous, outcomes of such approaches are
followed by some uncertainties during the scenario development pro-
cess, which reflects on some uncertainty of the results. To obtain more
accurate outcomes from energy models, it is necessary to include, as
much as possible, factors that influence decisions at the micro-level,
which are usually neglected in classic top-down expert approaches for
supporting decision-makers and policymakers. As Waisman et al. (2019)
noted, to define a long-term decarbonization plan and to secure its
implementation the plan "must be sufficiently understood and accepted
by a majority of stakeholders, both those responsible for implementation
and those affected by the transformation".

Regardless of heterogeneity, fragmentation, and stochasticity, the
household sector is particularly interesting and important because it
provides opportunities for significant improvement of energy efficiency
and reduction of greenhouse gas (GHG) emissions (Johannsen et al.,
2021; Johannsen et al., 2021). For example, the share of the household
sector in the total final energy consumption in the European Union (EU)
is slightly more than 1/4 (about 26%), while the largest share of the
energy consumed in households (about 63.6%) is used for space heating
(8). District heating systems (DHS) operate in 23 EU member states, and
on average, about 24.5% of residential space is heated by DHS, which
means that the dominant type of heating in the EU is based on individual
systems (75.5%) (Sayegh et al., 2018; Sayegh et al., 2018). This distri-
bution of household heating within the household sector underscores its
reliance on the choices made by numerous individuals. Moreover, it
underscores the challenges in developing an integrated long-term en-
ergy model for household heating due to its inherent complexity,
necessitating extensive databases for a thorough consideration of indi-
vidual household-level aspects (Mirakyan and De Guio, 2013; Mirakyan
and De Guio, 2013).

The objective of this paper is to propose a new approach for modeling
energy transition in the household sector, with an attempt to provide a
broader framework and environment for planning and analysis, which
would consider not only technical but also social, political, and eco-
nomic aspects of the energy transition in such a large and heterogeneous
population as households. The proposed methodology integrates a top-
down approach based on experts’ projections, official statistics, and
strategic documents with a bottom-up approach based on the agent-
based simulation model of household behavior related to space heat-
ing. The basic hypothesis is that by integrating the bottom-up approach
and top-down expert modeling, the comparative advantages of both
approaches can be utilized more effectively. By using an agent-based
modeling (ABM) methodology, modeling of individual consumers and
simulation of the influence of the social community, the long-term dy-
namics of the adoption of modern technologies and other aspects related
to this field can be provided at an acceptable level of abstraction. By
integrating ABM with classical tools for energy modeling, it is possible to
expand the analysis by including aspects that do not depend only on
household decisions yet have an impact on the energy transition in
households and on the entire energy system, such as policy measures in
other energy sectors, climate policy, energy efficiency policy,
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demographic trends, etc.

The proposed approach allows a comprehensive analysis of various
aspects of decision-making at the household level, as well as aspects
from a hierarchically higher level, i.e., the socio-political context in
which the energy policy should be implemented. The results of the
application of such an integrated approach are in the form of projections
of energy demands and GHG emissions from individual heating. The
main role of the proposed approach might be an early assessment of the
effects of supporting measures and mechanisms for accelerating the
energy transition of a large number of small-scale energy consumers,
such as households with individual heating systems.

Furthermore, this research involves long-term energy planning
within the household sector, which has significant implications for
sustainability, particularly in terms of environmental, economic, and
social dimensions. The research combines technical engineering view-
points with social research aspects. This interdisciplinary approach aims
to explore the intersection of technology and social factors in sustainable
energy development. By doing so, the proposed integrative approach
facilitates communication and knowledge exchange among experts
(Lund and Mathiesen, 2009), end-consumers (households), and
policymakers.

2. Materials and methods

One of the theoretical approaches to energy transition is the so-called
multi-level perspective (MLP) (Hansen et al., 2019; Hansen et al., 2019).
The specificity of the MLP approach is that it shapes the energy system
into a multi-level hierarchy, in which the political environment (mac-
ro-level), social dynamics and its actors (meso-level), and technological
innovations (micro-level) are in interaction. The conceptualization of
the energy system according to the MLP is shown in Fig. 1. Favorable
development of events on all three levels leads to a successful energy
transition, that is, structural changes that enable elements of each level
to interact with each other. The adoption of technological innovations
and changes in the way energy is used by consumers is the key to energy
transition. To ensure a high level of adoption of technological in-
novations, simultaneous changes in the socio-technical aspects that
involve different actors and require the active role of the community as a
whole are inevitable.
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Fig. 1. The multi-level perspective of energy transition (Hansen et al., 2019;
Hansen et al., 2019).
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Securing more comprehensive planning of the energy transition,
which would include macro-, meso-, and micro-levels, emphases a need
to analyze energy policy and instruments by using several different
methods and modeling approaches (Cajot et al., 2017; Cajot et al.,
2017). The combination of several methods should result in a reduction
of uncertainty in the projection of energy demand, GHG emissions, and
extended quantitative and qualitative assessment of energy transition
support instruments.

