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A B S T R A C T

District-level renovation is a promising strategy to decarbonize the European Union’s building stock, yet the 
impact of using industrialized methods at scale remains underexplored. This research addresses this gap through 
analysis of a four-building district renovation in Estonia, using prefabricated facade elements. The study eval
uates 16 renovation packages and three construction management scenarios to quantify the trade-offs between 
cost, project duration, embodied carbon (product and construction stages, A1-A5), and operational carbon (use 
stage, B6).

The results reveal that the exterior finish material is the dominant driver of both cost and embodied carbon, 
with wooden cladding being the most economical and lowest-carbon option upfront. Moreover, the findings 
reveal a trade-off: the packages that deliver the best long-term operational performance do so at the cost of a 
higher embodied carbon footprint. Furthermore, the analysis of construction management demonstrates that 
accelerated schedules not only reduce prefabricated renovation duration by over 70% but also decrease overhead 
costs by up to 3.4% with a negligible impact on on-site emissions. Additionally, district-level procurement can 
reduce costs by up to 10% in materials and labor.

This study provides an integrated analysis for assessing industrialized approach for district-level renovations. 
It offers actionable insights for stakeholders by demonstrating that the lowest-carbon material choices can also be 
the most cost-effective and that the optimal renovation strategy is not a single technical solution but a decision of 
balancing cost, carbon and time.

1. Introduction

In Europe, the building stock accounts for approximately 40 % of 
total energy consumption and 36 % of greenhouse gas (GHG) emissions 
[1]. To address this, the European Commission suggested the Renova
tion Wave strategy [2], which aims to reduce the climate impact of the 
built environment and construction sector. This strategy has two main 
objectives: (1) to decrease energy consumption by applying the “energy 
efficiency first” principle and transitioning from non-renewable to 
renewable resources, and (2) to stimulate economic growth.

While there are many studies on operational carbon (B6) and product 
stage (A1-A3) embodied carbon, the standalone assessments of con
struction operations (A4-A5) are less common [3,4]). Even within LCA 
reviews, A4 and A5 stages are omitted in about a third of the B6- 
reporting cases [5]; where included, A4-A5 stages are frequently 
handled with simplified assumptions (transport-only or proxy averages), 

indicating little and inconsistent coverage of the construction stage. 
Furthermore, the economic and environmental factors and advantages 
of renovating multiple buildings together, especially during the con
struction operations stage, remain underexplored. While economies of 
scale are often assumed to offer advantages in such cases, the specifics 
and trade-offs require further investigation. Recent studies have also 
highlighted that renovation projects are prone to cost overruns due to 
increased complexity [6]. While the economic challenges of renovation 
are well-documented, the implications of district-level renovations using 
industrialized methods remain insufficiently studied. In particular, there 
are gaps in understanding how construction operations and industrial
ized renovation processes affect the economic and sustainability out
comes at scale.

This study implements a case study approach to evaluate the impact 
of industrialized renovation methods on district-level construction op
erations and their environmental, economic, and production 
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implications [7]. A scenario-based analysis compares sequential, two-at- 
a-time, and four-at-a-time renovation strategies to assess energy savings, 
carbon emissions, and cost and time efficiency, while meeting energy 
performance classes A, B, and C. The analysis follows the EN15978:2011 
standard for building life-cycle assessment (EN 15978, [8], covering 
mainly both product (A1–A3) and construction stages (A4–A5). The 
focus is on multiple similar apartment buildings located in close prox
imity, characterized by comparable architecture, building configura
tion, and feasible renovation measures. As part of the scope, 
prefabricated ventilated timber façade systems across common exterior 
finishes are compared to capture how material choices affect the impact 
on embodied carbon and cost.

This analysis is applicable in other locations by adapting context- 
specific inputs. In practice, this means (1) mapping local building ty
pologies and baseline systems, (2) reflecting climate and energy context 
(national primary energy factors and carrier mixes for electricity and 
district heating), and (3) using local emission factors and costs. As these 
inputs vary, absolute energy, carbon, cost, and time values will change, 
but the comparative logic across renovation packages and management 
strategies remains consistent.

2. Research background

The built environment and construction sector contribute signifi
cantly to climate change (European [1]. The EU’s response to the ur
gency of climate change is grounded in the “energy efficiency first” 
principle and the decarbonization of the built environment and con
struction sector [9]. The Renovation Wave strategy [10] positions sus
tainable renovation as a key instrument to reduce emissions, transition 
to renewable resources, and address the climate–energy–poverty tri
lemma (European [2].

Due to the low building replacement rate [11,12], around 75 % of the 
EU’s building stock is energy inefficient, and 80–90 % of these buildings 
are expected to be still in use by 2050 [13]. That is, renovation, and not 
only new construction, is critical to achieving climate neutrality [14]. 
Effectively delivered deep renovation can reduce CO2 emissions up to 
70 %, depending on local energy mixes and renovation depth [15,16]. 
Moreover, the application of circular construction principles in reno
vation can further reduce emissions from construction and demolition 
activities [17,18,19].

Renovation also delivers economic benefits (European [2]. Renova
tion is often more cost-effective than demolition and the construction of 
a new building [19,20], supports job generation, and stimulates eco
nomic growth [21]. For example, 1 million euro investment to building 
renovation created 17 jobs in Estonia [22], leading to tax revenues for 
governments and decreased costs of social assistance [14]. Grants are 
important to stimulate renovation activity, and renovation grants up to 
30 % of the project initial investment cost are economically neutral [22].

Despite clear environmental and economic benefits, the EU’s average 
annual renovation rates remain at around 1 %, far below the 3 % 
necessary to meet Green Deal 2050 targets [13]. Low renovation reasons 
can be divided into two categories: 

• Demand-side barriers, including lack of motivation, financing 
[23]), awareness, and trust in the process [24],

• Supply-side barriers, including insufficient organizational capacity, 
lack of skilled labor and poor-quality services [25].

Most studies have tended to focus on individual buildings, address
ing indoor climate [26], energy performance [27], or life-cycle and cost- 
benefit analysis [28,22,29]. Yet, many renovation projects fail due to the 
prebound (overestimating the expected savings) and rebound (failure to 
deliver expected savings) effects [30,31], caused by (1) environmental 
variability (e.g., climate change and uncertainties in weather files), (2) 
design and construction quality issues, and (3) human behavior (e.g., 
heating controls, excessive energy consumption) [32].

Recent studies argue that single-building renovations are insufficient 
to achieve climate goals [33,25,34,12]. Consequently, much research 
has shifted from individual renovations to large-scale interventions 
[14,35,36], including clusters, neighborhoods, and districts, potentially 
offering economies of scale and enabling the development of integrated 
solutions. For example, the Positive Energy Districts (PEDs) have been 
proposed [37].

Research on district-level renovation has focused on technical, 
methodological, and demand-side aspects. While studies highlight po
tential benefits in terms of energy and emissions reduction [38], evi
dence of actual cost-effectiveness and performance remains limited. 
Evaluations of methodologies like IEA EBC Annex 75 [12] and LCA- 
based assessments [39] show mixed results. Husiev et al. [25] re
ported minimal benefits over single-building renovations and noted 
challenges such as fragmented ownership, weak regulation, and limited 
technical capacity. These gaps highlight the need for further research on 
the environmental, economic and operational impacts of large-scale, 
industrialized renovation.

