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Zgrade su medu kljuénim podrugjima energetske tranzicije jer visoka i dugotrajna potro$nja energije u zgradarstvu
istodobno stvara fiskalni pritisak, poveéava emisije i produbljuje izloZenost volatilnim cijenama energije. U tom
kontekstu energetska obnova javnih zgrada nije samo tehnicko pitanje, nego i ekonomski problem oblikovanja poticaja,
raspodjele rizika i izbora odrZivog investicijskog modela. Dosada3nja istraZivanja pokazuju da ulaganja u energetsku
utinkovitost &esto ogranitavaju trzidni neuspjesi, informacijske asimetrije, podijeljeni poticaji i oteZan pristup
financiranju, zbog €ega potencijal energetski isplativih ulaganja ostaje nedovoljno iskoriSten.

PredloZeno istraZivanje polazi od Republike Hrvatske kao studije slutaja i oslanja se na podatke iz Informacijskog
sustava za gospodarenje energijom (ISGE), prikupljene posredstvom Agencije za pravni promet i posredovanje
nekretninama (APN), za 11.426 zgrada u javnom vlasnidtvu u razdoblju od 2020. do 2025. godine. Baza obuhvaca
informacije o lokaciji, vrsti objekta, povr3ini, potro3nji energije, jediniénom troku energenata, primarnoj energiji i
emisijama CO,. Cilj je utvrditi obrasce potro$nje i emisija u javnom fondu zgrada, identificirati ekonomske i prostorne
odrednice energetske potro3nje te procijeniti u kojoj se mjeri razli¢iti modeli obnove mogu opravdati s aspekta troska,
udteda i Sireg gospodarskog utinka. Poseban naglasak stavlja se na razlike medu tipovima zgrada, energentima i
upanijama te na procjenu tro3kova obnove po energetskim razredima i dubini obnove.

MetodoloZki, istraZivanje je organizirano u dvije glavne analiti¢ke cjeline. U prvom dijelu primijenit ¢e se panel-analiza
determinanti potro$nje energije i emisija CO,, pri ¢emu C¢e se koristiti panel-model s Mundlakovom korekcijom,
odnosno correlated random effects/within-between random effects pristup, kojim ée se identificirati i razdvojiti u¢inci
promjena unutar iste zgrade kroz vrijeme od ucinaka strukturne heterogenosti medu zgradama. Prednost ovoga
pristupa jest moguénost istodobne procjene ucinaka vremenski promjenjivih varijabli i vremenski nepromjenjivih
obiljezja, poput tipa zgrade, vrste energenta i regije, $to ga ¢ini metodolo3ki prikladnim za analizu heterogenosti i
dinamike u potroniji energije i obrascima obnove javnih zgrada (Mundlak, 1978; Bell i Jones, 2015). U drugom dijelu
empirijskog rada provest e se scenarijska analiza troSkova obnove prema energetskim razredima i dubini zahvata radi
procjene financijske opravdanosti integrirane i dubinske obnove.

U teorijskom smislu rad se oslanja na literaturu o energetskom jazu uCinkovitosti, internalizaciji eksternalija i trziSno
utemeljenim instrumentima za smanjenje emisija. Dosada3nja istraZivanja upozoravaju da sama tehnicka izvedivost
obnove nije dovoljna bez financijskih modela koji mogu mobilizirati kapital i raspodijeliti koristi medu drzavom,
investitorima i korisnicima. Upravo je tu istrazivacka praznina: literatura obiluje analizama energetske ucinkovitosti,
ESCO modela (modeli koje provode tvrtke za energetske usluge), energetskog ugovaranja i certifikata usteda, ali
nedostaje radova koji te elemente povezuju u jedinstven, financijski odrziv okvir primjenjiv na javne zgrade. Znanstveni
doprinos predloZenog rada sastoji se u razvoju integriranog trzi¥nog modela odrZive energetske ucinkovitosti za javne
zgrade, u kojem se energetske i CO, ustede, trodkovi obnove, trziéni instrumenti i makroekonomski ucinci promatraju
kao medusobno povezane sastavnice jedne investicijske logike. Ocekuje se da ce rezultati ponuditi empirijski
utemeljenu osnovu za vrednovanije isplativosti obnove javnih zgrada u Hrvatskoj te dati 3ire primjenjive spoznaje za
oblikovanje odrzivih modela financiranja u europskom sektoru zgradarstva.