The integration of different aspects and influential factors on energy
transition into a single energy planning approach is often the case in
current practice for modeling energy systems and energy sectors, at the
national, even regional, and global levels (Dioha and Kumar, 2020;
Dioha and Kumar, 2020). Regarding the specific domain of household
sector energy modeling, it is evident from relevant literature that there is
a growing trend to merge diverse approaches, a response to the sector’s
inherent complexity. In the approach for modeling energy consumption
and household behavior, proposed by Tian et al. (2021), an ABM
approach is combined with a deep learning method in simulating
household energy consumption. The main objective is to deeply un-
derstand and guide the energy transition of households. A series of
scenarios were simulated based on actual survey samples (Tian et al.,
2021; Tian et al., 2021). For the analysis of energy consumption in urban
areas and the implications for air pollution, Csutora et al. (2021) pro-
posed an approach that integrates qualitative and quantitative research
methods. The objective was to investigate energy consumption patterns
and household behavior. This approach includes household surveys to
obtain empirical data, as well as expert assessments and focus group
involvement for a narrative description of the research subject. Zivkovi¢
et al. (2016) proposed an approach for the analysis of urban heating
scenarios and future development alternatives based on the methodol-
ogy known as "Participatory Backcasting”" in order to involve stake-
holders in the joint formulation of future vision and goals and
knowledge exchange. This methodology is integrated with energy
planning in the LEAP (Low Emissions Analysis Platform) tool. Wang
et al. (2015) introduced a field measurement and survey for computing
occupant behavior. By using a bottom-up model, energy consumption in
the household was simulated and processed at the individual household
level and subsequently aggregated at the geographic level (Wang et al.,
2015; Wang et al., 2015).

Examples from the literature argue for the presence of integrated
methodological approaches in the field of energy planning and modeling
of energy transition in the household sector. Compared to the analyzed
approaches from the literature, the basic conceptual difference of the
proposed approach in this paper is the tendency to include, in addition

Collecting Household Responses to Various
Macro-Level Environmental Factors

Testing Household Responses to
Proposed Policy Instruments
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to technological and social system components, the macro-level
component (governance structures) in the methodology and to con-
nect all three (components) levels to each other. The advantages of
integration could be reflected first of all, in a more detailed analysis of
the research subject, model upgrading, model calibration, and merging
of different databases. Other specifics of the proposed approach are
explained below.

2.1. Methodological framework

A novel approach for long-term energy planning in the household
sector is proposed (Fig. 2). The primary purpose of the new approach is
to support the process of energy planning by assessing the potential
policy instruments in the phases of their formulating, selecting, and
managing. An integrative approach should guide and improve the entire
planning process in such a way that it will indicate through the meth-
odology whether, and if so, to what extent, a revision of the original
policy is needed before implementation of the policy in the real system.
The proposed approach enables new tests and updates because it should
be taken into account that the input parameters to the models will
change over time due to their stochastic nature. The basic elements of
the new approach are two developed individual stand-alone models
(ABM model of individual household heating and expert-based model)
that are coupled together in an iterative manner where outputs of one
phase are used as inputs for the other phase of modeling (Fattahi et al.,
2020; Fattahi et al., 2020).

ABM model of household heating is created based on the conducted
survey to describe households’ behavior and response to different policy
instruments related to the price of heating technologies and energy
sources, subsidies/restrictions for the application of specific technolo-
gies, promotion of different energy efficiency measures, etc. This anal-
ysis of micro-level behavior and responses is introduced in an expert-
based model to show their effects on a macro level. In the complex
decision-making process, this macro-level analysis is used for the
assessment and modification of policy instruments. In this way, this
approach integrates current household heating structure, attitudes, and
perceptions of consumers (obtained from the household survey)
(Pavlovic et al., 2021; Pavlovic et al., 2021), agent-based simulation of
energy-related behavior of each household, and energy statistics, bal-
ances, experts’ knowledge, and energy policies (macro level
components).

