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ABSTRACT

This study investigates the impact of retrofit strategies on the whole-life greenhouse gas emissions (WLCE) and
global cost (GC) for two representative Belgian residential archetypes. Six renovation alternatives combining
envelope, system, and renewable energy upgrades are optimized using the Non-dominated Sorting Genetic Al-
gorithm (NSGA-II) within a dynamic simulation framework integrating building energy modelling, life-cycle
costing, and life-cycle assessment. Uncertainty analysis (UA) based on Latin Hypercube Sampling assesses the
sensitivity of wLCE and GC to future electricity mix scenarios, climate change, energy prices, occupants’
behavior, materials’ service life and quantities. A clear trade-off emerges: deeper emission reductions entail
higher investment and life-cycle costs. The best compromise for both archetypes is the intermediate retrofit using
biobased materials (S.01b), while high-performance options (S.02a-S.02b) achieve the lowest wLCE but require
substantially higher investment. Environmental payback periods range from 14 to 30 years, confirming retrofit
effectiveness in reducing wLCE, whereas economic payback exceeds 50 years due to current energy market
conditions and limited carbon taxation. Finally, UA reveals that energy price variability most strongly influences
GG, while electricity mix, climate change, and occupants’ type have the greatest effect on wLCE. Temperature
setpoints, materials service life, and materials quantities strongly impact both indicators. This study highlights
the need for revised policy frameworks and stronger financial incentives to improve retrofit financial feasibility
and accelerate the transition towards cost-effective, low-carbon building renovations.

1. Introduction

2050 [25].
A key barrier is the persistently low renovation rate. It remains

1.1. Study background and literature review

The European building sector accounts for 40% of final energy
consumption and 36% of energy-related greenhouse gas (GHG) emis-
sions [27]. Yet, progress towards climate neutrality remains too slow
[62], with current emission reductions still falling short of the Reno-
vation Wave target of a 60% reduction by 2030 and climate neutrality by

around 1% per year, with only a small share as deep renovations [16]. As
a result, heating and cooling energy use declines insufficiently, still ac-
counting for 50% of European Union (EU) energy consumption [16]. At
the same time, the slow electrification of heating and cooling, and
limited on-site renewable energy, worsen the issue. This leaves buildings
responsible for about half of EU gas consumption [23].

To accelerate this transition, the European Commission launched the
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Renovation Wave strategy [51], which seeks to double both the rate and
the depth of building renovations by 2030, levels considered essential to
achieving the EU’s emission-reduction goals. In parallel, recent Euro-
pean policy developments marked a paradigm shift from primary energy
metrics toward emissions-based performance indicators. The 2024 En-
ergy Performance of Buildings Directive (EPBD) recast replaced the
nearly-zero energy building (nZEB) standards with the concept of zero-
emission buildings (ZEBs), in order to achieve not only zero or very low
energy consumption, but also zero on-site carbon emissions from fossil
fuels, and zero or a very low amount of operational GHG emissions. The
2024 EPBD recast also sets operational GHG emissions thresholds for
both new-built and retrofit projects, complementing the existing pri-
mary energy limits, and progressively incorporates life-cycle global
warming potential (GWP) calculations for new buildings [27]. This
evolution reflects increasing recognition that operational and embodied
emissions must be jointly assessed to avoid that increased embodied
energy and emissions associated with materials manufacturing, con-
struction, and renovation stages may potentially offset long-term oper-
ational benefits [7,52].

However, a significant regulatory and methodological gap remains,
resulting in fragmented EPBD implementation across Member States.
This leads to significant variations in the definitions of limit values, GHG
emission calculation methods, reference units, floor area definitions,
building typologies, and building scope. Furthermore, methodological
differences, such as included lifecycle modules, static or dynamic life-
cycle assessment (LCA) approaches, and the variety of LCA calculation
tools and databases, compromise comparability across countries [65].

For building retrofits, the gaps are larger. First, lifecycle GWP re-
quirements for renovations are absent. Only Norway has refurbishment
requirements. Sweden, Finland, the Czech Republic, and Switzerland
plan to adopt them [65]. Given that 85% of EU buildings were con-
structed before 2000 and 75% still perform poorly in energy terms [23],
the lack of renovation requirements represents a major regulatory gap.
Extending wLCE calculations and establishing GHG emission thresholds
for retrofits at the level of new buildings would encourage retention and
upgrade of existing building stock [65], would foster a more structured,
integrated approach to renovation, address the trade-off between
embodied and operational emissions, and ensure substantial reductions
in buildings’ life-cycle emissions.

Second, although EPBD 2024 requires accessible renovation
financing, financial uncertainty remains a key obstacle. High investment
costs, complex administrative procedures, and unclear funding still
discourage households from undertaking deep renovation works [24].
Therefore, even with stronger environmental targets, progress depends
on linking climate goals with clear economic evaluations and solid
financial support.

Addressing these gaps requires holistic frameworks capable of jointly
assessing energy, emissions, and economic performance across the
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whole-life cycle of retrofit interventions. Such an approach would
enable policymakers to identify the most effective renovation pathways
and design financial mechanisms to support retrofit investments, while
allowing designers and homeowners to prioritize interventions that
maximize performance improvements and balance upfront costs with
long-term life-cycle savings and environmental benefits. However, this
approach remains underexplored.

In published research, few studies have fully integrated Building
Performance Simulation (BPS), LCA, and life-cycle cost (LCC) into
retrofit optimization (Fig. 1). Al-Kabaha et al. [1] optimized energy
consumption, global cost (GC), and operational emissions for a single-
family house, focusing on envelope and systems retrofit, while Wen
et al. [63] included also renewables in exploring the trade-off between
operational emissions and GC. Shan et al. [54] proposed an integrated
artificial intelligence framework that accounts for energy, costs, and
emissions from manufacturing, shipping, and operational energy use.
Dehghan & Porras Amores [20] further expanded the research objec-
tives, aiming to optimize envelope and systems retrofits across different
climate scenarios to minimize primary energy use, operational GHG
emissions, predicted percentage of dissatisfied, and visual discomfort
hours, while improving indoor air quality.

However, integrating BPS, LCA, and LCC poses both methodological
and computational challenges. The complexity of reality and the
buildings’ long service life introduces sources of uncertainty, including:
parameters uncertainty (e.g., imprecise measurements, assumptions or
estimations of a parameter value), models uncertainty (e.g., assumptions
and simplifications of the real world), design uncertainty (e.g., design
variations that can occur during the design and construction process),
and scenario uncertainty (i.e., uncertainty that arise during the building
lifetime, such as occupant behavior, comfort preferences, energy mix
evolution, climate change, cost escalation, carbon pricing) [30]. Un-
certainties in one domain often propagate to others: for instance, ma-
terials' service life affects both cost and emissions, while changes in the
future energy mix influence both operational and embodied emissions of
construction products [55]. Hence, an integrated uncertainty analysis is
essential to yield reliable, policy-relevant outcomes. Such analysis was
performed by Felicioni et al. [28], who combined embodied emissions
and cost in a building information modelling (BIM) environment under
cradle-to-grave boundaries, introducing uncertainty on the discount rate
and building service life. H. Zhang et al. [67] focused on occupant
behavior and building envelope uncertainties (e.g., airtightness, glazing
type, insulation thickness) to identify optimal retrofit solutions for en-
ergy efficiency and thermal comfort. Luo et al. [39] investigated the
energy—emissions—cost (investment and operational energy) envelope
retrofit, comparing different modelling approaches to assess model-
prediction uncertainty.

Despite these advances, no study to date has conducted a compre-
hensive analysis that simultaneously: (i) integrates dynamic whole-life-
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Fig. 1. Literature review contributions to multi-objective optimization and uncertainty analysis in building retrofit.
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cycle assessment and LCC optimization for building retrofits; (ii) covers
as wide a scope as the building envelope, building systems, and on-site
renewables; (iii) accounts for variability in whole-life GHG emissions
(wLCE) and global cost (GC) results within the framework through un-
certainty analysis (UA).

The present study addresses this gap and applies an integrated
assessment framework to: (i) investigate the trade-off between WLCE
and GC in residential building retrofit strategies, and identify the cost-
optimal renovation solutions that combine active and passive strate-
gies to achieve net-zero-carbon buildings; and (ii) evaluate to what
extent the residential building archetype, climatic and future energy
scenarios, occupants’ behavior, and uncertainties in materials service
life and quantity impact the choice of dwelling renovation strategy.

1.2. Study relevance and research objectives

To address the identified research questions, six renovation alter-
natives are evaluated for two Belgian single-family house archetypes.
These alternatives focus on the building envelope, technical systems,
and on-site renewable integration. A multi-objective optimization
(MOO) is conducted to identify optimal retrofit solutions in terms of
wLCE and GC. In parallel, UA assesses the variability of wLCE and GC
across different climate scenarios, electricity mix, and energy price
projections, as well as uncertainties related to occupants’ behavior,
materials’ service life, and materials quantities.

Data collection
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Integrating dynamic whole-life cycle assessment and dynamic LCC
into both MOO and UA represents the main novelty of this study. The
research performs a whole-life-cycle calculation for emissions and cost,
encompassing stages A0-A5, B4, B6, and C4 for the economic assessment
[11]. the Danish approach guides stage selection (A1-A5, B6, C3-C4).
The analysis encompasses a comprehensive renovation scope,
including the envelope, systems, and on-site renewable energy tech-
nologies while accounting for finishes' contributions to emissions and
costs. Building geometry variability is addressed through two single-
family houses archetypes; these share envelope and system perfor-
mance but differ in geometric configurations.

The study also adopts a dynamic calculation approach to capture the
evolution of energy prices and carbon taxation. Future climatic condi-
tions and energy mixes are also modelled dynamically. Their joint in-
fluence on wWLCE and GC is assessed within the UA, along with cost
variations, occupants’ behavior, materials’ service life and quantities.
By assessing both economic and environmental indicators, the UA goes
beyond the energy indicator alone. This allows explicit, policy-oriented
interpretation of the results. Finally, the study includes a detailed MOO
Pareto post-processing procedure to identify the most suitable and
balanced retrofit strategies.

