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Bašić-Šiško, A. City-Level Transition

to Low-Carbon Economy. Energies

2022, 15, 1737. https://doi.org/

10.3390/en15051737

Academic Editor: Donato Morea

Received: 10 January 2022

Accepted: 17 February 2022

Published: 25 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

City-Level Transition to Low-Carbon Economy
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Abstract: In recent years climate change has emerged as a global issue directly related to quality
of life. In this context, one of the key goals in the next few decades will be to transition the global
economy to a sustainable system. The nature of the energy planning process dictates the application
of complex models. There is no universal solution to the energy planning problem. Each territory
requires a bespoke strategy aimed at utilising its specific potential. The research presented in this
paper explores reaching a zero-carbon energy system at the city level. It establishes a step-by-step
decarbonisation method and proposes an energy transition index (ETI). The index presented is
used to evaluate different renewable energy sources (RES) deployment scenarios in the context of
affordability, self-reliance, and sustainability. The main aspects and barriers of deploying sustainable
energy solutions are also explored. Some of the key challenges of RES deployment are identified
as capital intensity, output variability, and the regulatory framework. The approach applied in the
paper focuses on a city-level strategy in line with the goal of satisfying demand through local energy
sources. The presented analysis offers two basic conclusions: (1) each territory requires a bespoke
strategy that can optimally utilise its energy potential and (2) building a local zero-carbon system can
be feasible only by implementing energy storage technologies.

Keywords: low-carbon economy; energy transition; energy strategy; development; RES deployment;
multi-criteria decision support; decarbonization

1. Introduction

During the past few decades, a number of long-held tenets regarding the energy sector
have been rewritten. Climate change emerged as a global issue directly related to the
quality of life [1]. The realisation of the negative environmental impact of power generation
has been causing a stir among energy companies and policymakers worldwide [2]. Apart
from the well-known issue of global warming, the utilisation of energy sources is raising
concerns related to issues such as water depletion, deforestation, biodiversity loss, etc. [3].
During the next few decades, one of the key goals will be to transition the global economy
to a sustainable system [4]. In this context, sustainability is directly linked to reducing the
use of fossil fuels and decreasing CO2 emissions. The deployment of renewable energy
sources (RES) is seen by many as a crucial solution to the energy and environmental
problems that the world is facing [5]. As a result, there has been a proliferation of new
technological solutions, business innovations, and policies aimed at decarbonising the
power sector [6]. Governments worldwide set ambitious emission reduction goals and
instated policies aimed at incentivising the implementation of RES [7]. Several countries
are already planning to reach 100% renewable energy systems in the near future (such as
Sweden [8] and Denmark [9]), while some practically already have zero-carbon energy
systems (Iceland [10] and Norway [11]).

Another important point of research interest is learning how to combine different
technological options and policy instruments to overcome barriers towards reaching a zero-
carbon energy system of the future [12]. The emergence of new technologies, distributed
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energy sources (DER), prosumers, and digitally-enabled solutions complicates the delicate
balance of the energy ecosystem [13]. Complexities of modern power systems call for the
application of multidisciplinary approaches in solving the energy equation [14]. Modern
energy strategies have to consider a whole string of disparate factors when assessing
optimal development pathways [15]. A multi-disciplinary approach is now a prerequisite
in forming energy-related action plans. The nature of the energy planning process dictates
the application of complex models. There is no universal solution to the energy planning
problem. Each territory requires a bespoke strategy aimed at utilising its specific potential.
Observing literature available on 100% renewable energy systems, there are a few gaps that
this paper tries to cover. First, while there are a number of papers that explore reaching
zero-carbon systems, only a portion of them focus on the city/municipal levels [16]. Second,
there is no established step-by-step method that can be applied to different local settings
during the process of building a zero-carbon system. Third, there is no established method
that evaluates different decarbonisation pathways. In addition to contributing to these
three issues, the paper explores key aspects and barriers of deploying sustainable energy
solutions in reaching the ultimate goal of having a zero-carbon energy system of the future.
The approach applied in the paper focuses on a city-level strategy in line with the goal of
satisfying demand through local energy sources.

In line with the EU’s energy policy, the UN’s Sustainable Energy Goals [17], and
numerous research papers, this paper explores the feasibility of building a zero-carbon
energy system by implementing distributed energy sources. It is worth noting that, while
decentralisation of energy sources is key to decarbonisation, not every urban area needs to
be 100% energy sustainable. The research presented in this paper aims to establish a bottom-
up approach to the urban energy planning process. In addition, we build upon previously
published research and present a bespoke, multi-criteria decision support system (DSS) that
evaluates decarbonisation pathways. However, a number of cities will not be able to reach
a completely sustainable and self-reliant energy system. The aim of the presented DSS is,
therefore, to determine what would be the optimal mix with regard to local constraints
and in line with selected parameters. The indicators used in the model are based on (1) the
EU’s energy policy goals that require energy to be affordable, reliable, and sustainable and
(2) previously established methods (outlined in the following paragraph).

The paper is organised as follows. Section 2 offers a literature review. It focuses on
two key areas: (1) studies on achieving a 100% renewable energy system and (2) research
in the field of multi-criteria decision support systems (DSSs). Section 3 outlines the main
aspects of the probabilistic model used to build and evaluate energy development scenar-
ios. The applied evaluation method is based on the contemporary understanding of the
energy supply chain as defined by available literature and the EU energy policy. Section 4
introduces the paper’s case study—a town in Croatia for which a 100% renewable, zero-
emission system is built. Section 5 presents and evaluates development scenarios. Section 6
offers a discussion on results and the main barriers to the successful implementation of the
envisioned renewable system. Section 6 offers a final conclusion of the research.

