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1 Introduction

Almost 40% of the UK’s energy consumption and carbon emissions come from the
way our buildings are heated and used. Even comparatively small changes in energy
performance and the way a building is used will have a significant effect in reducing
energy consumption. (Department for Levelling Up, Housing and Communities,
2022)

In 2021, the UK government published its Net Zero Strategy which sets out a plan for the UK
to reach net zero carbon emissions by 2050 (Department for Business, Energy and Industrial
Strategy, 2022). In this paper we assess the market incentives for owners to increase the energy
efficiency of their properties and how these incentives differ by location and property type.
Such an analysis is an essential prerequisite to designing an effective strategy for increasing the

energy efficiency of housing.

Since 2008, it has been mandatory for sellers of residential properties in the UK to provide a
valid energy performance certificate (EPC) at the time of sale. EPCs are a useful mechanism
to reduce the asymmetric information problem between buyers and sellers, increasing the like-
lihood that buyers will notice and appreciate measures that increase energy efficiency. This, in
turn, should incentivise owners to invest in energy efficiency improvements as they are more

likely to recoup the costs at a possible later sale.

A large literature has documented that properties with higher energy efficiency, other things
equal, have higher prices (see section 2). The general approach to measuring the price impact
of efficiency gains is to estimate a hedonic model of property prices where the energy efficiency
label is included as a dummy variable. The consensus finding of this literature is that properties
with higher energy efficiency labels are sold at a premium. However, the existing literature
typically does not directly address owners’ incentives to increase their properties’ energy ef-
ficiency. A crucial input to any such discussion is the actual costs of these energy efficiency
improvements. These costs can be compared with either the increase in the price of a property
or the net present value of the energy cost savings. In equilibrium, these approaches should
reach similar conclusions as the price of a property should rise by the net present value of the

future cost savings.

Our focus is on measuring the price impact of energy efficiency improvements. To this end, we
match the records for individual residential property transactions for England and Wales from
the HM Land Registry with their EPCs. We then use a hedonic approach to estimate the impact
of implementing the recommended energy efficiency improvements in the EPCs on property
prices. We compute separate models for the three main property types (flats, semis/terraces,

and detached houses) and the ten ITL-1 regions in England and Wales. The costs of the recom-



mended energy efficiency improvements are provided directly in the EPCs.

We calculate the capitalisation rate of energy efficiency improvements (CREEI) at the level
of individual properties. The CREEI is defined here as the percentage of the costs of energy
efficiency improvements that are capitalised in the price of the property. For example, a CREEI
of less than 100% implies the price of the property rises by less than the cost of the energy
efficiency improvement, and hence that the improvement is not fully capitalised in property

prices.

The HM Land Registry and EPC datasets provide a comprehensive list of characteristics of resi-
dential properties. These characteristics can be used in a hedonic model to minimise unobserved
quality bias when estimating the impact of energy efficiency on property prices. In addition to
the typical variables included in real estate models (i.e., price, size, age, and building type) and
current and potential energy efficiency values, the combined dataset includes many additional

property characteristics and features.

Plot size, however, is a key variable that is missing from both datasets.! We construct a proxy
variable for plot size using an innovative approach based on the distances between neighbouring
properties. These calculations are made using the exact geospatial locations of all addressable
properties in England and Wales — a dataset of 40 million residential, commercial or government
properties. Our plot size indicator variable is highly significant when included in our hedonic

models.

We find that plot size can explain some apparent anomalies in the literature regarding the impact
of energy efficiency on property values in the UK (Fuerst et al., 2015, 2016). When plot size is
missing, the price effect of energy efficiency improvements can be substantially underestimated.
This is especially true for detached houses, where the plot’s share in the property’s total value
is much larger than for other property types.> Furthermore, the bias due to missing plot sizes
will be greatest in areas where the proportion of land value (relative to the cost of the structure)

is particularly high (e.g., around London or in the South East of England).?