District-level interventions may support reducing costs and time
lines, but they also introduce complexity due to more intense logistics, 
stakeholder engagement, and financing. To address this, this study seeks 
to answer the following research question: How does the industrialized 
renovation of multiple similar buildings in proximity simultaneously 
impact project cost, time efficiency, energy savings and carbon emis
sions, while meeting energy performance classes A, B, and C?

Aligned to the EN15978:2011 standard, the study is structured in 
two parts: 

Assessment of the cost, embodied carbon and energy of alternative 
prefabricated renovation solutions (product stages, A1 to A3) placed 
into the long-term context of operational energy and carbon (oper
ational stage, B6).
Analysis of construction processes, focusing on resource use and its 
implications on project cost, duration and emissions (construction 
stages, A4 to A5).

2.1. Research methods and materials

This study adopts a case study approach [7], which enables an in- 
depth analysis of the complexities of industrialized district-level reno
vation of similar buildings in close proximity. The analysis follows the 
EN15978:2011 standard for assessing the environmental performance of 
buildings throughout their lifecycle, with main focus in this study is on 
the product (A1-A3) and construction (A4-A5) stages. Fig. 1 depicts the 
scope of the study. As such, the presentation and analysis of results is 
divided into two parts: 

• Product and operational stage (A1-A3, B6): This part evaluates the 
typical constructions, costs and carbon emissions of alternative 
renovation measures and packages, with a focus on prefabricated 
external wall solutions from used in Estonian renovation projects. 
That is, only actually considered and implemented solutions were 
analyzed. Data on typical constructions and costs were sources 
sourced from already delivered renovation projects, construction 
material and product retailers and manufacturers. All costs presented 
in this study are exclusive of VAT. Embodied carbon data were 
derived from Environmental Product Declarations (EPDs) and the 
Estonian building carbon footprint calculator (Ministry of Climate, 
2024). To place these upfront impacts in a long-term context, the 
analysis then assesses the operational performance (B6) of each 
package. The post-renovation operational carbon footprint was 
calculated using the Estonian methodology for calculating building 
energy performance [40].

• Construction stage (A4-A5): This examines the operations involved 
in renovating multiple similar buildings with prefabricated methods, 
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including transport and on-site construction. Data on construction 
machinery energy consumption was collected to assess carbon im
pacts. The analysis is informed by best practices, previous case 
studies [41,42], and input from practitioners experienced in pre
fabricated renovation projects.

2.2. Pilot site and buildings

This study’s pilot site is located in the Mustamäe residential district 
of Tallinn, where four nearly identical apartment buildings, constructed 
in the 1960 s using prefabricated concrete sandwich panels, require 
energy renovation due to significant heat losses and thermal discomfort. 
These buildings are part of pilot initiatives aimed at accelerating the 
renovation of typical Soviet-era multi-story apartment buildings in 
Estonia. Fig. 2 presents the pilot site and a close-up view of the four 
typical apartment buildings.

The baseline scenario assumes unrenovated external walls and roofs 
with poor thermal performance (U-value of 0.90 and 0.87 W/(m2K) 
respectively) [43]. Buildings are equipped with natural ventilation and 

connected to district heating for both space heating and domestic hot 
water (DHW), with a single-pipe radiator system, which is representa
tive of the local building stock. Although partial renovations have been 
carried out (e.g., such as window replacements and end-wall insulation), 
full-scale renovation has not yet been implemented. Project documen
tation has been prepared for selected references buildings, including 
wall and roof insulation as well as ventilation and heating system up
grades, with cost estimates based on current market prices. The envi
ronmental impact is assessed based on a typical building lifespan of 50 
years. Table 1 presents the main characteristics of the four residential 
buildings included in the study.

2.3. Product stage: Renovation design measures and packages

One main goal of renovation activity is to improve building energy 
performance by upgrading the thermal envelope, upgrading and 
replacing heating and ventilation systems, and integrating renewable 
energy technologies. Potential energy savings in this study are driven by 
the remaining headroom to energy class thresholds, which in turn 

Fig. 1. Scope of study regarding carbon emissions in construction processes, Weigert et al. [4]

Fig. 2. The pilot site in Tallinn (left) and one of four typical apartment buildings (right).
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reflects each building’s measured baseline and any prior partial reno
vations. Based on three years of monthly pre-renovation utility data by 
energy carrier (district heat, domestic hot water, electricity, and natural 
gas where applicable), normalized by heated area and heating degree 
days and converted from final to primary energy using national primary 
energy factors (PEFs), the baseline performance of the four buildings is 
154–178 kWh/(m2⋅a), shown in Table 1. Achieving a: 

• C-class rating (≤150 kWh/(m2a)) requires reducing energy con
sumption by 4–28 kWh/(m2a), or 18,032–126,224 kWh annually 
depending on the building.

• B-class rating (≤125 kWh/m2a) requires reducing energy con
sumption by 29–53 kWh/(m2a) or 130,732–238,924 kWh annually 
depending on the building.

• A-class rating (≤105 kWh/(m2a)) requires reducing energy con
sumption by 49–73 kWh/(m2a) or 220,892–329,084 kWh annually 
depending on the building.

Table 2 summarizes individual renovation measures for the selected 
buildings. These are typical solutions that have been used in Estonian 
prefabricated renovation projects, including quantities, costs, and cor
responding environmental impacts, measured as global warming po
tential (GWP). To reflect the building’s lifecycle, the GWP for each 
measure is adjusted with a B4 stage replacement coefficient, which ac
counts for the future replacement of components with a shorter lifespan 
than the building itself. For example, while long-lasting elements like 
the wall and roof structures have a coefficient of 1.0, components like 
windows are assigned a coefficient of 1.3, and technical systems such as 
HVAC and PV panels have coefficients of 2.0 and 2.5, respectively [44]. 
In this study, only energy renovation measures are considered. Pre
fabricated external walls are described separately due to their elevated 
focus in this study.

Material choices play a key role in reducing the overall carbon 

Table 1 
Main characteristics of four selected pilot buildings.

Characteristic Value

Construction year 1960 s
Building footprint, m2 855–864
Net floor area, m2 4,493–4,529
Heated building area, m2 3,744–3,774
Net façade area, m2 1,753
Area of windows and doors, m2 596
Number of floors (above/underground) 5/1
Primary construction material Concrete sandwich 

panels
Baseline primary energy consumption per heated building 

area, kWh/(m2a)
154–178

Approximate distance to neighboring building, m 45

Table 2 
Individual renovation measures and characteristics per renovation component measure.