The paper is structured as follows: Section 1 situates the research
within the European context and reviews the literature on MOO and UA
in building retrofit. In Section 2, the adopted methodology is described,
presenting the case study and the renovation alternatives, the modelling

Results & postprocessing

Pareto post-processing

Environmental indicators

Operational GHG emissions
[kgCO,e/(m?y)]

Embodied GHG emissions
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Environmental payback period [y]
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Fig. 2. Study conceptual framework.
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approaches for energy, emissions, and cost calculations, as well as the
MOO and UA techniques. Section 3 presents the results, beginning with
MOO outcomes and Pareto post-processing, followed by an assessment
of the impact of uncertainty. In Section 4, the findings are discussed; key
insights, strengths, and limitations of the study are highlighted, and
recommendations for future research are provided. Section 5 concludes
the manuscript.

2. Methodology

Fig. 2 illustrates the adopted methodology. Following the charac-
terization of the location and the case study buildings (Archetypes A and
B), two renovation scenarios were developed for each: a Low-Energy
scenario (S.01), targeting energy class C/D, and an UltraLow-Energy
scenario (S.02), targeting class A/B. Each scenario incorporated two
material options (petrochemical and biobased). In S.01, two mechanical
ventilation systems (C and D) were tested, yielding a total of six reno-
vation alternatives.

For each alternative, environmental and cost data were collected.
Embodied GHG emissions were assessed over 50 years in accordance
with EN 15804 + A2:2019 [14] and EN 15978 [11], using material in-
ventories from Revit and AutoCAD and impact data from TOTEM [60]
(integrating Ecoinvent). Operational emissions were calculated using
country-specific electricity mix data from ElectricityMaps [22]. GC,
determined in accordance with EN 16627 [12], included investment,
replacement, disposal, and operational costs, with values adapted to the
Belgian context.

Energy models were developed in DesignBuilder v7.3.0 [21]. Next,
the exported.idf files were modified in jE+EA [68] to integrate cost data
and enable GC and investment cost calculations. Outputs were further
customized to calculate operational emissions, which were combined
with embodied emissions resulting from the lifecycle impact assessment
(LCIA) to obtain total GHG emissions for each scenario and parameter
combination. The indicators total GHG emissions, GC, and investment
cost were employed in a multi-objective optimization, minimizing all
three simultaneously. Uncertainty analysis assessed their sensitivity to
selected parameters. Finally, optimization results were post-processed in
Python to perform Pareto analysis and calculate economic and envi-
ronmental payback periods.

The analysis was conducted under fixed boundary conditions: a one-
stage renovation at the beginning of the study reference period; solu-
tions reflecting both market feasibility and future technological poten-
tials, combining conventional and advanced retrofit measures;
application of all renovation scenarios to both archetypes without
design modification; exclusion of gas boilers in compliance with existing
policies [26]; and omission of construction-phase energy use and scaf-
folding costs from the economic analysis. This last assumption may lead
to an underestimation of life-cycle costs, particularly in deep renovation
scenarios, since such interventions require more extensive site activities
and longer construction periods. Consequently, the results may favor
envelope-intensive retrofit strategies by failing to fully account for their
associated economic burdens. However, it is not expected to change the
ranking of retrofit strategies, only the absolute results, since deep ret-
rofits are expected to be significantly more expensive than intermediate
retrofits.

2.1. Data collection

2.1.1. Building characterization

The study focuses on the Belgian context, selected for the relevance
of existing case studies [5] and the possibility to examine the impact of
future changes in the national electricity mix, particularly in light of the
planned temporary phase-out of nuclear power [49].

Two post-World War II Belgian single-family houses archetypes were
analyzed: Archetype A, representing dwellings built between 1945 and
1969, and Archetype B, representing those built between 1970 and
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1990. These together account for 48% of the existing Belgian building
stock [5]. A detailed description of the archetypes is provided by Attia
et al. [5].

Both archetypes are set in Brussels, Climate Zone 4A [3], and are
occupied by seniors. Archetype A typically houses occupants over 70, in
couples or single female seniors. Archetype B residents are generally
over 60 and include at least one retired person.

The two archetypes differ primarily in geometry. Archetype A has a
larger gross floor area (235 m?, excluding attic and garage) and a split-
level layout: garage at level — 1, living area at level 0, bedrooms at level
+ 1, and an attic at level + 2. Archetype B is smaller (152 mz) and
organized entirely on a single level, supplemented by an attic.

From a construction standpoint, both have a load-bearing wall
structure with cavity walls clad in brick. Archetype A features a cast
concrete garage floor and hourdi concrete block floors elsewhere,
whereas Archetype B uses prefabricated concrete slabs. In both arche-
types, the roof structure is timber, finished with fired clay tiles. The
ground floors are finished with clay tiles, while the upper levels use
timber flooring.

Envelope and system performance are comparable (Appendix A —
Table A1) and reflect partial renovations before 2000: ground floor and
roof insulation, double glazing, and shading devices. Heating and do-
mestic hot water (DHW) are supplied by gas boilers; no cooling or me-
chanical ventilation systems are present.

Despite these upgrades, Archetype A exhibits an annual energy use
intensity of 166 kWh/(mz‘y): 148.7 kWh/(mz'y) for heating and DHW,
17.7 kWh/(m?y) for electricity. This corresponds to energy class F and
operational GHG emission intensity of 32 kgCOse/(m?y). Archetype B
achieves energy class E with an annual energy use intensity of 155 kWh/
(mz'y) (139.8 kWh/(mz'y) for heating and DHW, 14.9 kWh/(mZ'y) for
electricity), resulting in annual operational GHG emissions of 33
kgCOze/(m?y).

2.1.2. Renovation scenarios

Retrofit covers the building envelope, technical systems, and on-site
renewables. To reflect market reality while testing advanced, optimal
retrofit solutions, two retrofit scenarios were designed: Low-Energy
(S.01), targeting energy class C/D, and UltraLow-Energy (S.02), tar-
geting class A/B.

S.01 represents an intermediate performance level between the non-
retrofitted base case (BC) and S.02. It relies on more affordable but less
efficient solutions. In contrast, S.02 adopts high-performance materials
and technologies. Accordingly, S.01 includes two mechanical ventila-
tion variants, type C (S.01a) and type D (S.01c), whereas in S.02 only
Type D is considered (S.02a). In addition, each scenario compares
petrochemical and biobased envelope materials, resulting in variants
S.01b, S.01d, and S.02b.

In both alternatives, envelope retrofits target the roof, external walls,
windows, and doors. Special attention is given to improving airtight-
ness. Envelope performance requirements in S.02 align with the Pas-
sivhaus standard [46], while S.01 aims to achieve an intermediate level
between the BC and S.02. These targets affect both insulation thickness
and glazing selection. For instance, double glazing is used in S.01, while
triple glazing is used in S.02.

Systems upgrades include a reversible air-to-water heat pump with
integrated water storage. In S.01, the heat pump delivers 55 °C water to
existing radiators. In S.02, floor heating and cooling on the ground floor
and low-temperature radiators on Archetype A’s first floor allow supply
at 35 °C. Both scenarios integrate photovoltaic (PV) panels on the South-
West roof pitch. S.01 includes 12 m? of polycrystalline PV panels, which
are more cost- and environmentally effective but less efficient. In
contrast, 5.02 includes 32 m? of more efficient monocrystalline PVs and
5 m? of solar thermal panels to further reduce the heat pump electricity
use. PVs are paired with a 5kWh storage battery in S.01, increased to
10kWh in S.02 to match the greater PV surface.

A detailed characterization of all retrofit measures is provided in
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Table A1 (Appendix A) and further described in Bertini et al. [7]. Since
the BC condition is comparable for both archetypes, identical retrofit
scenarios are applied to both, enabling direct performance comparisons
across building typologies.

Beyond the
Building
Life-Cycle
D)

Reuse /
Recycling
potential

2.2. Data processing and modelling

2.2.1. Energy model

Energy models for renovation scenarios were developed using
DesignBuilder 7.3.0 [21], which operates on the EnergyPlus 9.4.0
simulation engine. These models were based on the BC models from
Attia et al. [5], calibrated with weather data spanning 2016 to 2019 [5].

The modelling assumptions for Archetype A, summarized in Ap-
pendix A (Table A1), follow those established by Bertini et al. [7]. They
include distinct occupancy, heating, ventilation, and lighting schedules,
as well as temperature setpoints for each zone (living areas, sleeping
areas, and short presence spaces). Heating operates from October to
April, cooling from May to September, and mechanical ventilation runs
24/7. In scenarios with ventilation system D, mixed mode allows natural
ventilation when external temperature conditions are adequate and
cooling is not required. These assumptions were adapted as required to
accurately represent Archetype B, mainly by modifying occupancy and
heating schedules, and heating temperature setpoints to reflect differing
occupant profiles.

The sole deviation from the original methodology is the integration
of a battery system to store surplus PV generation prior to exporting
excess electricity to the grid [2]. Battery and inverter specifications were
sourced from manufacturers’ datasheets.

End of Life
(C1-C4
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Deconstruction Transport processing Disposal Recovery /
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B7.
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2.2.2. Life cycle impact assessment (LCIA)

An attributional LCIA approach was adopted in accordance with EN
15804 + A2:2019 [14] and EN 15978 [11]. As for the energy modelling,
the LCIA methodology aligns with that described in Bertini et al. [7].

Calculations were performed over a 50-year reference period. This
aligns with the default value commonly adopted for new buildings in life
cycle assessment (LCA) studies. In addition to this widely used approach,
Decorte et al. [19] identified two alternatives. The first option defines
the reference period as the difference between the building's age and its
total service life. However, assuming a total service life of 100 years, this
approach would yield different reference periods for the two selected
archetypes: 20 to 44 years for the older building, and 45 to 65 years for
the more recent one. Such situation would complicate comparisons
across archetypes. The second option sets the study reference period to
the calculated service life extension resulting from renovation. Yet, no
guidelines currently support this method. Implementation would
require adapting default values to account for current building condi-
tions, renovation depth, maintenance levels, and environmental factors.
Each archetype also represents a large number of real buildings, making
this approach difficult to implement, as it would require assumptions
about building-specific conditions. For these reasons, a uniform 50-year
study reference period was adopted to make archetypes easier to
compare and align with major LCA practices.

