Assessing the future heating and cooling

needs of the UK housing stock

April, 2023

== UK Government CS @

Climate services for a net rero resilient waorld




CS

Author(s) Dr Lauren Ferguson, University College London

Professor Anna Mavrogianni, University College

London
Dr Phil Symonds, University College London
Professor Michael Davies, University College London

Professor Paul Ruyssevelt, University College

London
Peer reviewer(s) Professor Sukumar Natarajan, University of Bath

Chris Thorpe, Ricardo Energy & Environment

Acknowledgements Dr Jonathon Taylor, Tampere University

Sign off ? %%

Sign off name Professor Paul Dodds
Sign off date 17/05/2023
Revision sign off 09/08/2024

This document is an output from a project funded by the UK government. However, the views
expressed, and information contained in it are not necessarily those of or endorsed by the UK
government who can accept no responsibility for such views or information or for any reliance

placed on them.

This publication has been prepared for general guidance on matters of interest only and does
not constitute professional advice. The information contained in this publication should not be
acted upon without obtaining specific professional advice. No representation or warranty
(express or implied) is given as to the accuracy or completeness of the information contained
in this publication, and, to the extent permitted by law, no organisation or person involved in
producing this document accepts or assumes any liability, responsibility or duty of care for any
consequences of anyone acting, or refraining to act, in reliance on the information contained in

this publication or for any decision based on it.

Projecting temperature change across UK housing |1



About CS-NOW

Commissioned by the UK Department for Energy Security and Net Zero (DESNZ), Climate
Services for a Net Zero Resilient World (CS-NOW) is a four-year, £5 million research
programme, that uses the latest scientific knowledge to inform UK climate policy and help

us meet our global decarbonisation and resilience ambitions.

CS-NOW enhances scientific understanding of climate impacts, decarbonisation and
climate action, and improves accessibility to the UK’s climate data. It contributes to
evidence-based climate policy in the UK and internationally, and strengthens the climate

resilience of UK infrastructure, housing and communities.
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across the UK, on behalf of DESNZ. The CS-NOW consortium is led by Ricardo and
includes research partners Tyndall Centre for Climate Change Research, including the
Universities of East Anglia (UEA), Manchester (UoM) and Newcastle (NU); institutes
supported by the Natural Environment Research Council (NERC), including the British
Antarctic Survey (BAS), British Geological Survey (BGS), National Centre for Atmospheric
Science (NCAS), National Centre for Earth Observation (NCEO), National Oceanography
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Hydrology (UKCEH); and University College London (UCL).

° I Natural
IR Tyndall’Centre
for Climate Change Research Research Council

Projecting temperature change across UK housing | 2



Contents

About CS-NOW

Executive summary

1.

2.

2.1
2.2
2.3
2.4
2.5
3.

3.1
3.2
3.3
3.4
4.

4.1
4.2
4.3
5.

6.

6.1
6.2
6.3
6.4
6.5

Introduction

Methods

Building-physics based housing model
Climate data

Retrofit scenarios

Outputs 23

Vulnerability metrics

Results

England28

Wales 44

Northern Ireland

Scotland

Conclusions

Summary of findings

Model performance

Limitations and key uncertainties
References

Appendices

Appendix A: Metamodel

Appendix B: Identification of vulnerable subgroups
Appendix C: Additional results
Appendix D: Comparison with existing data

Appendix: References

12
12
14
15

25
28

53
62
73
73
76
76
81
90
90
94
100
105
107

Projecting temperature change across UK housing |3



Executive summary

This report aims to quantify the impact of climate change on the heating and cooling needs of the
UK housing stock, with a specific focus on vulnerable segments of the population. It is the final
output of the “Projections of temperature change and impacts on UK housing”, a work package

under the Climate Services for a Net Zero World (CS-NOW) Programme.
In summary, its three objectives were to:

1. Quantify the impact of a range of climate change projections on residential thermal comfort,
heating and cooling loads across UK government regions for a range of dwelling
archetypes and occupants, with an emphasis on urban areas.

2. Evaluate the implications of these changes for different groups, including older people, the
fuel poor and other climate-vulnerable groups, taking into account the ability of these
groups to adequately heat and cool their homes, adapt to, cope with and recover from
excess heat and cold episodes, and the associated impacts on household fuel costs,
energy use and carbon emissions, and health inequalities.

3. In close collaboration with key stakeholders, identify low-cost, low-carbon, ‘win-win’
measures that could be adopted in order to minimise adverse societal and environmental
impacts of climate change-induced changes in the thermal performance of the UK housing

stock.

A mixed methods approach was used. This included the statistical analysis of existing housing and
population databases, modelling based on building physics simulation and machine learning
techniques, and knowledge exchange activities with key stakeholders. The modelling component
was underpinned by a review of heat and cold vulnerability; this identified population subgroups
who are particularly vulnerable to detrimental health impacts following exposure to high and low
ambient temperatures. These groups represent populations who may benefit most from reductions

in space heating and cooling demand.

We acknowledge that there is significant diversity within and between population groups (e.g.
ethnic minorities). Due to time constraints, we limited the analysis to a small number of groups.

Future work could look at distributions of vulnerability for sub-categories within these groups.
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Its ten key findings are:

1.

Four population subgroups are particularly vulnerable to high levels of heating and
cooling demand due to underlying health, social, financial and/or built environment
factors. VVulnerable subgroups were identified as:

o infants aged between 0-4 years old,

o individuals aged 65 years or older,

o those belonging to an ethnic minority, and

o low-income individuals.
Such subgroups are likely to be doubly burdened with high exposure to indoor heat. This is
due to the location and type of buildings they typically occupy, combined with higher
susceptibility to developing negative impacts following exposure due to potential underlying
health conditions and the ability to adapt their surroundings.
Whilst energy retrofit measures overall reduced space heating needs across the
country, inequalities in heating needs may persist without a retrofit programme
specifically targeting subgroups who are at greater risk of fuel poverty. These
differences were driven by certain subgroups being more likely to occupy detached
properties and bungalows, which have higher space heating demand. We, therefore,
suggest more stringent retrofit measures for these archetypes, especially amongst owner-
occupied dwellings.
Total annual heating energy needs by dwelling floor area (known as Energy Use
Intensity, EUI) is higher in areas with a greater proportion of people aged above 65,
and lower in areas with a greater proportion of under 5s, lower income individuals
and ethnic minorities. Such disparities for those aged above and below 65 years old were
largest in London and across Scotland, identifying two key areas for the prioritisation of
equitable domestic energy policy.
The mean dwelling EUl across homes was the highest in Wales, followed by
Northern Ireland. EUIs for Scotland and England were similar, thus supporting
findings that the Welsh housing stock is older and less energy efficient, whilst
Scottish homes are on average more energy efficient. This is important considering the
cooler, more northern climate of the Glasgow weather data used to model indoor conditions
in Scottish dwellings, whilst the Cardiff weather data used to model the Welsh housing
stock shared a similar latitude with London. It is likely, however, that the higher wind loads

of the Cardiff weather file is likely to partly explain the observed differences.
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If no retrofit takes place by the 2030s, and under the assumptions made about
housing characteristics and occupant behaviour, the majority of UK dwellings will
fail current night time overheating criteria. Dwellings with less attachment (bungalows,
detached properties) are on average cooler, exceeding indoor overheating thresholds for a
lower percent of annual night time hours. Flats and mid-terrace houses were warmer and
spent more hours above the indoor overheating thresholds. Importantly, there was a large
amount of variation in overheating across different flat archetypes, owing to the large
variation across the different storey levels. It is, thus, recommended that overheating
mitigation measures are implemented before the 2030s in the most overheating prone
dwelling archetypes.

The most effective strategy in terms of reducing overheating risk and associated
cooling demand was external shutters. However, we found that where the use of
external shading may not be technically feasible, the use of internal blinds can also be
effective for some dwelling archetypes, such as detached houses and bungalows. For
example, across the English housing stock, the average annual cooling demand under
RCP 8.5 in 2085 was 30% higher with internal blinds compared to external shutters, but for
detached and bungalow properties, the difference was 13% and 8%, respectively.

Under the specific assumptions made about the uptake of this measure, increasing
the reflectivity of building external surfaces appeared to have little effect in reducing
overheating. There are a number of potential reasons for this, including the assumptions
about the measure’s uptake, the model’s limited ability to account for temperature changes
in the local outdoor environment following surface albedo modification and the effect of
combining this measure with widespread wall and roof insulation. Adaptive window opening
also made minimal difference when only adopted by a small proportion of the housing
stock; in particular, ground floor flats and bungalows may experience increased risk of
overheating, if cooling relies on optimised window opening compared to other dwelling
types due to windows being kept closed due to security concerns.

Although indoor overheating was widespread across the UK, the population
weighted summertime bedroom temperature was significantly higher for ethnic
minority and low income households in England and Wales, and areas with a higher
proportion of low income households in Scotland. As air conditioning may become
more prevalent towards the latter 215 century, areas with a greater proportion of ethnic
minorities, infants and low income households will generally experience higher cooling

needs per floor area unit, which may not be reduced by the widespread use of external
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shading. Inequalities in exposure to indoor heat and cooling demand were minimal for
Northern Ireland.

9. Dwellings located in areas with a high proportion of residents aged 65 and above
overheated for a significant amount of time, although overall less than areas with
fewer over 65s. This remains concerning given the heightened vulnerability of older age
groups to heat-related morbidity and mortality.

10. Crucially, there is no “one-size-fits-all” solution to modifying the UK housing stock
to protect against overheating and reduce inequalities in heating and cooling needs.
Due to the diverse building construction ages, typologies and household characteristics
comprising the housing stock, a blanket, one-size-fits-all approach to modifying it to meet

climate change adaptation and mitigation targets may be unsuitable.

We hope that the findings of this report and associated dataset will help the UK Government
identify combinations of home retrofit measures that reduce space heating demand during the
winter whilst minimising summertime overheating risk via passive strategies, under the current and
future climate. This could inform the development of home energy and climate adaptation policies
that account for the underlying differences in dwelling and population characteristics across the
whole of the UK.
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Percent of annual night time hours the bedroom temperature
exceeds 26°C, by London LSOAs Spatial distribution of indoor overheating and income deprivation acrosss Glasgow DZs
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Figure 1. The mean percent of annual night time hours the nocturnal bedroom temperature exceeded 26°C, aggregated
by London LSOAs, in the a) 2030s time horizon under RCP 2.6 and b) 2085s time horizon under RCP 2.6. c) Bivariate
map showing the spatial distribution of indoor overheating risk in the 2030s time horizon under RCP 2.6 and current
income deprivation across Scottish Data Zones for the city of Glasgow.
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1.  Introduction

The UK built environment is currently facing a number of challenges, including, the threat of
increasing summertime temperatures due to climate change (Kendon et al., 2021) and the need to
reduce the carbon emissions of the poorly performing housing stock in the context of national
climate change mitigation efforts (BEIS, 2020). As the UK population spends up to 95% of their
time indoors (Smith et al., 2016), much of our exposure to external temperatures will be modified
by buildings. The thermal performance of UK homes is, therefore, central to ensuring households
are able to keep their homes warm during winter, minimising summertime overheating risk and
meeting greenhouse gas emission reduction targets. Both high and low temperatures are
associated with adverse effects on population health (Gasparrini et al., 2022), but the burden of
temperature-related mortality and morbidity is not shared equally across the population: Older
individuals and those living with underlying co-morbidities, such as cardiovascular, respiratory and
mental health conditions, are more vulnerable to heat- and cold-related health effects (Arbuthnott &
Hajat, 2017; Lee et al., 2023).

British winters are expected to get warmer, wetter and windier, and summers hotter and drier as a
result of global climate change (MetOffice, 2021). The occurrence of extreme heat events or heat
waves is projected to increase (Lowe et al., 2018). This will have negative impacts for population
health in the summer: A rise in excess mortality was associated with the 2003 (Johnson et al.,
2005), 2006 (HPA, 2006), 2009 (Murray et al., 2010), 2011 (Green et al., 2012), 2019 (PHE, 2019)
and 2020 heatwaves (PHE, 2020). The 2022 summer heatwave, where outdoor temperatures
reached 40°C for the first time on record, was associated with 2,227 excess deaths in the two-
week period between 10-25 July 2022 (ONS & UK HSA, 2022).

Alongside rising ambient temperatures is the UK’s pledge to reduce carbon emissions to Net Zero
by 2050, with an intermediate target of 68% reduction on 1990 levels by 2030 (BEIS, 2020).
Buildings were responsible for approximately 17% of direct greenhouse gas emissions in the UK in
2019, and homes contributed to 77% of this share (CCC, 2020). The housing sector, thus, provides
a likely avenue through which national carbon reduction can be partly achieved and progress
towards said targets be attained. Given existing domestic buildings will account for approximately
75% of the 2050 UK housing stock, retrofitting existing structures is key to reducing energy
demand in the domestic sector (IET, 2020; Schwartz et al., 2022). Despite two decades of energy

retrofitting, much of the existing housing stock fails to meet targets: in 2019, nearly 19 million UK
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homes currently have an Energy Performance Certificate (EPC) rating of D or worse (HM
Government, 2017), meaning a large-scale retrofitting programme is needed across much of the

domestic sector.

Improving building energy efficiency not only reduces carbon emissions but, if appropriately
implemented, can potentially improve health and lower operational costs for the occupants (Kerr et
al., 2017), and reduce reliance on increasingly insecure fuel supplies in the UK. A recent report
estimated that improving dwelling energy efficiency, along with the decarbonisation of household
fuels, may result in a £6.8 billion boost to the UK economy via direct economic impacts, social
benefits and job creation (Cambridge Econometrics, 2022). Estimated benefits were greater
assuming high domestic energy prices, such as those seen throughout the ongoing energy crisis.
However, it is estimated that up to 20% of the English housing stock is already experiencing indoor
overheating (Lomas et al., 2021), which may be exacerbated by energy efficiency measures
applied without sufficient cooling strategies; this could be due to increased building airtightness
and internal solid wall insulation which may prevent heat from escaping (Makantasi & Mavrogianni,
2016; Taylor et al., 2023). This led to the release of Approved Document O of the Building
Regulations in England in 2022, which aims to mitigate overheating in new residential dwellings
(HM Government, 2021a). Whilst consideration of overheating risk at the design stage is an
important step, measures to mitigate overheating must be primarily implemented to existing
structures. The third UK Climate Change Risk Assessment (CCRA3) has encouraged better
coordination of home decarbonisation policies and heat adaptation strategies for homes, as a
means of minimising the risk to health and social care from extreme weather events (CCC, 2021).
The Cooling in the UK report commissioned by the Department of Business, Energy and Industrial
Strategy (BEIS) highlighted the potential cost savings of deploying cooling measures alongside a
home retrofit programme to reduce costs and increase benefits to homeowner/tenants (BEIS,
2021). The report suggested that passive overheating measures, such as internal and external
shading, improved ventilation practices and using surfaces with a high reflectivity, may reduce
energy consumption for cooling demand by a greater amount compared with efficient active
cooling systems, which may further increase building fuel costs and carbon emissions, but that the
roll-out of such measures as part of wider decarbonisation goals needed more detailed
consideration (BEIS, 2021).
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The social housing stock has seen improvements in energy efficiency over the last ten years due to
council-led retrofits, and uptake of energy efficient measures is highest in low income areas of
England (Hamilton et al., 2014). However, parallel increases in outdoor temperatures have
highlighted the vulnerability of social housing, and energy efficient homes more generally, to

overheating (Mavrogianni et al., 2013; Ortiz et al., 2020; Porritt et al., 2013) especially those located

in urban areas due to the Urban Heat Island (UHI) effect (Sanchez-Guevara et al., 2019).

Household cooling needs are not currently
considered in UK definitions of fuel poverty (outlined
in Inset 1) as air conditioning use is at present
limited (Crawley et al., 2020), but future definitions
may include the ability of a household to adequately
cool their homes. A UK survey on health protection
behaviour following the 2013 heatwave found high
income earners were three times more likely to use
an electric fan than those on lower incomes (Khare

et al., 2015).

