








 

 



Abstract 

Decarbonisation of the Existing Residential Building Stock – 
obstacles and opportunities in cold climate deep renovation 
in a high-emission energy system 
The thesis explores how decarbonising existing residential building stock can help meet 
the national decarbonisation climate target, with particular focus on the challenges 
occurring in a cold climate and a carbon-intensive energy source. In this context, the 
research investigates whether the currently used renovation strategies are sufficient and 
how these can be improved to deliver both operational and embodied carbon 
reductions. The thesis is based on four peer-reviewed publications and applies an 
Estonian life-cycle assessment (LCA) method for buildings’ carbon footprint (CF), 
alongside national-scale scenario modelling, including the most widespread residential 
building archetypes at the stock and renovation policy analysis level. 

The motivation for this research stems from the author’s professional background as 
a practising architect, with experience in apartment building renovations. This 
perspective raised a central question – how can Estonian residential building stock, 
largely constructed pre-2000, be transformed so that it will be decarbonised by 2050? 
The thesis answers this by offering integrated, evidence-based insights that move from 
single building deep renovations to comprehensive carbon reduction strategies on an 
urban and national scale. 

It is the first study in Estonia to systematically evaluate embodied emissions in 
residential building renovation, an area previously overlooked in both research and 
policy. The work shows that building envelope and technical service systems upgrades 
alone are inadequate if not paired with the decarbonisation of energy sources at the 
national level. Moreover, the thesis introduces the challenges and opportunities of land 
use for decarbonisation, highlighting the land area needed for renewable energy 
generation and carbon offsetting, factors that are currently beyond the scope of 
Estonia’s renovation and land use planning frameworks. 

The results confirm that operational energy remains the dominant source of life-cycle 
emissions, but as the energy source decarbonises, the share of embodied emissions is 
becoming more significant. It will lead to an urgent need to focus on circular renovation 
solutions. The most effective carbon reductions are achieved through renovations that 
incorporate on-site energy generation from renewable sources (e.g., PV panels) and pre-
fabricated insulation elements for the building envelope. The analysis shows that 
Estonia’s current policy underestimates the land use impact to achieve declared targets. 

In conclusion, this thesis contributes both methodological and strategic knowledge to 
the field of residential building decarbonisation. It provides a foundation for a national 
LCA method for building carbon footprint for renovated buildings and offers guidance for 
realigning Estonia’s renovation policy with a whole-life carbon perspective. It also 
addresses the core challenges expressed in the thesis title: achieving climate ambition 
under the specific constraints of a cold climate and a high-emission energy system. By 
demonstrating the land use, technical, and policy-related conditions necessary for 
success, the study calls for a fundamental rethinking of how renovation targets are 
defined and implemented to support the climate neutrality goal. 
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networks. By contrast, in the Scandinavian countries it is common to find studies in which 
more than three different buildings are analysed within a single article (Zimmermann, 
et al., 2023). 

However, the asymmetry in the availability of data and studies between Estonia, 
Lativa, Lithuania, Poland (44.2 million residents) and Scandinavia (27.9 million residents) 
(Word Population Review, 2025) risks skewing the understanding of the European 
average residential building stock and its renovation challenges. Without addressing this 
imbalance, the European discourse on building decarbonisation may understate the 
unique technical, economic, and policy barriers faced by Eastern European countries. 

One of the critical factors in Estonia’s and Eastern Europe’s path towards 
decarbonisation is the use-stage operational energy (module B6 in Life-Cycle Assessment 
(EN 15978:2011, 2011)) of buildings, which directly influences the carbon emissions 
associated with building whole life cycle. Estonia’s energy system is amongst the most 
carbon-intensive in the Organisation for Economic Co-operation and Development 
(OECD) countries (Scarlat et al., 2022) driven largely by its historical reliance on oil shale 
as a primary energy source. However, it is also projected for Estonia to experience one 
of the most rapid reductions in carbon intensity from a global perspective, marking a 
significant transition towards renewable energy generation and use. The country’s target 
of integrating 100% renewable energy into the national grid was initially set for 2030, but 
in June 2025 was postponed to an unspecified date (Eschbaum et al., 2025). This delay 
highlights the complexities of transitioning to a clean energy system and underscores the 
importance of complementary measures, such as improving the energy performance of 
buildings, to achieve climate targets. 

