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Executive summary

Overheating in homes is a growing concern in the UK due to rising temperatures and more frequent and
intense extreme heat events. Most existing UK homes are not designed to address overheating, so climate
change poses increasing risks to health, comfort, productivity, and energy demand for cooling. Thus, there

is a need for adaptation to address this growing challenge.

This report presents the outputs of the “Adapting homes to heat in Greater Manchester” work package,
under the Climate Services for a Net Zero Resilient World (CS-NOW) Programme. This research was

structured around three key questions:
1. What types of home are most sensitive to overheating in Greater Manchester?
2. What s the distribution of occupants considered vulnerable to overheating in Greater Manchester?
3. What low-cost, low-regret adaptation actions can reduce sensitivity to overheating in homes?

To answer these questions, two tasks were completed:

e Task 1: A heat sensitivity and vulnerability assessment of homes and occupants in Greater

Manchester
e Task 2: A three-component analysis on potential low-cost, low-regret adaptation actions, including:

a. Modelling to quantify the relative potential of the adaptation actions to reduce indoor

overheating
b. Analysis of the capital costs and benefits of each adaptation action

c. A socio-technical analysis of the existing barriers that may hinder the implementation of
the actions

d. Development of simple infographics showcasing the adaptation actions for occupiers of
the most sensitive types of homes

Task 1 was addressed by two different approaches undertaken by University College London (UCL) and
the University of Manchester (UoM). UCL applied a building-physics model focused on the heat sensitivity
of homes to identify the most sensitive types of homes to overheating and their distribution, as well as
understand where occupants vulnerable to overheating live in Greater Manchester. The model was
designed to estimate the indoor thermal performance of domestic spaces and considers specific information
about the characteristics of homes, such as the type and geometric form of the modelled buildings, building
materials, and construction methods. However, the model does not consider variation in local urban climate.
It also makes specific assumptions about potential occupant behaviour. UoM applied a composite Heat
Vulnerability Index (HVI), which incorporates four domains, indoor sensitivity, outdoor sensitivity, occupant

sensitivity, and restricted adaptive capacity. Indoor sensitivity identifies buildings that are more sensitive

12
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to overheating due to type, construction age, or insulation levels. Outdoor sensitivity identifies areas
where ambient air temperatures are likely to be elevated compared to their rural equivalents due to the
Urban Heat Island (UHI) effect. Occupant sensitivity identifies occupants who may be sensitive to
overheating based on age or indicators of poor health or disability. Restricted adaptive capacity identifies
households that are less able to adapt during extreme heat due to restrictions on finances, window opening,
renting their homes, or limited access to green spaces.

The key findings of Task 1 are:

e The type of home in Greater Manchester is a highly influential factor regarding sensitivity
to indoor overheating based on:

o The characteristics of homes and assumptions about occupants’ behaviour in this study and
supporting studies, with mid-terrace houses and flats, and homes with limited ventilation and
shading most sensitive to overheating.

o Building construction age, with those built before 1900 and those built after 2007 most

sensitive to overheating.

o The homes most sensitive to overheating in Greater Manchester are:
o Most prevalent in the boroughs of Manchester and Salford, due to their building types and
construction ages.
o Often found in areas of high Urban Heat Island (UHI) intensity. These are usually located
in the city centre where outdoor temperatures are higher compared to neighbouring rural
locations. However, homes in suburban areas, although outside of the city centre, can still be

sensitive to overheating due to the type and age of the buildings.

¢ Regarding occupants’ vulnerability to overheating in Greater Manchester, spatial analysis
shows that:

o While Manchester borough households have the lowest adaptive capacity overall, there
are areas and households within each borough that are vulnerable to overheating due to poor
adaptive capacity.

o Manchester, Salford, Rochdale, and Tameside have the highest proportions of
occupants of homes who are sensitive to overheating, while Trafford has the lowest.

Nevertheless, there are sensitive occupants in all areas who may need support.
¢ The UCL building sensitivity model:

o Can help local authorities and public health professionals to develop localised

adaptation actions that reduce the sensitivity of homes and vulnerability of occupants to

13
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overheating or inform emergency public health action targeted at specific types of buildings
and their occupants.

o Enabled identification of the areas of Greater Manchester where homes that are sensitive to
overheating are most prevalent. This information can be used by local authorities and urban
planners to target urban planning strategies, including green/blue infrastructure and
relevant funding to where required.

o Enabled the identification of the types of homes that are sensitive to overheating in the short-
term and long-term, as a result of the temporal resolution of the data applied to different future
scenarios. It also estimated the amount of energy that might be needed to keep homes

comfortably cool in the future.

e The UoM heat vulnerability index can be used to identify the most appropriate adaptation
options:

o High indoor sensitivity can be reduced by: maximising the co-benefits of building retrofit to
address summer overheating; encouraging green space within gardens and on streets; and
reducing overcrowding.

o High outdoor sensitivity can be reduced by increasing green and blue spaces (e.g., through
new parks, green walls and roofs, street-tree planting, re-exposing covered waterways etc.)
that reduce the UHI effect. Additional adaptation options include spatial planning policies and
development management to protect, maintain and enhance existing greenspace, and change
the surface albedo of buildings and other surfaces to reduce their absorption of energy from
the sun.

o High occupant sensitivity can be addressed by working with healthcare providers and
community groups to increase awareness of sensitive groups of people and increase support
to them, e.g., by increasing frequency of contact, providing advice on keeping cool, and
planning emergency response. Maps of occupant sensitivity can be used to target such support
and to prioritise other adaptation options that improve the indoor environment, enhance
adaptive capacity, and reduce the UHI effect.

o High restricted adaptive capacity can be reduced through policy interventions such as
provision of cool spaces and access to green spaces where people can experience respite
from the heat, and funding for household-level retrofit and measures to improve the thermal
performance of the rental sector. In addition, complementary policies which target air pollution,
noise levels (which limits window opening), and financial deprivation and disability can enhance

adaptive capacities, as a co-benefit.

In conclusion, Task 1 identified that purpose-built high-rise and low-rise flats, mid-terrace, and

semi-detached houses are particularly susceptible to indoor overheating. These types of home were
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used in Task 2 to conduct the deep-dive analysis of adaptation actions that could reduce sensitivities to

overheating.

Task 2 explored the overheating of typical types of homes using the Chartered Institution of Building
Services Engineers (CIBSE) Technical Memorandum (TM) 59 Criterion 1, which defines overheating as
when the actual operative temperature is equal to or greater than one degree (K) above the limiting
maximum acceptable temperature for more than 3% of the occupied hours between May to September.
This percentage was quantified for the different types of home and multiple adaptation actions to reduce
indoor overheating were tested using modelling under 2030 and 2050 climate scenarios. Task 2 then
calculated the cost-benefit of each of the adaptation actions as a ratio of their total costs (capital and
maintenance) and the total additional hours spent in thermal comfort to provide a cost per additional hour
in thermal comfort. A literature review and stakeholder consultation, involving in-person interviews and an
online survey of people in Greater Manchester, were also undertaken to identify the existing socio-technical

barriers that may hinder implementation of the actions.
The key findings of Task 2 are:

The median percentage of the occupied hours between May to September when the actual operative
temperature is equal to or greater than one degree (K) above the limiting maximum acceptable temperature
was estimated across all types of homes for the current building stock to be between 6% and 9% under the
2030 scenarios, and between 6% and 11% under the 2050 scenarios. For the 2050 scenarios, this equates
to a median of 110 to 294 occupied hours from May to September where all types of homes are
projected to overheat, as defined by CIBSE TM59 Criterion 1.

The four most effective actions in reducing indoor overheating in most types of home are:

e External window shading

o External wall shading

e Internal window shading, e.g., blinds or curtains

¢ Increasing the window area that could be opened.

The levels of effectiveness of these actions vary based on the physical characteristics of the various types
of homes. Overall, the most effective actions in the long term are those that reduce solar radiation from
penetrating the building, such as window and wall shading measures, however, such measures can be
costly and disruptive. The use of internal shading and switching off unnecessary appliances and lights could
potentially reduce overheating to some degree in the short term. Opening windows when it is cooler outside
could also marginally improve summer thermal comfort, but it may become less effective in the future as

outdoor temperatures increase.

15



CS

Climate services for a net-zero resilient world

When adaptive, behavioural, non-structural actions were applied, the median percentage of the occupied
overheating hours was estimated at between 3% and 6% (between 0 and 110 hours above the threshold)
under the 2030 scenarios, and between 3% and 7% (between 0 and 257 hours above the threshold) under
the 2050 scenarios. More substantial, passive, structural actions, such as external wall and window
shading, yielded greater reductions in overheating overall than behavioural actions. However, the
structural actions performed slightly better when combined with the behavioural actions and
together prevented any overheating, as defined by CIBSE TM59 Criterion 1. With these combined
actions, the median percentage of the occupied hours between May to September when the actual
operative temperature is equal to or greater than 1°C above the limiting maximum acceptable temperature
was estimated to be between 0% and 1% under the 2030 scenarios, and between 0% and 2% under the
2050 scenarios (i.e., in both cases no hours above the threshold defined by CIBSE TM59 Criterion 1).

The most cost-efficient individual action was the installation of internal shading using light (as
opposed to black out) shading devices, which could cost between £261-£364 and deliver between 58-150
additional hours of thermal comfort annually, depending on the type of home. While external shutters were
more effective, delivering between 172-316 additional hours of thermal comfort, costs were considerably
higher, ranging from £2,363- £5,745 depending on the type of home. The structural action with the lowest
cost-efficiency was replacing windows to increase the extent to which they could be opened. Overall, the
most cost-efficient approach for all homes was combining internal shading with behavioural
actions on the assumption that the behavioural actions incur no additional cost. This combination resulted
in a 3% increase in total time in thermal comfort from May to September at a cost of £0.46 per additional
hour in the first year and £0.28 per additional hour spread over the first five years. This assumes that the

behavioural action would be followed by the household as modelled.

Over a third of survey respondents and interviewees (36%) responded that they considered themselves or
someone with whom they resided were vulnerable. For this study, vulnerable people were defined as
children under five years old, people over 65, pregnant women, and/or individuals with a health or other
condition that could make it difficult for them to stay cool. The biggest barriers to implementing the
adaptation actions in Greater Manchester identified by the literature review and stakeholder

consultation were:
o Low awareness of low-cost behavioural measures, e.g., use of internal shading during the day

e Many people not considering that addressing overheating in homes is a priority (despite 70%

confirming that they experience overheating)
o Regulatory restraints and tenure implications prevent residents implementing actions.

The report concludes that in the short-term, adaptive, behavioural, non-structural measures will go some
way to reducing overheating in homes. Support would likely be required to encourage people to implement

the structural actions considered here, particularly those with higher capital costs.
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1. Introduction

The Department for Energy Security and Net Zero (DESNZ) has worked alongside Greater Manchester
Combined Authority (GMCA) to understand the vulnerability of their homes and occupants to overheating

and identify potential adaptation actions to reduce the sensitivity of homes to overheating.

Extreme heat events in the UK are increasing in frequency and intensity, with the potential to cause
significant harm to people. The exposure of our homes to overheating, as a result of these events, is
particularly concerning as homes are typically where people spend the majority of their lives and the
conditions of home environments are important determinants of people’s health and productivity (Mujan et
al., 2019).

Greater Manchester is a diverse and densely populated' metropolitan area where impacts of extreme heat
have, and will continue, to cause significant disruption to people’s lives. The exceptional heat records of
summer 2022, when temperatures in Greater Manchester exceeded 37°C 2, have highlighted the urgent
need to further understand and adapt to the projected increases in the magnitude and/or frequency of
extreme heat, and their duration, in order to address overheating and avoid harm to the occupants of

homes.

Overheating in homes is generally defined as when the local indoor temperature exceeds the acceptable
levels for human comfort or human health (Green Alliance, 2024). However, levels of comfort can vary from
person to person, including the occupant’s activity and clothing levels, and thermal comfort expectations.
In addition, several factors can influence the potential for a home to overheat when exposed to warm
outdoor temperatures. These include the location of the building, the level of urbanisation, the extent of
blue and green infrastructure at neighbourhood level, the physical properties of the home itself, and
occupant behaviour inside the home, for example the operation of shading and ventilation systems, and

use of lights and appliances (Gill et al., 2007; Climate Change Committee, 2022).

To date, much of the existing UK domestic building stock has not been designed with overheating in mind.
Instead, homes have been designed to minimise heat losses and reduce energy demand in winter.
Successive Climate Change Risk Assessments (CCRA) conducted by the Climate Change Committee
(CCC) have indicated overheating in homes is a risk for the UK3. However, the UK’s Building Regulations
Part O only requires developers to consider overheating for new homes (HM Government , 2021). With
54% of UK domestic building stock built before 1964 and 80% of homes in use today still likely to be

' Average population density across the 10 metropolitan boroughs from the 2021 Census was 2,328 residents per
square kilometre. The average from all local authorities in England and Wales was 1,714 residents per square
kilometre— source Office for National Statistics — Census 2021 Population and household estimates, England and
Wales - Office for National Statistics (ons.gov.uk)

22022 03 july heatwave v1 (metoffice.gov.uk)

3 CCRAS3 (2021) presented the ‘risk to human health, wellbeing, and productivity from increased exposure to heat in
homes and other buildings’ as one of the highest priorities for adaptation over the next 2 years.
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inhabited by 20504, existing research indicates a significant number of properties are vulnerable to

overheating (Arup, 2022).

Homes in urban areas are particularly vulnerable to overheating due to a phenomenon known as the Urban
Heat Island (UHI) effect, whereby urban areas experience higher air temperatures than the surrounding
countryside. Urban areas are characterised by roads and buildings, humanmade heat-absorbing surfaces
that displace natural green and blue spaces, which otherwise provide cooling, e.g., through
evapotranspiration. This material change, alongside the increased concentration of human behaviours,
such as power generation and the use of cars, and the condensed and heightened geometries of cities,

traps heat within these areas.®

Therefore, in a changing climate, it is a critical concern for public health and the functioning of society to

understand in relation to overheating:

e The sensitivity and adaptive capacity of homes and their occupants, and thereby their vulnerability,

o The exposure of homes and their occupants and thereby potential impacts, and

e How homes and the behaviour of their occupants can be adapted to reduce their vulnerability and
potential impacts.

This report presents the outputs for the “Adapting homes to heat in Greater Manchester” work package,
under the Climate Services for a Net Zero Resilient World (CS-NOW) Programme. This research was

structured around three key questions:
4. What types of home are most sensitive to overheating?
5. What is the distribution of occupants considered vulnerable to overheating in Greater Manchester?
6. What low-cost, low-regret adaptation actions can reduce sensitivity to overheating in homes?

To answer these questions, two tasks were completed:

e Task 1: A heat sensitivity and vulnerability assessment of homes and occupants in Greater
Manchester

e Task 2: A three-component analysis on potential low-cost, low-regret adaptation actions, including:

a. Modelling to quantify the relative potential of the adaptation actions to reduce indoor
overheating

b. Analysis of the capital costs and benefits of each adaptation action

c. A socio-technical analysis of the existing barriers that may hinder the implementation of

the actions

4 New Build Standards | Policy | UKGBC
5 Learn About Heat Islands | US EPA
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d. Development of simple infographics showcasing the adaptation actions for occupiers of

the most sensitive types of homes

Task 1

In Task 1, two different assessments were conducted to identify the most sensitive types of homes to
overheating and to map their distribution across Greater Manchester. In addition, one of the assessments
also reviewed the distribution of occupants considered vulnerable to overheating®. UCL used a building-
physics housing stock model to represent building characteristics, estimate indoor temperatures and
quantify overheating in bedrooms following exposure to current and future climate change scenarios. The
model’s outputs present the sensitivity of different types of homes to overheating and, based on the
concentration of each of these types of homes within a UK Census geographic unit, maps the locations
where homes are most sensitive to overheating. The UoM used a combined heat vulnerability index (HVI)
to assess heat vulnerability across the region. The index comprises four domains of vulnerability: outdoor
sensitivity, indoor (home) sensitivity, occupant sensitivity, and adaptive capacity. The aggregated results
across all four domains represent the composite vulnerability of households to overheating within a UK

Census geographic unit.

The two research teams from UCL and UoM take distinct approaches to assess heat vulnerability. While
UCL focuses purely on the sensitivity of homes to overheating, the UoM has a wider scope that also

addresses the sensitivity and adaptive capacity of the occupants.

The factors included in the two assessments include the physical properties of homes and their influence
on overheating, as well as some consideration of the level of urbanisation, socio-economic factors, and
occupant behaviour and adaptive capacity. While other factors do have an important role to play, they are

beyond the scope of this project.
Task 2
The aim of the second task was a deep-dive analysis to prioritise low-cost, low-regret adaptation actions

that can be adopted to reduce the sensitivity of homes and the vulnerability of their occupants to

overheating.

6 The project uses the IPCC Sixth Assessment Report Glossary of Terms to understand the chain of interactions for
assessing climate vulnerabilities and risk.

Sensitivity: The degree to which a system or species is affected, either adversely or beneficially, by climate variability
or change.

Adaptive capacity: The ability of systems, institutions, humans, and other organisms to adjust to potential damage, to
take advantage of opportunities or to respond to consequences.

Vulnerability: The propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of
concepts and elements, including sensitivity or susceptibility to harm and lack of capacity to cope and adapt. (i.e.,
Vulnerability = Sensitivity x Adaptive capacity).
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The deep-dive analysis consisted of three methodological components:
a. Modelling to quantify the relative potential of the adaptation actions to reduce indoor overheating
b. Analysis of the capital costs and benefits of each adaptation action
c. A socio-technical analysis of the existing barriers that may hinder the implementation of the actions

These three components together can be used to support decision making regarding the appropriate

prioritisation and use of the adaptation actions for the different types of home.