Low-income populations are overrepresented in
urban areas and housing density is higher leading to
smaller, more compact dwellings with limited
opportunities for cross ventilation and heat transfer
from neighbouring units. This results in a ‘triple
jeopardy’ scenario where UHI intensity, population

vulnerability and poor-quality housing overlap,

UK Fuel Poverty Definitions

England: If a household is living in a property
with an EPC rating of band D or below and
spending the amount required to heat their home
would leave their residual income below the

official poverty line.

Wales: If a household is spending more 10% of
their income to maintain a satisfactory indoor

temperature.

Scotland: If a household is spending 10% or
more of their after housing cost equivalent net
income on fuel and their remaining income is at
least 90% of the UK Minimum Income Standard
(MIS) after childcare deductions and including

any disability or care benefits received.

Northern Ireland: If a household is spending

Inset 1. Fuel poverty definitions for England, Wales,
Scotland and Northern Ireland (Hinson & Bolton,
2022).

other occupied rooms.

creating high heat risk areas (Nickson et al., 2011;

Taylor et al., 2015). A number of evidence reviews by the Zero Carbon Hub (ZCH) found heat waves,
demographic changes, urbanisation and new construction practices are increasing the risk of
overheating, which is principally experienced in urban areas with overlapping older populations,
multi-unit and densely compact housing (ZCH, 2015a, 2015b, 2016).

In the context of the ‘Climate Services for a Net Zero Resilient World’ (CS-NOW) programme, the
UK Government commissioned this study to gain a better understanding of climate change impacts
on energy costs and thermal conditions within UK homes for vulnerable households. We employ a
mixed methods approach, including the statistical analysis of existing housing and population

databases, building performance simulation, and knowledge exchange activities with key
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stakeholders. Taking into account the major challenges for the UK housing stock posed by climate

change, this report aims to address the following overarching research question:

o What is the impact of climate change on the heating and cooling needs of the UK housing

stock, in particular for vulnerable segments of the population?

The research question outlined above was addressed through the following objectives:

1. Quantify the impact of a range of UK Climate Change Projections (UKCP) on residential
thermal comfort, heating and cooling loads across UK government regions for a range of
dwelling archetypes and occupants, with an emphasis on urban areas.

2. Evaluate the implications of these changes for different groups, including older people, the
fuel poor and other climate-vulnerable groups, taking into account the ability of these
groups to adequately heat and cool their homes, adapt to, cope with and recover from
excess heat and cold episodes, and the associated impacts on household fuel costs,
energy use and carbon emissions, and health inequalities.

3. In close collaboration with key stakeholders, identify low-cost, low-carbon, ‘win-win’
measures that could be adopted in order to minimise adverse societal and environmental
impacts of climate change-induced changes in the thermal performance of the UK housing
stock.

To achieve these three objectives, a building stock performance model was used that identified the
physical building characteristics (such as building size, shape, degree of attachment, standard of
energy efficiency, etc.) leading to different heating and cooling demand levels. In addition, these
outputs will feed into a tool for local authorities and local enterprise partnerships that will assist
them in understanding climate change implications for local climate adaptation and

decarbonisation plans (to be generated in the context of another CS-NOW Work Package).

2. Methods

2.1 Building-physics based housing model

To assess the energy and thermal performance of the UK housing stock, we used an existing
housing stock model developed at the UCL Institute for Environmental Design and Engineering
(IEDE), as part of the National Institute for Health Research Health Protection Research Unit
(HPRU) in Environmental Change and Health, funded by the National Institute for Health and Care
Research (NIHR). A meta-modelling approach is adopted, based on machine learning techniques

and a large number of EnergyPlus simulations for indoor temperature and building energy use.
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EnergyPlus is a building physics-based, whole-building energy simulation software which
dynamically models building performance, taking into account the outdoor climate and terrain;
building characteristics such as geometry, fabric, airtightness, floorspace; and occupant behaviour
(e.g. window opening frequency and internal gains) as inputs (US DOE, 2020). EnergyPlus has
previously been used to model indoor temperatures (Mavrogianni et al., 2017; Oikonomou et al.,
2012), building energy use (Beagon et al., 2020) and indoor exposure to air pollution (Shrubsole et
al., 2016; Taylor et al., 2014) for dwellings representative of the London and wider English housing
stock. The existing meta-model has been used to assess the spatial variation of indoor air pollution
for 11.5 million English and Welsh homes (Taylor et al., 2019) and project the impact of housing on

temperature-related mortality in London (Taylor et al., 2021).

Housing stock modelling inputs were primarily derived from the Energy Performance Certificate
(EPC) register. A dwelling enters the register whenever it is constructed, sold or let, thus newer,
more energy efficient dwellings are overrepresented in the EPC register. Data for domestic

properties is available from 2007 up until December 2021.

Using the meta-model, dwellings were modelled based on eight archetypes broadly representative
of the English housing stock, representing approximately 75% of English homes (Taylor et al.,
2016). A detailed explanation of how EPC data is cleaned and converted to inputs for the meta-
model is provided in Taylor et al. (2019), and briefly in the Appendix A, including floor plans for
each of the eight archetypes. Where EPC data for a building is largely missing or obvious errors
are identified, the entry for this building is omitted. This leads to an EPC entry for 64.3% of the
existing English (n = 15,847,767), 58% of the Welsh (n = 834,605), 52.4% of the Scottish (n =
1,404,758) and 44% of the Northern Irish (n = 358,282) housing stocks. The coverage of EPCs
across UK local authorities is shown in Figure 2. The local authority with the highest percentage of
homes with an EPC was Nottingham, at 78.6%, and the lowest percentage was Anglesey in
Wales, at 7.1%.
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Figure 2. The percentage of dwellings on the EPC register, by UK local authorities (DCLG, 2022).

2.2 Climate data

The outdoor climate was modelled using weather files previously developed for BEIS in the context
of the 2021 Cooling in the UK report (BEIS, 2021a). Future weather files using 2018 UK Climate
Projections (UKCP18) were used to model the projected outdoor conditions in the years 2030,
2050 and 2085 under Relative Concentration Pathway (RCP) 2.6. EPC dwellings located in
England were modelled using an outdoor weather file for London; those located in Wales were
modelled using an outdoor weather file for Cardiff; Scottish dwellings were modelled using a
Glasgow weather file and Northern Irish dwellings modelled using a Belfast weather file.
Additionally, outdoor conditions in England in 2085 were modelled using an RCP 8.5 weather file to

assess a scenario in which global greenhouse gas emissions continue to rise with little abatement.
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A summary of the corresponding projected temperature changes for each RCP scenario is outlined
below in Table 1, adapted from the Intergovernmental Panel on Climate Change (IPCC) Synthesis
Report (IPCC, 2014). All scenarios were modelled using a Design Summer Year (DSY) weather
file. The DSY is a single continuous year, representing a ‘warm’ year selected from a 30-year
period. At the time of this study, UKCP18 weather files were not yet available for UK countries
outside of London, Cardiff, Belfast and Glasgow, in a format suitable for building simulation, though
earlier UKCPQ9 scenarios are available for 42 locations across the UK from the EPSRC-funded
University of Exeter PROMETHEUS research project (Eames et al., 2011)". Later UKCP09
weather files at high spatial resolution (5km) have additionally been developed which partially

overcome the limitations of earlier UKCPO9 files (Liu et al., 2020).

Table 1. The projected change in global mean surface temperature of each Relative Concentration Pathway (RCP)
scenario, for the mid and late 21st century relative to the 1985-2005 period. The table is adapted from the
Intergovernmental Panel on Climate Change (IPCC) Synthesis Report (IPCC, 2014), with the two RCP scenarios
modelled in this report shown in bold italic.

2046-2065 2081-2100

Scenario Global mean surface Likely range Global mean surface Likely range

temperature change (°C) (°C) temperature change (°C) (°C)
RCP 2.6 1.0 0.4to 1.6 1.0 0.3to 1.7
RCP 4.5 1.4 0.9to 2.0 1.8 1.1t02.6
RCP 6.0 1.3 0.8t0 1.8 22 1.4t03.1
RCP 8.5 2.0 1.4to0 2.6 37 2.6to 4.8

2.3 Retrofit scenarios

We assessed the effect of five different scenarios on the annual heating, cooling demand and
indoor temperature exposure for different population groups. Scenarios were developed following
consultation with DESNZ, the Ministry of Housing, Communities & Local Government (MHCLG) and
other stakeholders, to identify combinations of energy retrofit and overheating mitigation measures
that simultaneously reduce energy demand and limit overheating in the UK domestic stock.
Following stakeholder consultation, the following building retrofit and operation scenarios were

modelled:

1A sensitivity analysis was carried out between UKCP18 and UKCP09 weather files for the work package interim report,
finding that UKCP09 weather files underestimated the outdoor temperature compared to the later UKCP18 weather files.
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1 — Baseline housing stock conditions derived using data from the Energy Performance

Register (EPC). No passive overheating measures or active cooling uptake were assessed.

2a — Building Regulations-standard solid, cavity and loft insulation are installed across the housing
stock, based on projections by the Climate Change Committee (CCC), along with external
passive shading. Air conditioning uptake increases at each time horizon according to area-

measures of household income.

2b - Building Regulations-standard solid, cavity and loft insulation are installed across the housing
stock, based on projections by the CCC, along with internal passive shading. Air conditioning

uptake increases at each time horizon according to area-measures of household income.

3 — Building Regulations-standard solid, cavity and loft insulation are installed across the housing
stock, based on projections by the CCC, along with modifications to external surface
reflectivity, known as surface albedo. For this intervention, homes located in urbanised areas of
each of the four UK nations are targeted. Air conditioning uptake increases at each time horizon

according to area-measures of household income.

4 — Building Regulations-standard solid, cavity and loft insulation are installed across the housing
stock, based on projections by the CCC, along with behavioural adaptations by occupants. For
this intervention, the indoor temperature threshold at which windows opened varied, taking into
consideration of occupant security concerns. Air conditioning uptake increases at each time

horizon according to area-measures of household income.

The uptake of these technologies and behaviours varied according to the time period examined,

with values based on the best available evidence, detailed below and summarised in Table 3.

2.3.1 Energy retrofit

To assess the impact of household energy efficiency measures on heating energy demand, values
for the installation of retrofit measures across the stock in 2030, 2050 and 2085 were taken from
the CCC’s Balanced Pathway (CCC, 2022). According to this pathway, there should be around 6.5
million installations of loft insulation, 1.9 million installations of cavity wall insulation and 2.4 million
installations of solid wall insulation across the housing stock between 2022-2030. Between 2030-
2048, a further 4.3 million installations of loft insulation, 1.1 million installations of cavity wall
insulation and 900,000 installations of solid wall insulation are required to meet Net Zero by 2050.

We assume that these measures are distributed randomly across the EPC dataset from which the
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housing data is taken. This results in 70% of the existing EPC stock retrofitted with at least one of
the measures by 2030 and 100% of the EPC stock retrofitted by 2050. In the 2085 time horizon,
energy efficiency installations are assumed to remain at the 2050 level. Building fabric target
values for each element were taken from Part L of the Building Regulations in England and Wales
for existing buildings (HM Government, 2021b), shown in Table 2, and applied only when the

baseline U-value was above that recommended in Part L2.

Table 2. U-value building fabric targets for external cavity and solid walls, and loft insulation taken the English and Welsh
building regulations (HM, Government, 2021b).

Building regulations for

existing dwellings: U-
value (W/m?/K)

External Solid 0.30 (HM Government,
el Cavity 0.55 A,
Roof 0.16

2.3.2 Shading devices

External window shutters have been found to be a more effective intervention in building thermal
simulation studies that compared a range of passive overheating strategies (Mavrogianni et al.,
2014; Porritt et al., 2013). External shutters prevent solar radiation warming the internal dwelling
space, as well as the outdoor air between the shutter and the window, which can then be
transferred to the room (ZCH, 2016). It is recommended that shading is combined with other
interventions, such as external wall insulation, to significantly reduce overheating (Porritt et al.,
2013). We assess the impact of applying external shutters alongside homes that are retrofitted on
indoor temperatures and summertime overheating. Shutters were assumed to be closed from 9 am
— 6 pm during summer months (May — September) to quantify their maximum impact. Shutters
were added in homes that were modelled with an energy retrofit package for each of the three time
horizons of 2030, 2050 and 2085, as the third UK Climate Change Risk Assessment (CCRA3) has
encouraged better coordination of home decarbonisation policies and heat adaptation strategies

for homes.

2 A lower U-value is associated with higher levels of heat loss through the building fabric.
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However, issues may arise implementing external shutters to existing buildings due to heritage and
spatial and/or design restraints, as the majority of UK homes have externally opening windows.
Internal blinds have been recommended as a low cost solution for existing buildings (ZCH, 2016).
We, therefore, additionally assess how internal blinds compare to external shutters in terms of
overheating mitigation. Internal blinds were implemented in homes which had received energy
efficiency measures in 2030, 2050 and 2080 and assumed to be closed from May until September
throughout the day from 8 am — 8 pm.

2.3.3 Surface albedo modification

Modifying the reflectivity of building surfaces by reducing solar absorption via high albedo materials
has been identified as an effective way to mitigate overheating in urban areas (Gago et al., 2013;
Gupta & Gregg, 2012; Santamouris & Fiorito, 2021; Yang et al., 2015). To assess the impact of
this measure on the indoor temperature and energy use, we reduce the solar absorption coefficient
of external roofs and walls from a baseline of 0.8 to 0.1 in Scenario 3, representing the painting of
external surfaces with a low absorption paint. Dwellings located in urbanised areas are prioritised
for this scenario. We estimate the effect of surface albedo modification on indoor temperature and
cooling energy use for London, Cardiff, Glasgow and Belfast in 2030; additionally, in the 2050
scenario the West Midlands, Swansea, Edinburgh and County Armagh were assumed to modify
the surface albedo of their buildings and in 2085 dwellings located in Manchester, Rhondda Cynon
Taff, Fyfe and Causeway and Glens were additionally assessed. All areas represent the three most
built-up areas of each country in terms of the available EPC data. A number have a notable UHI
effect (Krlger et al., 2013; Levermore et al., 2015; Tomlinson et al., 2012; Watkins et al., 2002)
which has, in some cases, been associated with an increased mortality burden during heatwaves
(Heaviside et al., 2016; Taylor et al., 2015). This results in 15%, 21% and 26% of the EPC stock
receiving modifications to the building surface for 2030, 2050 and 2085, respectively.

2.3.4 Window operation

Window-opening has been shown to be an effective way to reduce indoor overheating, when
outdoor temperatures are lower than indoor, and behavioural adaptations may be a low-cost option
for short-term reductions in indoor overheating. A lack of operable windows during heatwaves has
been attributed to an increased mortality risk of between 29-65% in a modelling study of dwellings
located in the West Midlands (Taylor et al., 2018). Monitoring data from 26 low-energy Scottish
homes attributed much of the variation in indoor overheating between dwellings with a very similar

design to occupant window opening (Morgan et al., 2015).
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Within the model, window opening was modelled as a function of indoor and outdoor temperature,
where windows were opened during summer when the indoor temperature exceeded 22°C and if
the indoor temperature exceeded the outdoor temperature. The indoor temperature threshold of
22°C was taken from CIBSE guidelines (CIBSE, 2015). Whilst there a number of reasons people
open windows, indoor temperature is consistently found to be one of the main drivers (Fabi et al.,
2012; Yao & Zhao, 2017). To assess the effect of increased window opening on indoor
temperatures, the indoor temperature threshold at which windows were opened was reduced to
18°C in homes that adopted this behaviour. This represents a scenario where windows are almost
continuously open. This was distributed randomly across the housing stock to see how this
behavioural adaptation effects indoor temperatures in different dwelling types with varying
orientations and layouts, but only for homes where the bedroom was on the second-storey and
above. Ground-floor flats and bungalows were assumed to not adopt increased window opening
due to security concerns. The adoption of lower window opening thresholds was assumed to
increase as the ambient temperature increased, with 25%, 50% and 75% of dwellings adopting it in
2030, 2050 and 2085, respectively. Additionally, a counterfactual window-opening scenario was
assessed where the indoor temperature threshold was set to 35°C in a subset of homes (10%)
where bedrooms are located on the ground floor, to represent a scenario where windows are
continuously closed. The three window opening thresholds of 18°C, 22°C and 35°C have
previously been used by Taylor et al. (2018) to quantify the role of window operation on heat-

related mortality.