Environmental data were sourced from TOTEM [60], the Belgian
benchmark tool that integrates Ecoinvent [64] for calculating the
environmental impact of buildings. TOTEM was used for product- and
component-specific impact data. Verified Environmental Product Dec-
larations (EPDs) were prioritized. Secondary data from Ecoinvent were
used when necessary. For the materials inventory, data on structural,
architectural, and envelope components were extracted from Revit
models. Mechanical systems, such as ventilation ducts and connections,
were modeled in AutoCAD. Systems’ material quantities were manually
quantified based on technical sheets, CIBSE TM65 guidelines [15], and
EPDs for critical components such as steel, aluminum, and plastics.
Calculations covered Modules A1-A3, A4-A5, B4, and C3-C4 (Table 1),
following EN 15804 + A2 guidelines [14], with data regionalized for
Belgium. Brightway2, an open-source LCA framework, allowed
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advanced, customizable LCA modeling in Python. This provided flexi-
bility for defining system boundaries and impact assessment methods.
The LCIA of building services, including heat pumps, PV panels, venti-
lation ducts, AHUs, and heat recovery units, was conducted using the
Building Carbon Modeling Framework [6].

The only variation proposed to this methodology is the different
allocation of PV panel emissions. In Bertini et al. [7], PV emissions were
fully allocated to the building. In this study, instead, PV emissions are
shared with the grid according to the amount of energy that is exported
to the grid [34]. In fact, this choice is meant to reduce the embodied
emissions “penalty” on the houseowner. However, it must be noted that
the model does not account for the effect of this methodological choice
on the emission factor, nor the consequences of on-site generation on the
electricity mix.

2.2.3. Life cycle cost (LCC)

According to EN 16627 [12], the economic assessment covers both
the building and its site over a 50-year reference study period, consistent
with the LCIA. The life-cycle stages included are: AO (purchase of
existing building), A1-A3 (product manufacturing), A5 (renovation
works and professional fees), which together form the investment costs;
B2 (maintenance), B4 (component replacement), and B6 (operational
energy costs and renewable generation revenues), that make up the
operation costs; and C4 (material disposal) (Table 1). Given these in-
clusions, the present analysis qualifies as life cycle costing in accordance
with ISO 15686-5 [31]. The adopted macroeconomic approach [10]
includes the cost of emissions from primary energy and excludes VAT
and subsidies.

For investment costs, building purchase values were derived from
COZEB3 and adjusted for partial prior renovations (Section 2.1.1) and
market data. Because detailed Belgian data on renovation materials and
labor were missing, renovation costs were based on Italian price lists
[50] and adapted for Belgium using Association Belge des Experts [4]
data and inflation rates (4.4% in 2024; 2.9% in 2025). Heat pump costs
were sourced from Olympios et al. [45] and adjusted to the Belgian
context. A comprehensive breakdown of the investment cost calcula-
tions is summarized in Appendix A (Table A2). The final estimates align
with Belgian market benchmarks of about 1,500€2025/m2 for average
and 2,500€2025/m2 for high-quality renovations [37,43,48].

Operation costs were actualized with a discount rate of 3%/y to
balance initial cost solutions and annual operating costs [10,12].

Energy prices (0.086€2025/kWh for gas, 0.298€5025/kWh for elec-
tricity, 0.060€2025/kWh for feed-in) were sourced from DareToCompare.
be [17]. Following the COZEB3 methodology, short-term price peaks
linked to geopolitical crises were excluded, and prices were projected
using a discount rate of 1.81%/year [10].

Maintenance costs followed EN 15459-1 [13], while replacement
costs were based on EN 15459-1 [13], COZEB2 [38], and TOTEM [60]
service lives. A 3.5%/year price development rate was used [41]. For
components with a lifespan exceeding the 50-year reference period,
residual investment values were calculated. Table 2 presents a selection
of service life values.

Disposal costs were adapted from Regione Lombardia [50] using the
same methodology as for investment cost adaptation. They were
calculated by material type and based on weight. Finally, CO3 emissions
costs were computed using the carbon pricing values from COZEB3.
Consistent with EN 16627, the cost is based on primary energy con-
sumption, calculated by multiplying electricity by 2.5 and natural gas by
1 [29].

2.3. Coupling and analysis

2.3.1. Coupling

Energy, emissions, and cost models were integrated within the
JE+EA [68] environment, the platform used for multi-objective opti-
mization and uncertainty analysis. Each renovation scenario was

Energy & Buildings 362 (2026) 117496

Table 2
Materials service lives introduced in the uncertainty analysis.

Material Minimum SL Average SL Maximum SL
Finishes

Cladding 40 50 60
Internal painting 8 10 12
Envelope

ETICS/Biobased insulation 40 50 60
Windows 25 30 35
External doors 25 30 35
Systems

Heat pump 15 20 25
Fancoil 12 15 20
Mechanical ventilation (C/D) 12 15 20
PV panel 15 20 25
Solar panel 15 20 25
Storage systems

Heat pump water tank 15 20 25
Solar thermal water tank 15 20 25
Battery (5/10 kWh) 5 10 15

represented by an EnergyPlus (.idf) file exported from DesignBuilder
(Section 2.2.1), which served as the baseline energy model in jJE+EA.
These input files were then modified in jE + EA to incorporate cost-
related data directly or, where parameter ranges were required
(Section 2.1.2, Appendix A — Table A1), by linking to a Python script.

Through jE+EA’s customizable output functions, additional cost
components derived from energy simulation results (e.g., CO2 emissions
costs and energy costs) were integrated into the LCC calculation. Simi-
larly, embodied emissions, calculated separately via Python for each
renovation scenario, were combined with operational emissions from
the simulations to obtain total GHG emission intensity (WLCE).

This workflow enabled simultaneous computation of energy perfor-
mance, GC, and wLCE for each renovation scenario, ensuring consistent,
comparable outputs across all metrics (Sections 2.4.1 and 2.4.2).

2.3.2. Multi-objective optimization

The multi-objective optimization was conducted in jE+EA. The
simulation utilized the following inputs: the modified.idf file of each
renovation scenario integrating cost, emissions and energy calculations
(Section 2.3.1); the weather file for recent climate conditions
(2016-2019), to which the model was calibrated (Section 2.2.1); and
parameter ranges for envelope, systems, and on-site renewables to be
optimized (Appendix A — Table A1). These key parameters, identified in
Bertini et al. [7], include external wall, roof, ground floor, glazing and
door thermal transmittance, glazing g-value, airtightness, heat pump
COP, and PV panels efficiency.

For both Archetypes and each renovation scenario, three conflicting
objective functions were identified: wLCE, GC, and the initial renovation
investment (CAPEX). As a result, two Pareto fronts, i.e., sets of non-
dominated solutions, were identified: wLCE-GC and wLCE-CAPEX.

Simulations were performed for each renovation scenario separately.
Results were then gathered to identify the Pareto fronts and the optimal
solutions across all available scenarios for each Archetype.

The Non-dominated Sorting Genetic Algorithm 2 (NSGA-II) explo-
ration strategy [18] was adopted. This methodology is widely applied in
building design and renovation optimization [40,66], as it provides
greater accuracy, better convergence near the true Pareto-optimal [18],
and rapid identification of optimal solutions compared with other multi-
objective evolutionary algorithms [66].

Considering the model complexity and to achieve a compromise
between accuracy and computational time, an initial sample size of 50
was chosen, with 50 new solutions per generation, a 100% crossover
probability, a 40% mutation rate, and a maximum of 200 generations
per renovation scenario. This configuration enabled the exploration of
approximately 9000 solutions per scenario.

Six renovation scenarios were evaluated for each archetype, totaling
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1200 generations and about 54,000 solutions per archetype. Archetype
A’s model is more complex, with more thermal zones than Archetype B.
As a result, the average computational time per generation was about
3.0 min for Archetype A and 2.2 min for Archetype B. Overall, the total
computation time was about 60 h for Archetype A and 45 h for Arche-
type B.

2.3.3. Uncertainty analysis

UA was based on a Latin Hypercube Sampling (LHS) exploration
strategy [57]. LHS is a Monte Carlo sampling method and is the most
popular exploration strategy in UA, requiring a smaller sample than
other exploration strategies to achieve the same accuracy [42]. In this
study, a sample size of 600 was sufficient to ensure convergence (i.e.,
variation in the mean and standard deviation lower than 1%).

The analysis quantified the impact of uncertainties in electricity mix
projections, climate change scenarios, energy price evolution, occu-
pants’ behavior, materials’ service life, and material quantities on wLCE
and GC.

For the electricity mix, a static scenario with a fixed electricity mix
was compared with a dynamic scenario reflecting projected changes in
the Belgian electricity mix up to 2050. The static scenario was based on
the current electricity mix, which is dominated by nuclear power. Nat-
ural gas and renewable sources, mainly wind and solar, are the next
largest contributors. This mix results in an annual average emission
factor of 0.174 kgCO2e/kWh. In contrast, the dynamic scenario captures
the effects of nuclear plant shutdowns under a business-as-usual sce-

¢ COmr + 32215 (COun () @ (1 4+ RAT 4 (j) ) + COcoxi) () ) @ Df ) + COpms) () — VALyre) ()]
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Variations in the average service life for finishes, wall insulation,
windows, doors, and systems were determined based on TOTEM [60]
and EN 15459-1 [13] (Table 2).

Finally, material quantities were varied by + 10% to account for
project or construction differences [7].

2.4. Results and post-processing

2.4.1. Economic indicators

Three main economic indicators were considered: initial investment
cost, global cost, and payback period.

The initial investment cost (expressed in €3025/m2) includes the
house purchase, renovation costs, and associated professional fees
(stages A0-A5, Section 2.2.3). This cost was normalized by the gross
floor area.

According to EN 15459-2 [13], the global cost (GC), expressed in
€2025/m2, is the sum of several elements. It includes the initial invest-
ment cost (COyr) and actualized operation costs (CO), such as main-
tenance, replacements for each component or service (j) and operational
energy costs (Section 2.2.3). It also covers annual CO, emissions costs
(COc¢op2) over the study reference period (TC), and disposal costs at the
end of each component’s service life (COgzs)). Residual values (VALy
(rc)), as shown in Equation (1), are subtracted. The global cost was
normalized by the gross floor area (GFA) (Section 2.1.1).