The adaptation actions included in this task were identified in consultation with DESNZ and GMCA and
build upon the findings of a previous CS-NOW work package, ‘Projections of temperature change and
impacts on UK housing’ — work package D4 (WPD4). The previous research quantified current and future
indoor overheating levels, and heating and cooling requirements across the UK’s housing stock, using UK
Climate Projections 2018 (UKCP18) weather files. A range of energy retrofit scenarios were assessed,
alongside the following cooling actions: external and internal shading; increasing the reflectivity of external
building surfaces; and modifying window-opening/closing temperature thresholds. Task 2 builds on this
research and considers additional adaptation actions, both behavioural and structural, and evaluates the
relative effectiveness of a wide range of iterations in their application, for example through a detailed

examination of the impact of different timings and durations of window and shading operation.
The following definitions have been applied in Task 2:

Thermal comfort reflects when residents are at home and experience indoor temperatures within

recommended levels. Recommended levels in Task 2 are those set by CIBSE TM59 Criterion 1.

Adaptive, behavioural, non-structural actions are things occupants can do to keep cool without any

structural changes to their building. For instance, the action of opening and closing windows.

Passive, structural cooling actions are things occupants can do to keep cool that may require
interventions to a building (for example the installation of shutters) or the outdoor environment (for example,

planting trees).

In order to support dissemination of the outputs, infographics were developed. These were produced for
each of the most sensitive types of homes depicting the adaptation actions that were found to be effective

in this research.

This report is structured to present the methodologies and results from Task 1 and then from Task 2,

followed by an overall discussion and conclusions.
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2. Task 1 Methodology

Section 2 details the two methodologies adopted by UCL and UoM, including information on their

development, scientific rationales, and how the results have been analysed in this study.

2.1 Mapping of sensitivity of homes to overheating

2.1.1 Housing stock model development

The data presented in section 2.1 are the output of a building housing stock model of residential indoor
environments developed by the UCL Institute for Environmental Design and Engineering as part of an
earlier study. This prior study quantified current and future indoor overheating levels, and heating and
cooling requirements across the UK’s housing stock, using UK Climate Projections 2018 (UKCP18) weather

files.
This housing stock model was based on the use of:

e A building physics dynamic whole-building energy performance simulation software programme,
EnergyPlus. Itis an Open Access, widely tested and validated program, used widely by engineers,
architects, and researchers to model energy consumption (for heating, cooling, ventilation, lighting,
appliances) and indoor environmental conditions (temperature, relative humidity, air quality etc.).

e Machine learning that reduces the computing time required to produce modelling estimates for a
large number of buildings.

To map the sensitivity of homes to overheating for this study, results for the Greater Manchester Area were

extracted from the existing housing stock model.

2.1.2 Housing stock modelling inputs

Estimates of overheating and energy demand were produced individually for each home address listed in
the Energy Performance Certificate (EPC) database for the UK. To produce these estimates, a metamodel
of EnergyPlus was trained using a large number of building performance simulations of multiple types of
homes, representing the diverse characteristics of the UK building stock. The metamodel was subsequently
run for all home addresses in the Greater Manchester Area for which an EPC was available. There were
862,309 EPCs across the Greater Manchester Area with an average coverage of 60.3%. The EPC data
coverage at local authority and regional level, compared to the national average is presented in Appendix
1.

As part of this process, digital models of the UK homes were constructed. The geometries of homes
included: mid-terrace, end-terrace, semi-detached, detached house; bungalow; low-rise purpose-built,

high-rise purpose-built, and converted flat. The digital models were theoretical three-dimensional
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representations of typical home geometries reflecting interior layouts for each type of home. During
modelling, the physical properties of the building materials were derived based on the construction age of
the building, as specified in the EPCs. This included the levels of thermal insulation provided by different
wall, roof, and window types (which may be higher in more recently built homes), the building fabric
airtightness, the thermal mass of the building (how much heat is absorbed by the building to be re-released
with a time delay), and the thermal reflectivity of external surfaces. The indoor thermal performance of the
building stock was estimated under three UKC18 climate scenarios: 2030 RCP 2.6, 2050 RCP 2.6, 2085
RCP 8.5.

Please note that Manchester weather files were not available at the time of the CS-NOW WPD4 study and,
therefore, London weather files were used instead. Given that only a single weather file was used, the
modelling does not consider the UHI effect, as this is not typically captured in weather files, or any
microclimatic variations near the modelled homes; the estimated relative overheating levels are only the
function of building characteristics, assumed occupancy patterns and building operation. Monitored local
urban temperature data were obtained in the context of this project and overlaid on the WPD4 outputs
(Figure 3-4).

2.1.3 Housing stock modelling outputs

The Chartered Institution of Building Services Engineers (CIBSE) Technical Memorandum 59 (TM59) was
launched in 2017 to standardise indoor overheating assessment methodologies and limit associated risks
in new and refurbished residential buildings. It is cited in Approved Document O of the Building Regulations
for England that came into force in 2022, and applies to all new homes including care homes, boarding
schools, and student accommodation. Within TM59, two criteria are specified to assess overheating:
Criterion 1 addresses overheating thresholds for living rooms, kitchens, and bedrooms, while Criterion 2
addresses bedrooms only. In CS-NOW WPD4, overheating of indoor spaces was specifically quantified
using Criterion 2 of CIBSE TM59. For homes that are predominantly naturally ventilated, Criterion 2 requires
the operative temperature in the bedroom from 10 pm to 7 am to not exceed 26 °C for more than 1% of
annual hours. In addition to projected overheating, heating and cooling demand were also modelled in
WPD4.

The modelling outputs for the Greater Manchester Area were selected from the WPD4 UK-wide database.
This dataset included the boroughs of: Bolton, Bury, Manchester, Oldham, Rochdale, Salford, Stockport,
Tameside, Trafford, and Wigan. These outputs were initially extracted on a building-by-building basis and
subsequently aggregated at the Lower Layer Super Output Area (LSOA) and Middle Layer Super Output
Area (MSOA) level.” For each LSOA/MSOA in Greater Manchester, modelling results were aggregated for

7 LSOAs and MSOAs are UK Census geographic units. LSOAs typically contain between 400 and 1,200 households
(between 1,000 and 3,000 residents). MSOAs are made of LSOAs, usually four or five, and contain between 2,000 and
6,000 households (between 5,000 and 15,000 residents). LSOA and MSOA boundaries fit within local authorities.

22



CS

Climate services for a net-zero resilient world

all domestic buildings within that area for which an EPC was available. Detailed assumptions are provided

in the previous report on the WPD4 study.

2.2 HVI (Heat Vulnerability Index)

The UoM developed a HVI to assess the vulnerability of Greater Manchester residents in their homes to
overheating. This index combines spatial information from a range of indicators to give an overall
vulnerability score or rank for people living in each LSOA. A higher score indicates higher vulnerability to
heat within the LSOA.

2.2.1 Domains

LI

The index is split into four domains that contribute to vulnerability: “outdoor sensitivity”, “indoor (building)

sensitivity”, “occupant sensitivity” and “adaptive capacity”:

¢« “Outdoor sensitivity” accounts for characteristics of the external environment around people’s
homes that may exacerbate external temperatures. Outdoor sensitivity covers features which
contribute to the UHI effect, which can vary within an urban area, exacerbating exposure to extreme
heat in some areas (Stone et al., 2010; Habeeb et al., 2015). These features include land cover,
the height of buildings, population density (as a proxy for anthropogenic heat emissions), and
elevation (i.e., height above sea level).

¢ "Indoor (building) sensitivity” comprises indicators which mediate the indoor temperature of
residential buildings, as compared to ambient air temperature. These indicators consider the
relationship between the type of home and its thermal characteristics as well as overcrowding
(which increases internal heat gains) and the presence of green (and blue) spaces in the immediate
vicinity of homes (which can reduce internal temperatures through shading and changing the
microclimate).

o “Occupant sensitivity” covers demographic characteristics (including age, health and disability)
that have been identified by epidemiological studies of past heat events as important factors
affecting the sensitivity of people to overheating.

e “Restricted adaptive capacity” covers indicators relating to occupants and their homes that
prevent them from adjusting to the potential for becoming overheated. This includes income or
factors that would affect individuals’ likelihood to open windows at night, such as air pollution, noise,

or crime. In this index a high score means that adaptive capacity is restricted.

2.2.2 Indicator selection

For each domain, a set of indicators were selected based on the work of Brown (2022). These indicators
were selected based on a literature review of existing heat vulnerability studies, a review of factors

influencing heat vulnerability, and a regression test between Greater Manchester temperature data and the
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indicators related to the UHI. The Pearsons Correlation test was then used on all indicators to ensure there
was not any multicollinearity within domains. Correlated indicators were either removed or combined and
weighted together within a domain to avoid double counting. This step avoids bias arising from the over
representation of correlated indicators within the index while still identifying areas of high vulnerability. For
example, income and education deprivation are highly correlated, while both are found to influence adaptive
capacity, only income is selected for the index, as it is more overtly connected to the ability of people to

spend money on adaptation measures.

Appendix 1 provides additional detail on the indicators used within each of the HVI's four domains.
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3. Task 1 Results

Section 3 presents the results of the two approaches undertaken by UCL and UoM for the assessment of

sensitivity to overheating. A comparison of the findings is included in this section.

3.1 Mapping of the sensitivity of homes to overheating

This section presents the outputs of UCL’s approach described in Section 2.1.The first series of maps
(Figure 3-1) shows the geographical distribution of the average percentage of time that bedrooms are
projected to experience nighttime temperatures above 26°C, which generally decreases with increasing
distance from the city centre. A clear trend of increasing overheating levels is observed as the climate
becomes warmer if no cooling measures are applied. Using the same assumptions for uptake of air
conditioning used by CS-NOW WPD438, cooling demand increases towards the end of the century (Figure
3-2), within LSOAs with increased demand clustered in the centre of Manchester. Based on the existing
assumptions, a considerable increase in air conditioning uptake is observed by the end of 2085, rising more
than tenfold compared to the estimate for 2030. However, it is important to note that even though the initial
increase from 2030 to 2050 appears small, the uptake more than doubles between these two periods. An
inverse relationship is observed for heating demand (Figure 3-3), with the city centre appearing to have the
warmest homes, characterised by lower heating needs. Across all projected future scenarios, there is a
consistent trend of increasing temperatures. This rise is manifested as a decrease in heating demand,
coupled with an increase in both cooling demand and the number of hours exceeding comfortable summer
indoor temperature thresholds.

As all homes were modelled using weather files for the same location, i.e. without including local urban
climate variation, these results isolate the effect of building characteristics on overheating and energy
demand. UHI data provided by the UoM were subsequently overlaid on indoor overheating estimates
(Figure 3-4). Outdoor local urban temperatures and indoor home temperatures are generally warmest in
the centre; as we move away from the centre, both indoor and outdoor temperatures tend to decrease.
However, it is not possible to establish a direct link between these two datasets due to their distinct nature.
The building performance calculations are aggregated data from individual building estimates of
overheating and energy demand, corresponding to specific areas, while the UHI dataset consists of ambient
temperature readings at specific points in the city. There is a complex, intricate relationship between indoor
temperatures, the UHI and urban microclimates, and disentangling this relationship can be challenging.
However, overlaying these maps demonstrates that, across the Greater Manchester Area, it is likely that

homes with high sensitivity to heat (high indoor overheating levels and associated cooling demand) are

8 CS-NOW D4 Report— see Section 2.3.5. The assumptions were based on Crawley, J., Wang, X., Ogunrin, S.,
Vorushlyo, I., & Taneja, S. (2020). Domestic Air Conditioning in 2050. Increasing Visibility of Underrepresented
Groups in Energy Research (IVUGER) Report.
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likely to be found in areas of high UHI Intensity, primarily in central locations and should, therefore, be

prioritised for further modelling.

Figure 3-1: Average percentage of time that bedroom temperatures exceed 26°C from 10 pm to 7 am under each
scenario

a) 2030 RCP 2.6, b) 2050 RCP 2.6, and c) 2085 RCP 8.5
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Figure 3-2: Average projected end energy use for cooling under each scenario

a) 2030 RCP 2.6, b) 2050 RCP 2.6, and c) 2085 RCP 8.5

The average end energy use for the scenarios are 7.7kWh/m2/year, 8.5kWh/m2/year, and 23.7kWh/m2/year
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Figure 3-3: Average projected end energy use for heating under each scenario

a) 2030 RCP 2.6, b) 2050 RCP 2.6, and c) 2085 RCP 8.5
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Figure 3-4: Average percentage of time that bedroom temperatures exceed 26°C from 10 pm to 7 am (2030 RCP 2.6
scenario) and maximum UHI effect

The UHI maximum shows the highest temperature difference between the sensor location and the Met Office station
at Rostherne during the observation period.
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3.1.1 Identification of homes prone to heat

The underlying CS-NOW WPD4 building-by-building dataset was analysed aiming to identify the homes
and LSOAs that are more sensitive to overheating in the 2030 RCP 2.6 scenario. It was found that building
type/geometry is one of the most influential factors for overheating. In Figure 3-5, the distribution of the
percentage of time bedroom temperatures exceeded 26°C for modelled homes in Greater Manchester are

presented by type of home, arranged in ascending order based on the median value of each type of home.

This graph reveals the overall distribution of the homes most sensitive to overheating, coloured in red, dark
orange, light orange and yellow, corresponding to low-rise flats, mid-terrace houses, high-rise flats, and
semi-detached houses. These findings suggest that physical characteristics, such as the geometry of
homes, substantially affect the sensitivity of a home to overheating. Even though the converted flat appears

to be one of the most sensitive to overheating, it is important to note that this typology indicates a change
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of use in the building rather than the physical attributes of the building.®Unfortunately, the EPC database

does not provide additional useful information to allow further modelling of these types of home.

The prevalence of types of home across the city should be considered. As shown in Figure 3-6, the four
most heat sensitive types of home account for almost three quarters of the Greater Manchester housing
stock. Specifically, low-rise and high-rise flats, mid-terrace and semi-detached houses comprise 73.8% of

the stock.

A further analysis was conducted to investigate a possible connection between the construction age of
homes and their sensitivity to overheating in the selected homes, illustrated in Figure 3-7.The relationship
of overheating with construction age is less clear compared to the geometry of homes. Based on modelling
assumptions, both older and more recently built homes appear to be sensitive to overheating. It is likely
that some of the more recently built homes may be more sensitive to overheating due to energy efficiency
trends including higher levels of building fabric thermal insulation and airtightness without providing
additional cooling means. In Figure 3-7, a similar trend as in Figure 3-5 is observed, with similar values
across all construction age bands of the homes, and with limited variation in the median values between
construction age bands and overall data distribution. Figure 3-8, illustrates the distribution of homes across
different construction age bands in the Greater Manchester Area. The graph shows that over 43% of the

homes were constructed before the 1950s, and 78% were built before 1982.

9 Converted buildings could be, for example, larger houses divided into flats, non-domestic buildings (offices, retail etc.)
that were later converted into housing (e.g., through Permitted Development Rights).
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Figure 3-5: Box plot of the percentage of time bedroom temperatures exceed 26°C in homes in Greater Manchester by
type of home (2030 RCP 2.6 scenario)
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As shown in Figure 3-6, the most frequently occurring types of home in the EPC database for Greater

Manchester are semi-detached houses, followed by mid-terrace houses and low-rise flats.
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Figure 3-6: The percentage of homes by type of home within Greater Manchester
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Figure 3-7: Box plot of the percentage of time bedroom temperatures of all homes in Greater Manchester Area
exceed 26°C by construction age band of the home (2030 RCP 2.6 scenario)
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Figure 3-8: The percentage of homes by age band within Greater Manchester
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3.2 HVIresults

Section 3.2 presents the full results of the UoM HVI described in Section 2.2. The results are presented for

each of the four domains. First, for more direct comparison with the UCL model results, the indoor sensitivity
domain is presented with only indicators related to building properties included (age and type of home,
glazing and roof energy efficiency). The results are then presented for the indoor sensitivity domain
including the over-occupancy and proximity to greenspace indicators to visualise how this influences overall
sensitivity. In section 3.2.3 to 3.2.5 the results for the additional domains of outdoor sensitivity, occupant
sensitivity and adaptive capacity are shown. Finally, the results of combining the domains into a single

composite Heat vulnerability Index are shown.

Appendix 2 provides additional context for the individual indicator results within each of the four domains.

3.2.1 Indoor sensitivity (excluding over-occupancy and NDVI)

Figure 3-9 shows areas of high sensitivity in the urban areas of Wigan, Atherton, Bolton, Bury, Rochdale,
Oldham, Ashton Under Lyme, Stockport, Altrincham, and Old Trafford. In general, it also indicates less
sensitivity in suburban areas, with exceptions in the east of Greater Manchester. Within Manchester, the
picture is more complicated with pockets of high indoor sensitivity within the city centre, to the north and

east and along the Oxford/ Wilmslow Road.
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Figure 3-9: A map indicating the relative indoor sensitivity of homes based on their characteristics (excluding over
occupancy and NDVI factors) for direct comparison with UCL
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3.2.2 Indoor sensitivity (including over-occupancy and NDVI)

The indoor sensitivity domain here is different to the indoor sensitivity presented in the previous section
because additional factors — removed in section 3.2.1 for consistency in with the UCL model — are included
here covering over occupancy and greenspace (NDVI). The indoor sensitivity domain map in Figure 3-10
identifies LSOAs where there is a high concentration of buildings that are more sensitive to overheating

(subject to EPC coverage).
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Figure 3-10: A map indicating the relative indoor sensitivity of homes based on all indicators (higher glazing, type of
home, age of home, roof insulation, over-occupancy and NDVI factors)
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3.2.3 Outdoor sensitivity

Figure 3-11 presents the range of normalised domain scores by Greater Manchester councils. For the
overall outdoor sensitivity domain score, equal weighting is distributed between building height, elevation,
population density, and domains related to ground coverage (NDVI, greenspace, and water coverage). The
outdoor sensitivity domain map identifies LSOAs where ambient air temperatures are likely to be elevated
compared to their rural equivalents. Interventions here to reduce sensitivity would target increasing green
and blue space across the LSOA such as through new parks, green walls and roofs, street level tree
planting, re-exposing covered waterways and ensuring existing green-blue space is protected and
maintained. Additional interventions include changing the surface albedo of buildings and other surfaces to

reduce the absorption of sunlight.
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Figure 3-11: Overall domain scores for outdoor sensitivity for each borough
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Manchester and Salford have the highest sensitivity according to median domain score and the number of
LOSA’s falling within the worst 10% across Greater Manchester. This is driven by how urbanised these
areas are, having the lowest ground cover of water, woodland, and vegetation, combined with high
population density, and high building heights. Trafford also has high sensitivity, likely due to having lowest
median woodland cover, low elevation, and relatively high median building heights. No borough has a
significantly lower outdoor sensitivity than others; Bolton, Bury, Oldham, Rochdale, Stockport, and
Tameside have similar scores, likely as none of them have particularly high or low sensitivity in any of the

individual indictors compared.

