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ABSTRACT
This study proposes a holistic framework to aid
stakeholders make informed decisions for the retrofit
of Hard-to-Treat homes, i.e. properties that cannot
accommodate cost-effective or ‘staple’ fabric energy
efficiency measures. The impact of fabric retrofit
measures in compliance with Part L1B and EnerPHit
on space heating energy consumption and summer
overheating was assessed in typical Hard-to-Treat
London mid- and end-terraced dwelling archetypes
using the IES VE dynamic thermal simulation
software. Wall insulation, depending on its position
(internal or external) and its thickness, was found to
be most effective in reducing space heating loads (3048%) and combined application of the tested
measures indicated a potential reduction in the range
of 40-55%. However, internal wall insulation was
found to increase the risk of summer overheating
beyond the 2030s under the Medium and High
emissions climate change scenarios with its severity
varying depending on the provision of climate change
adaptation measures. The thermal modelling outputs
were combined with a cost benefit analysis for each
retrofit package to generate value propositions for
residents and homeowners, private investors and the
Government.

INTRODUCTION
Hard-to-Treat housing stock
The Energy Efficient Partnership for Housing
(EEPH, 2009) has indicated that the inherent building
fabric characteristics of older domestic properties in
the UK make retrofit expensive, disruptive and
restrictive due to planning and conservation
restrictions. The Building Research Establishment
(BRE, 2008) has termed such dwellings ‘Hard-toTreat’ (HTT) homes. A dwelling is categorised as a
HTT home if it is characterised by a series of
features, including having solid brick walls, not
having a loft, not being connected to the gas network,
and being high-rise. These features make it
considerably less feasible to apply cost-effective
retrofit measures in these dwellings. As of 2008,
there were 9.2 million such dwellings which

constituted 43% of the overall existing housing stock.
There were 6.6 million solid wall dwellings
comprising 31% of the total stock (72% of the HTT
stock) followed by 2.8 million off the gas network
dwellings contributing to 13% of the total stock (30%
of the HTT stock) (BRE, 2008). 1.8 million or 19%
of the total stock were characterised by more than
one of the HTT features (Figure 1).

Figure 1: Overlap of different HTT types within the
HTT stock (BRE, 2008)
In an attempt to improve the level of thermal
performance of the UK housing stock, several
Government energy efficiency schemes have been
implemented. These include the Warm Front (20082013), the Carbon Emission Reduction Target
(CERT, 2008-2012), the Community Energy Saving
Programme (CESP, 2009-2012), the Green Deal
(2012-2015) and the Energy Companies Obligation
(ECO, 2013-2017). Although these programmes
achieved a significant reduction in carbon emissions
from housing (Ofgem, 2013), they have also been
criticised for being largely focused on low-cost
measures and failing to address the treatment of solid
wall
properties
(DECC,
2011),
providing
inappropriate or ineffective measures, high interest
rates as compared to other financial institutions,
partial funding for certain cost-intensive measures,
and not helping fuel poor households due to their
inability to meet the ‘Golden Rule’ of the Green Deal
(Dowson, et al., 2012). Dowson et al. (2012) also
argued that comparatively fewer efforts have been
made to improve privately owned dwellings, which