Estonia’s residential building stock presents a significant opportunity for impactful 
change, given its historical and demographic context. Nearly 70% (Statistics Board of 
Estonia, 2025) of Estonians live in apartment buildings, many of which originate from a 
housing crisis following the Second World War (1940–1990, the Soviet era) (Figure 2). 
These buildings (Kuusk & Kalamees, 2016) often suffer from poor energy performance, 
inadequate indoor climate conditions, and outdated insulation and façade materials. 
Current renovation practice focuses on key measures, such as reducing heat loss through 
the building envelope (external wall, roof, attic floor, roof, windows, etc.) and the 
installation of efficient service systems (mechanical ventilation systems with heat 
recovery, heating systems with thermostats, balancing of the systems, etc.), which 
substantially reduce energy consumption and therefore operational emissions. 

Figure 2. Typical apartment building from the housing crisis following the Second World War. Left 
before and right after deep renovation.  
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This work seeks to explore different dimensions of decarbonisation, focusing on the 
role of renovation in Estonia's residential building stock as a pathway to achieve national 
and global climate goals. By examining the balance of carbon emissions and energy 
savings in renovation, it aims to provide an understanding of actions addressing 
environmental challenges and opportunities. Through this lens, the study contributes to 
the broader discourse on decarbonized renovation solutions and the urgent need for 
systematic change in national policy, including on-site renewable energy production and 
the importance of energy system decarbonisation. 

This thesis is a compilation containing four published research articles. The studies 
were carried out between November 2021 and May 2025. In this thesis, the four articles 
will be presented to show how they have all aimed towards the same goal of addressing 
decarbonisation strategies in residential building stock renovation in a cold climate 
country with high-intensity operational emissions. 

Research questions (RQ) 
RQ1: Why is a carbon-optimal renovation strategy critical for achieving carbon 

   neutrality in the existing residential building sector instead of cost-optimal? 

RQ2: Why do current renovation strategies for historic buildings create challenges for 
  reducing their carbon footprint? 

RQ3: Why do climate neutrality targets reshape land-use planning in existing 
  residential building stock areas in the urban areas? 

RQ4: Why should Estonia reassess and potentially redefine its residential renovation 
requirements to support the decarbonisation of the building stock and the 
achievement of national climate targets? 

Argumentation 
The thesis argues that carbon footprint assessments of representative renovation 

cases yield more nuanced insights for implementing the Renovation Wave in Estonia. In 
particular, the findings point to the need for revised renovation targets, the 
establishment of a carbon offset mandate within land-use planning, and explicit 
recognition of the decisive role of energy supply decarbonisation in achieving long-term 
climate goals. 

1.1 The main objectives of the thesis 
The overarching objective of this thesis is to develop a comprehensive understanding of 
how residential building renovation strategies in Estonia can contribute to national and 
European climate targets:  

• Identify the lowest carbon emission renovation pathway by comparing
cost-optimal, carbon-optimal, and energy-optimal approaches, thereby
enabling more effective decarbonisation potential in the residential sector;

• Analysing historic building challenges for reducing carbon footprint, seek
to demonstrate that deep renovation strategies not only lower emissions
from buildings, but also preserve the architectural and cultural value of
historic buildings;
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• Ensuring that urban environment land-use perspectives are addressed
with the benefits to the urban area, while evaluating the feasibility of raising 
the renovation baseline from Energy Performance Certificate (EPC) C to
EPC-A class or zero-emission building;

• Modelling existing residential building stock decarbonisation potential,
with large-scale residential retrofitting using an LCA methodology, with a
particular focus on embodied emissions – a crucial aspect that has been until
now overlooked in Estonian renovation studies and at Long-Term
Renovation Strategy (LTRS).

1.2 Methods to achieve objectives 
To achieve the objectives of this thesis, a combinations of quantitative modelling, scenario 
analysis, and policy alignment assessments were employed: 

• LCA methodology with the Estonian building carbon footprint (CF) method is
used in all publications, following the standards EN 15978 and EN 15804+A2.
This helps to extend the focus from operational energy to embodied emissions
across the whole building life cycle;

• A comparative analysis between cost-, carbon-, and energy-optimal scenarios
was conducted in publications I and II. Assessing the alignment of the results
with national energy performance standards and renovation recommendations;

• The evaluation of building envelope renovation strategies in publications I-III,
such as heat source transitions and the potential for on-site renewable energy
integration, was conducted with specific attention to how these measures
impact both operational and embodied carbon emissions;

• The land area planning development needs were analysed in publications III
and IV, considering the influence of planning frameworks with carbon emission
compensation areas;

• The national existing residential building stock modelling was used to identify
decarbonisation obstacles and possibilities in publication IV, aiming to reach the
declared climate neutrality target.