3.2.4 Occupant sensitivity

Figure 3-12 presents the range of normalised domain scores by borough and presents the highest 10% of
LSOAs for occupant sensitivity. Occupant sensitivity maps identify LSOAs where there are high
concentration of households with occupants who would be more adversely affected in hot weather.
Measures here could include working with existing health care providers and community groups (e.g. those
with older people or with disabilities / poor health) to increase their awareness of the risks to their users
during heat waves and increase support measures e.g. increased frequency of visits and contact, advice
on how to keep occupant’s cooler during hot weather, and emergency response plans. Note there will also

be sensitive people in LSOAs in otherwise ‘low sensitivity’ areas who need consideration too.
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Figure 3-12: Overall domain scores for occupant sensitivity for each borough

53.70°N-

53.65°N - Rochdale

53.60°N -

Occupant
Sensitivity

. 1.00

0.75

53.55°N =

53.50°N-
0.50

53.45°N =

53.40°N-

53.35°N -

Stockport

Manchester
53.30°N- , ! I 1
2.6°W 2.4"W 2.2°W 2.0°W

3.2.5 Restricted adaptive capacity

Figure 3-13 maps the range of normalised domain scores by borough identifying LSOAs where there is a
high concentration of households with poor adaptive capacity.

Manchester has the both the highest median score across its LSOAs and the highest proportion of LSOAs
falling into the worst 10% across the whole of Greater Manchester. A high score indicates low or restricted
adaptive capacity. Twelve percent of Salford and Bolton’s LSOAs also fall in the worst 10%. In contrast,
Bury, Tameside, Trafford, Wigan, and Stockport have a very small proportion of LSOAs falling in the worst
10% for adaptive capacity. Manchester’s result is particularly striking when combined with the overall results
of the outdoor sensitivity domain described above in Section 3.2.3. Manchester borough is most likely to

have the highest outdoor temperature and their residents having the least ability to adapt to them.
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Figure 3-13: Overall domain scores for restricted adaptive capacity across Greater Manchester
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The spatial analysis shows that there is variation in adaptive capacity within each borough, and whilst
Manchester is most vulnerable overall, there are LSOAs within each local authority that are vulnerable to
overheating due to poorer adaptive capacity. Therefore, whilst Manchester is still clearly the worst
performing in terms of adaptive capacity, specific LSOAs within other boroughs should also be considered

if implementing any interventions for overheating that are related to this domain.

3.2.6 Results of the overall composite heat vulnerability index

This section discusses the results of the overall composite HVI which combines the four presented domains
of heat sensitivity (indoor sensitivity (including over-crowding and NDVI), outdoor sensitivity, occupant
sensitivity, and adaptive capacity). Figure 3-14 presents a map of the composite HVI scores at LSOA level

by borough.
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Figure 3-14: Final heat vulnerability index scores combining all domains for each borough (indoor sensitivity, (including
over-crowding and NDVI); outdoor sensitivity; occupant sensitivity; and adaptive capacity)
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Manchester and Salford have the highest mean and median score for the overall index. Bury, Tameside
have the lowest mean and median scores. The map also shows whilst most boroughs have pockets of high
vulnerability within larger areas of reduced vulnerability, Manchester’s vulnerability is consistently high.
There is also higher vulnerability within the city centre area (which is in the north of the borough). The most

vulnerable areas for Salford are in the east of the borough; this is also the most urban and built-up area.
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4. Task 2 Methodology

This section describes the components of the deep-dive analysis:

a. Modelling to quantify the relative potential of the adaptation actions to reduce indoor
overheating

b. Analysis of the capital costs and benefits of each adaptation action

c. A socio-technical analysis of the existing barriers that may hinder the implementation of

the actions
d. The creation of five infographics to disseminate the results

For a full detailed methodology of each component in the deep-dive analysis, please see Appendix 3.

4.1 Modelling

4.1.1 Method used

Different types of homes and adaptation actions were modelled using EnergyPlus, a widely tested and
validated building thermal and energy performance simulation software (US DoE, 2024). Simulations were
run using UK Climate Projections 2018 (UKCP18) 2030 and 2050, RCP 2.6 and 8.5 (50™ percentile)
weather files for Manchester. Overheating was assessed by the method set by CIBSE in TM59 using
Criterion 1, according to which the number of hours during which AT is greater than or equal to one degree
(K) during the period May to September inclusive shall not be more than 3% of occupied hours. AT is
defined as the difference between the operative temperature in the room at any time and the limiting
maximum acceptable temperature . The Energy Use Intensity (EUI) for in kWh/m? per year for heating and
cooling was calculated for each type of home, adaptation action, and climate scenario. The season from
October to April was considered for heating, and from May to September for cooling, using an electric
heater/cooler sized for each room. Cooling was operated during the daytime when the indoor temperature
exceeded 26°C in homes that adopted air conditioning. Similarly, heating was operated at 20.4°C during
occupancy hours. Windows were assumed to remain closed when a cooling system was switched on,
therefore the adaptive actions related to window opening are not included in the subsequent analysis. The
EUI for heating was calculated to identify potential impacts of the overheating reduction strategies during

winter.

10 According to CIBSE TM52, it is recommended that for newbuilds, major refurbishments and adaptation strategies,
the maximum acceptable temperature (Tmax) should be calculated as a function of the running mean of the outdoor
temperature (Tm) using the equation: Tmax = 0.33 Tm + 21.8, where Tmax is the maximum acceptable temperature
(°C). By way of illustration, for a constant outdoor temperature of 30°C, Tmax = 0.33 x 30°C + 21.8°C = 31.7°C, therefore
the % of occupied hours the room experiences temperatures greater than or equal to one degree (K) above 31.7 °C,
i.e. greater than or equal to 32.7 °C, would be recorded.
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Results from the building performance simulations were analysed to quantify the percentage of occupied
hours during which AT is greater than or equal to one degree (K) during the period May to September
inclusive. The actions were ranked in ascending order based on their effectiveness in reducing overheating

levels, based on this criterion. Further details about the modelling methods are provided in Appendix 3.

4.2 Cost-benefit analysis (CBA)

4.2.1 Method used

To produce the cost-benefit analysis, costs were gathered for the adaptation actions, including capital
and/or maintenance costs. Quotes were sourced from five different suppliers with a preference for Greater
Manchester suppliers, where available. Costs were gathered for the materials and installation for each
action, some quotations grouped these together. The actions costed included: installing internal shading
(white and blackout); installing external shading devices (shutters); upgrading or replacing windows to
increase their openable area; modifying the reflectivity of homes (painting in light colours); and the
combinations of these actions. The determined benefit was the total number of additional hours spent in
thermal comfort above the base case level of comfort for each type of home with no adaptation actions

installed. This information was provided by the modelling.

The cost-benefit analysis was calculated as a ratio of the total costs (capital and maintenance) and the total
additional hours spent in thermal comfort to provide a cost per additional hour in thermal comfort. The cost-

benefit ratio was calculated for 1 year and 5 years.

The full methodology can be found in Appendix 3 and sources for the costs gathered can be found in

Appendix 5.

4.3 Socio-technical analysis

4.3.1 Literature review

A literature review was carried out to understand what research had already been conducted on actions to
adapt to indoor overheating and related barriers. In total, the literature review consulted 21 academic
papers, 4 grey literature documents, 7 institutional documents, and 2 project reports (34 documents in
total).

4.3.2 Stakeholder survey and interviews

As part of the stakeholder consultation 55 in-person interviews were held in addition to an online survey.

The survey and interviews included a set of questions that aimed to gather insights on the demographics
of individuals consulted in the study. Participants were invited to share whether they or any of the people
in their households were vulnerable to hot weather, how many people lived in their households, if they were

renters or owned their own homes, and how long they had resided in their properties.
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To identify any barriers and opportunities for Greater Manchester’s residents to address overheating in their
homes, a list of adaptation actions was explored with survey respondents and interviewees that could be
implemented by residents to alleviate overheating. The adaptation actions explored in this stakeholder
consultation are consistent with the series of adaptation actions used to quantify reduction in indoor

temperatures in the modelling and cost-benefit analysis sections of this study.

Participants were asked to consider which actions they had implemented previously and rank their
perception of their effectiveness. To understand the potential barriers to implementing these behaviours or
actions, participants provided their reasoning for why they might not undertake or install these adaptation

actions. The adaptation actions explored were the following:

e Opening windows

¢ Keeping internal blinds closed during the day

o Keeping external shutters closed during the day
e Using a ceiling/desk/floor fan

e Using air conditioning

¢ Painting external surfaces in light colours

e Shading from external structures

¢ Applying films to windows

4.4 Infographics

To disseminate the results, infographics were developed for the public as a clear and simple form of

communication.

Several infographic styles were reviewed, and a graphic format was chosen which adapted an existing BBC
infographic on how to keep homes cool.'" Wording for the simple advice included on the infographics was

reviewed by the Greater Manchester Steering Group for Heatwave Communications.

5. Task 2 Results

5.1 Comparative evaluation of the effectiveness of individual actions

The effectiveness of individual adaptation actions, listed in Table 5-1, and their combinations on reducing
overheating were quantified. It is worth noting here that, for the action covering the modifications to window
opening/closing behaviour based on indoor/outdoor temperatures, it was assumed that occupants already

operated windows in the base case as this was deemed a more realistic scenario. In contrast, for all other

" How to keep your home cool in hot weather - BBC News
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actions tested, the base case did not include the corresponding action. Therefore, when comparing the
relative effectiveness of individual actions, the results of this study may appear to underestimate the

effectiveness of opening windows (when compared to the base case).

Table 5-2 provides a summary ranking of adaptive, behavioural, non-structural actions across the five types
of homes, highlighting that the two most effective actions reduce solar heat gains through windows using
internal shading systems. The ranking of strategies was found to be the same for all homes. Table 5-3
provides a summary ranking of passive, structural actions, where the most effective actions overall are
those that block or minimise solar heat gains entering the building, such as systems that shade the windows
(for example, external shutters) or building walls (for example, vegetation or other structures). Increasing
the area of windows that could be opened, and therefore, ventilation rates, may be particularly beneficial
for flats, possibly due to their limited existing indoor-outdoor air exchange rates. Semi-detached houses
appear to also benefit from increasing external wall reflectivity, potentially due to the larger influence of the
external wall area compared to other types of home. Table 5-4 summarises key findings on the impact each
action has on the effectiveness of cooling.
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Table 5-1: Actions tested for reducing overheating

Total
Action Type of B Additional number of
. . ase case - .o
description action settings additional
iterations
o el agapive o
; (non- 100% 66%, 33% 2 .
equipment and structural) EUI for cooling
lighting and heating
Shading closed
. between:
Isnhtz(rj?:l \/(vl:ré?now Adaptive ) 6 am - 10 pm, Time in
Ading 9 (non- No curtains 7 am -9 pm, 10 comfort and
white or blackout 8 8 f .
curtains) structural) am - 8 pm, EUI for cooling
9am-7 pm
10 am - 6 pm
Windows open  Windows open
when the when the indoor
Modifying window indoor temperature
opening and ) temperature reaches 18, 20,
closing behaviour ~ Adaptive reaches 22°C 24, 26, 28°C and Time in
based on indoor (non- and close close when the comfort
and outdoor structural)  when the external
temperatures outdoor temperature
temperature reaches, 24, 26,
reaches 33°C 28, 30°C
Area of
Modifying the area . windows that o o o .
of windows that (Ps?rsusclz\t/fral) could be ggé’ o 41005, E0 4 I(I)rrr;]efc;pt
could be opened opened set at 0
33%
Shading closed
between:
External window , &t = U0 [, Time in
. . Passive No external 7 am -9 pm,
shading (using (structural)  shadin 8 am -8 pm : ERLGUAG Y
shutters) 9 pm, EUI for cooling
9am-7 pm
10 am - 6 pm
External wall
shadlng_ (Leir| Blocking the total L
vegetation or other . o Time in
Passive . incident solar
structures of No shading e o 3 comfort and
X (structural) radiation by 75%, .
varying @ % EUI for cooling
50%, 25%
translucency levels)
Time in
Increasing the Passive Thermal Thermal comfort, EUI
reflectivity of (structural) reflectivity reflectivity 0.80, 3 for cooling and
external walls 0.25 0.60, 0.40 heating
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Table 5-2: Ranking of adaptive, behavioural, non-structural actions based on their effectiveness to reduce overheating
across all types of homes based on the median percentage of occupied overheating hours (CIBSE TM59 Criterion 1).

1: most effective, 5: less effective in reducing overheating

m All types of homes

Internal window shading (using white curtains)

Internal window shading (using blackout curtains)
Reducing internal heat gains from equipment and lighting

A W N -

Modifying the window opening indoor temperature threshold (compared to the base case
with opening the window if indoor temperature exceeds 22°C)
5 Modifying the window closing outdoor temperature threshold (compared to the base case
with closing the window if outdoor temperature exceeds 33°C)

Table 5-3: Ranking of passive, structural cooling actions based on their effectiveness to reduce overheating across the
five types of homes based on the median percentage of occupied overheating hours (CIBSE TM59 Criterion 1.

1: most effective, 5: less effective in reducing overheating

Semi-
detached
houses

High-rise
post-2010s

Mid-terrace
houses

High-rise pre-

2010s flats | CoWTise flats

flats

External
window
shading (using
shutters)
External wall
shading (using
vegetation or
other
structures of
varying
translucency
levels)
Modifying the
area of
windows that
could be
opened

Increasing the
reflectivity of
external walls

External
window
shading (using
shutters)
External wall
shading (using
vegetation or
other
structures of
varying
translucency
levels)
Modifying the
area of
windows that
could be
opened

Increasing the
reflectivity of
external walls

External
window
shading (using
shutters)
External wall
shading (using
vegetation or
other
structures of
varying
translucency
levels)
Modifying the
area of
windows that
could be
opened

Increasing the
reflectivity of
external walls

External
window
shading (using
shutters)
External wall
shading (using
vegetation or
other
structures of
varying
translucency
levels)
Modifying the
area of
windows that
could be
opened

Increasing the
reflectivity of
external walls

External
window
shading (using
shutters)
External wall
shading (using
vegetation or
other
structures of
varying
translucency
levels)
Increasing the
reflectivity of
external walls

Modifying the
area of
windows that
could be
opened
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Table 5-4: Summary of key findings on the effectiveness of cooling actions

Action Impact on Indoor temperature

Although not as effective as external shading, this
measure can be beneficial in the short term. For the

Internal window shading using curtains tested climate scenarios, better results were
achieved when the curtains were closed from 6 am
to 10 pm.

Overall, this was found to be the most effective
strategy in reducing overheating. This measure

External window shading using shutters may be more effective in homes with large, glazed
areas.

Indoor overheating reduced as a function of

shading translucency from the base case with no
Shading the buildings’ external walls, for example external shading to a scenario in which external
by using different structures or vegetation shading allowed only 25% of direct solar radiation
to penetrate. This measure may be more effective
in homes with large, exposed wall areas.
This measure may be more effective in more
sheltered or energy efficient homes as they might
have higher needs for ventilation due to their
smaller surface area exposed to the outdoors, and
in recently built flats with increased levels of
building fabric airtightness.

Varying the area of windows that could be opened

Comparative evaluation of the effectiveness of combined actions

Table 5-5 shows four different combinations of the actions that were tested to investigate their combined

effect.

Table 5-5: Summary of the combinations of actions tested

Combination A - Only adaptive, behavioural, non-structural actions
Changing the window opening indoor temperature threshold from 22°C to 18°C
Applying internal window shading (white curtains) between 6 am - 10 pm
Reducing heat gains from equipment and lighting to 66%

Combination B - Only passive, structural actions

Increasing the area of windows that could be opened from 33% to 60%
Applying external window shading (shutters) to windows between 8 am - 8 pm
Modifying the absorptance of external walls from 0.75 to 0.6

Applying external wall shading allowing only 75% of total solar direct solar gains
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Combination C - Only passive structural actions (More Extensive)
Increasing the area of windows that could be opened from 33% to 80%
Applying external window shading (shutters) to windows between 6 am - 10 pm
Modifying the absorptance of external walls from 0.75 to 0.2

Applying external wall shading allowing only 50% of total direct solar gains
Combination D — Adaptive, behavioural and passive, structural actions
Changing the window opening indoor temperature threshold from 22°C to 18°C
Reducing heat gains of equipment and lighting to 66%

Increasing the area of windows that could be opened from 33% to 80%
Applying external window shading (shutters) between 6 am - 10 pm

Modifying the absorptance of external walls from 0.75 to 0.2

Applying external wall shading allowing only 50% of total direct solar gains

In Figure 5-1, a summary of the results for each type of home, climate scenario, and combination of actions
is presented. Under the 2050 RCP 8.5 (50" percentile), when compared to the base case, Combination A
reduced the median percentage of occupied hours during which AT is greater than or equal to one degree
(K) from around 10% to 7% in the high-rise post-2010s flats, from 8% to 4% in the high-rise pre-2010s flats,
from 11% to 6% in the low-rise flats, and from 7% to 4% in the mid-terrace houses and from 7% to 5% in
the semi-detached houses. Despite these reductions, absolute percentages of exceedance were above 3%
in the modelled homes, thus failing the CIBSE TM59 Criterion 1. Combination B, which consists of
moderately applied passive, structural actions, achieved around double the reduction in % hours of
exceedance that Combination A achieved compared to the base case. Under the 2050 RCP 8.5 (50"
percentile), the absolute percentages of exceedance fell below 3% on average in all the homes for
Combination B. Combination C, which consists of passive, structural actions applied more extensively,
yielded significantly greater reductions in overheating. For the same climate scenario, when compared to
the base case, Combination C reduced the percentage of occupied hours during which AT is greater than
or equal to one degree (K) from around 10% to 2% in the high-rise post-2010s flats, from 8% to 0% in the
high-rise pre-2010s flats, from 11% to 0% in the low-rise flats, from 7% to 0% in the mid-terrace houses,
and from 7% to 0% in the semi-detached houses. Combination D, which combined passive and adaptive

actions, resulted in slight further improvements compared to Combination C.

