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Abstract: Building fabric retrofitting is an important first step in improving building energy efficiency.
The United Kingdom’s (UK) housing stock is one of the most inefficient in Europe, and Northern
Ireland has the second-highest level of fuel poverty in the UK. This Northern Irish case study
developed three fabric retrofit scenarios that estimate potential demand reductions, CO2 emissions
removals and retrofit costs. The first scenario reduces domestic demand by 10% and removes 6%
of domestic emissions. The second scenario is more ambitious than the first, and results in an 18%
reduction in demand and 12% of emissions removed. The third scenario proposes fabric retrofitting
to PassivHaus standard and results in a 42% reduction in demand and 27% of emissions removed.
Furthermore, retrofit schemes can provide up to approximately 350,000 jobs annually between 2022
and 2050 for the Northern Irish population. This study demonstrates how fabric retrofit scenarios
can be streamlined to the unique features of a housing stock. It shows that fabric retrofit research
is important for the formulation of energy efficiency policy and emphasises that domestic sector
retrofitting will yield socioeconomic and environmental benefits locally and internationally.

Keywords: energy efficiency; domestic; building fabric; retrofit; Northern Ireland

1. Introduction

Energy efficiency is one of the key measures needed to achieve the net zero targets
announced by the UK and many other governments worldwide [1]. Domestic emissions
account for two-thirds of the total emissions and the UK’s housing stock is one of the most
inefficient in Europe [2].

The UK’s Standard Assessment Procedure (SAP) rates the energy and environmental
performance of houses from bands A to G (with A and G being the most and least efficient,
respectively) [3]. The creation of energy efficiency strategy is a devolved power, but the UK
government publishes general guidance for all regions [2,4,5]. The UK government sets
energy efficiency targets focusing on improving the efficiency, and consequently averages
the SAP ratings of the housing stocks across all regions. In 2017, the Clean Growth Strategy
stipulated that all UK homes reach an SAP rating of C by 2035, and all fuel-poor and rented
households reach an average SAP rating of C by 2030 [2].

Presently, the UK is targeting net zero greenhouse emissions by 2050, with current
building regulations reflecting fabric and heating system standards [6]. Thus, advancing
the energy efficiency of UK buildings has been listed as a national infrastructure priority,
with the highest possible standards implemented for proposed energy efficiency upgrades
of existing buildings and new-build constructions [4,7].

Existing studies on the impact of retrofit on existing housing show that retrofitting
can yield considerable reductions in domestic demand and carbon emissions, can provide
socioeconomic benefits and can provide insights for existing building regulations updates.
In 2010, approximately 4 million jobs were saved and created due to the construction of
125,000 new energy-efficient homes in the United States through a scheme facilitated by the
American Recovery and Reinvestment Tax Act [1]. There were significant savings in energy
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bills, which low-income/fuel-poor households benefitted from. Various energy efficiency
schemes across Europe, such as the scheme funded by the KredEx Revolving Fund in
Estonia and the INTENSE project in South Moravia, have shown that energy efficiency can
improve the economic and environmental value of entire neighbourhoods [8].

Rosenow et al.’s 2018 study considers insulation (loft, wall and floor), glazing, boiler
upgrades, heat networks, heat pumps and household appliances [9]. They find that the
demand of the existing UK housing stock can be cost-effectively and technically reduced
by one quarter and one half of the current demand by 2035, respectively [9].

Colclough et al. investigated the post-occupancy performance of social houses ren-
ovated to the Nearly Zero Energy Building (nZEB) standard in south-east Ireland [10].
These renovations featured increased fabric insulation, ventilation and heating system
upgrades and the addition of solar panels. The occupants reported increased levels of
comfort, which reinforces the benefits of highly energy-efficient fabrics and heating sys-
tems. The Energiesprong project develops net zero energy homes and their retrofit projects
include the transformation of houses in Nottingham and Essex, among others [11]. Their
projects demonstrate that fabric retrofit, including increased insulation, high-performance
double-glazed windows, can facilitate improved thermal comfort [11].

Furthermore, high fabric energy efficiency has the potential to reduce future heat
demand if superior standards of energy efficiency are enforced in new homes [4]. New
builds would need first-rate levels of insulation, airtightness and ventilation, triple glazed
windows and external shading, low carbon heating, water management and cooling, and
flood resilience [4]. Consequently, passive house standards may be incorporated into
new-build regulations. The Committee on Climate Change (CCC) Sixth Carbon Budget
advice states that new homes would need passive shading measures and mechanical heat
recovery and ventilation to reduce future overheating [12]. It provides a more detailed
analysis on the distribution of low-carbon heating systems among new homes across all
UK regions.

Nevertheless, the impact of the proposed energy efficiency measures for new homes
on future domestic demand and emissions remains unclear for future UK homes. Investi-
gations into the impact of fabric energy efficiency on existing and new domestic buildings
should be carried out with consideration of local context [4]. Nonetheless, most UK-based
studies on energy efficiency upgrades are largely based on the English housing stock, and
do not consider the individual residential characteristics of the other regions.

Among all UK regions, Northern Ireland (NI) has distinct domestic energy efficiency
needs. NI building thermal standards are the most outdated in UK as they were last
updated in 2014, while those of Wales, England and Scotland were updated in 2016, 2018
and 2020, respectively [6,13–15]. Glazing standards were updated in 2002 for the rest of the
UK, while these standards were not updated until 2006 in NI [16]. The average SAP rating
of NI housing stock, rating D (66.32), is the highest in the UK; this is due to the large share
of social houses in the region. However, NI’s average SAP rating is only slightly higher than
that of English housing stock (rating D: 63.21) which is in second place [17–21]. Houses in
NI have larger floor areas than houses in other regions; the mean domestic floor areas for
Northern Irish, English, Scottish and Welsh housing stocks are 107 m2, 90 m2, 104 m2 and
79 m2, respectively [19,21,22]. Consequently, the costs of domestic retrofit schemes in NI
would be potentially higher than in the rest of the UK.

Additionally, the level of fuel poverty in NI is the second-highest in the UK as 18%
of all NI households are fuel poor [12,23,24]. Each region is responsible for developing
its own fuel poverty strategy [24]. While England aims to improve all of its fuel-poor
homes to a SAP rating of C or higher by 2030, the Scottish government states that reaching
EPC C will not be sufficient to lift all houses out of fuel poverty [24,25]. Therefore, the
Scottish government proposes that the fuel-poor households in its stock would reach an
SAP rating of C by 2030 and an SAP rating of B by 2040 where technically and economically
feasible [25]. The Welsh fuel poverty strategy states that the energy efficiency of Welsh
fuel-poor houses will be improved by 2035; however, it is unclear which target SAP rating
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has been set [26]. In Northern Ireland, the most recent fuel poverty strategy was published
in 2011 [27]. The strategy states that improved energy efficiency is one of the tools needed
to eradicate fuel poverty. However, no clear targets towards fuel poverty mitigation are
indicated, and the NI fuel-poor strategy has not been updated since 2011.

Nevertheless, existing energy efficiency programmes in NI are mainly targeted at fuel
poverty; examples include the Warm Homes Scheme, the Affordable Warmth Scheme and
the Northern Ireland Sustainable Energy Programme (NISEP). Through recent programmes,
9000 cavity walls were fully insulated and 66,000 lofts were topped up with insulation
between 2016 and 2018 [23]. Energy efficiency schemes are run by local authorities and
government departments such as the Northern Ireland Housing Executive (NIHE) and the
Department of Communities [17]. Still, more efforts are needed towards creating energy
efficiency programmes for NI.

In 2020, the Zero-In on NI Heat networking project initiated conversations on barriers
and opportunities for heat decarbonisation in NI among market experts and consumers [28].
The project revealed that consumers are willing to facilitate heat-sector decarbonisation,
and government leadership is important in this transition. Currently, all energy effi-
ciency schemes in NI implement retrofit measures for about 16,500 buildings per year [29].
Still, existing studies indicate that more houses would need to be retrofitted annually to
achieve significant domestic energy efficiency improvements that align with national UK
targets [12,29,30]. As such, there should be more emphasis on developing more energy
efficiency schemes and producing a strategy that can drive improvements in the energy
efficiency of existing and new domestic fabrics.