2.3.5 Air conditioning uptake

Despite a lack of UK data on uptake of air conditioning in homes, prevalence is estimated to be
less than 3% (BEIS, 2017). However, a recent study of participants living in London showed the
purchase of a home air conditioning unit was being contemplated (Murtagh et al., 2022) and
uptake is expected to rise up to around 30% by 2050 (Crawley et al., 2020). Based on international
evidence, uptake is likely to be more common in affluent homes (O’Neill et al., 2005; Thomson et
al., 2019).

We, therefore, modelled the adoption of home air conditioning using a socioeconomic uptake
scenario, where adoption increased in descending order of area-measures of household income.
The most recent small-area estimates of household income for England and Wales are available
from 2018 (ONS, 2020). Small-area estimates of household income were not available for Scotland

and Northern Ireland. Data on area income deprivation from the 2020 Scottish Index of Multiple
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Deprivation (SIMD, 2020) and 2017 Northern Irish Multiple Deprivation Measure (NISRA, 2018)
was, therefore, used to estimate air conditioning uptake for Scottish Data Zones and Northern Irish
Super Output Areas (SOAs), respectively. Homes in areas with a higher median household income
(or lower levels of income deprivation) adopted air conditioning earlier, and those located in less
affluent areas (with more income deprivation) adopted air conditioning later as ambient
temperatures continued to increase with climate change. Values for the deployment of air
conditioning units across the stock were taken from Crawley et al. for 2030 and 2050, 1.6% and
30%, respectively. For the 2085 scenario, air conditioning adoption was assumed to continue at a
rate of 1.4% per year, resulting in 79% of the stock adopting air conditioning by 2085. The 55-year
uptake trajectory (from 1.6% in 2030 to 79% in 2085) is comparable to that of the US, where fewer
than 2% of homes had air conditioning in 1955 (Biddle, 2008) versus 88% in 2020 (EIA, 2020). The
propagation of air conditioning across the housing stock at the three time horizons is shown in

Figure 3.

2030 2050 2085

Percent uptake (%)

I 100

75

50

25

Figure 3. The percentage of households with an air conditioning unit, by UK local authorities, at the three time horizons.
Values for the percent deployment across the housing stock at each time horizon are taken from Crawley et al. (2020) for
2030 and 2050 and estimated to continue at the same rate (1.4% per year) in 2085.
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Table 3. Socio-technical retrofit uptake scenarios under RCP 2.6 and 8.5.

Scenario Intervention Deployment scenario Percent deployment

20302 20502 20852

1 — Baseline No intervention Counterfactual scenario where no building or behavioural interventions

are implemented across the stock.

2a — Energy Building interventions Building Regulations-standard solid, cavity and loft insulation are 71% 100%¢ 100%
retrofit and installed across the housing stock, based on projections by the Climate
external Change Committee (CCC)
passive Shading overheating External shutters are implemented alongside home retrofit for all 1% 100% 100%
shading o . : : -

mitigation dwellings which received energy efficiency measures

Air conditioning uptake Homes residing in neighbourhoods with the higher levels of area 1.6% 30% 79%

household income first install air conditioning units

2b — Energy Building interventions Building Regulations-standard solid, cavity and loft insulation are 71% 100% 100%
retrofit and installed across the housing stock, based on projections by the CCC
internal Shading overheating Internal blinds are used in all retrofitted buildings due to the infeasibility 71% 100% 100%
passive mitigation of external shutters
shading

Air conditioning uptake = Homes residing in neighbourhoods with the higher levels of area 1.6% 30% 79%

household income first install air conditioning units

3 — Energy Building interventions Building Regulations-standard solid, cavity and loft insulation are 1% 100% 100%
retrofit and installed across the housing stock, based on projections by the CCC

external Overheating mitigation  Low feasibility of external shutter implementation results in surface 15% 21% 27%
surface

albedo modification in possible UHI areas, selecting the three most
urbanised areas in each country
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Scenario

reflectivity

modification

4 — Energy
retrofit and
improved
window

opening

Intervention

Air conditioning uptake

Building interventions

Overheating mitigation

Air conditioning uptake

Deployment scenario

Homes residing in neighbourhoods with the higher levels of area

household income first install air conditioning units

Building Regulations-standard solid, cavity and loft insulation are

installed across the housing stock, based on projections by the CCC

Occupants residing in buildings with second storey and above
bedrooms adopt improved window opening behaviour in response to
rising temperatures and minimal remediation strategies. 10% of
dwellings with bedrooms on the ground floor (bungalows and ground-

floor flats) are assumed to not open windows at all.

Homes residing in neighbourhoods with the higher levels of area

household income first install air conditioning units

a Representative concentration pathway (RCP) 2.6.

b RCP 8.5: This was applied to the English housing stock to assess the worst-case scenario, where global emissions continue to rise with little

abatement.

20302

1.6%

1.6%

1%

35% (25%
increase
window
opening) and
10% keep
windows
closed at all

times)

Percent deployment

20502

30%

30%

100%

60% (50%
increase
window
opening) and
10% keep
windows
closed at all

times)

¢Up to 17.1 million homes are required to be retrofitted with solid/cavity wall and loft insulation in order to meet Net Zero by 2050.

20852

79%

79%

100%

85% (75%
increase
window
opening) and
10% keep
windows
closed at all

times)

Projecting temperature change across UK housing | 22



2.4 Outputs

241 Energy use

To calculate the potential energy savings from a home retrofit, annual heating energy use was
summed for all rooms with an electric heater sized for the individual building zones according to
CIBSE guidelines (CISBE, 2003) and assumed to operate at 80% efficiency. The heating system
was operated from September 30" to March 315t between 7-8 am and 5-10 pm each day. The
thermostat setting for each dwelling was randomly sampled from a distribution defined by reported
thermostat set-points in centrally-heating dwellings. Assumptions were based on the 2021 Energy
Follow-Up Survey (EFUS) (BEIS, 2021b) in a nationally representative sample of 957 households,
where the mean thermostat temperature setting was recorded as 20.4°C. The distribution is

outlined below in Figure 4.

Distribution of thermostat set-points

2,000,000 - Mean = 20.4 °C
1,500,000 N

1,000,000

500,000

Number of dwellings (n)

10 20 30
Temperature (° C)

Figure 4. The distribution of thermostat setpoints used as input to determine annual heating energy use.

Cooling demand was estimated using an electric cooler sized for each room, where the schedule
ran from May 1t to September 315t and operated during the daytime when the indoor temperature
exceeded 26°C in homes that adopted air conditioning (see details on uptake scenarios in Table
3). There is limited to no empirical evidence on domestic air conditioning uptake and usage in the
UK. The indoor temperature for air conditioning operation was, therefore, taken from published
global studies (Meier et al., 2019; Willand et al., 2016; Wright et al., 2020). Previous analysis of
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future air conditioning use in the UK have emphasised the need to learn from the best international

practice where air conditioning is already widely in use (McLachlan et al., 2016).

Dwelling susceptibility to low indoor temperatures in winter was assessed using heating Energy
Use Intensities (EUI), calculated by dividing the total annual heating energy consumption by the
dwelling floor area. All dwellings were assumed to be actively heated in winter using a central
heating system and the thermostat setting for each household was sampled from the same
distribution (Figure 4). The heating energy use required to maintain the thermostat setpoint
temperature will, therefore, better capture a household’s vulnerability to cold indoor temperatures
during winter, especially given the recent unit increase in domestic energy prices in the UK (Bolton
& Stewart, 2023). Likewise, as buildings become actively cooled towards the latter 215! century, we
assess cooling-related energy use intensities for different population groups to see if they bear a
disproportionate energy burden during summer, and therefore may be susceptible to summer fuel

poverty.

2.4.2 Indoor temperature

Indoor temperature was assessed using a number of temperature-related metrics. Exposure to
indoor temperature in summer was assessed using nocturnal bedroom temperature, as studies on
heat-related mortality suggest warm nights are most strongly associated with risk of cause-specific
mortality by the degradation of sleep quality (Diaz et al., 2002; He et al., 2022; Royé et al., 2021).
The average night time temperature during summer time (June — August) and the mean, two-day
maximum indoor temperature was calculated in bedrooms when the outdoor temperature was
between 20-22°C, 22-24°C and 24-26°C degrees. These outdoor temperature thresholds were
applied to the simulations for 2030, 2050 and 2085 time horizons, respectively. The 20-22°C
threshold was selected for all simulations using a 2030 weather file as during the recent summer
heatwave of 2022, external temperature throughout the night did not fall below 20°C for several
consecutive days (Kendon et al., 2021). Additionally, the percent of annual night time hours (10 pm
- 7 am) above 26°C in the bedroom was also assessed and calculated as a percentage of total
annual hours, taken from the second overheating criterion of the CIBSE Technical Memorandum
59 (CIBSE TM59, 2017). A recent assessment of overheating in existing homes by Arup
demonstrated that the majority of representative dwelling archetypes in the UK failed the CIBSE
bedroom criterion under current climatic conditions (Arup, 2022). Therefore, the percent of annual
night time hours exceeding additional indoor temperature thresholds of 27°C, and 28°C was also

assessed. These thresholds may be applicable for people of different thermal sensitivities as an
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alternative to the largely unattainable 26°C threshold under the UK’s future climate (Arup, 2022;
Cui et al., 2022).

2.5 Vulnerability metrics

Population exposure to indoor climate and risk of fuel poverty was assessed using a number of
vulnerability metrics. A review of population vulnerability to ambient temperature was carried out,
included in the Appendix B, identifying four subgroups of the population who may bear a
disproportionate risk from temperature-induced health impacts. These were identified as (i) infants
aged 4 years old and under; (ii) individuals aged 65 years old and above; (iii) lower income
individuals and (iv) ethnic minorities. A detailed rationale for the inclusion of these population
subgroups is provided in Appendix B. As the UK Census does not collect information on income,
data from the Department of Working Pensions (DWP) providing the number of individuals in
receipt of Universal Credit per English and Welsh Lower Super Output Areas (LSOAs) and Scottish
Data Zones was used as a proxy of low income. Universal credit is a means-tested social security
payment for adults who are unemployed or on a low-income. The DWP dataset was not available
for Northern Irish Output Areas. We, therefore, used the proportion of individuals with a personal
income that is less than 60% of the national median income in Northern Ireland across Northern
Irish SOAs (NISRA, 2018). Population estimates of age were taken from the 2021 UK Census for
English and Welsh LSOAs (ONS, 2021) and the National Records of Scotland for 2021 for Scottish
Data Zones (NRS, 2022). For Northern Ireland, population age estimates from the Census were
not available for small areas. We, therefore, use banded population estimates for Northern Irish
SOAs from the Northern Ireland Statistics and Research Agency (NISRA) (NISRA, 2020). As
population estimates were banded (for example, 0 — 15, 16 — 45, 45 — 65 and 65 and above), it
was not possible to get estimates for infants aged 0 — 4 years old as was done for English, Welsh
and Scottish OAs. We therefore assess vulnerability for all those in the 0 — 15 years old age band.
A summary of the vulnerability metrics used and additional data sources to parameterise the model

is outlined in Table 4.

To assess if these subgroups are subject to disproportionately high and low indoor temperatures,
the mean indoor temperature and percent of annual night time hours the bedroom temperature
exceeded a given threshold was calculated for each output area. Each output area was then linked
to the latest available population estimates, which provides the number of individuals in each

subgroup and a population weighted mean was calculated using Equation 1:
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Where x is the population-weighted mean indoor temperature or overheating rate (%), x represents
a mean indoor temperature for each LSOA, i, and W is the weight associated with each indoor

temperature, in this case the frequency of each of the four population subgroups per LSOA.

To assess disparities in Energy Use Intensity (EUI) between different population groups, we
calculate the average EUI for the 20% of output areas with the largest population of each subgroup
outlined in Table 4 and compare this to the average EUI in the 20% of output areas with the
smallest population of each subgroup. For example, in England, low-income individuals represent
on average 17% of the population in the 20% of LSOAs with the highest proportion of this
subgroup, compared with an average of 2.5% of the population in the 20% of LSOAs with the
smallest proportion of this subgroup. This metric has previously been used to assess social equity

in household urban energy use interventions in the US (Tong et al., 2021).

The socioeconomic population data is primarily used to assess inequalities for shorter-term
projections (for example, in the 2030 time horizon) as the spatial distribution of different population
groups across the UK groups will likely change throughout the 215 century, but some analyses at

later time horizons are provided in Appendix C for reference.

Table 4. Summary of datasets used to parameterise the housing stock model, define the
building intervention uptake scenarios and assess inequalities in energy use and exposure
to indoor summertime temperatures.

mm
component

Housing Dwelling Buildings database describing the quality of building (DCLG, 2022;
stock meta- Energy features and fabric efficiency Energy Saving
model Performance Trust, 2023)3?
Certificate
(EPC)
Building Income- e England and Wales: Net annual household income  (NISRA, 2018;
intervention  derived air after housing cost, by Middle layer super output ONS, 2020; SIMD,
scenarios conditioning areas (MSOAs) 2020)

e Scotland: Income deprivation rank, by Scottish
Data Zones
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mm
component

Vulnerability

analysis

uptake ¢ Northern Ireland: Income deprivation rank, by
scenario Northern Irish Super Output Areas (SOAs)

Individuals e England and Wales: The frequency of the
aged 65+ population aged 65 years and over, by LSOA
e Scotland: The frequency of the population aged 65
years and over, by Scottish Data Zones
e Northern Ireland: The frequency of the population

aged 65 years and over, by Northern Irish SOAs

Children / e England and Wales: The frequency of the
infants population aged 0 — 4 years old, by LSOA
e Scotland: The frequency of the population aged 0 —
4 years old, by Scofttish Data Zones
e Northern Ireland: The frequency of the population
under 16 years old, by Northern Irish SOAs

Ethnic England and Wales: The frequency of the population
minority® belonging to a racial or ethnic group outside of the

majority white British population of the UK, by LSOA

Low-income e England, Wales and Scotland: The frequency of
individuals in receipt of Universal Credit per
LSOAs.
e Northern Ireland: The frequency of individuals
earning an income which is more than 60% of the

Northern Irish median income

CS

(NRS, 2022;
NISRA, 2020; ONS,
2021)

(NRS, 2022;
NISRA, 2020; ONS,
2021)

(ONS, 2022)

(DWP, 2022;
NISRA, 2018)

2aEPC data for Northern Irish Dwellings is not publicly available and was acquired from Northern Ireland’s

Department of Finance.

bSmall-area estimates of population ethnicity data were not available for Scottish and Northern Irish output

areas.
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3. Results

3.1 England

3.1.1 Energy consumption for heating and cooling

The annual heating energy use across the English housing stock under each emission and retrofit
scenario is shown in Table 5. Heating energy use is projected to decline throughout the 215t century
as the ambient temperature increased, though differences were minimal under the same emission
scenario (RCP 2.6). Retrofitting the stock led to a further decline in heating energy use for all
emission scenarios, which were confirmed to be statistically significant using a two-sample, paired
t-test (Pasek, 2022).

Table 5. Mean annual heating energy use in the baseline scenario and following energy efficiency measures, for the
English housing stock at time horizons of 2030, 2050 and 2085 under 1.5°C and 4.0°C warming.

RCP 2.6 2.6 2.6 8.5

emission scenario

Annual heating Baseline 13,107 12,826 12,619 10,453
energy use (mean + (13,099 - (12,818 — (12,611 — (10,442-
(kWh) 95%Cl) 13,115) 12,833) 12,626) 10,455)
Retrofit 10,706 7,634 (7,627 4,318 (4,311 3,085 (3,079 —
(mean + (10,699 — —7,640) —4,324) 3,089)
95%Cl) 10,713)
T-test between p-value <0.00 <0.00 <0.00 <0.00
pre- and post-
Mean of 2,471 5,513 8,330 7,397
retrofitted stock
differences
(kWh)

The distribution of annual heating energy use by dwelling and wall type under 2030 RCP 2.6
emission scenario is shown in Figure 5. Annual heating energy use was higher for solid-walled
properties and those with less attachment to other dwellings, such as detached and semi-detached

dwellings, which is in agreement with existing studies (Liddiard et al., 2021).
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Figure 5. The distribution of heating energy use, by dwelling and wall type, under the RCP 2.6 emission scenario in 2030
for English dwellings.