Please note that the earlier analysis suggests that there are some differences across types of homes when
individual strategies are applied (in terms of which action may be more effective). This part of the analysis
includes combinations of actions, therefore the potential differences across types of homes are much

smaller.
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Figure 5-15: Percentage of occupied hours during which AT is greater than or equal to one degree (K) during the period
May to September following the application of combined actions

Each bar height corresponds to the median value obtained when the home is modelled at four different orientations;
error bars correspond to the minimum and maximum values

High-rise post-2010s flats High-rise pre-2010s flats Low-rise flats Mid-terrace houses Semi-detached houses
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In summary, the findings suggest that the largest reduction in overheating hours is achieved by a
combination of passive actions applied extensively combined with adaptive/behavioural actions

(Combination D).

5.2 CBA Results

The results of the cost-benefit analysis presented in this section are for each of the actions and

combinations of actions modelled in Section 5. that have associated capital costs of structural adaptations

and/or retrofitting. These results are presented by type of home.

Table 5-6 to Table 5-10 present the results of the cost-benefit analysis for each action and combination of

actions by type of home. They include:

e Average capital cost - Year 1 only (£).
e Average additional thermal comfort (hours).
o Cost-benefit ratio - first year only (£ per additional hour in thermal comfort).

o Cost-benefit ratio - first five years only (£ per additional hour in thermal comfort).

For high-rise pre-2010 flats (Table 5-6), the baseline level of comfort (with no adaptation actions applied),
when assessing using CIBSE TM59 Criterion 1, was 3,422 hours (93%) out of the 3,672 hours from May
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to September. The most cost-efficient of the individual actions considered, was installation of internal
shading using light shading devices (as opposed to blackout). This resulted in a 3% increase in total time
spent in thermal comfort from May to September at a cost of £2.87 per additional hour in thermal comfort
in the first year, or £0.57 per additional hour in thermal comfort spread over the first five years. The action

with the lowest cost-efficiency was replacing windows to increase the extent to which they could be opened.

Combination A, which included adaptive, behavioural actions, such as changing window opening timings,
reducing internal heat gains, and utilising internal shading, such as white curtains, for most of the day, was
the most cost-efficient of the combinations of actions for high-rise pre-2010 flats. It resulted in a 3% increase
in total time in thermal comfort from May to September at a cost £0.46 per additional hour in thermal comfort
in the first year and £0.28 per additional hour in thermal comfort spread over the first five years. This is
because Combination A mainly comprised of behavioural actions that were assumed to have zero cost,
except for the installation of white curtains. Adding actions with associated capital costs of structural
adaptations and/or retrofitting increased the time in thermal comfort from May to September. Combination
B, where only passive, structural actions were implemented, increased the total time in thermal comfort by
6% from May to September but had the lowest cost-efficiency of the combinations of actions. Combination
B and C both include passive, more invasive retrofit actions with substantial capital costs. However,
Combination C included the most effective passive actions, so this increased the total time in thermal
comfort to 100% from May to September and made it more cost-efficient than Combination B. The cost-
efficiency of Combination D was similar to Combination C, as the only additional action included with an
associated capital cost was the installation of internal shading and, alongside zero-cost behavioural actions,

this slightly increased the cost and the percentage of total time spent in thermal comfort.

For all the other types of home (high-rise post-2010 flats - Table 5-7, low-rise flats - Table 5-8, mid-terrace
- Table 5-9, and semi-detached houses - Table 5-10), internal shading using light shading devices was,
again, the most cost-efficient single action. This could cost between £261- £364 and deliver between 58-
150 additional hours of thermal comfort depending on the type of home. While external shutters were more
effective, delivering between 172-316 additional hours of thermal comfort, costs were considerably higher,
ranging from £2,363-£5,745 depending on the type of home. Equally, replacing windows to increase the
extent to which they could be opened had the lowest cost-efficiency for each of these types of homes.
Across all homes, Combination A is the most cost-efficient in contrast to Combinations B, C, and D with

their more costly passive, structural actions for the additional hours of thermal comfort gained.
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Table 5-6: Cost-benefit analysis for high-rise pre-2010 flat

Cost-benefit - first five years
Average capital cost Year 1 Average additional Cost-benefit - first year only |
only

Adaptation action only thermal comfort (£ per additional hour in

(£ per additional hour in

(£) (hours) thermal comfort)

thermal comfort)

Min Max Min Max Min Max
Baseline 0 0 0 0
2.A Internal shading - white 261 91 2.87 0.57
curtains
2.B Internal shading - 308 76 4.04 0.81
blackout curtains
4. Openable window area - 1523 2087 115 13.27 18.19 2.65 3.64
repair
4. Openable window area - 3254 13493 115 28.35 117.59 5.67 23.52
replacement
5. External shutter 2364 210 11.25 2.25
7. Modifying reflectivity 928 44 21.07 4.22
Combination A 261 115 2.27 0.46
Combination B 4815 16785 230 20.96 73.06 4.19 14.61
Combination C 4815 16785 246 19.58 68.26 3.92 13.65
Combination D 5076 17045 248 20.47 68.73 4.10 13.75
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Table 5-7: Cost-benefit analysis for high-rise post-2010 flat

Average capital cost Year 1 only

(£)

Adaptation action

Min Max
Baseline 0

2.A Internal shading - white 261

curtains

2.B Internal shading - 308

blackout curtains

4. Openable window area - 1523 2087

repair

4. Openable window area - 3254 13493

replacement

5. External shutter 2364
7. Modifying reflectivity 928
Combination A 261
4815

Combination B 16785

Combination C 4815 16785

Combination D 5076 17045

Average
additional

thermal comfort

(hours)

58

51

153

153

202

89

249

268

273

Cost-benefit - first five years
Cost-benefit - first year only |
only

(£ per additional hour in
(£ per additional hour in

thermal comfort)

thermal comfort)

Min Max Min Max
0 0
4.51 0.90
5.99 1.20
9.93 13.61 1.99 2.72
21.22 88.01 4.24 17.60
11.71 2.34
202.19 40.45
2.94 0.59
19.32 67.34 3.86 13.47
17.94 62.54 3.59 12.51
18.59 62.44 3.72 12.49
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Table 5-8: Cost-benefit analysis for low-rise flat

Adaptation action

Baseline

2.A Internal shading - white
curtains

2.B Internal shading -
blackout curtains

4. Openable window area -

repair

4. Openable window area -

replacement

5. External shutter

7. Modifying reflectivity
Combination A
Combination B
Combination C

Combination D

)

Min
0
310
366
1813
3872
2813
1364
310
5990
5990
6300

Average capital cost Year 1 only

Max

2489

16058

20235

20235

20545

Average
additional thermal

comfort

(hours)

150

127

191

191

316

84

171

367

403

405

Cost-benefit - first five
Cost-benefit - first year only
years only

(£ per additional hour in
(£ per additional hour in
thermal comfort)
thermal comfort)

Min Max Min Max
0 0
2.07 0.41
2.89 0.58
9.49 13.04 1.90 2.61
20.28 84.10 4.06 16.82
8.91 1.78
16.33 3.27
1.81 0.36
16.33 55.21 3.27 11.04
14.87 50.22 2.97 10.05
15.56 50.73 3.11 10.15
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Table 5-9: Cost-benefit analysis for mid-terrace home

Average Cost-benéefit - first five
Cost-benefit - first year only
Average capital cost Year 1 only | additional thermal years only
Adaptation action £ per additional hour in
(£) comfort Ep (£ per additional hour in
thermal comfort)
(hours) thermal comfort)

Min Max Min Max Min Max
Baseline 0 0 0 0
2.A Internal shading - white 634 93 6.84 1.37
curtains
2.B Internal shading - 748 71 10.58 212
blackout curtains
4. Openable window area - 3702 5072 80 46.35 63.51 9.27 12.70
repair
4. Openable window area - 7909 32797 80 99.03 410.65 19.81 82.13
replacement
5. External shutter 5745 190 30.24 6.06
7. Modifying reflectivity 6304 59 107.33 21.49
Combination A 634 104 6.13 1.23
Combination B 15752 44847 218 72.44 206.21 14.50 41.26
Combination C 15752 44847 247 63.90 181.91 12.79 36.40
Combination D 16386 45481 249 65.95 183.04 13.20 36.62
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Table 5-10: Cost-benefit analysis for semi-detached home

Average Cost-benefit - first five
Cost-benefit - first year only
Average capital cost Year 1 only | additional thermal years only
Adaptation action £ per additional hour in
(£) comfort Ep (£ per additional hour in
thermal comfort)
(hours) thermal comfort)

Min Max Min Max Min Max
Baseline 0 0 0 0
2.A Internal shading - white 634 84 7.51 1.50
curtains
2.B Internal shading - 748 63 11.81 2.36
blackout curtains
4. Openable window area - 3702 5072 86 42.90 58.78 8.58 11.76
repair
4. Openable window area - 7909 32797 86 91.65 380.07 18.33 76.01
replacement
5. External shutter 5745 172 33.47 6.69
7. Modifying reflectivity 7890 94 84.41 17.00
Combination A 634 94 6.78 1.36
Combination B 17337 46432 220 78.87 211.12 15.83 42.28
Combination C 17337 46432 271 64.00 171.32 12.84 34.31
Combination D 17971 47066 273 65.82 172.30 13.21 34.50
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5.3 Socio-technical analysis results: stakeholder engagement

This section presents the results of the stakeholder consultation and literature review. The stakeholder
consultation involved 55 in-person interviews, and an online survey, which attracted 32 responses.
Overheating is recognised as a problem in Greater Manchester homes, with 70% of participants in this
study stating that they have experienced overheating. The following sections present the demographic

make-up of the participants and the respondents’ perspectives on individual adaptation actions.

5.3.1 Literature review results

A range of barriers were identified for the adaptation actions included in this study. See Table 5-11 below.

Table 5-11: Barriers to each adaptation action identified in the literature review

Adaptation action Barriers identified in the literature review

Windows and natural Physical infrastructure and legislation: often homes are not designed to
ventilation prioritise airflow and legislation that promotes energy efficiency by

discouraging window opening (Roaf & Nicol, 2020).

Security concerns: Concerns about personal safety when leaving windows
open (Wright, et al., 2018) (Taylor, et al., 2018) (Hatvani-Kovacs, et al.,
2016).

Insects: Open windows can allow insects and pests to enter the home
(Wright, et al., 2018)(Hatvani-Kovacs, et al., 2016).

Noise: Noise from open windows (Taylor, et al., 2018).
Awareness and behavioural change:

- Perceptions surrounding the need for adaptation actions for
overheating (Wright, et al., 2018).

- Lack of knowledge on when to open and close windows (Ascione, et
al., 2020) (Hatvani-Kovacs, et al., 2016).

Demographics: Households who are absent from the home during the day

are unable to open the windows (Mavrogianni, et al., 2014).

Use of air-conditioning Health: Mechanical ventilation was found in some research to reduce indoor
air quality and increase access of harmful substances and establishment of
moulds (Roaf, et al., 2005) (Palinkas, et al., 2022).

High cost: High cost of electricity from use and high upfront cost (Baborska-
Narozny, et al., 2017) (Palinkas, et al., 2022)
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Adaptation action Barriers identified in the literature review

Renting: Landlord restrictions on the installation of air conditioning in rental

properties (Palinkas, et al., 2022).

External shading Leasehold and regulatory constraints: As shutters involve external

(shutters) changes to the front face of buildings, leaseholders have little control over
some changes and landlords are given little incentive to improve the energy
efficiency of properties (Green Alliance, 2024). Additionally, there may be
local regulations that prevent changes to the external fagade (e.g., in listed
buildings) (Taylor, et al., 2018).

Physical constraints: Installation of shutters may be less straight-forward in

high-rise flats (Taylor, et al., 2018). Windows often open outwards in the UK.

Awareness and behavioural change: Individuals who perceive overheating

is a low risk, are less likely to install external shutters (Murtagh, et al., 2019).

Personal preference: Loss of external views and individual preferences on

adaptation actions (Porritt, et al., 2012).

Shading from external Leasehold and regulatory constraints: Historic preservation, local
structures regulations and neighbourhood groups may object to alternative front building
fagades (Gupta & Gregg, 2012).

Physical infrastructure: Some homes may not have the space, nor control

over external structures (Gupta & Gregg, 2012).

Cost: Water bills associated with gardening inhibits some people from having

greenery (Hatvani-Kovacs, et al., 2016).

Internal shading Physical constraints: Individuals may struggle to access windows in their
homes due to space constraints; blinds could also obstruct window opening
(Baborska-Narozny, et al., 2017).

Personal preference: Individual lighting preferences, or preference for a
view (Baborska-Narozny, et al., 2017) (Porritt, et al., 2012).

Awareness and behavioural change: Lack of knowledge on the efficacy of

adaptation techniques, such as shading (Hatvani-Kovacs, et al., 2016).

Personal preferences in terms of individual lighting preferences were identified as barriers for both internal
and external shadings, as these actions impact views from windows. There was a lack of awareness of the

need to open of windows or fit external shutters, with individuals across multiple studies not considering
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overheating a risk. Finally, renting, and regulatory constraints were identified as barriers to more permanent
changes to either the inside or external fagade of buildings. Renters require the approval of landlords for
changes to their homes and some legislation (e.g., regarding cultural heritage) may restrict use of some

adaptation actions).

5.3.2 Stakeholder engagement results

Type of home

Of the most sensitive types of home modelled in this work package, for high-rise flats, semi-detached, and
mid-terraces, 70% of occupants in these homes reported they had experienced overheating. For low-rise

flats however, this was just 46%.

Table 5-12: Survey respondents and interviewees who had experienced overheating for the most sensitive types of
home modelled in this work package

ki A O L O N L

High-rise flat'? 1

Low-rise flat 13 6 46 4 31 3 23

Semi-detached 29 21 72 7 24 1 3

Mid-terrace 17 14 82 2 12 1 6

Total 67 47 70 14 21 6 9
Vulnerability

Over a third of survey respondents and interviewees (36%) responded that they considered themselves or
someone with whom they resided as vulnerable.'® Figure 5-2 provides a breakdown of the responses
provided by participants. A total of 38% of survey respondents and interviewees stated that they or
someone with whom they resided had some kind of health conditions. A total of 34% were over 65 (10%

also with a health condition).

2 The survey and interview did not differentiate between age of the high-rise flat so this data will include modern and
pre-2010 homes

3 Vulnerable people were defined as: children under 5 years old, people over 65, pregnant women, and/or individuals
with a health or other condition that could make it difficult for them to stay cool. Participants were asked to provide more
information on the vulnerability if they were comfortable.
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Figure 5-16: Reasons why survey respondents survey and interviewees considered themselves or someone with whom
they resided as vulnerable

Over 65 with health
conditions
10% Side effects of
Health conditions medication

10% 4%
Over 65
24% Young c_hildren with Special
special needs needs
Other 4%

3%
Lung
conditions
10%

Heart

conditions
1%

Young children
21%
Young children with
health conditions
10%

Barriers

Table 5-13 shows the top 3 barriers cited for each adaptation action, and the percentage of survey
respondents and interviewees that cited them. The most common barrier cited was ‘not required’, indicating
a large proportion of those interviewed did not see any need for the action, given their perception of need
to reduce overheating within their home. It was the number one barrier for 3 of the 8 actions and was one
of the top three barriers cited for 7 of them. This indicates the importance of perceptions about whether the

risk of overheating warrants people taking specific actions.

Another commonly cited barrier was ‘personal preference’. It was cited as a barrier to uptake of 4 of the 8
adaptation actions. This barrier highlights not only the importance of raising people’s awareness but also
of aesthetic preferences, as adaptation actions, such as painting external surfaces and installing external
shutters can change the appearance of a home. The number one barrier for ‘light painting on external walls’
was found to be the need for permission by a landlord. It was also cited as one of the top three barriers for

the installation of external shutters.
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Table 5-13: The three most cited barriers to people adopting specific adaptation actions.

external

surfaces

Light-colour
painting on
external

walls

Use of air

conditioning

Use of fans

External

shutters

Close blinds

Open
windows

Physical Rent
enting —

Personal constraint - 9 . . Personal . Security
preference may not be would need |Not required |Not required oreference Not required concerns
. permission  ((45%) (62%) (57%)

(33%) possible to (43%) (46%) (33%)
install (47%)
Physical b | Fi al c
- ersona inancia oncern
Not Required | onstraint — ; Do not own |Not required i Not required
reference  |concern regardin
(33%) high rise flat |" one (29%)  |(29%) 298N | 3307
27 (38%) (41%) light (43%)
(]
; Renting — ;
Unaware of |Not Porsonal Previous 9 Believe
- considered  |Not required experience — |Would need ot windows let
solution preference e
action as an |(19%) (14%) ineffective ~ [PEMMISSION  1appjicable  |hot air in
o, . (
(33%) option (27%) (10%) (24%) (33%)

The stakeholder consultation also revealed that some adaptation actions had unique barriers. For example,
one of the barriers cited to opening windows was security concerns about increased vulnerability to
burglaries and intrusions, which is in line with findings from the literature review (see Table 5-11). Other
barriers cited included concerns about health, noise, impact of use of air-conditioning on climate change,
and physical constraints on external shading (e.g., lack of outdoor space). Some respondents were also

unaware of some adaptation actions.
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5.3.3 Infographics

Based on the results from the Task 2 modelling, infographics have been developed to show the most
effective adaptation actions for the types of home most sensitive to overheating. These are presented

below in the following order:
o Lowe-rise flat
e Mid-terraced house
o Semi-detached house
e Post-2010 high-rise flat

o Pre-2010 high-rise flat.