The lack of information on households’ attitudes, long-term plans for
investments, willingness to pay more for climate-friendly heating sys-
tems, level of satisfaction with current heating systems, reactions to

Decision-Makers:

Household

Exploring the Effects of Social, Cultural, and
ploring Survey

Educational Barriers on Decision-Making

Data on Households,
Heating
Technologies,
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Projections Under

Various Examined
Conditions

Evaluating the
Anticipated Effects
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Strategic Documents,
Official Statistics,
Demographic Factors,
Housing Stock
Inventory (Macro-
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Fig. 2. Methodological framework.
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potential restrictions or incentives in the future, perceptions of climate
changes, etc., will greatly influence the future energy transition path-
ways. To formulate the proper policy measures for supporting energy
transition, it is important to incorporate such data into the energy
planning process. At this stage, a household survey may serve as a useful
method for collecting empirical data. Surveys have been found to be
valuable tools for collecting information regarding issues related to the
energy transition in the household sector (Hu et al., 2017). The primary
requirement for surveys is to ensure their representativeness concerning
the entire surveyed population. In this particular survey, a conservative
margin of error of 3% and a 95% confidence interval have been adopted
(Pavlovic et al., 2021). Based on these parameters, a sample of 1100
households was determined.

To create autonomous entities (households) that will have specific
attributes based on empirical data from the household survey and to
simulate households’ heating-related behavior over a certain time
frame, the ABM method appears as a practical and often-used approach
(Hansen et al., 2019; Hansen et al., 2019). The ABM model uses com-
puter simulation techniques to specify how households will act in
certain situations. In this modeling approach, each household assesses
its own situation and decides on future heating. Randomness at the in-
dividual level results in behavioral patterns that can be observed at the
level of the entire population (Wilensky and Rand, 2015; Wilensky and
Rand, 2015).

Using agent-based modeling to develop a simulation model for the
transition in household heating is a suitable approach, due to the ad-
vantages that simulation models offer in facilitating long-term decision-
making processes. These models provide citizens and policymakers with
various potential choices, even if they may not all align with economic
optimality based on current knowledge (Lund et al., 2017). Simulation
models are fast, detailed, and well-suited for comparing future sce-
narios, making them valuable for discussions and planning for the
desired future.

The projection of individual heating devices structure in households
is often the hardest to provide when creating long-term energy models of
the household sector. Using the household survey and ABM method,
projections of the future structure of individual heating in households
are obtained independently from individual expert assumptions or his-
torical trends. Instead of predicting the rate of growth of certain tech-
nologies or the rate of decline in the use of outdated technologies, the
dynamics and extent of changes in the observed period were tracked,
based on the ABM simulation, free of any top-down assumptions. Also,
projections of the structure of the heating devices in households relying
exclusively on the projection of prices of devices and fuels was avoided
since the ABM model takes into account other factors that influence the
individual heating at the household level (such as willingness to pay
more for sustainable heating, willingness to take government subsidies,
physical and technical conditions, “neighboring effect”, etc.) (Pavlovic¢
et al., 2022).

This comparative advantage of the proposed approach (Fig. 2) is that
bottom-up modeling of the household energy transition can be further
qualitatively and quantitatively upgraded through integration with
expert-based modeling in the LEAP tool. This creates an environment for
the integration of experts’ knowledge, official statistics, energy studies,
macroeconomic components, demographic trends, housing stock in-
ventory and trends, etc., with results from the ABM model (Hainsch
et al., 2022; Hainsch et al., 2022;Waisman et al., 2019; Waisman et al.,
2019).

These complementary models are used in tandem, involving the
pairing of top-down and bottom-up energy system modeling, in order to
exploit their capabilities and potential for more nuanced insights into
the consequences of household heating technology choices and to obtain
a more flexible methodological framework for managing input and
output parameters (Chang et al., 2021).

Bearing in mind that the methodological framework is tailored to
investigate the demand side within the household sector rather than
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focusing on optimizing the energy supply side (Lund et al., 2021), the
LEAP tool was chosen because it is recognized as suitable for compre-
hensive, policy-oriented energy planning and analysis. As such, it serves
as a valuable resource for shaping long-term scenarios in the context of
household heating transition by 2050. By focusing on the demand side
and examining household heating technology choices, the approach
contributes to the identification of more energy-efficient and environ-
mentally friendly solutions, thereby supporting the Green Deal’s
objective of enhancing energy efficiency through reduced energy con-
sumption. Furthermore, the methodological framework’s emphasis on
long-term planning and scenario analysis facilitates the development of
sustainable energy policies that align with the Green Deal’s commitment
to sustainability (EC, 2019).

2.1.1. ABM phase

ABM is a relatively new approach to energy modeling and simula-
tion. It offers an environment to model the dynamics of complex systems
and complex adaptive systems composed of autonomous, interacting
agents (Macal and North, 2010; Macal and North, 2010). ABM is espe-
cially applicable in cases where the object of modeling is a decentralized
system or entity, heterogeneous in its characteristics, needs, purchasing
power, and other objective influential factors. Agent-based bottom-up
models are characterized by a high level of technical detail, so they can
store and process large input databases (Truong et al., 2016; Truong
et al., 2016).

