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Abstract

The residential building sector is a major contributor to global energy consumption and
carbon emissions, making retrofit strategies essential for meeting climate targets. While
many studies focus on reducing operational energy, few comprehensively evaluate the
trade-offs between operational savings and the embodied carbon introduced by retrofit
measures. This study addresses this gap by developing an integrated, novel scenario-based
assessment framework that combines dynamic energy simulation and life cycle assessment
(LCA) to quantify whole life carbon impacts. Applied to representative Irish housing
typologies, the framework evaluates thirty retrofit scenarios across three intervention
levels: original fabric, shallow retrofit, and deep retrofit incorporating multiple HVAC
technologies and envelope upgrades. Results reveal that while deep retrofits deliver up to
80.2% operational carbon reductions, they also carry the highest embodied emissions. In
contrast, shallow retrofits with high-efficiency air-source heat pumps offer near-comparable
energy savings with significantly lower embodied impacts. Comparative analysis confirms
that reducing heating setpoints has a greater effect on energy demand than increasing
system efficiency, especially in low-performance buildings. Over a 25-year lifespan, shallow
retrofits outperform deep retrofits in overall carbon efficiency, achieving up to 76% total
emissions reduction versus 74% for deep scenarios. Also, as buildings approach near-zero
energy standards, the embodied carbon share increases, highlighting the importance of LCA
in design decision-making. This study provides a scalable, evidence-based methodology
for evaluating retrofit options and offers practical guidance to engineers, researchers, and
policymakers aiming to maximize carbon savings across residential building stocks.

Keywords: life cycle assessment; energy retrofit; embodied carbon; operational energy;
residential buildings

1. Introduction

The building sector is among the highest contributors to global energy consumption
and greenhouse gas (GHG) emissions, accounting for approximately 40% of total energy
use and 36% of GHG emissions in the European Union (EU), with an estimated 75% of
buildings being energy inefficient [1,2]. In Ireland, the situation is equally pressing; the
residential sector alone consumes 21.1% of national energy, totalling 29.6 TWh in 2023,
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posing a significant challenge to achieving the 2030 target of a 51% reduction in energy-
related emissions [3,4]. While energy standards such as the Nearly Zero Energy Building
(NZEB) have led to 99% of newly built homes since 2019 achieving an A-rated Building
Energy Rating (BER), these account for only a small portion of Ireland’s housing stock [5,6],
leaving a vast backlog of inefficient existing homes [2,7]. This significant gap between the
energy efficiency of newly built and existing residential dwellings emphasizes the necessity
for the expansion of retrofitting Irish homes.

Retrofitting, upgrading buildings through interventions like fabric improvements,
renewable energy systems, and HVAC enhancements, is therefore an essential strategy for
decarbonizing the sector and enhancing sustainability [7,8]. Retrofitting actions range from
shallow to deep interventions. Shallow retrofits involve low-cost, limited-scope improve-
ments such as lighting upgrades, basic insulation, or boiler replacement. In contrast, deep
retrofits encompass more extensive interventions, including comprehensive thermal enve-
lope upgrades, high-efficiency HVAC systems, and on-site renewable energy integration,
aiming to significantly reduce energy demand and emissions.

A growing body of literature has evaluated the effectiveness of various retrofit strate-
gies across different building types and climates. The selection of measures typically
depends on the unique characteristics of each project. In another study, it is reported that
about 70% of global retrofit strategies focus on building envelope insulation, lighting, and
renewable integration, tailored to building type and climate [9]. Kadri¢ et al. developed a
linear model using TABULA data to predict energy and CO, emissions, highlighting the
role of scalable tools in retrofit planning [10]. Similarly, Jafari et al. evaluated the whole-life
economic benefits of replacing lighting, HVAC, and equipment systems with efficient alter-
natives [11]. Another study analysed the impact of energy-efficient retrofit measures, such
as improving airtightness, enhancing envelope insulation, upgrading heating systems, and
incorporating mechanical ventilation, on both indoor environmental quality and overall
energy performance in dwellings [2].

Beyond single-criterion approaches that emphasise energy savings or emissions reduc-
tions, several studies have employed multi-criteria decision-making (MCDM) frameworks
to capture a broader set of performance indicators and stakeholder perspectives. For ex-
ample, in a study, D’ Agostino et al. (2025) proposed a hybrid MCDM methodology for
the retrofit of a shopping mall in Southern Italy, ranking alternative interventions based
on electricity savings, net present value, and discounted payback period, while explicitly
incorporating the differing priorities of policymakers and tenants [12]. In a similar study,
D’ Agostino et al. (2025) applied multi-objective optimization and robust MCDM methods
to the retrofit of a university lecture room, balancing public and private interests across
indoor air quality, infection risk reduction, energy consumption, and cost [13]. These
contributions demonstrate that retrofit decision-making benefits from considering not only
technical efficiency but also economic feasibility, health, and stakeholder priorities, thereby
enriching the evidence base for more holistic retrofit strategies.

In particular, many studies have examined the effectiveness of upgrading HVAC
systems and implementing renewable technologies in residential buildings, focusing on
their potential to reduce both final and primary energy consumption and to support
decarbonisation goals [2,8]. Carutasiu and Necula (2024) simulated a 57% reduction in heat
energy through the application of insulation and air-source heat pumps (ASHPs), while
demonstrating that photovoltaic (PV) integration could reduce reliance on fossil fuels by up
to 75% [14]. In a comparative assessment, Kumar and Murugesan (2023) found that ground-
source heat pumps (GSHPs) outperformed ASHPs, delivering up to 48% more energy
savings [15]. Shen et al. (2024) proposed an automated retrofit strategy for educational
buildings, identifying cooling setpoints as key energy conservation measures through
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sensitivity analysis [16]. Marino (2024) evaluated Life Carbon impacts across diverse
retrofit scenarios and uncertainty ranges, concluding that organic insulation combined with
heat pump systems yielded the most resilient results [17].