61



Adapting Homes
to Heat in Greater

CS NOW Deéartment for

Energy Security
Ma n C h eSte r Climate services for a net-zero resilient world & Net ZerO

Low-rise flat

1 Remember to close your 2 Reduce heat building 3 Create internal or
curtains during the day! up inside your home by external shading to block

switching off unnecessary the sun’s rays entering
appliances and lights through your window during

when not in use. .. theday (i.e. apply a material such
" as aluminium foil over your window).

4 Shade the walls of the home using
trees, plants, umbrellas, or an old
sheet to create an awning. The
trick is to try to keep your walls
as shaded as possible!

5 Open your windows
when it is cooler outside
than in. Where windows do not
fully open, open them as much as you
can, and is safe, to improve ventilation.

For more information visit
Climate services for a Net Zero resilient world - GOV.UK

Based on a graphic from BBC |lews at bbc.co. uk/news
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Mid-terraced house

1 Remember to 2 Create internal or external
close your curtains shading to block the sun’s rays
during the day! entering through your window

: during the day (i.e. apply a
material such as aluminium foil
over your window).

3 Shade the walls of the
home using trees, plants,
umbrellas, or an old sheet to
create an awning. The trick
is to try to keep your walls
as shaded as possible!

4 Reduce heat building up
inside your home by switching
off unnecessary appliances and
lights when not in use.

5 Open your windows when it is cooler outside than in.
Where windows do not fully open, open them as much
as you can, and is safe, to improve ventilation.

For more information visit Climate services for a Net Zero resilient world - GOV.UK

Based on a graphic from BBC News at bbc.co.uk/news
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Semi-detached house

1 Remember to close your
curtains during the day!

2 Reduce heat building up inside
your home by switching off

unnecessary appliances and

lights when not in use.

3 Shade the walls of
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awning. The trick is to
try to keep your walls as
shaded as possible!

4 Create internal or external

shading to block the sun’s rays 5 Open your windows when it is

entering through your window cooler outside than in. Where
during the day (i.e. apply a windows do not fully open, open
material such as aluminium foil them as much as you can, and is
over your window). safe, to improve ventilation.

For more information visit Climate services for a Net Zero resilient world - GOV.UK

Based on a graphic from BBC News at bbc.co.uk/news
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Post-2010 high-rise flat

1 Remember to close your
" curtains during the day!

2 Create internal or external
shading to block the sun’s rays
entering through your window
during the day (i.e. apply a
material such as aluminium
foil over your window).

3 Open your windows when it is
cooler outside than in. Where
windows do not fully open, open
them as much as you can, and is
safe, to improve ventilation.

4 Reduce heat building up inside
your home by switching off
unnecessary appliances and
lights when not in use.

For more information visit
Climate services for a Net
Zero resilient world - GOV.UK

Based on a graphic from BBC News at bbc.co.uk/news
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1 Remember to close your
curtains during the day!
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shading to block the sun's rays
entering through your window
during the day (i.e. apply a
material such as aluminium
foil over your window).

3 Open your windows when it is
cooler outside than in. Where
windows do not fully open, open
them as much as you can, and is
safe, to improve ventilation.

4 Reduce heat building up inside
your home by switching of f
unnecessary appliances and
lights when not in use,

For more information visit
Climate services for a Net
Zero resilient world - GOV.UK
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6. Key limitations and caveats

Task 1 relied on EPC data and there are limitations regarding the extent of data available. Although EPC
data are available across the UK their percentage coverage varies substantially. There are uncertainties
due to lack of representativeness or errors in the EPC dataset: many older properties that are complex to
decarbonise and that may have not been sold or rented in recent years are overlooked in the EPC register.
This could result in UCL’s model outputs underestimating heating energy demand and may affect the
accuracy of UoM’s mapping of the concentration of types of home in each LSOA. Hence, it could affect the
representativeness of the results from both approaches at the population level, with implications particularly
for private renters and older individuals who are more likely to live in properties that are complex to
decarbonise and energy inefficient.

UCL’s model makes a series of assumptions about individual properties, including human behaviour
(ventilation, window opening thresholds, heating and cooling setpoints, and internal gains associated with
the use of lighting and appliances). These factors may influence overheating significantly but may differ
from actual behaviours in an individual home. Although the model can capture overall trends in the
sensitivity of homes to overheating, it cannot project overheating levels in individual homes due to these
uncertainties. Therefore, it is strongly recommended that modelling outputs are statistically aggregated for

large geographic units (such as LSOAs).

An important limitation of UoM’s approach is that it only considers current data and does not project how
this may change in the future. This is most pertinent to the occupant sensitivity domain where an individual's
sensitivity to heat can change rapidly (e.g. due to pregnancy or illness) and for which the method draws on
Census data collected every decade on health and disability. Public health bodies may have more regularly
updated statistics on the health indicators, which could be used instead of the Census data. In general, to
consider how sensitivities may change, there is a need to consider future population dynamics, particularly
age and health, as well as plans for future developments and whether they accommodate greenspace or
reduce it further.

A key limitation of the Task 2 approach is that each of the deep-dive components (the modelling, cost-
benefit analysis, and stakeholder engagement) were delivered concurrently. As a result, the evidence
gathered from stakeholders represents the respondent’s current prejudices and barriers to adopting the
adaptation actions in the absence of knowledge of their respective cost-benefits. A lesson learned to
improve the study would be that sequential ordering of the components would have facilitated knowledge
sharing with the stakeholders that were engaged in the socio-technical analysis. While this is a limitation,
the socio-technical analysis is valuable in providing a baseline assessment of perceived barriers, which can
contribute to informing policymakers on areas that will need to be addressed. A proposed next step would
be to return to the stakeholders involved in the initial engagement and brief them on the results of the

modelling and cost analysis to understand whether these initial perceptions and barriers change.
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A key caveat regarding the results of the cost-benefit analysis is that it was assumed that people would
fully understand and use the structural adaptations and retrofitting according to the times and thresholds
identified in the modelling. In reality, this may not be the case, which could reduce the cost-efficiency of the

actions implemented.

In addition, the results of the modelling study should be treated with caution. There are limitations
associated with the representation of the Greater Manchester housing stock using a limited number of types
of homes. Although established methods to derive building geometry, fabric and systems characteristics
were employed, housing-type building modelling approaches are characterised by inherent uncertainties.
Another key limitation of any building performance modelling emerges from assumptions made about
occupant behaviour inside buildings, in particular the way people operate windows and shading systems,
lights and appliances, which can greatly influence indoor thermal conditions. Actual behaviour data is
scarce and, therefore, assessing the representativeness of modelling assumptions is challenging. To
address this issue, however, a sensitivity analysis was carried out in this study to quantify the impact of
different window/shading operation timings on indoor temperatures. Specifically for the action including
modifications to window opening/closing behaviour based on indoor/outdoor temperatures, it was assumed
that occupants already operated windows in the base case as this was deemed a more realistic scenario.
As a result, when comparing the relative effectiveness of individual actions, the results of this study may
appear to underestimate the effectiveness of opening windows (when compared to the base case). It is
worth noting that, although the present study set out to evaluate the overall potential of behavioural actions
to reduce overheating, human behaviour in homes is complex and driven by factors beyond indoor
temperature. This report focuses on CIBSE TM59 Criterion 1 rather than a full-scale overheating
assessment based on the TM59 methodology using both Criterion 1 and 2. Lastly, there are also
uncertainties related to the climate projections used; quantifying the impact of the urban heat island and
local microclimatic characteristics were beyond the scope of this study. Green and blue infrastructure, not
considered by this study, may also have an important role to play. Tree cover can address the urban heat
island effect at neighbourhood to regional scales, primarily through evapotranspiration reducing air
temperatures. Indeed, it has been estimated that increasing green cover (e.g. trees, greenspaces and
green roofs) by 10% in dense urban areas of Greater Manchester could negate all projected increases in

maximum surface temperatures due to climate change in the 2050s (Gill et al., 2007).

7. Discussion and conclusion

This section reflects on the findings of the tasks and provides an overall recommendation for end users of
the research.

7.1 Task1

Each approach under Task 1 identified similar and expected patterns for the locations across Greater
Manchester with homes that are most sensitive to overheating.
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Manchester city centre: UCL’s assessment found that homes in the central parts of Manchester city are
more likely to exhibit the highest levels of elevated indoor temperatures and are most prone to overheating.
UoM’s assessment also identified that homes in Manchester city centre exhibit high levels of sensitivity due
to the prevalence of flats and modern homes. Overheating in these areas may be more severe than

estimated, as the city centre experiences the UHI effect.

High-density urban zones: Across the ten boroughs, there are pockets of homes with higher sensitivities
to overheating. These areas, characterized by compact and closely situated housing, show significant heat
retention. This may be due to their proximity to hard, human-made surfaces and lower availability of green
space. Salford, Stockport, Oldham, and Bury have higher scores across both assessments in their urban

areas.

The composite HVI from UoM shows that, as expected, urban areas in Greater Manchester are the most
vulnerable, and that this is due to not only housing type and density but also the amount of and proximity
to green and blue space, the local environment (noise and air quality), and the socio-economic
characteristics (over-occupancy, crime and income) of these areas. In terms of outdoor sensitivity, adaptive
capacity and, to a lesser extent, indoor heat sensitivity, green space is a key determinant of vulnerability.
As well as increasing expected temperatures, lack of nearby greenspace reduces how well occupants can

adapt through seeking cool spaces.

Higher vulnerability in parts of Salford and Manchester, driven by the adaptive capacity domain, also shows
the significance of household income, crime prevalence and air pollution. Occupant sensitivity shows how,
in addition to the characteristics of urban centres, indicators of sensitivity (such as occupant age, disability,
and health) show more distributed clusters of vulnerability across Greater Manchester. This highlights the
importance of considering the individual domains, as well as the composite HVI to account for all forms of

heat vulnerability.

7.1.1 How can the Task 1 methods be used?

The UoM index and UCL modelling approaches together provide a comprehensive framework for
policymakers to understand some of the sensitivities of homes and vulnerability of occupants to
overheating. The key policy uses of these methods lie in their ability to offer actionable insights that can be

directly applied to both strategic planning and targeted interventions, and which sit across policy streams.

The UCL modelling approach isolates how building design (geometry and thermal characteristics, such as
insulation) and operation (occupancy patterns, heat emitted by the occupants, lights and appliances,
ventilation, and shading) affect heat sensitivity. It identifies which homes are most at risk of overheating
and why; showing that the type of home and its geometry, plays a larger role in contributing to the sensitivity

of homes to overheating than its construction age. This insight can help policymakers to target energy
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retrofit programmes, and heat resilience strategies, and determine which households may require targeted

advice or support on how to reduce overheating in their homes as a priority.

The UoM approach is valuable for informing policymakers about the distribution of homes that are sensitive
to overheating. By identifying the specific factors heightening home sensitivity scores, such as poor roof
insulation in one area versus excessive glazing in another, targeted adaptation measures can be prioritized.
Importantly, the inclusion of indicators relating to outdoor and individual sensitivity as well as adaptive
capacity enables a multi-pronged approach to adaptation. By identifying locations where more occupants
are vulnerable and referring to the individual domains and indicators that contribute, policymakers can
determine potential adaptation measures that will reduce occupants’ sensitivities and/or increase their
adaptive capacities and thereby reduce their vulnerability to overheating. For instance, policies can be
targeted to enhance green infrastructure if occupant vulnerability is primarily due to a lack of green space,
or to address air pollution if high levels in certain areas may restrict occupants from opening their windows.
This ability to understand and address the root causes of vulnerability makes the index an essential tool for
developing effective climate adaptation strategies. Where retrofitting all homes to reduce heat sensitivities
is challenging, policy makers can prioritise homes where occupants are particularly sensitive and/or

adaptive capacity is particularly low.

In summary, the UoM index and UCL modelling approaches together offer a powerful toolkit for
policymakers. UoM’s approach guides the strategic allocation of resources by identifying vulnerable areas
and the drivers of that vulnerability, while UCL’s modelling approach provides detailed insights into
sensitivity to overheating at the building level. These methods can enable policymakers to develop targeted,

effective adaptation actions that reduce vulnerability and enhance heat resilience.

7.2 Task?2

It was found that low-cost, adaptive, behavioural, non-structural actions can potentially reduce hours of
overheating by more than half in homes sensitive to overheating in Greater Manchester. To quantify
overheating, CIBSE TM59 Criterion 1 was used, which defines overheating as when the actual operative
temperature is equal to or greater than one degree (K) above the limiting maximum acceptable temperature
for more than 3% of the occupied hours between May to September. The median percentage was estimated
across all types of homes for the current building stock to be between 6% and 9% of the occupied hours
under the 2030 scenarios, and between 6% and 11% under the 2050 scenarios. For the 2050 scenarios,
this equates to over 110 to 294 occupied hours from May to September where the homes exceed the
CIBSE TM59 Criterion 1.'* When adaptive, behavioural, non-structural actions were applied, the range of
median percentage was between 3% and 6% under the 2030 scenarios, and between 3% and 7% under
the 2050 scenarios. More substantial, passive, structural actions, such as external wall and window

shading, yielded greater reductions in overheating overall and performed slightly better when combined

14 These are hours over the CIBSE Criterion 1 threshold of 3%.
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with behavioural actions. When these structural combinations were applied to a greater extent and
alongside behavioural actions, the percentage of occupied hours from May to September when the actual
operative temperature is equal to or greater than one degree (K) above the limiting maximum acceptable
temperature was between 0% and 1% under the 2030 scenarios, and between 0% and 2% under the 2050

scenarios (i.e., CIBSE TM59 Criterion 1 was not exceeded).

Although the cost-benefit analysis was only conducted on actions and strategies which require capital costs,
it is clear that there are substantial differences in the cost-efficiency of the least and best performing actions.
At a household level, the most cost-efficient action across all types of homes is installing white curtains and
using these to provide internal shading. This action does not provide the most benefit overall and nor can
it avoid overheating in all types of homes if it is the sole action employed. However, it is comparatively
inexpensive and can marginally reduce the time when residents at home experience indoor temperatures
above recommended levels. In contrast, the best performing structural actions were found to have relatively

low cost-efficiency in terms of additional hours of comfort gained, due to higher capital costs.

As mentioned, for the current state of the building stock, the mean percentage of the occupied hours
between May to September when the actual operative temperature is equal to or greater than one degree
(K) above the limiting maximum acceptable temperature was estimated to be between 6% and 9% under
the 2030 scenarios. This is above the 3% ‘allowance’ of CIBSE Criterion 1, but not significantly. This may
explain why the stakeholder survey revealed that while many respondents experience overheating, they do
not perceive it as a pressing concern. As a result, respondents were reluctant to view the installation of
adaptation actions as essential. Furthermore, the cost-benefit analysis identified that more costly individual
adaptation actions, such as external shutters or modifying the reflectivity of the walls of homes, offer
relatively low cost-efficiency in terms of the additional hours of thermal comfort gained across all types of
home. This underscores the challenge of demonstrating to households the value of investing in more

expensive adaptation actions.

The results of the stakeholder survey and the cost-benefit analysis suggest that government intervention
and support would likely be required to encourage people to implement the adaptation actions considered
by this study, particularly those with higher capital costs. It is worth noting that not all the modelled actions
can be fully applied to every home due to personal, spatial, financial, and legal/planning constraints,
including those for listed buildings.

The stakeholder survey also revealed that many people are unaware of the low-cost behavioural measures
meaning that education, delivered through effective channels, regarding these types of actions is needed
across the Greater Manchester public. Increasing the scope of existing channels that deliver energy advice

for winter could be a good solution.

As the climate becomes warmer, meeting overheating criteria will become increasingly challenging without
active cooling systems. Nevertheless, adaptive and passive actions may delay the installation or reduce

the use of active cooling systems in the future, and the associated capital and operational costs, and carbon
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emissions. It is recommended that the cost-benefit of the adaptive and passive actions for reducing indoor
overheating, and the associated political considerations detailed here, should be considered in future policy

planning and decision making at local and national levels.
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Appendices

Appendix 1. Task 1 Detailed Methodologies

This appendix provides additional detail for the Task 1 methodologies, including further information on EPC

coverage in Greater Manchester and collection and use of the HVI indicators by UoM.

Supporting tables

The EPC data coverage at local authority and regional level, compared to the national average, is presented
in Table A-1.

Table A-1: Percentage of homes covered by an EPC in England, in the North West region, and per borough in
Greater Manchester according to the 2021 Census data (Office for National Statistics).

Semi- Flats and
Area name Detached Terraced
detached Maisonettes

England 59.3 52.4 54.9 60.3 721
North West 59.2 52.1 53.5 62.0 75.2
Bolton 57.9 51.4 52.3 60.3 741
Bury 55.7 48.9 50.3 59.8 70.0
Manchester 70.8 64.3 62.1 67.1 81.8
Oldham 59.6 514 53.3 64.0 71.9
Rochdale 59.7 53.2 55.8 61.2 73.7
Salford 70.4 59.1 60.0 69.2 85.0
Stockport 56.7 47.6 51.9 60.8 74.6
Tameside 58.6 51.3 53.2 60.8 72.5
Trafford 57.7 48.6 494 62.3 76.5
Wigan 56.3 51.9 51.0 61.8 75.3

Production of UoM Heat Vulnerability Index

Table A-2 presents a summary of the indicators used within the UoM HVI. These indicators were collected
for each LSOA in Greater Manchester (where raw data was not already available at LSOA). Weightings for
individual indicators (such as greenspace), and then domains within the composite index, are applied so
that an indicator with more contributing factors than others, and indicators included in more than one
domain, are not overrepresented and skew the results. For example, roof insulation and window glazing

are both factors of how building insulation contributes to indoor sensitivity to warmer weather, and these
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are weighted so as to be a combined single value rather than representing building insulation twice in the
scoring. No weightings are made on relative importance or significance of an indicator, as at this stage
there is no evidence to support a determination on this. To produce the index the following steps were then
taken:

1. The data for each of the indicators in Table was normalised with a value from (0-1).

2. Weighting was applied to the normalised score for each indicator, by default this was 1. Where the
same component of vulnerability was represented by more than 1 indicator, the weightings were

summed to 1 instead. Where this is the case, it is explained in Table A-1.