Klju€ne rijeti: odrZivost, emisije CO, energetska uginkovitost, modeli temeljeni na tr#i¢nim mehanizmima, financijska
odrzivost, sektor zgradarstva
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Buildings are a key area of the energy transition because high and long-term energy consumption in the building sector
simultaneously creates fiscal pressure, increases emissions, and heightens exposure to volatile energy prices. In this
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context, the energy renovation of public buildings is not only a technical issue but also an economic challenge involving
the design of incentives, allocation of risks, and selection of a sustainable investment model. Previous research shows
that investments in energy efficiency are often constrained by market failures, information asymmetries, split
incentives, and limited access to finance, so the potential of cost-effective energy investments remains underutilised.

The proposed research uses the Republic of Croatia as a case study and relies on data from the Energy Management
Information System (ISGE), collected through the Agency for Transactions and Mediation in Immovable Properties
(APN), for 11,426 publicly owned buildings from 2020 to 2025. The database includes information on location, building
type, floor area, energy consumption, unit cost of energy sources, primary energy, and CO, emissions. The aim is to
determine patterns of consumption and emissions in the public building stock, identify the economic and spatial
determinants of energy consumption, and assess the extent to which different renovation models can be justified from
the perspective of cost, savings, and broader economic impact. Special emphasis is placed on differences among
building types, energy sources, and counties, as well as on estimating renovation costs by energy class and level of
construction intervention.

Methodologically, the research is organised into two main analytical units. In the first part, a panel analysis of the
determinants of energy consumption and CO, emissions will be applied, using a panel model with Mundlak correction,
that is, a correlated random effects/within-between random effects approach, which will identify and separate the
effects of changes within the same building over time from structural heterogeneity among buildings. The advantage
of this approach is the ability to estimate simultaneously the effects of time-varying variables and time-invariant
characteristics, such as building type, energy source, and region, making it methodologically suitable for analysing
heterogeneity and dynamics in energy consumption and renovation patterns of public buildings (Mundlak, 1978; Bell
and Jones, 2015). In the second part of the empirical work, a scenario analysis of renovation costs according to energy
class and depth of intervention will be carried out to assess the financial justification of integrated and deep renovation.

Theoretically, the dissertation draws on literature concerning the energy efficiency gap, the internalisation of
externalities, and market-based instruments for reducing emissions. Previous research indicates that technical
feasibility alone is insufficient without financial models capable of mobilising capital and distributing benefits among
the state, investors, and users. This is precisely where the research gap lies: although the literature includes many
analyses of energy efficiency, ESCO models (models implemented by Energy Service Companies), energy contracting,
. and energy savings certificates, there is a lack of studies that integrate these elements into a single, fiscally sustainable
framework applicable to public buildings. The scientific contribution of the proposed doctoral research lies in
developing an integrated market-based model of sustainable energy efficiency for public buildings, in which energy
and CO, savings, renovation costs, market instruments, and macroeconomic effects are treated as interconnected
components of a single investment logic. The results are expected to provide an empirically grounded basis for
evaluating the cost-effectiveness of renovating public buildings in Croatia and to offer more broadly applicable insights
for designing sustainable financing models in the European building sector.

| Keywords: sustainability, CO, emissions, energy efficiency, market-based models, financial sustainability, building
sector

3.3. Introduction and overview of previous research

(suggested length: 7000 characters with spaces)

The decarbonisation of the building stock in the European Union is increasingly shaped by a combination of regulatory
requirements, technical standards and financial constraints. In this context, Maduta et al. (2023) show that the Energy
Performance of Buildings Directive (EPBD) plays a key role in guiding Member States towards climate neutrality, but
also that the implementation of its requirements remains uneven, particularly regarding long-term renovation
strategies, standards for Nearly Zero-Energy Buildings (nZEB), energy certificates and inspections of technical systems.
Although the authors estimate that implementing existing plans could significantly reduce energy consumption and
direct emissions by 2050, they also warn that renovation rates and cross-country differences remain serious obstacles
to achieving these goals. On this basis, Attia (2022) focuses on the Eastern European context and shows that
understanding of the nZEB standard remains limited by the lack of comparable national data. His contribution lies in
establishing an evidence base for ten Eastern European countries, covering energy efficiency thresholds, shares of
renewable sources, requirements for the building envelope, ventilation, thermal comfort and market indicators such
as heat pump penetration. The financial dimension of this process is further emphasised by Keliauskaite et al. (2025),
who show that the current pace of renovation and deployment of clean heating systems is insufficient to achieve the
EU’s climate goals. Their analysis estimates that an investment of approximately EUR 298 billion per year is needed to
reach the EPBD targets by 2030, with an annual investment gap of around EUR 149 billion. The same paper also
presents data for Croatia, according to which the annual investment gap amounts to around EUR 0.3 billion, with
potential annual savings of around EUR 0.2 billion, reducing the remaining gap to approximately EUR 0.1 billion. Taken
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together, these papers show that the decarbonisation of buildings is not only a technical or regulatory issue, but also
one of capital mobilisation, incentive design and the removal of market barriers.