1.3 Scientific novelty and practical application 
This thesis makes several contributions to the field of decarbonised residential building 
stock renovation in a cold climate and high emissions energy system. New knowledge 
gained from this research includes:  

• The first study in Estonia and Eastern-Europe to systematically incorporate
embodied emissions into renovation assessments, addressing a gap in existing
research where operational energy performance has been the sole focus;

• The first research to evaluate the Estonian national LCA method for buildings
CF, whilst giving input for future development in the renovation LCA method;

• Cost-optimised renovation alone is insufficient to meet Estonia’s long-term
climate targets;

• On-site renewable energy production should be mandatory with renovation
projects due to increased - use of electricity after renovation. Achieving a
zero-emission building stock requires raising the national renovation ambition
from EPC-C to EPC-A class, a shift that has critical implications for renovation
grant schemes and national renovation strategies;
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• Deep renovation of heritage buildings can reduce their carbon emissions
without compromising their external appearance, thus aligning national
decarbonisation goals with heritage conservation priorities;

• Providing results that imply circular renovation solutions should be emphasised,
in the future. The thesis offers a more comprehensive understanding of the true 
climate impacts of renovation activities;

• Achieving climate-neutral cities requires revising land-use planning measures, 
particularly in the context of deep renovation of residential buildings. It
emphasises the need to clearly assess urban space requirements for offsetting
both – operational and embodied emissions, challenging currently used climate
neutrality declarations.

The practical outcomes of this thesis are twofold – they address both technical 
renovation practices and national-level renovation policy development:  

• To reduce operational emissions, on-site energy production should be integrated
into buildings. This is valid even for those projects that do not yet achieve EPC-C
class. This recommendation aligns with the revised EPBD directive “solar-ready”
requirement, reinforcing the role of distributed energy generation as an
essential complement to deep energy renovation;

• Results indicate the need of to develop a national CF methodology for building 
renovation in Estonia. By demonstrating the necessity of incorporating both
operational and embodied carbon emissions into renovation assessments, the
thesis provides a scientific foundation for extending Estonia’s existing CF
practice, which is currently focused only on new constructions;

• Critical review for policy adjustments, the need for more integrated planning
strategies that consider energy production, carbon offsetting and land-use
efficiency in dense residential areas.

This thesis work provides insights into architectural land use planning by evaluating 
land requirements for zero-emission energy production. The findings contribute to a 
broader understanding of zero-emission urban development for integrating renewable 
energy infrastructure into future national planning strategies and addressing area needs 
to compensate for emissions.  

The findings of this thesis not only provide new evidence on the embodied emissions 
of renovation solutions, an aspect previously overlooked in the Estonian context, but also 
offer insights into prospective pathways. It becomes increasingly important to consider 
embodied carbon alongside operational emissions, as the relative significance of 
material-related impacts will increase in the future. This highlights the need to focus on 
renovation strategies today, particularly those involving pre-fabricated (pre-fab) external 
wall elements, which demonstrate significantly lower life-cycle emissions over a 50-year 
period than the External Thermal Insulated Composite System (ETICS), while offering 
higher potential for circularity. 

Figure 3 presents the graphical abstract of the doctoral thesis, illustrating the content 
and focus of the individual articles and their contribution to the input for of the thesis.  
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Figure 3. Graphical abstract of the thesis. 
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1.4 Limitations of the approaches 
While this thesis provides valuable insights into the decarbonisation of Estonia’s residential 
building stock which should be renovated by the year 2050, several limitations must be 
acknowledged:  

• Estonia currently lacks a national LCA carbon footprint method suitable for
building renovation, which requires adaptations and assumptions within the 
modelling framework used in this study;

• Upstream emissions associated with operational energy, such as those from
fuel extraction and processing, are not systematically included in national
emissions databases, restricting the scope of full carbon accounting.

• Renovation solutions should consider more thoroughly the life-span and
maintenance costs. Currently only initial cost is considered under cost-optimal
solutions.

• Although this research focuses on life-cycle carbon emissions, broader
sustainability aspects, including for example biodiversity impacts, circularity
of materials, and social impacts, are outside the scope of the LCA applied
here, as illustrated in Figure 4, indicating a need for future investigation.