@

GFA

nario consistent with RCP 8.5 projections [49]. In this scenario, natural
gas compensates for the phase-out of nuclear energy, while renewable
energy penetration remains limited. As a result, the emission factor
doubles compared to current levels, reaching 0.325, 0.345, and 0.312
kgCO2e/kWh in 2030, 2040, and 2050, respectively. Data for the current
electricity mix were obtained from Electricity Maps [22]. Future elec-
tricity mix and corresponding emission factors were sourced from
Ramon & Allacker [49] and Bertini et al. [7].

To assess climate change effects, a static scenario assuming constant
energy use over the building life was compared with a dynamic scenario
based on RCP 8.5 projections up to 2070. Future decadal weather files
were generated using Meteonorm [44].

Regarding energy prices, data were sourced from Brinkhaus [9],
which considers three scenarios: Central, Tensions, and GoHydrogen.
The Central scenario aligns with the European policy goals to minimize
dependence on fossil fuel imports. Tensions reflects intensified geopo-
litical crises, greater societal tensions, a rise in political parties opposing
a rapid, clean energy transition, and shortages of skilled workers. These
factors slow renewable expansion. GoHydrogen envisions a compre-
hensive transformation of the energy system towards climate neutrality
by 2050. In this scenario, hydrogen becomes a major energy carrier, and
electrification advances rapidly across sectors.

For occupants’ behavior, uncertainty in heating and cooling set-
points was analyzed. Heating temperatures ranged from 18 to 23 °C, and
cooling setpoints from 25 to 27 °C. These values were based on
ISO17772-2 [32] and were adjusted for occupant age and their thermal
sensitivity [61]. Heating and cooling setpoints were varied simulta-
neously, as the interaction risk was minimal due to low cooling energy
use. Additionally, the calibrated senior occupant model was compared
with a young family of four (two adults and two children) by adjusting
occupancy patterns, HVAC schedules, and appliance power and usage
per ISO 18523-2 [33].

The payback period is the time required to recover the renovation
investment cost relative to the non-renovated BC. It is expressed in years
and calculated as follows (Equation (2)) [13]:

TPB 1 t
CF; —— | —CO CO, =0 2
; i® <1 +RAT(1-)> T + COINIT, ref (2)

CF; is the cashflow difference (i.e., the difference of annual costs
between the renovation scenarios and the non-renovated BC scenario in
the year i). TPB is the last year for the payback period (i.e., the year
when the formula becomes negative or equal to zero). COy;t e is the
initial investment cost of the BC, which is the house purchase.

2.4.2. Environmental indicators

Annual operational emissions include the building’s net energy used
(OE¢nergy) and refrigerant leakage from the heat pump (OE;.), normal-
ized by the gross floor area. They were calculated according to Equation
(3)[61:

OE = OE.pergy + OE,,f = (Annual Net Energy Use o EF) + (G e Q) 3

Annual operational emissions from energy use were calculated by
multiplying the annual net energy use intensity (kWh/(m2.y)) by the
annual emission factor (EF, kgCO.e/kWh) of the electricity mix. The
annual net energy use intensity accounts for energy used for heating,
cooling, mechanical ventilation, domestic hot water, lighting, and
equipment, and subtracts electricity produced on-site by PV panels. The
emission factor, sourced from Electricity Maps [22], is equal to 0.174
kgCO,e/kWh.

Refrigerant emissions were calculated by multiplying the refrigerant
charge (G, corresponding to 3.25 kg of R-32), the GWP of the refrigerant
(w, equal to 675 kgCOze/kg), and the annual leakage (a, equal to 5%).
This results in 0.55 kgCOze/(mZ' y) [7].

Operational emissions were combined a posteriori with embodied
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emissions (Section 2.2.2). This gave the total annual GHG emissions

(WLCE) for each renovation scenario and parameter combination.
Similar to the economic payback period, the environmental payback

period was calculated to evaluate the time required to offset the reno-

vation’s embodied emissions (EE) compared to the non-renovated BC. It

is expressed in years and calculated according to the following formula

(Equation (4)):

TPB

> OF;—EE+ EE =0

i=1

(€3]

2.4.3. Pareto post-processing

In multi-objective problems, there is generally no single best solution
that fully satisfies all criteria [47]. Instead, a set of solutions exists in
which no solution is strictly better than any other across all objectives.
These solutions are referred to as Pareto-optimal solutions or the Pareto
front. Pareto post-processing involves analyzing and filtering the Pareto
front after it has been generated to obtain a small subset of preferred
solutions. This facilitates decision-making and enables the evaluation
and interpretation of results obtained from any optimization method.
Selecting a single solution from the Pareto-optimal set can be chal-
lenging, since in the absence of subjective or judgmental information, no
solution is inherently superior to the others [59].

Pruning aims to reduce the size of the Pareto set by applying pre-
defined rules [47]. In this study, a non-numerical pruning method was
adopted [58]. In this approach, the objective functions are scaled and
then ranked non-numerically by the decision maker [59].

The algorithm was implemented in Python. Since the preferences of
the decision makers were unknown, all six possible objective combina-
tions were analyzed: i) GC, wLCE, CAPEX (GED); ii) GC, CAPEX, wLCE
(GIE); iii) wLCE, GC, CAPEX (EGI); iv) wLCE, CAPEX, GC (EIG); v)
CAPEX, GC, wLCE (IGE); vi) CAPEX, WLCE, GC (IEG).
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3. Results
3.1. Cost-Emissions trade-off and optimal renovation solutions

The BC of Archetype A, representing the existing building prior to
renovation, is characterized by a GC of 2800 €2025/m2 and wLCE of 40.5
kgCOse/(m? y) (Fig. 3). All investigated renovation strategies achieve
reductions in GHG emissions compared to this baseline. However, these
improvements are systematically associated with higher GC and greater
upfront investment costs (CAPEX), which become increasingly signifi-
cant as higher performance levels are targeted. Starting from an in-
vestment cost of 1100 €2925/m? in S.01a, representing 30% of the GC
(3630 €/m?), the share progressively increases in S.01b, reaching its
maximum in S.02a and S.02b, with investment cost of 2140 €3925/m>
corresponding to 42% of the GC (5020 €5005/m?) (Appendix A —
Table A2).

Strategies S.01c and S.01d are exceptions. Installing a type-D venti-
lation system increases investment, maintenance, and replacement costs
compared to S.01a and S.01b. Despite these costs, it does not achieve
meaningful reductions in WLCE because the ventilation system’s
embodied emissions and additional operational energy use offset any
savings. For this reason, both scenarios were excluded from Pareto-
optimal solutions.

In terms of GC, S.01a performs best, whereas S.02b incurs the highest
costs. Conversely, S.02b achieves the lowest wLCE, while S.01a records
the highest emissions. However, even S.02b does not meet the Danish
emissions threshold (8.2 kgCOze/ (m? y)). The best combination yields a
WLCE of 9.46 kgCO2e/! (m?* y), so a further 13.3% reduction is needed to
comply. This outcome highlights the need for a systemic approach that
targets not only the reduction of building emissions but also those
associated with materials manufacturing and electricity generation.

To identify the renovation strategy that guarantees the best
compromise between wWLCE, GC, and CAPEX, the Pareto frontiers were
investigated (Fig. 5). The GC-GHG emissions Pareto frontier includes 95
alternatives: 5 from S.01a (5.3%), 5 from S.01b (5.3%), 34 from S.02a

5500 Danish threshold [8.2 kgCOze/(mZ.y)]
® wLCE-GC Pareto front
® wLCE-CAPEX Pareto front
® Optimum
Investment cost [€2025/m?]
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Fig. 3. Archetype A — Multi-objective optimization (MOO) results illustrating the trade-off between whole-life greenhouse gas emissions (WLCE) and global cost
(GQ). The color gradient indicates the investment cost (CAPEX) associated with each alternative. Dark blue points represent solutions included in the wLCE-GC

Pareto front, while light blue points correspond to the wLCE-CAPEX Pareto front.
referred to the web version of this article.)

(For interpretation of the references to colour in this figure legend, the reader is
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(35.7%), and 51 from S.02b (53.7%). All S.01 alternatives integrate heat
pumps with a COP of 3.75 (10.6% of total Pareto solutions; 100% of
S.01), while S.02 use COPs of 5 (5% of total; 6% of S.02), 5.25 (11% of
total; 12% of S.02), and 5.50 (74% of total; 82% of S.02). PV panels with
an efficiency of 0.16 are always included in S.01 (10.6% of total); those
with 0.20 efficiency are always adopted in S.02 (89.4% of total). Glazing
and doors have U-values of 0.8 in S.01, and 1.3 W/m?K in S.02, with
glazing g-values of 0.30 and 0.60, respectively. These features maximize
solar gains to reduce heating energy use.

Airtightness is 0.04 ach in S.01 and 0.12 ach in S.02. For external
walls and roofs, results are more dispersed. The lowest U-value (0.80 W/
m?K) appears consistently in S.01. In S.02, 0.15 W/m?K is most com-
mon. Ground floor insulation peaks at 0.23 W/m?K in S.02 solutions
(39% of total; 44 of S.02). In S.01, values are more evenly spread, each
representing 1/2% of total. These outcomes emphasize that system up-
grades are generally more cost-effective than major envelope retrofits.

In contrast, the wLCE-CAPEX Pareto frontier (including 107 alter-
natives) favors S.01a (51) and S.01b (33) over the more advanced S.02a
(23). The best-performing solutions are prioritized, but some exceptions
occur. Ground floor insulation often remains at higher U-values: 84% of
S.01 solutions falls between 0.36—0.40 W/(m?* K), representing 66%
of the total. All S.02 solutions cluster at 0.23 W/(m? K), i.e., 20% of the
total. Further improvement in this parameter yields minimal emissions
cuts, yet demands much higher investments. Similarly, roof insulation
peaks at 0.8 W/(m? K) (30% of the total, 38% of S.01). Another 49% of
solutions (62% of S.01) are distributed between 0.88-1.00 W/(m? K).
Finally, 96% of S.01 cases range from 0.3 to 0.4 W/(m? K).