3. The weighted score of each indicator within each domain was summed to give a domain score for
each LSOA.

4. The normalised scores for each of the four domains for each LSOA were summed to give the final

index, with no weightings, therefore all domains were weighted equally.
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Table A-2: A summary of the indicators, the data sources, processing methodology and their relationship with heat vulnerability

Outdoor Sensitivity

Indoor Sensitivity

Average elevation

(m)

Average building
height (m)

Population density
people/m?

Average NDVI in the
LSOA

% Woodland

% Grassland

% Water (fresh)

% homes classified
as overcrowded

% households
classified as living in
flats or terraces

OS Topography Layer (2024a)

Average elevation calculated by joining
the topography layer with the LSOA
boundaries.

OS MasterMap Building Height Attribute
joined with the OS Topography Layer
(0S,20244a; OS, 2024b)

Building height information (RelHMax)
averaged within each LSOA.

Census 2021

Direct download

Sentinel-2 Mosaic Data (Copernicus
Global land service, 2024).

The average NDVI in summer months is
calculated for each LSOA.

UK CEH Landcover maps (Morton,
2024)

The % of land space within each LSOA
covered in woodland.

UK CEH Landcover maps (Morton,
2024)

UK CEH Landcover map (Morton, 2024)

2021 Census TS052 “Occupancy rating
for bedrooms”

% of homes with an occupancy rating of
bedrooms classified as -1 or -2 or less.

2021 Census TS044 “Accommodation
type”

% households classified as living in
terraces, purpose-built block of flats or
tenement, part of converted house or
bedsit, part of another converted building
or in a commercial building, e.g., hotel or
over a shop.

Relationship with vulnerability

Elevation and ambient air temperatures are related, as temperatures change with altitude. Higher elevations
relate to lower temperatures.

Regression analysis with Greater Manchester temperature monitoring data indicates a strong relationship with
UHI (Brown, 2022).

Tall buildings can trap heat in street canyons, limiting heat dissipation. Taller average building heights increase
heat sensitivity.

Population density is a proxy indicator for anthropogenic heat emissions. Heat emissions include exhaust heat
from vehicles, heating, Ventilation, and Air Conditioning systems and hot water provision. Thus, the higher the
population density, the greater the sensitivity.

Regression analysis with Greater Manchester temperature monitoring data indicates a strong relationship with
UHI (Brown, 2022). The Normalised Difference Vegetation Index (NDVI) is an indicator of the amount of
greenspace within an area, which can provide cooling, particularly due to evapotranspiration. LSOAs with a
lower average NDVI are more sensitive to heat.

Tree canopy cover provides cooling through evapotranspiration, as well as shade and differences in Albedo as
compared with the built environment. Regression analysis demonstrates a relationship with UHI in Greater
Manchester (Brown, 2022). While the NDVI showed the strongest relationship with ambient air temperatures,
land surface cover type is useful to inform planning decisions. Wider evidence demonstrates differences in the
cooling effect both between tree species and different forms of vegetation (Smithers et al., 2018; Rakoto et al.,
2020) In this index assumes that LSOAs with a higher percentage of woodland cover have a lower sensitivity
to heat. Landcover maps will omit small parcels of vegetation, such as urban gardens and street trees;
however, these are captured within the NDVI.

Grassland cover can also provide cooling through evapotranspiration, although in hotter temperatures this
service is reduced as soil dries out and grass yellows.

Bodies of water provide cooling by absorbing heat. Greater Manchester has a limited amount of water bodies,
and none were near the temperature sensors used to conduct the regression analysis, therefore, they didn’t
show a strong relation with the temperature measurements. However, water cover is demonstrably an
important feature in mediating the UHI as demonstrated by other studies and is therefore included here.

Overcrowding increases internal heat gains from occupants. Over-occupied bedrooms are likely to be warmer
overnight. Nighttime temperatures are correlated with higher adverse health outcomes. The higher the
percentage of homes that are overcrowded, the higher the indoor sensitivity of the LSOA.

Evidence suggests flats are more prone to overheating than other building types, particularly top floor flats
(Mavrogianni et al., 2012; Beizaee et al., 2013; Lomas and Kane, 2013; Taylor et al., 2015; Taylor et al., 2016;
Liu et al., 2017; Petrou et al., 2019; Lomas et al., 2021). Flats or rooms (e.g., bedsits or hotel rooms) without
cross ventilation are also particularly vulnerable). Around two thirds of overheating living rooms nationally were
in flats, with the monitored and reported prevalence of overheating in flats being double that for other types of
homes (Lomas et al., 2021)

Terrace homes have been shown to overheat more than semi-detached or detached (Beizaee et al., 2013;
Gupta and Gregg, 2012), particularly mid-terrace homes, which are less likely to have a “safe haven” from
overheating within the homes than semi-detached and detached buildings (Drury et al., 2021). Terrace homes
are often smaller than other building types, The prevalence of overheating in small homes may be four times
higher than in homes over 100m? (Lomas et al., 2021). The higher the % of flats and terraces within an LSOA

Weighting within
the domain

The landcover
indicators sum to
1. Eachis
weighted based
on its relative
relationship with
air temperature
based on
previous
regression
modelling (Brown,
2022).

0.4 NDVI.

0.2 each for land
cover type to
represent
landcover and its
contribution to the
UHI.

1

0.5 each

Reflects equal
weighting
between building
types both known
to be more likely
to overheat
compared to
detached and
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Occupant Sensitivity

% of homes with
poor or very poor
roof energy
efficiency

% of homes with
higher glazing areas

% of homes that are
built after 2007 or
pre1900

Average NDVI within
20m of homes

% residents
reporting Disability -
limited a little

% residents
reporting Disability -
limited a lot

% residents
reporting Bad health

% residents
reporting Very bad
health

Rank position within
GM of the health
deprivation and
disability domain

Data Source and Methodology

EPC download July 2024

Each postcode is assigned to an LSOA.
Duplicate EPCs are removed. Sum all
homes classified as ‘poor’ or ‘very poor’
roof energy efficiency in the LSOA

EPC download July 2024

Sum all homes classified as more than
typical or much more than typical glazing
area in the LSOA

EPC July 2024 Download

Sum all homes built after 2007 or pre
1900.

Sentinel-2 Mosaic data; Address Code
Data; UPRN Dataset.

The average NDVI calculated in the 20m
around each residential property listed in
the EPC database.

TS038 Disability 2021 Census (ONS,
2021)

TS038 Disability 2021 Census (ONS,
2021)

TS037 General Health 2021 Census
(ONS, 2021)

TS037 General Health Census (ONS,
2021)

English indices of multiple deprivation
2019 (CLG, 2019).

Relationship with vulnerability

the higher the rank of the LSOA under this indicator. The analysis by UCL in this report indicates mid terraces
and flats have similar levels of sensitivity to overheating, and end-terraces slightly lower.

Homes with poor roof insulation have been found to be more vulnerable to overheating, due to heat gains
through the roof (Mavrogianni et al., 2012; Petrou et al., 2019). The prevalence of reported overheating in
living rooms was significantly less in homes with 50mm or more of loft insulation (Lomas et al., 2021). The
higher the % of homes with poor or very poor roof energy efficiency, the higher the indoor sensitivity rank for
the LSOA under this indicator.

Homes with larger windows are more vulnerable to solar heat gains (Baborska-Narozny et al., 2017). Building
design features such as glazing, and solar radiation per area of glazing impact overheating (Gupta and Gregg,
2020) The higher the percentage of homes with higher glazing area than typical the higher the vulnerability
rank for the LSOA under this indicator.

The analysis by UCL considered in this study indicates homes built after 2007 or pre 1900 within Greater
Manchester are more sensitive to overheating. This is supported by other evidence that identifies homes that
have higher internal temperatures include those built after the 1980s (Taylor et al., 2015; Beizaee et al., 2013)
and ‘newer’ homes generally (McGill et al., 2017).

The higher the percentage of homes built after 2007 or before 1900 in an LSOA the higher its indoor sensitivity
rank for this indicator.

Low levels of greenspace immediately around a building can increase internal temperatures compared with
those with more immediate greenspace. Green space cools surrounding areas (Aram et al., 2019) and green
vegetation in the vicinity was associated with lower temperatures in bedrooms in a study of 113 homes in 2
cities the Netherlands (Zuurbier et al., 2021). A case study of heat related deaths in London finds that urban
vegetation within the same postcode spatial unit can modify the mortality risk associated with heat exposure
(Muraje et al., 2020). Here a low average NDVI correlates to higher indoor sensitivity.

People living with a disability are more sensitive to overheating than the general population (Kovats et al.,
2004; Stafoggia et al., 2008). Disabled people, especially younger individuals with disabilities can be more
exposed to the high temperatures (Kang, Y., et al 2024).

The weightings assume that people who are limited a lot are more sensitive to heat than those who are limited
a little.

People living with poor health can be more sensitive to overheating than the general population. The weighting
assumes that people declaring ‘very bad’ health are more sensitive to heat than those declaring ‘bad’ health.
Pre-existing health conditions have been identified as leading to susceptibility to heat-related ilinesses and
mortality (Kovats et al., 2004; Schifano et al., 2009; Buoite et al., 2020; Layton et al., 2020). Specific illnesses
linked with exposure to heat include: diabetes (Konkel, 2020); cardio vascular conditions (Yin and Wang,
2017); kidney disease, nervous disorders, emphysema, and epilepsy (Semenza et al., 1999); cardiovascular
and respiratory diseases, Alzheimer’s and dementia in over 65s (Thompson et al., 2022) Impacts on those
already suffering from mental health conditions have also been identified (Stafoggia et al., 2008; Cusack et al.,
2011; Woodland et al., 2023).

The health and deprivation index is informed by a wider range of information than declared health and
disability and includes access to health services. Analysis of the places of deaths during warm weather or
extreme heat, has found that deaths are more likely in homes, as compared to a hospital setting, suggesting
that access to medical care is another factor that increases vulnerability to overheating (O’Neill et al., 2003;
Madrigano et al., 2015).

CS

Climate services for a net-zero resilient world

Weighting within

the domain

semi-detached
houses.

0.5 each

Reflects equal
weighting across
the indicators
representing
building fabric.
Combined this will
equal 1.

0.5 for each age
group

0.125

0.375

0.125

0.375

The weights for
Census
indicators-
disability and
health sum to 1.
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Restricted Adaptive
Capacity

% residents aged 0-
5

% residents aged
65+

Rank of IMD —
Income deprivation
domain within GM

% homes privately
rented

Average PM2s
concentration yg m

Average NOx (as
NOz2) concentration

ug m

Average road noise
exposure [no unit]

Data Source and Methodology

ONS Population Estimates by 2021
LSOA (ONS, 2024c)

ONS Population Estimates by 2021
LSOA (ONS, 2024c)

English indices of multiple deprivation
2019 (CLG, 2019).

Census 2021 TS054 — “Tenure”

Modelled background pollution data
(Defra, 2024)

Each centroid is allocated to an LSOA,
where there is more than 1 the
concentration is averaged. Where
there’s no centroid within an LSOA the
nearest reading is chosen.

Modelled background pollution data
(Defra, 2024)

Each centroid is allocated to an LSOA,
where there is more than 1 the
concentration is averaged. Where
there’s no centroid within an LSOA the
nearest reading is chosen.

Road Noise -Lden- Round 3 (Defra,
2019). The maps provide bands of noise
exposure in decibels. Each band is
weighted according to the range of
decibels accounting for its logarithmic
scale. The number of residential
properties in each band are counted and
multiplied by the band weighting. An
average noise exposure for residential
properties in the LSOA is calculated.

Relationship with vulnerability

Young children are more sensitive to high temperatures than the general population (McGeehin and Mirabelli,
2001; Kovats et al., 2004; Xu et al., 2017; Malmquist et al., 2021). There is a positive association between
increasing temperatures and London A&E department attendance, which appears to be most significant in
children (Corcuera Hotz et al., 2020). Evidence from other countries also links heatwaves to increases in
hospital emissions among this age group (Xu et al., 2017), as well as to increases in infant mortality (Auger et
al., 2015). Little evidence has been found on the causes of infant sensitivity. However, it has been suggested
this is a result of infants having underdeveloped thermoregulation and immune systems, as well as their very
low understanding and self-care ability (Xu et al., 2017; cited by Brown, 2022).

All cause excess mortality is higher in the 65+ age groups during heat events and increases with age (PHE,
2020; UKHSA, 2023). This aligns with experience in other countries of a relationship between age and excess
mortality and morbidity during heat events (Knowlton et al., 2009; Fouillet et al., 2006). The sensitivity of older
people to extreme heat is linked to a higher proportions of older individuals living with illness and disability than
in the general population (Aldrich and Benson, 2008; Tan, 2008; Klein Rosentha et al., 2014). It is also linked
to the physiology of older people and to their relative lack of mobility (Flynn et al., 2005).

Low income restricts occupants’ ability to buy adaptation options, such as fans, insulation and window
shading. Numerous studies have linked increased negative impacts during high temperatures with lower levels
of income and high deprivation (Kim and Joh, 2006; Madrigano et al., 2015). This indicator has a strong
correlation with education and health (Conti et al., 2005; Fouillet et al., 2006; Hutter et al., 2007; Knowlton et
al., 2009). Furthermore, an increasing body of literature indicates that low income and social isolation can limit
people’s capacity to identify heat hazards, reduce exposure, and cope after a heat event (Ferguson and
Mavrogianni, 2024). Here a low income gives a higher score as it reduces adaptive capacity, consistent with
higher scores within the index causing higher vulnerability.

Privately renting your home prevents occupants from making changes to the fabric of the building that could
make their homes cooler, such as roof insulation or window shading. The higher the percentage of privately
rented homes in an LSOA gives a higher score.

Window opening and natural ventilation capacity are by far the strongest predictors of overheating of all those
considered by a risk assessment completed in London (Botti et al., 2022). Air pollution, noise and fear of crime
can limit window opening.

Air pollution can inhibit people opening windows. In addition, there is a relationship between heatwaves, a high
UHI effect and elevated levels of air pollution (Fang and Gu, 2022). Furthermore, higher exposure to air
pollution is linked with negative health outcomes (Hankey and Marshall, 2017) compounding people’s
sensitivity to hot weather.

The higher the air pollution (crime or noise), the higher the assumed restriction on an occupants’ ability or
willingness to open windows.

Noise from roads can also inhibit people from opening windows and is linked with exposure to air pollution
above) (Baborska-Narozny et al., 2017; Mavrogianni et al., 2017).

CS

Climate services for a net-zero resilient world

Weighting within

the domain

All factors which
restrict window
opening ability
sum to 1

0.167

0.167

0.333
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Rank of crime-
related deprivation

Average distance to
accessible
greenspace in m.

Data Source and Methodology

English indices of multiple deprivation
2019 (CLG, 2019).

OS Open Greenspace Data Products

(Ordnance Survey, 2024c)

The nearest distance function in GIS is
used to estimate the closest distance to
an accessible green space from each
residential building

Relationship with vulnerability

Fear of crime inhibits people leaving windows open (Klinenberg, 2002; Hatvani-Kovacs and Boland, 2015)
Crime levels increase during heatwaves (Brunsdon et al., 2009; Tiihonen et al., 2017; Mahendran et al., 2021)

Greenspace is cooler than other urban land types, so provides cool spaces for residents. Proximity of
accessible green spaces can determine whether it is used (Arnberger et al., 2017). A high distance to green
space reduces adaptive capacity and has a higher score.

Weighting within
the domain
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0.333
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Appendix 2. Task 1 Additional Results - UoM Heat
Vulnerability Index

This appendix provides additional results for UoM’s HVI as part of Task 1. Details are provided for the

individual indicator results for each domain.

Indoor sensitivity: individual indicator results (excluding over-occupancy and NDVI)
Higer glazing

Higher glazed areas suggest more window coverage, and potentially the presence of conservatories, or
ceiling to floor windows. These can impact on a home’s likelihood to overheat. For this indicator, no borough
has a significantly higher, or lower median ranking compared to others. Oldham, Trafford, and Wigan had
the highest percentage of LSOAs that fall within the worst 10% for this metric, however there are no clear
patterns. It is likely that high glazed areas are associated with both flats (which are more common in urban
areas), and semi-detached or detached housing with gardens, where patio doors or conservatories can be
built (this type is more common in suburban areas), therefore data trends will be less obvious. Additionally,
the glazed area data is also based on EPC data, which only considers 70% of the homes in Greater
Manchester; newer homes are more likely to have EPCs, so this may reflect modern homes with higher

glazed areas.

Types of home

The types of home most likely to overheat according to previous studies are flats and terraces (Beizaee et
al., 2013; Gupta and Gregg, 2012). Therefore, the percentage of both types per LSOA was used as a metric
for these two indicators, the higher percentage of these home was seen as having a higher sensitivity to

heat.

Oldham, Rochdale, Bolton, and Tameside, have higher percentages of terraced housing, whilst
Manchester, Salford and Trafford have higher percentages of flats. The LSOAs with the highest percentage
of flats or terraced houses are in Manchester (99.8%) and Trafford (87%), respectively. The LSOA with the
highest combined percentage is in Manchester (100%). The LSOA with lowest combined percentage of
flats and terraces is in Wigan (0.2%). Manchester therefore has the highest average of both flats and
terraces, followed by Salford, then Oldham. Wigan and Stockport have the lowest average, and therefore

have more types of home that are less sensitive to overheating.

Age of homes

The age of homes is inherently related to their airtightness, ventilation, and energy efficiency which can
impact overheating. Homes pre-1900 and post-2007 homes are classed as sensitive to overheating.

Oldham, Bury, Rochdale, Tameside and Bolton have LSOAs with the highest median percentage of pre-
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1900s homes, Salford, Manchester, and Wigan have LSOAs with the highest median percentage of post
2007 homes.

Roof energy efficiency

Bury and Oldham have the poorest median roof EPC values; both these boroughs have more terraced
houses than flats, with Oldham having the highest median ranking of terraced houses, as well as highest
median ranking of homes built pre-1900. Rochdale and Tameside also have some of the highest median
rankings for terraced houses, however, they do not have noticeably low roof energy efficiency, suggesting
that there are more factors that affect this indicator than just age and type of home. For example, some
homes may be retrofitted by owners to improve energy efficiency. EPC coverage may also impact the
results. Only 70% of the homes across Greater Manchester have an EPC; older homes that are more likely

to have poor roof efficiency but that do not have EPCs may not be represented in this data.