1.5 Built environment sustainability aspects 
While the thesis offers new contributions, including the first study in Estonia to evaluate 
embodied carbon alongside operational carbon within national LTRS and several other 
proposals, certain limitations should be acknowledged.  

Figure 4 illustrates the broader sustainable built environment field within which built 
environment (thus renovation works) decisions operate. It highlights some factors 
influencing building sustainability beyond carbon emissions, including aspects such as 
urban greenery, public space quality, transportation modes, and ecosystem integration. 
Elements shown in bold are those currently incorporated into the LCA approach applied 
in this thesis.  

However, the figure also visualises aspects, such as light pollution, environmental 
education, and landscape architecture, not yet fully addressed in current LCA (especially 
carbon emissions focused) renovation assessments but still represent important areas for 
future methodological development. This emphasises the need for a wider sustainability 
perspective. Additionally, with the Renovation Wave initiative, reusable/existing building 
materials topics are increasingly being investigated in order to increase their potential 
use. This is something which should be included in the LCA method intended for 
renovation works. 
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Figure 4. Sustainable built environment field (bold – included at used CF method). 
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2 Background 

2.1 Renovation wave 
The need for the large-scale renovation of the existing building stock has emerged as one 
of the critical challenges (European Commission, 2020b) in addressing the global climate 
crisis. Approximately 80% of buildings used today are expected to be still in use by 2050 
(EEA, 2022). Buildings contribute a substantial share of global carbon emissions, during 
their construction and operation phases (Ramírez-Villegas et al., 2019). Major energy 
saving potential lies in the improvement of the existing building stock (Meijer et al., 2009; 
Mohammadiziazi & Bilec, 2023). To improve the energy performance of the entire 
existing building stock, the number of building renovations should increase five times 
over the next ten years (Kuusk et al., 2021; LTRS, 2020).  

The 2010 recast of the Energy Performance of Buildings Directive (EPBD) (European 
Parliament and the Council, 2010) introduced the concept of “nearly zero energy” as the 
new energy performance benchmark for the construction sector in EU Member States 
and instructed national authorities to define the concept based on cost-optimal level of 
energy performance in their respective country. For the EU to meet its 2050 carbon 
neutrality targets, the EPBD puts the entire EU building stock on a clearly planned 
trajectory towards deep renovation(European Commission, 2021a). Renovation of 
existing buildings requires a multi-criteria approach. In addition to technical solutions, 
financial, social and environmental aspects should be considered (Galimshina et al., 
2024; Mjörnell et al., 2019).  

EU Member States must set minimum energy performance requirements that aim at 
least for cost-optimal levels and where relevant, for more stringent standards such as 
nearly zero-energy or zero-emission buildings. Energy performance must be calculated 
according to the methodology set out in Article 4 of the (recast) EPBD (European 
Commission, 2021b). Cost-optimal levels must be determined following the comparative 
methodology framework in Article 6. (European Commission, 2021b)  

The 2022 recast of the EPBD emphasises the Renovation Wave strategy introduced 
in October 2020 and the assessment of the CF of the buildings. Renovation Wave 
Initiative (Roscini et al., 2020) aims to increase the renovation rate of buildings to at least 
3 % per year with an average energy demand reduction of 75% to achieve climate 
neutrality by 2050. 

Renovating existing buildings to improve energy efficiency and reduce emissions is 
not only an environmental challenge, but also a complex technical and economic 
undertaking, particularly when applied to older, inefficient housing stock on a massive 
scale (Kuusk & Kalamees, 2016). Innovative renovation solutions are essential to meet 
the dual goals of reducing carbon emissions and enhancing the resilience of buildings 
against the impacts of climate change (Tisov et al., 2020). Building renovation solutions 
should follow circular economy principles to meet sustainability goals, with design, 
material recovery, renovation, and end-of-life actions as the key strategies. 

Different studies about building renovation CF - Switzerland (Drouilles et al., 2019), 
United Kingdom (Collings, 2020),  Denmark (Zimmermann, Rasmussen, et al., 2023) have 
proved the need for a higher focus on older buildings emissions than those in new 
buildings. Residential building stock renovations should be recognised not only as a 
technical improvement but as a strategic and major aspect on the decarbonisation 
pathway that demands flexible methodologies capable of integrating both tangible 
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urban density and cold climate are emphasised, representing a vital case for the 
European Union’s “Zero Emission Districts and Neighbourhoods for Sustainable Urban 
Development” initiative (European Commission, 2020a). 