A comprehensive review of the literature shows that most renovation research to date
has concentrated on reducing operational energy use, which refers to the energy consumed
and carbon emitted during the in-use stage of buildings. Operational energy is only one
part of the puzzle of the whole life cycle energy assessment. The embodied environmental
impacts, such as carbon emissions associated with materials, construction, maintenance,
and end-of-life processes, remain comparatively underexplored [18]. Operational and
embodied impacts are closely interconnected, and improvements in one can often lead to
trade-offs or reductions in the other [19,20]. This imbalance risks undermining the broader
decarbonisation objectives outlined in major policy frameworks such as the European Green
Deal, which targets net-zero emissions by 2050 and a 55% reduction by 2030 [21]. Therefore,
Life Cycle Assessment (LCA) offers a vital methodology for capturing both operational and
embodied emissions across a building’s entire lifespan [22-25]. However, its effectiveness
is limited by inconsistencies in embodied carbon databases and the fragmented integration
of LCA tools in retrofit planning.

Moreover, the performance and impact of retrofit strategies are highly sensitive to
local conditions. Embodied emissions can vary significantly depending on the availability
of low-carbon materials, regional construction practices, and supply chain characteristics,
factors that are often overlooked in generalised models. These location-specific dynamics
are particularly important in Ireland, where the building stock, material supply chains, and
renovation practices differ substantially from those in other European contexts. Despite this,
there is a lack of Ireland-specific studies that comprehensively evaluate retrofit scenarios
using holistic, location-aware LCA approaches.

Ireland's retrofit sector has advanced significantly in recent years, supported by the
National Retrofit Plan and grant schemes administered by the Sustainable Energy Authority
of Ireland (SEAI). These frameworks adopt a “fabric-first” approach, prioritizing envelope
upgrades, such as insulation, windows, and airtightness improvements, before transi-
tioning to system enhancements like heat pump installations [26]. Despite this progress,
when benchmarked against international best practices, Ireland’s retrofit pace and ambition
remain comparatively modest. The SEAI reported approximately 30,000 retrofits completed
in 2023, well below the government's target of 500,000 homes by 2030 [27].

In contrast, Germany has institutionalized large-scale, standardized retrofit models
such as the EnerPHit standard for deep retrofits [28], often employing prefabricated ele-
ments to accelerate delivery at scale [29]. Moreover, while Irish strategies are primarily
oriented toward operational energy savings, several European countries are embedding life
cycle thinking directly into regulation. Denmark, for example, has mandated the inclusion
of Life Cycle Assessment (LCA) in building regulations, ensuring that retrofit pathways
are assessed for both operational and embodied impacts [30]. These contrasts highlight a
key gap in Ireland’s retrofit trajectory regarding the underdeveloped integration of LCA in
retrofit planning. Given Ireland’s distinct housing stock, construction practices, and mate-
rial supply chains, a critical evaluation of the applicability of international LCA databases
is necessary to ensure context-sensitive environmental assessments.

To address these gaps, an environmental study is considered. This study develops
and applies an integrated assessment framework that combines dynamic energy simula-
tion with LCA to evaluate the full carbon footprint of residential retrofit strategies. The
methodology accounts for both operational and embodied carbon impacts, enabling a
comprehensive comparison of retrofit scenarios across varying levels of intervention, from
improved systems within the original building fabric to shallow and deep retrofits involv-
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ing envelope and HVAC upgrades. By applying this framework to a representative case
study of a typical residential dwelling, the study quantifies trade-offs between energy
savings and material-related emissions, while also conducting comparative analysis on key
parameters such as system efficiency and temperature setpoints. The objective is to provide
a robust, location-sensitive evidence base that supports data-driven decision-making for
low-carbon renovation strategies, with insights that are broadly applicable but tailored to
regional construction practices and performance baselines. This study focuses exclusively
on the environmental dimension of retrofit evaluation, quantifying operational and em-
bodied carbon impacts without incorporating financial metrics such as capital expenditure,
payback time, or cost of abatement.

The structure of the paper is as follows: Section 1 outlines the objectives and research
motivation. Section 2 introduces the methodological framework, detailing the integration
of dynamic energy simulation and LCA. Section 3 presents the results of the retrofit scenario
analyses. Section 4 provides a critical discussion of the findings, including implications for
policy and practice. Finally, Section 5 concludes the paper by summarising key insights
and identifying directions for future research.

2. Methodology

This integrated approach forms a decision-making toolchain designed to assess and
compare retrofit strategies from both an energy and carbon perspective. The proposed
methodology to develop the toolchain is structured around four core phases, designed
to assess the whole life carbon impacts of residential retrofit strategies: (1) A baseline
control model representing typical Irish dwellings is developed, followed by the formula-
tion of retrofit scenarios that incorporate building envelope upgrades and HVAC system
improvements. (2) Dynamic energy simulations are conducted to evaluate operational
energy demand and associated carbon emissions using an energy modelling platform.
(3) Model interoperability is established by exporting building geometry and material data
to facilitate embodied carbon analysis through a LCA tool. (4) Operational and embodied
carbon outputs are integrated to calculate whole life cycle emissions for each scenario.
The framework concludes with a comparative and trade-off analysis to identify retrofit
configurations that optimise carbon performance and cost-effectiveness (Figure 1). Detailed
steps involved are as follows:

(1) Baseline and Retrofit Model Development:

A representative control model of a typical Irish dwelling was developed in De-
signBuilder (version 7.0.2.006), reflecting pre-retrofit conditions including a poor thermal
envelope and low-efficiency heating systems. Based on this control model, three retrofit
archetypes generated original fabric (no envelope improvements), shallow retrofit (mod-
erate upgrades), and deep retrofit (comprehensive enhancements), each characterized by
varying levels of insulation, airtightness, and glazing performance. In total, 30 models were
developed: six representing the original archetype, 12 for shallow retrofit scenarios, and
12 for deep retrofit scenarios. These models provide a foundation for assessing different
HVAC systems, setpoint strategies, and envelope upgrades.

(2) Operational Energy Carbon Simulation:

Operational energy use and associated carbon emissions were evaluated using dy-
namic simulation in DesignBuilder, driven by the EnergyPlus engine. Each archetype
was tested under multiple system configurations, varying parameters such as heating
technology, coefficient of performance (COP), and room-specific temperature setpoints.
The simulations quantified space heating demand and associated operational carbon for
each scenario.
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Figure 1. Methodological framework for retrofit scenario and life cycle carbon analysis.

(3) Embodied Carbon Assessment:

To assess embodied carbon, model geometries and material specifications were ex-
ported in GBXML format from DesignBuilder and processed in One Click LCA, version 7.
This stage quantified emissions related to construction materials, installation processes,
and end-of-life treatments. Embodied carbon values were calculated over defined time
horizons, using environmental product declarations (EPDs) and region-specific datasets.