Across both frontiers, Pareto post-processing (Section 2.4.3) reduced
the set of 202 Pareto-optimal solutions to 12 representative options
(Table 3). The best compromise, satisfying all combinations of renova-
tion objectives (Section 2.4.3) and being the closest to the utopia, be-
longs to the S.01b scenario. This solution features a heat pump with a
COP of 3.75, PV panel efficiency of 16%, glazing U-value of 1.3 W/(m*
K) and g-value of 0.60, door U-value of 1.4 W/(m?* K), ground floor U-
value of 0.40 W/(mz' K), roof and wall U-values of 0.80 W/(mz' K), and
airtightness of 0.12 ach. If cost is a major constraint (GIE and IGE sce-
narios), S.01a alternatives allow further reductions in both CAPEX and
GC compared to S.01b, with two alternatives satisfying both GIE and IGE
exigencies. Instead, S.02 does not appear competitive unless emissions
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are given priority in the scale of preferences.

Similar considerations apply to Archetype B (Fig. 4). In this case,
however, CAPEX is 50% higher than in Archetype A, ranging from 1650
to 3200 €2025/m2. This is due to its smaller occupied area and less
compact geometry, which significantly increases envelope-related
renovation costs (Appendix A — Table A2). The lowest wLCE value
amounts to 17.2 kgCOze/(m? y), about twice that of Archetype A, and
would require an even more substantial reduction effort to meet the
Danish threshold (—110%). Out of 74 Pareto solutions, the set was
reduced to 11. The best compromise again belongs to strategy S.01b,
with the same configuration: COP 3.75, PV efficiency 16%, glazing U-
value 1.3 W/(m?* K), g-value 0.60, door U-value 1.4 W/ (m* K), ground
floor U-value 0.40 W/(m* K), roof and wall U-values 0.80 W/(m?* K),
and airtightness 0.12 ach.

3.2. Payback period

From an environmental perspective (Fig. 6), the additional embodied
emissions associated with retrofit interventions and future replacements
(both combined in year 0) are offset after 14 to 30 years. The time frame
depends on the solution and building archetype. In Archetype A, the
payback period is shorter. The most advantageous solution is S.01b,
followed by S.02b, S.02a, S.01a, S.01d, and S.0lc. In Archetype B, the
payback is longer, although S.01b remains the best-performing option. It
is followed by S.01a, S.02b, S.02a, S.01d, and S.01c.

Over the reference study period, S.02b and S.02a demonstrate the
best environmental performance in both archetypes. Their substantially
lower operational emissions compensate for the higher embodied
emissions, resulting in lower total life-cycle emissions. In contrast, S.01c
and S.01d perform worse environmentally because of their high opera-
tional emissions.

From an economic standpoint, all retrofit solutions exhibit payback
periods exceeding the 50-year study horizon (Fig. 7). The investment
costs, combined with maintenance and replacement expenses, are not
recovered through operational savings within this time frame. The
relatively low cost of gas compared to electricity and the low carbon tax
also limit reductions in operational costs. This makes the retrofit options
economically unattractive for homeowners. However, analyzing the
investment cost breakdown (Appendix A — Table A2) shows that

Table 3
Pareto Post-processing.
Renovation strategy wLCE GC CAPEX [€5025/m?] GEI GIE EGI EIG IGE IEG
[kgCOe/(m* y)] [€2025/m’]
Archetype A
S.02b 9.46 4965 2130 v v
S.02a 9.77 4507 1703 v 4
S.02a 9.79 4492 1687 v v
S.01b 12.33 3780 1170 v v v v v v
S.01b 12.63 3780 1135 v
S.0la 13.00 3640 1129 v v v v
S.0la 13.31 3635 1109 v v v
S.01la 13.67 3643 1105 v v
S.0la 13.83 3648 1103 v v
S.0la 14.26 3672 1101 v v
S.01la 15.38 3741 1095 v v
S.0la 16.27 3800 1093 v
Archetype B
S.02b 17.23 7333 3170 v v
S.01b 18.03 5360 1750 v v v 4 v v
S.01b 18.12 5356 1745 v
S.0la 18.70 5300 1720 v v 4 v
S.01la 19.16 5292 1710 v v v v
S.0la 19.31 5294 1706 v
S.0la 19.67 5299 1695 v v 4
S.01la 19.84 5303 1692 v v v
S.0la 20.46 5337 1691 v v
S.0la 22.07 5434 1685 v v
S.0la 22.78 5479 1682 v v
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focusing solely on systems and storage retrofits could reduce the total
investment by approximately 80%. This would significantly improve the
payback period and make these targeted interventions more financially
viable.

If the gas price is higher than electricity (the opposite of current
conditions) and the carbon tax is double the 2050 level (800 €525/ton)
from the start, the payback period would be achieved for Archetype A,
also for S.02 (Appendix A — Fig. A.1). Furthermore, if they require a high
level of performance, targeted subsidies would reduce the CAPEX gap
with intermediate solutions (S.01) and make S.02 competitive. For this
specific case, a subsidy of approximately 25% of S.02 retrofits would
cover the CAPEX gap between S.01 and S.02, making S.02a even more
attractive than S.01a in terms of payback period. Even in the long term,
S.02a would become more competitive, although replacement costs
place this alternative behind S.01a and S.01b.

On the other hand, acting only on subsidies does not allow the initial
investment to be recovered within 50 years (Appendix A — Fig. A.2).
Subsidies act only at the start of the lifecycle and do not ensure retrofit
competitiveness over time, unlike carbon taxation and energy price
mechanisms.

3.3. Effect of electricity mix projection on whole-life GHG emissions and
global cost

Including future electricity mixes in the model, with a higher emis-
sion factor after 2030, raises both wLCE and GC. A more remarkable
impact is registered for wLCE (Fig. 8). Mean wLCE increases by + 7.7/
10.0% in the BC and by + 11.7/41.9% in the renovation scenarios
compared to the static model with a constant electricity mix. In contrast,
mean GC shows only minor variations, ranging from + 0.67% to +
0.95% in the BC and from + 0.41% to + 2.76% in the renovation sce-
narios. This limited variation in GC is explained by the low CO; price,
which does not significantly penalize the doubling of the emission factor
(Section 2.3.3).

10

Variations are generally greater in Archetype A than in Archetype B
for both wLCE and GC, except in scenarios S.02a and S.02b. For wLCE,
Archetype A shows greater variations despite lower net energy use in-
tensity. Its compact geometry and larger occupied surface reduce the
share of embodied emissions, so operational emissions become a larger
portion of the total (Appendix A — Table A3). In scenarios S.02a and
S.02b, however, Archetype B exhibits larger wLCE variations. This is
driven by its lower PV production, which leads to higher net energy use
and greater electricity imports than in Archetype A. Reduced PV exports
halve the embodied PV emissions allocated to the grid (Section 2.2.2),
thereby increasing the relative weight of embodied emissions. However,
operational emissions still represent a larger share of the total in
Archetype B. For similar reasons, mean GC shows a comparable trend:
emissions-related costs account for a larger share in Archetype A than in
B, except in S.02a and S.02b.

For both archetypes A and B, mean wLCE increases the most in S.01d
and S.0lc, then S.01b and S.0la, and finally S.02b and S.02a. This
ranking mirrors net energy use: the greater the net energy use, the larger
the impact of the evolving electricity mix. Biobased insulation alterna-
tives consistently exhibit higher variability in wLCE than petrochemical
ones. Although their net energy use is lower, biobased scenarios have a
bigger share of operational emissions, due to lower embodied emissions.
Conversely, biobased solutions show lower GC variability, as their
higher upfront cost reduces the relative weight of energy-related emis-
sion costs. Thus, the greatest GC variations appear in S.01c and S.01d,
followed by S.01a and S.01b, and lastly S.02a and S.02b.

Compared with renovation scenarios, the BC is least affected in both
archetypes. wLCE increases by + 10.0% in Archetype A and + 7.7% in
Archetype B. This is mainly because gas-powered heating limits elec-
tricity consumption, which dominates overall energy use. For GC, the BC
ranks just after S.01b in Archetype A (+0.95%), since PV generation in
S.02a and S.02b reduces net electricity consumption below that of the
BC. In Archetype B, by contrast, the BC remains the least affected
(+0.67%).



A. Bertini et al. Energy & Buildings 362 (2026) 117496
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Fig. 5. Pareto analysis.
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Fig. 7. Economic payback period — Mean for each scenario.

3.4. Effect of climate change on whole-life GHG emissions and global cost

The effects of climate change result in an overall reduction in both
GC and wLCE, with a stronger impact on wLCE (Fig. 9). This reduction is
mainly linked to decreased heating energy use. The increase in cooling
energy use does not fully offset this decrease, resulting in lower opera-
tional emissions and costs. Mean LCE decreases by 21.6% to 39.1% in
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the BC, and by 5.6% to 21.0% in the renovation scenarios, compared
with the static model that excludes climate change effects. Mean GC
shows smaller reductions, ranging from —6.01% to —9.24% in the BC and
—-2.20% to —4.47% in the renovation scenarios.

The BC emerges as the most affected solution in both archetypes.
This is due to high heating energy use, which increased cooling does not
offset, unlike in renovation scenarios. Archetype B is more affected by
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Fig. 8. Impact of electricity mix scenarios on global cost (GC) and whole-life GHG emissions (WLCE) in Archetypes A and B.

climate change than Archetype A. By 2070, heating energy use in
Archetype B decreases by up to —35.8%, compared with —19.3% in
Archetype A. This stronger reduction in B is likely due to its higher wall-
to-floor ratio, larger roof surface with lower U-value, and less efficient
heating system, which together make it more sensitive to variations in
heating energy use. In renovation scenarios, this difference is attenuated
since both archetypes share the same envelope and system performance,
the introduction of cooling offsets part of the heating reduction, and PV
production is lower in Archetype B than in Archetype A.

Within the renovation scenarios, the same trend highlighted in
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Section 3.3 is confirmed: wLCE and GC variations are generally larger
for Archetype A than for Archetype B, due to the higher share of oper-
ational emissions in Archetype A (Appendix A — Table A3). The only
exception is found in scenarios S.02. In these cases, climate change
drives Archetype A into a net energy-negative balance, a shift not
observed in Archetype B. This amplifies operational emission reductions
in Archetype A, leading to larger decreases in both wLCE and GC.