Transitioning urban neighbourhoods into zero-emission districts requires integrated 
strategies that combine energy-efficient renovations, renewable energy deployment, 
and strategic land use planning. The steps toward climate neutrality are recommended 
to start with minimising emissions, for which the most important aspect is the reduction 
of operational energy use through energy efficiency, followed by the supply of renewable 
energy and later carbon offsets (Institution of Mechanical Engineers, 2020). 

Different analyses show that total emissions are lower for deep renovation than new 
construction, highlighting the importance of retrofitting buildings to reach net-zero goals 
(García-López et al., 2024). Although, it was verified (Caruso et al., 2024) that the A1–A3 
module has a significant impact at the city scale, operational energy strongly dominates 
in cold climates. Moisio et al. (2024) studied the environmental impacts of retaining or 
replacing buildings in Finland and showed that refurbishing and extending existing 
buildings is worthwhile in terms of GHG mitigation.  

Modelling of a zero-emission neighbourhood in a cold climate (Lausselet et al., 2021) 
revealed that nearly half of embodied emissions arise from long-term material 
replacements, highlighting the importance of material efficiency strategies across the 
entire building life cycle. Carbon footprint analysis (García-López et al., 2024) for the 
district-scale showed that retrofitting buildings is better for decarbonisation goals than 
demolishing and building new ones.  

Studies from southern Europe (García-López et al., 2024), northern Europe (Lausselet 
et al., 2021; Moisio et al., 2024) demonstrate that buildings have the highest impact (over 
50%) in urban CFs (Figure 6).  

BUILDINGS 56% Building materials, PV panels, and 
operational energy 

mobility 30% Cars, buses, light rail, etc. 

open spaces 11% Roads, parking, green area 

networks 3% District heating, sewage, ground 
source heat pump systems, etc. 

Figure 6. District CF components impact. 

The significant environmental differences between neighbourhood design alternatives 
(Trigaux et al., 2014) were highlighted, underscoring the importance of optimising 
building layout and density. It was shown (Stephan et al., 2013) that replacing suburban 
built areas with higher-density apartment buildings reduces per capita energy 
consumption by 19.6%. Similarly, it was found (Wiik et al., 2019) that developing 
interconnected buildings into a zero-emission neighbourhood entails higher initial capital 
costs but significantly lowers operational energy use, reinforcing the pivotal role of 
buildings in city decarbonisation.  
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Renovation CF may vary by the local energy system (Grossi et al., 2024) – in fossil-based 
systems, shifting to electric heating reduces emissions, while in cleaner grids, the added 
embodied emissions can outweigh operational savings, underscoring the need for 
region-specific renovation strategies in cold climates. Nevertheless, evaluating whole 
neighbourhood (García-López et al., 2024) renovation strategies, buildings have the 
greatest impact and obligation on balancing emissions – both embodied and operational. 

2.3 Life-Cycle Assessment method for buildings 
A life-Cycle Assessment (LCA) calculation is used to provide objective information on the 
environmental impact during the building’s service life. The LCA methodology, based on 
ISO 14040, consists of four key analytical steps: 1) Defining the goal and scope, 2) Compiling 
the life-cycle inventory, 3) Conducting the impact assessment, and 4) Interpreting the 
results (ISO 14040:2006, 2006). Decarbonising the building stock and climate-targets are 
increasingly influencing the building industry, governments, designers, and researchers, 
with LCA widely recognized as a critical tool for obtaining environment-related product 
information and promoting sustainable building practices (Khasreen et al., 2009). LCA 
results offer valuable insights for selecting optimal building materials, guiding 
procurements, and supporting environmentally informed policymaking in the building 
sector (Hellweg & Canals, 2014).  

The LCA method is divided into four stages shown in Figure 7 – product, construction, 
use and end-of-life. Beyond system boundaries is module D, which describes benefits 
and loads from the system (EN 15978:2011, 2011). 

Figure 7. Building LCA overview. 
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3 Methods 

3.1 Archetypes 
The existing residential building stock in Estonia comprises a diverse range of structure 
types with varying construction periods, materials, and energy performance 
characteristics. The building category analysed within this thesis (residential buildings), 
which plays an important role in the country’s efforts to achieve carbon neutrality, can 
be categorised into two main groups based on the architectural form of the residential 
building: low-rise (up to two floors) and multi-story (more than three floors) residential 
buildings. The renovation potential of these buildings is highly dependent on their 
historical construction methods and energy efficiency standards at the time of their 
construction. 