Energy Efficiency Potential across NI

The Department for the Economy (DfE) released the latest energy strategy for NI
in December 2021 [30]. The strategy states that up to GBP 2.4 billion will be spent on
reducing energy use via the introduction of low carbon heating and investing in energy
efficiency measures in the domestic sector between 2021 and 2030. During this period,
50,000 buildings (approximately thrice the current number of buildings retrofitted annually
in NI) will need to be retrofitted annually. Additionally, a large pilot domestic retrofit
scheme will be launched in 2022; this scheme will consider the requirements for heat pumps
and be aligned with current and other pilot retrofit programmes. While this new strategy
gives some general direction for energy efficiency improvements in NI, it does not provide
a much-needed comprehensive framework on domestic energy efficiency implementation.

In 2014, the Department for Communities (DfC) opened a consultation for a new fuel
poverty strategy for NI [31]. The new strategy would address the Warm Home Scheme
delivery model, qualification criteria and available energy efficiency measures. This strategy
is yet to be published. National Energy Action (NEA) and Energy Action Scotland (EAS)
have recently published a report with some recommendations for fuel poverty mitigation
in NI [32]. The report states that all NI fuel-poor homes can be upgraded to SAP rating C
between 2025 and 2030 at a cost of GBP 440 million. However, there are no details on how
this can be achieved.

The DfE’s new energy strategy aims to tackle fuel poverty by implementing measures
that will cause carbon emission and energy bill reductions [30]. Still, there is insufficient
detail on what measures would be applied, what percentage of the fuel-poor housing stock
would receive these measures, a target SAP rating and a retrofit timeline.

The CCC’s Sixth Carbon Budget (6CB) advice suggests an 11% reduction in total
domestic demand and 4% removal of emissions (based on 2016 levels) in NI by 2050.
This can be achieved if fabric retrofit measures are implemented in 410,000 existing NI
dwellings (including fuel-poor households) by 2050 [12,33]. However, the 6CB dataset
does not provide a comprehensive breakdown of the number of NI houses (in terms of age
or type) to receive the recommended retrofit measures. New builds will be zero-carbon;
nevertheless, there is insufficient detail on what measures would be applied to the building
envelopes of new buildings.
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The NIHE’s 2019 report on the cost of improving the SAP rating of NI dwellings
indicates that 23,200 F- and G-rated occupied and vacant houses can be improved to rating
E via fabric retrofit at a total cost of approximately GBP 87 million, with an average cost of
GBP 3700 per house [34]. Although this study presents the costs of improving the efficiency
of NI houses with the lowest SAP ratings, it does not investigate the impact of energy
efficiency programmes for houses of EPC bands D and E. Furthermore, this study does not
consider the impact of its recommended improvements on the SAP rating of the entire NI
housing stock and there is no analysis for future housing stock.

Another 2019 NIHE study outlines eight scenarios specifying fabric and heating system
upgrades [35]. A total of 632,000 houses received at least one retrofit measure, at a total cost
of GBP 2.4 million with an average cost of GBP 3133 per house. The average SAP rating
for the domestic stock increased from 65.8 to 73.8 (from band D to band C). However, this
study did not specify the impacts of these scenarios on heat demand or carbon emissions.
Additionally, there is no consideration of future domestic heat demand, carbon emissions
and new builds.

ARUP’s most high-reaching scenario for NI aligns with UK net zero targets. It suggests
a 55% reduction in energy demand by 2050 and states that NI policy must promote the
retrofitting of a maximum of 50,000 buildings per year [29]. Although ARUP presents
an analysis that considers the effect of potential NI energy efficiency policy outlines on
domestic retrofitting, the study does not give a detailed breakdown of how retrofitting can
be achieved. The number of houses to be retrofitted and changes in demand per measure are
not clearly represented, and this limits the feasibility of the study. The 2021 NIHE report on
the cost of carbon savings in Northern Ireland’s housing stock states that 390,000 dwellings
can be improved to band C at a total cost of GBP 2.4 billion, with an average cost of GBP
6200 per dwelling [36]. Moreover, 3.2 tonnes/year of CO2 emissions can be removed with
improvement to band C. Additionally, 586,000 houses can be improved to band B at a cost
of GBP 9.2 billion and at an average cost of GBP 15,600 per house. However, this study is
not sufficiently detailed to suggest a defined pathway for NI domestic energy efficiency.
Moreover, there is no breakdown of the archetypes recommended for retrofit or impacts of
the suggested scenarios on domestic heat demand.

The novelty of this study is the initiation of a comprehensive framework for achieving
fabric energy efficiency in NI through the implementation of measures and prescribing
specific numbers of existing and new households. It outlines three varying levels of retrofit
with corresponding changes in demand and carbon emissions that consider government
guidance for NI housing stock (including fuel-poor households). Additionally, this study
provides a retrofit cost breakdown per scenario and presents the socioeconomic impacts.

2. Materials and Methods
2.1. NI Housing Stock Model

For the purposes of this study, an NI building stock model was developed. It is a data-
driven model that features the 2018 NI housing stock, disaggregated into 25 different domestic
archetypes (houses by age and type). The model’s inputs were actual data obtained from
the Land and Property Services (LPS), the NIHE and the Northern Ireland Statistics and
Research Agency (NISRA) [18,37–40]. Figure 1 shows a diagrammatic representation of
the methodology.
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Figure 1. Diagrammatic description of this study’s methodology.

The input data were based on estimations of the number and percentages of the
following parameters:

1. Non-fuel-poor and fuel-poor households by age and type (archetype) (current and
future projections): There are five house types (bungalow, terraced, semi-detached,
detached and flat/apartment) and five age bands for each house type (pre-1919,
1919–1944, 1945–1964, 1965–1980 and post-1980).

2. SAP ratings per archetype.
3. Floor areas per archetype.
4. Wall, loft, door and solid floor insulation levels per archetype.
5. Glazing and airtightness levels per archetype.
6. Total domestic heat demand in 2018.
7. Total emissions due to domestic heating.
8. Change in demand per measure.
9. Carbon emissions factors per heating fuel.
10. Retrofit costs per measure per house type.
11. Central heating types per archetype in alignment with existing levels of wall, loft,

door and solid floor insulation as well as glazing and airtightness.

The model outputs were generated by applying relevant derivation formulas based
on retrofit scenario objectives. Outputs include:

1. 2050 projections on the uptake of insulation, glazing and airtightness improvements
per archetype under three different levels of retrofit (or retrofit scenarios).

2. 2050 demand projections (for entire existing and future housing stock and per archetype).
3. Carbon emissions removed due to retrofit improvements by 2050 (for entire housing

stock and per archetype).
4. Retrofit costs (per scenario and archetype).

It is estimated that 84% of the entire NI housing stock of 786,362 houses requires one
or more retrofit measures (see Table 1).
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Table 1. Breakdown of houses that require retrofitting based on total number of entire housing stock
and total number of houses in fuel poverty.

General Houses Fuel-Poor Houses

Wall Insulation

Full cavity wall insulation 69% 45%

Partial cavity wall insulation 8% 9%

External/internal solid wall insulation 7% 11%

No solid wall insulation 8% 15%

No cavity wall insulation 9% 19%

Number of houses with PCI retrofitted 2016–2018 0% -

Number of houses with no cavity wall insulation retrofitted 2016–2018 1% -

Loft Insulation

Greater than 150 mm loft insulation 52% 43%

100–150 mm loft insulation 26% 38%

Less than 100 mm insulation 3% 12%

Unknown thickness 1% 2%

No loft insulation 1% 3%

Unable to install loft insulation 17% -

Number of lofts with less than 150 mm thickness topped up 2016–2018 8% -

Glazing *

Post-2006 double glazing 26%

Pre-2006 double glazing 61%

Partial double glazing 9%

Single glazing 3%

Solid Floor Insulation *

Insulated 65%

Limited and no insulation 22%

No insulation 12%

Airtightness *

Potential for improved airtightness 84%

No potential for improved airtightness 16%

External Doors *

Potential for door insulation 65%

No potential for door insulation 35%

Note: * indicates where average energy efficiency levels have been assumed for the entire stock due to unavail-
ability of data.