2. Literature Review

Deployment of renewables has been accompanied by a strong researcher presence.
Most studies focus on various CO2 abatement technologies or policies [18]. In this context,
emissions have been studied regarding the transport sector (with a focus on vehicles [19],
ships [20], and planes [21]), the building [22] and construction [23] sector (exploring urban
energy systems [24] and central heating systems [25]) and a number of industries (i.e.,
cement [26], steel [27], and aluminium [28]). Carbon emissions are also an important topic
in the power industry where papers focus on different aspects of energy policy such as
carbon taxation [29], RES incentives [30], and innovation support [31]. Apart from the
well-established topics of wind [32] and solar [33] power plants, a lot of research has also
been directed towards exploring the implementation of other low-carbon energy sources
such as biomass [34], biogas [35], municipal solid waste [36], and geothermal energy [37].
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Implementing solar-based solutions is an important segment of any low-carbon transition.
As such, the topic of solar technologies is heavily researched. In this context, recent papers
explore solar thermal technology [38], solar desiccant cooling systems [39], solar hybrid
systems [40], and photovoltaic technologies [41]. A different path is exploring the imple-
mentation of carbon capture and storage (CCS) systems into new [42] or existing thermal
power plants [43]. In addition to the aforementioned topics, research papers investigated
the potential of energy efficiency [44], smart grids [45], demand response [46], digitali-
sation [47], artificial intelligence [48], and electrification [49] in aiding decarbonisation
efforts.

Contemporary discussion regarding the energy sector is unimaginable without con-
sidering numerous external aspects of energy markets. In this context, energy security is
oftentimes used in academic and political arenas as an umbrella term defining the overall
quality of the energy supply [50]. Although the concept of energy security existed from
the beginnings of the energy sector, it became a policy issue in the early part of the 20th
century when the United Kingdom decided to replace coal with oil as the main fuel of
the Royal Navy [51]. Historically, the concept periodically received more attention during
oil crises, until it grew in importance during the 2000s [52]. Today, energy security is an
integral part of any development strategy and/or energy policy across the globe [53]. It also
became ubiquitous to contemporary discussion regarding energy-related issues and climate
change [54]. Despite its importance, there is no universal method that would be used to
quantify energy security aspects [55]. There are numerous definitions, methods, and indica-
tors used when assessing energy security [56–58]. The concept is explored using different
approaches such as modern portfolio theory [59] and various bespoke models [60]. The
three pillars of the EU’s energy policy are affordability, sustainability, and reliability [61,62].
They define the conditions that any energy system needs to accomplish to successfully
operate. In other words, energy supply needs to provide a low-cost, reliable source of
energy without causing a degradational effect on the surrounding environment. This is
why reaching a 100% renewable energy system is a difficult task [63]. It is not efficient
to simply invest in a certain renewable technology, as it might raise costs and reduce the
system’s reliability. It is necessary to carefully select a set of technologies that best suit a
given territory. These technologies must also aim to facilitate the transformation of existing
linear models into circular [64].

There is a considerable amount of research regarding the transition to completely
renewable energy systems. Different approaches such as modern portfolio theory [65]
or Markowitz’s mean-variance approach [66] have been used to devise an optimal sus-
tainable development path. Some papers focus on policy issues of renewable energy
deployment [67], while others look into key challenges [68] or barriers [69] standing in
the way of the energy transition. In the meantime, the power sector is undergoing a radi-
cal transition towards a sustainable, zero-carbon future. New approaches in solving the
energy equation are resulting in dramatic structural changes of the energy supply chain
that also have a profound effect on the business landscapes of the sector [70]. The surge of
distributed energy sources increases pressure on the distribution grid, while variable RES
emphasise the importance of having reserve power for providing grid stability. The power
system is a behemoth consisting of countless components that all have to work in perfect
harmony to provide energy in real time, all the time. Thus, the problem of intermittency
of variable RES has become a heavily researched topic [71]. Battery systems are seen as
a prerequisite in achieving high levels of RES penetration [72]. Achieving a zero-carbon
energy system will be an arduous task that will require combining bespoke approaches and
policies, and implementing numerous technological solutions. This transition will not be
possible without a profound understanding of the dynamics underpinning energy markets.

In line with the process of decentralisation, there has been a number of research papers
investigating pathways of low-carbon transitions at urban and/or municipal levels [73].
Cities are to play a key role in reducing greenhouse gas (GHG) emissions [74]. This is
why it is imperative that they implement strategies that can facilitate their low-carbon
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transition [75]. City-level transition is oftentimes observed through the scope of circu-
lar economy [76]. Different analyses offer different approaches to the energy planning
problem [77]. Some papers focus on improving transitional management [78] and urban
governance [79]. Others explore the importance of policy innovation on low carbon devel-
opment [80]. There are papers that propose novel approaches, such as the “multi-objective
land use allocation optimisation model” [81] or that evaluate the performance of cities’
low-carbon development [82]. However, while there are papers that investigate low-carbon
transitions at the urban level, there is a lack of research on creating bottom-up approaches
that consider the entire energy system of a city. Most papers focus on a certain aspect such
as central heating [83], transport [84], or buildings [85], without creating a unified approach
in dealing with the entire emission inventory of a city.

Policymakers and businesses across the world are faced with making decisions in
conditions of uncertainty almost on a daily basis [86]. As the complexities of modern power
grids increase, so does the need for the utilization of robust optimisation methods [87].
Energy models must consider a string of parameters, which makes it difficult to develop
generalised and tractable robust formulations [88]. This is why multi-criteria decision
support systems (DSSs) will play a crucial role during the planning process. DSSs are
an acknowledged research area with a long history [89]. As the power sector is evolving,
DSSs need to be further improved to match today’s needs. The methods behind them
generally consist of four phases: determining key indicators, gathering input, calculation
(optimization), and interpretation of results. Due to their complexity, most DSSs are
designed for a very specific area of interest. In recent years, DSSs have been used in
exploring the design aspects of green hydrogen [90] and selecting sites for solar [91] and
biomass power plants [92]. DSS-aided multi-objective methods are utilized in designing
central heating plants [93] and in improving buildings’ environmental performance [94].
Taking it a step further, DSSs are used to investigate the net zero-energy district (NZED)
concept [95] and the implementation of clean energy initiatives at the neighbourhood
level [96] and the city/municipal levels [97]. The integration of RES is explored [98], as
well as the evaluation of hybrid renewable energy systems (HRESs) [99]. DSSs are also a
popular topic in the field of energy policy [100,101] and development strategies [102].

