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The  UK  Government  estimates  that  approximately  22 TWh  of  energy  can  be  saved  from  English  dwellings
by  2020  from  a range  of  fabric  and heating  energy  efficiency  retrofits.  Yet  the  rate  of  retrofit  uptake  has
been  less  than  is  needed  to meet  government  targets  and  the  retrofits  impact  on energy  demand  has
been  less  than  predicted.  Two  questions  that  must  be addressed  are: who  have  (and  have  not)  taken  up
retrofits  and what  household  factors  affect  this;  and,  what  impact  have  these  retrofits  had  on  energy  use
and  how  does  this  differ  among  households.  The  purpose  of  this  study  is  to provide  a  better  understand-
ing  of  the  uptake  of  energy  efficiency  retrofits  and  the  resulting  change  in  energy  demand.  A cohort  of
168,998  dwellings  gas-heated  English  dwellings  was  used  to examine  retrofit  uptake  from  2002  to  2007
and  the change  in  gas  use  from  2005  to 2007.  The  findings  show  that  retrofits  do  have  an  attributable
etrofit
nsulation
eating
ousing
ngland

impact  on  reducing  energy  demand  and  that  combining  retrofits  displays  a  dose–response  like  effect,
after  controlling  for household  and  dwelling  factors.  Energy  savings  play  a central  role  in meeting  UK
climate  change  mitigation  targets  and  therefore  understanding  the  take up  of energy  efficiency  retrofits
and  their  impact  on  energy  demand  and  variations  in  these  retrofits  across  the  population  is  vital  to
understand  their  potential.

© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

As part of the UK’s commitment to reduce greenhouse gas emis-
ions, energy demand in the existing English housing stock needs
o reduce through a comprehensive package of efficiency retrofits
longside decarbonising energy supply [1]. The government esti-
ates that through increased efficiency an energy savings potential

f 22 TWh  is possible by 2020, a reduction of ∼4.4% from 2012
emand levels of 500 TWh  [2], delivered through a range of energy
fficiency measures that focus on dwelling fabric and heating sys-
ems. These proposals include: insulating 7.3 million solid walled
omes, 5.1 cavity walled homes, 7.4 million lofts, 19.2 million dou-

le glazing installations, 17.6 million boiler upgrades, along with
illions of dwelling needing heating controls, draught-proofing,

eating recovery systems, and smart meters [2]. Further, retrofits
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would help to mitigate household energy costs from price rises
and protect against the effect of cold weather shocks on heating
energy demand. Therefore, to address the priority of improving
the energy performance of dwellings in the UK evidence is needed
to advance understanding regarding the rate of uptake of energy
efficiency retrofits across the residential sector and their resultant
energy savings.

Approximately 12.2 million UK dwellings have received some
form of energy efficiency retrofit since 2000 [3]. The majority of
these retrofits were directed toward reducing space heating use
through fabric insulation, ventilation control and more efficient
heating systems, with many of the retrofits being installed in com-
bination. Despite these installations, the rate of retrofit uptake
across UK dwellings has been less than is required to meet UK tar-
gets [4]. Further, the impact that these retrofits have on energy
demand has been less than predicted [5]. Together, the limited
uptake and impact on energy demand pose a clear threat to meeting
UK emission reduction targets.

A pressing question that emerges relates to who  have (and

have not) taken up retrofits and whether household factors affect
this uptake over time? A second question is what impact have
these measures had on demand and how does it differ among

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Study sample selection process.
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Fig. 2. Uptake of energy efficie

ouseholds? Several studies have shown that uptake has varied
mong English neighbourhoods by income groups, vulnerability,
egion and age of housing stock [3,6]. While several cross-sectional
tudies have shown how dwelling typologies influence retrofit take
p, with older dwellings generally needing more insulation and
thers requiring specific types of retrofit (i.e. cavity filling insu-
ation) and the influence of household characteristics on retrofit
resence with lower income, privately renting households living in
wellings with the lowest levels of efficiency [7,8]. However, to date
here has been little work to understand (a) how individual level

ousehold or dwelling characteristics modify uptake over time and
he type and combination of retrofits, and (b) whether having a
etrofit modifies the probability of installing subsequent measures.
urther, while studies have attempted to quantify the impact that

a

7002otelbaliavaylnostnuoC*

trofits in England 1996–2012.

retrofits have had on energy demand in UK dwellings [9–11], there
has been little work to understand (a) the extent to which dwelling
and household characteristics modify changes in energy demand;
and (b) whether cumulative retrofits result in more savings.

The purpose of this study is to provide a better under-
standing of the uptake of energy efficiency retrofits and the
resulting change in energy demand that accounts for individual
dwelling and household characteristics, adjusting for potentially
confounding and interacting factors. The research questions asked
were:
) What is the rate of uptake of energy efficiency measures in the
English housing stock, what dwelling, household and local area
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Fig. 3. Cumulative uptake of energy efficiency retrofits in England 2002–2012.
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features affect this rate, and what differences exist between
those dwellings that installed/received efficiency measures?

) What is the rate of change in energy demand in the English hous-
ing stock and what dwelling, household and local area features
affect this rate? And,

) What is the effect (individually and in combination) of heat-
ing system and fabric insulation energy efficiency measures

on change in energy demand, and what factors affect these
changes?
ian) Sample N=  145 ,885

r) per dwelling in study sample, 2004–2007.

Factors that may  be associated with energy efficiency uptake
and the impact that retrofit measures have on energy savings
include: household practices and their socio-economic characteris-
tics, beliefs and social norms, upfront cost of measures, perception
of risks and challenges, perception of institutions such as govern-
ments or energy suppliers, ownership, and dwelling characteristics
[7,12]. Higher-income households may  also be more able to reduce

their energy demand than lower-income dwellings [13]. In this
study, the following hypotheses are tested:
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3.1.2. Energy supplier meter point data
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. Households with lower incomes accept/receive more measures
than higher income levels.

. Households that own their homes accept/receive more measures
than other tenures.

. Older dwellings are more likely to take up energy efficiency mea-
sures.

. Older dwellings are less likely to achieve energy savings com-
pared to newer dwellings.

. Lower-incomes households are less likely to realise energy sav-
ings compared to higher incomes.

A population-based cohort study of English dwellings was used
o investigate the association between household and dwelling
haracteristics and the uptake of energy efficiency retrofits from
002 to 2007 and also corresponding changes in energy use
etween 2004 and 2007. The study used a sample that was drawn to
e representative of English dwellings with a gas connection (90%
f all dwellings).

. Background

Since 2000, English houses have received millions of energy
fficiency interventions comprising fabric insulation, heating sys-
em replacements and ventilation control, which have largely been
rovided through a combination of energy supplier obligations,
uel poverty program and private installations of heating systems
nd glazing [3]. Despite these efforts, estimates suggest that the
rajectory of uptake across all types of retrofit is falling short of
he Government’s medium ambition pathways [4]. Meeting GHG
missions reduction commitments requires a better understand-
ng of where efficiency retrofits are being taken up (and where
ake up is lacking), and what impact retrofits have had on energy
se in real terms [14]. A UK House of Commons report outlined
he challenges being faced to meet these commitments includ-
ng: a lack of incentives, cost of retrofits, cost of loans and interest
ates for retrofit, complex policy mechanisms, technical installa-
ion challenges, inadequate installer capacity and training, minimal
onsumer interest, and unrealised energy savings [15].

Recent research for England has shown that the rate of uptake
or all types of energy efficiency measures between 2000 and 2007
as lower in neighbourhoods with middle and high incomes and

lso in the rental market, and the highest rates were among neigh-
ourhoods with lower incomes, more benefits and higher levels of
wner-occupied dwellings [3]. Several studies for the UK suggest
hat the rate of uptake of efficiency measures is most influenced
y decision-making autonomy (i.e. dwelling ownership), income

evels, existing energy performance, and regulatory requirements
7,8,16], and the attitudes and barriers to adopting energy efficiency
12,17].

An obvious challenge to achieving a high rate of uptake of
nergy efficiency among UK homes is that there are real differ-
nces in terms of the dwellings’ physical construction, design and
ize, energy performance, existing heating and ventilation systems
nd appliances, access to fuels and their location [18]. The effect
s that seemingly similar houses can have very different levels of
nergy demand [19–21], reflecting real differences in the practices
round energy demand.

The literature also shows that variation in the change in energy
emand is dependant on the level of efficiency improvement
ought (e.g. deep retrofits versus single component improvements)
11], the quality of the installation, and the response of house-

old occupants (e.g. upfront cost and savings recuperation, comfort
aking) [22]. Work by Wyatt showed that installing efficiency mea-
ures resulted in changes in gas demand (compared to dwellings
ith no efficiency measures), including reductions of: 10% for
ildings 118 (2016) 259–276

cavity wall insulation, 3% for loft insulation, 8% for condensing
boiler installations, and 2% for double glazing installation [9].

Several of the above studies provide evidence of real changes
in energy demand following the introduction of fabric and heating
efficiency measures, but do not fully examine the potential varia-
tion in changes in energy demand due to dwelling or household
features. Of interest in this study is what factors are associated
with energy efficiency retrofits uptake, what the actual change in
energy demand following the introduction of efficiency measures
and whether this change can be attributed to the retrofit while
accounting for those dwelling and household factors that affect
savings.

3. Methods

A population-based cohort study was selected to examine the
relationship between energy efficiency retrofit uptake and individ-
ual dwelling characteristics and the relationship between changes
in energy use and installation of energy efficiency retrofits.

Cohort studies are observational studies of a selection of indi-
viduals over time and are well suited for studying incidence (i.e.
detecting changes in outcome patterns) over time and to deter-
mine how outcomes might vary between those exposed to a factor
or event and those who  are not, with the aim of determining aeti-
ological (causal) links. A cohort looks to follow a population over
time to determine how outcomes (e.g. energy demand) change with
exposure (e.g. retrofits), rather than being selected for already being
exposed and compared (i.e. a case-control study). A cohort study
offers the advantage of being able to study numerous factors and
levels simultaneously.

3.1. Datasets

In this study, a cohort study sample of English dwellings was
selected to be representative of the English housing stock using the
Homes Energy Efficiency Database (HEED) connected to gas and
electricity meters. The study focused on the uptake of energy effi-
ciency retrofits dwellings with a gas connection, which comprises
90% of all primary heating systems in England [23]. Each dataset
used in the analysis is described.

3.1.1. Homes energy efficiency database
HEED comprises information on the energy performance and

installation of energy efficiency retrofits in England, covering a
period from 1993 to 2013. The database is managed by the Energy
Saving Trust as a repository of energy efficiency activities that have
taken place in the UK and includes data from installers, industry
accreditation bodies, energy suppliers, government-funded pro-
grams, local authorities and home surveys [24]. Information was
collected at a dwelling level and includes a range of dwelling and
energy efficiency details on over 16.4 million dwellings in the UK.