The model was calibrated and validated by accounting for the actual heat demand
estimations for the base year derived from NI energy consumption data from the Depart-
ment for the Economy [41]. Additional calibration was performed using data derived from
the change in demand per measure from the National Energy Efficiency Data Framework
(NEED), as updated in the 6CB analysis [33]. The estimated changes in demand per mea-
sure were derived for the NI context by deriving the change in demand per measure per
square metre of domestic floor area. These derivations were applied to the NI housing
stock by accounting for floor areas per archetype in the NI housing stock.
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2.2. Estimations of Existing Levels of Energy Efficiency in NI
2.2.1. Wall Insulation

Wall insulation retrofit has been termed a critical first step in preparing houses for
low-carbon heating technologies [42]. As wall insulation can potentially result in a 9%
reduction in domestic heat consumption (see Table 2), this measure can bring one of the
most significant energy efficiency improvements and fuel poverty reduction [33,43].

Table 2. Percentage reduction in demand due to different retrofit measures according to current
building standards.

Bungalow Terraced
House

Semi-Detached
House

Detached
House

Flat/
Apartment Mean

Solid wall insulation (external) 11% 12% 15% 14% 17% 14%

Solid wall insulation (internal) 9% 10% 13% 12% 15% 12%

Cavity wall insulation 8% 6% 9% 11% 6% 8%

Loft insulation top-up 3% 3% 2% 2% 4% 3%

Loft insulation 6% 5% 3% 4% 8% 5%

Single to post-2006 double glazing 5% 5% 5% 7% 5% 5%

Pre-2006 to post-2006 double glazing 2% 2% 2% 3% 3% 2%

Single to triple glazing 7% 7% 6% 9% 7% 7%

Pre-2002 to triple glazing 4% 4% 3% 5% 4% 4%

Solid floor insulation 8% 8% 8% 8% 8% 8%

Insulated door 2% 2% 2% 2% 2% 2%

Airtightness (air changes per hour) 2% 2% 2% 2% 2% 2%

Source: [33,44].

Generally, the state of partially filled and uninsulated cavity walls in Northern Ire-
land is substandard; approximately 90% have issues with mould and damp [45]. The
leading cause of mould growth on walls is excess humidity, and inadequate insulation
catalyses mould growth [45,46]. Therefore, partially filled and uninsulated cavity walls
recommended for retrofit are assumed hard to treat in the NI housing stock model [16].
If properly installed, insulation can help reduce the occurrence of mould in addition
to facilitating heating demand and cost reductions (which can help with tackling fuel
poverty) [47,48].

Of the entire 2018 NI housing stock, 69% of houses have full cavity wall insulation,
and 17% houses have no wall insulation (8% and 9% have solid walls and cavity walls,
respectively) [18,39,40]. The percentages of houses with partial cavity wall insulation and
external/internal solid wall insulation are 8% and 7%, respectively [40]. Furthermore,
1919–1965 houses with cavity walls are classed as having uninsulated cavities, as pre-1965
cavity wall insulation was substandard [18].

2.2.2. Loft Insulation

A total of 52% of houses have lofts with insulation greater than 150 mm; 29% of houses
have lofts with insulation less than 150 mm. 1% of houses have no loft insulation and
another 1% have loft insulation of unknown thickness. The remaining 17% of houses have
no lofts because they have been converted to a room with stairs or the pitch of the roof was
too shallow for insulation installation [18]. Flats/apartments on the top floor would need
loft insulation top-up, and not a complete installation.

Houses requiring a complete loft insulation installation have the highest numbers
without central heating among all houses that need to be retrofitted (see Figure 2). Houses
without central heating are most likely vacant [18]. Nevertheless, vacant houses should
not be excluded from retrofit schemes. Unoccupied houses are essential to the operation
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of the housing market; when they have been empty for over six months, they are termed
vacant and can become problematic [49]. In 2019–2020, there were 16,802 applicants seeking
housing from the Housing Executive [50]. Vacant homes should be included in retrofit
schemes as they can converted into social homes beneficial to homeless persons [49,50].

Figure 2. Heating fuel shares among houses requiring different retrofit measures.

2.2.3. Glazing and Door Insulation

Of the NI housing stock, 26% has post-2006 double glazing, 61% has pre-2006 double
glazing, 9% has partial double glazing and 3% has single glazing. Higher standards of
window construction were not implemented in NI till 2006; however, in other UK regions,
these standards were implemented in 2002 [16,51].

Most single-glazed houses are heated by oil, gas and solid fuels (see Figure 2). Roughly
60–65% of households heated with solid fuels are low-income [18]. From April 2021 to
March 2022, 14 NISEP schemes will be implemented to improve the energy efficiency of
low-income houses, but none of them considers glazing [52]. Glazing can afford a modest
but appreciable reduction (2–4%) in heat demand (see Table 2) and should be included
in similar schemes [33]. There is limited/no data on the level of door insulation in NI.
Therefore, this study recommends that all houses with single and pre-2006 double glazing
should have their external doors insulated.

2.2.4. Airtightness

Prior to 2006, the Northern Ireland Building Regulations did not specify detailed
standards for residential airtightness [53]. The Air Tightness Testing and Measurement
Association (ATTMA) air permeability and pressure testing procedure states that for every
site development, the pressure test must be performed on three units of each house type or
50% of all units of each house type, whichever is less [13,54]. The maximum air permeability
for a building should be 10 m3/(h·m2) at 50 Pa [13]. Consequently, the infiltration rate in air
changes per hour (ac/h) is estimated as 0.15 ac/h for houses that have an air permeability
of >5 m3/(h·m2) [54].

Each house type should be tested, but the current trend is such that not all houses
are tested despite the stipulated compulsory procedure [55]. By 2006, air permeability
and pressure standards and testing became mandatory in NI [13]. Therefore, all pre-2006
houses are estimated to need improved airtightness. Approximately 84% of the NI housing
stock (pre-1919–2006 houses) has the potential for improved airtightness; the other 16%
(post-2006 houses) is estimated to have infiltration rates according to current NI building
standards [18,56]. The ATTMA air permeability test should be carried out on pre-2006
housing stock before retrofit.
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2.2.5. Solid Floor Insulation

The potential for solid floor insulation lies with pre-2000 houses, where pre-1991
houses have uninsulated solid floors, and 1992–1999 houses have solid floors with limited
insulation [57]. As such, 22% of existing houses (pre-2000 houses) have solid floors with
no/limited insulation, and 78% of houses built between 2000 and post-2007 have insulated
solid floors.

Most houses requiring solid floor insulation are heated by oil and solid fuels (see
Figure 2). As roughly 60–65% of households heated with solid fuels are low-income, a sub-
stantial percentage of low-income houses have the potential for solid floor insulation [18].
Current NISEP schemes do not consider improving floor insulation [52].

Solid floor insulation can afford an 8% reduction in heat demand and should be
included in NI retrofit programmes, especially for low-income households (see Table 2) [33].
At present, data on NI houses with suspended timber floors are unavailable.

2.2.6. Domestic Demand and Carbon Emissions

NI’s annual domestic heat energy consumption in 2018 was 12,764 GWh for oil, gas,
coal, electricity and renewable fuels [58]. The annual space heating demand was derived
as 6932 GWh with an average demand per household of 8815 kWh. Additionally, the NI
domestic sector produced 2.63 MtCO2e in 2018 [59]. Oil is the most-used heating fuel
(64%), and gas is the second most-used domestic heating fuel (24%). With a fuel share of
24% for gas fuel, 76% of domestic stock can be estimated as being off-gas grid houses (see
Figure 3) [18]. Thus, only approximately 196,000 houses are on the gas grid, which is a
5% increase in the number of houses connected to the gas grid in 2016 [18]. A third gas
extension is underway in NI, and it is projected that 60% of the entire NI housing stock
would be within the gas grid area. However, new investments in distribution network
developments and connections of houses to the grid will be needed if the gas grid will be
used for heating supply by 2050 [28].