In line with ISO 14040 [31], the LCA methodology followed four main phases: goal and
scope definition, where the objective was to assess the life cycle carbon footprint of systemic
retrofit actions for Irish residential dwellings, with the functional unit defined as one semi-
detached two-storey dwelling in Dublin and system boundaries set cradle-to-grave; life
cycle inventory (LCI) analysis, which combined DesignBuilder simulations for operational
energy/carbon with One Click LCA (EN 15804 EPDs) for embodied impacts using both
primary and secondary data; life cycle impact assessment (LCIA), where Global Warming
Potential (GWP, kgCOye) was selected as the impact category; and interpretation, where
results were checked for completeness, consistency, and sensitivity, with uncertainties and
performance trade-offs explicitly discussed. The detailed inventory of processes, data
sources, assumptions, and validation/uncertainty handling are provided in Table 1. This
study, however, primarily excluded Bl and B6 due to complications in the modelling of
maintenance and repair works [32].
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Table 1. Life cycle inventory, data sources, assumptions, and validation approach used in the LCA
analysis. Available online: https://help.oneclicklca.com/en/articles/275893-using-en-15804-a2
-data-in-lca-a-guide-for-building-and-product-assessments (accessed on 9 July 2025).

Life Cycle

Data Type

Stage Process/Activity Data Source (Primary/Secondary) Assumptions
Raw material One Click LCA Average European
Al1-A3: . datasets were used,
extraction & database (EN Secondary .
Product Stage . where Irish data
processing 15804 EPDs) was unavailable
) Transport distances
A4_A5: Material transport to SEAI/(.:S.O transport Secondary with scenario  estimated (50-100 km);
Construction site, installation statistics; One assumptions on-site ener
Stage ' Click LCA p ; &Y
typical values
. . Standard occupancy
B1-B7: Use Operational energy DeEs;ger;Bulillclil Zr * Primary (simulation schedule, uniform
Stage (SH, DHW, lighting) nersy outputs) heating set-point
simulations
temperatures
Following One Click
C1-C4: Demolition, waste One Click LCA Secondar LCA database, recycling
End-of-life transport, disposal EPD datasets y all materials in line with

industry standards

(4)  Whole Life Carbon Analysis and Comparative Testing:

Results from operational and embodied carbon assessments were consolidated to
calculate the whole LCA for each of the 30 retrofit scenarios. A structured data-driven
platform enabled comparative analysis, while comparative analysis was carried out on key
parameters, such as retrofit depth, COP, and heating setpoints, to evaluate their influence
on total carbon outcomes. Trade-off analyses were used to identify retrofit strategies that
optimise both operational and embodied performance (Figure 2).

Reference
Data

Control Model
Development

Define most
probable input
parameter values

s Develop Control |
Modelin DB :

Scenario
Development

Develop scenarios
by varying

parameter values

h
Run model
...... simulation &
document results
'
'

Energy
Modelling

Evaluate embodied
carbon using
One Click LCA

Calculate
operational energy

by analysing
simulation results

Sensitivity /
Comparative
Analysis

Compare operational
and embodied data
for each developed

scenario

Identify the optimal
retrofit solution for
the building

Figure 2. Overview of the methodological workflow for evaluating retrofit scenarios, integrating

control model development, energy simulation, embodied carbon assessment, and comparative
analysis to identify optimal solutions.
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2.1. Base Case Model

The control model was defined within the DesignBuilder tool to represent a typical
Irish residential dwelling in Dublin, specifically a semi-detached house, which is one of the
five official national archetypes and represents a substantial share of the Irish housing stock.
This model was validated against measured data to ensure it accurately represents the actual
performance of the building [7]. Development of the control model whereby the house is
designed using the most likely materials, possessing poor thermal characteristics, and has
a low-performance gas boiler. The dwelling is segmented into two distinct heating zones.
Zone 1 encompasses the ground floor, including the living room, dining room, and kitchen,
and is maintained at 21 °C. Zone 2 comprises the first-floor bedrooms, where a lower
temperature of 18 °C is applied, aligning with recommendations that cooler conditions
are more conducive to sleep [33] (Figure 3). In addition, Table 2 outlines the thermal
characteristics of the original Fabric of the dwelling. The building utilizes a gas boiler for
heating with a thermal efficiency of 0.75 and an instant water heater for DHW with a COP
of 1 (Table 3).

18°c |
zone 2

| 21°C
zone 1

zoned by use

Figure 3. Simple two-zone heating system.

Table 2. Archetype models’ thermal characteristics (U Value).

Construction Original Fabric Shallow Energy Retrofit Deep Energy Retrofit
External Wall U-Value 2.071 W/m?K 1.081 W/m?K 0.343 W/m?K
Roof U-Value 2.93 W/m?K 1.062 W/m?K 0.158 W/m?K
Ground Floor U-Value 2.929 W/m?K 2.929 W/m?K 0.232 W/m?K
Window U-Value 2.556 W/m?K 2.556 W/m?K 1.62 W/m?K
Airtightness 4ac/h 2.5ac/h 0.9 ac/h

Table 3. Control model heating system configuration.

Component Characteristic
Heating System Gas Boiler thermal efficiency = 0.75
Heat Distribution Method Radiators
21 °C Ground Floor

Heating Setpoint Temperature
18 °C First Floor

DHW Instant Water Heater COP =1
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Based on this control model, three archetype models were developed, each represent-
ing the same house after differing levels of fabric upgrades (original, shallow, and Deep
retrofit). These three models possessed thermal performance characteristics and airtight-
ness properties as listed in Table 2, corresponding to poor efficiency, moderate efficiency,
and highly efficient building envelopes. The purpose of developing three control models
with varying efficiencies is not only to ensure the adaptability of the toolchain but also
to offer conclusive insights that apply to a large portion of Irish homes. By analysing the
performance of these models under different starting conditions, the study could establish
a comprehensive framework that can guide stakeholders in making informed decisions
regarding retrofit strategies for all types of houses.