3. Method

As already outlined, the research in this paper aims to establish a step-by-step method
to determine the optimal transition to a zero-carbon urban energy system. For this reason,
a probabilistic model for decision-making based on a multi-criteria approach is devel-
oped [102]. Decarbonisation pathways are evaluated by monitoring several key indicators.
Building upon previous work in the field, the research method is based on five distinct
phases: (1) determining key indicators of the energy transition index (ETI), (2) building a
detailed database of the case study area, (3) determining viable development scenarios,
(4) conducting a market analysis (consisting of a software optimisation and a sensitivity
analysis), and (5) interpreting results and devising appropriate recommendations.

3.1. Evaluation Index

According to the European Commission and the European energy policy, energy
supply should be affordable, reliable, and sustainable [103]. In this line, and following
other established methods [104], the energy transition index (ETI) used to evaluate urban
decarbonisation pathways is comprised of the following indicators: affordability (calculated
as the specific cost of a megawatt hour), self-reliance (observed through the scope of
electricity and fuel imports), and sustainability (evaluated by observing specific emissions
and primary fuel use). In general, an ideal power system is one that provides energy at
zero costs, produces no emissions, does not use fossil fuels and does not depend on any
imports. Evaluating the performance of an urban energy system requires a multidisciplinary
approach and a careful selection of parameters to be monitored. There are numerous
papers investigating the selection of the right indicators [105]. The energy transition index
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presented in this paper is constructed of three dimensions and six basic indicators. Figure 1
reveals the composition of the energy transition index.
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The affordability dimension consists of three indicators: end-user market costs, power
purchase agreements (PPAs), and fuel costs. This dimension is aimed at determining end
costs for three subsectors: power, heating, and transport.

A = kA·
(

Am + Ap + A f

)
(1)

Self-reliance is the ability of the system to satisfy its own demand. This dimension
aims to determine the amount of imported energy (power and fuels).

R = kRe·Re + kR f ·R f (2)

Sustainability is what the entire energy sector is striving to achieve. For research
purposes, this dimension is considered to reflect on the system’s carbon emissions and fossil
fuel use. It aims to calculate the overall emission of the observed case study. Estimation of
the emissions by the transport subsector is based on the IPCC guidelines [106].

S = kSe·Se (3)

Combining three dimensions results in a vector set in a Cartesian system. Lower index
values represent a better performance by the observed energy system.

ETI2 =
[
kA·
(

Am + Ap + A f

)]2
+
[
kRe·Re + kR f ·R f

]2
+ [kSe·Se]

2 (4)

3.2. Optimisation Model

Complexities of modern power systems require the utilisation of specialised optimisa-
tion tools to consider all necessary parameters within time-dependent techno-economic
constraints. There are numerous optimisation software for energy analyses available [107].
The market analysis presented in the paper uses a detailed database of the case study city
and a detailed database of its domestic power system. As such, it is optimally suited to
observe the development scenarios of the case study. The optimisation tool is a bespoke
model made by the authors of the paper. It is an extension of the mid-term market simula-
tion software Promed built by the Italian-based institute CESI [108] and used for numerous
market analyses worldwide [109,110]. The database contains hourly consumption patterns,
water inflow, power grid constraints, fuel prices, carbon costs, and generation portfolios
(each unit is separately considered and is characterised by its operating range, efficiency,
fuel used, average availability, and cost structure). Due to space limitations, only essential
data used in the market analysis are revealed. A more extensive view on some of the
aspects of the database can be found in our previously published work [102,111].
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The optimisation aims to minimise costs with respect to the given constraints of the
system. It is based on Karush–Kuhn–Tucker (KKT) conditions and considers the system
through a period of a year with an hourly discretisation. The task of cost optimisation
comes down to the convex minimization problem of the following general form:

min
xt, i

f subject to constraints (C1)− (C3), (5)

where the cost function f is given by

f = ∑
t,i
(Bt,i gt,i(xt,i) + Kt,ixt,i + Dt,imax(Bt,i ht,i(xt,i)− Pt, 0)), (6)

and gt,i and ht,i are convex functions. A detailed list of functions, variables, constants, and
indices is given in Table 1. The constraints of the optimisation problem are:

(C1) xt,i ∈ [Bt,imt,i, Bt,i Mt,i], ∀t, i, (7)

(C2) ht,i(xt,i) ∈ [nt,i, Nt,i], ∀t, i, (8)

(C3) ∑i qt,i pt,i + rt = Lt + Rt, ∀t, (9)

and represent constraints on the power generated by operating units, fuel consumption,
and total resulting output. It is convenient to choose the functions gt,i and ht,i as they are
fairly simple in that they allow efficient application of optimisation algorithms, but still
allow enough variability to make the model adequate for obtaining reliable information. In
this paper, the following production cost function is considered:

gt,i(x) = a0,t,i + a1,t,i x− a2,t,i ln
x + mt,i

Mt,i
, (10)

where a0,t,i (EUR) is the zero-degree cost coefficient, a1,t,i (EUR/MW) is the linear cost
coefficient, and a2,t,i > 0 (EUR) is the log cost coefficient. For the fuel consumption function
ht,i, we take:

ht,i(x) = b0,t,i + b1,t,i x + b2,t,ix2, (11)

where b0,t,i (GJ), b1,t,i (GJ/MW), and b2,t,i > 0 (GJ/MW2) are the zero-degree, linear, and
quadratic fuel consumption coefficients for generating unit i in time interval t, respectively.

Table 1. RES potential.

Technology Potential Capacity Potential Production

Biomass cogeneration 10 MWel + 24 MWth 80 GWhel + 192 GWhth
Solar (rooftop) 2 MWel 2.51 GWhel

Solar (standalone) 5 MWel 6.28 GWhel
Hydro 14.3 MWel 27.56 GWhel

The optimisation process carries out an optimal coordinated scheduling of the thermal
and hydro generation portfolios of the power system during the course of a year with
an hourly discretisation. It does so by solving a quadratic programming optimisation
problem where the objective function to be minimised is the overall production cost of
energy [102]. The process needs to consider all technical constraints of the system and
create a dispatching schedule based on hourly load profiles. The aim of the software
is to simulate a liberalised power market where producers compete to enter the merit
order curve (MOC). The day-ahead market is characterised by a congestion management
system based on zonal market splitting and a marginal price. Running a power market
optimisation requires consideration of a significant amount of data. This data can be
divided into the following nine groups: generation portfolio (each unit of the system is
individually modelled based on its availability, operating range, efficiency, maintenance
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schedules, fuels utilised, and costs), power grid model (defined by bidirectional net transfer
capacities), hourly load profiles by zones, power purchase agreements (PPAs), exchanges
with neighbouring systems, privileged producers (units that have dispatch priority), and
fuel and carbon prices. Market optimisation uses the input database to determine three
key outputs with an hourly discretisation: (1) marginal zonal prices, (2) generation by each
unit, and (3) exchanges between zones.