Figure 3. Breakdown of house archetypes based on gas heating availability.
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2.3. Development of Scenarios
2.3.1. Scenario Development Approach

Three domestic retrofit scenarios were developed: Central, High-Level and Passive
House, with a base year of 2018 and end year of 2050 (see Figure 4). The NI housing stock
will comprise 880,520 houses by 2050 [60,61].

Figure 4. Uptake of measures across all scenarios by 2050.

According to Gillich et al., there are usually deviations between the modelled and
actual changes in demand resulting from energy efficiency measures [62]. Such deviations
were investigated in the change in demand per domestic energy efficiency measure for the
CCC’s Fifth Carbon Budget Advice [62]. However, this study derived changes in demand
per measure using the National Energy Efficiency Data Framework (NEED) as updated in
the 6CB analysis [33]. As there is currently no NEED for NI, relative estimations based on
the 6CB’s NEED dataset were applied in this study.

In every scenario, the average new build demand was estimated by accounting for
demand reductions due to the installation of fundamental measures (cavity wall insulation
and roof insulation top-up, post-2006/triple glazing and airtightness), on the current aver-
age demand per house. Demand reductions align with the level of retrofit of each scenario
and it is assumed that these measures are built into the new house during construction.

Flats/apartments with electric heating were excluded from the demand and emissions
reductions across all scenarios, as the average demand of this subcategory is approximately
5000 kWh [41]. Therefore, the heating demand for this archetype is likely to not reduce due
to the rebound effect (see Tables A1 and A3 for change in demand per measure). Annual
demolition rates were considered but were discovered to have insignificant impacts on the
results. This study estimated NI net stock losses (conversions, closures and demolitions)
over the recommended retrofit period (2022–2050) to be −2% [63].

Central Scenario

The Central Scenario aligns with the CCC’s 6CB Balanced Pathway Scenario in terms of
measures and percentages of houses proposed for retrofit. It presents a modest and balanced
pathway for domestic retrofit in NI, recommending different percentages of the existing
housing stock for retrofit to current building regulations (see Tables 3, 4, A1 and A2).
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Table 3. Comparison between standard thermal guidelines for retrofit and proposed ultra-high/
passive house standards for new builds.

Current Building Regulations Passive House Standards

Measure U-Value (W/m2k2) Measure U-Value (W/m2k2)

Full cavity wall insulation 0.28 Full cavity wall insulation 0.1

Full external/internal solid wall
insulation 0.28 Full external/internal solid wall

insulation 0.1

Roof/loft insulation 0.16 Roof/loft insulation 0.1

Double glazing 1.6 Triple glazing 0.8

Floor 0.22 Floor 0.1

Door 1.8 Door 0.8

Airtightness (air changes per hour) 0.15 Airtightness (air changes per hour) 0.6

Source: [6,64].

Table 4. Comparison between current number of houses retrofitted per year in NI and the annual
rate of retrofit (house/year) for each measure if all scenarios were evenly implemented between 2022
and 2050.

Current Number of Houses Retrofitted per Year in NI 16,500

Retrofit Measure
Annual Rate of Retrofit (House/Year) between 2022–2050

Central High-Level Passive

Solid wall insulation–external 730 1400

Solid wall insulation–internal 330 650

Cavity wall insulation 4000

Loft insulation top-up 6900

Loft insulation installation 1200

Single glazing to post-2006 double glazing (triple glazing in
high-level and passive scenarios) 950

Pre-2006 double glazing to post-2006 double glazing (triple
glazing in high-level and passive scenarios) 4100 17,300

Insulated doors - - 17,300

Solid floor insulation 2300 9350

Airtightness improvement 22,900

Additionally, new buildings constructed in the period of retrofit are built to current
building regulations. The uptake of five basic retrofit measures—wall, floor and loft
insulation, double glazing and airtightness—are recommended in the Central Scenario (see
Figure 4). Over half of houses with uninsulated solid walls, and all houses with partially
filled cavity walls and uninsulated cavity walls, are fully insulated by 2050. In addition,
1919–1980 houses with uninsulated solid walls are recommended for external insulation.
Differently, pre-1919 houses with uninsulated solid walls are recommended for internal
insulation, as owners of pre-1919 houses prefer to preserve the external appearance of
their houses [16]. All pre-1919–1964 houses with partial cavity walls and pre-1919–1980
uninsulated cavity walls are fully insulated. There are no post-1980 houses with solid walls,
as cavity wall construction was mandated for new builds by regulations in the 1980s [45].

All lofts requiring an insulation top-up or a complete installation are retrofitted by
2050. Houses with no loft insulation and insulation less than 100 mm are recommended
for a complete installation. Other houses are proposed for a top-up to the recommended
level of 270 mm [65]. All houses with single glazing and 25% of all houses with pre-2006
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double glazing are retrofitted with post-2006 double glazing by 2050. All archetypes in the
housing stock require glazing retrofits. However, fuel-poor flats/apartments only require
improvement from pre-2006 double glazing to post-2006 double glazing, as there is no
flat/apartment with single glazing in this category. As recommended by Element Energy’s
supplementary workbook, the model assumes that window units would be replaced every
20 years to preserve their capacity to conserve energy [66].

A total of 25% of all houses with the potential for solid floor insulation receive solid
floor insulation between 2022 and 2050. Most houses retrofitted with solid floor insulation
present the highest percentage (97%) of houses off the gas grid retrofitted by 2050. All
houses with the potential for improved airtightness are retrofitted by 2050. The distribution
of houses with the potential for improved airtightness is similar to that of houses receiving
wall insulation retrofits, with 74% off the gas grid. Table 4 represents the annual rate of
retrofit (houses/year) for each measure if this scenario is evenly implemented between
2022 and 2050.

2.3.2. High-Performance Scenarios: High-Level and Passive Scenarios

The High-Level Scenario is more ambitious than the Central Scenario, recommending
that all of the 2018 housing stock requiring any of the five basic measures be retrofitted
by 2050 (see Figure 4). However, all single and pre-2006 double glazing is improved
to triple glazing, which is a high-performance measure suitable for a more advanced
retrofit (see Tables A1 and A2) [33]. Additionally, houses built between 2018 and 2020 that
have post-2006 double glazing are recommended for a triple glazing retrofit. The Passive
House Scenario is the most ambitious of all three scenarios and investigates the impact of
retrofitting the stock to passive house standards by 2050 (see Tables 3 and A1–A4, Figure 4).
All measures, with an additional measure of external door insulation, are installed as
needed in all houses requiring a retrofit. In these high-performance scenarios, new builds
are built to the retrofit standard of each scenario.

2.3.3. Fuel Poverty Scenario

In 2018, there were 131,000 fuel-poor houses in NI [23]. The relative poverty threshold
in NI is GBP 328 per week, indicating an annual income of approximately GBP 16,000 [67].
There are three variations of fuel poverty based on the percentage of its income that
a household spends on heating fuel: marginal (10–15%), severe (15–20%) and extreme
(greater than 20%) [68].

This study considers all fuel-poor houses; only 15% of them are on the gas grid (74%
are heated by oil) [18]. The current state of the energy efficiency of fuel-poor houses
was estimated by considering 2016 NIHCS data on the different levels of wall insulation,
loft insulation and glazing data (see Table 1). As the 2016 NIHCS has no information
on fuel-poor households and floor insulation, airtightness and door insulation, the same
assumptions used to disaggregate the energy efficiency measures of the general housing
stock were used to disaggregate the energy efficiency measures for fuel-poor houses. The
average SAP rating of fuel-poor houses is 58.65 (band D). This study recommends that all
fuel-poor houses are retrofitted to the level of retrofit of each scenario by 2030, in line with
general UK guidance.

3. Results and Discussion
3.1. Change in Demand and Emissions across All Scenarios

There is a 10% reduction in the heat demand of the existing housing stock by 2050
(see Figures 5 and 6). This reduction is slightly lower than the 6CB’s estimated 11%
reduction in NI’s existing domestic demand by 2050 from 2018 levels due to retrofitting
only [66]. The highest changes in demand come from improved airtightness, because
almost all of the existing housing stock is recommended for airtightness retrofitting. Other
significant changes in demand come from cavity wall and solid floor insulation, which are
recommended for approximately all houses needing these measures.
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Figure 5. Demand reductions across all scenarios.