Furthermore, in the retrofit models, room-specific heating setpoints are applied to
align energy use with occupants’ activities and enhance comfort [34]. This strategy targets
areas with higher heating demand while reducing energy consumption in less demanding
zones. Table 4 presents the investigated setpoint temperatures, with a modelled 2 °C
variation in each room to determine the range of operational energy consumption in each
retrofit solution.

Table 4. Heating setpoint temperature variation (°C).

Corridor Dining Room Kitchen Living Room Bathroom Bedroom
Lower Limit 16 19 18 19 20 16
Higher Limit 18 21 20 21 22 18

2.2. Retrofit Scenario Development

As mentioned, three retrofit levels were defined: original fabric, shallow retrofit, and
deep retrofit:

The first retrofit scenarios will be developed by investigating the impact of solely
upgrading the heating system within the building, where the original fabric of the control
model will remain, as outlined above in Table 2. The objective of this systemic retrofit is
to reduce the operational energy of the building, without any significant retrofitting that
would contribute to a large increase in the building’s embodied carbon. Table 5 outlines
the scenarios that will be developed by investigating the energy performance of three gas
boilers with different thermal efficiency while varying the heating set point temperatures
throughout the house. This table lists the six scenarios developed within this model, pairing
each boiler thermal efficiency with the upper and lower heating set point temperature limit.

Table 5. Original fabric scenarios.

System Scenario Thermal Efficiency Set Point °C
IS-GAS(0.75)-H 0.75 Higher Limit

IS-GAS(0.75)-L 0.75 Lower Limit

Gas Boiler IS-GAS(0.85)-H 0.85 Higher Limit
IS-GAS(0.85)-L 0.85 Lower Limit

IS-GAS(0.95)-H 0.95 Higher Limit

IS-GAS(0.95)-L 0.95 Lower Limit

In the shallow retrofit scenarios, moderate envelope improvements were introduced,
such as internal wall insulation and improved airtightness, while maintaining the original
windows, as mentioned in Table 2. This enabled the integration of both gas boilers and
ASHPs with thermal efficiency and COPs ranging from 0.75 to 4.0, along with consistent



Sustainability 2025, 17, 8173 9 of 22

setpoint variations. Domestic hot water (DHW) was supplied by heat pumps, eliminating
the need for instant water heaters (Table 6).

Table 6. Shallow energy retrofit scenarios.

System Scenario E fﬁczlnecr?_alc OP Set Point °C
SR-GAS(0.75)-H Higher Limit

SR-GAS(0.75)-L 075 Lower Limit

Gas Boiler SR-GAS(0.85)-H 0.85 Higher Limit
SR-GAS(0.85)-L Lower Limit

SR-GAS(0.95)-H Higher Limit

SR-GAS(0.95)-L 095 Lower Limit

SR-HP(2.0)-H Higher Limit

SR-HP(2.0)-L 2 Lower Limit

Heat Pump SR-HP(3.0)-H 3 Higher Limit
SR-HP(3.0)-L Lower Limit

SR-HP(4.0)-H Higher Limit

SR-HP(4.0)-L 4 Lower Limit

The deep retrofit scenarios applied comprehensive fabric upgrades, including external
insulation, triple-glazed windows, and enhanced roof insulation, as mentioned in Table 2.
Two heat pump systems, ASHPs and GSHPs, were modelled in this category, with higher
system COPs (up to 4.5) and the use of underfloor heating on the ground floor and radiators
upstairs. Across all scenarios, the aim was to quantify both operational energy use and
embodied carbon, facilitating a comparative evaluation of retrofit efficiency based on
building performance levels. Table 7 lists the configurations of systems that will be analysed
in this study.

Table 7. Deep energy retrofit scenarios.

System Scenario COP Set Point °C
DR-ASHP(2.0)-H Higher Limit
DR-ASHP(2.0)-L 2 Lower Limit

ASHP DR-ASHP(3.0)-H 3 Higher Limit
DR-ASHP(3.0)-L Lower Limit
DR-ASHP(4.0)-H Higher Limit
DR-ASHP(4.0)-L 4 Lower Limit
DR-GSHP(2.5)-H Higher Limit
DR-GSHP(2.5)-L 25 Lower Limit
DR-GSHP(3.5)-H Higher Limit

GSHP DR-GSHP(3.5)-L 35 Lower Limit
DR-GSHP(4.5)-H 45 Higher Limit

DR-GSHP(4.5)-L

Lower Limit

The summary of developments across all these scenarios is presented in Table 8.
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Table 8. Overview of retrofit levels, systems, and set point variations.
. . . Thermal Efficiency Number of
Retrofit Level Systems Set Point Variation and COP Range Scenarios
Improved System Gas Boiler Higher/Lower 0.75-0.85-0.95 6
Gas Boiler . 0.75-0.85-0.95
Shallow Retrofit Higher/Lower 12
Heat Pump 2.0-3.0-4.0
. ASHP . 2.0-3.04.0
Deep Retrofit Higher/Lower 12
GSHP 2.5-3.5-4.5

3. Results and Comparative Analysis

This study evaluated the life cycle carbon footprint of 30 retrofit scenarios across three
levels of energy renovation for Irish residential buildings: original fabric (no envelope
improvements), shallow retrofit (moderate upgrades), and deep retrofit (comprehensive
enhancements). The analysis provides evidence-based insights into the trade-offs of retrofit
strategies, supporting informed decision-making for stakeholders and alignment with
sustainability targets.

3.1. Case Study

The first step in conducting dynamic energy modelling is to ensure the correct weather
data file is selected. In this study, the climate file for Dublin was used to reflect local
environmental conditions. One of the most critical factors influencing building energy
consumption is microclimate variation, including factors such as solar radiation, wind
exposure, and temperature fluctuations. Although a full microclimate study is beyond the
scope of this paper, a detailed environmental analysis was performed using DesignBuilder.
Simulations were conducted at both monthly and hourly time steps to enhance the accuracy
of results, as illustrated in Figure 4. Additionally, extreme weather conditions, including
urban heat island and storm exposure, were considered; however, as they are not directly
applicable to the Dublin context, they were not included in the main body of the analysis.
All scenarios developed in this study will have identical site parameters to isolate the
impacts of the retrofit solutions under investigation.