Code Building part Description Unit Quantity Cost (VAT 
excluded), €

Weight, 
kg/unit

Mass, 
kg

UnitGWPtot, 
kgCO2e/kg

GWPtot (A1- 
A3), kgCO2e

R1 Roof Timber frame, EPS insulation, mineral 
wool rigid insulation

m2 920 90,709 18.82 17,314 1.38 23,893

R2 Roof (raised) Timber frame, prefabricated ventilated 
timber roof insulation panels

m2 920 227,129 44.18 40,647 0.42 17,171

FW Foundation wall Bitumen waterproofing membrane, 
EPS insulation, cement fibre board (U 
<= 0,13 W/(m2K))

m2 146 11,051 17.80 2,598 1.47 3,833

W Windows Triple-glazed, typical frame (U < 0,9 
W/(m2K))

pc 276 133,400 39.00 22,640 3.47 78,564

D External doors Insulated (U < 0,9 W/(m2K)) pc 8 20,800 59.00 924 1.51 1,397
HS1 Exhaust heat pump 

heating system
Radiators pc 244 21,960 22.60 5,514 1.80 9,926
Modular valves pc 244 5,051 0.24 58 1.70 99
Thermostat heads pc 240 2,460 0.13 31 3.11 99
Radiator pipework pc 1,750 6,125 2.00 857 2.20 1,115
Fresh air elements pc 160 14,757 3.14 320 1.30 704

HS2 Mechanical 
ventilation heating 
system

Radiators pc 244 21,960 22.60 5,514 1.80 9,926
Modular valves pc 244 5,051 0.24 58 1.70 99
Thermostat heads pc 240 2,460 0.13 31 3.11 99
Radiator pipework m 1,750 6,125 0.49 857 1.30 1,115
Heating vent pipework m 168 1,625 3.14 527 1.30 686

VS1 Exhaust heat pump 
ventilation system

HDPE facade pipework m 618 5,321 0.47 290 3.11 903
HDPE roof pipework m 376 2,447 0.43 161 3.11 503
Sheet metal pipework in thermal 
insulation

m 325 9,744 2.30 747 4.29 3,205

Sheet metal pipework outside m 6 640 11.00 70 4.29 302
Pipework inside apartment m 184 975 1.60 294 4.29 1,263
Exhaust ceiling vent pc 164 1,479 0.40 65 1.80 118
Fire dampers pc 80 3,600 0.40 32 1.70 54
Access panels pc 80 505 0.80 64 1.30 83
Fresh air dampers pc 24 912 0.56 13 2.20 30

VS2 Mechanical 
ventilation system

HDPE facade pipework m 2,600 22,386 0.47 1,222 3.11 3,800
HDPE roof pipework m 770 5,005 0.43 331 3.11 1,030
Sheet metal pipework in thermal 
insulation

m 348 10,440 2.30 800 4.29 3,434

Sheet metal pipework outside m 18 1,760 11.00 193 4.29 831
Pipework inside apartment m 232 1,230 1.60 371 4.29 1,592
Exhaust ceiling vent pc 164 1,479 0.40 65 1.80 118
Supply ceiling vents pc 160 2,454 0.40 64 1.80 115
Fire dampers pc 240 10,800 0.40 96 1.70 163
Access panels pc 80 505 0.80 64 1.30 83
Fresh air dampers pc 24 912 0.56 13 2.20 30

PV PV panels Power output 226 W/m2 kW 50 50,000 12.19 2,696 23.00 62,016
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footprint by enhancing thermal performance and energy efficiency. This 
study evaluates four prefabricated ventilated timber façade systems with 
three different finishing materials (Table 3), previously implemented in 
completed Estonian renovation projects. Altogether 12 different pre
fabricated wall systems are compared. These systems have a varied 
insulation thickness and construction details, affecting energy perfor
mance and carbon impact. Their comparison provides a basis for 
selecting facade solutions that align with overall renovation goals of the 
pilot site.

In past projects, Class C renovations typically used 150 mm insu
lation (EW4), while B- and A-class used 200 mm (EW3 and EW2), and 
270 mm (EW1), respectively. It is important to note, while external walls 
are important, a building’s energy performance class as a whole depends 
on a combination of renovation measures. The main difference between 
class B and A is that a class A requires installing renewable energy 
source, often achieved with the integration of photovoltaic (PV) panels 
in Estonia. This is the reason for the minimal difference between EW2 
and EW3, achieving A and B energy class of buildings, respectively.

In addition to material manufacturing impact, the study addresses 
the energy used in assembling prefabricated elements at the factory, 
covering both electricity and wood pellet consumption That particular 
factory uses on average 22 tons of wood pellets annually for heating. 
This is converted using the energy content of wood pellets (4.85 kWh/kg 
[45]. Electricity consumption is subject to seasonal variation, lower 
consumption in July reflects a two-week collective holiday, while higher 
consumption during winter months is attributed to the use of electric 
heaters in wardrobes and increased lighting demand. The factory’s 
yearly energy usage from electricity totals 91,291 kWh.

2.4. Construction stage: Renovation production process model and initial 
data

This section describes the industrialized renovation process model 
for renovating multiple similar buildings in proximity using pre
fabricated wall and roof elements. It is developed based on lessons 
learned from past pilot projects and feedback from renovation team 
members, emphasizing project duration, cost, and carbon emissions 
associated with construction machinery (e.g., cranes, lifts). Three 
renovation process scenarios for renovating building walls and roofs 
with prefabricated elements are compared: 

Sequential (Scenario 1): Each building is renovated independently. 
This approach typically results in the longest total duration but re
quires the least initial resource investment and minimal 
coordination.
Two-at-the-time (Scenario 2): Two buildings are renovated in 
parallel, reducing overall duration and there is partially overlapping 
resource use. Moderate coordination is needed between teams.
All-at-once (Scenario 3): All four buildings are renovated more or 
less simultaneously. This approach has the shortest timeline but 
needs high initial resource input and extensive coordination and 
logistics management.

All three renovation scenarios begin with surveying (e.g., laser 
scanning and photogrammetry) to capture existing conditions, followed 
by a three-month design stage per building, including preliminary 
design to detailed design stages. Although similarities among four 
buildings allow for parallel design and reuse of solutions, local differ
ences (such as window or door placements, different façade conditions 
and building entrance solutions) may require small design adjustments 
per building. However, the exact analysis of pre-installation steps is 
outside the scope of this study.

The renovation packages are different combinations of individual 
renovation measures in Table 2, and the impact of these packages are 
reflected in A1-A3 (product stage) and B6 (use stage) results. For the 
renovation production process model, the focus is on prefabricated en
velope works (external wall, roof, windows), i.e., the tasks that deter
mine heavy machinery use and site logistics. Management scenarios 
vary the degree of how much work is conducted in parallel between 
buildings (sequential, two-at-a-time, four-at-a-time) for selected enve
lope tasks. Other measures either require minimal heavy machinery 
and/or occur in parallel and thus are held constant and not shown in the 
sequence but remain included in the package-level cost and embodied 
and operational carbon totals. Extending the sequence to additional 
measures (e.g., PV installation, HVAC works) would expand the number 
of possible scenario combinations and increase absolute duration and 
overhead costs, but this is beyond the present scope.