are predominantly old, terraced and semi-detached
houses. This is particularly important when one takes
into account that 84% of the HTT stock in England is
privately owned (68% owner-occupied and 16%
private-rented) and more than 50% of the sector is
categorised as HTT (EEPH, 2008). A recent study
(Lewis and Smith, 2014) indicated that private sector
landlords have no incentive to improve the thermal
performance of their properties due to the lack of
direct benefits, whereas some homeowners may not
be able to afford the high upfront cost of the retrofit
process. The private sector HTT stock has, thus,
remain ‘untouched’ (EEPH, 2009) with respect to
energy retrofit.
Unintended consequences of housing energy
retrofit
There is a growing body of literature on the potential
unintended consequences of various energy retrofit
measures if these are not designed and implemented
appropriately. Maladaptation consequences include
summer indoor overheating, mould on reveals and
party walls, interstitial condensation, and an increase
in occupant exposure to indoor sourced pollutants
such as PM2.5, Volatile Organic Compounds (VOCs),
Environmental Tobacco Smoke (ETS) and radon
(Shrubsole et al., 2014).
There is also an increasing amount of evidence that
suggests an increase in summer overheating in
dwellings that are newly built or have undergone
energy retrofit in a traditionally heating dominated
temperate climate (ZCH, 2015). It is also believed
that the problem will be exacerbated in the future as a
result of a warming climate. There are many studies
that have modelled the impact of a range of fabric
retrofit measures on building performance under a
future climate across the UK housing stock (Jenkins
et al., 2011; Gupta and Gregg, 2012; Mavrogianni et
al., 2012). Common themes that emerge from these
studies include potential overheating risk in the case
of internal wall insulation in present and future
climate if no sufficient means of cooling are
provided, and the importance of controlled
ventilation, night purge ventilation, and shading in
controlling overheating. A consensus has been
reached that retrofit for climate change mitigation
also needs to facilitate the climate change adaptation
of buildings.
Existing studies have analysed the thermal
performance of HTT homes in isolation. However,
considerably less literature can be found that attempts
a comprehensive study of thermal performance of
pre- and post-retrofit HTT homes, an economic
evaluation of the retrofit measures and development
of value propositions for different stakeholders.
Following the abolishment of the Green Deal scheme,

a holistic approach is required to improve the
formulation of future Government programmes
aiming to accelerate the retrofit of HTT homes and
reduce the conflict of interest among stakeholders.
This paper seeks to evaluate the impact of a series of
building fabric retrofit measures on space heating
energy consumption and summer overheating in
typical HTT homes located in London, which is the
UK region with the highest percentage of HTT
properties due to the prevalence of solid walls (BRE,
2008), and apply a holistic approach for the
assessment of retrofit measures considering the value
proposition of major stakeholders of large-scale
retrofit programmes for HTT homes. With regard to
unintended consequences of retrofit, whilst the
present study focuses on overheating risk for
illustration purposes, other risks will be added to the
framework as part of ongoing work. The objectives
of this study are as follows:
1. to evaluate the current thermal performance of
typical HTT homes using dynamic thermal
simulation under the current and future climate;
2. to assess the impact of the thermal upgrade of
walls, lofts, windows, increasing the reflectivity
of exterior surfaces, application of shading and
different natural ventilation strategies on space
heating energy consumption and summer
overheating; and
3. to carry out Discounted Cash Flow (DCF) and
Net Present Value (NPV) analysis for the
modelled retrofit measures.

METHODS
Dwelling archetype, construction details and
occupancy patterns
Based on a statistical analysis of the English Housing
Survey (EHS, BRE, 2008), mid- and end-terraced
dwellings are two of the most frequently occurring
dwelling types within the HTT stock, together
comprising more than one third of the HTT stock,
and they were, thus, selected for analysis in this
study. Geometric archetypes representative of British
architecture developed for another study were used
(Taylor et al., 2015). Results presented in this paper
where obtained from simulations with both dwelling
types modelled with the front facade facing South.
South orientation has been chosen because maximum
solar gains are anticipated from this orientation
(McLeod et al. 2013), and hence it represents a best
case scenario with respect to maximising solar gains.
Future modelling work will compare results obtained
from multiple orientations. Tables 1 and 2 describe
the baseline construction details, and occupancy,
heating and ventilation pattern assumptions.

Retrofit measures
Table 3 describes the building fabric improvement
measures, the post-retrofit construction U-values and
their cost. Two different ambitious building fabric
efficiency levels were tested: i) the minimum U-value
requirements for newly constructed elements
undergoing energy retrofit according to Part L1B
(HM Government, 2010), and ii) the PassivHaus
standard for retrofitted buildings, EnerPHit
(PassivHaus, 2015). Taking into account that the
uptake of PassivHaus (PH) has increased since the
introduction of the UK Government’s ambitious
carbon emissions reduction targets (McLeod, et al.,
2012), the building fabric requirements of this
standard were modelled to assess the potential space
heating savings and summer overheating potential of
a significant thermal upgrade. Retrofit costs were
derived from AECOM (2015), which includes the
prime cost of the material, labour cost and the cost of
any other materials required. Extended polystyrene
insulation and glass fibre roll insulation were
modelled for walls and roof, respectively.
Improved ventilation scenario
Apart from the base case ventilation scenario
(ventilation scenario 1, in Table 2), two additional
ventilation schemes were tested. Ventilation scenario
2 was a sophisticated pattern where windows remain
open when external temperatures remain between 20°
C to 25° C and the inside temperature is higher than
outside temperature. Ventilation scenario 3 was an
occupant-controlled pattern where the windows are
left open in the night and closed during the day with a
solar shading device (external shutters) in operation
from 07:00 to 19:00. It was assumed that ventilation
is driven by thermal comfort; noise, security and
pollution concerns were not factored in. Two
occupancy scenarios, a family and an elderly couple
were modelled, in line with Mavrogianni et al. (2014)
and Porritt et al. (2012). According to BRE (2008),
39% of families with children and 41% of households
with a person above 60 years old live in HTT homes.