Table 6 shows the percent decrease in heating energy use by dwelling archetype following the
energy efficiency measures for all four emission scenarios. All archetypes saw a decrease in heating
energy use following the energy retrofit under each of the four emission scenarios.

In general, properties which are on average older, such as terrace houses (ONS, 2022a), saw a
smaller percent decrease in heating energy use. This speaks to concerns that a blanket-approach
to modifying the stock may be unsuitable due to the diverse building ages and typologies comprise
the housing stock (Duan & Pelsmakers, 2016). The majority of terrace homes in the UK were built
before 1919, suggesting they would benefit from a higher retrofit standard as their baseline thermal

efficiency is on average lower than other archetypes.
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Table 6. Percent decrease in heating energy use following energy efficiency measures for the English housing stock, at
time horizons of 2030, 2050 and 2085 under RCP 2.6 and 8.5.

Mean percent decrease in heating energy use following
Dwelling retrofit (%)
type 2030

2085

2050

RCP 2.6 RCP 2.6 RCP 2.6 RCP 8.5
Bungalow 18.4 43.9 69.7 74.8
Converted flat 31.1 54.5 71.1 73.9
Detached 14.1 42.7 67.4 72.2
End-terrace 19.2 37.7 65.9 69.7
Highrise 221 43.8 55.3 58.9
Low-rise 28.1 50.6 69.4 72.0
Mid-terrace 19.3 36.4 61.0 64.8
Semi 19.4 40.9 64.3 70.2

There were ~ 240,000 English dwellings that adopted air conditioning in 2030 under RCP 2.6, ~5
million in 2050 under RCP 2.6 and ~12 million in 2085 under RCP 2.6 and 8.5 emission scenarios.
An analysis of cooling demand across each of the four retrofit scenarios for each year and emission
is shown in Figure 6. Results suggest that cooling demand was offset the most by the use of external
shutters in Scenario 2a, followed by internal blinds in Scenario 2b. Though external shutters
generally outperformed internal blinds, internal blinds were similarly effective for some archetypes,
such as detached properties. For example, across the English housing stock, average cooling
demand under RCP 8.5 in 2085 was 30% higher in Scenario 2b compared with Scenario 2a, but for

detached and bungalow properties, the difference was 13% and 8%, respectively.

The effectiveness of adaptive occupant behaviour varied by dwelling type. For free standing
dwellings with the ability to cross-ventilate, such as semi-detached and detached buildings,
optimised window opening appears to reduce cooling demand in the two 2085 emission scenarios,
RCP 2.6 and 8.5, when the uptake of this behaviour is greater across the housing stock (75%).
Optimised window opening is less effective in flats, due to their reduced ability to cross ventilate and

a proportion of ground floor flats having kept windows closed in Scenario 4 due to security concerns.

Projecting temperature change across UK housing | 30



CS

There is a considerably large increase in cooling demand for bungalows in Scenario 4. This is
because a larger proportion of this dwelling type were assumed to keep windows closed, again due
to security concerns stemming from having a bedroom on the ground floor. Surface albedo
modification appears to be least effective in homes which are able to optimise window opening
behaviour: For dwellings which were assumed to have bedrooms on the second floor or above (semi-
detached, mid-terraces, end-terraces and detached properties), surface albedo modification appears
to be the least effective building intervention at the later time horizons (2050s, 2085s) when building

interventions are more widespread across the housing stock, with reasons for this discussed below.
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Figure 6. The distribution of cooling energy use intensities by English dwelling type, across the four building intervention
scenarios for each time horizon and emission scenario: in 2030 under RCP 2.6 (top), 2050 under RCP 2.6 (mid-top) and
2085 RCP 2.6 (mid-bottom) and 8.5 emission scenarios (bottom figure).
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3.1.1.1 Energy consumption by population group

To assess how heating energy use was distributed across different population subgroups, we
calculate the annual mean Energy Use Intensity (EUI) in kWh/m?/yr for English LSOAs. Results were
linked to the area-measures of vulnerability outlined in Table 4 and aggregated by region. Figure 7
shows that EUls are higher in areas with a greater proportion of over 65s and lower in areas with a
greater proportion of lower-income individuals under the 2030s RCP 2.6 emission scenario.
Differences in EUI disparities for those aged above and below 65 years old were largest in London,
identifying a key area for the prioritisation of equitable domestic energy policy. A recent Age UK
report found fuel poverty rates in London were higher amongst over 50s than other areas of England
(Age UK, 2022). For ethnic minorities, the calculated EUI was greater in LSOAs with a lower ethnic
diversity for all regions, except the East and West Midlands. The result suggest EUls are lower in
areas with a greater proportion of infants and lower income individuals across all English regions.
The LSOA-average annual EUIs were highest in the East Midlands, and lowest in London, at 147
kWh/m?/yr and 121 kWh/m?/yr, respectively.
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Figure 7. Mean heating energy use intensities aggregated by English LSOAs under 2030 RCP 2.6 emission scenario,
aggregated by quantile of population vulnerability, showing the 20% of LSOAs with the lowest proportion of each vulnerable

population (green) and the 20% with the highest (orange).

To assess if the energy efficiency measures installed in Scenarios 2-4 improved disparate EUIs

under 2030 RCP 2.6 scenario, we compared EUIs for LSOAs with highest and lowest quintile of

population proportions for each of the vulnerable subgroups outlined in Table 4, in the baseline

versus retrofit scenario, shown in Figure 8. The results suggest whilst the retrofit measures reduced

EUls for all LSOA population quintiles, disparities persist without a retrofit programme specifically

targeting subgroups who are at greater risk of fuel poverty.
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Figure 8. LSOA-average heating energy-use intensities (EUI) for each population subgroup under baseline English housing
stock conditions and with retrofit measures under the 2030 RCP emission scenario.

Given the higher propagation of air conditioning across the stock in 2050 under the RCP 2.6 emission
scenario compared to 2030, we model EUIs for domestic cooling by population subgroup in 2050,
shown in Figure 9, though acknowledge the spatial distribution of each subgroup is likely to have
changed by 2050. The figure shows that LSOAs which presently have a greater proportion of
minorities, infants and low-income individuals generally have higher domestic EUIs for cooling in
2050, apart from in Scenario 2a (external shading). The use of internal blinds in Scenario 2b is most
effective at reducing EUIs for cooling in areas with a high proportion of over 65s. This may be due
to the higher effectiveness of this overheating mitigation measure in detached dwellings and
bungalows (Figure 6), which are more commonly found in neighbourhoods with a high proportion of

this population subgroup. Results for cooling EUIls in 2085 under the RCP 8.5 emission scenario are
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included in Appendix C and largely mirrored the results shown in Figure 9, but overall EUIs were

higher due to the greater cooling demand under this emission scenario.

LSOA-average cooling energy-use intensity, aggregated by population quintiles
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Figure 9. LSOA average cooling energy-use intensities (EUIs) for English LSOAs, aggregated by population quintiles in
scenarios 2a - 4, in the 2050s time horizon under RCP 2.5 emission scenario.

3.1.2 Summertime indoor temperatures

An analysis of indoor overheating by dwelling type for all emission scenarios is shown in Figure 10.
The figure shows the percent of nocturnal bedroom hours (10pm — 7am) the three indoor
temperature thresholds were exceeded by. Across the housing stock, with no building interventions,
all dwellings failed CIBSE TM59 bedroom criteria, with the bedroom temperature exceeding 26°C
for 14.3%, 15,4%, 16.1% and 21.8% of annual night time hours under 2030 RCP 2.6, 2050 RCP 2.6,
2085 RCP 2.6 and 2085 RCP 8.5 emission scenarios, respectively. The figure suggests dwellings
with less attachment (bungalows, detached properties) are on average cooler, exceeding the indoor
threshold for a lower percent of annual night time hours. Flats and terraced homes were warmer and
spent more hours above the indoor threshold. Notably, overheating levels vary significantly across
the storey levels of the different flat archetypes (shown via the error bars). For example, ground floor
high rise flats spent on average 7.1% of annual night time hours above the 26°C temperature
threshold in 2030 RCP 2.5 emission scenario, compared with 17% for top-floor high rise flats.
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We additionally map the mean percent of annual night time hours the bedroom temperature
exceeded 26°C across Greater London LSOAs in the 2030 and 2085 time horizon under RCP 2.6
and 8.5 emission scenario, respectively, in Figure 11. Greater London was selected as the use of
the London outdoor weather file more accurately represents the outdoor conditions in this sample of
dwellings. Results suggest that inner London LSOAs experience greater indoor overheating in the
2030 time horizon under RCP 2.6 emission scenario, especially in the east. By the 2085 time horizon

under the RCP 8.5 emission scenario, inner, eastern and outer West London experience the highest
indoor overheating.
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Figure 10. The percent of nocturnal (10pm - 7am) the bedroom temperature exceeded 26C, 27C and 28C, by dwelling
type for the English stock at time horizons of 2030s, 2050s, 2085s RCP 2.6 emission scenario and 2085 RCP 8.5 emission
scenario.
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Figure 11. The mean percent of annual night time hours the nocturnal bedroom temperature exceeded 26C, aggregated
by London LSOAs, in the a) 2030s time horizon under RCP 2.6, b) 2085s time horizon under RCP 8.5 emission scenario.

An analysis of the effect of each intervention on summertime overheating in the 1.5°C warming 2030s
scenarios, by dwelling type, is shown in Figure 12A. The figure shows that shading devices, both external
and internal, are most effective at reducing the percent of bedroom overheating, across all dwelling types.
Adaptive window opening made minimal difference, which is consistent with other modelling studies (Taylor
et al., 2018) and may again be due to its limited projected uptake across the housing stock in 2030 (25% of
all dwellings with a bedroom on the second storey or above). However, for the 10% of homes with bedrooms
on the ground floor where windows were assumed to stay closed, this led to a significant rise in the percent

of annual night time hours above 26°C (Figure 12B).

Interestingly, surface albedo modification appeared to have little effect, possibly due to its small uptake
across the stock in the 2030s RCP 2.6 emission scenario. This is contrary to existing findings in international

studies (Carnielo et al., 2013; Mansouri et al., 2017). There may be a number of reasons behind this:

e The uptake of surface albedo modifications across the stock was limited in 2030, and primarily
targeted at urban areas, where flats are more common and dwellings are generally smaller with
limited opportunities for cross ventilation. The baseline temperature in these dwellings will, therefore,
be higher than the baseline temperature in dwellings outside of urban areas.

¢ We combine the changes in surface albedo with widespread wall and roof insulation, in line with the

Government’s planned heating decarbonisation goals (BEIS, 2020). As insulation will limit heat
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transfer through the building envelope, this will reduce the effectiveness of albedo modifications on
indoor temperature.

¢ The EnergyPlus simulations from which the meta-model is derived do not account for changes in the
outdoor temperature that can occur when the solar absorptance of buildings in reduced, which can
be significant (Macintyre & Heaviside, 2019).

Percent of overheating, by dwelling type

Scenario
. 1 - baseline
2a - external shutters
2b - internal blinds
10 3 - suface albedo
. WI_I 4 - adaptive behaviour
0

Bungalow Converted flat Detached End-terrace Highrise Lowrise Mid-terrace Semi
Window-opening

20 —I—
I
1
threshold
18°C
1 T @ 22°C
’—F I 39°C
0

Bungalow Detached End-terrace Flats Mid-terrace Semi

Percent of nocturnal bedroom hours (10pm - 7am) above 26°C

Figure 12. The percent of annual night time hours the bedroom temperature exceeded 26°C, by dwelling type, across all
building intervention scenarios, in the 2030 time horizon under RCP 2.6 emission scenario. Figure 9B. The percent of
annual night time hours the bedroom exceeded 26°C in Scenario 4, by dwelling type and with variable window-opening
thresholds, in the 2030 time horizon under RCP 2.6 emission scenario.

As a proof of concept, we reduce the solar absorption coefficient in all dwellings across the English
housing stock under baseline conditions in 2030 RCP 2.6 scenario. It is acknowledged that surface
albedo modifications across the whole building stock are unrealistic. The results are shown in Figure
13. We find that reducing the solar absorption coefficient leads to lower levels of overheating,
particularly in detached dwellings and bungalows which may receive outdoor heat transfer through
all sides of the building fagade. For flats and smaller dwellings with fewer outdoor fagades, this
intervention has limited effectiveness. This may be due to the model not accounting for changes in
the outdoor temperature, which can have large impacts (Macintyre & Heaviside, 2019), as previously
mentioned.
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Percent of nocturnal bedroom hours (10pm - 7am) above 26°C, by dwelling type and surface albedo
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Figure 13. The percent of annual night time hours the bedroom temperature exceeded 26°C, by English dwelling types
with different levels of solar absorption, in the 2030 time horizon under RCP 2.6 emission scenario.

Figure 14 shows an analysis of dwelling summertime overheating under 4.0°C warming in 2085 for
each of the building intervention scenarios. The figure supports the findings from Figure 12A that
internal and external shading are most effective at reducing overheating. Likewise with Figure 12B,
keeping windows closed in dwellings with bedrooms on the ground floor causes significantly higher
indoor overheating. Apartment from bungalows in Scenario 4, all dwellings saw decreases in the
percent of nocturnal hours above 26°C, partly owing to the high uptake of air conditioning across the
stock by 2085 (79%).
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Percent of nocturnal bedroom hours (10pm - 7am) above 26°C, by dwelling type
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Figure 14. The percent of annual night time hours the bedroom temperature exceeded 26°C, by dwelling type, across all
scenarios for the English housing stock, in the 2085 time horizon under RCP 8.5 emission scenario.

3.1.2.1 Overheating by population group

To assess population exposure to high summertime temperatures, the percent of nocturnal bedroom
hours above the three thresholds is shown in Figure 15 under RCP 2.6 emission scenario in 2030
for each of the vulnerable population groups identified from the review. Results were aggregated by
LSOA and a population-weighted mean percent of annual bedrooms hours above each threshold
was calculated. Figure 15 shows the percent of annual night time hours the bedroom temperature
exceeded 26°C, 27°C and 28°C across English LSOAs. The figure shows dwellings in areas with
greater ethnic diversity, lower income individuals and infants (to a lesser extent) overall may spend
a greater amount of annual night time hours above the three temperature thresholds. Differences
were greatest for ethnic minorities versus non-ethnic minorities. Whilst dwellings located in areas
with a greater number of those under 65 years old exceeded the bedroom temperature less than
those located in areas with fewer over 65s, areas with a greater proportion of older individuals still
experience high indoor temperatures during summer for a significant amount of time. This is
concerning given the heightened vulnerability of this age group to high summertime temperatures
(Arbuthnott & Hajat, 2017).
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Figure 15. The percent of annual night time hours the bedroom temperature exceeded indoor threshold of 26°C, 27°C and

28°C, aggregated by English LSOAs and weighted for the different population groups in 2030 time horizon under RCP 2.6
emission scenario.

Additionally, a population weighted mean indoor temperature was calculated for each population
subgroup under RCP 2.6 in 2030. The average nocturnal bedroom temperature (10pm — 7am) and
the mean indoor temperature when the outdoor temperature is between 20 — 22°C was assessed
and is shown in Figure 16. Whilst distributions have significant overlap for all population subgroups,
the population weighted summertime bedroom temperature was significantly higher for areas with a
higher proportion of ethnic minority and low-income groups versus non-ethnic minority and non-low

income groups, respectively, in agreement with the findings shown in Figure 15.
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Population-weighted nocturnal bedroom temperature in summer, aggregated by LSOA
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Figure 16. The distribution of population-weighted mean indoor temperatures in summertime across English LSOAs, in
2030s time horizon under RCP 2.6 emission scenario.

Figure 17 shows how each building intervention in Scenarios 2 — 4 affects the population-weighted
mean nocturnal bedroom temperature for different subgroups. The figure shows that the use of
external shutters in Scenario 2a reduces the divergence seen in the temperature distribution
between vulnerable and non-vulnerable subgroups in Figure 16, suggesting it is most effective at
reducing disparate exposures to high indoor temperatures during summer under 2030 RCP 2.6

emission scenario.
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Population-weighted mean nocturnal bedroom temperature in summer, aggregated by LSOA
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Figure 17. The population-weighted mean nocturnal bedroom temperature in summer for different population groups,

across the four building intervention scenarios for English LSOAs, in 2030s time horizon under RCP 2.6.