Table 4 breaks prefabrication-related envelope renovation measures 
into specific tasks, productivity metrics (i.e., unit, quantity, and man- 
hour/unit), and resource needs for renovating walls and roofs per 
building (Scenario 1). General builders (4 workers split into 2 crews) 

Table 3 
Descriptions of the external wall design details and characteristics per facade area produced.

Code External wall description Exterior finish Weight, 
kg/m2

GWPtot (A1-A3), 
kgCO2e/m2

GWPtot (A1-A3), 
kgCO2e/kg

Cost (VAT 
excluded), €/m2

EW1 Ventilated timber facade with 200 + 70 mm mineral wool 
insulation; 30 mm rigid mineral wool wind barrier

Fibre cement 
board

32.1 20.9 0.65 67.5

Wooden cladding 28.9 10 0.35 37.1
Steel and 
aluminum panel

31.6 44.6 1.41 55.8

Average: 30.8 25.2 0.80 53.5
EW2 Ventilated timber facade with 200 mm mineral wool 

insulation; 10 mm gypsum (plaster) wind barrier
Fiber cement 
board

31.2 18.1 0.57 59.3

Wooden cladding 28.8 7.2 0.25 28.9
Steel and 
aluminum panel

31.7 41.8 1.33 47.7

Average: 30.7 22.4 0.72 45.3
EW3 Ventilated timber facade with 200 mm mineral wool 

insulation; 13 mm rigid mineral wool wind barrier
fibre cement 
board

26.9 18.2 0.68 61.3

wooden cladding 23.4 7.3 0.31 30.9
steel and 
aluminum panel

26.7 41.9 1.59 49.6

Average: 25.7 22.5 0.86 47.3
EW4 Ventilated timber facade with 150 mm mineral wool 

insulation; 13 mm rigid mineral wool wind barrier
fibre cement 
board

26 17.4 0.67 56.9

wooden cladding 22.8 6.5 0.28 26.6
steel and 
aluminum panel

25.5 41.1 1.61 45.3

Average: 24.8 21.7 0.86 42.9
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complete façade preparation and roof frame construction over 6 and 20 
days, respectively. Specialized trades handle tasks such as anchor 
installation (4 installers for 1 day), load-bearing beam installation (2 
installers for 4 days), and installation of prefabricated façade elements 
(6 installers for 10 days, with crane support). Additional activities 
include vapor and air sealing (3 installers for 6 days) and roof finishing 
(2 installers for 2 days).

The environmental and economic impacts of renovation activities 
are evaluated based on machinery data. Information regarding ma
chinery needs and costs was received from renovation experts and cross- 
checked against current supplier quotes. For each task the machine type 
(crane, lift), count and duration were recorded. The greenhouse gas 
emissions information was taken from Tang et al. [46]. The following 
cost rates and greenhouse gas emissions for diesel machinery are 
assumed: (1) crane – 26.6 kgCO2e/h at €60/hour, and (2) lift – 4.3 
kgCO2e/h at €19/hour. The number of cranes and lifts per work are 

presented in Table 4. In Scenarios 2 and 3, these labor and machinery 
demands double and quadruple, respectively, to account for simulta
neous renovation across buildings. Fig. 3 illustrates the data presented in 
Table 4, showcasing the typical sequence, overlap and dependencies of 
the prefabrication-related renovation works of the building envelope.

A representative construction-stage cost estimate is compiled from 
contractor bids for comparable Estonian renovation projects. To illus
trate district-scale procurement, a 10 % reduction to unit rates for direct 
materials and labor, based on input from suppliers, is applied. Some 
categories, such as site overheads, client’s reserve, and surveys are not 
adjusted.

To model the economies of scale in site overheads inherent in a 
district-level project, a distinction is made between direct and indirect 
resources in the construction management scenarios. Direct production 
resources, such as the construction crews and machinery required for 
physical work, are scaled linearly with the number of simultaneous 

Table 4 
Renovation tasks, productivity metrics, construction labor and machinery need per building.

No Renovation tasks Unit Quantity Consumption 
rate, man-hour/ 
unit

Duration, 
days

Crew 
count

Workers 
per crew

Worker 
count

Crane 
count

Crane 
rental, 
days

Lift 
count

Lift 
rental, 
days

1 Facade preparation, 
demolition of existing 
balconies

pc 144 1.33 6 2 2 4 0 0 4 6

2 Anchor installation pc 282 0.11 1 2 2 4 0 0 4 1
3 Load-bearing beam 

installation
m 170 0.38 4 1 2 2 0 0 0 0

4 Roof elements 
support frame

m2 900 1.42 20 1 8 8 1 1 0 0

5 Removal of existing 
windows

pc 276 3.33 10 2 3 6 2 10 4 10

Prefabricated facade 
element installation

pc 144

6 Vapor and air 
tightening of joints

m 900 0.16 6 3 1 3 0 0 3 6

7 Prefabricated roof 
element installation

pc 63 1.14 3 1 3 3 1 3 0 0

8 Horizontal joint 
flashing installation

m 872 0.06 2 3 1 3 0 0 3 2

9 Roof finish 
installation

m2 900 0.04 2 1 2 2 0 0 0 0

Fig. 3. Sequence of prefabrication-related renovation works.
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building sites (i.e., doubled for Scenario 2 and quadrupled for Scenario 
3). However, indirect, time-based overheads such as supervising staff 
and site facilities do not scale linearly. The cost of these resources is 
primarily a function of project duration and management complexity, 
not a direct multiplication of output. To account for the economies of 
scale in the accelerated scenarios, the non-linear scaling of overheads is 
modeled using the exponential rule from construction cost engineering 
[47]. Following the examples for complex projects, a cost exponent of m 
= 0.6 was selected. Using this principle, the calculated overhead co
efficients are 1.52 for Scenario 2 and 2.30 for Scenario 3.

3. Results

In this section, the results of the analysis are presented, highlighting 
the impact of different scenarios on the overall economic and environ
mental aspects of the renovation project.

3.1. Product stage: External wall

From the prefabricated external wall data in Table 3, several obser
vations can be made. Most importantly, the type of the exterior finish 
material dominates both the cost and embodied carbon of external wall 
systems (see Fig. 4). External walls with wooden cladding (W) have the 
lowest GWPtot (A1–A3) (ranging between 6.50 and 10.0 kgCO2e/m2) 
and the lowest cost (26.6 – 37.1 €/m2) per m2 of facade produced. Steel 
and aluminum panels (SA) have the highest carbon impact, ranging 
between 41.1 and 44.6 kgCO2e/m2, and is second in terms of cost, 
ranging between 45.3 and 55.8 €/m2. Fiber cement board (FC) is the 
most expensive, cost ranging between 56.9 and 67.5 €/m2, and it is in- 
between regarding embodied carbon, ranging from 17.4 to 20.9 
kgCO2e/m2 per wall system.