Site Data
Weather Data Daily

Wind Speed (m/s)  Temperature (°C)
o o B

4

»

i

300
200
100

0
£102,000

°

3100,000

H

£ 98,000

. MW

2002 Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Wind Direction (%)

)

Solar Radiation (KWh/m2) P

Figure 4. Monthly weather data analysis showing temperature, wind speed, wind direction, pressure,
and solar radiation as parameters that impact the energy results.
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3.2. Operational and Embodied Carbon Trade-Offs
3.2.1. Control Model

The control model, representing a poorly insulated residential dwelling with low
airtightness, exhibited the highest environmental impact among all scenarios. In terms
of operational energy and carbon emissions, the model consumed a total of 28,682 kWh
annually, 22,488 kWh for space heating and 6193 kWh for electricity use, resulting in
6735 kgCO,e per year in operational emissions, as shown in Figure 5. With a total floor
area of 105.1 m?, this corresponds to an Energy Use Intensity (EUI) of 273 kWh/m? /year.

25,000

22,488
20,000
15,000
10,000
6193 6735
- .
0
Total Electricity Consumption Total Heating Demand - Gas - Operational Emissions
(kWh/year) (kWh/year) (kgCO,e/year)

Figure 5. Operational energy and carbon breakdown for the control model, showing electricity
consumption (6193 kWh/year), gas heating demand (22,488 kWh/year), and resulting operational
emissions (6735 kgCO,e/year).

The results of the LCA show that the embodied carbon of the control model totals
41,088 kgCO,e, with the majority (70.4%) arising from the materials stage (Figure 6). Addi-
tional contributions come from construction processes (11.8%), component replacements
(8.4%), transport, and end-of-life stages (9.3% combined). Figure 7 provides a more detailed
breakdown of material-related emissions: external walls and the structural frame are the
largest contributors (53.6%), primarily due to their high concrete and brick content. This
is followed by the heating system (16.2%), the roof (11.7%), and facade openings (5.8%),
while minor components account for the remaining 1.7%.
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Figure 6. Embodied carbon distribution across life cycle stages for the control model, based on One
Click LCA. The majority of impacts arise from material production (A1-A3, 70.4%), followed by
construction (A5, 11.8%), replacement (B4, 8.4%), and end-of-life processes (C, 8.2%).
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H Internal walls and partitions ™ Roof Heating System
m Other

Figure 7. Contributions of building components to the control model’s embodied carbon, based on
One Click LCA. External walls (27.2%) and the frame (26.4%) are the largest contributors, followed
by the heating system (16.2%).

3.2.2. Original Fabric with Improved Heating Systems

The goal of these scenarios was to improve the operational efficiency of the building
without any significant retrofitting that would contribute to any significant increase in the
building’s embodied impacts.

As illustrated in Figure 8 and Table 9, the six retrofit scenarios resulted in heating
demand reductions ranging from 0.2% to 38.5%, with Scenario IS-GAS (0.95)-L achieving
the lowest heating demand at 13,821 kWh and a 34.6% reduction in emissions compared
to the control model, with no additional embodied carbon (no fabric upgrades made).
Additionally, electricity use remained constant (4851 kWh) across all six scenarios. Overall,
the data indicate that lowering the heating setpoint produced larger reductions in heating
demand than merely improving boiler efficiency. For example, when considering Scenarios
IS-GAS (0.85)-H, IS-GAS (0.85)-L, and IS-GAS (0.95)-H, the higher set point limit using
the boiler with a thermal efficiency of 0.85 consumes 19,801 kWh per year. Modelling the
boiler with a thermal efficiency of 0.95 will reduce the annual heating demand by 10.5%
consuming 17,716 kWh, whereas dropping the heating set point temperature by 2 °C will
reduce the heating demand by 22% to 15,447 kWh. Furthermore, by applying retrofit
scenarios across all scenarios, EUI ranged from 178 to 260 kWh/m? /year, compared to
273 kWh/m?2/ year in the control model.

Table 9. Overall reduction in heating demand, energy consumption and carbon emissions compared
with the control model.

Total Heating o Total Energy o Operational o
. Yo : Yo .. Yo
Scenario Demand Reduction Consumption Reduction Emissions Reduction
(kWh) (kWh) (kgCOze)
IS-GAS(0.75)-H 47 0.2% 1389 4.8% 353 5.2%
IS-GAS(0.75)-L 4982 22.2% 6324 22.0% 1484 22.0%
IS-GAS(0.85)-H 2688 12.0% 4030 14.0% 958 14.2%
IS-GAS(0.85)-L 7041 31.3% 8383 29.2% 1956 29.1%
IS-GAS(0.95)-H 4772 21.2% 6114 21.3% 1436 21.3%
IS-GAS(0.95)-L 8667 38.5% 10,009 34.9% 2329 34.6%
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Figure 8. Operational energy use and emissions for improved heating system (IS-GAS) scenarios
compared to the control model, showing electricity consumption, heating demand, total energy
consumption, and operational emissions under different efficiency and insulation levels.

3.2.3. Shallow Retrofit

The second set of retrofit scenarios modelled the original building after the implemen-
tation of several fabric upgrades, resembling that of a shallow retrofit. This included the
installation of roof and wall insulation, as well as improving the infiltration characteristics
of the building

Simulation results from this archetype model show that upgrading the building
envelope and implementing efficient heating systems, particularly ASHPs, led to substantial
reductions in energy use and carbon emissions compared to the control model, as shown
in Figure 9 and Table 10. Gas boiler scenarios, especially with lower heating set point
temperatures, reduced annual heating demand by up to 61% and energy consumption by
52.7%, with EUIs ranging from 190 to 133 kWh/m?/year. ASHP scenarios performed even
better, with the best case (Scenario SR-HP (4.0)-L) achieving a 77.8% reduction in energy
use and a 75.9% drop in emissions, lowering the EUI to 62 kWh/m?/year. In most cases,
reducing the heating set point temperature had a greater impact on heating demand than
improving system COP, though an exception occurred in Scenario SR-HP(3.0)-H. Overall,
results confirm that in these types of buildings (shallow retrofit scenarios- fabric upgrades),
heat pump systems and optimal operational settings together can dramatically enhance
building energy performance, with EUls dropping from the baseline 273 kWh/m?/year to
as low as 62 kWh/m?/year.

mControlModel ~ MSR-GAS(0.75)-H = SR-GAS(0.75)-L  mSR-GAS(0.85)-H mSR-GAS(0.85)-L = SR-GAS(0.95)-H m SR-GAS(0.95)-L
 SR-HP(2.0)-H SR-HP(2.0)-L mSR-HP(3.0)-H SR-HP(3.0)-L SR-HP(4.0)-H mSR-HP(4.0)-L

30,000

88y

25,000
20,000
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10,000 2
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Electricity Consumption Heating Demand (kWh/year) Total Energy Consumption Operational Emissions
(kWh/year) kWh/year (kgCO,elyear)
Figure 9. Operational energy and carbon performance of shallow retrofit (SR) scenarios versus the
control model, showing electricity use, heating demand, total energy use, and operational emissions.
Results highlight reductions in heating, total energy, and emissions across retrofit strategies.
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Table 10. Overall reduction in heating demand, energy consumption and carbon emissions compared

with the control model: Shallow Retrofit scenarios.