Weather data
Current and future weather data developed for
Islington, London by the PROMETHEUS project
(Eames et al., 2011) based on the UK Climate
Impacts Programme 2009 (UKCP09) were used. The
50th percentile for the 2030s and 2050s weather data
under Medium emissions scenario and the 90th
percentile for the 2030s and 2050s weather data
under the High emissions scenario were selected.
Table 1
Base case construction details
Element
External
wall
Internal
wall
Roof

Ceiling
Floor
Glazing

Construction
(Outside to Inside)
215 mm brickwork + 10 mm
plasterwork
13 mm plasterwork + 115 mm
brickwork + 13 mm plasterwork
10 mm roofing tiles + 7 mm
tiling board + 100 mm glass
fibre quilt insulation + 10 mm
plasterboard
5 mm wool-felt underlay + 175
mm timber flooring + 50 mm
cavity + 10 mm plasterboard
Synthetic carpet + 200 mm
timber + clay
6 mm Pilkington glazing in
timber frame

U-value
(W/m2K)
2.10
2.00
0.35

0.95
0.90
5.60

Table 2
Occupant behaviour assumptions
Occupancy
scenario
Family with
one child (3
people)
Elderly
couple (2
people)

Heating pattern
(heating setpoint:
20 °C)
06:00 to 08:00;
17:30 to 23:00
07:00 to 23:00

Ventilation pattern
(when occupied)
If Tout < Tin, windows
open in the living
room if Tin > 25 oC, in
the bedroom if Tin >
23 oC.

Table 3
Construction and cost of retrofit measures, and improved U-values of building elements
Element
Loft insulation
External wall
insulation
Internal wall
insulation
High reflectivity
coating
Secondary glazing
External shutters

Building
Standard
L1B
EPH
L1B
EPH
L1B
EPH
L1B
-

Modification to base case construction
Increasing glass fibre insulation to 240 mm
Increasing glass fibre insulation to 300 mm
Adding 110 mm EPS external insulation
Adding 220 mm EPS external insulation
Adding 110 mm EPS internal insulation
Adding 220 mm EPS internal insulation
Adding external surface render (solar absorptance =
0.2) to loft and wall post insulation
Adding 6 mm Pilkington glass internally at 120 mm
Adding high reflectivity external shutters

Improved Uvalue (W/m2K)
0.15
0.12
0.27
0.14
0.27
0.14
Same as post
insulation
1.60
-

Cost
£12.00/m2
£21.00/m2
£71.40/m2
£94.50/m2
£39.90/m2
£54.63/m2
£13.90/m2
£53.82/m2
£4,536/dwelling

Indoor overheating assessment
The static thermal comfort standard suggested by
CIBSE Guide A (CIBSE, 2006) was followed for the
assessment of summer overheating. Benchmark
summer peak operative temperature of 28 ⁰C for the
living room and 26 ⁰C for the bedroom were applied.
Overheating is deemed to occur when these threshold
temperatures are exceeded by more than 1% of
occupied hours annually.	
  