The database is broadly representative of the English stock in
terms of size and dwelling type, except for flats which were under-
represented, and is shown to provide a considerable breadth of
geo-spatial coverage and is estimated to account for 90% of the
energy efficiency interventions that took place between 2002 and
2007 [3].
A database of annualised gas and electricity energy supplier
meter point data for the years 2004–2007 was  used to examine
the impact of energy efficiency retrofits on energy demand. The
energy data used in the study was the latest made available for
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Table  1
Energy efficiency retrofit details collected in HEED.

Component Energy efficiency interventions

Heating controls Standby saver
Central heating controls upgrade
Delayed start thermostat
Thermostatic radiator valves
Load or weather compensation

Heating system Community heating
Ground source heat pump
Replacement: biomass boiler, electric boiler, gas condensing boiler (standard and combi), gas boiler (standard and
combi), oil condensing boiler (standard and combi), oil boiler (standard and combi)
Room heater: electric, gas, solid fuel
Solid fuel fire cassette
Storage heaters
Electric and gas warm air system

Cavity walls Cavity wall insulation (pre and post-1976, and unknown property age)

Solid walls External wall insulation to U-value of 0.37 W/m2K, U-value of 0.45 W/m2K
Internal wall insulation to U-value of 0.37 W/m2K
Unknown solid wall insulation

Lofts  Loft insulation: 0–250 mm,  25–250 mm,  50–250 mm,  75–250 mm,  100–250 mm,  150–250 mm

Domestic hot water Installed modern DHW cylinder

Ventilation Draught proofing (general)

Glazing Replacement double glazing
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Smart systems Real time displays
Visual display unit

onnection to the HEED.1 The energy data was connected to HEED
t the address level by DECC and provided for analysis in an
nonymised form with only neighbourhood identifiers (i.e. lower
ayer census output area (LSOA)).

The annualised gas demand data is derived from two  meter
eadings at least six months apart and corrected for seasonal nor-
al  demand (i.e. annual weather correction) and end-user climate

ensitivity [25]. The annualising method provides a means of com-
aring total gas demand between years that removes the effect of
old or warm weather (described fully in Ref. [25]. The implication
f the weather adjustment is that changes over several years are
ikely to be more appropriate for determining the impact of energy
fficiency retrofits than year-to-year change [26]. The gas year is 1
ctober–30 September. The gas data does not contain an explicit
ag for domestic meters, but is typically identified as being less
hat 73.2 MWh/year. It was assumed that the gas data connected to
EED are for domestic properties only.

The electricity demand data is also derived from meter readings
nd annualised using a process that allocates meters to domes-
ic annual demand profiles.2 Electricity data is not corrected for
nter-annual weather. Domestic electricity meters are classed into
nrestricted electricity or economy 7 meters. Economy 7 meters
re on a time charge tariff that offers cheaper electricity during
ff-peak hours (DECC, 2009b), and are typically used for electric
torage heating or hot water. Unrestricted meters are all other uses,

hich may  also include heating and hot water. The annual period

or electricity meters is from 30 January to 29 January.

1 N.B. the Dept. of Energy and Climate Change have released a more recent
ample of energy data and retrofits, known as the National Energy Efficiency Data-
ramework (NEED), but was not used in this analysis due to limited information
vailable on the households, the geographic covereage, and the sampling method
eing in appropriate for a cohort study design.
2 Demand profiles for domestic meters are created using 30 min  interval meter

ata for a statistically representative sample of domestic meters in a given network
rea for a year [43]. Profile coefficients, representing half-hourly fractions of demand
re  summed and applied to the meter reading advance (i.e. the difference).
Both the gas and electricity data was provided in an annualised
form for use in this analysis. The gas and electricity data was cleaned
to remove potentially erroneous data points, including: missing,
zero, negative, and very large values (i.e. above 73.2 MWh/year
for gas and 50 MWh/year for electricity). A further cleaning was
applied to inter-annual changes in demand: meters with miss-
ing readings or repeated values in any year (2004–2007) were
removed; meters with large changes in demand were also removed,
i.e. >±80% of the preceding year. Further details on the meter data
are available in Ref. [27].

3.1.3. Neighbourhood level household characteristics
To examine neighbourhood level effects, data at the LSOA level

were used. Experian Mosaic Public Sector data on median income
and household type (based on Mosaic classification) were used [28].
Data on age of population, number of benefit claims, and council
tax bands were drawn from the Neighbourhood Statistics service
[29]. The neighbourhood level data were not collected for every
year in the study; therefore data from the nearest year to 2007
were used wherever available. The LSOA level data was  connected
subsequently using the LSOA codes provided in the anonymised
HEED + Energy data. For further details on the LSOA level data, see
Appendix A.

3.2. Study population—English cohort

To examine the uptake of energy efficiency measures in Eng-
land’s housing stock and its impact on gas demand, the combined
HEED + Energy data, relating to approximately 11.6 million unique
dwellings along with electricity and gas meters, was used as the
basis for selecting the study sample (Fig. 1). Although HEED con-
tained 16.3 million dwellings, the matched data made available
from DECC used in this study comprised a match for 11.6 million
dwellings. For computational and testing purposes, a 40% randomly

selected HEED + Energy dataset was drawn from the full dataset for
detailed analysis.

To draw a sample representative of English dwellings, a sam-
ple frame was  constructed using the 2011 EHS, which is a
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and a reference class was  used against which to determine param-
eter estimates. Estimates of change in gas demand were made
for all dwellings and then adjusted to control for physical and
64 I.G. Hamilton et al. / Energy a

ross-sectional survey that is representative of English dwellings
nd households [30]. The 2011 EHS comprises survey from 2010
o 2011 and was used because it was the latest data to align with
EED at the time of analysis. The sample frame was  constructed to
e representative of gas-heated English dwellings and comprised:
welling age, dwelling type, number of bedrooms, government
egion, and household tenure. To align with HEED variables, EHS
welling age, type and tenure were recorded to construct the sam-
le frame (see Appendix B).

The sample was drawn using SAS 9.3 Proc Surveyselect [31].
 sample size of 200,000 dwellings was requested using a simple
andom sampling design, which is selection with equal probability
nd without replacement. The resulting study sample comprised
68,998 dwellings with gas electricity meters. A comparison of the
riginal HEED + Energy dataset, the 2011 EHS and the study sample
s provided in Appendix B.

.3. Energy efficiency interventions

The data available for study spans 2002–2012, which includes
 number of government programs (Warm front, 2000–2013),
nergy company obligations (Energy Efficiency Commitment (EEC)

 & 2, 2002–2008; Community Energy Savings Program (CESP),
008–2012; and Carbon Emission Savings Program, 2008–2012),
etrofit building regulations assessment requirements for double
lazing (Fenestration Self-Assessment Scheme (FENSA) from 2002),
nd gas system safety checks for private and social let properties
as Safety Regulations, 1998 [3,32,33]. The retrofit installation pro-
ess, including its management and financing, depended on the
rogram or mechanism by which it was introduced to the dwelling.
ost government and energy supplier programs included a third

arty installer to oversee the retrofit, while privately financed
etrofits were most likely overseen by the resident or landlord.

Table 1 details the retrofit interventions available for analy-
is within HEED. A date (including month and year) of survey or
etrofit installation was provided for each energy efficiency retrofit
or every dwelling in HEED.

.4. Outcome

For the analysis focused on the uptake of energy efficiency
etrofit interventions the outcome of interest was the presence of
n energy efficiency measure installed from 2002 to 2007. The
nalysis grouped all ‘major’ measures together, which included:
avity wall insulation, loft insulation to 250 mm,  double glazing
nstallation, heating system upgrades (including condensing boiler
nstallation), and draught-proofing. Two further subgroups were
erived that included ‘fabric’ measures (wall and loft insulation,
lazing, and draught-proofing) and ‘heating’ measures (all heat-
ng system upgrades, including: heating controls, boiler upgrades).
n addition to the presence of any intervention, the presence of
dditional interventions (i.e. any retrofit taking place following an
nitial retrofit) and the total number of retrofits (i.e. a package of
abric and heating retrofits) were examined. This was  in order to
etermine whether, say, having a fabric intervention (e.g. cavity
all insulation) made a dwelling more or less likely to have sub-

equent retrofit (e.g. boiler replacement or loft insulation). Also,
hether uptake over the period unfolded as packages of energy

fficiency retrofits or single interventions. Three outcome measures
ere examined: (a) the presence of retrofit intervention(s) any time
uring the period 2002–2007; (b) the presence of subsequent inter-
ention measures within the period; and, (c) the total number of

ny retrofits over the period.

For the analysis focused on the impact of efficiency retrofit inter-
entions on energy demand the outcome of interest was  the change
n annualised gas demand between gas years. The available gas data
ildings 118 (2016) 259–276

covered only 2004–2007; therefore, the impact analysis only exam-
ines interventions within that period. The measures of change in
annual gas consumption used for the analysis were the absolute
change in demand (measured in kWh/year) and the proportion
change in annual demand from one year to the next (measured
as a proportional change in demand, unitless). For the purposes of
analysis, all energy efficiency retrofit interventions were allocated
to the gas year (i.e. 1 October–30 September). Further, there is a
chance that households (in all tenures) may  have moved during the
study period. However, no data exists within the data to determine
this and it is expected that these numbers are small3 and randomly
allocated within the sample.

3.5. Influencing and confounding factors

Influencing and potentially confounding factors were identified
from the literature and accounted for in the analysis, where pos-
sible. These factors were classed into two types: physical dwelling
characteristics and socio-cultural practices. Physical dwelling char-
acteristics were related to those features of the dwelling that may
have an effect on whether a dwelling was eligible for an efficiency
retrofit. Dwelling age is likely an important influencing factor on the
uptake of energy efficiency retrofits. The type of dwelling will also
affect the retrofit take-up. Flats are unlikely to have lofts (unless in
converted dwellings) and present more difficulties for wall insu-
lation due to the impractical nature of insulating a single unit (if
with external insulation) and more complex ownership structures.
These physical factors were also considered to have an effect on
changes in gas demand. Older dwellings have been shown to be
colder dwellings [22], and may  therefore have a higher potential
for temperature take back. Dwelling type will also be a proxy for
the number and area of detached walls available for heat loss, which
could affect the savings from insulation.

Socio-cultural practices are related to the characteristics and
preferences of the household occupying the dwellings that could
affect energy efficiency uptake and changes in energy demand.
Household income or benefit receipt have been shown to affect
the ability to afford energy efficiency retrofits [7], but also eli-
gibility for government assistance [32]. Household tenure may
also affect efficiency uptake due to the decision-making auton-
omy of a household. Households living in social and private let
dwellings are subject to the agreement of landlords to accept
retrofits. These issues are also known to affect energy savings that
might derive from installed energy efficiency retrofits. Low-income
and households on benefits are known to have a higher exposure to
poor-quality housing [22,34] and may  have a higher temperature
take back potential to achieve thermal comfort [35].

3.6. Statistical analysis

The analysis was  carried out using SAS v9.3. Analysis of the
uptake of efficiency interventions used logistic regression to exam-
ine the presence (0,1) of energy efficiency retrofits during the
2002–2007 period for all interventions, fabric and heating system.
The probability of having had an energy efficiency retrofit was mod-
elled for all dwellings, adjusted to control for influencing factors.