Figure 6. Reductions in heat demand per measure across all scenarios compared with those of the
6CB NI Central Scenario.

The highest percentage reduction in demand comes from solid wall insulation (see
Table 2). However, houses with solid walls are the least efficient in the stock; they are
also often heritage houses [69,70]. This makes them difficult and expensive to insulate.
Therefore, a low uptake of solid wall insulation is recommended, and this limits the
potential of this measure. Around 6% of domestic carbon emissions are removed by 2050.
However, the 6CB advice suggests that 4% of domestic emissions are removed by 2050 (see
Figure 7). The CCC’s percentage of emissions removed might be less due to dissimilarities
between the breakdown of heating types in houses recommended for retrofit by this study
and the CCC’s study. The highest removals of carbon emissions come from improving
airtightness, cavity wall insulation and loft insulation top-up.
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Figure 7. Removal of emissions per measure across all scenarios compared with those of the 6CB NI
Central Scenario.

In the High-Level Scenario, there is an 18% reduction in the heat demand of the
existing housing stock by 2050 (see Figures 5 and 6), which is significantly above the 6CB’s
estimated 11% reduction in NI’s existing domestic demand by 2050 [66]. The highest
changes in demand come from houses retrofitted with solid floor insulation. Solid floor
insulation incurs the third-highest reductions in demand and is applied to about half of
the total number of houses requiring retrofits. Other significant changes in demand come
from pre-2006 double glazing to triple glazing improvements and improved airtightness.
Around 12% of domestic emissions can be removed in this scenario; the highest removals
of carbon emissions come from improving pre-2006 double glazing to triple glazing, solid
floor insulation and improving airtightness (see Figure 7).

The Passive Scenario results in a 42% reduction in the heat demand of the existing
housing stock by 2050 (see Figures 5 and 6). In the Passive Scenario, the highest changes in
demand come from houses retrofitted with solid floor insulation. Other significant changes
in demand come from improved airtightness and cavity wall insulation. Furthermore, this
scenario estimates that 27% of the current emissions can be removed by 2050; the highest
removals in carbon emissions come from solid floor insulation, improved airtightness
uptake and cavity wall insulation in this scenario (see Figure 7).

3.2. General Cost Impacts and Potential Improvements in SAP Rating

The Central Scenario costs approximately GBP 2 billion (see Table 5). Overall, cavity
wall insulation, upgrading pre-2006 to post-2006 double glazing and solid floor insulation
are the costliest measures to implement. Furthermore, the bungalow and the flat/apartment
are the most and least expensive house types to retrofit, respectively. Although the detached
house has the largest floor area, the bungalow has the highest building cost per square
metre of all house types because it occupies a high value of land for its floor area [71].
The average cost of retrofit across all house types is GBP 3700, with bungalows and flats
showing the highest and lowest average costs of GBP 5500 and GBP 1900, respectively.
These costs are broadly in line with other studies and assumptions mentioned earlier.
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Table 5. Retrofit cost breakdown for the Central Scenario.

Central Scenario
Measures

Total Cost
(GBP) of

Retrofit for
All House

Types by 2050

% of
Total

Retrofit
Cost

Total Number
of All Houses
Retrofitted by

2050

Average
Retrofit Cost

(GBP) per
House per
Measure

Average
Number of
All Houses

Retrofitted per
Year

2022–2050

Cost (GBP) of
All Houses

Retrofitted per
Year

2022–2050

Number of
Fuel-Poor

Houses
Retrofitted by

2030

Cost (GBP) of
Retrofit per
Measure for

Fuel-Poor
House Types

by 2030

Cavity wall
insulation 724,607,752 35.4% 114,258 6342 3940 24,986,392 27,449 174,076,489

Pre-2006 double
glazing to

post-2006 double
glazing

581,047,242 28.4% 118,421 4907 4083 20,036,123 80,450 394,739,456

Solid floor
insulation 298,641,345 14.6% 66,717 4476 2301 10,298,053 45,466 203,520,371

Solid wall
insulation
(external)

157,255,528 7.7% 21,152 7435 729 5,422,683 9140 67,951,384

Single to post-2006
double glazing 133,731,189 6.5% 27,468 4869 947 4,611,478 4684 22,805,326

Loft insulation
(top-up) 51,439,150 2.5% 200,774 256 7802 1,999,032 50,354 12,901,056

Solid wall
insulation
(internal)

59,548,747 2.9% 9672 6157 334 2,053,382 6506 40,058,270

Improved
airtightness 30,514,893 1.5% 663,739 46 22,888 1,052,238 110,656 5,087,305

Loft insulation
(installation) 11,647,729 0.6% 35,234 331 362 119,705 20,307 6,713,187

Total 2,048,433,576 70,579,087 927,852,844

Source: [33,72].

However, the 6CB Balanced Pathway Scenario shows that the average household will
need a GBP 9000 investment in retrofit [66]. Houses are recommended for a range of retrofit
packages costing between GBP 1000 and 10,000, depending on their retrofit needs [66].
The CCC considers additional energy efficiency improvements such as heating system
upgrades, which accounts for a higher average cost of retrofit per house than those in this
study. This study’s Central Scenario only proposes fabric retrofit measures with average
costs of GBP 50–7400 per house.

The implemented measures and accompanying SAP points in the Central Scenario are
outlined by building regulations [21]. In the Central Scenario, 23,000 existing houses receive
at least one retrofit measure annually by 2050. Thus, the average SAP rating for existing
and new NI housing stock increases to 73 (band C) by 2050 (the average SAP points for a
new build is estimated as 86 (band B)) [22]. If Northern Ireland aims at improving domestic
energy efficiency in line with other regions, the Central Scenario must be delivered through
accelerated schemes implementing the retrofit of 75,000 houses annually with at least one
measure by 2030.

The NIHE’s cost of improving 23,200 occupied and vacant F- and G-rated dwellings
to band E through envelope and heating system retrofitting is GBP 87 million, with an
average cost of approximately GBP 3700 per dwelling [34]. This study estimates a similar
average cost of retrofit (GBP 3700) with approximately 670,000 houses being recommended
for retrofitting with measures including costly and potent measures such as solid wall and
solid floor insulation.

Additionally, the NIHE suggests the average SAP rating for the domestic stock will
increase from band D to band C, with oil and gas heating installations and fabric (easy-to-
treat cavity wall insulation, loft insulation and double glazing) upgrades of 632,000 homes
at total and average costs of GBP 2.4 million and GBP 3133, respectively [35]. However, this
present study recommends that the NI stock can achieve an average SAP rating of C by
2050 due to fabric retrofitting only, at an average cost of GBP 3700.

The High-Level Scenario costs GBP 5.9 billion; the measures that are most expensive
to implement between 2022 and 2050 are upgrading pre-2006 to triple glazing, solid floor
insulation and cavity wall insulation (see Table 6). The individual costs of applying all mea-
sures to all house types rise due to the increased costs of improving glazing specifications.
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Consequently, the average cost of retrofit across all house types rises to approximately
GBP 4500, with bungalows and flats showing the highest and lowest average costs of GBP
7000 and GBP 2000, respectively.

Table 6. Retrofit cost breakdown for the High-Level Scenario.