Development of an ABM model inevitably means identifying and
highlighting certain parts of reality to focus on the most important as-
pects in relation to one’s specific purpose. In the case of modeling
transition in household heating, numerous aspects of individual heating
need to be identified and included. Table 1 shows the main inputs and
data sources for the ABM model that are relevant for the simulation of
energy transitions in individual heating.

As it is predefined in the ABM simulation model (Pavlovic et al.,
2022; Pavlovic et al., 2022), a household makes a decision based on the
maximum utility of its choice. That basically means that the household
will choose a heating system from the set of available alternatives that
has the highest utility function u(A;). Each of the alternatives is multi-
dimensional and depends on several variables A; = (energy demand,
heating system price, heating system efficiency, fuel price, household’s
(un)willingness to pay more for sustainable heating, household’s (un)
willingness to take subsidies, and influence of social interactions) (For
details, please see (Pavlovic et al., 2022; Pavlovic et al., 2022)).

The ABM phase of the proposed integrated approach should answer
the question: “What will the energy transition pathway look like in the
household heating sector by 2050?”. The main output of this simulation
model is household structure by mode of heating for different types of
settlements in the next 30 years, starting from 2020.

Table 1
Description of the input parameters for the ABM model (Pavlovic et al., 2022;
Pavlovi¢ et al., 2022).

Input parameters Description

Characteristics of agents 1. Type of settlement (urban/rural)

2. Heating space area (m?)

3. Energy source

4. Heating system type

5. Heating system efficiency

6. Heating system age

7. Fuel consumption

8. Willingness to pay more

9. Unwillingness to change the current heating
system

10. Willingness to take a subsidy
Characteristics of 1. Heating system prices
environment 2. Fuel prices
3. Regulatory instruments
4. Social network / Neighborhood
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2.1.2. Expert-based - LEAP phase

A particular challenge for planning the energy transition in the
household sector is the estimation of energy demand and dynamics of
individual choices on switching current heating systems over the next 30
years and local specifics related to energy policy, economic, de-
mographic trends, residential construction trends, rates of energy
rehabilitation of residential houses, technological development, and
environmental issues (Johannsen et al., 2021; Johannsen et al., 2021).

As shown in Fig. 2, the energy modeling of the transition in house-
hold heating is performed in the LEAP tool after conducting a simulation
in the ABM model. The LEAP tool enables energy modeling of different
complexity and can be adapted to the extent of available data (Heaps,
2022; Heaps, 2022). In this particular case, LEAP was chosen for energy
modeling of energy transition in individual heating in households for
several reasons. This software tool is free to use for educational pur-
poses, with registration. The most common application of LEAP is for
case studies in time intervals of 20-50 years, and the tool itself is flex-
ible, as it allows the creation of models based on various datasets with
different structures of available data, evaluate alternative scenarios, and
compares them by energy intensity, emissions, or other selected in-
dicators (SEI, 2017; SEL, 2017).

Another advantage of LEAP is the low level of initial data re-
quirements. Many energy modeling tools rely on very specific and often
complex algorithms and therefore tend to be inflexible. Data develop-
ment for such models requires a relatively high level of expertise and
strong support of official statistics. In contrast, many aspects of modeling
in LEAP are optional, thus the initial data requirements can be much
lower and based on relatively simple statistical data processing and
computational operations (Heaps, 2022; Heaps, 2022).

Energy demand calculations are most often carried out on an annual
basis, which is suitable from the aspect of the transformation of the
household structure by mode of heating, which in the ABM model is
monitored seasonally by year (from 2020 to 2050). An additional
advantage of the integration of the ABM model and the LEAP model is in
the simple procedure of data import, bearing in mind that NetLogo,
which was used for simulations, offers the possibility of exporting data
to “XLS/XLSX” files, and the LEAP tool enables the import of these very
files.

For the development of a long-term projection of energy demand for
individual heating in the household sector, time-series of the structure of
household by mode of heating (type of device/technology) and by fuel
were obtained from the ABM and served as one of the main inputs for
energy model development. Experts’ knowledge was incorporated in the
stage of development of specific assumptions, such as the development
of the electricity generation sector, projection of future residential
heating areas, demographic trends, the energy efficiency of various
heating systems, and calibration of energy consumption for heating in
households with individual heating devices. Table 2 shows the input
data required in the energy modeling phase in LEAP.

Development of the model in the LEAP tool, as presented in the
proposed approach (Fig. 2), provides the environment for analysis of
different paths of the energy transition, their visualization, and mutual
comparison according to the projected energy demand and resulting
GHG emissions. The household sector, which is the subject of research, is
now viewed in the broader context of the development of the entire

Table 2
Inputs for energy model.