Fig. 4 depicts wall types of different insulation thicknesses within 3 
exterior finish groups. The analysis shows that within each exterior 
finish, embodied carbon rises with insulation thickness, varying up to 4 
kgCO2e/m2. However, this is minor compared to the exterior finish 
material impact, which can alter the GWP by up to 35 kgCO2e/m2. 
Similarly, a detailed comparison of the two wall systems with different 
wind barrier materials (10 mm gypsum plasterboard (EW2) and 13 mm 
rigid mineral wool (EW3)) highlights that while their total GWP per m2 

is nearly identical, the GWP per kg and cost are slightly higher for the 
mineral wool option. This demonstrates that also small differences in 
material type can have a visible impact on the final cost and emissions 
when accumulated across large-scale projects. Overall, this analysis re
veals that the EW4 with wooden cladding at 6.5 kgCO2e/m2 has the 
lowest embodied carbon and is also the cheapest at 26.6 €/m2, rein
forcing the finding that the lowest carbon choice can also be the most 
economical. However, these calculations reflect only the initial cost and 
A1–A3 stages. Over a 50-year design building lifespan differences in 
service life and maintenance cycles (e.g., repainting/oiling of wooden 
cladding) can alter the total cost, and a life-cycle cost (LCC) assessment 
could yield a different ranking.

Furthermore, the embodied carbon of prefabrication is assessed. In 
2023, the total energy consumption for the preassembly factory 
(excluding July) amounted to 89,141 kWh of electricity and 97,812 kWh 
of wood pellets. On average, 2,500 m2 of prefabricated elements were 
produced per month, resulting in an average energy consumption of 
6.80 kWh/m2. Based on Estonia’s carbon intensity factor for electricity 
(0.693 kgCO2e/kWh) [48] and wood pellets (0.024 kgCO2e/kWh) 
(Graanul [49], the added embodied carbon from the assembly of pre
fabricated facade elements was calculated to be 2.33 kgCO2e/m2 of 
façade element, resulting in an average of 12.8 % increase in the total 
embodied carbon. Fig. 5 visualizes total A1-A3 embodied carbon for the 
external wall types by combining the material manufacturing impacts 
from Table 3 with the factory assembly impacts, with an average of 91.7 
% stemming from initial product manufacturing and 8.3 % from the 
assembly process. The results are presented by exterior finish type.

3.2. Product stage: Renovation packages

The study assesses 16 renovation packages (Table 6), each 
combining one of four external wall systems (EW1-EW4), one of two 
roof types (R1-R2), and one of two HVAC solutions, exhaust heat pump 
heating (HS1 + VS1) or central mechanical heat recovery (HS2 + VS2). 
The same foundation wall insulation, windows and doors are used in 
every package. PV panels are only included in those targeting energy 
class A.

Post-renovation energy performance by end use of the renovation 
packages is presented in Table 5. Final energy is reported for electricity 

Fig. 4. Cost versus embodied carbon of wall systems with different exterior finish material.
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and heating. On-site PV first covers the building’s electric loads, only the 
remainder is purchased from the grid. Primary energy is calculated from 
the delivered electricity and district heat using the Estonian methodol
ogy for calculating the energy performance of buildings and converted 
to primary energy using national primary energy factors (PEF) (elec
tricity 2.0; district heating 0.65). PV exports are shown separately and 
are excluded from consumption totals. In the end-use split, heating in
cludes space heating and ventilation-air heating, other comprises light
ing and ventilation fans.

For each package, cost (€/m2) over the building’s net floor area, 
embodied carbon (GWP(A1 A3), kgCO2e/m2a) and operational carbon 
(GWP(B6), kgCO2e/m2a) per heated area of single building (3765 m2) is 
calculated. For example, Package 1 (combines EW1 + R2 + FW + W + D 
+ HS1 + VS1 + PV) achieves a primary energy consumption of 92 kWh/ 
m2a (a reduction of 62–86 kWh/m2a down from a pre-renovation con
sumption of 154–178 kWh/m2a) at a cost of 526 €/m2 and with an 
embodied carbon of 1.89 kgCO2e/m2a and operational carbon of 30.11 
kgCO2e/m2a.

The analysis of the 16 renovation packages presents a conflict be
tween minimizing upfront investment and embodied carbon versus 
achieving long-term operational performance. Two distinct pathways 
are viable.

The first group of packages (9–16) does not include PV systems, 
which results in the lowest initial embodied carbon (1.04–1.13 kgCO2e/ 
m2a). Within this set, a trade-off between initial cost and long-term 
performance is evident. Package 16 represents the minimum initial in
vestment at 474 €/m2, but this is associated with the highest operational 
emissions of any package analyzed. In contrast, Package 14 emerges as a 
strong balanced option. At 478 €/m2, it is one of the lowest-cost pack
ages, and its use of the mechanical ventilation and heating system (HS2, 
VS2) results in good operational performance (30.23 kgCO2e/m2a).

Packages with PV show a modest increase in A1–A3 and a larger 
reduction in B6 by displacing grid electricity. The net life-cycle effect 
depends on the grid emission factor (higher-carbon grids amplify the 
operational benefit). Analysis indicates that Package 3 achieves the best 
operational performance but is also the most expensive option at 530 

Fig. 5. Total embodied carbon in prefabricated external walls from material manufacturing and element preassembly.

Table 5 
Energy performance of renovation packages.