General linear models (GLMs) were used to analyse change in
energy demand. All categorical variables were entered as classes
3 The ONS estimates that during the study period there were approximately 1.5
million property transactions of the 23 million dwellings, or 6% [44].
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ocio-cultural factors. GLM was also selected because the change
n energy demand had a Gaussian function distribution.

. Results

As sample of 168,998 English dwellings were examined as part
f the cohort study analysis. From 2002 to 2007, 39% received a
ajor measure, 36% a fabric measure, and 9% a heating measure.

he annual average change in energy demand across the stock
as approximately −810 kWh/year (−740 kWh/year in 2004/05,
860 kWh/year in 2005/06, and −830 kWh/year in 2006/07). This
mounted to an annual average proportion change of −3.6% for
004/05, −4.4% for 2005/06, and −4.4% for 2006/07. The following
ections concentrate on the uptake of energy efficiency measures
ithin the cohort and then the impact of the energy efficiency

etrofit interventions on changes in gas demand.

.1. Uptake of energy efficiency retrofits among English dwellings

The uptake of fabric measures in the study sample over the
eriod 2002–2007 was highest for cavity wall insulation and loft

nsulation, and heat systems (the majority of which were boiler
nstallations)—see Fig. 2. In 2009, the annual uptake rates of
eported cavity and loft insulation were around their peak of 50
er 1000 dwellings. Reported condensing boiler installations had

 peak uptake rate of 21 per 1000 dwellings in 2007. Cavity and
oft insulation and condensing boiler installations held a relatively
onstant uptake trajectory from 2002 to 2007 (see Fig. 3), though
here was a change in the number of added installations in cavity
nd loft insulation in 2008, coinciding with the CERT program.

The incidence rate (i.e. dwellings with measures installed over
ll dwellings) of uptake over the study period differed consider-
bly between dwelling characteristics. There was  a higher uptake
f fabric interventions compared with heating measures within
he cohort (Table 2). By dwelling type, the incidence of all major

easures was highest among detached dwellings (480 per 1000
wellings) and lowest among flats (280 per 1000 dwellings). Older
wellings had lower rates of fabric measure uptake than newer
wellings. The majority of the fabric measures are cavity wall fill-

ng and therefore these dwellings are more likely to have brick or
tone solid walls. The incidence of heating measures shows little
ifference by dwelling age bands. There is also a higher incidence of
eating system installation by dwelling type, particularly detached
wellings and for privately let dwelling tenures.

Whilst the incidence rate provided a measure of the uptake, the
ikelihood (i.e. dwellings with measures installed over dwellings

ith no installation) provided a measure of the probability that
 dwelling might have a measure installed, and accounts for the
ize of the population. Using the ‘crude’ probability (i.e. unadjusted
or potentially influencing factors), Table 2 shows that the average
welling had a 39% chance of having a major measure installed, a
6% chance of fabric measures and a 10% chance of a heating mea-
ure during the period. However, compared to the ‘crude’ stock
verage, dwellings were more likely to have had a major mea-
ure installed if they were: detached (22%), constructed between
967–75 (40%), privately rented (12%), are with 3 bedrooms 6%),
nd located in the North East (32%), North West (15%) or the West
idlands (21%).
The impact of dwellings features on the probability of uptake

mong the study sample over the study period was examined using
 logistic regression model. Table 3 shows regression coefficients

or the association between dwelling features and the probability
f having had a major measure, fabric measure or heating measure
nstalled in the study sample from 2002 to 2007. Unlike Table 2,
hese results are modelled together. The results show that the prob-
ildings 118 (2016) 259–276 265

ability of having a retrofit increases with detachedness, is increased
in mid-century dwellings, is more likely as income increases or if
living in the north and western regions of England.

4.2. Change in gas demand in English dwellings

The mean annual change in gas demand for the sample of English
dwellings over the study period 2004–2007 was  −810 kWh/year, or
−4.2% per year. Fig. 4 shows the shift in the distribution in annual
gas demand.

Using a GLM regression model, the presence of fabric or heat-
ing energy efficiency retrofit is shown to be significantly associated
with a reduced demand for gas (see Table 4). Adjusting for dwelling
type, age, tenure, size, region and median neighbourhood income,
the presence of an installed fabric energy efficiency retrofit in
English dwellings is on average −790 kWh/year, or a 3.9% reduc-
tion from the stock mean gas demand in 2006, and the presence of
a heating energy efficiency retrofit is on average −1950 kWh/year,
or a 10.4% reduction. In this model, the fabric and heating measures
were not additive, and when installed in the same year represented
an average reduction in demand of 2290 kWh/dwelling/year, or a
11.7% reduction. The presence of energy efficiency retrofits appears
to have a significant impact on gas demand even after adjusting
for differences in dwelling and household characteristics, such as
number of exposed walls (i.e. dwelling type) and proxies of energy
performance (i.e. dwelling age). These results suggest there is an
impact on gas demand attributable to the retrofit alone.

The association of the change in energy demand from 2005
to 2007 and specific energy efficiency retrofits installed in 2006
are shown in Table 5, both unadjusted (model 1) and adjusted for
dwelling type, age, tenure, size, region and neighbourhood income
(model 2). In the following results, only the adjusted values are
described, though there was little difference in the resulting values
between the two models.

The mean change in gas demand associated with the installa-
tion of cavity wall insulation for dwellings was −1050 kWh/year,
or 5.6% of the stock mean gas demand in 2006. For dwellings
with loft insulation installed in 2006, this was  associated with a
150 kWh/year increase (∼1% of mean 2006 demand), though this
was not statistically significant at the 95% level. The installation of
double-glazed windows was also not statistically significant and
was associated with a mean change in demand of −12 kWh/year.
Condensing boilers were associated with a mean change in demand
of 1060 kWh/dwelling, or 5.7% of mean 2006 demand, significant
at the 95% level.

The trends described above compare closely to the proportional
change in gas demand from 2005 to 2007, shown in Table 6. The
results, using a GLM model, are adjusted for dwelling type, age,
tenure, size, region and neighbourhood income, and show that cav-
ity wall insulation and condensing boiler installations had a −4.9%
and −5.5% change in demand from 2005 to 2007, respectively. Note
that loft insulation and double-glazing installation showed almost
no associated change in demand. The combined effect of additional
measures showed greater reductions in the change in demand, with
combinations that included condensing boiler installations and
cavity insulations being associated with the largest changes. The
adjusted added effect of cavity wall and loft insulation and a con-
densing boiler was  associated with an −11.2% change in demand. In
this modelling, there is some evidence to suggest that the retrofits
are additive, i.e. combined measures achieving the reductions for
single measures added together. The Table also contains a sensi-

tivity analysis that includes electricity in the dependant variable.
Whilst the trend is the same, the magnitude of change is less when
including electricity. Unrestricted electricity demand is approxi-
mately a one fifth the demand for gas, which means that it should
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Table 2
Number (1000’s) of major retrofits installed in a sample of English houses 2002–2007, derived from HEED.

Dwelling characteristic Major measure
(1000’s) 2002–2007

Incidence
ratea

Likelihoodb Oddsc Fabric measure
2002–2007

Incidence
ratea

Likelihoodb Oddsc Heating
measure
2002–2007

Incidence
ratea

Likelihoodb Oddsc

Yes No All Yes No Yes No

Dwelling type
Flat, all 4.5 11.5 16.1 0.28 0.72 0.61 3.8 12.3 0.24 0.66 0.56 1.2 14.9 0.07 0.80 0.79
Terrace  17.4 33.8 51.3 0.34 0.87 0.81 16.0 35.3 0.31 0.88 0.82 2.7 48.5 0.05 0.59 0.57
Semi  detached 21.0 32.5 53.6 0.39 1.01 1.01 19.9 33.7 0.37 1.04 1.07 2.5 51.0 0.05 0.52 0.50
Detached  23.0 25.1 48.1 0.48 1.22 1.43 20.5 27.6 0.43 1.20 1.34 8.8 39.3 0.18 2.03 2.26

Dwelling  age
1900-pre 2.3 9.0 11.2 0.20 0.51 0.39 1.6 9.7 0.14 0.39 0.29 0.9 10.3 0.08 0.91 0.90
1900–1949 17.2 32.3 49.5 0.35 0.89 0.83 15.3 34.2 0.31 0.87 0.81 4.2 45.3 0.09 0.94 0.94
1950–66  14.6 23.8 38.5 0.38 0.98 0.96 13.1 25.3 0.34 0.96 0.94 3.4 35.0 0.09 0.99 0.99
1967–75  14.3 12.1 26.4 0.54 1.39 1.84 13.7 12.6 0.52 1.47 1.97 2.4 23.9 0.09 1.02 1.03
1976–82 4.2  6.5 10.7 0.39 1.01 1.02 3.9 6.8 0.37 1.03 1.05 0.9 9.7 0.09 0.97 0.97
1983–90  4.8 8.7 13.5 0.36 0.92 0.87 4.4 9.1 0.32 0.91 0.87 1.2 12.3 0.09 0.99 0.99
1990-post  8.6 10.7 19.3 0.44 1.14 1.24 8.2 11.1 0.42 1.19 1.33 2.1 17.2 0.11 1.20 1.23

Tenure  type
Owner occupied 51.6 78.8 130.4 0.40 1.01 1.02 47.6 82.8 0.37 1.03 1.04 11.5 118.9 0.09 0.98 0.98
Private  rented 4.4 5.7 10.1 0.44 1.12 1.22 4.0 6.1 0.40 1.12 1.21 1.2 8.9 0.12 1.36 1.42
Social  rented 9.9 18.6 28.5 0.35 0.89 0.83 8.5 20.0 0.30 0.84 0.77 2.5 26.0 0.09 0.96 0.96

No.  bedrooms
1 Bedroom 2.6 8.0 10.6 0.25 0.63 0.51 2.0 8.6 0.19 0.52 0.41 0.9 9.7 0.08 0.91 0.91
2  Bedrooms 14.8 24.1 38.9 0.38 0.98 0.96 13.5 25.4 0.35 0.97 0.96 3.8 35.1 0.10 1.09 1.10
3  Bedrooms 34.7 49.5 84.2 0.41 1.06 1.10 32.7 51.6 0.39 1.09 1.15 6.6 77.7 0.08 0.87 0.85
4  Bedrooms 10.6 17.3 27.9 0.38 0.97 0.95 9.9 18.0 0.35 1.00 0.99 2.3 25.6 0.08 0.91 0.90
5+  Bedrooms 3.2 4.2 7.4 0.44 1.12 1.21 2.2 5.2 0.29 0.82 0.75 1.7 5.7 0.23 2.52 2.97

Region
North  East 5.0 4.7 9.7 0.52 1.32 1.66 4.7 5.0 0.48 1.36 1.70 0.9 8.8 0.10 1.07 1.08
North  West 11.5 14.1 25.6 0.45 1.15 1.27 10.7 14.9 0.42 1.17 1.29 2.5 23.1 0.10 1.08 1.09
Yorkshire  and the Humber 7.3 11.7 19.0 0.38 0.98 0.97 6.6 12.4 0.35 0.97 0.96 2.0 17.0 0.10 1.15 1.17
East  Midlands 6.4 8.1 14.4 0.44 1.13 1.23 5.8 8.6 0.40 1.13 1.21 1.7 12.7 0.12 1.31 1.35
West  Midlands 7.9 8.8 16.8 0.47 1.21 1.40 7.3 9.4 0.44 1.23 1.40 1.8 15.0 0.10 1.16 1.18
East  England 7.0 10.3 17.3 0.40 1.03 1.05 6.3 11.0 0.37 1.03 1.04 1.7 15.6 0.10 1.09 1.10
London  5.2 17.1 22.4 0.23 0.60 0.48 4.4 18.0 0.20 0.55 0.44 1.3 21.1 0.06 0.64 0.62
South  East 9.9 18.2 28.1 0.35 0.90 0.85 9.0 19.2 0.32 0.90 0.85 2.2 25.9 0.08 0.86 0.85
South  West 5.8 9.9 15.8 0.37 0.95 0.92 5.4 10.4 0.34 0.96 0.95 1.2 14.6 0.08 0.84 0.83

All  66.0 103.0 169.0 0.39 1.00 1.00 60.1 108.9 0.36 1.00 1.00 15.3 153.7 0.09 1.00 1.00

a Incidence as a rate over study period.
b Likelihood compared to stock average (‘All’).
c Odds ratio of dwellings characteristic over stock average (‘All’).
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Table  3
Logistic (probit) regression coefficients (as probabilities) representing the association between dwelling characteristics and installation of measures (major, fabric and heating)
from  2002 to 2007.