High-Level
Scenario
Measures

Total Cost
(GBP) of

Retrofit for
All House
Types by

2050

% of
Total

Retrofit
Cost

Total
Number of
All Houses
Retrofitted

by 2050

Average
Retrofit Cost

(GBP) per
House per
Measure

Average
Number of
All Houses
Retrofitted

per Year
2022–2050

Cost (GBP)
of All

Houses
Retrofitted

per Year
2022–2050

Number of
Fuel-Poor

Houses
Retrofitted

by 2030

Cost (GBP) of
Retrofit per
Measure for

Fuel-Poor
House Types

by 2030

Cavity wall
insulation 724,607,752 12.2% 114,258 6342 3940 24,986,392 27,449 174,076,489

Pre-2006
double

glazing to
triple glazing

3,138,337,453 52.9% 490,315 6401 16,803 107,552,700 80,450 514,934,832

Solid floor
insulation 1,213,484,619 20.4% 271,093 4476 9348 41,844,360 45,466 203,520,371

Solid wall
insulation
(external)

486,600,863 8.2% 41,153 11,824 1419 16,779,409 9140 108,071,379

Single to
triple glazing 163,768,380 2.8% 27,468 5962 947 5,647,256 4684 27,927,601

Loft
insulation
(top-up)

51,439,150 0.9% 200,774 256 7802 1,999,032 50,354 12,901,056

Solid wall
insulation
(internal)

115,858,312 2.0% 18,818 6157 649 3,995,094 6506 40,058,270

Improved
airtightness 30,514,893 0.5% 663,739 46 22,888 1,052,238 110,656 5,087,305

Loft
insulation

(installation)
11,647,729 0.2% 35,234 331 362 119,705 20,307 6,713,187

Total 5,936,259,152 203,976,187 1,093,290,490

Source: [33,72].

The Passive Scenario costs GBP 10.7 billion, and the measures that are most expensive
to implement between 2022 and 2050 are upgrading pre-2006 double glazing to triple
glazing, solid floor insulation and external solid wall insulation (see Table 7). Wall insulation
is the most expensive retrofit measure to implement per house (with an average cost of
approximately GBP 38,000). This high cost is due to the extremely airtight construction,
minimal thermal bridging and significant thickness of the insulation required (the thickness
of a passive wall would range between 300 and 500 mm) [73]. The detached house and
the terraced house are the most and least expensive house types to retrofit, respectively.
The detached house has the highest number of windows and largest floor area among
other house types [74]. Therefore, the cost of installing triple glazing and loft installation
to passive house standard in the detached house is impacted by its size, making it more
expensive than other house types. The terraced house is the cheapest house type to retrofit
to passive house standards of all five house types, as it has the lowest average wall area
of all house types (see Table 8). The average cost of retrofit across all house types rises to
approximately GBP 11,000, with detached houses and flats showing the highest and lowest
respective average costs of GBP 15,000 and GBP 6000.
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Table 7. Retrofit cost breakdown for the Passive Scenario.

Passive
Scenario
Measures

Total Cost
(GBP) of

Retrofit for
All House

Types by 2050

% of
Total

Retrofit
Cost

Total Number
of All Houses
Retrofitted by

2050

Average
Retrofit Cost

(GBP) per
House per
Measure

Average
Number of All

Houses
Retrofitted per
Year 2022–2050

Cost (GBP) of
All Houses

Retrofitted per
Year

2022–2050

Number of
Fuel-Poor

Houses
Retrofitted by

2030

Cost (GBP) of
Retrofit per
Measure for

Fuel-Poor House
Types by 2030

Cavity wall
insulation 1,327,979,577 12.4% 114,258 11,623 3940 45,792,249 27,449 319,027,807

Pre-2006
double

glazing to
triple glazing

2,948,271,830 27.6% 490,315 6013 16,803 101,039,038 80,450 483,749,081

Solid floor
insulation 2,767,155,002 25.9% 271,093 10,207 9348 95,419,282 45,466 464,095,220

Solid wall
insulation
(external)

1,551,955,877 14.5% 41,153 37,712 1419 53,515,938 9140 344,680,875

Single to
triple glazing 163,768,380 1.5% 27,468 5962 947 5,647,256 4684 27,927,601

Loft
insulation
(top-up)

275,291,272 2.6% 200,774 1371 7802 10,698,391 50,354 69,043,677

Solid wall
insulation
(internal)

643,501,148 6.0% 18,818 34,196 649 22,189,584 6506 222,491,958

Improved
airtightness 76,221,719 0.7% 663,739 115 22,888 2,628,336 110,656 12,707,341

Loft
insulation

(installation)
134,564,868 1.3% 35,234 3819 362 1,382,943 20,307 77,556,679

Insulated
doors 811,499,559 7.6% 501,151 1619 17,281 27,982,721 85,134 137,855,560

Total 10,700,209,233 366,295,737 1,840,107,992

Source: [33,72].

Table 8. Retrofit cost breakdown per house type per scenario.

Scenario Measure Bungalow
(GBP)

Terraced
House
(GBP)

Semi-
Detached

House (GBP)

Detached
House
(GBP)

Flat/
Apartment

(GBP)
Mean
(GBP)

Central

Cavity wall insulation 9413 4853 4957 7972 2460 5931

Pre-2006 double glazing to Post-2006
double glazing 5544 4302 4998 5964 2520 4666

Solid floor insulation 8945 3583 3458 4644 1354 4397

Solid wall insulation (external) 10,523 6590 6659 7390 4865 7205

Single to post-2006 double glazing 5544 4302 4998 5964 2520 4666

Loft insulation (top-up) 280 230 235 290 305 268

Solid wall insulation (internal) 8771 4178 7866 6744 2657 6043

Improved airtightness 46 32 63 59 12 42

Loft insulation (installation) 375 285 300 395 - 271

Total cost for all measures 49,442 28,355 33,534 39,423 16,693 33,489

Average cost of retrofit per house type
for all measures 5494 3151 3726 4380 1855 3721

High-
Level

Cavity wall insulation 9413 4853 4957 7972 2460 5931

Pre-2006 double glazing to triple
glazing 8463 5266 6123 7306 3087 6049

Solid floor insulation 8945 3583 3458 4644 1354 4397

Solid wall insulation (external) 20,379 7735 9386 17,003 4865 11,874

Single to triple glazing 6791 5266 6123 7306 3087 5715

Loft insulation (top-up) 280 230 235 290 305 268

Solid wall insulation (internal) 8771 4178 7866 6744 2657 6043

Improved airtightness 46 32 63 59 12 42

Loft insulation (installation) 375 285 300 395 - 271

Total cost for all measures 63,465 31,428 38,511 51,720 17,827 40,590

Average cost of retrofit per house type 7052 3492 4279 5747 1981 4510
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Table 8. Cont.

Scenario Measure Bungalow
(GBP)

Terraced
House
(GBP)

Semi-
Detached

House (GBP)

Detached
House
(GBP)

Flat/Apart-
ment
(GBP)

Mean
(GBP)

Passive

Cavity wall insulation 12,258 9457 10,629 16,037 7063 11,089

Pre-2006 double glazing to triple
glazing 6791 5266 6123 7306 3087 5715

Solid floor insulation 21,025 7456 7919 11,199 3007 10,121

Solid wall insulation (external) 40,215 33,113 36,477 52,018 24,910 37,347

Single to triple glazing 6791 5266 6123 7306 3087 5715

Loft insulation (top-up) 1911 1395 1516 474 884 1236

Solid wall insulation (internal) 35,510 26,584 36,296 42,340 18,544 31,855

Improved airtightness 114 79 158 148 31 106

External door insulation 1680 1680 1680 1680 840 1512

Loft insulation (installation) 2481 2018 2262 9444 - 3241

Total cost for all measures 123,776 92,315 109,182 147,952 61,453 107,936

Average cost of retrofit per house type 12,878 9232 10,918 14,795 6145 10,794

BCIS new build cost 258,303 86,602 134,640 323,506 98,952 -

Note: Although the costs per square metre of measures are standard, houses from different age bands were
considered for chosen archetypes. These archetypes have different geometric features such as floor areas and
number of windows; consequently, the average costs of retrofit per house type are different.

Across all scenarios, the cheapest overall costs are attributed to improved airtightness
and loft insulation installations, while the cheapest measures per house are loft insulation
top-up and improved airtightness (see Tables 5–7). Cheaper measures such as improved
airtightness and loft insulation top-ups can be installed by homeowners themselves; the
airtightness of a flat/apartment can be improved at costs as low as GBP 12 (see Table 8). Ad-
ditionally, external solid wall insulation remains the most expensive measure to implement
per house.