The following tables (Table 2 and Table 3) summarise the key characteristics of the 
primary building types found in Estonia, providing an overview of their construction 
periods and materials. Understanding these distinctions is essential for developing 
tailored renovation strategies that align with the country’s long-term decarbonisation 
goals. 

Table 2. Archetypes used in the study – up to two floors. 

Picture before 
renovation 

RESIDENTIAL BUILDING ARCHETYPES WITH UP TO TWO STORIES 

Used in the 
article IV IV II & IV 

Archetype 
number 1 2 3 

Building type Detached house Apartment building 
Heating 

source Stove & GSHP Stove, gas, EffDH, GSHP 

Construction 
period -1945 1946-2000 -1940 

% of 
residential 
stock 

36 29 4 

Construction 
material Wood Brick Wood 

Façade 
material Wooden cladding Plaster Wooden cladding 

Number of 
floors 1 2 2 

Number of 
apartments 1 1 6 

Net floor area, 
m² 100 220 640 

Heated area, 
m² 100 200 620 
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Detached houses (Table 2 and Table 3) are predominantly composed of brick and 
timber structures, built pre-2000, with their construction dates registered in the Estonian 
Building Registry (EHR) (Estonian Building Registry, 2025). The two main types, brick and 
timber buildings, comprise nearly 65% of all detached houses in need of renovation, 
thereby justifying their consideration as representative of the majority.  

Notably, renovation solutions for detached house concrete structures do not differ 
from those applied to brick buildings. In detached houses constructed before 1920, wood 
is the primary structural material, accounting for 75% (Estonian Building Registry, 2025), 
represented in this case by Archetype 1. This leads to a renovation solution featuring a 
rear-ventilated façade, which is also addressed in this doctoral thesis. Furthermore, in 
cases where the construction involves a combination of construction materials, the 
renovation strategies are typically aligned with those suitable for either wood or brick 
structures, depending on the predominant material. The dominant façade materials are 
wooden cladding and plaster (Estonian Building Registry, 2025). 

Table 3. Archetypes used in the study – with three and more floors. 

RESIDENTIAL BUILDING ARCHETYPES WITH THREE STORIES OF MORE 

Used in the 
article IV I & IV III & IV 

Archetype 
number 4 5 6 7 8 

Building type Apartment building 
Heat source EffDH & gas EffDH 
Construction 

period 1951-1980 1951-1980 1981-2000 

% of 
residential 
stock 

22 35 18 

Construction 
material Concrete large panel Brick, large block Concrete large panel 

Façade 
material  Plaster 

Number of 
floors 5 3 4 6 9 

Number of 
apartments 60 24 32 48  144 

Net floor area, 
m² 3500 2000 2500 4800 9900 

Heated area, 
m² 3300 1800 2400 4600 9580 

The selected apartment building types (archetypes 3-8) account approximately 75% 
of Estonia’s total apartment building stock constructed before 2000 based on data from 
the Estonian Building Registry (EHR)  (Table 2 and Table 3). This is to be expected, as the 
post-Second World War (II WW) housing crisis created an urgent need for rapid 
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presence of critical thermal bridges and air leakage rate q50 (Alev et al., 2015; Kuusk 
et al., 2017).  

A further complexity in module B6 assessment lies in its temporal variability. 
The carbon intensity of operational energy is expected to decline over time due to the 
increasing share of renewables in both electricity generation and district heating. 
A building renovated in 2025 will have a higher operational CF emission over 50 years 
compared to one renovated in 2030, assuming identical energy demand and usage 
patterns.  

3.3.1 Emission factors for energy carriers 
A critical methodological limitation in current LCA practices in Estonia is the absence of 
a nationally maintained and regularly updated emission factor database for energy 
carriers. Figure 14 outlines the operational emission factors (AS Utilitas, 2025; Gren OY, 
2025; Kalamees et al., 2022; Moora et al., 2023) that were used for studies to determine 
50-year average operational emissions. However, the lack of transparency and coherence 
in emission factor datasets introduces uncertainty into long-term assessments.  

Figure 14. Emission factors for source of operational energy, orange dots represent used values. 

As illustrated in Figure 14, electricity has the highest emission factor. DC1 represents 
the emission factor for district cooling in Tallinn (2024), and DC2 corresponds to Tartu. 
The graph highlights the critical role of electricity decarbonisation in reducing the CF of 
the entire national building stock, as it has highest value among currently known 
emission factors. 