Factors Retrofits installed 2002–2007

Major retrofit Fabrica retrofit Heating retrofitb

N = 168,988 N = 168,988 N = 168,988

Coefficient estimate* (confidence limits at 95%)

Intercept −1.14 (−1.2, −1.07) −1.49 (−1.56, −1.43) −1.4 (−1.49, −1.31)

Dwelling type
Terrace
Semi detached 0.1* (0.08, 0.11) 0.28 (0.26, 0.3) 0.96 (0.93, 0.99)
Detached 0.38* (0.36, 0.4) −0.06 (−0.09, −0.03) 0.14 (0.09, 0.18)
Flat,  all −0.05 (−0.08, −0.02) 0.1 (0.08, 0.12) 0 (−0.02, 0.03)

Dwelling age
Pre-1900
1900–49 0.4* (0.37, 0.43) 0.53 (0.5, 0.56) −0.02 (−0.06, 0.02)
1950–66 0.43* (0.4, 0.46) 0.57 (0.54, 0.6) −0.09 (−0.14, −0.05)
1967–75 0.87* (0.84, 0.9) 1.07 (1.04, 1.11) −0.15 (−0.2, −0.11)
1976–82  0.5* (0.47, 0.54) 0.69 (0.65, 0.73) −0.19 (−0.25, −0.14)
1983–90 0.36* (0.33, 0.4) 0.54 (0.5, 0.58) −0.29 (−0.34, −0.24)
1990-post 0.57* (0.54, 0.6) 0.8 (0.76, 0.83) −0.19 (−0.23, −0.14)

Household tenure
Private rented
Owner occupied −0.13* (−0.15, −0.1) −0.09 (−0.11, −0.06) −0.31 (−0.35, −0.28)
Social  rented −0.19* (−0.22, −0.15) −0.22 (−0.25, −0.19) −0.12 (−0.16, −0.08)

Number of bedrooms
1 Bedroom
2 Bedrooms 0.31* (0.28, 0.34) 0.42 (0.39, 0.45) 0.04 (0, 0.08)
3  Bedrooms 0.37* (0.33, 0.4) 0.49 (0.45, 0.52) 0.03 (−0.01, 0.07)
4  Bedrooms 0.22* (0.19, 0.26) 0.35 (0.31, 0.39) −0.15 (−0.2, −0.1)
5+  Bedrooms 0.44* (0.4, 0.49) 0.26 (0.21, 0.31) 0.43 (0.37, 0.48)

Government region
South East
East England 0.1* (0.08, 0.12) 0.09 (0.06, 0.11) 0.11 (0.08, 0.15)
East  Midlands 0.13* (0.11, 0.16) 0.12 (0.1, 0.15) 0.15 (0.12, 0.19)
London −0.13* (−0.16, −0.11) −0.17 (−0.2, −0.14) 0.09 (0.05, 0.13)
North East 0.38* (0.35, 0.41) 0.39 (0.36, 0.42) 0.14 (0.1, 0.19)
North  West 0.23* (0.21, 0.26) 0.25 (0.23, 0.27) 0.14 (0.1, 0.17)
South  West 0 (-0.03, 0.03) 0.02 (-0.01, 0.04) −0.06 (−0.1, −0.02)
West  Midlands 0.24* (0.22, 0.27) 0.24 (0.21, 0.26) 0.15 (0.11, 0.18)
Yorkshire and the Humber 0.05 (0.02, 0.07) 0.04 (0.01, 0.06) 0.16 (0.12, 0.19)

Median neighbourhood income quintile
Quintile 1
Quintile 2 −0.03 (−0.05, 0) −0.01 (−0.04, 0.01) −0.07 (−0.1, −0.03)
Quintile 3 −0.1* (−0.12, −0.07) −0.06 (−0.09, −0.04) −0.18 (−0.22, −0.14)
Quintile 4 −0.15* (−0.18, −0.13) −0.11 (−0.14, −0.08) −0.27 (−0.31, −0.23)
Quintile 5 −0.24* (−0.27, −0.21) −0.18 (−0.22, −0.15) −0.37 (−0.41, −0.32)

Neighbourhood rurality
Rural or village hamlet
Town and fringe 0.04 (0.01, 0.08) 0.03 (−0.01, 0.07) 0.05 (0, 0.1)
Urban  > 10 K 0.05 (0.01, 0.08) 0.03 (−0.01, 0.06) 0.09 (0.05, 0.14)

Proportion of neighbourhood in receipt of benefit
<33%
33–66% 0.02 (0, 0.04) 0.02 (0, 0.04) 0.02 (−0.01, 0.06)
>66%  0.04 (−0.01, 0.08) 0.04 (−0.01, 0.08) 0.08 (0.02, 0.14)

Proportion of neighbourhood in receipt of pension
≤10%
>10% 0.03 (0.02, 0.05) 0.05 (0.03, 0.07) −0.02 (−0.05, 0.01)

a Fabric retrofits include: cavity wall insulation, loft insulation, or double glazing installation.
b

h
c

e
d
u

Heating retrofits include: boiler replacement, heating controls.
* Significant at the 95% confidence level.

ave little overall effect. However, due to its low annual rate of
hange (i.e. ∼1%) it slightly reduces the magnitude.

When stratified by household tenure, the presence of an energy

fficiency retrofit is significantly associated with changes in gas
emand for owner-occupiers (Table 7). An analysis of variance
sing least squared means (due to the unbalanced nature of the
design, i.e. uneven group sizes) showed no significant difference in
the change in gas demand between tenure types (test not shown).
However, the associated change in demand for owner-occupiers

was higher than the stock averages shown in Table 6. Focusing
on cavity wall insulation, socially rented dwellings show the low-
est change in demand (∼−3%), while privately rented dwellings
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Table 4
Regression coefficients (standard deviation) of gas demand per dwelling adjusting for selected dwelling, household and neighbourhood characteristics with and without
fabric  and heating retrofits.

Factors Gas demand in 2006

Energy demand Fabrica retrofit Heating retrofitb Heating and fabric retrofitb

N = 168,988 N = 168,988 N = 168,988 N = 168,988

Coefficient estimate* (standard error)

Sample mean 18400 18400 18400 18400

Intercept 22030* (216) 21800* (149) 21820* (149) 21850* (149)

Energy efficiency retrofit in 2005
Fabric retrofit −800* (60) −460* (63)
No  fabric retrofit 0 0
Heating retrofit −1990* (96) −1760* (101)
No  heating retrofit 0 0

Dwelling type
Detached 3950* (59) 4000* (59) 4120* (59) 4130* (59)
Semi-detached 1440* (51) 1450* (51) 1440* (51) 1450* (51)
Flat,  all −1990* (88) −1990* (88) −1960* (88) −1970* (88)
Terrace 0 0 0 0

Dwelling age
Pre-1900 3930* (95) 3900* (95) 3980* (95) 3950* (95)
1900–49 2630* (69) 2630* (69) 2680* (69) 2660* (69)
1950–66 1410* (71) 1410* (71) 1450* (71) 1440* (71)
1967–75 1100* (75) 1170* (75) 1120* (75) 1160* (75)
1976–82 −210 (94) −200 (94) −200 (94) −190 (94)
1983–90 −1160* (88) −1190* (88) −1180* (87) −1200* (87)
Post-1990 0 0 0 0

Dwelling tenure
Owner occupied 1290* (62) 1270* (62) 1240* (62) 1240* (62)
Private rented 500* (96) 460* (96) 500* (96) 480* (96)
Social  rented 0 0 0 0

Number of bedrooms
1 Bedroom −7320* (129) −7360* (129) −7400* (129) −7420* (129)
2  Bedrooms −6610* (102) −6620* (102) −6700* (102) −6700* (102)
3  Bedrooms −3960* (98) −3960* (98) −4050* (98) −4040* (98)
4  Bedrooms 260 (102) 240 (102) 120 (103) 130 (103)
5+  Bedrooms 0 0 0 0

Government region
East England −2080* (83) −2050* (83) −2060* (83) −2050* (83)
East  Midlands −1560* (86) −1540* (86) −1560* (86) −1540* (86)
London −1060* (89) −1000* (86) −980* (86) −990* (86)
North  East 800* (98) 840* (97) 800* (97) 820* (97)
North  West −440* (75) −400* (75) −420* (74) −410* (74)
South  East −2170* (76) −2160* (76) −2170* (76) −2170* (76)
South West −3340* (84) −3350* (84) −3370* (84) −3370* (84)
West  Midlands −1100* (83) −1030* (83) −1050* (83) −1030* (83)
Yorkshire 0 0 0 0

Median neighbourhood income
Quintile 1 −3210* (96) −3010* (73) −2970* (73) −2960* (73)
Quintile 2 −2830* (74) −2710* (67) −2680* (67) −2670* (67)
Quintile 3 −2390* (65) −2350* (64) −2330* (64) −2330* (64)
Quintile 4 −1750* (62) −1740* (61) −1730* (61) −1730* (61)
Quintile 5 0 0 0 0

Model R-square 0.242 0.242 0.243 0.243

 instal

c
w
p
c
c
g
n
b
l
c

a Fabric retrofits include: cavity wall insulation, loft insulation, or double glazing
b Heating retrofits include: boiler replacement, heating controls.
* Significant at the 95% confidence level.

hange the most (∼−8%). Changes in energy demand associated
ith condensing boiler installations are greatest for owner occu-
iers (∼−6%), while socially and privately rented dwellings show
hanges around −4%. The stratified change in gas demand asso-
iated with retrofits by dwelling age shows larger changes in
as demand for the 1967–75 group (see Table 8). Stratifying by
eighbourhood income shows a more consistent trend with neigh-

ourhoods in the lower-income quintile associated with on average

ower changes in gas demand and higher incomes having greater
hanges (see Table 9).
lation.