No Final electricity 
energy (heating, 
DHW, 
appliances, 
other), kWh/m2a

Final heating 
energy 
(heating, 
DHW), kWh/ 
m2a

Primary 
electricity energy 
(heating, DHW, 
appliances, 
other), kWh/m2a

Primary 
heating 
energy 
(heating, 
DHW), kWh/ 
m2a

PV self- 
consumption, 
kWh/m2a 
PV self- 
consumption

Post-renovation 
final energy 
consumption, 
kWh/m2a

Post-renovation 
primary energy 
consumption, 
kWh/m2a

Decrease in 
primary energy 
consumption vs 
pre-renovation, 
kWh/m2a

1 47 (6, 8, 22, 11) 13 (7, 6) 83 (10, 15, 39, 19) 9 (5, 4) 6 61 92 62–86
2 35 (0, 0, 22, 13) 57 (24, 33) 60 (0, 0, 38, 22) 38 (16, 22) 6 93 98 56–80
3 35 (0, 0, 22, 13) 57 (24, 33) 60 (0, 0, 38, 22) 38 (16, 22) 6 93 97 57–81
4 47 (6, 8, 22, 11) 13 (7, 6) 83 (10, 15, 39, 19) 9 (5, 4) 6 61 92 62–86
5 47 (6, 8, 22, 11) 13 (7, 6) 85 (11, 15, 40, 19) 9 (5, 4) 6 61 92 62–86
6 35 (0, 0, 22, 13) 58 (25, 33) 60 (0, 0, 38, 22) 38 (16, 22) 6 94 98 56–80
7 35 (0, 0, 22, 13) 58 (25, 33) 60 (0, 0, 38, 22) 38 (16, 22) 6 94 98 56–80
8 47 (6, 8, 22, 11) 13 (7, 6) 85 (11, 15, 40, 19) 9 (5, 4) 6 61 93 69–85
9 47 (6, 8, 22, 11) 14 (8, 6) 97 (13, 17, 45, 22) 9 (5, 4) 0 62 105 49–73
10 35 (0, 0, 22, 13) 59 (26, 33) 71 (0, 0, 45, 26) 39 (17, 22) 0 96 111 43–67
11 35 (0, 0, 22, 13) 59 (26, 33) 71 (0, 0, 45, 26) 39 (17, 22) 0 95 110 44–68
12 47 (6, 8, 22, 11) 14 (8, 6) 97 (13, 17, 45, 22) 9 (5, 4) 0 62 105 49–73
13 48 (7, 8, 22, 11) 14 (8, 6) 99 (15, 17, 45, 22) 9 (5, 4) 0 63 107 47–71
14 35 (0, 0, 22, 13) 64 (31, 33) 71 (0, 0, 45, 26) 42 (20, 22) 0 100 114 40–64
15 35 (0, 0, 22, 13) 63 (30, 33) 71 (0, 0, 45, 26) 42 (20, 22) 0 99 114 40–64
16 49 (8, 8, 22, 11) 14 (8, 6) 99 (15, 17, 45, 22) 9 (5, 4) 0 63 108 46–70
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€/m2. Other packages offer different compromises; for example, Package 
2 provides the second-best operational performance at a more moderate 
cost, while Package 6 is identified as the most cost-effective PV-inclusive 
option (491 €/m2) while still delivering high operational performance. 
The trade-offs balancing cost, embodied and operational carbon are 
illustrated in Fig. 6.

In summary, the selection of an optimal renovation package depends 
heavily on project-specific goals and priorities: 1) for the absolute lowest 
initial cost, Package 16 is the choice, accepting a high operational 
footprint; 2) for the most balanced performance without PV, Package 14 
is a strong option, offering high operational efficiency at a low initial 
cost; 3) for a well-rounded PV-inclusive solution, Package 6 offers an 
effective compromise between cost and strong operational performance. 
These findings reinforce the need for an integrated approach in 
designing renovation strategies.

3.3. Construction stage: Duration and cost

The duration of the construction stage varies significantly depending 
on the selected renovation process strategy. Renovating four buildings 
one-after-another (Scenario 1) requires 22 weeks. Renovating two 
buildings concurrently (Scenario 2) halves the duration to 11 weeks, 
while renovating all four simultaneously (Scenario 3) reduces the 
duration to a little over 6 weeks (see Fig. 7).

After the completion of design and factory prefabrication, the on-site 
sequence is identical in all three scenarios: facade preparation, anchor 
placement, carrier-beam installation, roof-support-frame erection, 
installation of prefabricated façade and roof elements, joint sealing, and 
roof finishing. The same eight-person crew executes both facade prep
aration and roof-frame erection, relocating between buildings as soon as 
a roof frame is complete. This sequencing ensures a smooth workflow 
and maximizes productivity, particularly in Scenarios 2 and 3, mini
mizing overlap and delays.

To illustrate the financial composition of a deep renovation, Table 7
provides a detailed cost estimate for a representative renovation solu
tion, Package 6.

To illustrate district-scale procurement and economies of scale, a 10 
% reduction to direct materials and labor across the Table 7 sub-groups 
can be applied, while keeping some items unchanged (site overheads, 
client’s reserve, and surveys). Under this assumption, the Package 6 
construction total would decrease by €202,000 (− 9.2 %), from €2.2 M 
(491 €/m2) to €2.0 M (446 €/m2). As fixed items are held constant, their 
share of total rises slightly.

Alongside bulk procurement, a second procurement lever is time on 
site: overheads scale with project duration. In Scenario 1, the four 
buildings are renovated sequentially over a total of seven months. This 
standard timeline leads to total overhead costs of €15.54 per m2 with 
diesel machinery or €12.89 per m2 with electric alternatives. In Scenario 
2, renovating two buildings in parallel reduces the project duration to 
four months. This acceleration leads to cost efficiencies, with total 
overheads decreasing by approximately 3 % to €15.11 per m2 for diesel 
machinery and €12.46 per m2 for electric. Scenario 3, renovating all four 
buildings simultaneously, achieves the shortest duration of 2.5 months 
and is the most cost-effective strategy. The significant reduction in time- 
based costs (such as staff salaries and site office rental) outweighs the 
increased costs of logistical intensity (e.g., machinery transport). 
Consequently, overheads fall by approximately 3.4 % compared to the 
standard sequential approach, to €15.01 per m2 for diesel machinery and 
€12.36 per m2 for electric.

While the differences in overhead costs between the scenarios are 
modest, the analysis shows that acceleration of project timelines is 
beneficial: the most rapid approach (Scenario 3) is also the cheapest (see 
Table 8). It cuts the construction schedule by over 70 % compared to the 
standard sequential approach (Scenario 1) while also offering the largest 
overhead cost savings of over 3 %. Although the direct financial savings 
are not significant, the substantial non-financial benefits, including 
reduced resident disruption and accelerated project completion, provide 
a strong justification for adopting the accelerated strategy.

3.4. Construction stage: Carbon emissions

The choice of renovation management strategy in this study has a 
relatively small impact on the total on-site carbon emissions from con
struction (see Table 9). While the composition of emissions changes 
between scenarios, the totals remain almost flat. For example, using 
diesel machinery, the total emissions are 2.35 kgCO2e/m2 in Scenario 1, 
2.34 kgCO2e/m2 in Scenario 2, and 2.36 kgCO2e/m2 in Scenario 3. This 
indicates that the time and cost benefits of the accelerated strategies do 
not come with a significant carbon penalty for the construction stage.

This stability in total emissions is due to two offsetting factors. As the 
project timeline is compressed, emissions from logistical intensity in
crease, for example, machinery transport emissions more than 

Table 6 
Description of renovation packages.

No Description Renovation 
package cost, 
€/m2

Embodied 
carbon (A1- 
A3) GWPtot, 
kgCO2e/m2a

Post-renovation 
operational 
carbon (B6) 
GWPtot, kgCO2e/ 
m2a

1 EW1, R2, FW, 
W, D, HS1, 
VS1, PV

526 1.89 30.11

2 EW1, R1, FW, 
W, D, HS2, 
VS2, PV

500 1.98 25.61

3 EW1, R2, FW, 
W, D, HS2, 
VS2, PV

530 1.94 25.59

4 EW1, R1, FW, 
W, D, HS1, 
VS1, PV

496 1.93 30.16

5 EW2, R2, FW, 
W, D, HS1, 
VS1, PV

518 1.87 30.30

6 EW2, R1, FW, 
W, D, HS2, 
VS2, PV

491 1.95 25.70

7 EW2, R2, FW, 
W, D, HS2, 
VS2, PV

522 1.92 25.68

8 EW2, R1, FW, 
W, D, HS1, 
VS1, PV

487 1.90 30.35

9 EW3, R2, FW, 
W, D, HS1, 
VS1

509 1.05 34.59

10 EW3, R1, FW, 
W, D, HS2, 
VS2

482 1.13 29.88

11 EW3, R2, FW, 
W, D, HS2, 
VS2

513 1.10 29.85

12 EW3, R1, FW, 
W, D, HS1, 
VS1

478 1.08 34.64

13 EW4, R2, FW, 
W, D, HS1, 
VS1

504 1.04 35.37

14 EW4, R1, FW, 
W, D, HS2, 
VS2

478 1.12 30.23

15 EW4, R2, FW, 
W, D, HS2, 
VS2

508 1.09 30.21

16 EW4, R1, FW, 
W, D, HS1, 
VS1

474 1.07 35.42
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quadruple from Scenario 1 to Scenario 3 (0.01 to 0.05 kgCO2e/m2). 
However, emissions from time-based resource use decrease. For 
example, office energy consumption emissions lower by over 18 % from 
Scenario 1 to Scenario 3 (0.16 to 0.13 kgCO2e/m2) due to the shorter 
duration. This is because the significant reduction in project duration 
has a greater impact than the increase in monthly resource intensity, 
resulting in lower overall energy consumption.