Building on this, the literature further explains why energy-efficient investments are not implemented at the desired
scale. Allcott and Greenstone (2012) place this problem within the framework of the energy efficiency gap and market
failures, emphasising the importance of negative externalities, information asymmetries, principal-agent relationships
and financial constraints. In the public buildings sector, these problems are further reinforced by budgetary rules,
fragmented asset management and the fact that the entity bearing the investment cost is not always the same as the
entity that directly benefits from lower energy costs. Thus, in the literature, the energy renovation of public buildings
is viewed less as a narrowly technical issue and more as a combination of energy economics, public finance and
institutional design.

In theoretical terms, such problems can be further explained through several interconnected economic approaches.
From the perspective of welfare economics and the theory of externalities, energy inefficiency and CO, emissions from
buildings represent negative externalities because part of the social costs is notincluded in private decisions on energy
consumption and investment in renovation. In this tradition, Pigou (1920) justifies public intervention through
corrective taxes and incentives, while Coase (2013) shows that outcomes also depend on the institutional framework,
the clarity of rights and the possibility of market exchange. This is particularly important as it explains the economic
logic of regulatory instruments, emissions markets, and models for monetising energy and emissions savings. Another
important stream of research concerns the determinants of energy consumption in public buildings. Previous studies
show that consumption is shaped by building typology, area, climatic conditions, usage patterns, and the technical
characteristics of the building. Fiaschi, Bandinelli and Conti (2012) and Ma et al. (2017) confirm that different categories
of public buildings have different consumption patterns, while Zhang et al. (2022) further show that building type,
outdoor temperature, construction characteristics and area are among the most influential variables in predicting
consumption. QOuedraogo, Levermore and Parkinson (2012) and El-Darwish and Gomaa (2017) emphasise the
importance of the climatic context, while Dall'O’ and Sarto (2013) and Trovato, Nocera and Giuffrida (2020) warn that
the assessment of renovation must include not only the potential for savings but also the cost-effectiveness of
individual measures. Zeki¢-Suac, Has and KneZevi¢ (2021) demonstrate that data-driven approaches can successfully
identify dominant consumption patterns at the building portfolio level. This suggests that public buildings should not
be regarded as a homogeneous category, but as a heterogeneous stock in which energy performance varies according
to function, location, technical systems, and patterns of use.

Another strand of the literature focuses on the economic effects of energy renovation. In the case of Croatia, Mikuli¢,
Bakari¢ and Slijep&evi¢ (2016) show that investments in the renovation of public and residential buildings can generate
positive direct, indirect and induced effects on production, employment and public revenues. Mikuli¢ and Kecek (2021)
broaden this perspective, showing that building renovation can have strong effects on gross value added and
employment within the broader energy transition. Tuominen, Forsstrém and Honkatukia, (2013) and Hirvonen et al.
(2022) confirm that the benefits of renovation extend beyond energy savings to include reduced emissions, lower
external costs, and greater energy security, while also cautioning that the fiscal effects for the state are not always
clear-cut. Costantini, Crespi and Paglialunga (2018) further highlight the importance of public policies for employment,
while Gholamzadehmir et al. (2025) introduce the market dimension of renovation through effects on property values.
The common finding of these studies is that building renovation should not be assessed solely through private
profitability, but also through broader macroeconomic and social benefits.

For the proposed research, an important part of the literature concerns the institutional and financial models for
implementing renovation. Fang, Miller and Yeh (2012) show that ESCO models can significantly reduce energy
consumption and that public buildings, due to common ownership and similar consumption patterns, are suitable for
project bundling. Fawcett, Rosenow and Bertoldi (2019) emphasise the importance of the Energy Efficiency Obligation
Scheme (EEOS) as a regulatory framework for encouraging investment, but also note the limitations of these
instruments in more expensive and deeper interventions. Li, Qiu and Wang (2014) stress that the cost of capital and
financing structure strongly determine the volume of investment and contractual outcomes, while Shang et al. (2017)
show that the choice of Energy Performance Contracting (EPC) model directly affects risk allocation and project
success. Faggianelli, Mora and Merheb (2017) warn that the quality of baseline assessment and savings verification
remains a key issue for the credibility of energy contracts. Successful renovation of public buildings therefore requires
more than technically appropriate measures; it also depends on contractual arrangements, financing conditions, and
credible procedures for measuring and verifying savings.