Indoor sensitivity: individual indicator results (over-occupancy and NDV)

Over-occupancy

Over-occupancy is included as an indicator as more occupants in a space that is not a suitable size can
increase internal heat gains and contribute to hotter indoor temperatures. Here, over-occupancy rate is
used as the metric. The average over-occupancy rate for England is 4.4% which is lower than the median
rate for Bolton (6%), Manchester (8.0%), Oldham (7.9%), Rochdale (5.9%), and Salford (4.6%), illustrating
over-occupancy to be an issue and contributor to heat vulnerability in these boroughs. On the other hand,
Bury (3.7%), Stockport (2.5%), Trafford (2.9%), and Wigan (2.3%) are the only local authorities where the
median over-occupancy rate is lower than the average across England. When looking at the number of
LSOAs per borough that fall in the worst 10% for this metric a similar pattern is seen, with Oldham and
Manchester having the highest percentage of worst performing LSOAs. Furthermore, taking Greater
Manchester as a whole, 645 out of 1702 LSOAs (38%) have an over-occupancy rate that is higher than the
England average, and 209 of these (12%) have an over-occupancy of over 10%. Over-occupancy is on
average, highest in Manchester and is likely to be linked to higher population densities, smaller properties
(i.e. flats) and more deprivation. According to ONS, terraced houses and flats are more likely to be over
occupied than detached or semi-detached homes; this is supported by box and whisker chart for housing
type, where the pattern across local authorities follows the same trend as for the chart for over-occupancy.
The sensitivity of flats and terraces to overheating is therefore increased; whilst they are also physically

more prone to overheating, they are also more likely to be over-occupied by their tenants or owners.

Average NDVI surrounding homes

Greenspace immediately surrounding a property can cool the very local environment and therefore adjust
the microclimate that a property is exposed too. Cooler microclimates surrounding a home can lead to less

overheating within the home (Zuurbier et al., 2021). Therefore, properties with gardens, or in greener areas
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have better cooling potential than ones in denser, urban areas. Average NDVI within 20m radius of a home
was used as the metric for greenspace immediately around the home. Manchester had the highest
percentage of LSOAs within the worst 10% across Greater Manchester according to surrounding NDVI
score. This is significantly higher than other boroughs and is likely tied to the higher concentration of flats
and higher population density. Trafford, Bury and Stockport had the least number of LSOAs in the worst

10% for this metric.

Outdoor sensitivity: individual indicator results

Landcover is an important determinant of local temperature and plays a key role in the development of the
UHI effect. Areas with more human-made surfaces and less green or blue space are generally warmer.
Overall, all indices related to land cover (NDVI, woodland, vegetation, and water coverage) follow similar
trends when looking at the median values for the LSOA ranks across the boroughs. An exception is Trafford
which has a disproportionally lower median rank for the indicator of woodland cover, compared to its NDVI,
other vegetation, and water coverage median values. Manchester and Salford, being the most urbanised,
have consistently the highest proportion of LSOAs which fall into GM’s worst 10% for all of the greenspace
indicators. The water data is highly skewed as many LSOAs across Greater Manchester have no blue

space.

Building heights and urban geometry in general have been linked to the UHI effect. Manchester has by far
the highest scores for both median rank and number of LSOAs within the worst 10%. This would be
expected with Manchester’s city centre and the high-rise homes. Low elevation is also related to higher
temperatures, areas within Greater Manchester with low elevation have a higher outdoor sensitivity — these
are Trafford, Salford.

Occupant sensitivity: individual indicator results

Age of individuals

Both older and younger individuals have been identified in previous work as more vulnerable to heat
(McGeehin and Mirabelli, 2001; Kovats et al., 2004; Xu et al., 2017; Malmquist et al., 2021). For this work,
the percentage of the population aged 0-5 and 65 years and over were used as metrics for the age
indicators. Concerning age of occupants, there are no boroughs with significantly higher or lower
populations between the ages of 0 and 5, the median rank for their LOSA’s was found to be consistent.
However, for the older individual's indicator, Manchester LSOAs have noticeably lower percentage of the
population than all other local authorities; this is likely to be because urban areas tend to have younger
populations. Salford’s LSOAs also have a lower median percentage of the population aged 65+, whilst
Stockport and Wigan LSOAs have slightly higher medians. Manchester had only two LSOAs which fell
within Greater Manchester’s highest ranked 10% for this indicator, in contrast to Stockport with 37 (19%).
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Disability and health

For both disability and health, no borough has a noticeably high or low median LSOA ranking; this may be
as disability and poor health can affect the whole population, regardless of age or location. Bury, Stockport,
and Trafford LSOAs have the lowest median rankings for three out of four disability and health indices,
whilst Manchester and Tameside and Wigan LSOAs have the highest median indices. Similarly, the worst

10% of LSOAs across Greater Manchester was spread relatively evenly across the 10 boroughs.

There are more decisive patterns for the IMD health and disability rankings; Manchester has higher
rankings, whilst Trafford has the lowest. 26% of Manchester's LSOAs also fell within the worst 10% across
GM. The differences between boroughs are more pronounced for this dataset, this is as the IMD domain
uses a different method for quantifying health and disability than just the data provided by the Census,
which considers years of potential life lost, comparative illness and disability ratio based on age and sex,

acute morbidity, and mood and anxiety disorders (Ministry of Housing, 2019).

Restricted adaptive capacity: individual indicator results

Income is a key determinant of an individual’s ability to adapt. Income is needed to travel to cool spaces
such as air-conditioned locations, buy and run temporary measures such as fans, and be able to add more
permanent measures such as shutters to homes. Income is represented here by the IMD income sub
domain. In terms of median LSOA rank, Manchester is the highest for income deprivation. Manchester also
has the highest number of LSOAs within the worst 10% across GM for this indicator. Trafford has both the
lowest median LSOA rank and is one of three LSOAs with only 4% of their total LSOAs falling in the worst
10% across GM, the other LAs are Tameside, Trafford, and Wigan.

Whether an individual owns or rents a home can be a limiting factor in their ability to adapt. Renters are
generally unable or not allowed to add permanent physical measures to their rented homes, for example
measures such as shutters or shading that may help reduce heat gains. Therefore, Tenure is also included
as an indicator. In terms of both median LSOA rank and the percentage of LSOAs in the worst 10%,
Manchester and Salford score the highest for this indicator. Stockport has both the lowest median LSOA
rank, with Rochdale and Oldham having only 2% of their LSOAs fall within the worst 10% for this indicator.

Four indicators act as proxies to represent individuals’ likelihood to open windows are night. Opening
windows is a key mechanism for cooling a home, and some characteristics of the local environment can
act as a deterrent for opening windows. This includes PMz.s and NOx emissions (poor air quality), the risk

of crime, and noise. All of which are represented within the index.

Air pollution (PMz.s and NOx)

Air pollution is represented by NOx and PM2s, Manchester again has the highest median LSOA PM2.5
concentration, while Salford has the highest median LSOA NOXx concentration. Wigan and Tameside’s both
also have high median LSOA PM:s concentrations. Notably, 32% of Salford’s LSOAs fall within GM’s worst
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10% for NO«. Trafford has the median PM2s concentration. Whereas Wigan has by far the lowest median

NOx concentration.

Crime

Crime was represented using the LSOAs rank from the IMD’s crime sub-domain. When considering the
median LSOA rank for this indicator Manchester was highest, followed by Rochdale, and Oldham.
Manchester also had the highest percentage of LSOAs falling into GM’s worst 10% (24%). Trafford had the
lowest median LSOA ranking for crime and no LSOAs falling into GM’ worst 10%.

Noise

Noise is calculated via a scale of the average decibels, with a threshold being assigned to indicate if on
average the homes in the LSOA would be disturbed by noise and so be deterred from opening windows or
not. Salford has the highest percentage of disturbed LSOAs at 98 %. However, all boroughs do have a

significant proportion of their LSOAs that are classed as disturbed in this analysis, ranging from 75 to 98%.

Green space

Greenspace within a city often acts a cool area, grass heats up at a lower rate than concrete and asphalt,
and parks with trees provide shade on sunny days. They therefore provide a “cool space” for local residents
during the day and can offer some relief from extreme temperatures. Going to a green area due to its
cooling properties is a form of adaption. However, access to greenspace varies significantly. This was
represented by calculating the average distance to greenspace. Bury had the highest number of LSOAs
that are more than 300m on average from greenspace (14 %) whilst Rochdale has the lowest (8%). Oldham
has the highest number of LSOAs with an average distance of homes to greenspace of less than 9m (18%),
whilst Trafford has the lowest (4%).
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Appendix 3. Task 2 Detailed Methodologies

This appendix presents the detailed methodologies for each component of Task 2.

The deep dive analysis consisted of a mix-method approach including modelling of adaptation actions, a
cost-benefit assessment, and stakeholder engagement and analysis to understand socio-technical barriers.

The detailed methodologies are as follows:

Modelling

Different types of homes and adaptation actions were modelled using EnergyPlus, a widely tested and
validated building thermal and energy performance simulation software (US DoE, 2024). Past work on the
CS-NOW project carried out UK-wide modelling using a limited number of weather files. The Manchester
housing stock, in particular, was modelled using London climate files as Manchester data were not available
at the time. For the purposes of the present study, a new generation of future climate files'® were used,
which were developed for building performance simulation specifically for Greater Manchester. These files
were created using the latest UK Climate Projections, UKCP18 (Met Office Hadley Centre, 2018) (Eames,
et al.,, 2023) by employing a morphing method in line with the climate scenarios (Representative
Concentration Pathways — RCPs), which project future greenhouse gas concentrations and radiative
forcing proposed by the Intergovernmental Panel on Climate Change (IPCC). Simulations were performed
using Design Summer Year (DSY) weather files for four time points: 2030 RCP 2.6, 2050 RCP 2.6, 2030
RCP 8.5 and 2050 RCP 8.5. The 50" percentile of the UKCP18 probability distribution was used for all
tested climate scenarios. It is worth noting that the use of central projections only, may not capture the
potential effects of more extreme scenarios (90" percentile). However, this modelling work focuses on the
assessment of the relative effectiveness of different overheating reduction actions to inform public health
guidance rather than the quantification of overheating levels under the full range of UKCP18 scenarios.
Outdoor air temperature of the four selected climate scenarios during the hottest week of the year (27 July
— 2 August) is shown in Figure A-1. It should be pointed out that the Urban Heat Island effect is not factored
in in these projections. The outdoor temperature difference between the years 2030 and 2050 for the two

climate scenarios during the same week is shown in Figure A-2.

5 Design Summer Year (DSY) weather files (specifically designed for overheating assessment):
https://www.cibse.org/weatherdata
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Figure A-1: External air temperature during the hottest week of the year (27 July 27 - 2 August) under the four different
climate change scenarios selected for Greater Manchester (Design Summer Year, RCP 2.6 2030, RCP 2.6 2050, RCP
8.5 2030, RCP 8.5 2050, 50th percentile)
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Figure A-2: Temperature difference between the Design Summer Years 2030 and 2050 (RCP 2.6 and RCP 8.5, 50th
percentile) for the hottest week of the year (27 July - 2 August) for the selected climate change scenarios
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The types of homes in Greater Manchester that are most sensitive to overheating were identified using data
generated in the context of a previous CS-NOW study, led by UCL (Ferguson, et al., 2023)2023). This
earlier study produced estimates of indoor overheating, and heating and cooling energy demand,
individually for each home address listed in the Energy Performance Certificate (EPC) database for the UK,
using a metamodel of EnergyPlus. Based on the analysis of this existing dataset for Greater Manchester,

five types of home were selected for more detailed analysis of their sensitivity to overheating:

1) Three types of flats: a) high-rise post-2010s flats, representative of newbuilds and to be built high-
rise flats; b) high-rise pre-2010s flats, representative of the majority of existing high-rise flats; and
c) low-rise flats, representative of the existing stock.

2) Two types of houses: mid-terrace and semi-detached houses, representative of the existing stock.

High-rise and low-rise flats, and mid-terrace and semi-detached houses, in total, represent over 73% of the
Greater Manchester housing stock (1.5%, 22.7%, 23.9% and 25.7%, respectively). Findings on semi-
detached houses will apply to some degree to end-terrace houses, given the potential similarities in their
building geometry. Despite high-rise flats representing a small proportion of the stock, special emphasis
was given to them in the present study due to their high sensitivity to overheating, especially top-floor flats,

according to previous empirical studies (Salagnac, 2011). They are also common in new construction
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developments in the Greater Manchester Area. The frequency of occurrence of different types of homes

across the Greater Manchester housing stock is shown in Figure A-3.

Figure A-3: Frequency of occurrence of types of home in the Greater Manchester Area according to the EPC database
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The physical dimensions and architectural configurations of the homes were developed following prior
analysis of the entire UK housing stock database using EPC data (Ferguson, et al., 2023). The models
(Figure A-4) were divided into thermal zones, distinguishing between zones primarily occupied in the

daytime and nighttime. Table A-3 presents the physical characteristics of the modelled homes.

Figure A-4: 3D Visualizations corresponding to five simulated models
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Table A-3: Physical characteristics of homes

High-rise Semi-
High-rise pre- Mid-terrace
post-2010s Low-rise flat detached
2010s flat house
L E house
Total area
75 75 65 120 120
(m?)
Daytime area
, 45 45 41 60 60
(m?)
Nighttime
30 30 24 60 60
area (m?)
Internal
2.8 2.8 2.7 2.7 2.7
height (m)
Total window
10.0 10 11.8 19.2 19.2

area (m2)

The high-rise flat was simulated with one externally exposed fagade, allowing only single-side ventilation,

while the other five sides were assumed to be adiabatic (i.e., not losing or gaining heat from the adjoining
property).

The low-rise flat was simulated with externally exposed front and back fagades, allowing cross-ventilation,

with the remaining sides configured as adiabatic.

The mid-terrace house was simulated with externally exposed front and back fagades, roof, and floor, and

with two adiabatic side walls.

The semi-detached house was simulated similarly to the mid-terrace house but with three externally

exposed fagades, roof and floor, and only one adiabatic side wall.

All external walls featured window sizes typical for each type of home. Building construction thermal
properties were assigned to each type of home following the method developed by Mavrogianni et al.
(2012). This method uses the approximate construction age of the building to assign construction materials
and building energy efficiency levels for different architectural eras based on the Reduced data Standard
Assessment Procedure (RASAP) (BRE, 2024) and other relevant sources. The assumed thermal
transmittance values (U-values) of walls, roofs, floors and windows for the base case scenario of each type

of home are shown in Table A-4.
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Table A-42: Thermal transmittance of modelled construction elements (base case)

High-rise post- |High-rise pre- Low-rise flat Mid-terrace [Semi-
2010s flat 2010s flat house detached
house

U-values (W/m?K)

Exterior wall 0.15 1.60 2.10 2.10 2.10
Exterior roof 0.10 0.40 2.30 2.30 2.30
Ground floor 0.15 1.20 1.20 1.20 1.20
Interior wall 2.10 2.10 3.20 3.20 3.20
Interior floor/ceiling0.69 0.69 1.30 1.30 1.30
Windows 0.57 3.10 4.80 4.80 4.80

An algorithm for windows was configured and integrated into the model according to CIBSE (2017).
Windows in each thermal zone were controlled independently and programmed to open when the indoor
temperature exceeded 22°C and the room was occupied. Additionally, windows were closed whenever the
outdoor temperature rose above 33°C and the indoor temperature fell below that outdoors. Internal
conditions were modelled according to CIBSE’s TM59 design methodology for assessing overheating risk
in homes (CIBSE, 2017).

Thermal comfort was assessed from May to September following CIBSE TM59 (CIBSE, 2017). Criterion 1
for living rooms, kitchens and bedrooms was chosen as the primary criterion to assess the sensitivity of
buildings to overheating. According to this criterion, to maintain thermal comfort during the summer period,
the number of hours during which AT (defined as the difference between the actual operative temperature
in the room at any time and the limiting maximum acceptable temperature, which is a function of the running
mean of the outdoor temperature) is greater than or equal to one degree (K) during the period May to
September inclusive shall not be more than 3% of occupied hours (CIBSE TM52 Criterion 1: Hours of

exceedance).

The individual and cumulative effects of adaptive and passive actions aiming to reduce overheating were
quantified.

Adaptive, behavioural, non-structural actions can increase occupant adaptive capacity. These actions
can possibly empower occupants by creating a sense of control over their environment, allowing them to

adjust their surroundings to suit their personal preferences.

Passive, structural cooling actions are low/medium-cost, low-carbon actions that rely on natural
processes, such as natural ventilation and shading, rather than mechanical means, to achieve thermal

comfort indoors. They may potentially also reduce operational carbon emissions and costs.

A total of eight passive and adaptive actions were tested earlier in Table 5-1 including the assumptions used
in the base case, the variables tested for each strategy, and the total number of iterations obtained for each
set of results.
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Cost-benefit analysis

A cost-benefit analysis was undertaken and considered:

e The capital costs of structural adaptations and retrofitting associated with each of the actions and
combined actions modelled.

e The benefits of those actions obtained from the modelling results.

It was assumed that home occupiers would understand and apply the structural adaptations and
retrofitting actions according to the times and thresholds identified in the modelling. The following

methodology was applied:

1. The actions were identified that would have capital costs: applying internal window shading with
white curtains (Action 2); applying internal window shading with blackout curtains (Action 3);
increasing the extent which windows could be opened through repairs, such as restriction removal
(Action 5); replacing faulty windows to increase the extent to which windows could be opened to
80% (Action 5); applying external window shutters (Action 6); and increasing the reflectivity of
external walls by painting them a light colour (Action 8). How each of these actions could be
achieved was also considered. For example, Action 5 window repair and replacement can be
achieved utilising different materials, such as wood, aluminium, or uPVC.