4. Case Study

Practical implications of the method presented in Chapter 3 are explored by applying
the method to an existing city. For the purposes of research, the city of Zaprešić was chosen
(the city). First, a four-step assessment is conducted to determine the city’s: (1) energy
consumption patterns, (2) cost of energy, (3) CO2 emissions, and (4) potential energy
solutions. After the current state of the city’s energy sector is assessed, several development
scenarios are built. The key is to evaluate the possibilities and challenges of a zero-carbon
transition of the city.

4.1. Current State Assessment

Zaprešić is a city located in the north-western part of Croatia, 18 km away from the
nation’s capital, Zagreb (Figure 2). It has a population of 25 thousand and its urban area
is spread across 251 km2. Zaprešić is an excellent example of a small, continental city.
According to Köppen climate classification, its climate is classified as an oceanic climate
(Cfb), but it borders on a humid continental climate (Dfb). According to the Croatian
Chamber of Trades and Crafts, there are 707 registered companies in Zaprešić [112].
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Despite decent energy potential, the city has a virtually non-existent power sector. The
city consumes an average of 262 GWh of energy per year. Almost 60% of its energy is used
for heating purposes. The annual energy demand of the city is shown in Figure 3.
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Figure 3. Annual average energy consumption of the case study city.

The city consumes an average of 45.3 GWh of energy per year for electricity [113]. City-
owned properties are responsible for the following types of consumption: public lighting
(71% share, 3.6 GWh), administration, education, culture, sports, and other. Households
consume the most electricity with a share of 52% in the overall consumption. Figure 4
shows the city’s electricity demand with an hourly discretisation.
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Figure 4. Annual electricity demand.

The demand for heating energy in the city of Zaprešić is around three times higher than
electricity consumption: it averages at about 155 GWh per year. Natural gas is the dominant
primary fuel used for satisfying heat demand. Almost 90% of heating energy is produced
with natural gas. There are eight central heating stations that annually supply about
14 GWh of heating energy [114]. Households consume most heating energy—90 GWh
per year (just below 60%). Figure 5 shows the city’s heating energy demand with an
hourly discretisation.

The transport sector consumes 62 GWh of energy during the course of an average year.
Most vehicles are powered by diesel, which meets 57% of primary fuel needs, while the
rest are mostly powered by gasoline [115]. Fuel is mostly consumed by personal vehicles.

After assessing the city’s energy consumption patterns, the next step is to analyse
its cost of energy (CoE). Since the city has no domestic power sources and no trading
desk, the electricity price is determined based on the average tariff prices of electricity
supply in Croatia. Based on the elaboration of data presented by the Croatian energy
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market operator (HROTE) [116] and the Croatian energy regulatory agency (HERA) [117],
in 2020, the end user price of electricity averaged EUR 96/MWh. Comparing this number
with the overall electricity demand, the annual cost of electricity in the city equals EUR
4.4 M. The annual heating cost of the city equals EUR 12.3 M [118]. Transport costs are
estimated by comparing the overall primary fuel consumption and the average prices of
diesel/gas/LPG [119]. Figure 6 reveals the summed results of the city’s annual energy
consumption and energy cost. The annual energy consumption of the city is estimated at
262 GWh, which cost a total of EUR 24.2 M.
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Figure 5. Heating energy demand.
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Figure 6. The city’s annual energy consumption and overall energy costs.

The third step of the current state assessment is estimating the carbon footprint of
the city. Each subsector (electricity, heating, and transport) requires a different approach.
Despite having no domestic power sources, the city is responsible for the so-called indirect
emissions from purchased electricity. As per the Joint Research Centre of the EU, the
specific emission factor for electricity in Croatia is 0.205 tCO2/MWh [120]. This means
that the city is responsible for a total of 57 kilotons of CO2 emissions each year. Emissions
of the heating sector are calculated by comparing specific emission factors of natural gas
(0.202 tCO2/MWh) and heating oil (0.267 tCO2/MWh) with the city’s annual energy con-
sumption of these two fuels [118,120]. Similarly, the emissions of the transport sector are
calculated by observing specific emission factors of diesel (0.267 tCO2/MWh), gasoline
(0.267 tCO2/MWh), and LPG (0.267 tCO2/MWh) with the city’s annual fuel consump-
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tion [115,118,120]. Finally, Figure 7 is drafted, showing the city’s annual emissions by each
subsector.

Energies 2022, 15, x FOR PEER REVIEW 10 of 25 
 

 

The third step of the current state assessment is estimating the carbon footprint of the 
city. Each subsector (electricity, heating, and transport) requires a different approach. De-
spite having no domestic power sources, the city is responsible for the so-called indirect 
emissions from purchased electricity. As per the Joint Research Centre of the EU, the spe-
cific emission factor for electricity in Croatia is 0.205 tCO2/MWh [120]. This means that the 
city is responsible for a total of 57 kilotons of CO2 emissions each year. Emissions of the 
heating sector are calculated by comparing specific emission factors of natural gas (0.202 
tCO2/MWh) and heating oil (0.267 tCO2/MWh) with the city’s annual energy consumption 
of these two fuels [118,120]. Similarly, the emissions of the transport sector are calculated 
by observing specific emission factors of diesel (0.267 tCO2/MWh), gasoline (0.267 
tCO2/MWh), and LPG (0.267 tCO2/MWh) with the city’s annual fuel consumption 
[115,118,120]. Finally, Figure 7 is drafted, showing the city’s annual emissions by each 
subsector. 

 
Figure 7. The city’s annual CO2 emissions. 

Looking at the current state of the city’s energy sector, several observations can be 
drawn. At present, the city does not produce electricity and is forced to import basically 
100% of its energy consumption. Only 9% of thermal energy demand is supplied by cen-
tral heating systems, while the rest (90%) is satisfied by individual boilers. Heating costs 
are high and CO2 emissions are significant. The negative environmental impact is ampli-
fied by the use of remaining heating oil boilers. Figure 8 depicts four key problem areas 
of the city’s energy sector.  