Total Heating o Total Energy o Operational o
Scenario Demand Re duZtion Consumption Re duZtion Emissions Re duZtion
(kWh) (kWh) (kgCOze)

SR-GAS (0.75)-H 7929 35.3% 9306 32.4% 2169 32.2%
SI?E)S;QS-S I:A‘ 5 11,387 50.6% 12,764 44.5% 2962 44.0%
SR-GAS (0.85)-H 9642 42.9% 11,019 38.4% 2562 38.0%
SR-GAS (0.85)-L 12,693 56.4% 14,070 49.1% 3261 48.4%
SR-GAS (0.95)-H 10,994 48.9% 12,371 43.1% 2872 42.6%
SR-GAS (0.95)-L 13,724 61.0% 15,101 52.7% 3498 51.9%
SR-HP (2.0)-H 17,029 75.7% 18,754 65.4% 4205 62.4%
SR-HP (2.0)-L 18,325 81.5% 20,051 69.9% 4535 67.3%
SR-HP (3.0)-H 18,848 83.8% 20,690 72.1% 4698 69.8%
SR-HP (3.0)-L 20,213 89.9% 22,054 76.9% 5046 74.9%
SR-HP (4.0)-H 19,758 87.9% 21,658 75.5% 4945 73.4%
SR-HP (4.0)-L 20,407 90.7% 22,306 77.8% 5110 75.9%

Shallow retrofit involved moderate envelope upgrades, resulting in a 36% increase in

embodied carbon, rising from 41,088 kgCOye to 55,894 kgCO,e, as shown in Figure 10. The
majority of this increase (78%) was due to new materials like insulation and airtightness
products, contributing 11,555 kgCO,e. Additional emissions came from the end-of-life
stage (831 kgCO,e), component replacements (1373 kgCO,e), construction (561 kgCOze),
and material transport (486 kgCO»e), although these were relatively minor in comparison.
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Life Cycle Stages

Figure 10. Increase in embodied carbon across life cycle stages for shallow retrofit scenarios, based
on One Click LCA. Materials production (A1-A3) dominates, followed by smaller contributions from
replacement (B4), end-of-life (C), construction (A5), and transport (A4).

3.2.4. Deep Retrofit

The final set of retrofit scenarios modelled the house after significant retrofitting, which
involved extensive insulation upgrades and window replacement. Twelve scenarios were
developed to assess the energy performance with optimal building envelope characteristics.
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As shown in Figure 11 and Table 11, all 12 scenarios using ASHPs and GSHPs signifi-
cantly reduced operational energy and carbon. Heating demand dropped by 90.1-96.7%,
and operational emissions declined by up to 80.2%, with total energy use reduced by
81.7%. The lowest annual emissions were achieved using GSHPs with high COPs and low
heating setpoints.

H Control Model m DR-ASHP(2.0)-H DR-ASHP(2.0)-L m DR-ASHP(3.0)-H m ASHP(3.0)-L DR-ASHP(4.0)-H mASHP(4.0)-L
DR-GSHP(2.5)-H DR-GSHP(2.5)-L m DR-GSHP(3.5)-H DR-GSHP(3.5)-L DR-GSHP(4.5)-H mDR-GSHP(4.5)-L
N
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Figure 11. Operational energy use and carbon emissions for deep retrofit scenarios vs. control,
showing electricity, heating demand, total energy, and operational emissions. Results highlight
significant reductions relative to the baseline.

Table 11. Overall reduction in heating demand, energy consumption and carbon emissions compared
with the control model: Deep Retrofit Scenarios.

Total Heating Total Energy Operational

Scenario Demand Re dt(;/::tion Consumption Re dt(;/(c’:tion Emissions Re dZZtion
(kWh) (kWh) (kgCOze)
DR-ASHP(2.0)-H 20,263 90.1% 21,842 76.2% 4992 74.1%
DR-ASHP(2.0)-L 20,838 92.7% 22,416 78.2% 5138 76.3%
DR-ASHP(3.0)-H 21,005 93.4% 22,649 79.0% 5197 77.2%
DR-ASHP(3.0)-L 21,388 95.1% 23,032 80.3% 5295 78.6%
DR-ASHP(4.0)-H 21,376 95.1% 23,053 80.4% 5300 78.7%
DR-ASHP(4.0)-L 21,663 96.3% 23,340 81.4% 5374 79.8%
DR-GSHP(2.5)-H 20,708 92.1% 22,326 77.8% 5115 76.0%
DR-GSHP(2.5)-L 21,168 94.1% 22,786 79.4% 5232 77.7%
DR-GSHP(3.5)-H 21,217 94.3% 22,880 79.8% 5256 78.0%
DR-GSHP(3.5)-L 21,545 95.8% 23,208 80.9% 5340 79.3%
DR-GSHP(4.5)-H 21,499 95.6% 23,187 80.8% 5335 79.2%
DR-GSHP(4.5)-L 21,755 96.7% 23,443 81.7% 5400 80.2%