On-site emissions are reported for the current electricity mix. Under 
present factors, switching from diesel to electric machinery yields a 
modest reduction (~8% from ca 2.35 to 2.17 kgCO2e/m2) in Estonia. 
The climate benefit of electrification scales with grid decarbonization, 
which would also reduce operational (B6) and electricity-related 
embodied (A1-A3) components, however, a full decarbonization 

analysis lies outside the scope of this paper.

3.5. Summary of product, construction and operational stage carbon 
emissions

To provide a consolidated view of carbon emissions, Table 10 sum
marizes the GWP for the lifecycle stages A1-A5 and B6, using the 
balanced Renovation Package 6 and the most rapid construction strategy 
(Scenario 3, diesel) as a representative example.

The analysis breaks down the emissions into three key stages. The 
A1-A3 stages, which cover the embodied carbon of materials from 
“cradle-to-gate” amount to 1.95 kgCO2e/m2a. The factory external wall 
preassembly stage adds an additional 0.03 kgCO2e/m2a to each 

Fig. 6. Cost vs embodied and operational carbon trade-offs of the renovation packages. P – renovation package.

Fig. 7. Schedules of the prefabrication-related works of the three renovation scenarios.
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renovation package. Finally, the A4-A5 stages, which include trans
portation and on-site construction activities, contribute 0.59 kgCO2e/ 
m2a. This results in a total upfront carbon investment for stages A1-A5 of 

2.57 kgCO2e/m2a. This together with the operational energy carbon 
(B6) makes up 28.27 kgCO2e/m2a.

Table 10 reveals that operational emissions (B6) are the dominant 
factor, accounting for nearly 91 % of the total carbon footprint for this 
renovation over a 50-year lifespan. In contrast, all upfront emissions 
from the product and construction stages (A1-A5) combined make up 
just over 9 % of the total. Notably, the on-site construction activities 
(A4-A5), despite being a major focus of project management for time 
and cost, contribute only 2 % to the total lifecycle carbon. This high
lights the importance of prioritizing long-term energy performance (B6), 
low-carbon material choices (A1-A3) and the decarbonization of the 
energy grid as these decisions have a greater impact on a building’s 
overall carbon footprint than the on-site construction management 
scenario itself.

The outputs across cost, duration and embodied and operational 
carbon define a cost-time-carbon trade-off rather than a single optimal 
option. A context-specific recommendation requires setting priorities 
(weights) over these criteria. Where a concrete decision is needed, 
practitioners can utilize standard frameworks such as Multi-Criteria 
Decision Analysis (MCDA) [50]or Choosing By Advantages (CBA) [51].

4. Discussion

4.1. Interpretation of findings

The study finds that façade finish selection has a more pronounced 
effect on A1–A3 outcomes than insulation thickness, which varies only 
modestly across the systems. In the twelve wall types assessed, finish 
choice often accounts for most of the observed variation: fiber cement 
and metal panels tend to have higher upfront GWP and longer mainte
nance intervals, whereas wooden cladding shows lower A1–A3 and 
lower unit cost but requires periodic surface treatment. Finish selection 
is therefore a design decision that balances carbon and cost with ex
pected upkeep.

The quantification of the added embodied carbon from the factory 
preassembly stage, an element frequently overlooked in lifecycle as
sessments, is a novel contribution to understanding the full carbon 
footprint of industrialized renovation. The analysis of the factory’s en
ergy consumption reveals that this process adds 2.33 kgCO2e/m2 to the 
final wall elements, increasing their initial embodied carbon by an 
average of 12.8 %. This demonstrates that the manufacturing process 
itself, not just the raw materials, has a measurable impact that should be 
considered in a complete carbon footprint analysis.

Additionally, the use-stage effect of PV in the renovation packages is 
examined. The analysis shows that PV packages attain lower B6 despite 
higher A1–A3: the upfront embodied impact is typically outweighed by 
use-stage electricity reductions over the service life, with the balance 
improving as the grid carbon intensity increases. In practice, where 
policy or client priorities emphasize use-stage carbon, PV-enabled 
packages gain advantage, however LCA assessments should evaluate 
this trade-off with the local grid intensity factor [52].

The findings of this study offer a counterpoint to research that has 
identified minimal benefits in district-level renovation, such as the work 

Table 7 
Package 6 cost estimate of construction costs.

Cost sub-groups Share of 
total cost, 
%

Cost (VAT 
excluded), €

Cost (VAT 
excluded), €/m2

Demolition, site 
preparation and 
formation

0.8 17,000 4

Substructure 1.4 30,000 7
Structure 26.0 576,000 128
Architectural/non- 

structural works
14.7 324,000 72

Services and equipment 30.1 666,000 148
External and ancillary 

works
18.7 413,000 92

Site overheads/general 
requirements

3.6 80,000 17

Client’s reserve 4.8 106,000 23
Total 2,212,000 491

Table 8 
Overhead costs per four buildings in the different management scenarios.

No Overheads 
cost type

Sequential 
(Scenario 1), 
Cost (VAT 
excluded), 
€/m2

Two-at-a-time 
(Scenario 2), 
Cost (VAT 
excluded), €/m2

All-at-once 
(Scenario 3), 
Cost (VAT 
excluded), €/m2

1 Staff salaries 3.11 2.70 2.55
2 Site office 0.39 0.34 0.32
3 Office energy 

consumption
0.04 0.03 0.03

4 Machinery 
transport to/ 
from site

0.03 0.07 0.13

5a Machinery, 
diesel

7.59 7.59 7.59

5b Machinery, 
electric

4.93 4.93 4.93

6 Other 4.39 4.39 4.39
7a Total, diesel 

(per m2 net 
area)

15.54 15.11 15.01

7b Total, electric 
(per m2 net 
area)

12.89 12.46 12.36

Table 9 
On-site carbon emissions in the different management scenarios.