Figure 7. The city’s annual CO2 emissions.

Looking at the current state of the city’s energy sector, several observations can be
drawn. At present, the city does not produce electricity and is forced to import basically
100% of its energy consumption. Only 9% of thermal energy demand is supplied by central
heating systems, while the rest (90%) is satisfied by individual boilers. Heating costs are
high and CO2 emissions are significant. The negative environmental impact is amplified
by the use of remaining heating oil boilers. Figure 8 depicts four key problem areas of the
city’s energy sector.
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4.2. RES Deployment Scenarios

Increasing efficiency requires the implementation of new technological solutions and
innovative processes. New business models must be carefully studied, and solutions
created in a personalized way so that they can be properly applied to reduce costs and neg-
ative impact on the environment in accordance with the objectives of the EU energy policy
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for 2030. In this context, main activities should revolve around gradually increasing the
efficiency of existing infrastructure and facilitating the implementation of local, distributed
energy sources. There are two key steps when it comes to identifying ideal development
scenarios. First, acceptable technologies should be filtered. Second, a combination of these
technologies should be optimised based on the specifics of local surroundings. Reaching a
zero-carbon energy system, while at the same time maintaining reliability and (enhancing)
affordability, during a limited timeframe, requires the application of innovative but ma-
ture technological solutions. These solutions should, ideally, be supported by incentives
to attract investors. The left side of Figure 9 shows the main urban areas of the city, its
industrial and commercial zones and existing small heating systems. The right side of
Figure 9 reveals potential locations for RES deployment and main corridors of the new
central heating system based on the city’s energy potential and general urban plan.
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Looking at currently available technologies, this refers to wind, solar, sustainable
cogeneration (such as biomass), and small hydro. All are mature technologies with proven
track records, all are considered privileged power producers by the Croatian regulatory
framework [117], and all have a realistic possibility to be incentivised by the Croatian energy
market operator [116]. The city has modest wind potential [121], making wind power plants
an unfeasible option. The city’s solar potential is much better rated with irradiation values
enabling around 1250 kWh/KWp per year [122]. This is equivalent to a plant load factor
(PLF) of 14.27% and is considered sufficient for a solar power plant to be feasible. A
cogeneration unit has the potential to swiftly reduce the negative environmental impact of
the city’s heating sector. The area has sufficient biomass potential [123] and, according to
the general urban plan of the city [124], local authorities have already envisioned building
a cogeneration unit in the industrial zone. Finally, there is a river (Sava) running at the
border of the city. This locality has the potential for a 14.3 MW hydro power plan, while
newer studies suggest an even larger unit can be constructed (i.e., the one by the Croatian
Ministry of Physical Planning) [125]. Table 1 sums the results of the analysis of the potential
RES deployment.

Based on the energy potential of the city, three development scenarios are built. Fol-
lowing them, the city would become carbon neutral. They envision three key pathways:
(1) implementation of renewable energy sources, (2) electrification of existing processes
(most significantly the electrification of transport), and (3) improving the efficiency of exist-
ing infrastructure. Table 2 lists potential development scenarios regarding RES deployment.
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Table 2. RES deployment scenarios.

Technology Referent Scenario 1 Scenario 2 Scenario 3

Biomass cogeneration - 5 MWel + 12 MWth 7 MWel + 19 MWth 10 MWel + 24 MWth
Solar (rooftop) - 1 MWel 2 MWel

Solar (standalone) - 5 MWel 5 MWel
Hydro - 14.3 MWel

Potential domestic annual production of power and heat for each of the three RES
deployment scenarios is shown in Figure 10.

Energies 2022, 15, x FOR PEER REVIEW 12 of 25 
 

 

Looking at currently available technologies, this refers to wind, solar, sustainable co-
generation (such as biomass), and small hydro. All are mature technologies with proven 
track records, all are considered privileged power producers by the Croatian regulatory 
framework [117], and all have a realistic possibility to be incentivised by the Croatian en-
ergy market operator [116]. The city has modest wind potential [121], making wind power 
plants an unfeasible option. The city’s solar potential is much better rated with irradiation 
values enabling around 1250 kWh/KWp per year [122]. This is equivalent to a plant load 
factor (PLF) of 14.27% and is considered sufficient for a solar power plant to be feasible. 
A cogeneration unit has the potential to swiftly reduce the negative environmental impact 
of the city’s heating sector. The area has sufficient biomass potential [123] and, according 
to the general urban plan of the city [124], local authorities have already envisioned build-
ing a cogeneration unit in the industrial zone. Finally, there is a river (Sava) running at 
the border of the city. This locality has the potential for a 14.3 MW hydro power plan, 
while newer studies suggest an even larger unit can be constructed (i.e., the one by the 
Croatian Ministry of Physical Planning) [125]. Table 1 sums the results of the analysis of 
the potential RES deployment.  

Based on the energy potential of the city, three development scenarios are built. Fol-
lowing them, the city would become carbon neutral. They envision three key pathways: 
(1) implementation of renewable energy sources, (2) electrification of existing processes 
(most significantly the electrification of transport), and (3) improving the efficiency of ex-
isting infrastructure. Table 2 lists potential development scenarios regarding RES deploy-
ment. 

Table 2. RES deployment scenarios. 

Technology Referent Scenario 1 Scenario 2 Scenario 3 
Biomass cogeneration - 5 MWel + 12 MWth 7 MWel + 19 MWth 10 MWel + 24 MWth 

Solar (rooftop) -  1 MWel 2 MWel 
Solar (standalone) -  5 MWel 5 MWel 

Hydro -   14.3 MWel 

Potential domestic annual production of power and heat for each of the three RES 
deployment scenarios is shown in Figure 10. 

 
Figure 10. Potential production of the three RES deployment scenarios. 

Potential RES deployment is not the only factor that needs to be considered. A sensi-
tivity also needs to be added to the city’s consumption patterns. Three additional 

0

50

100

150

200

250

300

350

S1 S2 S3

(G
W

h)

Electricity Heating energy

Figure 10. Potential production of the three RES deployment scenarios.