The quality of the predictions from our hedonic models can also be affected by other omitted
variables and measurement errors in the estimated efficiency levels of properties (Hyslop and

Imbens, 2001). We perform two types of checks for bias in our hedonic results. The first is to

IThe plot size is not usually recorded in English or Welsh title deeds. Property owners usually have access
to a title plan that indicates the property’s layout, but these plans do not specify exact boundaries nor who owns
the hedge, wall, or fence between two properties UK Government (2023c). Also, Title plans are not available in a
usable form for research purposes.

2Semis/terraces tend to have smaller and more uniformly sized plots. For flats, which usually do not have
garden space, the internal square meter should be a sufficient description of the property size.

3This point ties in with the literature on the relative shares of land and building values in different markets
(Bostic et al., 2007).



compare the price ratios of repeat-sales properties that underwent energy-efficiency improve-
ments between sales with the predicted price ratios for these same properties obtained from our
hedonic model. We find that the hedonic and repeat-sales results differ by only about 10%.
Our second check focuses on controlling better for the structure’s quality by using additional

information in the EPCs. Again, our results suggest that any omitted variables biases are small.

We find significant differences in market incentives across regions and property types for the
2014-2022 period. On average, 84.4% of the costs of implementing the EPC-recommended
energy efficiency improvements are capitalised in property prices for flats, as compared with

59.4% for semis/terraces and 59.3% for detached houses.*

Subsidies should be targeted to regions and property types where market incentives are weakest.
The UK government’s recently announced 12 billion pound “Help to Heat” scheme may be
useful in this regard (Department for Energy Security and Net Zero, 2023). Our results can help
policymakers design and target initiatives to maximise the reduction in carbon emissions per
Pound of subsidy. Such careful use of government funds is a crucial element of any strategy for

the UK to reach its Net Zero carbon emissions target by 2050.

The remainder of this paper is structured as follows. Section 2 is a literature review. Section 3
describes a general hedonic model of property prices. Section 4 develops the specific hedonic
model we use to estimate the impact of energy efficiency improvements on property prices. The
dataset is presented in section 5 and the results in section 6. Our robustness checks are in section

7 and the conclusion in section 8.

2 Relevant Literature

The literature exploring the impact of energy efficiency on property prices dates back to the
1980s. Early contributions include Johnson and Kaserman (1983), Laquatra (1986) and Dinan
and Miranowski (1989). These authors found that higher energy efficiency does generate a price

premium. However, the datasets used in these papers were small.

The field received a boost from the expansion of energy efficiency certification programs. These
started first in the commercial real estate market. Eichholtz et al. (2010) considered the impact
of Energy Star certification in the US office market. They found that Energy Star-certified
properties commanded a 16% price premium. Similar studies of the commercial real estate
market include Fuerst and McAllister (2011) and Kok et al. (2011).

“These are averages across the 10 ITL-1 regions shown in Table 10.
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The first larger-scale empirical study considering the price impact of EPCs on residential real
estate prices in Europe was Brounen and Kok (2011). Using a hedonic approach, they found that
properties labelled A, B, or C commanded a price premium of 4% in the Dutch housing market.
Since then, a number of papers have undertaken similar comparisons for other countries/regions,
also finding that housing with higher energy efficiency labels command a price premium: see,
for example Deng et al. (2012) for Singapore, Kahn and Kok (2014) for California, Hyland
et al. (2013) for Ireland, Cerin et al. (2014) for Sweden, Fuerst et al. (2015) and Asproudis et al.
(2023) for England, Fuerst et al. (2016) for Wales, Bruegge et al. (2016) for Florida, de Ayala
et al. (2016) for Spain, Fuerst and Shimizu (2016) for Japan, Wahlstrém (2016) for Sweden,
Walls et al. (2017) for the US, Kholodilin et al. (2017) for Berlin, Zhang et al. (2017) for China,
Pride et al. (2018) for Alaska, Evangelista et al. (2020, 2022) for Portugal, Geske (2022) for
England and Wales, and Taruttis and Weber (2022) for Germany. Finally, in a recent paper
applying machine-learning methods to Zoopla list-price data, Asproudis et al. (2023) find that

installing solar panels has a positive impact on the prices of detached houses in England.