No On-site carbon 
emissions type

Sequential 
(Scenario 1), 
GWP, kgCO2e/ 
m2

Two-at-a-time 
(Scenario 2), 
GWP, 
kgCO2e/m2

All-at-once 
(Scenario 3), 
GWP, 
kgCO2e/m2

1 Office energy 
consumption

0.16 0.14 0.13

2 Machinery 
transport to/from 
site

0.01 0.02 0.05

3a Machinery, diesel 2.18 2.18 2.18
3b Machinery, 

electricity (today’s 
carbon intensity)

2.00 2.00 2.00

3c Machinery, 
electricity 
(potential carbon 
intensity, moderate 
scenario)

0.22 0.22 0.22

4a Total, diesel 2.35 2.34 2.36

Table 10 
Embodied and operational carbon emissions across A1-A5 and B6 stages.

Stage Description GWP, 
kgCO2e/m2a 
per building

Share of total 
emissions, %

A1- 
A3

Renovation package 6 1.95 6.9
Preassembly 0.03 0.1

A4- 
A5

Scenario 3, diesel 0.59 2.1

B6 Renovation package 6 25.70 90.9
Total Renovation package 6 þ

Scenario 3, diesel
28.27 100
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of Husiev et al. [25]. While they noted challenges in financial and 
technical capacity, this paper’s analysis of an industrialized production 
model demonstrates that significant time efficiencies are achievable, 
reducing the duration of prefabrication related renovation works by 
over 70 % while simultaneously decreasing overhead costs by up to 3.4 
%. The key finding that accelerating the renovation schedule is not only 
faster but requires no added cost also provides a strong case for scaling 
up deep renovations in a coordinated manner. The associated reduction 
in resident disruption at comparable overhead cost also addresses key 
social barriers to scaling up renovation [53]. Additionally, economies of 
scale can provide up to ~ 10 % cost reductions in district-level reno
vation, with benefits strongest where procurement is aggregated, de
signs are standardized and work is sequenced across sites.

This study also reveals critical nuances in the on-site impacts of 
construction management. The stability of the total on-site carbon 
footprint across all three management scenarios highlights a trade-off 
between logistical intensity and project duration. As the timeline is 
compressed, the increase in emissions from machinery transport is 
almost perfectly offset by the decrease in emissions from time-based 
resources like site offices. This indicates that from an on-site carbon 
perspective, the choice of management strategy is less critical than the 
source of energy. It should be noted, however, that the transport emis
sions are highly context-dependent and would vary based on a project’s 
specific location and logistics.

The need for decarbonization is reflected in the analysis of con
struction machinery. With Estonia’s current high-carbon electricity grid, 
the benefit of switching from diesel to electric equipment is minimal, 
reducing on-site emissions by only about 8 %. This finding underscores 
that the true, massive potential of electrification (>80 % emission 
reduction in the A4-A5 stages) is intrinsically linked to national energy 
policy and the planned phase-out of oil shale. This aligns with the 
findings of Lylykangas et al. [54].

4.2. Implications for policy and practice

The novelty of this research lies in its integrated approach, con
necting product related information (A1-A3 stages) to the strategic im
plications of construction management (A4-A5 stages) and placing them 
within the context of long-term operational performance (B6 stage). For 
policymakers, the fact that the fastest renovation scenario is also the 
most cost-effective suggests that policies and funding mechanisms 
should not only incentivize deep energy savings but also support coor
dinated, multi-building projects. Financial incentives could be struc
tured to favor projects that leverage economies of scale in both material 
procurement and project management, while prioritizing the decar
bonization of national electricity grids as a foundation for meaningful 
emission reductions from construction. Once grid carbon intensity is 
significantly reduced, targeted support could accelerate the uptake of 
low-carbon construction machinery to fully realize the benefits of 
electrification.

For practitioners, the findings underscore the need for an integrated 
approach. The optimal renovation package is not a single technical so
lution but a strategic decision balancing upfront investment (initial cost 
and embodied carbon) with long-term performance (operational cost 
and carbon) and project delivery (time and risk). Where a single 
recommendation is needed, well-stablished decision-making frame
works (e.g., MCDA or CBA) could be applied directly to make a context- 
specific decision.

4.3. Limitations and future directions

This study also shows that challenges remain in implementing 
industrialized renovations at scale. The accelerated renovation pace, 
while financially advantageous, introduces significant operational risks, 
including potential supply chain bottlenecks, skilled labor shortages, 
and manufacturing capacity constraints. The condensed schedule also 

reduces flexibility, meaning unforeseen design changes could lead to 
expensive delays.

Furthermore, this analysis has two key limitations that point to areas 
for future research. First, it focuses on upfront costs and does not include 
a full life-cycle cost (LCC) analysis of long-term maintenance, which is 
particularly relevant when comparing wooden facades to more durable 
materials. Second, a direct comparative analysis with a traditional, non- 
prefabricated renovation was outside the scope of this paper. This study 
quantifies the added carbon from the factory preassembly process; 
however, these off-site emissions are not entirely new. They effectively 
displace the emissions that would have occurred on-site in a conven
tional build, such as those from extended machinery use and higher 
material waste. Therefore, a direction for future research is to conduct a 
full comparative lifecycle assessment. Such an analysis would quantify 
these “displaced” emissions to determine the true net environmental 
benefit of the industrialized approach.

Another direction for future research is to scale up the integrated 
model developed in this case study. The next phase will apply this 
methodology to the entire Estonian stock of Soviet-era apartment 
buildings to assess the national-level impacts of a large-scale, industri
alized renovation program. This analysis would move beyond project- 
level trade-offs to quantify the broader socio-economic benefits, 
including the potential for job creation and economic stimulus as 
identified in the literature [21,22]. Furthermore, it would investigate 
how an industrialized strategy could help overcome the critical supply- 
side barriers, such as insufficient organizational capacity and skilled 
labor shortages [25] that currently hinder the EU’s renovation goals.

5. Conclusions

This study set out to evaluate how industrialized renovation of 
multiple similar buildings in proximity affects cost, time efficiency, 
energy savings, and carbon emissions, with a focus on both product- 
stage material choices (A1–A3) and construction-stage management 
strategies (A4–A5), while considering long-term operational perfor
mance (B6). Using a case study of four apartment buildings in Tallinn, 
Estonia, the research compared 16 renovation packages and three con
struction management scenarios to address this question.

The research concludes that while the management strategy presents 
a clear, dominant solution, the choice of the renovation package in
volves a trade-off between upfront and long-term impacts. The results 
show that the packages without PV systems minimize initial embodied 
carbon but have higher operational emissions, whereas PV-inclusive 
packages achieve the best operational performance at the expense of 
higher upfront carbon. In construction management, the accelerated all- 
at-once renovation strategy reduced the duration of prefabrication 
related renovation works by over 70 % and lowering overhead costs by 
up to 3.4 %, without increasing on-site emissions in the construction 
stages, indicating that on-site carbon depends more on the energy source 
than the management scenario.

These findings confirm that the research aim has been met: the study 
provides an integrated, lifecycle-based framework that quantifies the 
trade-offs between cost, time and carbon emissions in district-level 
industrialized renovation and demonstrates that the optimal approach 
is a strategic balance rather than a single technical “best” option. The 
broader implication is that policy and funding mechanisms should not 
only incentivize deep energy savings but also support coordinated, 
multi-building renovations, while aligning with national grid decar
bonization to unlock the full benefits of electrification.
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