2. Data on capital costs were gathered for each action from five suppliers and a minimum of three
installers with a priority for suppliers in the Greater Manchester area where this was possible. All
total capital costs included materials, installation, and labour. The costs were converted to unit
costs in £/m?2. The total capital cost per type of home was estimated by multiplying this cost by the
area of windows and walls for each type of home where the actions would be applied. Area details
are provided in Table A-5 and match those used in the modelling (Table A-3).

3. The benefits of each individual action and the combined strategies were obtained from the results
of the modelling. The metric used to assess the benefits from each of the adaptation actions was
the hours of thermal comfort compared to the base case (where no adaptation actions were
applied).

4. The cost-benefit analysis calculated the cost per additional hour in thermal comfort resulting from
each individual action and combination of actions for the first year and for the first five years.

5. Associated assumptions are listed in Table A-6 and Appendix 5 shows the sources of costs for
each action.
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Table A-53: Total area of windows, walls and roofs for each type of home

Type of home Walls and roofs m?

High-rise (pre-2010s) flats 10 23
High-rise (post-2010s) flat 10 98
Low-rise flat 12 34
Mid-terrace house 24 159
Semi-detached house 24 199

*Numbers are rounded to the nearest whole number

Table A-64: Assumptions made during the researching of costs

All actions e People have full understanding of how to implement and/or use the
structural adaptations and retrofitting associated with each of the actions.
e The measures are installed by professionals
e All capital costs are incurred in year 1

Internal shading e The windows are standard and easy to access

and external e There are no operational costs (such as cleaning)

shutters

Window repair — e The windows are standard and easy to access

restriction removal e The windows require basic preparation

and window e There are no operational costs (such as cleaning)

replacement

Modifying e The walls are easy to access and require basic preparation and standard
reflectivity scaffolding.

e The cost includes paint, scaffolding (assembly, dismantling, rental fee)
and labour (painting and preliminary work, such as cleaning, plastering,
masking)

e The cost of paint is not dependent on the selected colour

e There are no operational costs (such as cleaning)

Electricity for e Electricity unit and standing rates are Ofgem’s January-March 2025
heating and cooling rates

Socio-technical analysis and stakeholder engagement

A combination of methods were used to determine whether occupants of homes have socio-technical
barriers that affect their ability to implement the adaptation actions intended to reduce overheating. A
literature review was conducted to understand what barriers associated with the use of the adaptation

actions had already been identified. An online survey and in-person semi-structured interviews with
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passers-by were carried out with individuals living in Greater Manchester to understand any context specific

barriers based on the individual’s existing perceptions of the adaptation actions.

Literature review

Desk-based research was conducted of socio-technical barriers to the proposed adaptation actions being
modelled. The findings of the review helped identify trends in the research as well as existing knowledge

gaps, both of which were used to inform the survey and interview design.

The literature review covered what adaptation actions for overheating were already studied (e.g., window
opening, internal/external shadings, green cover etc.), how effective these adaptation actions were found
to be, and what evidence, if any, was found to explain barriers to adaptation. Categorisations were used to
classify the barriers: financial, public perception/knowledge, regulatory/policy barriers, physical constraints,
and others. In total, the literature review consulted 21 academic papers, four grey literature documents,

seven institutional documents, and two project-outcome papers (total 34 sources).

Stakeholder engagement: surveys and semi-structured interviews

The stakeholder engagement aimed to gather a contextual understanding of barriers perceived by the

occupants of homes in Greater Manchester to adoption of the adaptation actions proposed in this study.

To ensure that the survey and interviews were unbiased, open-ended, and allowed for maximum

engagement in a short period of time:

e A survey and interview guide were developed. Its purpose was to ensure that a diverse and large
sample of respondents was reached. Questions were designed in such a way that they could be
answered online or in-person.

o The survey and interview materials were designed to prevent response bias by ensuring questions
were open-ended and allowed for varied responses. Likert scales were used to establish a basis
for comparison between questions.

¢ Internal testing was applied to the survey and interview guide to check coherence.

Survey and interview delivery

The project was supported by GMCA’s Local Energy Advice Demonstrator project (LEAD) to enable in-
person delivery. LEAD consists of 10 delivery partners providing energy advice to local communities across
Greater Manchester through community events. The CS-NOW project team attended six events in

collaboration with the LEAD partners, which enabled in-person interviews.
Survey and semi-structured interview analysis

The interview and survey outputs were analysed, using thematic qualitative analysis, to identify recurring
patterns in the data. Responses were tagged with short phrase ‘codes’, which represented different themes,

such as a barrier to adaptation. The ‘codes’ were then counted and summed to show the regularity of each
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occurring in the data set, exposing the commonest responses. Quantitative data analysis was used where
numerical responses were recorded, (e.g., for effectiveness scores of different adaptation actions).

Weighted averages were applied to prevent the data from being skewed by data outliers.
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Appendix 4. Task 2 Additional Results — UCL EUI Calculations
for Heating and Cooling

This appendix provides additional modelling results as part of Task 2.

As part of the modelling element of Task 2, the Energy Use Intensity (EUI) in kWh/m? per year for heating
and cooling was calculated for each type of home, adaptation action, and climate scenario. The EUI for
heating was calculated to identify potential impacts of the overheating reduction strategies during winter
and the EUI for cooling was calculated to identify potential impacts on space cooling during summer for

homes with air-conditioning.

The assumptions were:

e The season from October to April was considered for heating using an electric heater sized for
each room

e The season from May to September was considered for cooling, using an electric cooler sized for
each room

e Cooling was operated during the daytime when the indoor temperature exceeded 26°C in homes
that adopted air conditioning
e Heating was operated at 20.4°C during occupancy hours

Windows were assumed to remain closed when a cooling system was switched on, therefore the adaptive

actions related to window opening are not included in the subsequent analysis.

It was found that two overheating reduction actions may increase space heating energy consumption during
winter: reducing internal heat gains and increasing the reflectivity of external walls (Figure A-5). For space
cooling, it was found that across all types of home, external wall shading contributed to the most significant
reduction in space cooling demand (Figure A-6 to Figure A-10). For high-rise pre-2010 and post-2010 and

low-rise flats, external window shading also resulted in substantial reductions.
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Figure A-1: Heating EUI in the mid-terrace (top) and semi-detached (bottom) houses under the 2050 RCP 8.5
scenario
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Figure A-2: Cooling EUI following the application of individual actions to the high-rise post-2010s flat under the 2050

RCP 8.5 scenario
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Figure A-3: Cooling EUI following the application of individual actions to the high-rise pre-2010s flat under the 2050

RCP 8.5 scenario
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Figure A-4: Cooling EUI following the application of individual actions to the low-rise flat under the 2050 RCP 8.5

scenario
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Appendix 5. Task 2 — Cost-benefit Analysis — Capital Cost Sources

This appendix shows the sources used for the CBA to calculate the final capital costs for each adaptation action per housing type.
Table A-7 presents the range of sources and costs gathered for each adaptation action and the steps taken to convert these to an average (or minimum/maximum) £/m2 cost for the CBA.
Table A-8 presents the final costs (£/m2) used for the CBA for each action (also visible in the final column of Table A-7).

Table A-9 presents the total costs used for each adaptation action per housing type, whereby the final cost (£/m2) was multiplied by the total area (m2) of the windows/walls (as relevant for the adaptation action) per housing

type. The area figures were consistent with those used in the modelling (Table A-3).

Table A-75: Source used to calculate the cost (£/m2) for each adaptation options which were used in the CBA

Quoted Final Cost
Adaptation Date ight, Average Installation .
. Company Product name Area, used in
Action accessed Cost £/m2 | Cost, £/m2
cm2 CBA, £/m2

Internal Shading - Dunelm Nov-24 Dunelm - Isla Ultra Blackout Eyelet Curtains 45 117 137 16029 28.07 15.49 15.63 31.12

Blackout curtains

55 117 182 21294 25.83
75 168 182 30576 24.53
110 228 228 51984 21.16
Dunelm Nov-24 Dunelm - Berlin Blackout Eyelet Curtains 15 117 137 16029 9.36
18 117 182 21294 8.45
30 168 182 30576 9.81
40 228 228 51984 7.69
55 228 274 62472 8.80
The Range Nov-24 The Range - Heavy Weight Textured Blackout Lined 70 167 182 30394 23.03
e 80 228 182 41496 19.28
The Range Nov-24 The Range - Blackout Eyelet Curtains 32 168 137 23016 13.90
37 168 183 30744 12.03
47 168 229 38472 12.22
57 229 229 52441 10.87
Wilko Nov-24 Velvet Blackout Curtains 37 168 137 23016 16.08
64 229 229 52441 12.20

Dunelm Nov-24 Dunelm - Unlined Tab Top Curtains 30 117 137 16029 18.72 10.75 15.63 26.38
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Internal shading - 40 117 182 21294 18.78
Hight coloured 50 168 182 30576 16.35
curtains
70 228 228 51984 13.47
Dunelm Nov-24 Dunelm - Single Voile Panel Curtains 6 150 122 18300 3.28
8 150 182 27300 2.93
12 300 122 36600 3.28
18 300 228 68400 2.63
The Range Nov-24 Eyelet Curtain 16 168 137 23016 6.95
20 168 183 30744 6.51
28 229 229 52441 5.34
The Range Nov-24 Pencil Pleat Fiji Curtains - light 25 117 137 16029 15.60
30 117 183 21411 14.01
48 168 229 38472 12.48
80 229 274 62746 12.75
The Range Nov-24 Pencil Pleat Taped Top Curtains - Light 25 117 137 16029 15.60
30 117 183 21411 14.01
External Shading  Robert Dyas Nov-24 vidaXL Roller Shutter Aluminium 70x100 cm Anthracite 124 70 100 7000 17714 188.98 50.00 238.98
- Shutters Robert Dyas
Robert Dyas Nov-24 vidaXL Roller Shutter Aluminium 100x100 cm 148 100 100 10000 148.00
Anthracite | vidaXL.co.uk 348 160 150 24000 145.00
280 110 220 24200 115.70
Simply Shutters Nov-24 The Carbrooke - Open Louvre Pine Decorative Exterior 310 100 100 10000 310.00
Window Shutters - Simply Shutters
Simply Shutters Nov-24 The Carbrooke - Open Louvre Faux Wood Decorative 230 100 100 10000 230.00
Exterior Window Shutters - Simply Shutters
The Green Blind Nov-24 Outdoor Wooden Roller Blinds — thegreenblind 475 180 150 27000 175.93
395 120 150 18000 219.44

449 100 250 25000 179.60
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https://www.dunelm.com/product/sheer-elegance-eyelet-single-voile-panel-1000064464?defaultSkuId=30770166
https://www.therange.co.uk/home-furnishings/curtains-blinds-poles-and-accessories/curtains/eyelet-curtains/taylor-eyelet-curtain?position=12&s=89250#89250
https://www.therange.co.uk/home-furnishings/curtains-blinds-poles-and-accessories/curtains/pencil-pleat-curtains/fiji-pencil-pleat-taped-top-curtains
https://www.therange.co.uk/home-furnishings/curtains-blinds-poles-and-accessories/curtains/pencil-pleat-curtains/adiso-pencil-pleat-taped-top-curtains/#1492021
https://www.robertdyas.co.uk/vidaxl-roller-shutter-aluminium-70x100-cm-anthracite?msclkid=619446ff9d6a15c4f32821ca5ff04273&utm_source=bing&utm_medium=cpc&utm_campaign=Shopping%20-%20Smart%20-%20Medium&utm_term=2323336789577651&utm_content=Smart%20-%20Medium
https://www.robertdyas.co.uk/vidaxl-roller-shutter-aluminium-70x100-cm-anthracite?msclkid=619446ff9d6a15c4f32821ca5ff04273&utm_source=bing&utm_medium=cpc&utm_campaign=Shopping%20-%20Smart%20-%20Medium&utm_term=2323336789577651&utm_content=Smart%20-%20Medium
https://www.vidaxl.co.uk/e/vidaxl-roller-shutter-aluminium-100x100-cm-anthracite/8719883665832.html
https://www.vidaxl.co.uk/e/vidaxl-roller-shutter-aluminium-100x100-cm-anthracite/8719883665832.html
https://www.simplyshutters.co.uk/shop/town-country-decorative-window-shutters-town-country-redwood-pine-shutters-carbrooke-town-country-redwood-p-101.html
https://www.simplyshutters.co.uk/shop/town-country-decorative-window-shutters-town-country-redwood-pine-shutters-carbrooke-town-country-redwood-p-101.html
https://www.simplyshutters.co.uk/shop/town-country-decorative-window-shutters-town-country-synthetic-faux-wood-shutters-carbrooke-town-country-synthetic-p-48.html
https://www.simplyshutters.co.uk/shop/town-country-decorative-window-shutters-town-country-synthetic-faux-wood-shutters-carbrooke-town-country-synthetic-p-48.html
https://www.thegreenblind.co.uk/products/outdoor-wooden-blind-grey

Surface Albedo Check a Trade
Modification
Smart Spender
Hamuch

Windows Replace Check a Trade
- UPVC (low cost)

Federation of Master Builders

Windows Replace Check a Trade
- uPVC (high

cost)

Federation of Master Builders

Windows replace  Check a Trade

- timber (low cost)

Federation of Master Builders

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

Cost guides- Painter/Decorator

UK | Exterior House Painting Cost

Trade rates for painter & decorators around

Manchester

New Windows Cost in 2025 | Checkatrade

How much do new windows cost in the UK?

New Windows Cost in 2025 | Checkatrade

How much do new windows cost in the UK?

New Windows Cost in 2025 | Checkatrade

How much do new windows cost in the UK?

200

500

450

230

650

160

200

300

400

600

400

550

900

990

1065

1240

800

1350

1350

550

650

850

750

5400

10800

14400

19600

19600

5400

10800

5400

5400

10800

5400

14400

19600

5400

10800

19600

5400

10800

19600

5400

10800

5400

19600

20.00

33.00

66.00

370.37

462.96

312.50

117.35

331.63

296.30

185.19

555.56

740.74

555.56

740.74

381.94

459.18

1833.33

986.11

632.65

1481.48

1250.00

688.78

1018.52

601.85

1574.07

382.65

39.67

328.98

791.28

952.79

CS
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Already 39.67
included in

quote

Already 328.98
included in

quote

Already 791.28
included in

quote

Already 952.79
included in

quote
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https://www.checkatrade.com/blog/cost-guides/painter-decorator-prices/
https://smartspender.uk/exterior-house-painting-cost/#:%7E:text=The%20average%20exterior%20house%20painting%20cost%20will%20be%20around%20%C2%A3,e.g.%20for%20an%20scaffolding%20approval.
https://www.hamuch.com/painter-decorator/near/manchester
https://www.hamuch.com/painter-decorator/near/manchester
https://www.checkatrade.com/blog/cost-guides/new-windows-cost-guide-and-calculator/
https://www.fmb.org.uk/homepicks/windows/how-much-do-double-glazing-windows-cost/
https://www.checkatrade.com/blog/cost-guides/new-windows-cost-guide-and-calculator/
https://www.fmb.org.uk/homepicks/windows/how-much-do-double-glazing-windows-cost/
https://www.checkatrade.com/blog/cost-guides/new-windows-cost-guide-and-calculator/
https://www.fmb.org.uk/homepicks/windows/how-much-do-double-glazing-windows-cost/

Windows replace
- timber (high

cost)

Windows replace
- Aluminium (low

cost)

Windows replace
- Aluminium (high

cost)

Check a Trade

Federation of Master Builders

Check a Trade

Federation of Master Builders

Check a Trade

Federation of Master Builders

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

Nov-24

New Windows Cost in 2025 | Checkatrade

How much do new windows cost in the UK?

New Windows Cost in 2025 | Checkatrade

How much do new windows cost in the UK?

New Windows Cost in 2025 | Checkatrade

How much do new windows cost in the UK?

900

1485

1600

1860

750

850

1100

1000

1500

240

300

345

210

260

350

300

1000

1400

1550

1290

1390

1615

600

14400

5400

10800

19600

5400

10800

19600

5400

14400

5400

10800

19600

5400

10800

5400

19600

5400

10800

19600

5400

10800

19600

5400

625.00

2750.00

1481.48

948.98

1388.89

787.04

561.22

1851.85

1041.67

444 .44

277.78

176.02

388.89

240.74

648.15

153.06

1851.85

1296.30

790.82

2388.89

1287.04

823.98

1111.11

1351.39

332.73

1364.28

CS
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Already 1351.39
included in

quote

Already 332.73
included in

quote

Already 1364.28
included in

quote
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https://www.checkatrade.com/blog/cost-guides/new-windows-cost-guide-and-calculator/
https://www.fmb.org.uk/homepicks/windows/how-much-do-double-glazing-windows-cost/
https://www.checkatrade.com/blog/cost-guides/new-windows-cost-guide-and-calculator/
https://www.fmb.org.uk/homepicks/windows/how-much-do-double-glazing-windows-cost/
https://www.checkatrade.com/blog/cost-guides/new-windows-cost-guide-and-calculator/
https://www.fmb.org.uk/homepicks/windows/how-much-do-double-glazing-windows-cost/
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Table A-86: Final costs (£/m2) used in the CBA derived from sources in Table 5-12

Adaptation Option Values for Analysis, £/m2
White Average 26.38

Internal Shading

Blackout Average 31.12
Window repair Min 154.00
Max 211.00
Window replacement Min 328.98
Max 1364.28
External shading Average 238.98
Average 39.67

Modifying the albedo
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Table A-97: Final capital costs included in the CBA per housing type for the studied adaptation actions

Window

Housing

Type

High-rise (in
stock)

High-rise
(NZEB)

Low-rise
apartment

Mid-terrace
home

Semi-
Detached
home

Cost range

Min
Max
Average
Min
Max
Average
Min
Max
Average
Min
Max
Average
Min
Max

Average

Internal shad

- White, £

634

Internal shad
- Blackout, £

748

Window
repair, £

1523
2087
1805
1523
2087
1805
1813
2483
2148
3702
5072
4387
3702
5072
4387

replacement,

£
3254

13493
8373
3254

13493
8373
3872

16058
9965
7909

32797

20353
7909

32797

20353

External
shading, £

5745

Modifying
albedo, £

7890
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