The literature most relevant to the key contribution of this dissertation addresses the verification and monetisation of
energy and emissions savings. Afshari and Friedrich (2016), Newsham (2019), and Ahmadi et al. (2020) show that
energy savings certificates, also known as white certificates, and related mechanisms can provide an additional source
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of revenue beyond direct energy cost savings, while Giraudet and Finon (2015) and Bertoldi et al. (2010) emphasise
that the effectiveness of such systems depends on verification rules, market design, and the actual possibility of
trading. Existing research is well developed in three distinct areas: the determinants of energy consumption in
buildings, ESCO/EPC models, and the market valorisation of savings. However, relatively little research has integrated
these three areas into a single analytical framework for public buildings while simultaneously accounting for energy
consumption, emissions, renovation costs, market incentives, and fiscal sustainability. Such a framework is particularly
important in the Croatian context, as the proposed dissertation topic starts from the actual stock of public buildings
and seeks to develop an integrated model through which energy and emissions savings would be transformed into a
sustainable investment mechanism for the renovation of the public building stock.

An important theoretical foundation is transaction cost theory, which holds that economic outcomes depend not only
on technology and relative prices, but also on the costs of contracting, monitoring, implementation, and verification
(Williamson, 1981). This is directly applicable to the energy renovation of public buildings, where project success
depends on the quality of contracts, risk allocation, measurement and verification of savings, and effective
coordination between the public sector, contractors, and financial institutions. In this context, ESCO and EPC models,
as well as market mechanisms for the valorisation of savings, can be seen as institutional responses to high transaction
costs and investment uncertainty. For the fiscal dimension of the research, the theory of the double dividend provides
an additional theoretical perspective, as it suggests that environmental instruments may, in addition to reducing
emissions, generate further economic benefits when revenues or savings are used to finance investments and mitigate
other distortions. This supports the view that the energy renovation of public buildings should be assessed not only in
terms of private savings, but also in relation to broader public finance and development effects.

Existing studies typically examine the determinants of building energy consumption, the economics of renovation, or
market-based financing instruments. However, they rarely integrate empirical building-level consumption and CO,
data, renovation cost scenarios, monetisation of savings, and financial sustainability into a single analytical framework
for public buildings.

3.4. Research aim and research hypotheses

(suggested length: 700 characters with spaces)
Despite extensive literature on energy efficiency, building decarbonisation, financial models for renovation, and market
| instruments for reducing emissions, there is still a lack of an integrated research framework connecting these areas at
the level of the actual public building stock. An approach that simultaneously addresses patterns of actual energy
consumption, CO, emissions, the heterogeneity of the public building stock, renovation costs, and the conditions for
financial and fiscal sustainability of different implementation models has been insufficiently explored. The proposed
dissertation aims to fill this research gap by developing an empirically grounded analytical framework for evaluating
the energy renovation of public buildings at the system level.

The main objective of the dissertation is to empirically identify the determinants of energy consumption and CO,
emissions in public buildings in the Republic of Croatia and, based on renovation scenarios and stochastic valuation of
costs and benefits, to assess the conditions under which energy renovation can be financially justified and fiscally
sustainable.

The following specific objectives arise from the main objective:

* Empirically analyse patterns of energy consumption and CO, emissions in public buildings with regard to
building type, dominant energy source, location, size, and climatic conditions.

e  Assess the impact of structural, spatial, and economic factors on energy consumption and CO, emissions in
public buildings.

® Design scenarios for integrated and deep renovation of public buildings and assess their energy, emissions,
and financial effects.

e Examine the extent to which the inclusion of energy and emissions savings, through the application of
appropriate financial mechanisms, can improve the financial sustainability of investments in the renovation
of public buildings.

e Based on empirical findings and scenario analysis, assess the conditions for designing a market-based and
fiscally acceptable framework for financing the energy renovation of public buildings.

| Research hypotheses:
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(H1) Differences in energy consumption and CO, emissions among public buildings can be statistically explained by the
structural characteristics of buildings, the type of energy source used, and the spatial and climatic context.

(H2) The energy renovation of public buildings can achieve positive energy and emission-related effects and be
financially viable under certain combinations of investment costs, energy prices, and the level of achieved savings.