Potential RES deployment is not the only factor that needs to be considered. A
sensitivity also needs to be added to the city’s consumption patterns. Three additional
scenarios are considered: (1) business as usual—low demand growth and 0% e-mobility,
(2) referent—demand growth and 50% electric vehicles (EVs), and (3) zero-carbon—high
electrification, 100% EVs, and the implementation of electric heat pumps. Combining
scenarios regarding possible consumption patterns and RES deployment scenarios from
Table 3 results in having 12 scenarios that are analysed by computational optimisation.
Acronyms of the scenarios are listed in Table 3.

Table 3. Sensitivity analysis scenarios.

Scenario Referent Scenario 1 Scenario 2 Scenario 3

B Low demand growth, 0% e-mobility B0 B1 B2 B3
R Referent demand growth, 50% electric vehicles R0 R1 R2 R3
Z Zero-carbon scenario Z0 Z1 Z2 Z3

4.3. Market Analysis of the City’s 2030 Transition

This section presents the main findings of the simulated transition. The market analysis
is carried out by the use of a bespoke software optimisation tool. For the purposes of the
analysis, a detailed reference model of the city of Zaprešić is constructed. Three RES
deployment scenarios and three consumption/EV take-up scenarios are drafted which
cover all presumed development scenarios of the city. The analyses confirm that, based
on the general guidelines and the method described in previous sections, it is possible to
design a completely sustainable, zero-carbon city for the given case study. According to
the energy transition index (ETI), deploying renewable sources would improve the overall
performance of the city’s energy sector (by reducing its negative environmental impact,
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import dependence, and fossil fuel use), while maintaining affordability and reliability of
the energy supply.

Biomass cogeneration is used to reduce heating bills and replace carbon-emitting
heating oil and natural gas boilers. Cogeneration units are able to provide a stable source
of energy, crucial for covering baseload demand. The problem is that these units are
only highly-efficient when they simultaneously produce electric and heating energy. The
Croatian energy market operator has so far only incentivised biomass cogeneration units of
up to 5 MWel output and offered a higher tariff for units of up to 2 MWel. The analysis of the
city’s heating market revealed peak heating load to amount to just over 33 MWth. As there
are parts of the city with low population density, building a central heating system (CHS)
that would reach each household would prove to be unfeasible. Instead, the development
scenarios envision a CHS that covers only the urban area of the city. Individual suburban
households would have to replace their natural gas boilers with electric heat pumps. This
would cause an increase in electricity demand. Heat pumps would have to cover an
estimated 14.9 GWh of heating energy each year.

It would be rather optimistic to believe that electric vehicles (EVs) will be the domi-
nant form of transportation by 2030. Nevertheless, the zero-carbon scenario assumes the
electrification of all transport. According to research, an average EV consumes about a third
(33%) of energy compared with an average internal combustion engine [126,127]. Therefore,
electrifying the transport sector would increase electricity demand, but would reduce the
overall energy consumption of the city. It would also significantly reduce CO2 emissions,
reduce the negative environmental impact of transportation, and decrease costs. Our
analysis revealed that retail electricity price in Croatia averaged at about EUR 96/MWh,
while referent fuel cost (diesel and gasoline combined) averaged EUR 110.8/MWh.

As aforementioned, variable RES have intermittent outputs which considerably com-
plicate the energy balance equation. Figure 11 reveals typical hourly values of solar power
plant utilisation (based on the values recorded during the last 3-year period).
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Figure 11. Solar power plant utilisation.

Hydrological conditions used in the case study are based on the average recorded
weekly water inflow profiles on a national level (Croatia) during the period of the last ten
years and are shown in Figure 12.

Effective market analysis requires hourly load profiles to be compared with the inter-
mittent output of the assumed generation portfolio. An optimisation procedure is run for
each of the twelve scenarios defined in the previous chapter. Only the main findings are
outlined. To provide a better understanding of the output results, Figure 13 reveals the
balance during a week-long period of the referent scenario 2 (R2).
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Figure 12. Average weekly production of the Croatian hydro sector.
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Figure 13. Energy balance sample.

Analysing data presented in Figure 13, an interesting observation can be drawn.
During the observed period, the overall energy balance is positive (net exports are larger
than net imports). However, without power exchanges with the external system, the
city would not be able to satisfy its demand. Ensuring full self-reliance would require
one or more of the following: installing more power generation capacities, implementing
power storage (in this case a battery system), and/or facilitating the application of demand
response (DR) solutions. Based on the results of the optimisation and the subsequent
market analysis, key indicators of the energy transition index are shown in Figure 14.

Figure 15 presents the transition indices for each of the 12 deployment scenarios.
Despite certain limitations, scenarios with higher RES penetration record better results.

Figure 16 shows a comparison of the three dimensions of the energy transition index
for the current state (B0) and the three basic deployment scenarios. It reveals the beneficial
effect of RES deployment on the sustainability and self-reliance of the city. In addition,
observing the case study example, if current market incentives for selected renewable
technologies are considered and considering current power prices, affordability of the city’s
energy supply chain would be improved. Worth noting is that RES deployment requires
an initial capital investment. Its associated effects are temporal (market incentives have
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a duration period). In other words, after covering capital costs, RESs produce energy at
lower operational costs and thus improve the affordability of the energy supply.
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There are a few crucial takes from the results obtained. Naturally, RES deployment is
highly beneficial to self-reliance and sustainability. However, data suggest that the increased
implementation of residential solar units and electric heat pumps, and a high uptake of
EVs gradually reduces energy end costs. In fact, the zero-carbon scenario offers noticeably
lower energy costs than the current situation of the city. Implementing a cogeneration unit
would slightly increase the cost of power but would result in a significant reduction in
heating energy costs (despite a significant initial capital investment).

5. Discussion

Deployment of RES has to consider factors beyond techno-economic ones to ensure
their successful implementation. Sustainable development has three key aspects: social,
ecological, and economic [102], while three key energy sector requirements are sustainability
(environmental impact), reliability (self-reliance), and affordability [102]. Any successful
transition will look to be compatible with these conditions. Sustainability is closely linked to
CO2 emissions. In other words, to reach sustainability in the energy sector, it is imperative
to reduce CO2 emissions to zero. The described decarbonization pathway is subject to a
number of challenges and restrictions. These challenges arise due to problem areas related
to technological, environmental, social, regulatory, economic, and/or infrastructural issues.