5. Discussion

Using a cohort of gas-connected English dwellings, the study
examined the associations between the uptake of energy effi-
ciency retrofits (insulation, heating and draught proofing) over the
period 2002–2007 and a number of dwelling features (type, age,
size, region) and household characteristics (tenure, median neigh-

bourhood income). The study tested: whether older dwellings,
owner-occupied dwellings and low income dwellings were more
likely to the have higher rates of energy efficiency retrofit uptake;
and whether older dwellings and households living in lower income
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Table  5
Regression coefficients (standard error) of change in gas demand (2005–2007) per dwelling adjusting for selected dwelling, household and neighbourhood characteristics
with  and without fabric and heating retrofits.

Factors Change in gas demand from 2005 to 2007

Cavity insulation Loft insulation Double glazing installation Condensing boiler replacement

Coefficient estimate* (standard error)

Model 1—unadjusted
Intercept −1456* (15) −1456* (15) −1456* (15) −1456* (15)
Measure in 2006 −1107* (76) 99 (88) 40 (184) −1055* (137)
No  measure 2005–2007

Model 2—fully adjusteda

Intercept −1497* (126) −1525* (127) −1524* (128) −1496* (128)
Measure in 2006 −1047* (77) 153 (88) −12 (183) −1059* (138)
No  measure 2005–2007

a Adjusted for dwelling type, age, tenure, number of bedrooms, region and neighbourhood income quintile.
* Significant at the 95% confidence level.

Table 6
Regression coefficients (standard error) of proportional change in gas demand (2005–2007) per dwelling adjusting for selected dwelling, household and neighbourhood
characteristics with and without fabric and heating retrofits.

Interventionsa N Proportional changec in demand from 2005 to 2007 with measure in 2006

Gas Gas + electricity

Adjustedb

Coefficient estimate* (standard error)

Cavity insulation 104,623 −0.049* (0.003) −0.042* (0.003)
Loft  insulation 103,615 0.009 (0.004) 0.008 (0.004)
Double glazing installation 101,391 0 (0.008) 0.003 (0.008)
Boiler  installation 101,897 −0.055* (0.006) −0.045* (0.006)
Cavity and loft insulation 102,661 −0.057* (0.005) −0.052* (0.005)
Boiler, cavity and loft insulation 101,061 −0.112* (0.012) −0.1* (0.011)
Glazing, boiler, cavity and loft insulation 100,771 −0.1 (0.033) −0.131 (0.004)
Glazing, cavity and loft insulation 101,160 −0.034 (0.01) −0.034 (0.01)
Glazing, boiler and loft insulation 100,778 −0.099 (0.014) −0.104 (0.007)
Glazing and cavity wall insulation 101,474 −0.031a (0.008) −0.019 (0.007)

a Adjusted for dwelling type, age, tenure, number of bedrooms, region and neighbourhood income decile.
b Intercept not shown.
c Divide by 100 for %.
* Significant at the 95% confidence level.

Table 7
Regression coefficients (standard error) of proportional change in gas demand (2005–2007) per dwelling by household tenure, adjusting for selected dwelling, household
and  neighbourhood characteristics with and without fabric and heating retrofits.

Interventionsb in 2006 Proportional changec in gas demand from 2005 to 2007

Household tenure

Owner occupied Private rented Social rented

Coefficienta estimate* (standard error)

Cavity insulation −0.053* (0.004) −0.076 (0.026) −0.03 (0.009)
Sample size n= 83,122 6280 15,221

Loft  insulation 0.003 (0.004) 0.008 (0.023) 0.034 (0.011)
Sample size n= 82,271 6302 15,042

Double  glazing installation 0.008 (0.009) −0.048 (0.047) −0.016 (0.02)
Sample size n= 80,547 6216 14,628

Boiler  installation −0.063* (0.008) −0.043 (0.028) −0.041 (0.013)
Sample size n= 80,759 6271 14,867

a Adjusted for dwelling type, age, number of bedrooms, region and neighbourhood income quintile.

n
f
c
i
c

b Intercept not shown.
c Divide by 100 for %.
* Significant at the 95% confidence level.

eighbourhoods had lower than average energy savings. In the
ollowing, the dwelling and household determinants of energy effi-

iency retrofits and of energy savings are discussed along with the
mplication the findings have on providing packages of energy effi-
iency retrofits and in shaping energy policy.
5.1. Determinants of energy efficiency retrofits uptake
Owner-occupied, 3 bedroom detached dwellings built in the
mid-20th century in areas of lower neighbourhood income in the
northern English regions were associated with a higher probability
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Table 8
Regression coefficients (standard error) of proportional change in gas demand (2005–2007) per dwelling by dwelling age, adjusting for selected dwelling, household and
neighbourhood characteristics with and without fabric and heating retrofits.

Interventionsb in 2006 Proportional changec in gas demand from 2005 to 2007

Dwelling age

Pre-1900 1900–1949 1950–1966 1967–1975 1976–1982 1983–1990 Post-1990

Coefficienta estimate* (standard error)

Cavity insulation −0.06 (0.053) −0.035* (0.008) −0.029* (0.007) −0.072* (0.006) −0.04 (0.011) −0.015 (0.013) −0.054* (0.011)
Sample  size n= 7258 31,762 23,857 15,056 6800 8563 11,327

Loft  insulation −0.012 (0.019) 0.015 (0.008) 0.013 (0.009) 0.007 (0.007) 0.019 (0.017) 0.004 (0.016) −0.002 (0.012)
Sample  size n= 7374 31,907 23,527 14,446 6580 8491 11,290

Double glazing installation −0.018 (0.035) 0.018 (0.014) −0.013 (0.016) −0.05 (0.029) 0.002 (0.033) 0.025 (0.025) −0.008 (0.025)
Sample  size n= 7281 31,341 23,213 13,602 6476 8404 11,074

Boiler  installation −0.058 (0.022) −0.037 (0.011) −0.055* (0.011) −0.092* (0.019) −0.112* (0.025) −0.054 (0.022) −0.035 (0.025)
Sample  size n= 7349 31,491 23,390 13,668 6502 8423 11,074

a Adjusted for dwelling type, tenure, number of bedrooms, region and neighbourhood income quintile.
b Intercept not shown.
c Divide by 100 for %.
* Significant at the 95% confidence level.

Table 9
Regression coefficients (standard error) of proportional change in gas demand (2005–2007) per dwelling by neighbourhood income quintile, adjusting for selected dwelling,
household and neighbourhood characteristics with and without fabric and heating retrofits.

Interventionsb in 2006 Proportional changec in gas demand from 2005 to 2007

Quintile ranking of neighbourhood income

Rank 0 Rank 1 Rank 2 Rank 3 Rank 4

Coefficienta estimate* (standard error)

Cavity insulation −0.039* (0.008) −0.051*(0.008) −0.049* (0.007) −0.055* (0.008) −0.056* (0.008)
Sample  size n= 19,708 20,586 21,105 21,373 21,851

Loft  insulation 0.018 (0.009) 0.001 (0.009) 0.008 (0.009) 0.012 (0.009) 0.001 (0.009)
Sample  size n= 19,541 20,412 20,792 21,135 21,735

Double glazing installation 0.011 (0.021) 0.024 (0.018) −0.039 (0.018) −0.013 (0.019) 0.013 (0.015)
Sample  size n= 18892 19,930 20,383 20,757 21,429

Boiler  installation −0.01 (0.013) −0.053* (0.013) −0.057 (0.016) −0.081* (0.015) −0.105* (0.013)
Sample  size n= 19,087 20,075 20,429 20,822 21,484

a Adjusted for dwelling type, tenure, number of bedrooms, and region.
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b Intercept not shown.
c Divide by 100 for %.
* Significant at the 95% confidence level.

f having measures. This reflects both the nature of the measures
i.e. older more inefficient homes), the ability to accept or undertake

easures, and being the target of government programs.
The uptake model found that as neighbourhood incomes

ncreased, the probability of having a major measure installed
ver the study period decreased, offering further support that
ouseholds living in areas marked by higher incomes are not invest-

ng in their property compared to low-income areas that are the
ocus of government policy, therefore supporting the hypothesis
H1) that low-income households are more likely to receive and
ccept energy efficiency retrofits. Broadly speaking, ownership and
ncome remain important determinants of having energy efficiency
etrofits.

The findings supports the notion that there is a lack of invest-
ent by owner occupiers but ultimately rejects the hypothesis that

eople who own their home receive and accept more measures
han other tenure types (H2). However, the finding is not neces-
arily suggesting that this household type is a driver of uptake, but
ather reflects the investment in energy efficiency for vulnerable
ustomers through supplier obligation (which comprise the bulk

f the interventions in England) and government schemes over the
tudy period [32], and interest [17].

Older dwellings were less likely than the stock average to have
eported retrofits during the study period. The model showed an
inverted ‘U-shape’ curve for the uptake of fabric retrofits, with both
older (and in theory less efficient) and newer dwellings not having
insulation installed, and with dwellings built in the 1967–75 and
1976–82 age bands having the highest probability of retrofits over
the period. This was  particularly the case for fabric measures and
the high uptake rates of cavity wall insulation. This finding rejects
the notion that older dwellings are more likely to have energy
efficiency measures (H3). While older dwellings may be relatively
more inefficient and are therefore in greater ‘need’ of retrofits that
improve the fabric, the finding points to the nature of the insulation
needed. Older English dwellings are more likely to be constructed
of solid brick or stone and that means ‘cheap’ insulation techniques
such as blown insulation in cavity walls is not a viable option.
Both the supplier and government programs excluded insulation
for solid-walled dwellings.

5.2. Determinants of energy savings

Introducing energy efficiency retrofits resulted in attributable
energy savings, after controlling for the effects of dwelling type,

size, age, tenure, region and neighbourhood income. The retrofit
associated with the largest change in (adjusted) energy demand
over the three-year period was  the installation of a condensing gas
boiler, −5.2%, with the second largest being cavity wall insulation at



nd Bu

a
i
fi
B
a
p
c
o
c
e
t
a
e
c
r
l
r

a
p
s
d
o
a
w
i
a
b

h
s
h
m
c
e
p
C
d
1
g
r
o
h

l
i
a
h
h
u
b
c
s
i
c
h
b
t
[

5

p
e
i

I.G. Hamilton et al. / Energy a

round −3.8%. The effect of the combined installation of a condens-
ng boiler, and cavity and loft insulation was around −11%. These
ndings are very similar in scale to results from a previous study of
ritish houses under the Warm Front scheme, which found that loft
nd full cavity wall insulation reduced demand within a one-year
eriod by 10–17% [36]. While the change in energy demand asso-
iated with the retrofit are lower compared to notional ‘savings’
r the Hong et al. study, it is important to bear in mind that these
hanges control for physical, household and area-based factors. The
ffect of controlling for physical factors on energy ‘savings’ means
hat the effect of number and area of exposed walls is removed
s is any effect related to the age of the dwelling, while household
ffects could reflect ability to afford larger areas to heat and greater
omfort conditions. By controlling for these factors, the effect of the
etrofit can be isolated, which is important for determining a ‘base-
ine’ of expected change in demand on which future estimates could
ely.