(H3) The inclusion of energy and emissions savings in the financing model for energy renovation improves the financial
sustainability of projects and reduces the need for direct state incentives.

H1 will be tested using panel models of energy consumption and CO, emissions, while H2 and H3 will be examined
through renovation scenarios and stochastic valuation of costs, savings, and financing effects.

ydolos and research plar

¢ with spaces)

The research will be based on a combination of administrative, energy, spatial and cost data, applying quantitative and
scenario-based analytical methods. The primary empirical material consists of data from the restricted-access database
of the Energy Management Information System (ISGE), access to which was provided through the Agency for
Transactions and Mediation in Immovable Properties (APN). The database covers 11,426 publicly owned buildings in
the Republic of Croatia from 2019 to 2025, with available data for each building on building code and location, building
type, floor area, energy consumption, unit energy cost, total cost of all energy types used (in EUR), primary energy,
and CO, emissions. The sample includes buildings owned by central government, local and regional self-government
units, and other public bodies. The selection of the Republic of Croatia as the empirical fra mework is primarily due to
the availability of detailed building-level microdata from the ISGE database, as such data are not publicly accessible
elsewhere and access to comparable restricted-access databases for other countries was not possible. This research is
therefore designed as an in-depth national case study, with its analytical value stemming from the use of longitudinal
microdata at the level of individual public buildings rather than from cross-country comparison. Although the empirical
analysis is based on the Croatian public building stock, the proposed analytical framework is designed in a way that
may allow its application in other institutionally comparable contexts, subject to the availability of similar building-level
data.

In addition to the ISGE database, supplementary datasets necessary for explaining the spatial, climatic and economic
characteristics of energy consumption will also be used. These include data on climatic conditions, primarily heating
indicators, as well as data on population density, regional characteristics, and the macroeconomic indicator of GDP per
capita. In the final part of the research, bills of quantities for construction and energy renovation works will be used to
estimate renovation costs by floor area (m?), depending on the depth of intervention and the targeted energy class.
Two renovation scenarios are envisaged in the dissertation: integrated and deep, with individual interventions linked
to the transition of buildings from lower to higher energy classes.

Methodologically, the research will be conducted in several interconnected stages. In the first stage, a descriptive and
exploratory analysis of the data will be undertaken to identify the basic patterns of energy consumption and CO,
emissions in the public building stock. Buildings will be classified by type, dominant energy source, location, and
regional affiliation (coastal and continental Croatia), and differences in energy consumption, costs, and emission
profiles across groups will be analysed. Special attention will be paid to the spatial distribution of consumption and
emissions, as well as to changes over time, to identify groups of buildings and locations with the greatest potential for
energy renovation.

In the second stage, an econometric analysis of the determinants of energy consumption and CO, emissions will be
conducted using a dynamic specification of a panel model with Mundlak correction, that is, a correlated random
effects/within-between random effects approach. This model was selected because it matches the data structure, in
which the same public buildings are observed over several years, while enabling estimation of the effects of both time-
varying and time-invariant building characteristics (Mundlak, 1978; Schunck, 2013; Bell and Jones, 2015). The basic
logic of the Mundlak approach is that, alongside time-varying regressors, their average values by panel unit are
included in the model, thereby separating within effects, meaning changes within the same building over time, from
between effects, which reflect structural differences among buildings exposed over the long term to different levels
of the observed variables (Mundlak, 1978; Schunck, 2013). This approach is particularly suitable here as it allows
retention of variables such as building type, dominant energy source, and regional affiliation, which the standard fixed-
effects model cannot directly estimate, while also mitigating the problem of correlation between unobserved building
characteristics and the explanatory variables (Bell and Jones, 2015; Wooldridge, 2020). Including the lagged dependent
variable is also important, as energy consumption and CO, emissions typically show inertia and persistence, so the
current level of these indicators depends to some extent on their previous value. At the same time, it should be noted
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| that using a dynamic model with fixed effects in short panels is associated with the problem of Nickell bias, that is, bias
! in the estimate of the coefficient on the lagged dependent variable when the number of time periods is limited (Nickell,
1981). For this reason, the selected specification is considered an interpretatively suitable empirical framework for
separating effects within individual buildings and between buildings, with caution in interpreting dynamic estimates.