3.2 Wales

3.2.1

Energy consumption for heating and cooling

The annual heating energy use across the Welsh housing stock under each emission and retrofit

scenario is shown in Table 7. Alike with the English stock, heating energy use marginally declined

throughout the 21%! century under the same RCP 2.6 emission scenario. Domestic heating energy

use was higher in Wales compared with England, supporting findings that the Welsh housing stock

is the oldest and most inefficient in the UK (Piddington et al., 2020). Retrofitting the stock led to a

larger decline in heating energy use for all time slices, which were confirmed to be statistically

significant using a two-sample, paired t-test (Pasek, 2022).
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Table 7. Annual heating energy use in the baseline scenario and following energy efficiency measures across the Welsh
housing stock, at time horizons of 2030, 2050 and 2085 under RCP 2.6 emission scenarios.

Annual heating Baseline 16,979 (16,953 16,691 (16,665— 16,480 (16,454 —

energy use (kWh) (mean + 95%Cl) —17,005) 16,717) 16,505)
0
Retrofit 14,046 (14,023 10,103 (10,084 6,330 (6,316 —
(mean + 95%Cl) —14,069) -10,122) 6,345)
T-test between p-value <0.00 <0.00 <0.00
pre- and post-
Mean of differences 2,935 6,954 10,154

retrofitted stock
(kWh)

The distribution of heating energy use intensities by dwelling and wall type under RCP 2.6 in 2030
is shown in Figure 18. Alike with the English stock, larger, solid-walled properties have a higher EUI,
representing a priority area for dwelling retrofit programmes. The small number of high rise dwellings
in the Welsh EPC stock (n=133) resulted in a multi-modal distribution of heating energy use for this
archetype.

Table 8 shows the mean percentage decrease in heating energy demand following the retrofit by the
different dwelling types. All archetypes saw a decrease in heating energy use following the energy
retrofit under each of the three year/emission scenarios. Reductions increased as uptake of retrofit

measures increased between 2030-2050, in line with national decarbonisation retrofit programme.
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Figure 18. The distribution of heating energy use intensities (kWh/m?2/yr) by dwelling and wall type for the baseline Welsh
housing stock, in the 2030 time horizon under RCP 2.6 emission scenario.

Table 8. Percent decrease in heating energy use following energy efficiency measures across the Welsh housing stock,
at time horizons of 2030, 2050 and 2085 under RCP 2.6.

Mean percent decrease in heating energy use following retrofit (%)

2030 RCP 2.6 2050 RCP 2.6 2085 RCP 2.6
13.9 39.2 64.0

Dwelling type

Bungalow

Converted flat 21.6 42.4 64.0
Detached 16.9 46.4 65.7
End-terrace 19.9 371 60.0
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Mean percent decrease in heating energy use following retrofit (%)

2030 RCP 2.6 2050 RCP 2.6 2085 RCP 2.6
38.9 48.0

Dwelling type

Highrise 14.8

Low-rise 21.8 44.9 68.3
Mid-terrace 18.6 32.8 56.5
Semi 16.3 36.4 59.4

There were ~13,000 dwellings assumed to have adopted air conditioning in 2030 under RCP 2.6,
~280,00 in 2050 under RCP 2.6 and 650,000 in 2085 under RCP 2.6 emission scenario across the
Welsh housing stock. Figure 19 shows annual cooling energy use by dwelling type across the four
building intervention scenarios. Alike with the English housing stock, the figure suggests shading
devices reduce cooling demand the most. External shutters were most effective, although as shown
in Figure 6 with the English stock, internal blinds may be similarly effective for free-standing dwellings
such as detached properties and bungalows. Keeping windows closed in Scenario 4 caused cooling
demand to rise in bungalows, though to a lesser extent than that seen across the English stock (Fig
5) due to the cooler outdoor climate of the Cardiff weather file versus London. Optimised window
opening in properties with bedrooms on the second floor or above is generally more effective at
offsetting cooling demand in the later scenarios when the uptake of this behavioural modification is

more prevalent across the stock.
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Figure 19. The distribution of cooling demand by dwelling type for the Welsh housing stock, across the four building
intervention scenarios for each time horizon and emission scenario: in 2030s (top), 2050s (mid) and 2085s (bottom figure)
under RCP 2.6 emission scenarios.

3.2.1.1 Energy consumption by population group

To assess how heating energy use was distributed across different population subgroups, the annual
mean energy use intensity (EUI) in kWh/m?/yr was calculated for Welsh LSOAs and linked to the
area-measures of vulnerability outlined in Table 4. Figure 20 shows that EUIs are higher in areas

with a greater proportion of over 65s and lower in areas with a greater proportion of under 5s, lower
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income individuals and ethnic minorities under the 2030s RCP 2.6 emission scenario. The mean
dwelling EUI across Welsh homes was 179.6 kWh/m?/yr, higher than that of English homes, again
supporting findings that the Welsh housing stock is older and less efficient (Piddington et al., 2020).

LSOA-average heating energy-use intensity,
aggregated by population quintiles

250 . :
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Annual heating energy use intensity (kWh/m?/yr)
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Proportion of LSOA population: ES Highest 20% ES Lowest 20%

Figure 20. Mean heating energy use intensities aggregated by Welsh LSOAs under RCP 2.6 emission scenario in 2030,
aggregated by quantile of population vulnerability, showing the 20% of LSOAs with the lowest proportion of the each
vulnerable population (green) and the 20% with the highest (orange).

Likewise with the English housing stock, given the higher adoption of air conditioning in Welsh homes
in 2050 compared to 2030, we model EUls for domestic cooling by population subgroup under 2050
2.6 emission scenario, shown in Figure 21. The results vary to that of the English stock as, LSOAs
with a greater proportion of minorities, infants and low-income individuals generally have higher
domestic EUlIs for cooling which are not always reduced by the widespread use of external shading.
Keeping the windows closed in homes with a bedroom on the ground floor in Scenario 4 caused
cooling EUls to increase significantly, which exacerbated inequalities for those aged 65+ and lower-
income individuals due to these population groups being more likely to occupy flats and bungalows
(DCLG., 2016; Ferguson et al., 2021). Cooling EUIs were overall lower across the Welsh housing

stock due to the cooler outdoor climate from the Cardiff versus London weather file.
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Figure 21. Welsh-LSOA average cooling energy-use intensities (EUIs) by population quintiles in scenarios 2a - 4, in the
2050s time horizon under RCP 2.6.

3.2.2 Summertime indoor temperatures

An analysis of indoor overheating by dwelling type under all year/emission scenarios is shown in
Figure 22. Results suggest the percent of nocturnal bedroom hours (10pm — 7am) the three indoor
temperature thresholds were exceeded by dwelling type. Across the housing stock, with no building
interventions, all dwellings failed CIBSE TM59 bedroom criteria, with the bedroom temperature
exceeding 26°C for an average of 12.2%, 13.0%, and 13.7% of annual night time hours under 2030,
2050 and 2085 RCP 2.6 emission scenarios, respectively. Differences are generally small due to the
same emissions scenario across the three time horizons (RCP 2.6). The figure suggests dwellings
with less attachment (bungalows, detached properties) are on average cooler, exceeding the indoor
threshold for a lower percent of annual night time hours. Flats and terraced homes were warmer and
spent more hours above the indoor threshold. Though there was a large amount of variation in
overheating across the different flat archetypes (shown via the error bars), owing to the large

variation across the different storey levels.
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Figure 22. The percent of nocturnal (10pm - 7am) the bedroom temperature exceeded 26°C by dwelling type in Wales at
time horizons of 2030s, 2050s and 2085s under RPC 2.6 emission scenario.

Figure 23 shows the effect of each intervention on summertime overheating under RCP 2.6

emission scenario in 2030, by dwelling type. The figure shows that shading devices, both external

and internal, are most effective at reducing the percent of bedroom overheating, across all dwelling

types. Results for the effect of each intervention under RCP 2.6 in 2050 and 2085 are available in

Appendix C.
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Percent of nocturnal bedroom hours (10pm - 7am) above 26°C, by dwelling type
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Figure 23. The percent of annual night time hours the bedroom temperature exceeded 26°C, by dwelling type, across all
building intervention scenarios, under RCP 2.6 in 2030 for Welsh dwellings.

3.2.2.1 Overheating by population group

To assess population exposure to high summertime temperatures, the percent of nocturnal
bedroom hours above the three thresholds is shown in Figure 24 under RCP 2.6 in 2030 for each
of the vulnerable population groups identified from the review. Figure 24 shows the percent of
annual night time hours the bedroom temperature exceeded 26°C, 27°C and 28°C across Welsh
LSOAs, weighted for each subgroup. Likewise with the English stock, the figure shows dwellings in
areas with a higher proportion of ethnic minorities, lower income individuals and infants (to a lesser
extent) overall may spend a greater amount of annual night time hours above the three
temperature thresholds.
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Population-weighted mean % of hours bedroom temperature exceeded threshold, aggregated by LSOA
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Figure 24. The percent of annual night time hours the bedroom temperature exceeded the indoor threshold of 26C, 27C

and 28C, weighted for the different population groups across Welsh LSOAs in 2030s time horizon under RCP 2.6
emission scenario.
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3.3 Northern Ireland

3.3.1 Energy consumption for heating and cooling

The annual mean heating energy use of Northern Irish dwellings pre- and post-retrofit is shown in
Table 9 for each of the three time horizons. Alike with the English and Welsh results, heating
energy use marginally declined in the baseline stock condition throughout the 215t century under
the same RCP 2.6 emission scenario. The mean annual heating energy use in 2030 Northern
Ireland was only 384 kWh higher than the annual mean for Welsh dwellings under the same
conditions, despite the more northern climate of the Belfast versus Cardiff weather file, again likely
supporting findings that Welsh homes are the oldest and poorest performing of the UK housing
stock (Piddington et al., 2020). Retrofitting the Northern Irish housing stock led to declines in
heating energy use for all time slices, which were confirmed to be statistically significant using a
two-sample, paired t-test (Pasek, 2022).
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Table 9. Annual heating energy use in the baseline scenario and following energy efficiency measures across the
Northern Irish stock, at time horizons of 2030, 2050 and 2085 under RCP 2.6.

Annual heating Baseline 17,636 (17,597 17,463 (17,424— 17,128 (17,089 —
—17,675) 17,502) 17,166)

energy use (kWh) . o1 + 95%Cl)

Retrofit 16,182 (16,145 12,585 (12,551 7,835 (7,809 —

(mean+9s%cly  ~ 16:219) ~12,618) 7,860)

T-test between p-value <0.00 <0.00 <0.00

pre- and post-
Mean of differences 1,453 4,878 9,293

(kWh)

retrofitted stock

The distribution of heating energy use intensities by dwelling and wall type under RCP 2.6 in 2030
is shown in Figure 25. Alike with results for England and Wales, homes with less attachment to
other dwellings, such as detached properties and bungalows have higher annual heating energy
use, especially those with solid walls. This is an important finding given that Northern Ireland has a
much higher proportion of bungalows than the other three countries of the UK (Piddington et al.,
2020), presenting a priority archetype for energy efficiency measures in Northern Ireland. Likewise,
Table 10 shows the percent reduction in heating energy use following energy efficiency measures
where bungalows saw the smallest reductions at each of the three time horizons, again suggesting

this archetype should be prioritised under Northern Irish domestic Net Zero policies.
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Figure 25. The distribution of heating energy use intensities (kWh/m?/yr) by dwelling and wall type for the baseline
Northern Irish housing stock, in the 2030s time horizon under RCP 2.6.

Table 10. Percent decrease in heating energy use by dwelling type for Northern Irish dwellings, following energy
efficiency measures, at time horizons of 2030, 2050 and 2085 under RCP 2.6.

Mean percent decrease in heating energy use following retrofit (%)
Dwelling type

2030 RCP 2.6 2050 RCP 2.6 2085 RCP 2.6

Bungalow 5.8 214 48.6
Converted flat 10.1 30.9 56.9
Detached 8.1 31.8 55.8
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Mean percent decrease in heating energy use following retrofit (%)
2030 RCP 2.6 2050 RCP 2.6 2085 RCP 2.6
8.9 24.6 55.3

Mid-terrace 10.5 26.2 55.5

Dwelling type

End-terrace

Semi 8.3 31.4 55.8

There were ~6,000 dwellings that were assumed to have adopted air conditioning in 2030, ~100,000
in 2050 and 280,00 in 2085 under the RCP 2.6 emission scenario across the Northern Irish housing
stock. Figure 26 shows annual cooling energy use by dwelling type across the four building
intervention scenarios. The figure suggests shading devices reduce cooling demand the most.
External shutters were most effective, although as shown in Figure 6 with the English stock, internal
blinds may be equally effective for free-standing dwellings such as detached properties and
bungalows. Keeping windows closed in Scenario 4 caused cooling demand to rise in bungalows,
though to a lesser extent than that seen across the English stock (Figure 6) due to the cooler outdoor
climate of the Belfast weather file versus London. Optimised window opening in properties with
bedrooms on the second floor or above is generally more effective at offsetting cooling demand in
the later scenarios when the adoption of this behavioural modification is more prevalent across the

stock.
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Figure 26. The distribution of cooling demand by dwelling type, across the four building intervention scenarios for each
time horizon and emission scenario: in 2030s (top), 2050s (mid) and 2085s (bottom figure) under RCP 2.6 emission
scenario, for the Northern Irish housing stock.

3.3.1.1 Energy consumption by population group

Figure 27 shows the distribution of annual heating energy use across Northern Irish SOAs,
aggregated by population vulnerability. The figure suggests inequalities in heating energy use are
less pronounced in Northern Ireland, despite the country having higher overall fuel poverty rates
than England and Wales (Hinson & Bolton, 2022). Output areas with a high proportion of children
have marginally higher heating EUIs than areas with a smaller childhood population across
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Northern Ireland, which contrasts the findings in England and Wales, though this may reflect the
slightly different metric used (proportion of <5 year olds in England and Wales compared with
proportion of <16 year olds in Northern Ireland) due to the lack of data availability in Northern
Ireland. This may place additional financial pressure on families with children, especially as
Northern Irish homes are largely reliant on oil as their primary fuel source, which is more expensive
(Piddington et al., 2020).

SOA-average heating energy-use intensity,
aggregated by population quintiles
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Figure 27. Mean heating energy use intensities aggregated by Northern Irish SOAs in 2030s under RCP 2.6, aggregated
by quantile of population vulnerability, showing the 20% of SOAs with the lowest proportion of the each vulnerable
population (green) and the 20% with the highest (orange).

Domestic cooling EUIs were modelled under 2050 RCP the 2.6 emission scenario, due to the
higher uptake of air conditioning at this time horizons. Figure 28 suggests that keeping the
windows closed in Scenario 4 causes EUIs to increase in output areas with a high proportion of

those aged 65+ and low-income individuals, likely because of these population groups more likely
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to live in bungalows and flats (DCLG., 2016; Ferguson et al., 2021). Cooling EUls were overall

much lower for Northern Irish dwellings than in England and Wales due to the cooler climate of the

Belfast weather file.

aggregated by population quintiles

SOA-average cooling energy-use intensity,

65 + Children

Low-income
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Figure 28. SOA average cooling energy-use intensities (EUIs) by population quintiles in Scenarios 2a - 4, in 2050s under

RCP 2.6.

3.3.2 Summertime indoor temperatures

Figure 29 shows the shows the percent of nocturnal bedroom hours (10pm — 7am) the three indoor

temperature thresholds were exceeded by dwelling type. Across the housing stock, with no

building interventions, the bedroom temperature exceeded 26°C for an average of 9.4%, 9.6%, and
9.9% of annual night time hours under 2030, 2050 and 2085 RCP 2.6, respectively. Differences

are generally small due to the same emission scenario across the three time horizons (RCP 2.6).
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Flats and terraces buildings generally overheat more than buildings with less attachment to others,

supporting the findings from England and Wales.
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Figure 29. The percent of nocturnal (10pm - 7am) the bedroom temperature exceeded 26C, 27C and 28C by dwelling

type for the baseline Northern Irish stock at time horizons of 2030s, 2050s and 2085s under RCP 2.6.