Input parameters

Share of households by heating system technology and by fuel
Number of households

Distribution of households in urban and rural areas

Average residential heating area and future growth trend
Useful energy consumption by household (kWh/m? per year)
Efficiency of heating systems

GHG emissions from all types of fuel
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energy system.
3. Application of the integrative approach
3.1. Household heating in Serbia — Case study

The final energy consumption in Serbia in 2020 was 8.66 Mtoe
(million tons of oil equivalent). The household sector had the largest
share with a consumption of 3.49 Mtoe, which was about 40% of the
total final energy consumption in the country (Eurostat, 2023; Eurostat,
2023). In the period from 2015 to 2019, that share amounted to
34-36%, which certainly makes the household sector one with the
highest consumption in Serbia (Eurostat, 2023; Eurostat, 2023).

In the household sector in Serbia, the major share of final energy is
used for space heating - about 66% (Eurostat, 2022) (Eurostat, 2022),
while the rest is mainly used for preparing domestic hot water (12%),
cooking (about 7%), and lighting and consumption of electrical appli-
ances (about 14%) (Eurostat, 2022). Around 75% of households are
heated by individual heating devices, approximately 1851,000 house-
holds (Pavlovic¢ et al., 2021; Pavlovic¢ et al., 2021). The rest of the
households are heated via district heating systems. According to the
historical trend, each year 0.4% of households in urban areas switched
to the district heating system (DHBA, 2020; DHBA, 2020). Since the
existing district heating network covers all cities and densely populated
municipalities, experts do not foresee any significant expansion of
existing district heating systems in the country (Jovanovic et al., 2019;
Jovanovic et al., 2019).

In order to calibrate the energy model in LEAP, the final energy
consumption for individual heating in households in Serbia for the base
year (2020) was obtained as follows:

Emn = ErXx Sy - Epn

@

where:

Emg - Annual energy consumption for heating in households with
individual heating systems (ktoe);.

Er -Final energy consumption in the household sector for 2020
(3488.1 kten) (Eurostat, 2023; Eurostat, 2023);.

Sy -The share of final energy used for heating in households (66,3%)
(Eurostat, 2022; Eurostat, 2022);.

Epy -Energy consumption for heating in households supplied from
district heating systems (436 kten) (SORS, 2022a; SORS, 2022a).

It follows that energy consumption for heating in households with
individual heating in Serbia for the base year was:

Ein = 1876-6 kten (2)

The distribution of households by type of settlement and the average
size of the heating area is shown in Table 3. Based on the growth trend of
the number of apartments from 1971 to 2011 (SORS, 2022b; SORS,
2022b), an annual growth of the heating surface of 0.5% was deter-
mined and included in assumptions in the scenario development process
in the LEAP tool.

The current structure of households with individual heating by en-
ergy sources that are dominantly used for heating is shown in Fig. 3. As
can be noticed, the most used energy source is firewood, which is used in
about 58% of households with individual heating, followed by elec-
tricity with around 16%, natural gas (around 12%), wood pellet (around

Table 3

Data for the type of settlement and heating area in the Serbian household sector
(SORS, 2021; SORS, 2021; Pavlovi¢ et al., 2021; Pavlovi¢ et al., 2021; SORS,
2022b; SORS, 2022b).

Type of Households by the type of Households by the average
settlement settlement (%) heating area (m?)

Urban 58% 68,6 m*

Rural 42% 74,9 m*
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Fig. 3. Structure of households with individual heating by energy sources
(Pavlovi¢ et al., 2021; Pavlovi¢ et al., 2021).

7%), coal (around 5.5%), and other energy sources (around 1.5%).

The structure of households by heating devices is shown in Fig. 4. By
the configuration, almost 62% of households have local heating devices,
mainly furnaces based on solid fuels (around 46%) and local electric
space heaters (around 12,5%). This means that in the case of local
heating devices, the dominant energy sources are firewood (71%) and
electricity (20.15%). In the case of central heating configurations, fire-
wood (37.14%), natural gas (25.24%), and pellets (15.71%) are the most
used fuels. As can be seen from Fig. 5, the use of electricity for heating is
characterized by outdated heating technologies, mainly local electric
heaters, and boilers. The important parameter that should be considered
when electricity-based systems are analyzed in Serbia is the structure of
the national electricity generation mix, which is predominantly based on
lignite, so electric heating cannot be considered acceptable or favorable
from the aspect of GHG emissions and air pollution.