The ranking of scenarios reflects these dynamics. For Archetype A,
the largest wLCE reductions are observed in S.02b and S.02a. Next are
S.01d and S.0lc, followed by S.01b and S.0la. For Archetype B, the
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Fig. 10. Impact of energy price uncertainty on GC in Archetypes A and B.

strongest effects occur in S.01d and S.01c, then S.01b and S.01a. S.02b
and S.02a show the smallest changes. GC rankings are more consistent
across archetypes. The largest reductions occur in S.0lc and S.01d,
followed by S.01a, S.01b, S.02a, and S.02b. Both wLCE and GC rankings
align with those obtained for the electricity mix uncertainty (Section
3.3). Biobased alternatives systematically show greater variability in
WwLCE but lower variability in GC than petrochemical solutions.

3.5. Effect of energy price on global cost

The integration of future electricity price scenarios (Section 2.4.2)
results in a systematic increase in GC (Fig. 10), driven by rising gas and
electricity prices and by the removal of benefits from surplus electricity
sold to the grid.

BC emerges as the most impacted solution in both archetypes, with
increases of + 48.7% in A and + 39.6% in B. This outcome reflects the
BC's high energy use, which makes it especially vulnerable to fluctua-
tions in energy prices. Renovation scenarios are less affected, although
the magnitude of variations depends on the archetype and scenario
considered.

Overall, cost variations are greater in Archetype A than in Archetype
B, except in scenarios S.02a and S.02b, in accordance with the trend in
emissions-related costs evidenced in Section 3.3. The ranking confirms
this logic. For both archetypes, the largest GC increases occur in S.01c
(+4.32/4+4.01%) and S.01d (+4.21/43.95%), followed by S.0la
(+3.46/+3.22%) and S.01b (+3.34/+3.12%), and finally S.02a (+1.88/
+1.96%) and S.02b (+1.75/+1.83%).

In addition to increasing average GC, considering multiple energy
price scenarios increases the uncertainty of the result. This is evident in
the wider gap between minimum and maximum GC, highlighting the
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sensitivity of long-term cost estimates to future energy market
dynamics.

3.6. Effect of occupants’ behavior on whole-life GHG emissions and
global cost

Uncertainty in heating and cooling setpoints affects wLCE and GC
differently across scenarios and archetypes (Fig. 11). In Archetype A,
most alternatives show a reduction in both indicators, with the excep-
tion of S.02a and S.02b. In Archetype B, reductions are more limited in
S.01a and S.01b, while an opposite trend (increase in wLCE and GC) is
observed in the other alternatives.

These results arise from the interplay of multiple factors. First,
heating setpoints are on average higher in Archetype A than in Arche-
type B (Appendix A — Table A1). In Archetype B, indoor temperatures
never exceed 22 °C, so combinations with a 23 °C heating setpoint in the
UA increase heating demand compared with the static baseline. Second,
in cases showing an increase in average wWLCE, this effect is mainly
driven by the increase in mechanical ventilation energy use: lower in-
door temperatures reduce the effectiveness of heat recovery in winter,
which in turn raises heating coil demand and offsets reductions in
heating and cooling loads.

Across both archetypes, System D solutions are the least affected,
followed by S.01b and S.0la. In contrast, BC is the most affected,
consistent with its lower energy performance. As observed in previous
analyses, bio-based alternatives show slightly higher sensitivity in terms
of wLCE due to their larger share of operational emissions; however,
they exhibit lower variability in GC owing to their higher upfront and
non-energy-related costs.

The impact of setpoint uncertainty is particularly visible in the
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Fig. 11. Impact of temperature setpoint uncertainty on GC and wLCE in Archetypes A and B.

coefficient of variation (CV), especially for wLCE. For BC, CV reaches
15.76% in Archetype A and 15.73% in Archetype B. The lowest values
are observed in S.02a (6.55%) and S.02b (6.80%) in Archetypes A and B,
respectively (Fig. 15). These results highlight substantial variability
from heating and cooling setpoint assumptions, making less efficient
alternatives the most affected.
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A shift from an elderly couple to a family of four changes how space
is used and affects conditioning needs. The second bedroom is now
occupied, so the conditioned floor area expands. Heating and cooling
setpoints are adjusted (21 °C for heating, 25.5 °C for cooling). There are
also more appliances, and they are used more each day.

These changes lead to significant differences in energy demand.
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Lighting use grows by 32% in S.02a,b of Archetype A and 56% in other
scenarios. Equipment energy use jumps by 214% in Archetype A and
105% in Archetype B. Mechanical ventilation use also rises, especially in
Type D systems. It goes up by 40% in S.01a, 45% in S.01b, 88% in S.01c
and S.01d, and 13% in S.02a and S.02b for Archetype A. For Archetype
B, it increases by 67% in S.01c and S.01d, and 73% in S.02a and S.02b.
Only S.01a and S.01b of Archetype B show a small drop (-5%). Cooling
demand rises sharply in almost all cases, between 387 and 571% in
Archetype A and 71-395% in Archetype B. Conversely, heating demand
usually falls: -8% in S.0la and S.01b, -30% in S.02a and S.02b in
Archetype A, and —-22% in S.01a and -19% in S.01b in Archetype B. In
Archetype B, lower heating offsets higher use from other sources, so net
energy use, operational emissions, and GC fall (Fig. 12). In other sce-
narios, total building energy demand increases more than heating drops,
leading to higher emissions and less power exported to the grid. This
reduces the benefits of sharing PV embodied emissions with the grid,
raising wLCE (Section 2.2.2).

The BC scenario is an exception. Here, energy use falls, especially in
Archetype B, while GC rises. This apparently counterintuitive result
stems from lower heating and DHW demand supplied by the gas boiler,
that are compensated by higher lighting and equipment electricity use.
In fact, electricity costs much more than gas (Section 2.2.3), offsetting
the savings.

3.7. Effect of materials service life on whole-life GHG emissions and
global cost

Substituting fixed service-life values with realistic ranges for com-
ponents (Section 2.3.3, Table 2) results in a consistently increases both
wLCE and GC across all scenarios (Fig. 13).

For wLCE, the average increase ranges from + 0.6% in S.01c and
S.01d (both Archetypes) to + 1.4% in S.02a,b in Archetype A and +
1.7% in S.02a in Archetype B. This progression illustrates the joint
impact of material intensity (highest in S.02 scenarios and lowest in
S.01c,d) and the share of embodied emissions. The latter remains higher
in scenarios adopting traditional materials versus biobased options, and
higher in Archetype B than in Archetype A.

For GC, the trend is more complex. Biobased scenarios are generally
more affected than petrochemical ones, except in S.0la and S.01b. In
S.01a, average costs increase by + 5.37% in Archetype A and + 6.63% in
Archetype B. In comparison, S.01b shows increases of + 4.90% and +
5.90%, respectively. This behavior is explained by the greater share of
replacement costs in GC for traditional-materials scenarios. This vari-
ability in the share of replacement cost can also explain the variability in
which Archetype A or B dominates within the same renovation scenario.

The BC scenario is less influenced, as it lacks insulation, mechanical
ventilation, on-site renewable energy generation, and associated storage
systems.

The CVs, ranging from 8.7 to 13.1% for wLCE and from 2.3 to 23.9%
for GC (Fig. 15), highlight the additional uncertainty introduced by
service life variability, particularly for the most material-intensive al-
ternatives (S.02b).

3.8. Effect of materials quantity on whole-life GHG emissions and global
cost

Uncertainty in material quantities does not affect the average values
of wLCE and GC (Fig. 14). Quantities, calculated per mz, were varied
uniformly by + 10%, so emissions and costs rose proportionally. How-
ever, uncertainty amplifies variability in results, with a slightly greater
effect on wLCE than on GC. The CV increases with the material intensity
of renovation scenarios and with the relative importance of embodied
emissions and renovation costs (investment, renovation, and disposal)
on the total.

In Archetype A, the CV for wLCE rises from 6.11% in S.01d to
10.19% in S.02b, while for GC increases from 5.42% in S.0la to 8.11% in
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S.02b (Fig. 15). In Archetype B, CV values grow from 6.26% in S.01d to
9.00% in S.02b for wLCE and from 5.66% in S.01c to 7.82% in S.02b for
GC.

Fig. 15 summarizes the UA results. For both Archetypes, the pa-
rameters with the greatest impact on the average wLCE are the elec-
tricity mix projections, occupancy type, and climate change. In terms of
CV, the most influential parameters are the temperature setpoint, ma-
terial quantities, and materials’ service life.

Regarding cost, the energy price and materials’ service life exert the
strongest influence on the average GC. From the CV perspective, mate-
rials’ service life, quantities, and temperature setpoint are key param-
eters. No scenario appears particularly vulnerable to uncertainty. The
greatest variations occur in BC and S.02b, which are the most energy-
and material-intensive scenarios. Using the post-processing approach
from Section 3.1, it solution S.0la is the most preferred for all UA
samples.

4. Discussion
4.1. Results and recommendations

The results of this study indicate that achieving net-zero GHG
emissions in the building stock through renovation remains highly
challenging under current technical, economic, and policy conditions. A
clear trade-off emerges between emissions reductions and economic
performance: deeper retrofits generally yield greater GHG emissions
savings but are associated with higher capital expenditures and GC. In
terms of emissions, the best energy-performing and bio-based alterna-
tive (S.02b) should be preferred. Nevertheless, none of the evaluated
retrofit strategies allows buildings to meet the Danish GHG emissions
threshold, which itself is formulated for new construction rather than
renovation. A substantial emissions gap therefore remains, with
required WLCE reductions ranging from 13% to 110% for the best-
performing retrofit scenarios of Archetypes A and B, respectively. This
result shows the need for systemic change beyond the building sector,
with investment in the energy supply and in the supply chain decar-
bonization, to reduce both operational emissions from buildings and
embodied emissions from materials.

From a cost perspective, no renovation or system-focused in-
terventions appear to be the most feasible solutions in the current
context. This is due to the high upfront cost of complete renovations,
which cannot be recovered within a reasonable time frame (Fig. 7). This
is particularly evident in less compact building geometries (Archetype
B), where envelope renovation accounts for up to 50% of the total
retrofit investment.