Figure 30 shows the effect of each intervention on summertime overheating under RCP 2.6

emission scenario in 2030, by dwelling type. The figure shows that shading devices, both external

and internal, are most effective at reducing the percent of bedroom overheating, across all dwelling
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types. Results for the effect of each intervention at additional time horizons are available in
Appendix C.

Percent of nocturnal bedroom hours (10pm - 7am) above 26°C, by dwelling type
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Figure 30. The percent of annual night time hours the bedroom temperature exceeded 26C, by dwelling type, across all
scenarios for Northern Irish stock, at 2030s time horizon under RCP 2.6.

3.3.2.1 Overheating by population group

To assess if vulnerable subgroups bear a disproportionate risk from indoor overheating under
future climate, Figure 31 shows the percent of annual night time hours the bedroom temperature
exceed 26°C for different population groups in 2030 under RCP 2.6. The results show minimal
differences in the percent of overheating experienced by each group. Northern Ireland has less
income inequality than other areas of the UK (Tinson et al., 2016) and lower housing demand,
meaning those with fewer resources, such as low income households and families, may be less
likely to be priced out of larger, higher quality housing that is more resilient to summertime
overheating.
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Figure 31. The percent of annual night time hours the bedroom temperature exceeded indoor threshold of 26C, 27C and
28C, weighted for the different population groups across Northern Irish SOAs, at the 2030s time horizon under RCP 2.6.

3.4 Scotland

3.4.1 Energy consumption for heating and cooling

The mean annual heating energy use across the Scottish housing stock pre- and post-retrofit is
shown in Table 11 under 2030, 2050 and 2085 RCP 2.6. Alike with the results for England, Wales
and Northern Ireland, heating energy use declines minimally throughout the 215t century under the
same 1.5°C warming emission scenario. Reductions in heating energy use are greater as uptake
of the retrofit measures increase in line with national decarbonisation targets. Under the baseline
stock conditions in 2030, the annual mean heating energy use was higher than England but lower
than Wales and Northern Ireland. Scottish dwellings are generally considered more energy efficient
than those in other areas of the UK. The mean of 14,154 kWh in annual heating energy for Scottish
housing stock 2030 under RCP 2.6 compared to 13,107 kWh in England is likely a result of the
colder, more northern climate of the Glasgow weather file compared to the London weather file
used for the English stock.
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Table 11. Annual heating energy use in the baseline scenario and following energy efficiency measures for the Scottish
housing stock, at time horizons of 2030, 2050 and 2085 under RCP 2.6.

Emission scenario RCP 2.6 RCP 2.6 RCP 2.6

Annual heating Baseline 14,154 (14,132 13,996 (13,975— 13,784 (13,764 —

energy use (kWh) (mean + 95%Cl) —14,175) 14,017) 13,805)
0
Retrofit 12,955 (12,935 9,597 (9,580— 6,006 (5,993 —
(mean + 95%Cl) —12,976) 9,614) 6,020)
T-test between p-value <0.00 <0.00 <0.00
pre- and post-
Mean of differences 1,198 4,402 7,793

retrofitted stock
(kWh)

Figure 32 shows the distribution of heating energy use intensities by dwelling and wall type under
2030 under RCP 2.6. The distributions for all dwelling types show greater overlap than the results
for England, Wales and Northern Ireland. Additionally, differences in energy use between solid and
cavity walls were less pronounced across the Scottish housing stock, though demand was still

higher for solid-walled properties.
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Figure 32. The distribution of heating energy use intensity (kWh/m?2/yr) by dwelling and wall type for the baseline Scottish
housing stock, under RCP 2.6 for the 2030s time horizon.

Table 12 shows the percent decrease in heating energy use following energy efficiency measures

for each of the three time horizons.

Table 12. Percent decrease in heating energy use by dwelling type in the Scottish housing stock, following energy
efficiency measures, at time horizons of 2030, 2050 and 2085 under RCP 2.6.

Mean percent decrease in heating energy use

following retrofit (%)
Dwelling type

Bungalow 7.6 31.9 56.9
Converted flat 10.7 25.7 52.5
Detached 7.6 42.0 60.2
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Mean percent decrease in heating energy use

following retrofit (%)

Dwelling type

End-terrace 8.3 21.5 55.0
Mid-terrace 9.0 221 55.3
Semi 8.1 28.5 54.9

There were ~22,000 dwellings that adopted air conditioning in 2030, ~420,000 in 2050 and ~1.1
million in 2085 under RCP 2.6 across the Scottish housing stock. Figure 33 shows annual cooling
energy use intensities by dwelling type across the four building intervention scenarios. Results
generally agree with the findings for other UK countries, that external shading may be most
effective at offsetting cooling demand, followed by internal blinds. Internal blinds may be especially
effective in detached homes. Dwellings where windows were kept closed in Scenario 4 saw a

greater increase in cooling demand.
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Figure 33. The distribution of cooling demand in the Scottish housing stock by dwelling type, across the four building
intervention scenarios for each time horizon and emission scenario: in 2030s (top), 2050s (mid) and 2085s (bottom
figure) under RCP 2.6.

3.4.1.1 Energy consumption by population group

The mean annual heating EUIs under RCP 2.6 in 2030 were calculated for each Scottish data
zone and aggregated by population quintiles to assess if areas with a high proportion of each
vulnerable subgroup have a higher energy burden during winter, shown in Figure 34. The results
suggest dwelling energy efficiency is considerably lower in areas with a higher proportion of those
aged 65 and above, but higher in areas with a larger low income population, likely due to the
higher energy efficiency of social housing (Hamilton et al., 2014; Shrubsole et al., 2016).

Projecting temperature change across UK housing | 66



CS

Differences in heating EUls for between dwellings located in areas with a high versus low

proportion of infants age 4 and below were minimal.

DZ-average heating energy-use intensity,
aggregated by population quintiles
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Figure 34. Mean heating energy use intensities aggregated by Scottish data zones (DZ) in 2030s under RCP 2.6,
aggregated by quantile of population vulnerability, showing the 20% of DZs with the lowest proportion of the each
vulnerable population (green) and the 20% with the highest (orange).

We again assess inequalities in domestic cooling EUls in 2050 under RCP 2.6 cooling due to the
higher uptake of air conditioning across the stock (30%). Results are shown in Figure 35,
suggesting that buildings located in areas with a high proportion of those aged 65 and over and
low-income individuals may have higher cooling demand, especially in Scenario 4 in dwellings

where windows were kept closed.
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Figure 35. Average cooling energy-use intensities (EUIs) across Scottish DZs, aggregated by population quintiles in
building intervention Scenarios 2a - 4, in 2050s under RCP 2.6.

3.4.2 Summertime indoor temperatures

Figure 36 shows the percent of annual hours the nocturnal bedroom temperature exceed 26°C,
27°C and 28°C under RCP 2.6 in 2030, 2050 and 2085. Across the Scottish housing stock, with no
building interventions, the bedroom temperature exceeded 26°C for an average of 10.9%, 11,0%,

and 11.1% of annual night time hours under 2030 1.5°C warming, 2050 1.5°C warming and 2085

1.5°C warming, respectively. Flats and mid-terraces experience the most overheating, aligning with

the results for other UK countries. There is significant variation across converted flats owing to the

differences in overheating across the different storey levels.
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Figure 36. The percent of nocturnal (10pm - 7am) hours the bedroom temperature exceeded 26C, 27C and 28C by
dwelling type across the baseline Scottish housing stock, at time horizons of 2030s, 2050s and 2085s under RCP 2.6.

An assessment of indoor overheating under the four different building intervention scenarios is

compared with the baseline, shown in Figure 37. Shading devices, including external shutters and

internal blinds, are most effective and minimising bedroom overheating. Adaptive occupant

behaviour and surface albedo modification appear to make minimal difference on the baseline

scenario, though this may be explained due to the limited uptake of these adaptions across the

housing in 2030. Results for additional time horizons are included in Appendix C.
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Percent of nocturnal bedroom hours (10pm - 7am) above 26°C, by dwelling type
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Figure 37. The percent of annual night time hours the bedroom temperature exceeded 26C, by dwelling type, across all
building intervention scenarios, in the 2030s time horizon under RCP 2.6 scenario, for Scottish dwellings.

3.4.2.1 Overheating by population group

We assess inequalities in heat exposure by calculating the mean percent of hours the bedroom
temperature exceeded 26°C, 27°C and 28°C for Scottish DZs and linking results to area measures
of population characteristics. Results are shown in Figure 38, suggesting that all population groups
experience a similar degree of indoor overheating, with differences only noticeably higher for low
income individuals. This is likely driven by low income individuals being more likely to live in flats
(Taylor et al., 2014), which have a higher risk of overheating (Figure 37).
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Figure 38. The percent of annual night time hours the bedroom temperature exceeded indoor threshold of 26C, 27C and
28C, across Scottish DZs weighted for the different population groups in the 2030s time horizon under RCP 2.6.

Additionally, we map indoor overheating risk in the 2030 time horizon under RCP 2.6 and co-
located low income populations across Glasgow DZs on a bivariate map, as Figure 38 suggests
this population group may have increased exposure to indoor heat under the baseline housing
stock conditions. The results show small areas of Glasgow doubly burdened with income
deprivation and high indoor summertime temperatures in 2030s under RCP 2.6. Glasgow has a
longstanding history of stark health inequalities between the most- and least-deprived areas of the
city (Reid, 2011) and a notable UHI effect (Krlger et al., 2013). A recent analysis showed heat-
related health impacts were higher in more deprived parts of Glasgow (Wan et al., 2022). Figure 39

highlights key areas for the spatial prioritisation of domestic overheating mitigation measures in
Glasgow.
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Spatial distribution of indoor overheating and income deprivation acrosss Glasgow DZs
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Figure 39. The spatial distribution of indoor overheating risk in the 2030s time horizon under RCP 2.6 and current income
deprivation across Scottish Data Zones for the city of Glasgow.
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4. Conclusions

41 Summary of findings

This work has quantified the impact of a range of UK Climate Change Projections (UKCP) on the
residential thermal comfort, heating and cooling loads across UK regions for a range of dwelling
archetypes and occupants. With reference to the specific objectives outlined in the Executive

Summary, to;

1. Quantify the impact of a range of climate change projections on residential thermal comfort,
heating and cooling loads across UK government regions for a range of dwelling

archetypes and occupants, and with further emphasis on urban areas.

Under the input assumptions made in this modelling work, we find that the majority of existing UK
dwellings would fail the CIBSE overheating criteria currently applied for new build with no
modifications to the building stock. Indoor overheating was pronounced in mid-terrace properties
and flats. Semi-detached dwellings may also be at increased risk, in some cases more so than
end-terrace properties. These findings are in line with other modelling and empirical studies which
have found flats and terraces are at greater risk of summertime overheating (Lomas et al., 2021;
Taylor et al., 2015) and semi-detached buildings may also be susceptible (Gupta & Gregg, 2013;
Taylor et al., 2014). Likewise, without any modifications to the housing stock, domestic energy use
for space heating will decline as the ambient temperature increases with climate change, but the
decrease will be limited if global warming remains under RCP 2.6. Even under the RCP 8.5
scenario in the 2085 time horizon used for English dwellings, the average annual mean heating
energy use across the housing stock was still considerably high, meaning a domestic retrofit
programme will be necessary to meet national carbon reduction targets irrespective of global
progress on limiting climate change.

The model does not assess the indoor overheating risk and energy use of newly built dwellings.
New measures introduced to help cities recover from the Covid-19 pandemic and address the
urban housing shortage will aim to deliver 300,000 new homes per year across England’s 20
largest cities (MHCLG, 2020). To meet this demand in urban areas where land is already scarce,
higher density developments must be built. New-build homes are likely to be smaller and a number

of additional homes will be gained by converting houses to flats (MHCLG, 2021), which the work
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here has shown are more likely to overheat. This should be considered during the planning and
delivery of new housing across the UK, especially in England where housing developments are

already dense and ambient temperatures are higher.

2. Evaluate the implications of these changes for different groups, including older people, the
fuel poor and other climate-vulnerable groups, taking into account the ability of these
groups to adequately heat and cool their homes, adapt to, cope with and recover from
excess heat and cold episodes, and the associated impacts on household fuel costs,

energy use and carbon emissions, and health inequalities.

Older individuals may have higher risk of wintertime fuel poverty, given the higher heating energy
use intensities found in areas with a greater proportion of those aged 65+. We find that a blanket-
approach to domestic retrofitting will not resolve these inequalities for this age group, which may
lead to health impacts and cold-induced mortality (Hajat et al., 2007). The majority of individuals
aged 65 and over in England own their homes outright (DCLG., 2016; ONS, 2020b) and this age
group is more likely to occupy detached properties and bungalows (DCLG., 2016). The work here
finds these two archetypes have higher space heating demand across all four UK countries. We,
therefore, suggest that increasing the appeal of more stringent, energy retrofit measures to
homeowners living in these property types may lead to higher uptake amongst this demographic

and reduce the associated winter energy burden.

Conversely, low income individuals and ethnic minorities may have disproportionate exposure to
high indoor temperatures in summertime in England and Wales, and low income individuals in
Scotland, particularly towards the latter 21t century due to living in areas with dwelling types which
are at greater risk of overheating, such as flats and terraces. The health effects associated with
exposure to high indoor temperatures include cardiovascular and respiratory complications
(Arbuthnott & Hajat, 2017; Ebi et al., 2021). The evidence for heatwaves exacerbating mental
health conditions varies in strength, but continues to build (Lee et al., 2023; Liu et al., 2021;
Thompson et al., 2018).

Socioeconomic and racial inequalities in heat-related health risks has been demonstrated in the
US (Madrigano et al., 2015), and a lack of access to air conditioning may be a potential cause
(O’Neill et al., 2005). A multi-country analysis of air conditioning and heat-related mortality
suggested adoption of domestic air conditioning explained 16.7%, 20.0%, 14.3% and 16.7% of the

reductions in heat-related mortality in Canada, Japan, Spain and the USA, respectively (Sera et al.,
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2020). Despite a reduction in heat-related mortality, the increased uptake of air conditioning across
UK homes will likely have a number of negative consequences, including increased energy costs,
which we find will be higher for buildings located in areas with a large proportion of lower income
individuals across all four countries due to the types of buildings this subgroup are likely to occupy
being more susceptible to overheating. Results for other population subgroups varied between
each of the other four countries. Inequalities in EUls and exposure to summertime indoor
temperatures were overall lower across Northern Ireland, likely reflecting the lower housing
demand and income inequality in the country relative to other areas of the UK (Tinson et al., 2016).
That said, reducing winter energy demand across Northern Ireland remains a priority given the
country’s high fuel poverty rates and reliance on oil for domestic heating (Hinson & Bolton, 2022;
Piddington et al., 2020).

3. In close collaboration with key stakeholders, identify low-cost, low-carbon, ‘win-win’
measures that could be adopted in order to minimise adverse societal and environmental
impacts of climate change-induced changes in the thermal performance of the UK housing
stock.

We find that air conditioning may be necessary to prevent overheating and the associated health
burden across the UK housing stock under future climate scenarios. Of the passive measures
tested, external shading was able to offset cooling demand for most, with external shutters
generally most effective at reducing demand, corroborating past modelling studies (Mavrogianni et
al., 2014; Porritt et al., 2013). Internal blinds may also be effective, particularly for free-standing
dwellings, such as detached properties. We find that the energy demand for cooling and the extent
of indoor overheating in dwellings where windows remain closed was considerably higher,
especially in English dwellings. This agrees with other modelling and monitoring studies which
found keeping windows closed causes indoor temperatures to rise significantly (Morgan et al.,
2015; Taylor et al., 2018). There are a number of reasons people may keep windows closed.
Findings from a monitoring study in 101 London homes during August 2009 found more than half
of participants would avoid opening windows due to security concerns (Mavrogianni et al., 2017). A
survey study in Exeter found occupant perceptions of temperature may influence how they respond
to indoor heat, primarily by opening windows, and this was cited as a driver of differences in indoor
overheating between vulnerable and non-vulnerable households (Vellei et al., 2017). The

modification of surface albedo had negligible effect on summertime indoor temperatures, with
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reasons for this discussed. Evidence for the effectiveness of reducing the solar absorption of
building fagades on overheating reduction via albedo modification varies in the literature (Salvati &
Kolokotroni, 2020; Salvati et al., 2022; Taylor et al., 2018). A key limitation of the meta-model
presented here is that it does not account for changes in the outdoor temperature induced by
reducing the absorption of built fagades, which can have significant impacts (Macintyre &
Heaviside, 2019). An empirical assessment of urban albedo led by the University of Kent provides
further valuable insights on the effectiveness of this strategy for overheating mitigation at northern

latitudes (Kotopouleas et al., 2021).