Simulation results from twelve retrofit scenarios using heat pump systems in this
archetype model show substantial reductions in energy use and operational carbon emis-
sions compared to the control model. As shown in Table 11, the ASHP in Scenario DR-ASHP
(2.0)-H reduced total energy consumption by 76.2% and emissions by 74.1%, while the
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GSHP in Scenario DR-GSHP (2.5)-H performed slightly better, achieving 77.8% and 76%
reductions, respectively. Across all scenarios, heating demand dropped by 90.1-96.7%, and
electricity use fell by around 25.5-27.3%, with only minor differences between the best-
and worst-performing configurations. While GSHPs generally outperformed ASHPs, the
performance gap narrowed in high-efficiency setups. EUI across scenarios ranged from
50 to 65 kWh/m?/year, a major improvement from the control model’s 273 kWh/m? /year.
The deep energy retrofit of this model led to a 68% increase in embodied carbon, adding
29,572 kgCOze to the building's total. The majority (74.3%) of this rise came from new
materials like insulation, airtightness products, underfloor heating, and window replace-
ments. Construction activities contributed 2790 kgCO,e, while component replacements
and end-of-life impacts added 2294 kgCO,e. Material transport and future replacements
added 1185 kgCO»e and 1809 kgCOse, respectively. Implementing a GSHP introduced an
additional 578 kgCO,e compared to ASHPs due to excavation and HDPE piping require-
ments. It is worth mentioning that the excavation requirements for the installation of the
GSHP piping were estimated using the CIBSE guidelines for GSHP systems [34,35]. The
case study dwelling has a floor area of 105 m?. According to CIBSE/EN 15450 [36], the
extraction rate for moderate soils such as wet clay, typical of Irish conditions, is 25 W/m?.
On this basis, the required ground area for heat extraction was calculated as 84 m?. With a
recommended pipe-laying depth of average 1.75 m, the total volume of soil excavation and
replacement was estimated at 147 m3. When modelled in One Click LCA, this volume cor-
responded to 578 kgCOye for excavation and replacement under Irish conditions. Figure 12
illustrates the full breakdown of increased embodied emissions across life cycle stages.
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Figure 12. Increase in embodied carbon across life cycle stages for deep retrofit scenarios (One
Click LCA). Material production (A1-A3) is the largest contributor, followed by construction (A5),
end-of-life (C), replacement (B4), and transport (A4).

3.3. Whole Life Cycle Assessment

By simulating and analysing the thirty developed retrofit scenarios, this study has
observed that retrofitting offers a significant opportunity to reduce operational energy
consumption and carbon emissions of a building. This analysis highlights the critical role
of parameters such as system efficiency, heating set point temperature, insulation, and
airtightness in reducing energy use. However, while a great reduction was observed in the
building’s operational energy and emissions, the retrofit actions carried out on the building
led to significant increases in embodied impacts.

Figure 13 gives a side-by-side comparison of the embodied carbon associated with
each archetype model from which the retrofit scenarios were developed. It is important
to note that the embodied carbon for the “Improved System, Original Building Fabric” is
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identical to the control model, as no fabric upgrades were made to the model. Additionally,
the embodied carbon remains constant across all scenarios within the archetype, except
for the GSHP scenarios. This was due to a lack of available embodied data regarding
systems of varying types and efficiencies within local Irish LCA databases and literature.
To reflect this uncertainty, a £15% sensitivity band has been included and the mid-range
COP system is treated as the reference case. This graph emphasises the importance of
considering both embodied and operational impacts when assessing the environmental
performance of different retrofit solutions. While the embodied carbon across each scenario
within each archetype model remained constant, there was significant variation in the
reduction in operational carbon. Figure 14 shows the reduction in annual operational
emissions achieved within each archetype model.
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Figure 13. Embodied carbon (kgCOye) by life cycle stage (A1-A3, A4, A5, B4, C) for three
retrofit scenarios. Material production (A1-A3) dominates impacts, with deep retrofit showing
the highest contributions.

mmmmm Total Energy Consumption (kWh/year) s Carbon Emission (kgCO; e/year)
e e o0 ee Poly. (Total Energy Consumption (kWh/year)) e e e 000 Poly. (Carbon Emission (kgCO, e/year))
30,000
25,000
20,000
15,000
10,000
0
040}«@@@@%@4@«@@@@@@\Q\Q\Q\Q\Q\Q\Q\Q\Q\Q\Q\Q(‘J\(tg\\e\@\\/@\‘b‘o\
PSS © N \@QQ@QQ’\“‘Q 0 Qg% QO QP 0 QUG QR QY
RO O %a\%ﬁ@ﬁ%ﬁx\ﬁ@xe\ﬂ@\ﬂ@ﬁ«\ s
Q\\Q’\\Q’\\Q’\\vo‘?v V(, Q\Qq\q\e‘o@fo@‘beo‘b %go%
& o & o & of PR R e e e S N NN
oooeeeow"oo&e%e66% I F I s

&Y ¢ 9 g

Figure 14. Annual energy use (blue) and operational emissions (orange) for all retrofit scenarios vs.
control. Polynomial trends (green for energy, red for emissions) show consistent reductions, with
deep retrofit heat pump cases achieving the greatest improvements.
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3.4. Emissions Reduction over Time

Identifying the optimal retrofit strategy requires balancing short-term embodied emis-
sions with long-term operational savings. Although deeper retrofits deliver slightly higher
operational reductions, they also incur substantially greater embodied carbon, leading
to higher lifetime emissions over shorter timeframes. Over a 5-year horizon, many deep
retrofit scenarios exceed the control model in total emissions due to high embodied impacts.
However, as the building lifespan extends to 25 years, accumulated operational savings
outweigh initial embodied increases, with most scenarios achieving up to 60% lower life-
time emissions than the baseline, as shown in Figure 15. Notably, shallow retrofits with
ASHPs offer a more favourable balance, delivering comparable operational savings to deep
retrofits but with significantly lower embodied carbon, making them more efficient over
typical building lifecycles.
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Figure 15. Lifetime carbon footprint of retrofit scenarios over 25 years, showing operational (orange)
and embodied (blue) emissions. Deep retrofits yield the lowest total footprint, balancing higher
embodied impacts with long-term operational savings.

4. Discussion

This study evaluated the whole life carbon impact of thirty retrofit scenarios applied
to a representative Irish residential building, combining dynamic energy simulation with
embodied carbon assessment using One Click LCA. Results highlight that both system-level
upgrades and fabric improvements significantly affect operational emissions, with varia-
tions across retrofit depths and technology types. The baseline model, representing a poorly
insulated dwelling with a low-efficiency gas boiler (thermal efficiency 0.75), resulted in an-
nual operational emissions of 6735 kgCO,e and a total embodied carbon of 41,088 kgCOe.
Through system-only upgrades such as increasing COP or lowering heating setpoints,
operational emissions could be reduced by up to 34.6% without incurring any additional
embodied carbon. However, shallow and deep retrofit scenarios involving fabric upgrades
introduced new embodied emissions, 14,806 kgCO,e and 29,572 kgCO»e, respectively, but
also delivered greater operational savings of up to 75.9% and 80.2% annually.