Analysis of the Pareto frontier confirms this trend: most non-
dominated solutions adopt high-efficiency heat pumps and PV panels,
while extensive envelope insulation measures are generally not required
to achieve near-optimal performance. These findings are consistent with
Bertini et al. [7], who identified the heat pump COP and, for advanced
renovation levels, PV system performance, as the most influential pa-
rameters affecting wLCE, followed by envelope improvements.

In contrast, in a hypothetical situation where the gas/electricity price
ratio would be reversed from the current situation, and where CO,
emissions taxation would double what is currently planned for 2050, the
retrofit investment would be largely recovered for Archetype A, also for
the most unfavorable S.02 scenario. However, S.01 alternatives remain
the most favorable. To move towards greater decarbonization, it would
be necessary to target subsidies for high-performance insulation and
systems to reduce the gap with S.01 alternatives and make S.02
competitive, also from an economic point of view.

Among the investigated options, solution S.01b represents the best
compromise between GC, wLCE, and investment cost for both arche-
types. Solution S.0la is a better option if greater cost constraints are
imposed, while alternatives S.02 are not competitive in the current
context.
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Fig. 12. Impact of occupancy type on GC and wWLCE in Archetypes A and B.
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Fig. 13. Impact of service life uncertainty on GC and wLCE in Archetypes A and B.
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Fig. 14. Impact of materials quantity uncertainty on GC and wLCE in Archetypes A and B.
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S.02a 0.8 =235 1.96 -0.36 3.72 10.07 0 S.02a 0.7 0.9 1.6 1.16 0.7 15 733
S.02b 0.74 222 1.83 -0.32 35 16.43 0 S.02b 22 27 25 218 2 - 7.82

Fig. 15. Uncertainty analysis results: average variation (left) and CV (right) of wLCE and GC per parameter and renovation scenario.

Parameter uncertainty further complicates the decision-making
process. Energy price variability has the strongest influence on GC
(particularly in the most energy-intensive scenarios), while electricity
mix projections, occupancy type, and climate change significantly affect
the wLCE results (Fig. 15). Temperature setpoints, materials service life,
and materials quantities strongly impact both indicators. Post-
processing of the UA results indicates S.01a as the more robust retrofit
alternative, unlike the MOO post-processing, which suggested S.01b as
the best compromise. It is therefore essential to incorporate these pa-
rameters into the decision-making process to ensure robust retrofit
solutions.

To avoid compromising the benefits of renovation during the use
phase, results suggest that equally important is to educate, engage, and
incentivize occupants on proper building operation and maintenance,
through a process that not only offers training and explains the impor-
tance of resource efficiency measures, but also incentivizes occupants
through the behavior change process, such as material prizes or sym-
bolic rewards [56]. With the same purpose, to avoid excessively
increasing or decreasing the heating and cooling setpoint, adaptive
comfort strategies should be considered during the design process to
ensure a comfortable indoor environment that minimizes overreaction
to environmental discomfort via thermostat variations. This might
include the possibility to operate windows to regulate the volume of
fresh air or movable solar shadings that allow occupants to control solar
gains.

These measures may be integrated with control systems to mitigate
the uncertainty related to occupants’ behavior, allowing for more robust
systems design that is less exposed to user behavior uncertainty.
Although this would require a higher initial investment, it would reduce
the uncertainty of results and preserve the permanent benefits gained
from the building renovation. Examples of such interventions might
include: occupant-centered intelligent thermostats that learn occupant
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preferences, occupancy patterns, and adjusts thermostat set-points
accordingly to increase occupant comfort and optimize HVAC perfor-
mance [36]; automated operable windows that notifies occupants of
prime conditions to open their windows to balance energy efficiency and
indoor air quality [56]; or automated solar shadings that allow control
of solar gains according to interior and exterior conditions, while pre-
serving the occupants’ satisfaction [8].
In conclusion, the findings suggest two key renovation pathways:

e When considering only cost, no renovation is advisable under current
conditions, as renovation costs cannot be recovered within the
building’s lifetime.

e If renovation is undertaken, system upgrades should be prioritized
(even though they may be less effective or difficult to justify in poorly
insulated buildings [35], as they offer better payback opportunities.
By contrast, envelope renovations pose significant economic
challenges.

As also remarked by Ruellan et al. [53], without upfront investment
combined with stronger incentives, retrofits remain unaffordable.
Moreover, exponential increases in operational energy costs arising from
carbon taxation, improvements in workforce training, or mortgage
policy reform are necessary to maintain retrofits’ competitiveness
through the lifecycle. Without such a paradigm shift, it is doubtful that
large-scale deep renovation will take off.

4.2. Strengths, limitations and future work

The major strength of this study lies in integrating whole-life cycle
assessment, BPS, and LCC into a coherent framework for evaluating
retrofit strategies and simultaneously examining the effects of parameter
uncertainty on GC and wLCE. Another strength is the wide scope,
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including retrofit of the envelope, systems, and on-site renewables. The
analysis covers the stages A0-A5, B4, B6, C3-C4, justifying the term
whole-life cycle assessment. Finally, Pareto post-processing and dy-
namic modelling strengthen results robustness and enable more accu-
rate evaluation of cost-emissions trade-offs.

Several limitations must be acknowledged. This framework was
developed based on the sensitivity analysis conducted by Bertini et al.
[71, which enabled the prior identification of the most influential pa-
rameters to include in the building retrofit analysis. This targeted
parameter selection helped limit model complexity and maintain
computational time within a reasonable range, at approximately 2-3
min per generation of 40-50 cases. Nevertheless, the framework may
still be computationally demanding when applied to the full analysis,
potentially limiting its practical applicability for practitioners.

Second, the analysis is specific to the Belgian context. Although the
methodological framework can be applied to other countries, the results
may not be directly transferable to other regions with different building
characteristics, climatic conditions or policy frameworks. Particularly,
while uncertainty in occupants’ behavior was assessed based on ISO
18523-2, and materials service life was based on EN 15459-1, and thus
findings might be broadly transferable, energy, labor and material pri-
ces, electricity mix and its decarbonization pathways, and future climate
scenarios are context-specific, limiting the extension of results to other
countries. For instance, in countries where the electricity mix is more
decarbonized than Belgium (e.g., France), high initial embodied emis-
sions would take longer to offset. Similarly, in cooling-dominated
countries, greater attention should be paid to cooling demand in
future climate change scenarios. In these regions, an investment in PV
panels and storage systems may be more attractive than in Belgium. This
would allow to compensate for the increased demand for cooling and
ensure less dependence on a grid that is expected to be more vulnerable
to electricity shortages.

Finally, effects of electricity mix variations on material production
costs and improvements in renewable energy, which could reduce costs
and boost market adoption, were not included. Also, the dynamic
models did not account for material performance degradation over time.
This may affect long-term results.

Future research should address the identified limitations by
expanding the scope beyond Belgium. It should also include variations
in the electricity mix, changes in renewable technology costs, and ma-
terial degradation over time. At the technological level, digital twins and
advanced algorithms could further improve modelling accuracy and
operational optimization. From an economic perspective, detailed ana-
lyses of financing mechanisms are needed to assess their impact on
retrofit uptake.

5. Conclusion

This study presented an integrated methodological framework
combining dynamic LCA, BPS, and LCC within MOO and UA. This novel
approach identified renovation strategies for residential buildings that
provide the best compromise between cost and emissions. Through UA
and the joint assessment of environmental and economic indicators, it
also quantified how archetype characteristics, occupant behavior, and
future climatic and energy conditions jointly influence both economic
and environmental outcomes. This framework also allowed for explicit
policy-oriented interpretation of the results.

The analysis revealed that retrofit solutions can substantially reduce
wLCE. However, none of the investigated options achieves the Danish
GHG threshold for new constructions. An emission gap of 13% and
110% remains for the best alternatives of Archetypes A and B, respec-
tively. Building decarbonization thus seems to require action beyond the
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building perimeter, including further decarbonization in materials
supply chains and electricity grids to meet set emission thresholds.

The trade-off between emissions reduction and cost is evident.
CAPEX rises from 1100 to 2140 €5925/m? in Archetype A, and from 1650
to 3200 €5925/m? in Archetype B, when moving from retrofit scenario
S.0la to S.02b. This clearly shows that higher environmental perfor-
mance requires greater investments and longer payback times.

The most cost- and environmentally effective strategy across both
archetypes is S.01b. This uses bio-based materials and achieves inter-
mediate energy performance. Nevertheless, like other retrofit alterna-
tives, the payback period exceeds 50 years, making this solution
unadvisable for homeowners under current energy prices. From an
environmental perspective, instead, embodied emissions from retrofit
interventions are offset within 14-30 years, depending on scenario and
archetype. Achieving large-scale, cost-effective decarbonization of the
existing building stock thus requires not only technological optimization
but also systemic policy changes. Stronger carbon taxation, improved
financial mechanisms, and enhanced workforce training are essential to
stimulate market uptake of deep renovations.

Finally, UA revealed that energy price variability most strongly in-
fluences GC, causing average increases of up to 48.7% in Archetype A
and 39.6% in Archetype B. The electricity mix, climate change, and
occupant type most affect wLCE. They cause average variations up to
42.3% in Archetype A and 39.4% in Archetype B, depending on scenario
and parameter. Temperature setpoints, materials service life, and
quantities strongly impact both indicators. Given the significant vari-
ability in the results, UA post-processing revealed scenario S.01a as the
most preferred, unlike what emerged from the MOO post-processing. It
is therefore essential to incorporate these parameters into decision-
making for robust retrofit solutions.
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Table Al
Energy model inputs for the base cases and each renovation scenario.
BCA BCB S.0la S.01b S.01lc S.01d S.02a S.02b

Geometry
Gross floor area [mz] 235 152 235 (A) 152 (B) 235 (A) 152 (B) 235 (A) 152 (B)
Occupation density [mz/p] 129.5 74 129.5 (A) 74 (B) 129.5 (A) 74 (B) 129.5 (A) 74 (B)
WWR [-] 12% 10% 12% (A) 10% (B) 12% (A) 10% (B) 12% (A) 10% (B)
Orientation [°] 135 45 135 (A) 45(B) 135 (A) 45(B) 135 (A) 45(B)
Structure
Structural type [-] Load-bearing walls, timber roof beams, cast concrete and hourdi concrete block slabs (A), prefabricated concrete slab (B)
Envelope

Infiltration rate [ach]*

External wall U-value [W/(m?K)]

Ground floor U-value [W/(m?K)]
Roof U-value [W/(m?K)]

Insulation material
Door U-value [W/(m?K)]

Glazing U-value

Glazing g-value

Solar shading

Systems

Heating generation [-]
Heating generation COP

Delivered hot water temperature [°C]
Heating setpoint [°C]

Cooling generation [-]
Cooling generation EER

Chilled water temperature [°C]

Cooling setpoint [°C]

Ventilation system [-]

Natural ventilation flow rate [ach]
Mechanical ventilation flow rate [1/s/person]
Mech. vent. air supply temperature [°C]
Heat recovery [-]

Lighting power density [W/m2]
Lamp type [-]

Equipment power density [W/m
PV surface [m?]