4.2 Model performance

An analysis of model energy performance against empirical subnational gas use data from the
NEED database (BEIS, 2021b), and modelled estimates from Liddiard et al. (2021) is provided in
Appendix D. A comparison of modelled heating energy use for London 2020 was run for the
London stock and aggregated by LSOA, linked to LSOA subnational gas estimates. Linear
regression was performed and an R? value of 0.78 was obtained between modelled and measured
LSOA aggregated values. Modelled energy use was generally lower than subnational estimates as
the housing stock model estimate energy consumption for space heating only, whereas empirical
data will not differentiate household gas consumption for space heating and hot water usage.
Indoor temperatures estimates under 2030 produced here agree well with findings from an
empirical study during a particularly hot summer in London (Pathan et al., 2017). Further, a number
of empirical studies have identified flats as having an increased risk of overheating (Lomas et al.,
2021). Meta-model performance results under current climatic conditions have been compared
with empirical data (Taylor et al., 2019), but there is a lack of empirical data at the required scale
with which to validate the model outputs. We acknowledge that due to the large number and range
of categorical and continuous building input variables there are a number of limitations and sources

of uncertainty, outlined below.

4.3 Limitations and key uncertainties

Here we describe the limitations and key uncertainties in detail. A summary table (Table 13) is

provided at the end of this section for reference.
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4.3.1 Model uncertainty

Uncertainties in the building fabric (air permeabilities, U-values, etc.) may be assessed in the
model due to the random sampling of these inputs, but categorical variables, such as dwelling
archetype were held static. The eight archetypes used are deemed to be broadly representative of
the English housing stock (Oikonomou et al., 2012), but they will not represent the full range of
dwellings across England, Wales, Scotland and Northern Ireland. For comparison, Figure 39
shows a profile of the UK housing stock by construction age and type, derived from the most
recently available nationally representative housing stock surveys. Scotland has a high proportion
of tenement buildings, which were homes provided for the working population during the industrial
revolution (Piddington et al., 2020) and are recognised as a challenging area for Scottish domestic
energy policy due to their poor energy performance and heritage restraints (Sharpe & Shearer,
2013). This archetype has not been assessed in the model presented here. Other dwelling layouts
and modifications, such as the addition of extensions and conservatories are likely to have a
significant role in overheating and energy use (Amoako-Attah & B-Jahromi, 2015; Wright et al.,
2018) that has not been considered here. Additionally, the model is derived from a large number of
EnergyPlus simulations. Whilst the tool has been validated for a number of building performance
metrics, a comparison of EnergyPlus simulations for indoor temperature with large-scale empirical
datasets collected in a 2011 English survey found EnergyPlus estimates aggregated over regions
performed better against empirical data than simulations for individual dwellings (Symonds et al.,
2017).
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Figure 40. A profile of the UK housing stock by construction age and type. Figures are compiled using data from the
most recently available national housing survey for each country.

4.3.2 Occupant behaviour

Occupant behaviour is commonly identified as the largest source of uncertainty in building stock
models and will play a significant role in modifying overheating risk (Li et al., 2019). The model
presented here used a baseline indoor temperature threshold of 22°C to dictate when windows
were opened during summer. Indoor temperature is consistently found to be one of the primary
reasons people open windows, but there a number of sociotechnical drivers not considered in this
model (Fabi et al., 2012; Yao & Zhao, 2017). A simplified heating system was modelled to estimate
changes in annual energy use following a stock-wide retrofit. The model uses a heating set-point
sampled from a distribution derived the nationally representative EFUS (BEIS, 2021) to capture
varied heating set point preferences but this was not applied across the stock systematically.
Household income, size, tenure status and urban/rural classification have all been found to
influence household energy consumption and set-point temperature (Abrahamse & Steg, 2009;
Druckman & Jackson, 2008), which will not be fully accounted for here. Further, the heating set-

point is commonly found to be below the mean of 20.4 °C as assumed here (Huebner et al., 2013).
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However, building characteristics have been found to explain most of the variability observed in
domestic energy consumption, with sociodemographic factors found to add little explanatory power
in a sample of 924 English households (Huebner et al., 2015). Higher thermostat values may also
be partly expected in the future due to rising thermal comfort expectations, which was not

considered here (Mavrogianni et al., 2013).

Additionally, the reductions in heating energy use observed following the energy retrofit are
crucially based on the assumption that the distribution from which the heating set-point for each
household was sampled remained the same following the home retrofit and do not account for the
temperature ‘take-back’ effect, also known as the rebound effect, where the reduction in expected
building energy use following a retrofit is not realised due to behavioural responses by the

occupants (Hamilton et al., 2011).

4.3.3 The EPC database

It is acknowledged that there are a number of biases within the EPC database. No high or low-rise
flats were present in the parameterised EPC dataset for Scotland and Northern Ireland. The
register overestimates the number of converted flats relative to other flat archetypes, due to
difficulties assessing the location of the flat within the building and the nature of the surrounding
area (Hardy & Glew, 2019). Additionally, as a property enters the register when it is sold,
constructed, let or retrofitted, newer and more energy efficient homes are overrepresented in the
database (Taylor et al., 2019). Many older and hard-to-treat homes, where solid walls, no loft
space or connection to the gas network are common features (Dowson et al., 2012; Raslan &
Ambrose, 2022), may not be on the EPC register. As hard-to-treat homes make up an estimated
38% of the housing stock (Duan & Pelsmakers, 2016), this could lead to a significant portion of the
stock being overlooked. Additionally, a recent analysis comparing EPC-modelled EUIs with smart
metered annual energy use for 1,374 British households found EPCs overpredicted EUIs by
between 8% - 48% (Few et al., 2023).

4.3.4 Outdoor weather data

We use outdoor weather files developed for the most recently available UK climate change
projections (UKCP18). Whilst these weather files may better account for outdoor temperature
extremes than the previous weather files developed for UKCP09, the spatial resolution of UKCP18

weather files is currently limited to the four largest urbanised areas of each UK country (London,
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Glasgow, Belfast and Cardiff). Even the 45 UK locations covered by the previous UKCP09 weather

files may be too few to investigate spatial variation in overheating and energy use across large

geographic areas (Liu et al., 2020).

We, therefore, recommend that the results presented here are not used to assess absolute levels

of indoor overheating risk and energy use across large geographical areas. For this reason, this

report refrains from producing maps of overheating risk and/or energy use across the entire

housing stock of each UK country (e.g. for all of England). Rather, results are designed to assess

relative differences in overheating risk between the type and features of dwellings across a

relatively small geographic area, such as a single local authority, where variations in the outdoor

climate will be limited.

Table 13. Summary of key model uncertainties and the potential implications of these uncertainties.

Energy efficient dwellings are The implications of this is that many older, hard-

Lack of
representativeness or
errors in the EPC
dataset

Air conditioning uptake
scenario

overrepresented

High- and low-rise flats
poorly represented in the
EPC database

Simplified uptake scenario
according to area income
measures

to-treat properties that may have not been sold or
rented in recent years are overlooked in the EPC
register, resulting in an underestimation of
heating energy demand and potential
overestimation of the demand reductions
produced by the more modest retrofit programme
suggested by the CCC. At the population level,
these implications could be felt most by private
renters and older individuals, who are more likely
to live in hard-to-treat and energy inefficient
properties (EHS, 2013).

This could lead to misclassifying the energy use
and extent of overheating in these dwellings,
which were consistently found to have an
elevated risk of high summertime indoor
temperatures. High rise flats, in particular, are
more likely to be occupied by vulnerable
residents, including renters, ethnic minorities and
income deprived (EHS, 2018).

We model air conditioning uptake in all rooms of
dwellings that adopted this intervention. In reality,
the size of air conditioning units ranges from
small mobile units to fixed, high-power air
conditioners, which has not been accounted for
here. Likewise, whilst the uptake trajectory is
comparable to twentieth-century America, the
socioeconomic factors limiting uptake in that
context may not be directly transferable to
present day UK as units currently and in the
future may be cheaper as a proportion of annual
income, meaning uptake could exceed the
projections produced here. This could lead to an
underestimation of cooling demand across the
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housing stock, and importantly the predicted
disparities in summertime fuel poverty.
Modelled building Changes in the temperature  The effect of the building on the outdoor
interventions of the local outdoor environment that occurs when sunlight is
environment due to changes reflected away from the immediate vicinity of the
in building surface albedo not building is not fully accounted for in the
fully accounted for in simulations. This could partly explain the
EnergyPlus simulations observed limited effect from surface albedo
modification of building fagades. This is in
contrast to a number of international studies
(Carnielo & Zinzi, 2013; Mansouri et al., 2017)
and may lead to the effectiveness of this
intervention being underestimated. However, our
results here show combining albedo modification
with roof and wall insulation may additionally limit
the effectiveness of this measure. More detailed
investigation into the feasibility of this overheating
mitigation measure given the Government’s
decarbonisation goals is necessary. An empirical
assessment of urban albedo led by the University
of Kent provides further valuable insights on the
effectiveness of this strategy for overheating
mitigation at northern latitudes (Kotopouleas et
al., 2021).
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6. Appendices

6.1 Appendix A: Metamodel

The model used to assess indoor temperatures across the building stock is a metamodel previously
developed at UCL derived from a number of EnergyPlus simulations. EnergyPlus is a whole-building
energy simulation software which dynamically models building performance, taking the outdoor
climate and terrain; building characteristics such as geometry, fabric, airtightness, floorspace; and
occupant behaviour (e.g. window-opening frequency) as inputs (US DOE, 2020). The tool has
previously been used to model indoor temperatures (Mavrogianni et al., 2017; Oikonomou et al.,
2012), building energy use (Beagon et al., 2020) and indoor exposure to air pollution (Shrubsole et

al., 2016; Taylor et al., 2014) for dwellings representative of the English and London housing stock.

An in-house tool developed by UCL, EPG2, allows for the mass-generation of EnergyPlus input
definition files (IDFs). An IDF defines the input parameters mentioned previously for a single building.
EPG2 randomly samples combinations of input parameters from pre-defined distributions to
generate several hundred IDFs within a few minutes, thus making it suited to modelling building
performance at the stock level as representative samples of buildings can be generated within a
short space of time. The candidate distribution, mean and range of the input parameters are informed
by nationally representative housing stock surveys such as the English Housing Survey (EHS).
Individual IDFs are then be batch-simulated via the EnergyPlus engine using UCL Research

Computing facilities.

Indoor temperature and energy outputs from the simulations are then compiled and the relationship
between input and output parameters is quantified using a feed-forward neural network (NN). Full

details of the different metamodels tested and the development and performance of the chosen
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metamodel are available in Symonds et al. (2016). Alternative scenarios are then modelled using a
housing stock dataset containing the same input parameters the metamodel was trained on for a

different set of dwellings.

6.1.1 Data cleaning

The dataset is filtered to remove instances of multiple certificates for a single dwelling, taking the
most recent EPC for each property. Dwelling type is classified using a number of variables recorded
in the EPC dataset including Property type, built form, flat storey, floor level and flat top storey.
Dwellings are modelled based on eight archetypes broadly representative of the English building
stock, which represent 75% of the housing stock in England (Oikonomou et al., 2012), shown in

Figure 40 below.

Dwelling permeability was estimated according to the UK Government Standard Assessment
Procedure (SAP) for energy in buildings (BRE, 2009). Thermal conductivity values for window, wall,
floor and roof building elements are assigned based on the thermal transmittance value reported in
the EPC database, where possible. If a numerical value is missing, U-values were assumed from
the type of insulation and thickness recorded, or the classification of the building element (e.g. energy
efficiency of windows may be ‘Very Good’, ‘Good’, ‘Average’, ‘Poor’ or ‘Very Poor’), as per SAP look
up tables. Where the EPC data for a building is largely missing or obvious errors are identified, the
entry for this building is omitted. This resulted in a sample of 2.37 million dwellings (65% of the
existing London stock). Comparison of the EPC with nationally representative housing surveys has

shown good agreement in previous studies (Taylor et al., 2019).
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6.2 Appendix B: Identification of vulnerable subgroups

A literature review was carried out to synthesise the evidence on population-level measures of
vulnerability which may lead to disproportionate health impacts following exposure to high and low
ambient temperatures. The three mechanisms of vulnerability to environmental hazards are
exposure, sensitivity and adaptation. As population exposure to indoor temperatures in this work
package is quantified using dynamic thermal modelling, this review focuses on population-level
indicators which may result in health impacts following exposure to high and low ambient
temperatures. An individual’s sensitivity to temperature and the degree to which they can adapt to
high and low indoor temperatures can be considered under three categories: health vulnerability,
socio-economic vulnerability and community factors. Underlying health will determine the likelihood
of an individual experiencing deleterious effects following exposure to extreme temperatures.
Socio-economic factors, such as personal income and age are also common proxies of underlying
health, but such factors will also determine the extent to which each individual is able to adapt their
surroundings to cope with extreme internal temperatures. Additionally, a given amount of financial
wealth may not provide the same protection to temperature exposure for individuals of a different
age or race. Thus, indicators characterising socio-economic vulnerability to temperature are

discussed separately from health vulnerability.

6.2.1 Health vulnerability

Baseline population health is influenced by a number of factors such as age, gender and existing
co-morbidities. In high-income countries such as the UK, there are few examples of hyperthermia
(Hajat et al., 2014), which occurs when core body temperature is above average following
exposure to sustained, excessive environmental heat. The converse physiological response to cold
temperatures, hypothermia, is more common but overall represents a small portion of excess
winter mortality and morbidity (Dear & McMichael, 2011). Rather, temperature-related health
impacts arise indirectly from the body’s adaptations to regulate temperature: Skin thermoreceptors
will detect changes in external temperature, triggering the redistribution of blood flow. For low
external temperatures, the diameter of blood vessels decreases, known as vasoconstriction, to
direct blood away from the surface of the skin and prevent heat loss. Conversely, vasodilation
occurs during high external temperatures to widen blood vessels and increase heat loss through
the skins surface. This redistribution of blood flow during vasodilation and vasoconstriction
increases cardiac demand and individuals with underlying heart problems may struggle to meet
this demand, leading to tissue damage (known as ischaemia), heart attacks or even cardiac
collapse (Ebi et al., 2021).
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Within the UK today, approximately 7.6 million people, 3.6 million women and 4 million men, are
living with a heart or circulatory problem (BHF, 2022a). Though England has a greater number of
coronary heart disease (CHD) cases, the prevalence of CHD is highest for Scotland than other
areas of the UK (Bhatnagar et al., 2016; BHF, 2022b). The prevalence of cardiovascular conditions
increases almost linearly with age: 47% of those aged 55-64 years old and 65% of those aged 65
and over are affected in the UK, compared with 31% of the total population (Stewart, 2020). These
figures may partially explain the higher incidence of mortality observed in older age groups during
hot and cold weather events (Bennett et al., 2014; Hajat et al., 2006; Ishigami et al., 2008). Further,
CHD is more common in individuals of African, Caribbean or South Asian heritage (Cappuccio et
al., 1997; Okwuosa et al., 2016). Though no association between heat-related health risks and
race has been documented in the literature for the UK, the effect has been observed in the US
(Madrigano et al., 2015).

Pre-menopausal women have a lower risk of cardiovascular disease compared to men of the same
age, but this advantage does not continue as women age, and older women have an increased
risk of mortality during heatwaves (Nufez-Peir6 et al., 2019). The mechanisms behind this are not
well understood, but the presence of oestrogen in female bodies, social isolation and sex-based
financial disadvantage are thought to play a role (van Steen et al., 2019). For cold outdoor
temperatures, mortality risk has been found to be higher for men (Achebak et al., 2019) or shown

no sex-based patterning (Folkerts et al., 2022).