In addition to the overall result that higher energy efficiency increases property prices, some
other notable results emerge from these studies. For example, Taruttis and Weber (2022) find
that in Germany, the price impact of improvements in energy efficiency is higher in rural ar-
eas. Fuerst et al. (2015) find that in England, the price premium is higher for flats and terraced
dwellings than for detached and semi-detached properties. Aydin et al. (2020) find that improve-
ments in energy efficiency are capitalised into house prices (i.e., the price premium exceeds or
is at least equal to the net present value of energy cost savings). Geske (2022) finds that in
England, the price premium exceeds the net present value of energy cost savings for high en-
ergy efficient properties while the premium is less than the energy cost savings for low energy
efficient properties. Kholodilin et al. (2017) find that in Berlin, the price premium is about
the same as the net present value of energy cost savings for owner-occupied properties, while
the rent premium is much lower than the energy cost saving for rented properties. Cerin et al.
(2014) find that in Sweden, the price premium is highest for properties built before 1960, while
Kahn and Kok (2014) find that the price premium in California is higher in hotter regions where
the cost of cooling is a larger share of total housing running costs. Bruegge et al. (2016) find

that in Florida, the price premium is mainly for new builds, mostly disappearing for resales.

The impact of energy efficiency ratings may also depend on their market coverage. A poten-
tial selection issue exists if EPCs are voluntary. The impact of voluntary reporting of energy
efficiency is explored by Fuerst and Warren-Myers (2018) for the rental market in Canberra,
Australia. They find that improvements in energy efficiency would be valued more — especially
at the cheaper end of the market — if reporting was mandatory. In the European Union, EPCs

have been mandatory for transacted properties since 2009 (and have remained mandatory in



England and Wales after Brexit).’

Some authors caution that the price premiums estimated by the literature could be distorted by
omitted variables (Aydin et al., 2020; Marmolejo-Duarte and Chen, 2022). The main conse-
quential omitted variables here are plot size (for the UK market) and the quality of the housing
structure/finishes. Repeat sales are sometimes used to circumvent or check the extent of the
omitted variables problem (Fuerst et al., 2015, 2016; Aydin et al., 2020). However, unobserved
quality may also have changed between the two sales since the energy improvement may be part
of a broader renovation. We assess the extent to which these concerns over omitted variables

are relevant to our results in section 7.°

3 Theoretical Model

The theoretical model presented here models Housing H as a differentiated good determined

from the following elements:

H=H(Q’ 0" E), (D

where Q° refers to observed housing quality, such as the property’s floor area, age and locational
aspects. Q" refers to the aspects of housing quality that remain hidden from the researcher, such
as the plot size (in the UK), the quality of the building materials, kitchen, and other fittings. E

denotes the energy efficiency.

Suppose now that households have the utility function
U =U(H, x), 2)

where x denotes a composite consumption good. Properties can be either owner-occupied or
rented. The cost of owner-occupying can be expressed as a user cost. The concept of user cost
was developed by Hall and Jorgenson (1967) to provide an imputed rent for purchased capital
used by firms in production. However, the concept can equally well be applied to the housing
market to measure the cost of the services received by owner-occupiers (Poterba, 1984). In

equilibrium, individuals should be indifferent between owning and renting such that the yearly

SHowever, this law is enforced more in some countries than in others. For example, de Ayala et al. (2016) note
that EPCs are often not available for transacted properties in Spain.

6Aydin et al. (2020) propose an innovative approach to addressing the omitted variables problem using the
oil price shock in 1974 to construct an instrument for a two-stage least squares regression. Such an approach can
potentially control for some aspects of unobserved quality. Interestingly, in contrast to the Netherlands, the 1974
oil shock did not lead to the construction a more energy-efficient housing stock in England and Wales. Thus, the
instrument approach used in Aydin et al. (2020) cannot be used with our dataset.



cost of renting (R) should equal the user cost of owner-occupying (uP).
R =uP 3)
where P represents the property price and u is the per-dollar user cost calculated as follows:

u=r+o+w+vy-g, “4)

The terms in (4) are defined as follows: r is the interest rate, ¢ is the rate of depreciation
of the property, w consists of repairs and maintenance, property taxes and average amortised
transaction costs, vy is the risk premium for owning rather than renting, and g is the expected

capital gain of owner occupying.’