Moreover, current estimations do not include upstream emissions, regional energy 
mixes, or prospective energy policy shifts. This may be partly due to the use of domestic 
oil shale in electricity production and the difficulties in assessing the global warming 
potential for the processes included. A nationally endorsed dataset is urgently needed to 
support consistent, verifiable LCA practices in Estonia. 

3.3.2 Energy performance modelling 
Indoor climate and energy performance of the reference buildings were modelled using 
the IDA Indoor Climate and Energy (IDA-ICE) programme (Björsell et al., 1999; Sahlin 
et al., 2003). The impact of energy renovation measures was simulated according to 
standard usage and using a unified calculation methodology (Methodology for Calculating 
the Energy Performance of Buildings, 2020). In practice, the energy consumption of 
buildings may not correspond to the standardised assumed conditions. This may be 
expressed in both lower and higher levels of energy use. For comparability, standard 
usage profiles have therefore been used.  
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In Estonia, the projected emission intensity of electricity by 2048 is expected to align 
with Sweden’s current levels (IV). Under such conditions in the future, the primary 
challenge in building stock decarbonisation will shift from operational emissions to 
embodied carbon, emissions originating from construction materials. Prefabricated 
external wall elements stand out (I) here as a key strategy to mitigate future risks related 
to the handling, processing, and decreasing emissions from buildings.  

4.4 Results comparison with similar studies 
In Estonia, operational energy remains the principal driver of whole-life carbon until the 
energy system decarbonises substantially. By contrast, Nordic literature reports a greater 
relative focus on embodied impacts, reflecting lower-carbon energy system. Swedish and 
Danish renovation LCAs consistently highlight significant material-related contributions 
alongside operation emissions (Ramírez-Villegas et al., 2019; Zimmermann, Rasmussen, 
et al., 2023) while Norwegian neighbourhood studies show that replacements over time 
account for a large fraction of embodied emissions in low-carbon contexts (Lausselet 
et al., 2021; Wiik et al., 2019). These patterns do not align with Estonia’s results, as the 
balance between operational and embodied carbon is shifted in the Nordic cases by their 
cleaner energy systems (Wrålsen et al., 2018). However, a study from Lithuania supports 
current thesis findings, indicating that operational emissions have the largest impact on 
building CF(Chandrasekaran et al., 2021).  

Nordic casework indicates that the existing residential stock is generally in better 
condition than in Estonia, with stronger baselines for building envelope thermal values 
and services (Avelin et al., 2017; Mjörnell et al., 2019). Consequently, the literature often 
examines incremental upgrades and optimisation of HVAC systems, rather than the deep 
renovation solutions which are needed by Estonia’s pre-2000 stock. Where deep 
renovations are made, they are framed as ambitious exemplars rather than typical needs 
(Wrålsen et al., 2018).  

Across Finland and Denmark, studies demonstrate that cost-optimal packages can 
deviate from carbon-optimal pathways over multi-decade horizons, even in comparatively 
efficient stocks (Montana et al., 2020; Niemelä et al., 2017; Pal et al., 2017). This validates 
the thesis finding that relying on cost-optimal solutions (EPC-C as an end-point) risks 
misalignment with long-term climate goals (I). With a lower-carbon energy system in 
Scandinavia, the operational energy emissions penalty for stopping at cost-optimal levels 
is smaller than in Estonia, so Nordic debates emphasise embodied-carbon boundaries 
and replacement cycles earlier than the current phase in Eastern-Europe (Lund et al., 
2022; Zimmermann, Rasmussen, et al., 2023). 

4.5 Further LCA methodology development 
The studies in this thesis applied and tested the current Estonian LCA methodology in a 
new context, renovation, but also identified its limitations and necessary extensions. 
It provides a methodological example for national LCA methodology development. 
Addressing this issue requires national-level policy alignment and financial mechanisms 
to support low-income or structurally disadvantaged building owners. 

During the thesis process, the Estonian CF method description and the supporting 
national material emissions database have been revised. To evaluate the differences 
between the two versions of the calculation method, a comparative analysis (Table 6) 
was conducted using the Archetype 4 (Table 3) as-built version. This involved applying 
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emissions from construction activities and material production are substantial and more 
influential than previously estimated. 