After adjustment, neither loft insulation or double glazing were
ssociated with significant energy savings over the three-year
eriod. In these cases, it may  be that the effect is on average fairly
mall and/or cannot easily be detected using annualised energy
ata. Although glazing is one of the thermally weakest elements
f the building fabric, the area of double glazing replaced will have
n effect on the potential energy savings. However, because of the
ay the data was reported, it was not possible to account for glaz-

ng area replaced. The majority of loft insulations were top-ups of
round 5–75 mm and therefore the change in gas demand would
e minimal.

There are differences in the savings associated with certain
ousehold/dwelling groups. Dwelling age appears to have an incon-
istent effect on changes in gas demand, with the 1967–75 group
aving much greater reduction in demand for all single retrofit
easures compared to other age bands. It is not necessarily the

ase, therefore, that older dwellings are less likely to have greater
nergy savings than newer dwellings (H4). The variation may  in
art be explained by the eligibility and type of retrofits installed.
avity wall filling is most applicable to mid-century and onward
welling age bands, with few being applicable to pre-1950 or post-
990 dwellings. The impact of boilers among this mid-century
roup was also greater (after controlling for size), which could
eflect a number of building design features, such as the nature
f the installed heating systems which according to the 2011 EHS
ave a higher prevalence of gas central heating [37].

Changes in energy demand were lower among households with
ow socio-economic levels, such as renting or living in areas of lower
ncome, therefore supporting the hypothesis that lower incomes
re less likely to realise energy savings compared to higher-income
ouseholds (H5). This trend may  be attributed to these households
ave higher levels of energy utility (i.e. greater need for the amount
sed) [16]. Both social renting and living in lower income neigh-
ourhoods is associated with reduced energy demand, even after
ontrolling for type and age of dwelling (Table 4), which may  also
uggest that these households have a greater potential for increas-
ng demand that energy efficiency retrofits enable. The differences
ould also be construed as ‘comfort taking’, whereby these house-
olds in areas of lower income reduce the potential ‘energy savings’
y taking the savings in the form of temperature increases, an effect
hat has been shown in a study of vulnerable households in England
35].

.3. Whole-house retrofit packages
The impact of energy efficiency retrofits, after adjustment for
hysical and household factors, demonstrated a dose–response
ffect whereby combined packages of retrofits was associated with
ncreasing changes in energy demand. Larger increases in reduc-
ildings 118 (2016) 259–276 271

tions in gas demand were associated with boilers and cavity wall
insulation, with only minor additional effects from lofts and glaz-
ing. The largest change in gas demand was associated with the
combined installation of a condensing boiler, and cavity and loft
insulation at −10.8%. Although not always statistically significant,
when combined the changes in energy demand were generally
greater than additive, e.g. the individual change attributable to cav-
ity insulation (−3.8%) and condensing boiler installation (−5.2%)
and loft insulation (1.2%) ought to result in a change of −7.8%,
but was  instead greater (though in some other combinations less).
The findings point to the potential impact that undertaking deep
retrofits could have on energy demand. Combining retrofits into
single package may  have benefits in achieving energy demand
reduction and potential cost-savings of installation (e.g. wall scaf-
folding is only set up once). It may  also be that there is a ‘take-back’
threshold after which rebound related to thermal comfort is less-
ened (i.e. the potential rebound has been met).

A ‘whole-house’ retrofit package delivered to all homes in Eng-
land is needed in order realise the potential energy savings set
out in the DECC energy efficiency strategy. If an average energy
savings of 10% (e.g. ∼2300 kWh  reduction) were achieved from
the average UK dwelling, it would take approximately 9,565,000
‘whole-house’ retrofits to achieve the estimated 22 TWh  of energy
savings by 2020, which is equivalent to retrofitting 40% of UK
dwellings. To achieve a 10% reduction in 2006 levels by 2020 (i.e.
54 TWh) through energy efficiency alone would take the equiva-
lent of every home in the UK being refurbished (i.e. 23,500,000).
Although further efficiencies may  be gained from water heating and
appliances, space-heating related energy comprises the bulk of res-
idential demand and therefore should remain a high priority under
government policy. Achieving these savings is an enormous task
that will require a significant increase in historical rate of retrofit
uptake. However, this research shows that these savings are achiev-
able using widely available technologies and insulating techniques
that rely on an existing deployment system and skill base.

5.4. Implications for energy efficiency policy

There is a strong historic track record in the UK of policy helping
to improve the energy efficiency of dwellings occupied by vulnera-
ble and low-income households. However, future policies will need
to address the gap in the uptake of retrofits among older, owner
occupied dwellings in areas of higher incomes. This middle-income
household group also use more energy on average, after control-
ling for home size, age and type, and thus the potential impact
on absolute energy savings is greater. However, the shift in gov-
ernment policy toward encouraging middle-income households to
self-invest in their dwelling’s energy efficiency has faced an uphill
struggle. For example, the UK Government’s Green Deal prioritised
self-investment by providing access to upfront capital and a pay-
back process that assured the cost of the retrofit would be equal
to the notional savings, known as the ‘golden rule’ [38]. The policy,
however, failed to reach anywhere near its target and was  closed
in mid-2015. While this research suggests that the Green Deal was
broadly targeting the right household groups and dwelling types
(i.e. those with historically lower uptake rates), the low retrofit take
up suggests that the Green Deal was not addressing actual barriers
to uptake or exploiting the motivations of the targeted household
groups. A recent survey found that most households considering
energy efficient retrofits were doing so for reasons that related to
amenity renovations and not for energy savings alone; that energy

efficiency retrofitters were a select group more likely to be older,
owner-occupier homes with few dependants; and that emergency
repairs was a strong trigger for retrofitting existing systems [39].
Given the size and potential of this group, barriers around the cost
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Appendix A. : LSOA level variables

See Table A1.
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f financing and trigger points could be addressed to potentially
mprove uptake.

There is good evidence to show that notional energy savings
re rarely achieved in reality. As such, government policymakers
end to take an approach of ‘factoring’ estimated savings in order
o reflect this shortfall. However, this introduces a number of com-
lications: first, using modelled estimates of energy demand will

nevitably fail to be representative of actual demand and therefore
avings [5]; second, the using factors should not penalize potential
avers or undermine the potential payback of the retrofit. Instead,
t would be preferable to directly use empirical data to estimate
nergy savings that reflects a number of socio-technical factors,
uch as those in this study. In doing so, it would be possible to
rovide more accurate estimates of energy savings for individual
ouseholds (with appropriate uncertainty bands) and more widely

or the housing stock.

.5. Strengths and weaknesses

The study relies on reported retrofits drawn from a number of
rograms over the study period collected by the Energy Saving
rust into the Home Energy Efficiency Database. Whilst EST under-
ook precautions to check data for erroneous entries and applied
trust’ flags to data from different suppliers (i.e. accredited installers
nd surveyors were more trusted than web-based surveys), using
his data means that it is not possible to verify the accuracy of the
eported data. This could mean that some homes may  have reported
ome retrofits when none were installed (or vice versa). However, it
as assumed in this study that such events would likely occur ran-
omly (i.e. without systematic bias) because of the number of data
roviders and the low theoretical probability of installers, asses-
ors and homeowners consistently mis-reporting the same class
f retrofit. Also, many retrofits require specialist installers (cavity
all insulation and double glazing installation) and are regulated

i.e. condensing boiler and double glazing installation).
Another potential weakness are changes in energy performance

tandards related to the installed retrofits. However, the find-
ngs from this research are still broadly applicable to present day
nterventions being installed. In the UK the regulations governing
etrofits (‘Part L1 B—Conservation of fuel and power in existing
uildings’) were updated in 2006 (from 2003), 2010 and 2013. The
nalysis on the impact of the retrofits in 2006 would be subject to
he 2006 regulations and while the changes in the 2010 regulations
id seek to build on the ‘minimum standards’ of energy perfor-
ance (as set out for new buildings), they maintained considerable

exibility.
In terms of the representativeness, the study sample was  drawn

o be representative of six key English dwelling and household

ariables, including: dwelling age, type, number of bedrooms, and
ge, the region and household tenure, it means that sample cannot
ecessarily represent other non-sampled variables, particularly as
hey related to the household (e.g. occupants or income levels). The
ildings 118 (2016) 259–276

study should only be used for the purposes of describing the hous-
ing stock and not the households therein. Finally, within the English
dwelling stock, households will move, split, grow and cease. Such
changes could have an impact on these results but are assumed to
occur randomly and are expected to be small. The cohort design of
the study allows for these effects within English dwellings because
of the representative sampling strategy and through the size of the
sample.

6. Conclusions

This study has shown that it is possible to construct a robust
cohort sample from pre-existing datasets that is broadly rep-
resentative of the English housing stock and to use population
level analysis techniques to assess the take up of energy effi-
ciency retrofits and the impact of these interventions on energy
demand over a defined study period. This study provides a step
toward a more robust empirically-based population-level approach
to studying energy demand that accounts for variation among dif-
ferent dwelling and household groups. The method emphasises
associations, rather than causation, as a means for generating
hypotheses that can be further explored in more detailed studies.

Energy efficiency retrofits do have an attributable impact on
reducing space-heating related energy demand and that combining
retrofits displays a dose–response like effect on energy demand,
after controlling for household and dwelling factors. In order to
meet the intended energy efficiency targets, the retrofit take up rate
will need to significantly increase. Meeting these uptake and energy
savings targets can be broadly achieved using existing technologies
and deployment process.
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Table A1
List of datasets and variables (with geographic levels) used in the energy efficiency uptake analysis in England for the period 2000–2007.

Dataset Source Level Year Variables used Measurement Description Reference

Mid-2005
population
estimates, all
persons

Office for National
Statistics

LSOA 2005 ‘0–15’, ‘16–29’,
‘30–44’, ‘45–64
Males & 45–59
Females’, ‘65+
Males & 60+
Females’

Estimate of
number of persons

Dataset of the number of
persons by age bands and sex
for England. The estimates are
made using the
Kannisto–Thatcher method,
based on modified survival
ratios for the population

[40]

Benefits data:
summary
statistics

Office for National
Statistics

LSOA 2005 ‘Disability Living
Allowance’,
‘Incapacity
Benefit/Severe
Disablement
Allowance’,
‘Income Support’,
‘Jobseekers
Allowance’,
‘Pension Credit’

Count of claimants
(persons)

Dataset of summary statistics
from Department of Work and
Pensions covering benefit
claims during the period of
August 2005

[29]

Median household
income

Experian LSOA 2004 ‘Median income’ Estimate of median
LSOA level income

Dataset of median income
levels of households in an LSOA
estimated by Experian using a
multi-stage modelling
approach

[41]

Heating degree
days

Met  office LSOA 2005 ‘Heat degrees’ Estimate of the
annual average
degrees below 15.5
in ◦C.