The budget constraint of an individual considering investing in energy-efficient home improve-

ments can be expressed as follows:

S(AE) _

P+ x+ C(AE) — M,
ub+x+CAE) =7

(&)

where AE denotes an improvement in energy efficiency, and C(AE) is the cost of this improve-
ment. S (AE) is the per-period monetary saving from reduced energy usage, b is the number of
periods for which the saving lasts, r is the interest rate, and M denotes income. The price of the

composite consumption good (x) is normalised to 1.

Households choose H, x, and AE to maximise utility subject to their budget constraint. The

first-order conditions yield the following solution for the equilibrium property price P:
P=P(Q°, Q" E,1,6,w,7,8¢,5,b, M), (6)

where ¢ and s represent the parameters from the cost and savings functions in the budget con-
straint, and M denotes average income. We assume that average income is a sufficient statistic

for modelling the impact of income on house prices.

Our objective is to calculate the change in property price associated with the change in the

property’s energy efficiency performance from E to E*.
P(E") — P(E) = P(E + AE) — P(E), (7)

We then compare P(E*) — P(E) with C(AE) at the level of individual properties.

7A more general version of the user-cost formula is presented in Diewert (2009). Also, some versions of
the user-cost method distinguish between the debt and equity components of housing wealth, where a mortgage
interest rate is used for the debt part and a long-term government bond rate for the equity part.
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We can distinguish between three types of variables. The first type concerns variables that we
observe and can control for: Q°, P, E and r. The second type consists of variables that we do
not observe but can be assumed to be constant across properties at any given point in time:
w,7v,g,¢, s, b, M. The fact that these variables are missing should not affect our estimates of AP
much. The third type is the most problematic, as it refers to variables that are both missing from
the dataset and can vary across properties. All (for the researcher) unobserved quality aspects

of the property, 0", as well as the depreciation rate, ¢, fall into this category.®

Consider two properties 1 and 2 that are identical in terms of all the observed characteristics
(i.e., Of = 09), except that price and energy efficiency, are higher for the first property (i.e.,
P, > P, and E; > E;). The problem is that it is likely that the unobserved qualities of property
1 are likely to also be larger than those for property 2 (i.e., Qf > 03) (we ignore depreciation
here). Thus, a hedonic approach will tend to overestimate the price increase resulting from an
improvement in energy eflficiency since it will attribute all the price differences to the higher

energy efficiency when part of it is also due to higher property quality.

The better the dataset is able to describe the property (i.e., the more price-relevant variables are
in Q° rather than Q"), the smaller this omitted variable bias should get. One aspect of this paper
is to transform plot size, a crucial price-relevant variable, from a type Q" into a type Q° variable.
Another aspect is to perform careful checks that help us estimate the robustness of our hedonic

regression estimates (see section 7).

4 Hedonic Method

Hedonic regression can be used to estimate shadow prices on the characteristics of properties
and for predicting the impact on a property of a change in its characteristics. The conceptual
basis of the hedonic approach was developed by Lancaster (1966) and Rosen (1974). In a
housing context, we estimate separately for each region and property type (flat, semi-terrace or
detached house, or semi-terraced detached house) the following semi-log regression model on

transacted properties as follows:
In(prn) = BO, + Tudy + OE, + €, ®)

where In(p, ) is the log price of transaction n in period #, the vector Q¢ describes the observed

characteristics of property » including its location (the list of variables is discussed in section 5

8The depreciation of the structure is closely linked to the observed and unobserved quality of the property (Q°
and Q"). The value share of land in the total value of the property also matters. Other things equal, a higher land
share reduces the depreciation rate since land does not depreciate (Hill and Syed, 2016).
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and section 6). d, is a dummy variable that takes the value 1 when a property was transacted in
year t, and zero otherwise. E, is the property’s energy efficiency level, and ¢, is an observation-
specific error term with mean zero. For readability, the constant term is subsumed within the 8
vector. The parameters to be estimated are the characteristic shadow price vector S, the year-
time-dummy vector 7, and the scalar 6, which measures the impact of energy efficiency on log

price.