In the panel analysis, two models with different dependent variables will be estimated. In the first model, the
dependent variable will be the logarithm of the total energy consumption of an individual building, while in the second
model the dependent variable will be the logarithm of total CO, emissions arising from energy use in an individual
building. The independent variables in both models will be the same. These will include the lagged value of the
corresponding dependent variable, the logarithm of gross domestic product per capita as an indicator of the economic
environment, the logarithm of county population density as an indicator of the spatial context, a climatic indicator of
heating needs based on temperature deviation from 18 °C, and the logarithm of the floor area expressed in square
metres. In accordance with the selected methodology, the models will also include the average values of selected time-
varying variables for each building during the observed period, to distinguish the effects of changes within the same
building from structural heterogeneity among buildings. In addition to these variables, both models will contain
structural indicators of building type, dominant energy source and region, as well as year effects to control for common
temporal influences. Office buildings, electricity and coastal Croatia will be taken as the reference categories.

The variables are not included arbitrarily, but cover the main groups of determinants of energy consumption and CO,
emissions from buildings: economic factors, climatic conditions, physical characteristics of the building, type of energy
source used, and the broader spatial and social context. The Intergovernmental Panel on Climate Change (IPCC), in the
chapter on buildings, states that energy demand and emissions in buildings are linked to income, floor area, climate,
building typology and broader socio-spatial patterns of space use (Intergovernmental Panel On Climate Change (Ipcc),
2023).

The expected direction of the relationship is defined in accordance with theoretical assumptions and previous
research. A positive sign is expected for the lagged dependent variable in both models, because higher energy
consumption in the previous year, or a higher level of CO, emissions in the previous year, indicates a higher current
value of the same phenomenon. A positive relationship is also expected for floor area, as larger buildings generally
require more heating, cooling, lighting, and system operation, which may result in higher energy consumption and
higher CO, emissions. A positive relationship is expected for temperature indicators, under the assumption that a
higher value indicates more climatically demanding heating conditions. For GDP per capita and its average value, a
positive or ambiguous relationship is expected, because a higher level of economic development may be associated
both with higher energy consumption and emissions and with a higher level of energy efficiency and the application
of cleaner technologies. For population density, the expected sign is ambiguous, because higher density may
simultaneously increase the intensity of space use but also reduce energy needs per unit of floor area. Compared to
office buildings, hospitals, sports facilities, educational buildings, and other public buildings are expected to have
higher total energy consumption and, depending on the energy source used, higher CO, emissions, while the expected
effect for multi-family residential buildings is ambiguous or positive. For fuels, the expected sign is relative to the
reference category of electricity; in the energy consumption model, it can theoretically be expected that gas, fuel oil
and other more heat-intensive energy sources will be associated with higher total consumption, while in the CO,
emissions model it is expected that energy sources with higher emission factors will be associated with higher
emissions. For continental Croatia, a positive coefficient is expected in relation to coastal Croatia due to more
| pronounced heating needs. Year effects do not have a predefined sign because they serve to control for common
- temporal shocks, such as changes in energy prices, regulation, emission factors or general efficiency trends.

The testing method will be based on estimating the model coefficients and their statistical significance. Individual
effects will be tested using standard coefficient significance tests, while the joint effects of selected groups of variables
will be assessed using the Wald test. The Wald test will be applied not only to justify the Mundlak correction, but also
to verify the joint significance of groups of dummy variables, such as building type, fuel type, and year effects
(Wooldridge, 2020). In this way, it will be possible to determine whether these groups of variables contribute to
explaining overall energy consumption, rather than only at the level of individual coefficients. The final interpretation
of the results will focus on distinguishing changes arising from movements within the same building over time from
structural heterogeneity among buildings, which is the main analytical advantage of the selected methodology.

The empirical research in the final part of the doctoral dissertation will be based on quantitative and econometric
analysis of actual energy consumption and corresponding CO, emissions in the public building stock of the Republic of
Croatia, with particular emphasis on stochastic modelling and empirically grounded assessment of uncertainty. The
starting point will be an extensive dataset on actual energy consumption, energy sources, costs, and emission
characteristics of the observed buildings, which will be used to determine the existing energy status of the buildings
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and estimate the empirical distributions of key model variables. The input distributions for the stochastic model will
be constructed from the ISGE database for variables related to actual energy consumption, energy costs, energy
sources, and CO, emissions, while renovation costs, energy price assumptions, certificate prices, and emission unit
prices will be based on supplementary cost data, market information, and available regulatory or trading data. On this
basis, scenarios for the desired or achievable level of energy efficiency will be developed, with investment costs,
expected energy savings, and emission reductions estimated for each scenario. The research will combine econometric
modelling with simulation technigues, including the Monte Carlo approach, to generate ranges of possible outcomes
and test the sensitivity of the model to changes in market and regulatory conditions (Azzini, Ivano et al., 2020). The
stochastic approach is chosen because renovation costs, energy prices, savings levels, and certificate prices are
uncertain and may vary significantly across buildings and over time. The main methodological challenges concern data
completeness, estimation of empirical distributions, assumptions regarding renovation costs and achieved savings, and
the volatility of energy and emission-related prices. The analysis will also examine whether revenues from energy
savings and the effects of subsidised interest rates can be incorporated into models for reducing capital and operating
costs, with these effects evaluated within a probabilistic framework. The research will further assess the broader fiscal
and macroeconomic effects of the proposed model to determine whether a long-term, sustainable, and fiscally
acceptable framework for financing the energy renovation of public buildings can be developed.