Despite relatively less research, children have a lower cardiac index? than adults, which limits their
ability to thermoregulate, for example via vasodilation, placing stress on the kidneys (Xu et al.,
2014). This stress may lead to renal disease in children and infants, and an increase in infant
hospital admissions for renal dysfunction during heatwaves has been reported in Europe (Kovats &
Kristie, 2006) and London (Kovats et al., 2004). There is limited research alluding to cardiovascular
disease amongst children during cold weather events, but respiratory illnesses in younger age
groups during winter are well studied (Fang et al., 2021; Xu et al., 2018). As temperatures
decrease, circulation of viruses and indoor pollutants will increase, especially in overcrowded
homes, as intentional ventilation will be limited to reduce heat loss. This leads to an increase in
respiratory infections and asthma attacks, which is felt primarily by the children living in cold homes

due to their premature immune and lung systems (Barrett et al., 2022). Respiratory diseases have

3 Cardiac index is a parameter relating heart performance to the size of an individual, measured in litres per
minute per square metre (L/min/m?).
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also been identified as a driver of heat-related hospital admissions in London for children under
five (Kovats et al., 2004; Xu et al., 2014).

Respiratory disease in older age groups is the second leading cause of excess winter deaths in the
UK (Dear & McMichael, 2011), as cold air reduces the protective function of the respiratory tract
(D’Amato et al., 2018). Likewise, breathing in hot and humid air during heatwaves may exacerbate
existing respiratory conditions in older age groups, such as chronic obstructive pulmonary disease
(COPD). Approximately three million people in the UK have COPD, with prevalence linked to
smoking and closely aligned with deprivation levels across the UK (NICE, 2016), thus such
populations are likely to have higher risk of mortality and morbidity from high and low temperatures

during heatwaves and cold spells, respectively.

Cold homes and fuel poverty are associated with poor mental health across all age groups (Dear &
McMichael, 2011). The literature suggests that households with young children are most at risk,
with children growing up in cold homes more likely to experience anxiety, depression and slower
cognitive development (Whitehead et al., 2022) and higher odds of depression in cold homes for

the parents of younger children due to care obligations (Mohan, 2022).

6.2.2 Socio-economic vulnerability

Deprivation and health are intrinsically linked in the UK, with the risk of death from preventable
diseases three times higher for those living in the poorest versus those living in the most affluent
parts of England (Bennett et al., 2018). Respiratory and cardiovascular diseases, such as COPD
and CHD mentioned in Section 2.1., are two health conditions primarily responsible for the growing
health inequalities gap (Bennett et al., 2018) and the primary risk factors for temperature-related
mortality risks (Dear & McMichael, 2011; Ebi et al., 2021). Deprived areas of England have higher
rates of mortality from CHD (Bajekal et al., 2013; Theocharidou & Mulvey, 2018), and in a study of
1.2 million women across the UK this was largely explained by differences in smoking prevalence,
alcohol consumption, physical activity and body mass index (Floud et al., 2016). Likewise,
deprivation is associated with higher incidence of respiratory diseases: Deprived individuals had
increased hospital admissions for respiratory infections, with the effect pronounced in the 0-4 years
age group where admission rates were 91% higher for the most versus the least deprived children
(Hawker et al., 2003) and mortality rates were higher for more deprived patients in a sample of 424
patients with COPD (Collins et al., 2018). Such illnesses will influence the likelihood of

experiencing adverse health effects during hot and cold weather events, but deprivation may
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similarly limit an individual’s ability to adjust their surroundings to cope with high and low ambient

temperatures.

Fuel poverty definitions in the UK have traditionally applied to households who cannot keep their
home warm using a reasonable proportion of their income. In England a household is considered
to be in fuel poverty if they are living in a property with an EPC rating of band D or below; and if
they spent the amount of income required to adequately heat their home they would be left with a
residual income which is below the official poverty line* (BEIS, 2022). Thus, it is a relative measure
of household income, fuel prices and building energy efficiency. Across the UK, there are 13%,
25%, 12% and 18% of households in fuel poverty in England, Scotland, Wales and Northern
Ireland, respectively (Hinson & Bolton, 2022). These households will have a greater risk of
developing cold-related health impacts compared with those not in fuel poverty, given the same
level of underlying health, as they do not possess the resources to improve their environmental
conditions. The current cost of living crisis is expected to push 15 million households into fuel
poverty (Bradshaw & Keung, 2022), with those most at risk in England identified as private renters,
households with children, single-parent households, ethnic minority households and those
occupied by people with disabilities (BEIS, 2022a; Bouzarovski et al., 2022; Snell et al., 2015).

Household cooling needs are not currently considered in the UK’s definition of fuel poverty, despite
approximately 20% of homes already experiencing indoor overheating, with poorer households
disproportionately affected (Lomas et al., 2021) and areas previously-thought low-risk similarly
suffering, such as Scotland (Morgan et al., 2017). In countries where household air-conditioning is
prevalent, there is growing recognition of the need to incorporate cooling needs into the definition
of energy poverty (Bienvenido-Huertas et al., 2021; Thomson et al., 2019) and access to air
conditioning in the US has been identified as a driver of disparities in heat-related mortality (O’Neill
et al., 2005). Despite a lack of UK data on uptake of air conditioning in homes, prevalence is
estimated to be less than 3% (Hulme et al., 2013), with this figure is expected to rise to between
5% - 32% by 2050 (Crawley et al., 2020) and uptake is likely to be bias in more affluent homes.
Low-income individuals may be unable to afford air conditioning units and government aid is
unlikely to extend to such installations as this may undermine national carbon targets, typically
preferring passive strategies. Energy-poor homes are therefore likely to additionally suffer from

high ambient temperatures in the future (Sanchez-Guevara et al., 2019).

4 Households are considered to be below the UK poverty line if their income is 60% below the median household income
after housing costs for that year.

Projecting temperature change across UK housing | 97



CS

The short-term solution of home electric fans has been found to be protective against heat-related
mortality (Morris et al., 2021) and is a likely driver of the increased electricity demand observed
during the 2018 UK heatwave (Larcom et al., 2019). In a UK survey on health protection behaviour
following the 2013 heatwave, high-income earners were three times more likely to use an electric

fan than those on lower incomes (Khare et al., 2015).

6.2.3 Community factors

Social isolation is associated with increased risk of all-cause mortality and is more common in
urban areas, older individuals, the unemployed, among women and those with a lower educational
attainment (Naito et al., 2021). The degree of social isolation an individual experiences has been
identified as a factor influencing heat vulnerability. Single and divorced individuals had a higher risk
of heat-related mortality in the 2003 French heatwave (Fouillet et al., 2006). Authors highlighted
the role of social isolation in mediating vulnerability to heat waves, as indicated in earlier research
from the US (Naughton et al., 2002; Semenza et al., 1996). Wistow et al. (2015) illustrated heat
vulnerability using the theory of formal and informal networks of care, suggesting that for older
individuals who are disproportionately reliant on formal health and social care networks, such as
the NHS, heatwaves and other extreme weather events may disrupt the usual performance of
these networks. This can result in endangered health for individuals who are socially isolated as
they will not have the informal networks to bring this discontinuity of care to attention (Wistow et al.,
2015). However, qualitative case-study interviews carried out in London and Norwich in England
found that strong social networks can exacerbate vulnerability to overheating by perpetuating the
narrative that vulnerable individuals are likely to be able to cope with high temperatures rather than
challenging it (Wolf et al., 2010). Authors acknowledged that further research is needed to define

the role social capital may have in climate change adaptation, in particular for health protection.

6.2.4 Area-measures of vulnerability

Area-level indicators were sought for the three domains discussed above to use in the main report,
which each characterise an aspect of population vulnerability to ambient temperature. Each
indicator, its rationale for inclusion and the source of the data is outlined in Table 12. Table 12
assigns each indicator a level of confidence one a five-point scale, (1 — very low; 2 — low; 3 —
medium; 4 — high; 5 — very high) according to the Intergovernmental Panel on Climate Change
(IPCC) Guidance Note, adopted for CS-NOW projects. Figure 41 shows how findings are rated,
considering the associated number of studies and the strength of the evidence, and the extent of

agreement between sources.
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High

Agreement Medium 2
Low 1 2
Limited Medium Robust
Evidence (amount and strength of evidence)

Figure 42. Scale for rating confidence in key findings of literature reviews.

For the main report, we chose to assess climate-induced effects for the four population subgroups
for which there was most available evidence, namely, those aged 65 and above; infants; low-
income individuals and ethnic minorities. Whilst the evidence was strongest for individuals with
underlying COPD and CHD, a number of populations are disproportionately burdened with these
two health conditions (e.g. lower income individuals, those aged 65 and over), along with additional
risk factors for climate-induced health impacts due to the multi-dimensional nature of vulnerability.
We therefore focus on specific population groups that are vulnerable to climate risk in a number of
ways. We acknowledge that there is significant diversity within and between population groups
(e.g. ethnic minorities). Due to time constraints, we limited the analysis to a small number of
groups. Future work could look at distributions of vulnerability for sub-categories within these

groups.

Table 14. Area-measures of temperature vulnerability identified from the literature review, shown with their definition,
rationale for inclusion and data source.

Domain Indicator Rationale Source

Health EEIEChIEl N NeENENICHN Beathing in hot and humid air can exacerbate  (Rose et al.,

vulnerability with a diagnosis of COPD; and cold external temperatures make 2021a)
chronic obstructive breathing more difficult which is worse in those
pulmonary disease already suffering from breathing problems.
(COPD), per LSOA.

Percentage of GP The redistribution of blood flow that occurs (Rose et al.,
patients with a when the body perceives high (vasodilation) 2021b)
o[ETe[pleSIENI NI 11 1ol and low (vasoconstriction) external

GEET R ICT-EE-N(Ol ID)BIl  temperatures places additional demand on the

per LSOA. heart, which those with existing heart

conditions will struggle to meet.

Income deprivation Low-income populations have higher (ONS, 2019)
score, by LSOA incidence of COPD and CHD; more likely to be
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Socio- fuel poor; less likely to be able to afford

economic building interventions to reduce exposure to
vulnerability high and low ambient temperatures.
Proportion of the Are at increased risk of mortality during (ONS, 2021)
population who are heatwaves; due to social isolation, sex-based
female, by LSOA financial disadvantage and physiology.
Percentage of Those 65+ have higher incidence of CHD and  (ONS, 2021)
population aged 65 COPD; and are more likely be socially
years or above, by isolated, relying on formal care networks which
LSOA are typically disrupted during extreme weather
events.
Proportion of the Ethnic minorities have higher incidence of (ONS, 2022)
population identifying CHD and are more likely to live in fuel-poor
as an ethnic households.
minority*, by LSOA
Percentage of Prone to respiratory and renal dysfunction (ONS, 2021)
population who are during heatwaves; have less adaptive capacity
infants (<4 years old), due to lower mobility; more likely to live in fuel-
by LSOA poor homes.
Community Percentage of one Socially isolated individuals had a higher risk
factors person households of of heat-related mortality in heatwaves across
the total number of Europe and the US.

households, per LSOA

*Ethnic minority was defined as those belonging to a racial or ethnic group outside of the majority white British population
of the UK. It is important to note that ethnic minority groups in the UK are not a monolith, but that all may be affected by
structural discrimination to some extent across a number of health and socio-economic outcomes, leading to differences

in risk from climate-induced effects.

6.3 Appendix C: Additional results

6.3.1 England

Figure 42 shows the cooling energy-use intensities (EUIs) aggregated by population quintiles
under 2085 4.0°C warming in England. The figure suggests that the higher uptake of the

intervention measures across the stock in 2085 would largely attenuate present-day inequalities in
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EUls for different population groups, excluding low-income individuals who generally have larger

disparities in cooling EUIls across all scenario except Scenario 2a where external shutters were

used.
LSOA-average cooling energy-use intensity, aggregated by population quintiles
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Figure 43. LSOA-average cooling EUIs for population quintiles in Scenarios 2a — 4 in the 2085 time horizon under 4.0C
warming for the English housing stock.

Figure 43 shows an analysis of dwelling summertime overheating under 1.5°C warming in the
2050 time horizon for each of the building intervention scenarios across the English housing stock.
The figure supports the findings from Figure 10 and 11 in the main report that internal and external

shading are most effective at reducing overheating.
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Percent of nocturnal bedroom hours (10pm - 7am) above 26°C, by dwelling type
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Percent of nocturnal hours bedroom exceeds 26°C (%)
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Dwelling archetype

Scenario . 1 - baseline |:| 2a - external shutters I:' 2b - internal blinds ﬁ 3 - suface albedo . 4 - adaptive behaviour

Figure 44. The percent of annual night time hours the bedroom temperature exceeded 26C in the 2050 time horizon
under 1.5C warming, by dwelling type, across all building intervention scenarios for the English housing stock.

6.3.2 Wales

Likewise, Figure 44 shows dwelling overheating under 1.5 warming in the 2050 (a) and 2085 (b)
time horizons across Welsh dwellings. The percent of hours above 26°C is lower in Welsh
dwellings due to the lower ambient temperature of the Cardiff weather file. The high uptake of air
conditioning across the stock in 2085 (79%) reduces the extent of indoor overheating compared to
the 2050 time horizon. Both figures suggest that shading devices are most effective at reducing
indoor overheating. The large error bars in the 2085 time horizon are due to the high variance as
21% of the stock are still without air conditioning, leading to appreciable differences in overheating.
Flats also show a large amount of variation across both time horizons, owing to the differences in
overheating across different floor levels.
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Figure 45. The percent of annual night time hours the bedroom temperature exceeded 26C in the 2050 (a) and 2085 (b)
time horizon under 1.5C warming, by dwelling type, across all building intervention scenarios for the Welsh housing
stock.

6.3.3 Northern Ireland

The equivalent results for Northern Ireland at different time horizons are shown in Figure 45.
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Figure 46. The percent of annual night time hours the bedroom temperature exceeded 26C in the 2050 (a) and 2085 (b)
time horizon under 1.5C warming, by dwelling type, across all building intervention scenarios for the Northern Irish
housing stock.

6.3.4 Scotland

Figure 46 shows the percent of annual hours the nocturnal bedroom temperature (10pm — 7am)
exceed 26°C across all building intervention scenarios for Scottish dwellings in the 2050s time
horizon under 1.5°C degree warming. Internal and external shading devices are generally most
effective at minimising indoor overheating across all dwelling types. The large error bars are a

result of ~70% of the stock are still without air conditioning at this time horizon.
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Figure 47. The percent of annual night time hours the bedroom temperature exceeded 26C in the 2050 time horizon
under 1.5C warming, by dwelling type, across all building intervention scenarios for the Scottish housing stock.

6.4 Appendix D: Comparison with existing data

To assess how outputs for heating energy use compare with empirical data, annual heating energy
demand was simulated across the London stock using a London 2020s weather file. Results were
aggregated at the LSOA level and compared with subnational gas consumption data from BEIS
using a linear regression, shown in in Figure 47. Adjusted R-squared between modelled and
empirical energy consumption was 0.782 (df=4825, p=2.2e'°). In general, modelled data
underestimated annual energy demand but it is useful to note that modelled estimates are for
heating demand only, whilst subnational gas estimates will be for all gas use including that from
heating, cooking and hot water.
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Annual mean domestic gas consumption, by London LSOAs
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Figure 48. Linear regression between subnational gas consumption estimates and metamodel outputs across London
LSOAs in 2020.

Subnational estimates of domestic gas use are not available by archetype, but results were
compared with previous modelled data by Liddiard et al. (2021) in Table 13. Outputs by attached
status broadly align with estimates produced by Liddiard et al. (2021). The marginally lower
estimates produced by the metamodel can likely be explained by the warmer climate of 2020,

compared to 2016 for which the estimates by Liddiard (2021) were produced.

Table 15. Comparison of annual heating energy use and heating energy use intensities between the metamodel and

Liddiard et al. (2021)

Annual gas  Annual gas Annual heating Annual heating

Dwelling type
(kWhlyr) use intensity energy use energy use per floor

(KWh/m?/yr) (kWh) area (KWh/m?/yr)
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Detached* 24,366 170 22,361 171

Semi-detached 18,874 171 17,156 153
End-terrace 16,384 165 14,475 150
Mid-terrace 14,865 144 12,958 129
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