As a check for possible non-linearities in the impact of energy efficiency on price we also
estimated a version of the hedonic model that interacts the energy efficiency parameter 6 with
the energy efficiency classes (A, B, C, etc.). As can be seen from the results in Appendix F,
the estimated 6 values are reasonably stable across all classes except class G, where the 6 value
is clearly lower. However, as shown in Table 2, class G accounts for only about 1% of the

properties in our sample. Hence we use the simpler specification in (8).

Each EPC contains the property’s current energy performance score, a list of recommended
energy efficiency investments (including their estimated costs), and a potential energy score
if all recommended energy improvements were realised. Once the hedonic model has been
estimated, it can be used to predict the impact of energy efficiency improvements on property
prices. Specifically, we use the estimated parameters from (8) to predict property prices. The
first prediction is p,,, the transaction price of property n given its current energy efficiency level
(E,) for each year t from 2014 to 2021. The second prediction is p;,, the transaction price of
property n if all recommendations in its EPC were implemented and its energy efficiency level

was increased to (E™).

These predicted prices are calculated as follows:

Pua = exp (BQ; + #d, + OF,), ©)

Py = exp (BQ; + #.d, + OE}). (10)

The expected price gain from implementing the recommended energy efficiency improvements
listed in the property’s EPC is given by p;, — p;,. Using the hedonic model to predict prices
rather than focusing specifically on the estimated energy efficiency coefficient provides some

protection against the possible effects of multicollinearity.

To evaluate the market incentive of property owners to undertake energy efficiency improve-
ments the expected price gain needs to be compared with the cost of the improvement. Esti-

mates of these costs, denoted here by k,, are provided in the EPCs. The capitalisation rate of



energy efficiency improvements (CREEI) is defined as follows:

(ﬁ:—n - ﬁtn)

11
i (an

CREEI,, = 100

A CREEI below 100% implies that energy efficiency improvements are less than fully capi-
talised in property prices. For example, if the CREEI is 90%, this means that when all recom-
mendations in the EPC are implemented, the price of the property increases on average at a rate

of 90 Pounds for every 100 Pounds of expenditure on energy efficiency improvements.’

When calculating the CREEI, the price of property n with the improvement, (p;,), must be pre-
dicted since it is counterfactual. For a property actually transacted in period ¢, the price without
the energy improvement, (p,,), could be either the actual transaction price or the predicted price
from the hedonic model. There are two reasons why it may be preferable to use the predicted
price rather than the actual price. First, when calculating (p;, — p,..), there is no longer any need
to restrict attention to properties that actually transacted in year ¢. We can consider all properties
for which we have EPCs, independently of when (or even if) they were traded. Second, predict-
ing both prices can partially correct for omitted variable bias. For example, suppose property n
performs well in terms of the quality of the structure and finishes. This means that both p,, and
p7, will tend to be too low. By taking the difference between these two predicted prices, these
errors will partially offset each other. This approach of predicting both prices from the hedonic
model is referred to as double prediction (or imputation) in the price index literature (Hill and
Melser, 2008; Eurostat et al., 2013; Silver, 2018).

We derive aggregate measures of the CREEI by taking the median of the estimates in (11). We
do this separately for each property type for each ITL-1 region.