Method for cost analysis
Discounted Cash Flow (DCV) and Net Present Value
(NPV) analysis were carried out to ascertain the
economic feasibility of the modelled retrofit packages
(Equations 1 and 2, below). DCV is a valuation
method commonly employed to estimate the
attractiveness of an investment, in this particular case
of retrofit interventions. Assumptions considered for
the analysis are listed in Table 4.
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(2)

CF = cash flow
r = discount rate, i.e. the interest rate used to
determine the present value of future cash flows
C0 = initial investment
Table 4
Cost benefit analysis assumptions
Parameter

Value

Source

Discount rate

3.5%

(CSIB, 2014)

Gas price

3.14 p/kWh

(DECC, 2015)

Carbon content
of gas

0.2 kgCO2/kWh

(Carbon Trust,
2011)

RESULTS, ANALYSIS AND
DISCUSSION
This section presents the analysis and discussion of
results of the dynamic thermal simulation pre- and
post-retrofit. Parameters for analysis include annual
space heating energy consumption (SHEC) per m2,
the CIBSE static indoor overheating metric and the
distribution of summer living room temperatures.
Base case space heating energy consumption
SHEC varies between 103.5 kWh/m2 and 163
kWh/m2 in the present climate depending on the
dwelling type and the household occupying it. By
comparison, the National Energy Efficiency DataFramework (DECC, 2013) reported the average

domestic SHEC to be 126 kWh/m2 with a standard
deviation of 66.85 kWh/m2 across all dwelling types.
The elderly couple living in end-terraced and midterraced house consumes the more energy for space
heating 163 kWh/m2 and 133.8 kWh/m2 respectively
as compared to multi person household using 118.2
kWh/m2 and 103.5 kWh/m2 for end and mid terrace
house, respectively. This can be attributed to the
higher heat losses from the end-terraced houses due
to the larger external wall area compared to midterraced houses and the longer heating hours assumed
for the elderly couple. Similar results have been
presented by Gupta and Gregg (2012) with semidetached houses consuming 30% more than mid
terraced houses. In the future climate (both in the
Medium and High emissions scenarios), the heating
demand is found to decrease, with the rate of
decrease varying by climate scenario, house position
and household type.
Impact of retrofit measures on space heating
energy consumption
The energy savings post-retrofit is illustrated in
Figure 2. Adding loft insulation leads to between
6.2% to 10.8% reduction in SHEC depending upon
the level of insulation, house and household type. The
difference between L1B level and EnerPHit standards
insulation is small due to the marginal difference
between the input U-values (0.15 W/m2K and 0.12
W/m2K, respectively). Wall insulation, particularly
internal insulation, is found to be most effective in
reducing SHEC. The reduction ranges from 30-48%
depending upon the exposed external wall area,
SHEC, the thickness and positioning of insulation.
The end-terraced house occupied by the elderly
couple had the highest reduction in SHEC upon wall
insulation in the range of 48-53% depending on
insulation position and standard. Internally insulated
house meeting EnerPHit standard yielded maximum
reduction. Increasing the surface albedo of external
walls, upon insulation, leads to a lower reduction in
SHEC as it reduces the solar gains during winter.
Adding secondary glazing to single glazed windows
was found to further reduce SHEC by 5.8-7.5%. In
contrast to wall insulation, mid-terraced houses
benefitted more than end-terraced houses by adding
secondary glazing. This can be attributed to the lower
Wall-Window Ratio (WWR) in the case of the endterrace archetype (WWR = 0.19) as compared to the
mid-terrace one (WWR = 0.29). It can be inferred
that the higher the WWR, the higher the SHEC as
reported by McLeod et al. (2013).
Base case summer overheating
Overheating increases in the future climate. however,
no significant level of overheating is reported in the