The analysis indicates that heating setpoint temperature had a greater impact on
heating demand than improvements in system efficiency. For instance, reducing the setpoint
by 2 °C in the baseline scenario decreased heating demand by 22.2%, compared to a 12%
reduction achieved by improving boiler thermal efficiency from 0.75 to 0.85. This pattern
persisted across retrofit levels, though it was attenuated in high-performance envelopes
due to lower inherent demand. When assessing heating systems, ASHPs demonstrated
significantly better performance than gas boilers. In the shallow retrofit archetype, installing
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an ASHP with COP 4.0 and maintaining a lower heating setpoint resulted in an operational
emissions reduction of 75.9% per year, almost matching the deep retrofit's maximum
of 80.2%, but with half the embodied carbon cost. The impact of fabric upgrades was
also notable. While the shallow retrofit increased embodied carbon by 14,806 kgCOse,
it provided thermal performance improvements that significantly lowered demand and
allowed for more efficient heat pump operation. Deep retrofit measures pushed emissions
even lower, but offered diminishing operational returns relative to their high embodied
carbon investment. The findings underscore the importance of a whole life cycle perspective
in evaluating retrofit strategies. While operational carbon savings are often emphasized,
this study shows that the embodied carbon cost of deep retrofit s may offset their benefits,
especially over short to medium time horizons. As shown in Table 12, shallow retrofits with
high-efficiency ASHPs achieved 90.7% heating demand reduction with 14,806 kgCO,e of
additional embodied emissions. In contrast, deep retrofits achieved up to 96.7% reduction
but required 29,572 kgCO,e, twice the embodied carbon. Over a 25-year lifespan, the
additional 4.5% operational savings from deep retrofit may not justify the doubled material
impact, especially when shallow retrofits already provide substantial reductions with better
carbon efficiency per investment.

Table 12. The representative scenarios.

. Heating Demand OpeFat}onal Embodied Carbon Total Efnlsswns
Scenarios Reduction (%) Emissions Increase (keCO,e) Reduction After
Reduction (%) St 25 yr (%)

IS-GAS(0.95)-L 38.5 34.6 0 60
SR-ASHP(4.0)-H 87.9 62.4 14,806 72
SR-ASHP(4.00)-L 90.7 75.9 14,806 76
DR-GSHP(4.5)-H 95.1 78.7 29,572 73
DR-GSHP(4.5)-L 96.7 80.2 29,572 74

5. Conclusions

This study developed and applied a structured, scenario-based toolchain integrating
dynamic energy simulation and Life Cycle Assessment (LCA) to evaluate the whole life
carbon impacts of retrofit interventions in residential buildings. Thirty retrofit scenarios
were analysed across three levels of intervention: original fabric, shallow retrofit, and deep
retrofit. The findings highlight that while deep retrofits achieved the highest operational
carbon reductions, up to 80.2% compared to the baseline, they also introduced the largest
increase in embodied emissions, adding 29,572 kgCO»e, a 68% rise over the control model.
In contrast, shallow retrofits with high-efficiency air-source heat pumps (ASHPs) delivered
up to 75.9% annual operational emissions reduction with a more moderate 36% increase
in embodied carbon. These findings are aligned with current SEAI-supported retrofit
pathways, such as the Better Energy Homes program, Individual Energy Upgrade Grants,
and the National Home Energy Upgrade Scheme, which incentivize shallow retrofit mea-
sures like insulation and heating control upgrades [35,37], thereby reinforcing the practical
relevance of our results within the Irish policy landscape (SEAIL Scheer).

System-only upgrades (e.g., increased boiler thermal efficiency and lower heating
setpoints) reduced operational emissions by up to 34.6% with no additional embodied
impact. Comparative analysis revealed that adjusting heating setpoints had a greater
influence on heating demand than increasing system COP or thermal efficiency, showing a
22% reduction versus 12% in the baseline scenario. Over a 25-year time horizon, shallow
retrofit scenarios offered the best trade-off, achieving up to 76% total emissions reduction
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compared to 74% for deep retrofit scenarios, with only half the material-related carbon cost.
The 25-year assessment horizon of this research reflects the typical planning and funding
frameworks of Irish retrofit policy, as SEAI recognises that retrofit financing is commonly
structured over repayment periods of up to 25 years [37]. Nonetheless, deeper retrofits may
confer greater advantage over extended lifespans in the context of long-term targets such
as net-zero by 2050.

These results underscore the importance of adopting a whole life carbon perspective
in retrofit decision-making. For policymakers and practitioners, the findings support
prioritizing scalable, shallow-to-moderate retrofit strategies, particularly those combining
modest envelope improvements with high-COP heat pumps and temperature zoning, as
a cost-effective path to decarbonizing the residential sector without incurring excessive
embodied emissions. In summary, the key conclusions include:

e  Whole life carbon emissions can be significantly reduced through targeted retrofit
actions, but efficiency gains plateau as retrofit depth increases.

e  Heating setpoint temperature is the most influential operational parameter, though its
impact diminishes in buildings with high-performance envelopes.

e  As buildings approach near-zero energy standards, the embodied carbon share in-
creases, highlighting the importance of LCA in design decision-making.

e  Shallow retrofits with ASHPs present a strong balance between performance and
embodied impacts and are preferable over gas boilers in nearly all cases

e Deep retrofits, while effective in reducing operational emissions, may be environmen-
tally inefficient unless justified by specific technical constraints.

While the study employed a robust LCA methodology, it was limited by the lack
of detailed embodied carbon data for HVAC system components. This study primarily
addresses the potential for carbon reduction; however, a detailed lifecycle cost analysis
was not undertaken, as economic assessment falls outside the current scope. Moreover, the
whole-life results are based on the present grid emission factor, without accounting for a
future decarbonisation trajectory. In addition, the research does not explore low-carbon
material alternatives or the effects of changing thermal performance of building elements
over time. These factors should be addressed in future research to strengthen the robustness
and relevance of the results.
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