PV efficiency [-]

4

Solar thermal surface [m2]
Storage
Water tank volume [m3]

Inverter efficiency

Battery nominal energy [kWh]
Charging current

Discharging current

* included in the multi-objective optimization

0.87 0.83 Min: 0.12,
Int: 0.03
Max: 0.30
Min: 0.80
Int: 0.04
Max: 1.00

0.46 0.46 0.46
1.25 1.40 Min: 0.80
Int: 0.04
Max: 1.00
Trad. Trad. Trad. Biob.
2.8 2.8 Min: 1.40
Int: 0.10
Max: 2.00
Min: 1.30
Int: 0.10
Max: 1.80
Min: 0.40
Int: 0.04
Max: 0.60
External shade rolls

1.72 1.70

2.90 2.76

0.74 0.60

External shade rolls External shade rolls

Gas boiler Gas boiler
0.76 0.80

Reversible heat pump
Min: 2.50
Int: 0.25
Max: 3.75
60 60 55
16-23 18-22 16-23 (A)
18-22 (B)
Reversible heat pump
Min: 3.00
Int: 0.25
Max: 4.25
- - 18
- — 26
Natural Natural Hybrid (system C)
5 5 5
- — 10
18/26
- - 75%
8-12 8-12 3
Fluorescent Fluorescent LED
9 9 9
— — 12
Min: 0.13
Int: 0.01
Max: 0.16

Min: 0.15
Int: 0.05

Max: 0.30
- - 98%
- - 5
- - 5840
- - 4000

23

Min: 0.12,
Int: 0.03
Max: 0.30
Min: 0.80
Int: 0.04
Max: 1.00
0.46
Min: 0.80
Int: 0.04
Max: 1.00

Trad. Biob.
Min: 1.40
Int: 0.10
Max: 2.00
Min: 1.30
Int: 0.10
Max: 1.80
Min: 0.40
Int: 0.04
Max: 0.60
External shade rolls

Reversible heat pump
Min: 2.50
Int: 0.25
Max: 3.75
55
16-23 (A)
18-22 (B)
Reversible heat pump
Min: 3.00
Int: 0.25
Max: 4.25
18
26
Hybrid (system D)
5
10
18/26
75%
3
LED
9
12
Min: 0.13
Int: 0.01
Max: 0.16

Min: 0.15

Int: 0.05

Max: 0.30
98%

5840
4000

Min: 0.04,
Int: 0.01
Max: 0.09
Min: 0.15
Int: 0.05
Max: 0.40
0.46
Min: 0.15
Int: 0.05
Max: 0.40

Trad. Biob.
Min: 0.80
Int: 0.10
Max: 1.20
Min: 0.80
Int: 0.10
Max: 1.20
Min: 0.20
Int: 0.02
Max: 0.30
External shade rolls

Reversible heat pump
Min: 4.00
Int: 0.25
Max: 5.50
35
16-23 (A)
18-22 (B)
Reversible heat pump
Min: 4.50
Int: 0.25
Max: 6.00
18
26
Hybrid (system D)
5
10
18/26
75%
1.5
LED
9
32
Min: 0.15
Int: 0.01
Max: 0.20
5

Min: 0.15
Int: 0.05
Max: 0.30
98%
10
5840
4000
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Table A2
Global cost calculation for each renovation scenario.
BC S.0la S.01b S.01c S.01d S.02a S.02b
Archetype A
House purchase [€2025/m2] 1270 1270 1270 1270 1270 1270 1270
Finishes RC [€2025/m2] 0 270 280 270 280 295 345
Envelope RC [€2025/m2] 0 475-485 505-525 475-485 505-525 635-730 730-1110
Systems RC [€2025/m2] 0 180-200 180-200 230-250 230-250 355-400 355-400
Storage RC [€2025/m2] 0 25 25 25 25 55 55
Others RC [€2025/m2] 0 140 140 140 140 230 230
Total RC [62025/m2] 0 1090-1130 1130-1170 1140-1170 1180-1220 1570-1710 1715-2140
Project cost [€2025/ m?] 0 80-85 85-90 85-90 90-95 120-130 130-160
Maintenance cost [€5025/m?] 70 80-115 80-115 130-165 130-165 170-240 170-240
Actualized replacement cost [€2025/m2] 550 845-865 845-865 1020-1040 1020-1040 1340-1350 1340-1350
Residual value [€2025/m2] 120 200 205 220 225 330 335
Actualized 5 10 10 10 10 10 15
disposal cost [€2025/m2]
Energy cost [€2025/m2] 540 275-515 270-500 395-660 405-615 165-210 165-210
CO,, emissions cost [€2025/m2] 450 100-180 100-180 150-240 150-230 15-65 15-65
GC [€2025/m2] 2805 3630-3890 3665-3915 4070-4335 4110-4340 4420-4560 4580-5020
Archetype B
House purchase [€2025/m?] 1840 1840 1840 1840 1840 1840 1840
Finishes RC [€3025/m?] 0 440 455 440 460 485 555
Envelope RC [€2025/m2] 0 730-750 770-800 730-750 770-800 970-1125 1090-1635
Systems RC [€2025/m2] 0 250-270 250-270 325-350 325-350 475-545 475-545
Storage RC [€2025/m?] 0 40 40 40 40 90 90
Others RC [€2025/m2] 0 215 215 215 215 360 360
Total RC [€2025/m2] 0 1675-1720 1730-1780 1750-1795 1870-1965 2380-2605 2660-3190
Project cost [€2025/m2] 0 125-130 135-140 130-135 140-145 175-195 195-270
Maintenance cost [€2025/m2] 120 130-180 130-180 180-220 180-220 255-330 255-330
Actualized replacement cost [€2025/m2] 750 1160-1220 1160-1220 1430-1490 1430-1490 1715-1820 1715-1820
Residual value [€2025/m?] 200 210 215 225 235 320 370
Actualized 5 15 15 15 15 15 15
disposal cost [€2025/m2]

Energy cost [€2025/m2] 640 370-600 370-565 550-765 475-630 220-345 220-345
CO-, emissions cost [€2025/m2] 440 105-185 105-180 165-240 160-235 45-100 45-100
GC [€zozs/m2] 3565 5290-5600 5345-5630 5910-6200 5950-6230 6505-6750 6755-7360

Table A3

Average annual energy use for each renovation scenario and archetype.
RS H C A% L E PVp PVu PVs Tot Net o E Tot 0%
Archetype A
BC 149 - - 14.9 - - - 166 166 32 8.5 40.5 79
S.0la 36.0 0.3 3.8 4.8 3.0 1515 1376 139 47.9 40.3 7.5 7.1 14.6 52
S.01b 35.0 0.3 3.8 4.8 3.0 1523 1385 138 47.0 39.4 7.3 6.6 13.9 53
S.01c 36.0 0.6 10.2 4.8 3.0 1518 1446 72 64.8 57.2 10.5 7.2 17.7 59
S.01d 35.1 0.6 10.2 4.8 3.0 1525 1452 72 63.9 56.3 10.3 6.6 16.9 61
S.02a 13.1 0.4 9.0 2.4 3.0 5185 3052 2133 35.7 9.9 2.2 8.5 10.7 20
S.02b 12.8 0.4 9.0 2.4 3.0 5178 3052 2126 35.4 9.6 2.2 8.2 10.4 21
Archetype B
BC 140 — — 17.7 — - - 158 158 33 12.7 45.7 72
S.0la 335 0.2 3.3 2.7 6.7 1461 1393 78 66.5 55.3 10.1 10.7 20.8 46
S.01b 32.7 0.2 3.3 2.7 6.7 1476 1403 83 65.2 53.9 9.9 10.2 20.1 47
S.01c 28.0 1.2 10.8 2.7 6.7 1466 1444 25 88.8 77.5 14.0 11.0 25.0 54
S.01d 27.5 1.2 10.8 2.7 6.7 1470 1448 22 88.0 76.7 13.8 10.3 24.1 55
S.02a 14.8 1.5 9.9 1.3 6.7 4532 3288 1244 61.1 26.3 5.1 14.1 19.2 23
S.02b 14.5 1.5 9.9 1.3 6.7 4545 3291 1253 60.8 25.8 5.0 13.8 18.8 24

RS = Renovation strategy [-] / H = Heating and DHW [kWh/ (m* y)1 / C = Cooling [kWh/(m? y)]1 / V = Ventilation [kWh/(m?* y)] /L = Lighting
[kWh/(m?* y)] / E = Equipment [kWh/ (m* y)1 / PV p =PV production [kWh/ y]/ PV u = PV self-use [kWh/ y] / PV s = PV sold [kWh/ y] / Tot = Total
energy use intensity [kWh/(m? y)1 / Net = Net energy use intensity [kWh/ (m* y)1 / O = Operational emissions [kgCOze/ (m* y)1 / E = Embodied

emissions [kgCOze/(mz' y)1 / Tot = Total emissions [kgCOze/(mZ' y)1 / O/E = share operational emissions [%].
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Fig. A.2. Economic payback period including initial subsidies, higher carbon taxation and the inverse gas-to-electricity ratio

Data availability

Data will be made available on request.
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