The flow of this part of the empirical research is shown in the following diagram:
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The diagram shows that the research focuses on developing a comprehensive and integrated analytical framework for
evaluating the energy renovation of public buildings. Its main aim is to demonstrate how technical, environmental,
financial, and fiscal aspects can be integrated into a single system that enables the assessment of both the direct and
indirect effects of renovation, and provides a foundation for designing a long-term sustainable model to support the
energy transition in the building sector. The research plan can be outlined in several steps. First, a systematic literature
review and conceptual definition of the research framework will be conducted. In this phase, a search of the Scopus
database and bibliometric analysis of the literature have already been completed to identify the key thematic groups
relevant to the dissertation, forming the theoretical basis for the empirical part of the dissertation. Next, ISGE data and
supplementary variables will be collected, cleaned, harmonised, and prepared for panel analysis. The third step
involves descriptive and econometric data processing and interpretation of the results. In the fourth step, renovation
scenarios will be developed and evaluated based on bills of quantities and estimated effects. In the final step, the
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results will be integrated into a proposal for a market-based and fiscally sustainable model for the energy renovation
of public buildings, with emphasis on its applicability in the Croatian context and its potential transferability to other
institutionally comparable settings.

Following approval of this proposal, the researcher will begin drafting the dissertation. The dissertation is expected to
be completed in approximately 15 months, by July 2027.

Work package Estimated time
Data analysis 4 months
Design, refinement and development of the research 2 months
Pilot research 1 month
Preparation and editing of the dissertation 4 months
Finalisation of the dissertation, preparation for the defence and submission 4 months
Total duration 15 months (approximately)

3.6. Expected scientific contribution of the proposed research

(suggested length: 500 characters with spaces)
Empirical contribution: The dissertation analyses actual energy consumption and CO, emissions for a large sample of
public buildings in the Republic of Croatia, using building-level longitudinal data rather than aggregated indicators. This
provides an empirically grounded basis for examining the heterogeneity of the public building stock and identifying the
economic, structural, spatial, and climatic determinants of its energy and emission performance.

Methodological contribution: The dissertation combines panel analysis of the determinants of energy consumption
and CO; emissions with scenario-based and stochastic valuation of the costs and benefits of energy renovation,
establishing a methodological framework for the simultaneous assessment of energy, environmental, financial, and
fiscal effects of public building renovation under uncertainty.

Analytical contribution: The dissertation develops an integrated framework for assessing the energy renovation of
public buildings, connecting energy efficiency, emission-related effects, financial sustainability, and fiscal implications
within a single investment logic. Energy and CO; savings are not treated as only technical outcomes of renovation, but
also as potential financial flows that can support the design of market based financing mechanism.

Theoretical contribution: The research contributes to the literature by linking areas that are most often analysed
separately, namely the energy performance of buildings, the economic valuation of renovation, and models for

financing the energy transition.

Applied contribution: The results can serve as an analytical basis for designing market-based and financially sustainable
models for financing the energy renovation of public buildings.
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Odgovori i objasnjenja na sugestije povjerenstva:

Sazetak je preoblikovan tako da viSe nije deskriptivan prikaz dokumenata i inicijativa. Naglasak
je stavljen na energetsku obnovu javnih zgrada kao problem potrosnje energije, emisija CO,
investicijskih troskova, financijske odrzivosti i oblikovanja trZi$no utemeljenog modela obnove.
U saZetku su sada istaknuti predmet istraZivanja, koriteni podaci, vremenski i prostorni
obuhvat, metodolo3ki pristup te ocekivani znanstveni doprinos.

Vremensko razdoblje istraZivanja je precizirano: analiza temelji na podacima za razdoblje od
2020. do 2025. godine.