current climate for the examined archetypes as has
been found in previous studies (Gupta and Gregg,
2012). End-terraced houses were found to be more
prone to overheating. The importance of adapting to
climate change is indicated from the fact that the %
of overheating hours are almost three times more in
the High emissions scenario as compared to the
Medium emissions scenario in 2030s and four times
in 2050s. The CIBSE static overheating criteria only
records the number of hours exceeding the threshold
temperature and does not display the severity of
overheating above this threshold. Hence, a histogram
analysis of space temperature was carried out for the
living room (Figure 3). It is observed that the
characteristics of the ventilation regime are important
in controlling summer overheating. Ventilation
scenario 1 (windows open only when space is
occupied) provides the least adaptation against
changing climate. A shift of mean temperature from
21°C to 25-26°C is observed for both the climate
change scenarios, which is similar to that reported by
Oikonomou, et al. (2012) under absence of adequate
ventilation. In terms of static overheating criteria,
ventilation scenario 2 (all-day rapid ventilation) has
been able to control overheating under the Medium
Emissions scenario even in the 2050s and reduces the
% of overheating hours by almost 50% as compared
to ventilation scenario 1 under the High emissions
scenario. A shift of mean temperature by around 2 °C
was observed, which is similar to that reported by
Oikonomou, et al. (2014). Ventilation scenario 3
(daytime shading and night ventilation) proves to be
most effective in reducing static overheating due to
the introduction of shading.
Impact of retrofit measures on summer
overheating
In terms of overheating, the loft insulation does not
produce a notable reduction in % overheating hours
and the temperature distributions remain similar to
the base case, which is similar to the results reported
by Porritt, et al. (2012) as the latter reported the loft
insulation to reduce number of overheating by only
4%. Wall insulation, depending on insulation
placement and ventilation regime, is observed to have
different impacts on summer overheating. Under
ventilation scenario 1, internal summer temperature
tends to rise for both external and internal insulation
due to ineffective removal of increased heat trapped
inside the space. This situation is exacerbated for
internal insulation due to increased heat capture
within the building fabric. Enhanced ventilation is
effective in maintaining the temperature spread
positively skewed under all the climatic conditions. It
is also interesting to note that under ventilation
scenario 2 the difference in temperature distribution

for internal and external wall insulation is negligible
as the space is ventilated based on internal
temperature irrespective of occupancy and hence any
entrapment of heat within the fabric is prevented.
Ventilation scenario 3 is effective in this situation as
the shading protects the internal space from high
solar gains and cools the fabric during the night.
Thus, the spread is narrower in this case as compared
to other ventilation scenarios and the temperature
distribution remains positively skewed under all
climate scenarios. Application of coating has a
positive impact on controlling overheating and
maintaining positive skewness of the temperature
spread. Lower reduction in SHEC may be justified as
the coating reduces overheating by 12-21%
(ventilation scenario 1) as has been argued by Gupta
and Gregg (2012) and Porritt, et al. (2012). The
coating yields better performance in the current
climate, especially in the case of external wall
insulation with ventilation scenario 1. However, it
seems to lose its effectiveness in the High emissions
2050s scenario. Under improved ventilation, the
temperature distribution with and without high albedo
coating almost overlaps, which suggests that
improved ventilation might produce the same benefits
as increasing the albedo of external surfaces. An
added advantage to improving the ventilation is that
there is no compromise with the effectiveness of the
wall insulation and no added cost of coating material.
Adding secondary glazing reduces the number of
overheating hours by 40-65%. The effectiveness of
secondary glazing in maintaining favourable
temperature distribution especially in the case of
internal wall insulation is appreciable as the reduction
in overheating is in the range of 54-65%. Enhanced
ventilation adds up to its effectiveness. Especially in
the 2050s, secondary glazing is found to be more
effective as can be seen from the narrower spread of
temperature on the higher end of the temperature
range as compared to the pre-secondary glazing
scenario due to the improved g-value of the window.
Many authors (Capon and Hacker, 2009; Gupta and
Gregg, 2012; Porritt, et al., 2012) have reported
similar results and reductions in number of
overheating hours upon improving glazing. Shading
proves to be the most effective intervention to control
overheating in the current climate as the temperature
distribution peaks between 19-20 °C and
temperatures do not exceed 25 °C in the current
climate. In terms of static overheating, the reduction
is found to be in the range of 70%-100%. It is found
to be most effective in the case of ventilation scenario
1. This shows that under inadequate provision of
ventilation for space cooling, shading can prove to be
effective in maintaining thermal comfort. Under
ventilation scenario 3, the occurrence of high