Dataset of annual sum of
heating degrees below 15.5 ◦C
over a 5 × 5 km2 grid of
England. Data are converted to
LSOA by an overlay and
averaging of the grid points

[42]

Dwelling stock by
council tax band

Office for National
Statistics

LSOA 2005 ‘Band A’ to ‘Band H’
for England

Count of domestic
properties

Dataset of the number of
domestic properties in council
tax bands provided by the
Valuation Office Agency,
covering 23,101,020 dwellings
in England

[29]
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ppendix B. : EHS sampling frame

See Tables B1 and B2.

able B1
HS sample frame variables recoding for HEED selection.

EHS variable EHS categories HEED category

Dwelling type
(dwtypenx)

End terrace, mid  terrace Terrace (end and mid)
Semi-detached Semi-detached
Detached, bungalow Detached (inc. bungalows)
Converted flat, purpose built flat (low and high rise) Flats (all types)

Dwelling age
(dwage9x)

Pre-1850, 1850–1899 Pre-1900
1900–1918, 1919–1944 1900–1944
1945–1964 1950–1966
1965–1974 1967–1975
1975–1980 1976–1982
1981–1990 1983–1990
Post-1990 Post-1990

Number of bedrooms
(nbedsx)

1 Bedroom 1 Bedroom
2  Bedroom 2 Bedroom
3  Bedroom 3 Bedroom
4  Bedroom 4 Bedroom
≥5 Bedroom 5+ Bedroom

Government office
regions (gorehs)

North East North East
North West North West
Yorkshire and the Humber Yorkshire and the Humber
East Midlands East Midlands
West Midlands West Midlands
East East
London London
South East South East
South West South West

Household tenure
(tenure4x)

Owner occupied Owner occupied
Private rented Private rented
Local authority, registered social landlord Social or local authority rented

able B2
omparison between source data (HEED + Energy), EHS data and HEED study sample.

HEED + Energy 2011 EHS (full weighted dataset) HEED study sample

Frequency Percent Frequency Percent Frequency Percent

Dwelling type
Terrace 424,079 21.47 5,872,437 31.32 51,264 30.33
Semi  detached 660,698 33.46 5,194,761 27.71 53,565 31.70
Detached 757,739 38.37 4,907,771 26.18 48,107 28.47
Flat,  all 132,284 6.70 2,771,945 14.79 16,062 9.50
Frequency missing = 1,243,037

Dwelling age
Pre-1900 65,358 4.30 2,088,451 11.14 11,237 6.65
1900–49 401,360 26.41 5,137,574 27.40 49,489 29.28
1950–66 267,347 17.59 4,002,610 21.35 38,450 22.75
1967–75 346,591 22.81 2,647,092 14.12 26,355 15.59
1976–82 103,696 6.82 1,171,748 6.25 10,671 6.31
1983–90 77,799 5.12 1,507,953 8.04 13,497 7.99
Post-1990 257,528 16.95 2,191,486 11.69 19,299 11.42
Frequency missing = 1,698,158

Household tenure
Owner occupied 1,370,498 78.01 12,983,750 69.26 130,403 77.16
Private rented 128,607 7.32 2,717,408 14.50 10,096 5.97
Social  rented 257,717 14.67 3,045,756 16.25 28,499 16.86
Frequency missing = 1,461,015

Number of bedrooms
1 Bedroom 116,051 6.95 1,947,798 10.39 10,586 6.26
2  Bedrooms 359,325 21.52 4,757,929 25.38 38,886 23.01
3  Bedrooms 840,557 50.33 8,372,237 44.66 84,243 49.85
4  Bedrooms 194,227 11.63 2,911,931 15.53 27,886 16.5

5+  Bedrooms 159,884 9.57 

Frequency missing = 1,547,793

757,019 4.04 7397 4.38
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able  B2 (Continued)

HEED + Energy 2011 EHS (full weighted dataset) HEED study sample

Frequency Percent Frequency Percent Frequency Percent

Government office region
North East 278,986 8.67 1,045,135 5.57 9710 5.75
North  West 422,740 13.14 2,724,241 14.53 25,633 15.17
Yorkshire and the Humber 441,648 13.72 2,032,134 10.84 18,962 11.22
East  Midlands 310,359 9.64 1,644,482 8.77 14,424 8.54
West  Midlands 288,355 8.96 1,976,435 10.54 16,757 9.92
East  England 352,260 10.95 1,894,819 10.11 17,257 10.21
London 325,643 10.12 2,711,469 14.46 22,352 13.23
South  East 509,342 15.83 2,998,696 16.00 28,139 16.65
South  West 288,504 8.97 1,719,503 9.17 15,764 9.33

ppendix C. : Detailed proportional change models

See Table C1.

able C1
roportional change in gas demand from 2005 to 2007.

Factors Cavity insulation Loft insulation Double glazing installation Condensing boiler replacement
N  = 106,753 N = 105,759 N = 103,478 N = 104,014

Coefficient estimatea (standard error)

Model 1—unadjusted
Intercept −0.074a (0.001) −0.074a (0.001) −0.074a (0.001) −0.074a (0.001)
Measure in 2006 −0.052a (0.003) 0.006 (0.004) 0.001 (0.008) −0.056a (0.006)
No  measure 2005–2007

Model 2—fully adjustedb

Intercept −0.063a (0.005) −0.064a (0.005) −0.064a (0.005) −0.063a (0.005)
Measure in 2006 −0.049a (0.003) 0.009 (0.004) 0 (0.008) −0.055a (0.006)
No  measure 2005–2007

Dwelling type
Detached −0.002 (0.002) −0.002 (0.002) −0.001 (0.002) −0.002 (0.002)
Semi  detached 0.003 (0.003) 0.004 (0.003) 0.004 (0.003) 0.003 (0.003)
Flat,  all −0.001 (0.002) −0.001 (0.002) 0 (0.002) 0 (0.002)
Terrace

Dwelling age
1900-pre −0.003 (0.002) −0.002 (0.002) −0.003 (0.002) −0.003 (0.002)
1900–49 0.003 (0.003) 0.003 (0.003) 0.003 (0.003) 0.003 (0.003)
1950–66 −0.001 (0.002) −0.001 (0.002) −0.002 (0.002) −0.002 (0.002)
1967–75 −0.009 (0.003) −0.007 (0.003) −0.007 (0.003) −0.007 (0.003)
1976–82 −0.008 (0.003) −0.008 (0.003) −0.009 (0.003) −0.009 (0.003)
1983–90 0.004 (0.003) 0.003 (0.003) 0.003 (0.003) 0.003 (0.003)

Dwelling tenure
1990-post
Owner occupied 0 (0.002) 0 (0.002) 0.001 (0.002) 0 (0.002)
Private rented −0.004 (0.003) −0.004 (0.003) −0.003 (0.003) −0.004 (0.003)
Social rented

No. bedrooms
1 Bedroom −0.002 (0.005) 0 (0.005) 0 (0.005) −0.002 (0.005)
2  Bedrooms −0.002 (0.004) 0 (0.004) −0.001 (0.004) −0.002 (0.004)
3  Bedrooms −0.003 (0.004) −0.002 (0.004) −0.003 (0.004) −0.004 (0.004)
4  Bedrooms −0.003 (0.004) −0.001 (0.004) −0.002 (0.004) −0.002 (0.004)
5+  Bedrooms

Region
East England 0 (0.003) 0 (0.003) −0.001 (0.003) −0.001 (0.003)
East  Midlands −0.005 (0.003) −0.005 (0.003) −0.005 (0.003) −0.005 (0.003)
London 0.002 (0.003) 0 (0.003) 0.001 (0.003) 0 (0.003)
North East 0.002 (0.003) 0.002 (0.003) 0.003 (0.004) 0.002 (0.004)
North West 0.001 (0.003) −0.001 (0.003) 0 (0.003) −0.001 (0.003)
South East 0.011a (0.003) 0.01a (0.003) 0.01 (0.003) 0.01 (0.003)
South  West −0.011a (0.003) −0.011a (0.003) −0.012a (0.003) −0.012a (0.003)
West Midlands 0.002 (0.003) 0.001 (0.003) 0.001 (0.003) 0.001 (0.003)
Yorkshire
Income quintiles
Quintile 1 −0.013a (0.002) −0.013a (0.002) 

Quintile 2 −0.01a (0.002) −0.011a (0.002) 
−0.013a (0.003) −0.012a (0.003)
−0.01a (0.002) −0.01a (0.002)
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able C1 (Continued)

Factors Cavity insulation Loft insulation Double glazing installation Condensing boiler replacement
N  = 106,753 N = 105,759 N = 103,478 N = 104,014

Coefficient estimatea (standard error)

Quintile 3 −0.007 (0.002) −0.008 (0.002) −0.008 (0.002) −0.007 (0.002)
Quintile 4 −0.003 (0.002) −0.003 (0.002) −0.003 (0.002) −0.003 (0.002)
Quintile 5

Adjusted for dwelling type, age, tenure, number of bedrooms, region and neigh-
ourhood income decile.
a Significant at the 95% confidence level.

eferences

[1] DECC, The Energy Efficiency Strategy: The Energy Efficiency Opportunity in
the  UK, Department of Energy and Climate Change, London, UK, 2012.

[2] DECC, UK National Energy Efficiency Action Plan, Department of Energy and
Climate Change, London, UK, 2014.

[3] I.G. Hamilton, D. Shipworth, A.J. Summerfield, P. Steadman, T. Oreszczyn, R.
Lowe, Uptake of energy efficiency interventions in English dwellings, Build.
Res. Inf. 42 (2014) 255–275, http://dx.doi.org/10.1080/09613218.2014.
867643.

[4] UKCCC, Meeting Carbon Budgets—2012 Progress Report to Parliament, UK
Committee on Climate Change, London, UK, 2012.

[5] M.  Sunikka-Blank, R. Galvin, Introducing the prebound effect: the gap
between performance and actual energy consumption, Build. Res. Inf. 40
(2012) 260–273, http://dx.doi.org/10.1080/09613218.2012.690952.

[6]  C. Foulds, J. Powell, Using the homes energy efficiency database as a research
resource for residential insulation improvements, Energy Policy 69 (2014)
57–72, http://dx.doi.org/10.1016/j.enpol.2014.01.015.

[7] M.A. Tovar, The structure of energy efficiency investment in the UK
households and its average monetary and environmental savings, Energy
Policy 50 (2012) 723–735, http://dx.doi.org/10.1016/j.enpol.2012.08.019.

[8] V. Brechling, S. Smith, Household energy efficiency in the UK, Fisc. Stud. 15
(1994) 44–56, http://dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x.

[9]  P. Wyatt, A dwelling-level investigation into the physical and socio-economic
drivers of domestic energy consumption in England, Energy Policy 60 (2013)
540–549, http://dx.doi.org/10.1016/j.enpol.2013.05.037.

10] M.  Bell, R.J. Lowe, Energy efficient modernisation of housing: a UK case study,
Energy Build. 32 (2000) 267–280, http://dx.doi.org/10.1016/S0378-
7788(00)00053-0.