5 Data

5.1 Matching EPC and PPD Datasets

HM Land Registry Transaction Price Dataset

The Price Paid Data” (PPD) contains all sales prices of properties in England and Wales that
have been reported for registration following a change in property ownership (HM Land Reg-
istry, 2023). It contains each property’s sales price as stated on the transfer deed, its address,

date of sale completion, property type (i.e., D = Detached, S = Semi-Detached, T = Terraced,

9We do not actually observe the increase in energy efficiency for each individual improvement. Some individ-
ual improvements will have higher capitalisation rates and others lower rates than the overall CREEIL

9



F = Flats/Maisonettes, O = Other ), whether the property is a newbuild ("new” or ”old), and
tenure type (i.e., L = leasehold, F = freehold). The PPD dataset also distinguishes between
transaction types A and B, with Type A referring to ”Standard Price Paid” entries, which are
single residential properties sold at market value. Type B refers to ”Additional Price Paid”
records, which include transfers under the power of sale/repossession, lease-purchase, transfers
to non-private individuals, and sales where the property type is classified as “Other” (UK Gov-
ernment, 2023b). As we are interested in residential properties sold at market value, we restrict

the PPD dataset to transfer Type A properties.

Energy Performance Certificates (EPCs)

Energy performance certificates (EPCs) are based on individual assessments of properties’ en-
ergy consumption and estimated energy losses (e.g., due to poor insulation). The assessments
are performed by a trained assessor using an extensive checklist of property characteristics
which are needed as inputs for the energy software/models. EPCs for buildings in England and
Wales are published by (Department for Levelling Up, Housing and Communities, 2023). Apart
from a few exceptions, valid EPCs have been required when selling domestic properties since
September 2008 (Department for Levelling Up, Housing and Communities, 2023). Therefore,
most EPCs are prepared in the course of a property sale, although EPCs can be up to ten years
old at the time of the transaction (Office for National Statistics, 2021). Figure 1 illustrates the
age of EPCs at the time of property transaction.

Figure 1: Age of EPC at the time of transaction

47.7%

Percentage matched

5.8% 55% 61% 62%
(e 42%

o T
EPC after Transaction 0-1 years 1-2 years 2-3 years 3-4 years 4-5 years 5-6 years 6-7 years 7-8 years 8-9 years 9-10 years

Note: This figure shows the matching pattern of PPD and EPC datasets for properties transacted in 2021.
Overall, 88% of PPD properties could be matched with valid EPCs. A reason for the remaining 12% are
commercial transactions, that are contained in the PPD, but not in the EPC dataset. Table E1 shows main statistics
for the available characteristics between matched and un-matched. For about half of the transactions, the EPC
certificate was issued in the year before the transaction.

Each EPC contains information about the energy efficiency class of the building during the
energy assessment procedure, a list of proposed energy efficiency measures, and a potential
energy-efficiency level if these recommendations were implemented. The EPC dataset con-

tains a large set of property-specific information, for example, construction age, tenure type

10



(rental-private, rental-social, owner-occupier, unknown), and built form (Flats, Terraces, Semis,
Detached).

Matching of EPC and PPD Datasets

PPD and EPC records are linked via the exact addresses that are contained in the EPC and PPD
records. Figure 2 illustrates that around 90% of yearly PPD transaction sales can be matched
in this way. Failure to match can be caused by address discrepancies (when matching via
addresses, we require exact address matches), commercial properties, or properties sold without
EPCs. Although residential property owners are required (since 2008) to provide a valid EPC
when selling their property, there are exceptions to this requirement for listed properties, vacant
properties, properties smaller than 50 square meters, and properties with a valid building permit

for demolition and rehabilitation (UK Government, 2023a).

EPCs are valid for ten years. Hence, some properties are sold with quite current EPCs, while
others are sold with EPCs issued up to 10 years before the transaction. Figure 1 shows the age
of the EPCs issued for the 661 650 properties sold in England and Wales in 2021. The longer the
time interval between the EPC and transaction, the less confidence we can have in the estimated
energy efficiency of a property, as it may have depreciated or been renovated in the meantime.
To prevent outdated EPCs from influencing our results, we restrict the dataset to properties with
EPCs issued in the two years prior to the transaction when estimating (8).!° If properties are
sold multiple times with the same EPC within this specified period, we keep only the first of
those sales in our dataset since, presumably, the EPC best reflects the property’s condition at

the first sale after the EPC was issued.