5.1. Regulatory Framework and Policy Support

The energy sector is a colossal system that is crucial to the wellbeing of society. It
requires countless elements to interoperate and provide an affordable, reliable, and sustain-
able source of energy in real time. Due to its gravity and importance, the energy sector is
considerably less agile than others [2]. Thus, structural changes take more time and are
complex to implement. The regulatory framework of the energy sector is faced with the
difficult task of reconciling the need to provide a stable source of energy and the require-
ment to decarbonise the energy supply chain [128]. Variable RES are putting an increasing
amount of strain on the power grid. Regulation is important to ensure that power grid
upgrades and new investments in reserve generation capacities or battery systems follow
the requirements set by accommodating a large quantity of variable RES. In other words,
when solar and wind capacities fail to meet demand, the power system needs reserve
power generators or batteries to provide an interrupted source of energy. If these backup
systems have low capacity factors, they will not be feasible without incentives. A successful
energy policy will have to ensure the feasibility of backup systems, while the regulatory
framework will determine who and by what rate pays for them.

Having a stable and concise regulatory framework has been identified as a prerequisite
for ensuring the financing of an energy project [129]. As far as the case study presented in
the paper goes, there is a lack of a coherent regulatory framework regarding the heating and
transport sector and a lack of supporting policies regarding power-to-heat and e-mobility
solutions. Generally, there are three types of energy policies [130]: (1) investment based
(such as grants and tax exemptions), (2) operating support (such as emission caps and
feed-in tariffs), and (3) consumer facing (such as net metering). Favourable energy policies
are a powerful tool that governments use to facilitate the development of the energy sector
in the desired direction [131]. They are aimed at lowering financial risks and creating a
supportive environment regarding the implementation of sustainable technologies. Despite
all the positive aspects of renewable energy, investors need clarity, stability, and returns on
their investments. Developing decarbonisation pathways is only the first step. Creating a
supportive investment framework is crucial.

5.2. Economic Factors

Perhaps the key issues regarding investments in the energy sector are that they are
mostly capital intensive and have long lifetimes. Additionally, these projects are faced
with a series of risks ranging from lengthy bureaucratic procedures, technological issues,
social acceptance, macroeconomic factors, inconsistent policies, and/or changing prices.
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These uncertainties result in large risk margins that increase costs or cause projects to be
abandoned. Power-to-heat technologies (heat pumps and electric boilers) can provide
additional flexibility to the heating system, but require relatively high upfront capital
investments. Individual households are often hesitant to invest in such solutions and
continue to use fossil-based solutions. A similar situation is found in the transport sector
where people generally prefer a lower-cost choice, disregarding the environmental concerns
regarding ICEs. Lowering costs of heating pumps and EVs would facilitate a large up-take
of such technologies.

5.3. Reliability of Supply

As aforementioned, variable RES have intermittent outputs that depend on environ-
mental conditions. On the other hand, energy demand fluctuations are driven by different
parameters. A renewable generation portfolio can produce the exact amount of energy
that is consumed during the course of a year. However, this does not necessarily mean
that the same generation portfolio can cover local consumption during each hour of the
year. As shown by Figure 17, our market analysis confirmed that despite producing more
energy than locally consumed, there are several instances when our (case study) city had to
import electricity.
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Figure 17. Hourly balance of production and demand (R2 scenario).

Our analysis confirmed that a power system needs a stable source of energy (in our
case study that was the biomass cogeneration unit) and/or a storage system. As research
indicates, conventional power plants are an essential part of the power system as syn-
chronous generators have a direct, electro-mechanical link to the system and provide
spinning mass [132,133]. Without storage or energy exchanges, any energy system would
require a significant amount of reserve capacity. In other words, as the surge of RES contin-
ues, the power system is in dire need of battery storage systems, since not every location is
suitable for hydro storage. Storage solutions (hydro, mechanical, or electrochemical) are
able to provide multiple ancillary services, such as power time shift, supply, black start,
frequency regulation, and spinning reserve [68]. In addition, ensuring a smooth transition
would require the application of innovative power-to-x approaches [134] and demand
response solutions [46,135].

6. Conclusions

Fundamental changes facilitated by numerous disparate trends and led by the surge of
renewables produced new understandings regarding optimal development strategies. The
ongoing energy transition brings a significant number of challenges, increases operational
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complexity, and (in some cases) initially raises supply costs. However, despite the techno-
economic barriers, RES deployment is the only path towards creating an environmentally
neutral and sustainable energy supply chain for the future. Looking at the long-term
perspective, distributed energy reduces grid losses, emissions, and offers long-term cost
savings. The research presented in this paper builds upon established definitions and
outlines a step-by-step method to build a city-level decarbonisation pathway with a focus
on RES deployment. It also introduces a method to quantify the key features of a successful
energy system. The index presented offers an evaluation method that is able to consider
both the economic aspects and how certain decarbonisation pathways affect energy sustain-
ability and reliability. The global environmental crisis that is slowly unravelling requires
development strategies to consider factors other than simple financial benefits. What the
presented index does not do is consider the social impacts of a low-carbon transition which
have a considerable effect on RES deployment and the utilisation of new, sustainable energy
solutions. In addition, the case study does not explore how different energy efficiency pro-
grammes might aid the transition process. This is where further research in the field might
be directed and how the presented index could be fine-tuned. After running several devel-
opment scenarios, the paper quantified how RES deployment improves sustainability and
self-reliability and how much it offsets the affordability of the energy supply chain. During
the process, a number of opportunities and barriers associated with low-carbon transition
were identified. Improving the transition process would require several key actions:

(1) Establishing a coherent, unified regulatory framework that would facilitate the de-
ployment of new sustainable solutions and the emergence of new market players.

(2) Introducing favourable energy policies and energy efficiency programmes to incen-
tivise renewable production and tax exemptions.

(3) Changing the way energy is consumed by introducing models based on circular
economy.

(4) Improving social awareness and raising institutional capacities regarding the utilisa-
tion of low-carbon technologies.

(5) Electrification of processes that would shift a number of end uses from fossil-based
sources (such as the electrification of transport explored in the case study).