3.3. Cost Impacts and Improvement in SAP Rating for Fuel-Poor Households

In the Central Scenario, the total cost of retrofitting all fuel-poor households by 2030 is
GBP 930 million, which is 45% of the scenario’s overall cost (see Table 5). In the High-Level
Scenario, the cost of retrofitting all fuel-poor houses by 2030 rises to GBP 1.1 billion due
to pre-2006 double glazing to triple glazing retrofitting (see Table 6). This cost accounts
for 18% of the total cost of the scenario. In the Central and High-Level Scenarios, cavity
wall insulation, solid floor insulation and pre-2006 double glazing to post-2006 double
glazing retrofitting maintain the highest gross retrofit costs among all measures applied to
the fuel-poor housing stock.

In the Passive Scenario, the cost of retrofitting all fuel-poor houses rises to approxi-
mately GBP 1.8 billion due to the scenario’s ambitious retrofit standard (see Table 7). This
accounts for 17% of the total cost of the Passive Scenario. In this scenario, the overall costs
of implementing pre-2006 double glazing to triple glazing, solid floor and external solid
wall insulation retrofit in the fuel-poor housing stock are the highest among all of the costs
of the passive retrofit measures. In the High-Level and Passive Scenarios, the percentage
costs of retrofitting all fuel-poor houses based on the total scenario cost decreases due to
the higher numbers of non-fuel-poor houses retrofitted by 2050. The average retrofit costs
per house and measure for the general housing stock remain the same for the fuel-poor
housing stock.

The average SAP rating for the NI fuel housing stock can improve from band D to
band C (an average SAP rating of 72) by 2030. To achieve this, at least 12,300 fuel-poor
houses would need to receive at least one retrofit measure between 2022 and 2030. This
number is slightly less than the average number of houses currently retrofitted annually in
NI, indicating that NI currently has the potential to eradicate fuel poverty over the next
10 years.
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3.4. Impacts of Scenario Outputs
3.4.1. Economic Impacts

The retrofit costs across all scenarios were analysed according to the costs of labour
and materials used in the construction industry [74]. In the Central and High-Level
Scenarios, loft insulation costs may be broken down into 47% and 53% for materials and
labour/transport, respectively, as one square metre of 100 mm insulation thickness costs
GBP 1.

In the Passive Scenario, 93% of the loft insulation retrofit cost is claimed by labour.
The labour costs for loft insulation are significantly higher than in the other two scenarios,
due to the specialist level of skill required to install this measure to the passive house
standard [75]. For insulated doors, it is estimated that 81% of the retrofit costs are allocated
to materials, as the addition of insulation increases the unit price of the door [33].

Across all scenarios, 31% and 69% of the glazing retrofit costs are allocated to labour
and materials, respectively, according to Building Cost Information Service (BCIS) index
specifications. The airtightness improvement costs are only associated with materials [74].
Approximately half of solid wall insulation costs are claimed by labour costs, while the
remainder is allocated to materials (53%, 48% and 49% in the Central, High-Level and
Passive Scenarios, respectively). For internal wall insulation, 70% of the cost per house is
spent on labour; for external wall insulation, the BCIS index specifies that 38% is spent on
labour [76].

For cavity wall insulation, most of the retrofit cost is spent on labour (97% in the
Central and High-Level scenarios, and 98% in the Passive Scenario), as insulation materials
cost GBP 2/m2. Similarly, most of the solid floor insulation costs are allocated to labour
(97% in the Central and High-Level Scenarios, and 99% in the Passive Scenario). Labour
costs for solid floor insulation are considerable due to the rigorous installation process.
Typically, solid floors are either overlaid with expensive hi-tech insulation materials, or the
concrete must be broken up and reinstated with new rigid insulation below the screed [77].

Overall, in the Central Scenario, circa 70% and 30% is attributed to labour and mate-
rials, respectively. In the High-Level Scenario, the retrofit costs are split roughly halfway
between labour (54%) and materials (46%). In the Passive Scenario, approximately 60% and
40% of the retrofit costs are assigned to labour and materials, respectively. A cumulative
5%, 3% and 2% saving due to economies of scale may be applied to the Central, High-Level
and Passive Scenarios. Savings due to economies of scale are attributed to 5–10% savings
from the labour and transport required for installing wall insulation in over 10 houses [74].

Fabric retrofit solutions facilitate job creation and employment opportunities [2]. The
potential number of construction-related jobs that could be generated annually between
2022 and 2050 is 72,000, 170,000 and 348,000 from the Central, High-Level and Passive
Scenarios, respectively. This general estimation is based on the mean weekly earnings and
the number of weekly and annual working hours in the NI construction industry. In the
NI construction sector, the mean weekly earnings and working hours are GBP 590 and
43 h (including overtime), respectively; the average number of hours worked in a year is
estimated as 1367 [78–80].

In NI, the rate of unemployment for people over 16 has increased and the proportion of
people aged 16–64 who were not working and not looking for or available to work decreased
in the last year [81]. The Central, High-Level and Passive Scenarios can contribute total
labour costs of GBP 1.4 billion, GBP 3.2 billion and GBP 6.6 billion, respectively, to NI’s local
economy. Therefore, there is substantial potential for job creation through these massive
retrofit programmes in NI, implying economic benefits worth exploring. Furthermore, the
demand for retrofit materials can lead to further employment in the manufacturing sector.
Materials may be sourced internationally or locally, but labour costs will be of economic
benefit to the local NI context.

Table 5 shows that across all scenarios, the cost of implementing all retrofit measures
to each house type in each scenario is generally cheaper than its corresponding new build
cost. However, the cost of retrofitting a terraced house to passive house standards is more
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expensive than the cost of rebuilding it. In this case, it would be better to rebuild a highly
energy-inefficient terraced house than retrofit it to passive house standards.

3.4.2. Socio-Environmental Impacts

Retrofitting will reduce the heat demand and energy bills per household, making
heat more affordable for all income classes, especially those in fuel poverty. This study
shows that if all measures are applied across all house types, the demand required to heat a
bungalow, terraced house, semi-detached house, detached house and flat can be reduced
by up to 11%, 11%, 9%, 8% and 8%, respectively, in the Central Scenario (see Table 9). The
more ambitious scenarios can yield greater reductions in demand per house type. The
highest percentage of house types requiring retrofits is attributed to the terraced houses.
The most ambitious Passive Scenario can result in up to a 48% reduction in the heat demand
of a terraced house, if all passive measures are applied.

Table 9. Percentage demand reduction per retrofitted house type.

Bungalow Terraced House Semi-Detached House Detached House Flat/Apartment

Central Scenario −11% −11% −9% −8% −8%

High-Level Scenario −20% −19% −16% −17% −18%

Passive Scenario −44% −48% −38% −35% −39%

Fuel-poor people live in cold, damp homes during winter and this can be fatal [82].
If more homes are well heated, the rate of deaths from extremely cold indoor conditions
will reduce. With better levels of retrofit, domestic building envelopes would be better
insulated, and thermal comfort levels would improve. Higher levels of thermal comfort
and, hence, better quality of indoor air can reduce rates of cardiovascular disease, asthma
and cancer [83].

Retrofitting the building envelope eases the transition to a low-carbon heating system.
Building envelope retrofitting may help initiate positive consumer attitudes towards adopt-
ing low-carbon technologies [84]. Currently, NI consumers do not have adequate education
and support to invest in energy efficiency measures [28]. This study provides information
on energy savings and the cost of retrofit, which consumers will find useful.

Some relatively affordable measures such as glazing and airtightness improvements,
which have some appreciable impacts on heating demand, can be included in existing and
future government retrofit schemes. This would encourage NI homeowners to invest in
improving the energy efficiency of their dwellings. Improved domestic energy efficiency
would lead to reduced carbon emissions, contributing towards climate change mitigation in
NI. Although the 6CB advice specifies that 4% of NI’s residential emissions can be removed
from 2018 levels by 2050, this study shows that higher amounts can be removed (6–27%) by
improving the efficiency of the building fabric. Additionally, with well-insulated houses in
NI, a lessened reliance on high-carbon heating fuels, especially oil, is feasible.

3.5. Conclusions and Recommendations

This study investigated the socioeconomic and environmental impacts of different
levels of domestic fabric retrofit in the context of Northern Ireland. The study makes the
following recommendations, which are applicable in other contexts and were illustrated by
this Northern Irish case study.