10Changing this limit to one, five or ten years did not have much impact on the results.
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Figure 2: Proportion of matched transactions

100

801 W

60

40 1

% Matched Transactions

201

2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 2 illustrates the percentage of transactions made for the years 2014 to 2022 that were matched to a
corresponding EPC. Note that the transaction dataset includes commercial properties that are not included in the
EPC sample.

5.2 Adding location-based data

PPD and EPC data contain addresses that allow us to classify properties regarding regional
authority levels (i.e., county borders, districts, or postcodes). In our regressions, we use Local-
Authority Districts (LAD) as locational fixed effects. To further describe the spatial aspect of
the properties sold, we also integrate socioeconomic area information based on census data in
the form of ’supergroups” and the “index of multiple deprivation”, both provided by the Office
for National Statistics (ONS).

The eight classification labels of the supergroups are: “Affluent England”, “Business”, “Ed-

9 (13

ucation and heritage centres”, “Countryside living”, “Ethnically diverse metropolitan living”,
“London cosmopolitan”, “Services and industrial Legacy”, “Town and country living”, and “Ur-
ban settlements” (Office for National Statistics, 2023). Note that supergroup areas are defined

independently of local authority levels Office for National Statistics (2023).

A smaller-scale socioeconomic classification based on census data is available via the ONS’s de-
privation indices for England (Ministry of Housing, Communities and Local Government, 2019)
and Wales (Welsh Government, 2019). The English indices, for example, rank all 32 844 small
areas or neighbourhoods in England, called Lower-layer Super Output Areas. These deprivation
indices provide a range of relative measures of deprivation for areas below the supergroup level

(i.e., “lower-layer super output areas”). We use the “Index of Multiple Deprivation” which is
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based on seven different dimensions of deprivation: “Income Deprivation”, “Employment De-
privation”, “Education, Skills and Training Deprivation”, “Health Deprivation and Disability”,

“Crime”, “Barriers to Housing and Services”, and “Living Environment Deprivation”.

Supergroups are included in our hedonic model as dummy variables. We include the multiple
deprivation index as a numerical variable that, for ITL-1 regions in England, can take any value
between 1 and 32 844.

5.3 Data cleaning and summary statistics

As linear regressions can be sensitive to outliers (Rousseeuw and Leroy, 1987), we use Cook’s
distance to remove outliers in the dataset (Cook, 1979). To do so, we estimate hedonic models
of log price separately for each property type (flat, semi-terrace, detached house) and ITL-1
region, taking into account the following characteristics: floor area, energy efficiency, duration
(L/F), construction age band, Local-Authority District (LAD), built form, and plot-size indicator
(for detached houses only). Table 1 provides the summary statistics for our dataset before and
after removing observations with a Cook’s distance of greater than 4/(N — p — 1), where N
stands for the number of observations and p for the number of parameters (Silver, 2022). This
method classifies around 5% of the observations as outliers. In Appendix D, for comparison,

we provide results computed without any data cleaning.

Table 1: Descriptive statistics of transaction data before and after cleaning

Flat Detached Houses Semi/Terrace
Cleaning Before After Before After Before After
Price (mean) 278,211 274,543 368,193 361,959 232,839 228,980
Floor Area (mean) 64.2 63.7 126.0 124.9 89.5 88.9
Construction age band (mode) 2007 onwards 2007 onwards 2007 onwards 2007 onwards 1930-1949 1930-1949
Built form detached-semi_detached(share) 40.3 40.4 97.9 98.2 53.1 53.6
Built form mid-terrace (share) 29.3 29.2 0.6 0.4 30.6 30.4
Built form end-terrace (share) 20.2 20.0 0.4 0.2 15.7 15.4
Built form missing (share) 10.2 10.5 1.1 1.2 0.6 0.6
Current Energy Efficiency (mean) 71.2 71.3 63.2 63.7 61.5 61.7
Potential Energy Efficiency (mean) 77.22 71.3 63.2 63.7 61.5 61.7
Region (share)
North East 2.2 35 4.7
North West 7.1 9.9 13.4
Y. and the H. 4.1 8.6 10.4
East Midlands 2.6 12.7 8.5
West Midlands 5.7 10.0 9.9
East 10.9 14.4 11.5
London 35.7 2.5 10.0
South East 20.1 19.6 16.2
South West 9.7 13.5 10.4
Wales 1.9 53 4.9
Observations 766,538 730,579 1,592,490 1,510,864 3,553,395 3,397,605