Facilitating these actions would also require actions not directly explored by this paper
such as further digitalisation and automation of the energy supply chain, considerable
investment in research, development, and innovation (RDI), and resolving security issues
of data flows. In the future, new technological solutions such as artificial intelligence,
hydrogen, demand-side management, and battery storage will be crucial in the path
towards a zero-carbon energy system.

Renewable energy sources are key in providing an affordable, reliable, and sustainable
source of energy. RES deployment has several highly positive aspects, such as a reduction
in carbon emissions, reduction in import dependency, facilitation of domestic industrial
development, decrease in grid losses, and increased cost savings. In the past, renewables
could not financially compete with conventional energy sources. During the past several
years, capital costs of renewable energy recorded significant cuts and resulted in a much
more competitive environment. Looking at the current (January 2022) prices of emission
unit allowances (EUA) and electricity itself, renewables are even more financially viable
than conventional technologies. However, as this research showed, despite a considerable
amount of positive aspects, variable RES also have a number of drawbacks. Only by
applying bespoke solutions, diversifying the generation portfolio, and implementing
storage technologies can a zero-carbon system be designed. A combination of policies and
innovative solutions will help us reach the goal of having a completely sustainable energy
system in the future.
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Nomenclature

Symbol Variable Unit
kA

Weight coefficients

(EUR/MWh)
kRe -
kR f -
kSe (MWh/tCO2)
D Energy demand MWh, GJ
Am Power generating unit index EUR/MWh
Ap Power generated by unit i in time interval t EUR/MWh
A f Production cost function for unit i in time interval t EUR/MWh
Re Electricity imports MWh
R f Fuel imports GJ
Se Emissions tCO2/MWh
t Time-step index -
i Power generating unit index -
xt, i Power generated by unit i in time interval t MW
gt,i Production cost function for unit i in time interval t EUR
ht,i Fuel consumption function for unit i in time interval t GJ
Bt,i Binary indicator (0 if xt,i = 0, and 1 if xt,i > 0) -
Kt,i Bid-up value for unit i in time interval t EUR/MW
Pt Marginal fuel consumption that activates the penalty in time interval t GJ
Dt,i Penalty for fuel consumptions exceeding Mt for unit i in time interval t EUR/GJ

mt,i
Minimum power of the operating generating unit i in time interval t
(mt,i > 0)

MW

Mt,i
Maximum power of the operating generating unit i in time interval t
(Mt,i > 0)

MW

nt,i. Minimum consumption of unit i in time interval t GJ
Nt,i Maximum consumption of unit i in time interval t
qt,i. Output efficiency coefficient for unit i in time interval t (qt,i ∈ [0, 1]) -
Lt Total load in time interval t MW
rt Total available spinning reserve in time interval t MW
Rt Total requested spinning reserve in time interval t MW
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2. Višković, A.; Franki, V. Value co-creation through a digital platform business model in the power sector. In Proceedings of the 44th

International Convention on Information, Communication and Electronic Technology, MIPRO, Opatija, Croatia, 27 September–1
October 2021; pp. 499–505.

3. Sebestyén, V.; Abonyi, J. Data-driven comparative analysis of national adaptation pathways for Sustainable Development Goals.
J. Clean. Prod. 2021, 319, 128657. [CrossRef]

4. Zhong, J.; Bollen, M.; Rönnberg, S. Towards a 100% renewable energy electricity generation system in Sweden. Renew. Energy
2021, 171, 812–824. [CrossRef]

5. Olabi, A.G.; Abdelkareem, M.A. Renewable energy and climate change. Renew. Sustain. Energy Rev. 2022, 158, 112111. [CrossRef]
6. Matsumoto, K.; Andriosopoulos, K. Energy security in East Asia under climate mitigation scenarios in the 21st century. Omega

2016, 58, 60–71. [CrossRef]

http://doi.org/10.1016/S2468-2667(21)00207-3
http://doi.org/10.1016/j.jclepro.2021.128657
http://doi.org/10.1016/j.renene.2021.02.153
http://doi.org/10.1016/j.rser.2022.112111
http://doi.org/10.1016/j.omega.2014.11.010


Energies 2022, 15, 1737 20 of 24

7. Ali, A.; Li, W.; Hussain, R.; He, X.; Williams, B.W.; Memon, A.H. Overview of Current Microgrid Policies, Incentives and Barriers
in the European Union, United States and China. Sustainability 2017, 9, 1146. [CrossRef]

8. Framework agreement between the Swedish Social Democratic Party, the Moderate Party, the Swedish Green Party, the Centre
Party and the Christian Democrats. 2016. Available online: https://www.government.se/49d8c1/contentassets/8239ed8e95174
42580aac9bcb00197cc/ek-ok-eng.pdf (accessed on 7 January 2022).

9. The Danish Government; Social Democracy; The Danish People’s Party; The Red-green Alliance; The Alternative; The Social
Liberal Party; The Socialist People’s Party. Energy Agreement of 29 June 2018. Available online: https://en.kefm.dk/Media/C/
5/Energy%20Agreement%202018%20a-webtilg%C3%A6ngelig.pdf (accessed on 7 January 2022).

10. Kroposki, B.; Johnson, B.; Zhang, Y.; Gevorgian, V.; Denholm, P.; Hodge, B.-M.; Hannegan, B. Achieving a 100% Renewable Grid:
Operating Electric Power Systems with Extremely High Levels of Variable Renewable Energy. IEEE Power Energy Mag. 2017, 15,
61–73. [CrossRef]

11. Graabak, I.; Jaehnert, S.; Korpås, M.; Mo, B. Norway as a Battery for the Future European Power System—Impacts on the
Hydropower System. Energies 2017, 10, 2054. [CrossRef]

12. Hong, S.; Bradshaw, C.J.A.; Brook, B.W. Global zero-carbon energy pathways using viable mixes of nuclear and renewables. Appl.
Energy 2015, 143, 451–459. [CrossRef]

13. Holland, R.A.; Beaumont, N.; Hooper, T.; Austen, M.; Gross, R.J.K.; Heptonstall, P.J.; Ketsopoulou, I.; Winskel, M.; Watson, J.;
Taylor, G. Incorporating ecosystem services into the design of future energy systems. Appl. Energy 2018, 222, 812–822. [CrossRef]
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