Firstly, different archetypes will have techno-economic variations, which should be
considered in the application of fabric retrofit when retrofit programmes are developed and
executed. In the NI context, flats and terraced houses are the cheapest to retrofit to passive
house standards among the different archetypes. However, it is cheaper to rebuild a highly
energy-inefficient terraced house than to retrofit it to passive house standards. Terraced
houses and flats/apartments have the highest and lowest numbers, respectively, requiring
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most retrofit measures such as wall insulation, loft insulation top-ups, solid floor insulation,
glazing, and airtightness improvements. These two house types have the lowest costs of
retrofit across all scenarios, and this can inform the creation of current and future energy
efficiency grants.

Secondly, the installation costs of retrofit measures should be an important considera-
tion for the creation of energy efficiency schemes, especially those targeted at fuel poverty.
In NI, cavity wall insulation, solid floor insulation and upgrading pre-2006 double glazing
to post-2006 double glazing/triple glazing are the costlier measures. Policy can encourage
the creation of grants/schemes to offset some of the cost of these measures for owners of
house types (bungalows, detached houses and semi-detached houses) with high retrofit
costs. Current and future energy efficiency programmes for low-income households can
make provision for solid floor insulation and glazing improvements. Similar considera-
tions can be made for households in fuel poverty. The following categories of fuel-poor
households show the highest numbers needing the assigned measure:

1. 1965–1980 bungalows—external solid wall insulation.
2. Pre-1919 semi-detached houses—internal solid wall and cavity wall insulation.
3. 1980 bungalows—loft insulation top-up.
4. 1965–1980 terraced house—loft insulation installation.
5. Pre-1919-post 1980 terraced houses—solid floor insulation, glazing and airtightness

improvements.

Approximately 85% of all fuel-poor houses recommended for retrofitting are off the
gas grid.

Similarly, some measures that have greater environmental impacts than others can
be easily implemented by homeowners due to cheap material and installation costs and
ease of installation. Local policy can encourage the implementation of such measures first
and at a higher rate than others. Airtightness improvements, cavity wall insulation, loft
insulation top-up, solid floor insulation and glazing improvements yield greater potential
for reductions in demand and emissions than other measures in the NI context. A total of
23,000 houses can be retrofitted annually from 2022 to 2050 with a range of measures with
average costs of GBP 60 to GBP 8000.

Airtightness improvement and loft insulation top-up have the cheapest costs per
house among these potent measures and can be easily implemented without professional
help [72,74]. Loft insulation installation is required by an evident percentage of vacant
houses, which can be retrofitted to provide high-quality living spaces. Policy should
facilitate incentives encouraging homeowners to invest in airtightness upgrades and loft
insulation top-ups. An airtightness test should be carried out on every house built pre-2006
before airtightness upgrades are carried out.

Finally, local authorities can create and accomplish high-reaching energy efficiency
programmes and targets, while using national guidance as a springboard. The development
of energy efficiency frameworks can inform building regulations for existing and new
buildings. This would encourage the uptake of optimally energy-efficient domestic fabrics,
which can improve quality of life and aid an easy transition to low-carbon heating. This
study’s NI scenarios demonstrate that the heat demand and resulting emissions of the
existing housing stock can be reduced further than UK government advice shows by 2050.
However, if NI must achieve this, 23,000 houses will have to be retrofitted with at least
one measure from now till 2050. Consequently, more efforts towards the creation of energy
efficiency schemes in NI are needed. NI currently has the potential to abate fuel poverty
between 2022 and 2030. The average SAP rating of NI’s fuel-poor housing stock can
improve from band D to band C by 2030, if 12,300 fuel-poor houses are retrofitted with at
least one measure between 2022 and 2030.

Around 74% of the houses recommended for retrofitting are off the gas grid, indicating
that retrofitting is a critical first step in preparing the NI housing stock for the uptake of low-
carbon heating systems. The improvement of the energy efficiency of domestic envelopes
should be prioritised as the first step towards achieving net zero targets in NI. The scenarios’
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cost estimations suggest a guide to the amount of public funds that can be assigned to
energy efficiency programmes for all households. Finally, this study’s findings can inform
revisions of NI building regulations towards local and UK-wide decarbonisation targets.
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Appendix A

Table A1. Change in demand (kWh/m2) per measure per house type (applicable to Central, High-
Level and Passive Scenarios).

Bungalow Terraced
House

Semi-Detached
House

Detached
House

Flat/
Apartment

U-Value
(W/m2k2)

Solid wall insulation (external) −19 −17 −23 −18 −25 0.28

Solid wall insulation (internal) −16 −15 −19 −15 −21 0.28

Cavity wall insulation −14 −8 −13 −14 −18 0.28

Loft insulation top-up −4 −3 −2 −3 −6 0.16

Loft insulation −18 −11 −10 −10 −23 0.16

Single to post-2006 double glazing −9 −7 −7 −9 −8 1.60

Pre-2006 to post-2006 double
glazing −4 −3 −3 −4 −4 1.60

Single to triple glazing −12 −9 −9 −12 −10 0.80

Pre-2002 to triple glazing −7 −5 −5 −7 −6 0.80

Solid floor insulation −14 −12 −12 −10 −12 0.22

Insulated door −4 −3 −3 −2 −2 1.80

Airtightness (air changes per hour) −4 −3 −3 −2 −3 0.15

Source: [6,13,33,75].
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Table A2. Cost of retrofit per measure per house type (applicable to Central, High-Level and Passive Scenarios).

Bungalow
(GBP)

Terraced
House (GBP)

Semi-Detached
House (GBP)

Detached
House (GBP)

Flat/Apartment
(GBP)

Solid wall insulation (external) 12,755 7757 7839 9102 4647

Solid wall insulation (internal) 8199 4177 6677 6963 2440

Cavity wall insulation 10,249 5471 5516 8809 2281

Loft insulation top-up 235 230 235 290 256

Loft wall insulation 315 285 300 395 -

Single glazing to post-2006 double
glazing 5544 4302 4998 5964 2520

Pre-2006 double glazing to post-2006
double glazing 5544 4302 4998 5964 2520

Single glazing to triple glazing 6791 5266 6123 7306 3087

Pre-2002 double glazing to triple glazing 6791 5266 6123 7306 3087

Solid floor insulation 9988 3707 3848 6009 1491

Insulated door 1680 1680 1680 1680 840

Airtightness 48 33 69 64 13

Source: [33].

Table A3. Change in demand (kWh/m2) per measure per house type (applicable to Passive Scenario).

Bungalow Terraced
House

Semi-Detached
House

Detached
House

Flat/
Apartment

U-Value
(W/m2k2)

Solid wall insulation (external) −54 −49 −63 −50 −70 0.1

Solid wall insulation (internal) −46 −41 −54 −42 −42 0.1

Cavity wall insulation −40 −23 −36 −39 −51 0.1

Loft insulation top-up −7 −4 −4 −4 −9 0.1

Loft wall insulation −29 −17 −15 −17 −38 0.1

Solid floor insulation −31 −26 −27 −22 −26 0.1

Insulated door −8 −8 −7 −4 −5 0.8

Airtightness (air changes per hour) −9 −7 −8 −6 −7 0.6

Source: [73,75].

Table A4. Cost of retrofit per measure per house type (applicable to Passive Scenario).

Bungalow
(GBP)

Terraced
House (GBP)

Semi-Detached
House (GBP)

Detached
House (GBP)

Flat/Apartment
(GBP)

Solid wall insulation (external) 46,372 36,357 41,273 58,916 21,493

Solid wall insulation (internal) 30,605 23,996 27,240 38,885 14,185

Cavity wall insulation 12,525 9820 11,148 15,914 5805

Loft insulation top-up 1798 1410 1600 2284 833

Loft wall insulation 2514 2019 2391 3512 -

Single to triple glazing 6791 5266 6123 7306 3087

Pre-2002 to triple glazing 6791 5266 6123 7306 3087

Solid floor insulation 21,973 8155 8466 13,221 3281

Insulated door 1680 1680 1680 1680 840

Airtightness (air changes per hour) 121 83 173 159 32

Source: [33,75,85].
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