11] G. Milne, B. Boardman, Making cold homes warmer: the effect of energy
efficiency improvements in low-income homes, Energy Policy 28 (2000)
411–424, http://dx.doi.org/10.1016/S0301-4215(00)00019-7.

12] B. Mills, J. Schleich, Residential energy-efficient technology adoption, energy
conservation, knowledge, and attitudes: an analysis of European countries,
Energy Policy 49 (2012) 616–628, http://dx.doi.org/10.1016/j.enpol.2012.07.
008.

13] T. Jamasb, H. Meier, Household Energy Expenditure and Income Groups:
Evidence from Great Britain, EPRG Working Paper, Cambridge, UK, 2010.

14] J. Skea, Research and evidence needs for decarbonisation in the built
environment: a UK case study, Build. Res. Inf. 40 (2012) 432–445, http://dx.
doi.org/10.1080/09613218.2012.670395.

15] APGEBE, Re-energising the Green Agenda: Report from the Commission of
Inquiry into Sustainable Construction and the Green Deal, Construction
Industry Council, London, UK, 2013, http://www.cic.org.uk/admin/resources/
sustainable-construction-and-the-green-deal-report.pdf.

16] H. Meier, K. Rehdanz, Determinants of residential space heating expenditures
in  Great Britain, Energy Econ. 32 (2010) 949–959, http://dx.doi.org/10.1016/j.
eneco.2009.11.008.

17] C. Wilson, L. Crane, G. Chryssochoidis, Why  do homeowners renovate energy
efficiently? Contrasting perspectives and implications for policy, Energy Res.
Soc. Sci. 7 (2015) 12–22, http://dx.doi.org/10.1016/j.erss.2015.03.002.

18] A. Druckman, T. Jackson, Household energy consumption in the UK: a highly
geographically and socio-economically disaggregated model, Energy Policy
36 (2008) 3177–3192, http://dx.doi.org/10.1016/j.enpol.2008.03.021.

19] A.J. Summerfield, R.J. Lowe, H.R. Bruhns, J.A. Caeiro, J.P. Steadman, T.
Oreszczyn, Milton Keynes energy park revisited: changes in internal
temperatures and energy usage, Energy Build. 39 (2007) 783–791, http://dx.
doi.org/10.1016/j.enbuild.2007.02.012.

20] R.H. Socolow, The twin rivers program on energy conservation in housing:
highlights and conclusions, Energy Build. 1 (1978) 207–242, http://dx.doi.org/
10.1016/0378-7788(78)90003-8.

21] E. Arumägi, T. Kalamees, Analysis of energy economic renovation for historic
wooden apartment buildings in cold climates, Appl. Energy 115 (2014)
540–548, http://dx.doi.org/10.1016/j.apenergy.2013.10.041.

[24] EST, HEED Online 2—Full Technical Guide 2.0, Energy Saving Trust, London,
UK, 2011, http://www.energysavingtrust.org.uk/Organisations/Government-
and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-
Efficiency-Database/HEED-Online-user-guides-and-documentation.

[25] Ofgem, Uniform Network Code—Transportation Principal Document—Section
H: Demand Estimation and Demand Forecasting, OFGEM, London, UK, 2013,
http://www.gasgovernance.co.uk/TPD.

[26] I.G. Hamilton, P.J. Steadman, H. Bruhns, A.J. Summerfield, R. Lowe, Energy
efficiency in the british housing stock: energy demand and the homes energy
efficiency database, Energy Policy 60 (2013) 462–480, http://dx.doi.org/10.
1016/j.enpol.2013.04.004.

[27] I.G. Hamilton, J.P. Steadman, R.J. Lowe, A.J. Summerfield, H. Bruhns,
Exploratory analysis of the Homes Energy Efficiency Database and Energy
Demand, UCL Energy Institute, London, UK, 2012,
http://www.bartlett.ucl.ac.uk/energy/research/themes/buildings/building-
and-energy-data-frameworks.

[28] Experian, Household Income 2011, Experian Ltd., Nottingham, UK, 2012,
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf.

[29]  ONS, 2012. ONS Neighbourhood Statistics [WWW  Document], Neighb. Stat.,
http://www.neighbourhood.statistics.gov.uk/.

[30] CLG, English Housing Survey Technical Advice Note—Survey Overview and
Methodology: 2011–12 Update, Department for Communities and Local
Government, London, UK, 2013, https://www.gov.uk/government/uploads/
system/uploads/attachment data/file/211301/Survey Overview and
Methodology.pdf.

[31] SAS Institute Inc., SAS Base Version 9.3., 2011.
[32] J. Rosenow, Energy savings obligations in the UK—a history of change, Energy

Policy 49 (2012) 373–382, http://dx.doi.org/10.1016/j.enpol.2012.06.052.
[33] J. Rosenow, Different paths of change: home energy efficiency policy in

britain and germany, ECEEE Summer Study (2011) 261–272.
[34] J.D. Healy, J.P.P. Clinch, Quantifying the severity of fuel poverty, its

relationship with poor housing and reasons for non-investment in
energy-saving measures in Ireland, Energy Policy 32 (2004) 207–220, http://
dx.doi.org/10.1016/S0301-4215(02)00265-3.

[35] S.H. Hong, J. Gilbertson, T. Oreszczyn, G. Green, I. Ridley, A field study of
thermal comfort in low-income dwellings in England before and after energy
efficient refurbishment, Build. Environ. 44 (2009) 1228–1236, http://dx.doi.
org/10.1016/j.buildenv.2008.09.003.

[36] S.H. Hong, T. Oreszczyn, I. Ridley, The impact of energy efficient
refurbishment on the space heating fuel consumption in English dwellings,
Energy Build. 38 (2006) 1171–1181.

[37] CLG, English Housing Survey, 2010: Housing Stock Data, HMSO, London, UK,
2013, http://dx.doi.org/10.5255/UKDA-SN-7039-4.

[38] DECC, The Green Deal: Which Energy Efficiency Improvements Qualify For
Green Deal Finance, Department of Energy and Climate Change, London, UK,
2012.

[39] C. Wilson, G. Chryssochoidis, H. Pettifor, Understanding Homeowners’
Renovation Decisions: Findings of the VERD Project, UK Energy Research
Centre, London, UK, 2013, http://www.ukerc.ac.uk/support/tiki-download
file.php?fileId=3421.

[40] ONS, 2010. Mid-2005 Population estimates for UK, England and Wales,
Scotland, Northern Ireland [WWW  Document], Natl. Stat. Popul., http://www.
ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-
wales/mid-2002-to-mid-2010-revised?national-/index.html.

[41] Experian, 2009. Median Household Income 2004 [WWW  Document].
Experian Data. http://cdu.mimas.ac.uk/experian/index.htm.

[42] UK Met  Office, 2012. Heating degree days 1961–2006 [WWW  Document],
UKCP09 Annu. Data sets. http://www.metoffice.gov.uk/climatechange/
science/monitoring/ukcp09/available/annual.html.

[43] Elexon, URS—Estimation of Annual Consumption (EAC/AA) System, ELEXON
Limited, London, UK, 2010,
http://www.elexon.co.uk/csd/estimation-of-annual-consumption-system-
user-requirements-specification-eacaa-urs-v11-0/.

[44] HM Revenue and Customs, UK Property Transaction Statistics, 2015. https://
22] T. Oreszczyn, S.H. Hong, I. Ridley, P. Wilkinson, Determinants of winter indoor
temperatures in low income households in England, Energy Build. 38 (2006)
245–252, http://dx.doi.org/10.1016/j.enbuild.2005.06.006.

23] DECC, Great Britain’s Housing Energy Factfile Report 2011, Department of
Energy and Climate Change, London, UK, 2012.
www.gov.uk/government/uploads/system/uploads/attachment data/file/
46931/UK Tables Oct 2015 cir .pdf.

http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0005
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0010
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
dx.doi.org/10.1080/09613218.2014.867643
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0020
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1080/09613218.2012.690952
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2014.01.015
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1016/j.enpol.2012.08.019
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1111/j.1475-5890.1994.tb00196.x
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/j.enpol.2013.05.037
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0378-7788(00)00053-0
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/S0301-4215(00)00019-7
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
dx.doi.org/10.1016/j.enpol.2012.07.008
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0065
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
dx.doi.org/10.1080/09613218.2012.670395
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
http://www.cic.org.uk/admin/resources/sustainable-construction-and-the-green-deal-report.pdf
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.eneco.2009.11.008
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.erss.2015.03.002
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enpol.2008.03.021
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/j.enbuild.2007.02.012
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/0378-7788(78)90003-8
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.apenergy.2013.10.041
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
dx.doi.org/10.1016/j.enbuild.2005.06.006
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0115
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://www.energysavingtrust.org.uk/Organisations/Government-and-local-programmes/Free-resources-for-local-authorities/Homes-Energy-Efficiency-Database/HEED-Online-user-guides-and-documentation
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0125
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
dx.doi.org/10.1016/j.enpol.2013.04.004
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0135
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://cdu.mimas.ac.uk/experian/HouseholdIncome-2011.pdf
http://www.neighbourhood.statistics.gov.uk/
http://www.neighbourhood.statistics.gov.uk/
http://www.neighbourhood.statistics.gov.uk/
http://www.neighbourhood.statistics.gov.uk/
http://www.neighbourhood.statistics.gov.uk/
http://www.neighbourhood.statistics.gov.uk/
http://www.neighbourhood.statistics.gov.uk/
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/211301/Survey_Overview_and_Methodology.pdf
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
dx.doi.org/10.1016/j.enpol.2012.06.052
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0165
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/S0301-4215(02)00265-3
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
dx.doi.org/10.1016/j.buildenv.2008.09.003
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0180
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
dx.doi.org/10.5255/UKDA-SN-7039-4
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0190
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3421
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-england-and-wales/mid-2002-to-mid-2010-revised?national-/index.html
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://cdu.mimas.ac.uk/experian/index.htm
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/available/annual.html
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://refhub.elsevier.com/S0378-7788(16)30071-8/sbref0215
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf
http://https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/46931/UK_Tables_Oct_2015__cir_.pdf

	Energy efficiency uptake and energy savings in English houses: A cohort study
	1 Introduction
	2 Background
	3 Methods
	3.1 Datasets
	3.1.1 Homes energy efficiency database
	3.1.2 Energy supplier meter point data
	3.1.3 Neighbourhood level household characteristics

	3.2 Study population—English cohort
	3.3 Energy efficiency interventions
	3.4 Outcome
	3.5 Influencing and confounding factors
	3.6 Statistical analysis

	4 Results
	4.1 Uptake of energy efficiency retrofits among English dwellings
	4.2 Change in gas demand in English dwellings

	5 Discussion
	5.1 Determinants of energy efficiency retrofits uptake
	5.2 Determinants of energy savings
	5.3 Whole-house retrofit packages
	5.4 Implications for energy efficiency policy
	5.5 Strengths and weaknesses

	6 Conclusions
	Funding
	Acknowledgements
	Appendix A : LSOA level variables
	Appendix B : EHS sampling frame
	Appendix C : Detailed proportional change models
	References