temperatures is significantly reduced due to reduced
severe solar gains. Similarly, Mavrogianni, et al.
(2014) reported night ventilation with daytime
shading to reduce peak daytime temperatures. Figure
3 shows results of this analysis for the end-terraced
house occupied by the elderly couple under the 90th
percentile High emissions 2050s climate scenario
(worst case combination).
Cost analysis
Net Present Value (NPV) analysis was carried out in
this study to analyse the cost effectiveness of various
retrofit measures. In order to apply a holistic
approach to this analysis, an attempt was made to
bring together value propositions for residents,
investors and the Government about housing retrofit.
These propositions are comfortable internal
conditions upon retrofit, guaranteed savings on
energy bills and least disruption for residents;
attractive present worth of investment and guaranteed
return of investment within measure service life for
investors; and maximum reduction in CO2 emissions,
prevention of increase in domestic energy demand for
the Government. Thus, a scatter plot analysis has
been carried out for SHEC vs. NPV highlighting
measures having potential to increase summer
overheating (Figure 4). Based on this analysis, the
following observations were made:
1. Potential to achieve reduction in SHEC is higher
in houses occupied by the elderly couple as
compared to the family.
2. Measures applied on end-terraced houses yield
higher NPV as compared to the same measures
applied on mid-terraced houses.
3. Internal wall insulation performs better in terms
of NPV as it provides similar reduction at lower
cost and hence can be of primary interest to
investors.
4. Loft insulation proves to be less attractive as
compared to measures such as wall insulation
and secondary glazing, which is contradictory to
its public perception.
5. Measures such as high albedo coating and
shading, which are meant to provide adaptation
against the warming climate, are generally
yielding negative NPV as they do not contribute
to the reduction in SHEC.
6. The occurrence of a ‘tipping point’ can be
observed from the cumulative % reduction vs.
cumulative cost, particularly in the case of
internal wall insulation measures applied in endterraced houses. In contrast to the above
observation, external wall insulation measures
do not display a similar behaviour.

Recommendations for future research
This paper presented ongoing work on the
development of an integrated framework for the
retrofit of HTT dwellings that encapsulates energy,
comfort, cost and value propositions for different
stakeholders. Whilst the the study focused on
London, the framework is transferrable to other UK
cities and regions. Future work will increase the
number of modelled scenarios (e.g. building
orientation, occupant behaviour), use alternative
overheating critieria and validate the existing
modelling assumptions and outputs against monitored
data. In addition, the value propositions will be
revised and expanded on through collaboration and
co-creation with relevant stakeholders.

CONCLUSION
The present study aimed to evaluate the impact of the
building fabric retrofit process on space heating
energy use and summer overheating in Hard-to-Treat
(HTT) homes located in London. The study also
aimed to holistically assess the fabric retrofit process
considering retrofit value propositions for residents,
private investors and the Government. Combined
thermal and cost analysis revealed interesting
observations and differences in measures of interest
among different stakeholders. Internal wall insulation
was found to provide the highest NPV, which would
be of particular interest to private investors.
However, its potential to increase summer
overheating and disruption during installation would
make it less attractive among residents. External wall
insulation, in general, and PassivHaus level
insulation, in particular, was found to generate low
NPV compared to other wall insulation options,
reducing its attractiveness among investors.
However, existing literature reported it to be
appealing to the residents due to least disruption
during installation and improved external façade.
Interestingly, the climate change adaptation measures
were found to generate least NPV among all the
measures tested as they do not contribute to the
reduction in space heating energy use. Whilst this
partly explains the exclusion of shading measures in
the recently abolished Green Deal package, which
was financed by private investors, such measures are
essential for future climate-proofing UK dwellings.
Previous studies have reported the direct benefit of
retrofit and independence in decision making to be
important factors in stakeholder engagement during
the retrofit process. The scatter plots generated as a
result of the cost analysis can be used as a common
platform
for
discussion
among
residents,
homeowners, investors and the Government as they
reflect their value propositions and can be used for
planning future retrofit programmes.

EPH standard
Figure 2
Space heating energy consumption pre- and post-retrofit under different climate scenarios. Note: The vertical axis
represents space heating energy consumption in kWh/m2
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EPH End terrace house, Elderly couple
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Figure 3
Distribution of summer internal temperature for the end terraced house occupied by the elderly couple under the
90th percentile High emissions climate change scenario for the 2050s
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L1B level EWI
EPH level EWI
L1B level IWI
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Figure 4
Cost and tipping point analysis for the end-terraced house occupied by elderly couple
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