 This suggests a clear need to prioritise materials with both minimal environmental 
footprint and long service life in today’s renovation and construction practices. However, 
as demonstrated in this thesis, there is a need to extend and adapt the methodology to 
suit the existing buildings and renovation decisions, particularly in the context of the 
renovation wave. 

4.5.1 Towards an Estonian CF assessment method for renovation 
As existing method is tailored for new buildings, it will leave out some renovation project 
aspects, which will create blind spots. The following suggestions and proposals (Figure 
28) are based on studies from this thesis (from single external wall construction type
solution to national existing residential building stock analysis).

The application of LCA method depends on its intended purpose. It may focus on 
reducing operational energy consumption, extending the longevity of buildings or 
supporting deconstruction practices to increase the proportion of components and 
materials suitable for circularity. Options 

o Comparison between renovation and new construction;
o Evaluation of renovation options;
o Evaluation after renovation;
o Evaluation before and after renovation,

The proposed improvements have been designed in such a way that the Estonia 
national LCA method would not require the introduction of new modules, but rather 
extend the principles already established within the existing structure. All suggestions 
adhere to the logic and structure of the currently included modules, ensuring consistency 
and compatibility with the current methodology (Figure 28). 

Figure 28. Estonian LCA methodology development for renovation. 
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investment needs and operational costs. When properly tailored, LCA can become a 
practical decision-support instrument for planning renovation works, aligning carbon 
reduction with building functionality and financial feasibility. 
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5 Conclusions  
This thesis set out to examine how under the specific constraints of a cold climate,  
a historically carbon-intensive energy system can decarbonise the existing residential 
building stock. All observed results and scenario outcomes are calibrated to Estonian 
data and regulations. The conclusions below are bounded to these national conditions. 
While the analytical framework is transferable, the quantitative effects should not be 
generalised to countries with different climates, energy mixes, urban forms or heritage 
establishments. 

RQ1. Carbon-optimal versus cost-optimal renovation. Under Estonian conditions, 
cost-optimal renovation (EPC-C) produces a higher whole-life carbon emissions than 
carbon-optimal renovation. The latter integrates low-carbon heat, energy efficient and 
low carbon footprint building envelope solutions and therefore delivers the greater 
emission reduction over 50 years. Cost-optimality if used as the principal policy measure, 
risks locking in energy performance that is inconsistent with Estonia’s long-term climate 
targets. 

RQ2. Historic buildings and carbon reduction. Current Estonia heritage practice 
limits building envelope upgrades, keeping operational emissions elevated. Where 
building values can be preserved (form, façade, original profile), deep renovation to  
EPC-A is feasible and results in lower carbon footprint emissions than either the BAU or 
existing as it is situations. These findings apply to the Estonian stock typologies and 
protection rules examined; different heritage standards elsewhere may alter the feasible 
scope. 

RQ3. Climate-neutrality targets and land use in the urban area. In cold climate and 
high energy emission system cities, climate-neutral neighbourhoods require considerable 
land for zero-emission energy supply and for remaining-emission compensation. Deep 
renovation reduces that land demand relative to limited upgrades, because it lowers 
operational energy first. Consequently, land-use plans should clearly allocate areas for 
on-site or near-by energy generation and, where justified, for durable carbon-removal 
solutions. These spatial requirements were quantified for Estonian urban morphology 
and densities. 

RQ4. Rethinking national renovation requirements. Building-stock modelling shows 
that, in Estonia, current EPC-C requirements are misaligned with a whole-life carbon 
pathway. When paired with energy-system decarbonisation consistent with national 
projections, carbon-optimal deep renovation yields emission cuts approaching ~80% by 
2050. If energy-system and minimum requirements will be as it is, reductions are  
limited to ~33–46%. Accordingly, minimum requirements and grant schemes should 
prioritise carbon-optimal targets (EPC-A with on-site renewable energy creation), 
sequencing measures with the decarbonisation of electricity and district heating. These 
recommendations are framed for Estonia’s policy, market and grid trajectories. 

Within Estonia’s specific context, meeting national climate targets requires moving 
from cost-optimal to carbon-optimal renovation benchmarks, enabling deep renovation 
of historic and standard residential building stock, while integrating on-site renewable 
energy sources to grid system. Urban planning must accommodate the land-use area of 
carbon neutral target strategies. Taken together, these Estonia-specific findings provide 
a robust, evidence-based basis for re-designing national renovation policy and for 
sequencing investments so that the existing residential stock can credibly progress 
towards climate neutrality. 
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