Based on the classification of households according to heating area
(up to 50 m?, up to 100 m?, over 100 m?) and the physical and technical
conditions of households (settlement type, housing type), the ABM
simulation model envisaged possible heating options that each indi-
vidual household could choose. Table 4 provides an overview of heating
technologies, i.e., heating systems and their efficiency, considered in the
ABM simulation and later in energy modeling in LEAP (for more details,
please refer to Pavlovic et al., 2022).

For assessment of the effects of various policy measures, the GHG

2,55%

0,91%

3,36%

9,64%

18,55%

6,00%
0,64%

B Firewood-burning stoves BEElectric boilers
O Electric space heaters EGas boilers
@ Gas-fired heaters @Solid fuel boilers
B Pellet stoves EPellet boilers

B Heat pumps

Fig. 4. Structure of households by type of individual heating device (Pavlovi¢
et al., 2021; Pavlovi¢ et al., 2021).
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Fig. 5. Energy demand for heating and structure by fuel according to S1.

emissions from households with individual heating systems are calcu-
lated in the LEAP model. Global Warming Potential (GWP) (EPA, 2022;
EPA, 2022) provides a common unit of measure, which allows analysts
to summarize emissions of different gases and also to register the
emissions that come from the burning of biomass, bearing in mind that
this is the dominant fuel for heating in Serbia. The GWP expressed
through COyq allows policymakers to compare emissions reduction
opportunities across different pathways of the energy transition process.
Emissions are calculated using the 2006 IPCC Guideline and default
emission factors, and they are related to fuel combustion only. Emissions
resulting from the use of electricity for heating in Serbia are obtained
from a model of the transformation sector built in the LEAP tool, based
on experts’ knowledge (BGEN, 2023; BGEN, 2023), (MME, 2023; MME,
2023).

3.2. Analyzed policy instruments and related energy scenarios

To assess the effects of different pathways of energy transition in
individual heating in households by 2050, six case scenarios are
selected. Table 5 shows the specific policy instruments related to these
case scenarios. Projections of the final energy demand for heating and its
structure in the households characterized by individual heating systems
in the base year (both in rural and urban areas) by 2050 are shown in
Figs. 5 — 10. All scenarios were developed by applying the proposed
methodology of the integrative approach.

3.3. Results

The S1 scenario (“Business as usual”) (Fig. 5) is the only scenario that
envisaged an increase in final energy demand compared to other sce-
narios. The main reason for such an inferior result is that this scenario
does not consider policy measures to support the transition to more
efficient heating in its terms. Also, looking at the structure of con-
sumption, it is observed that inefficient firewood heating stoves will
remain the dominant mode of heating until 2050.

In terms of projected energy demand in 2050, S2 and S3 scenarios
(Fig. 6 and Fig. 7) are the most similar, which could be interesting for
policymakers. Restricting the use of obsolete technologies fueled by
firewood and/or coal, and subsidies for the purchase of new and more
energy-efficient heating devices, on the other hand, lead to a similar
outcome. However, in terms of the structure of energy demand by fuel,
S2 is characterized by greater reductions in the consumption of firewood
and a significant increase in the electricity consumption for heating, and
S3 is characterized by greater consumption of pellets and natural gas.
Also, according to S3, wood will remain the dominant energy source,
which means that subsidies alone cannot influence the abandonment or
significant reduction of firewood consumption by 2050.

In the case of the simultaneous implementation of two proposed
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Table 4
Input data for heating technologies (Dincer and Rosen, 2021), (AERS, 2020).
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Heating technology Firewood-based Electricity-based Natural gas-based Pellet-based Coal-based Heat pump (Electricity)
Efficiency of transformation to heat 55% 100% 90% 80% 55% COP =3
Table 5 2000
Scenario description and related policy instruments. 1800
Scenario # Description 1600
S1 “Business as usual” S1 analyzes the current trend of household 1400
heating system transition based on the input data
and social interactions without external 1200
influences of policy measures. 8 1000
S2 “Restricting fuel combustion S2 introduces the restriction of buying new coal- =
in urban areas” based and firewood-based heating systems in all 800
urban areas from 2030 (Karpinska and Smiech, 600
2021; Karpinska and Smiech, 2021).
S3 “Subsidies for more efficient S3 introduces a government subsidy of 50% for 400
heating” switching firewood and coal-based heating 200
systems and electric heaters with heat pumps,
natural gas, or pellet-based heating systems (EC, 0
. 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050
2020; EC, 2020).
S4 “Reduction of prices of S4 assumes that simultaneously with restrictions mElectricity mNatural gas mCoal ®Firewood mHeat = Pellet

innovative technology” (S4) for firewood and coal and subsidies, the prices of
heat pumps, as a technology innovation (Elia

et al., 2021; Elia et al., 2021) for heating in the
household sector, are expected to decrease by 2%
every year. The cost reductions will make heat
pumps more affordable (Mercure et al., 2021;
Mercure et al., 2021).