U novoj verziji prijave iz glavnih ciljeva disertacije definirani su posebni ciljevi istrazivanja.
Ciljevi sada obuhvacaju analizu obrazaca potrosnje energije i emisija CO,, procjenu utjecaja
strukturnih, prostornih i ekonomskih ¢imbenika, oblikovanje scenarija integrirane i dubinske
obnove, ispitivanje financijske odrZivosti ulaganja te procjenu uvjeta za trZisno utemeljen i
fiskalno prihvatljiv model financiranja. Hipoteze su potom formulirane tako da se izravno
nadovezuju na navedene ciljeve.

Pregled literature je proSiren i usmjeren na klju¢na podrucja teme: energetsku ucinkovitost,
dekarbonizaciju zgrada, determinante potrosnje, ESCO/EPC modele, certifikate uSteda i trZigne
instrumente. U novoj verziji pregled literature nije organiziran kao prikaz pojedinacnih autora,
nego postupno vodi prema istraZivackoj praznini. Najprije se obraduju regulatorni i financijski
izazovi dekarbonizacije zgrada, zatim energetski jaz uinkovitosti i trZidni neuspjesi, pa
determinante potro3nje energije, makroekonomski ucinci obnove, institucionalni i financijski
modeli provedbe te monetizacija energetskih i emisijskih usteda. Na kraju pregleda literature
istaknuto je da postojeca istrazivanja uglavnom zasebno analiziraju ove cjeline, dok nedostaje
integrirani okvir koji istodobno obuhvaca potrosnju, emisije, troSkove obnove, trZisne poticaje
i financijsku odrzivost.

U doradenoj verziji prijave dodani su izvori koji nedostaju.

Popis literature je uskladen s tekstom prijave, a povecan je udio empirijskih znanstvenih
radova koji sluZe za obrazloZenje teme, istraZivackog problema i ciljeva istraZivanja.

Jezi¢na i terminolo3ka dosljednost je pobolj$ana tako $to je prijava izradena na engleskom
jeziku, uz uporabu stru¢ne terminologije i kratica pri prvom navodenju pojmova, npr. EPBD,
nZEB, ESCO, EPC i EEOS.

Nova verzija prijave pisana je u tre¢em licu.

Hipoteze su preciznije formulirane i operacionalizirane kroz metodoloski dio istraZivanja. U
doradenoj verziji prijave, hipoteze su jasnije povezane s ciljevima istraZivanja: H1 se odnosi na
determinante potro3nje energije i emisija CO,, H2 na ucinke integrirane i dubinske obnove, a
H3 na financijski u€inak uklju¢ivanja energetskih i emisijskih u$teda u model obnove. Dodatno
su navedene zavisne varijable, odnosno ukupna potro3nja energije i emisije CO,, kao i
nezavisne varijable: BDP po stanovniku, gustoca naseljenosti, klimatski pokazatelji, povriine
zgrada, tipovi zgrada, dominantni energent, regija i godi3nji ucinci. U tekstu su obrazloZeni
ocekivani smjerovi odnosa medu varijablama te je preciziran nacin testiranja kroz procjenu
koeficijenata, testove njihove statisticke znacajnosti i Wald test za zajednicku znacajnost
skupina varijabli.

Stohasticki dio istraZivanja dodatno je razraden i metodoloki obrazloZen. U doradenoj verziji
prijave pojasnjeno je da ¢e se model temeljiti na empirijskim distribucijama izvedenima iz
stvarnih podataka, prvenstveno iz ISGE baze za potroinju energije, trofkove, energente i
emisije CO;, te iz dopunskih trodkovnih, tridnih i regulatornih podataka za troskove obnove,
cijene energije, certifikate usteda i emisijske jedinice. ObrazloZeno je da je stohasticki pristup,
uklju¢ujuci Monte Carlo simulacije temeljene na empirijski utvrdenim distribucijama varijabli i





medusobnim korelacijama, odabran zbog neizvjesnosti i varijabilnosti troskova, cijena i usteda
medu zgradama i kroz vrijeme.

Odabir Republike Hrvatske dodatno je obrazloZen kao metodolo3ki opravdana nacionalna
studija sluéaja. U doradenoj verziji pojasnjeno je da istraZivanje zahtijeva detaljne
longitudinalne mikro podatke na razini pojedinacnih javnih zgrada, koje omogucuje ISGE baza.
Buduéi da usporedive baze za druge drzave nisu bile dostupne, istraZivanje nije oblikovano kao
komparativna analiza, nego kao dubinska empirijska analiza stvarnog fonda javnih zgrada, s
potencijalom primjene modela u institucionalno usporedivim okruzenjima.
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