S5 envisaged the lower useful energy demand for
individual heating in households as a
consequence of investing in energy rehabilitation
of envelopes of 1% of building stocks annually.
S6 analyzes the aggregated effects of S4 and S5.

S5 “Energy rehabilitation of
residential objects”

S6 “Aggregated scenario”

2200
2000
1800
1600
1400

o 1200

o

% 1000
800
600
400
200

0
2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

mElectricity ®Natural gas ®Coal mFirewood mHeat = Pellet

Fig. 6. Energy demand for heating and structure by fuel according to S2.

policy measures (restriction for firewood and coal combustion, and
subsidies for efficient heating) and projected decrease in the price of
innovative technologies for heating (2% annual price drop of heat
pumps for individual heating in households) (Fig. 8), a significant
reduction in energy demand can be expected by 2050. The biggest
reason for such an outcome is the reduction in the use of firewood-based
heating due to the restrictions, and the increase in the share of more
efficient options for heating, mainly heat pumps, which are expected to
be more affordable and more competitive on the market. Given the ef-
ficiency of heat pumps, the increase in their number in households will
not lead to a greater increase in electricity consumption for heating, as
would be the case with conventional electric heaters and boilers.

The S5 scenario (“Energy rehabilitation”) (Fig. 9) envisaged a lower
energy demand compared to S1, S2, and S3, however, it is necessary to
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Fig. 7. Energy demand for heating and structure by fuel according to S3.
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Fig. 8. Energy demand for heating and structure by fuel according to S4.
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Fig. 9. Energy demand for heating and structure by fuel according to S5.

emphasize that the structure of heating systems will be the same as in the
“business as usual” scenario (S1). The reason for the decrease is exclu-
sively lower energy consumption (kWh/m?), which is a consequence of
the energy rehabilitation of buildings.
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Fig. 10. Energy demand for heating and structure by fuel according to S6.

The biggest decrease in energy demand could be expected in the case
of the S6 (Fig. 10) which envisaged the implementation of all proposed
policy measures, energy rehabilitation, and a projected decrease in the
price of heat pumps for household heating. Practically, in S6 the struc-
ture of energy demand is the same, but the energy demand is lower, due
to the energy rehabilitation of the buildings.

Table 6 gives a summary of the effects of individual scenarios
regarding the energy demand by the end of the analyzed period. As can
be seen, energy demand in 2050 can vary from 3% (S1) higher demand
for individual heating 2050-43% lower energy demand in case of pre-
dicted conditions for the most favorable scenario (S6).

For assessment of GHG emissions, CO2eq emissions (with the result-
ing emissions from the production of electricity used for heating) from
individual heating in households are calculated. Greenhouse gas emis-
sions are presented in units of thousands of tonnes of carbon dioxide
equivalent (kt COz¢q). Fig. 11 indicates the potential of each energy
transition scenario for GHG emission reduction. If all policies and
measures, as well as the projected lower prices of heat pumps, would be
implemented and conducted, which is the case of S6, the emissions will
be 60% lower than in the case of S1.

Summarizing the results from the test case of the Serbian household
sector, it can be concluded that the focus of policy should be directed
towards energy savings and reduction of GHG emissions, which can be
achieved by reducing useful energy demand together with increasing the
efficiency of heating. With the projected reduction of emissions from the
electricity generation sector (per produced kWh of electricity), and with
the increase in the competitiveness of heat pumps on the market, the
policy effects of subsidies, restrictions on wood and coal heating in
urban areas, and investments in energy rehabilitation can lead to the
most favorable path of energy transition in the Serbian household sector.

Integration has shown that for a more detailed analysis of the
household sector, observation of the development of the sector within
the wider socio-political context is inevitable. In a certain sense, this
confirms the basic hypothesis that it is necessary to take advantage of
the integration of different methods and models into a single approach
to perceive the impact of the transition in household heating on the
entire energy system and its effects on climate change and make the
optimal decision in the process of defining and managing the energy

Table 6

Energy demand projections, in ktoe.
Scenario # 2020 2030 2040 2050
S1 1876.6 1928.9 1898.3 1931.9
S2 1876.6 1922.4 1761.0 1690.6
S3 1876.6 1843.8 1678.2 1685.3
S4 1876.6 1833.2 1562.2 1272.4
S5 1876.6 1834.3 1710.0 1653.9
S6 1876.6 1743.5 1402.9 1069.6
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policy in the household sector.
4. Conclusion

Transformation of household heating, both on the demand and
supply sides, by decreasing useful energy demand and changing the
manner of meeting needs, represents the foundation for the successful
energy transition in the household sector. Special enigmas are the dy-
namics and achievements of the transition of individual heating. Relying
exclusively on expert knowledge in the case of the household energy
transition could have failed to provide output that would include real-
world data, attitudes, perceptions, and values of heterogeneous con-
sumers as input parameters for the energy model for supporting the
energy planning process and exploring the progress of considered policy
options.

By the introduction of ABM in the assessment of potential pathways
of energy transition in household heating, the perspective and decisions
of the end-user are taken into consideration. This ensures that obstacles
and drivers for switching to more sustainable heating at the individual
level are considered and that their synergistic effect at the level of the
entire household sector is quantified. The ABM model for simulating
households’ behavior related to heating and creating long-term pro-
jections of the heating in households contributes to the analysis and
early assessment of the effects of policy instruments aimed to accelerate
the energy transition. Using the ABM model can serve as a support in the
research of fields that remained vague, inadequately or partially
researched, or completely neglected. However, this model alone is not
sufficient for overall decision support for policymakers. To ensure a
wider practical application, it is crucial to integrate the ABM simulation
model into a wider framework that would provide such an environment
where household behavior and its response to the policy measures and
instruments for supporting energy transition could be continuously
monitored and evaluated. Such an approach would expand to aspects of
transition that do not come exclusively from household heating-related
behavior but have an impact on the energy transition in households and
on the entire energy system at the local or national level.

The proposed approach in this paper has been predominantly
developed to provide a methodology for the holistic planning of tran-
sition in household heating to support the decision-making process by
integrating the ABM bottom-up approach with expert-based modeling,
whose input parameters are primarily conceived as a top-down
approach. The proposed framework is developed with the aim of indi-
rectly including technical, social, political, economic, and environ-
mental aspects and their impacts on the energy transition. The
methodology is aimed to be used in the decision-making process when
assessing the effects of potential policy measures or support mechanisms
in the early phase of policy instrument development. This enables timely
reconsideration, modification, and adjustment of measures and new
testing through the proposed ABM and LEAP models until the preferable
outcome is achieved.

As a whole, the practical importance of the proposed approach to
support energy planning is primarily reflected in:

o Investigation of the attitudes of end consumers and their behavior
related to heating.

e Simulation of different pathways of household heating with pro-
jections of the structure of heating devices and input energy sources.

e Quantification of energy savings for different case scenarios and
implementation of policy measures.

e Projections of GHG emissions from individual heating in households.

e Possibilities for further assessment of the cost-effectiveness of policy
measures.

The results obtained by the proposed approach in the case of the
Serbian household sector indicate substantial potential for achieving
energy savings in household heating if existing outdated heating devices
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Fig. 11. GHG emissions from individual heating in households.

are replaced by more sustainable technologies, primarily heat pumps,
but also if investments are made in the energy rehabilitation of resi-
dential objects. With the implementation of policy measures and in-
struments, it is possible to reduce energy demand in the range between
186 and 807 ktoe. Especially in the case of more massive use of heat
pump technology, and by abandoning firewood and stoves and boilers
burning solid fuels. With the projected reduction of emissions from the
electricity generation sector, a significant reduction of GHG emissions
from individual heating in households could be expected for all case
scenarios in the range between 2.6 and 3.0 Mt COz¢q. The obtained
energy transition pathways provide insight into the effects of certain
policy measures and instruments, and the difference between the most
ambitious and least ambitious path is the interval in which the outcome
of the energy transition in household heating can be expected. The
format of the obtained results enables the calculation of selected in-
dicators, which can then be used to set targets in the process of imple-
menting and evaluating the national energy policy.

Analyzing the characteristics of the proposed approach, it can be
concluded that the proposed integration approach for energy planning
support meets the requirements of scientific research - systematicity,
controllability, objectivity, and repeatability. The listed advantages of
the proposed approach ensure the integrality and multi-level perspec-
tive of the energy transition. The proposed methodology of the inte-
grative approach provides the possibility of reevaluation in certain time
intervals, using the same representative sample. This ensures the pos-
sibility of correcting the instruments that support the transition, taking
into account changes in the energy market and the effects of some other
instruments, but also uncertainties that cannot be predicted in advance
and captured by the models.

The main limitation is related to data quality. Ideally, the required
input data should be updated in a period of one to two years and the
trends of certain variables should be observed over a longer time hori-
zon. The complexity of changes that are the subject of research, as well
as the household reaction to changes, cannot be simulated in all their
complexity, but the trend of changes in the micro and macro environ-
ment of households can be observed and conclusions can be drawn about
the consequences for energy consumption, GHG emissions, and the
whole household energy sector. However, for further development, it
would be useful to create more detailed divisions of households by
specific characteristics and division of heating technologies which
would ensure more precise projections.
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