Note: The columns indicated with “Before” show merged PPD-EPC records (with EPCs issued no more than 24
months before transaction). We applied Cook’s distance cleaning for each ITL-1 region separately, hence, the
share of transactions from each region does nto change after cleaning.
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The proportions of properties with each energy label are shown in Table 2. The energy efficiency
is higher for flats, with level C being the mode. For semis/terraces and detached houses, the
mode is level D, with 74% of semis/terraces and 64% of detached houses having efficiency

levels of D or lower.

Table 2: Share of Energy Efficiency Level per Property Type

Flats Semi-Terraced Detached

A 0.1 0.1 0.3
B 269 8.9 16.1
C 391 20.9 19.4
D 243 454 40.8
E 73 19.1 16.8
F 19 4.3 54
G 04 1.3 1.2

Note: Table 2 shows the share that belongs to each efficiency class using all market transactions between January
2008 and September 2022 that could be matched with a EPC within the last 2 years before transaction.

The impact of age on energy efficiency is shown in Figure 3. Three clear patterns can be
discerned. First, newer buildings are more energy efficient. Second, flats are more energy
efficient than semis/terraces which in turn are more energy efficient than detached houses. Third,
this difference in the energy efficiency of the three property types falls over time. For properties

constructed after 2007, on average there is no longer any difference in energy efliciency across

property types.

Figure 3: Energy Efficiency By Age and Property Type
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Figure 3 shows energy efficiency per property type for each building construction time range.



With regard to the government’s Net Zero target for 2050, it is particularly important to iden-
tify those properties that have energy efliciency ratings below level C. Policies targeted at these
properties could potentially provide the biggest gains in terms of reducing overall carbon emis-
sions. From Table 3 it can be seen that the percentage of properties initially below level C is
higher for semis/terraces and houses than for flats. Also, the percentages differ quite signifi-
cantly across ITL-1 regions. What is especially striking is that the richest region, London, has

the highest percentage of detached houses below level C (81.1%).

Table 3: Share of Properties for which the current energy efficiency is below level C

North North Yorkshire and East West South South
) ) East London Wales
East West the Humber Midlands Midlands East  West
Flats 51.8  38.5 41.1 394 48.1 45.3 50.1 462 47.1 40.1
Semi-Terrace 67.0 72.8 73.2 66.8 72.4 65.3 78.5 63.3 63.1 73.1
Detached 46.1 61.0 63.2 62.1 66.5 65.8 81.1 68.2 67.8 66.5

Note: Table 3 shows the percentage of properties of each type in each region that are below level C. These

percentages are calculated as averages across the period 2014-2022.

5.4 Recommended energy efficiency improvements

The list of all energy improvements included in the EPCs is provided in Table 4, while the 10
most recommended energy efficiency improvements are shown in Table 5 for flats, in Table 6 for
semi-terraces, and in Table 7 for detached houses. Low energy lighting for all fixed outlets is the
most recommended improvement for flats and the third most recommended for semis/terraces
and detached houses. This low-cost measure generates easy efficiency gains. The next most
suggested improvement is 50 mm internal or external wall insulation. The most suggested
improvement for semis/terraces and detached houses is the installation of solar photovoltaic
panels followed by Solar water heating. Installing Solar panels is typically not an option for

owners of flats who face different constraints than owners of semis/terraces and houses.
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Table 4: List of Possible Recommendations for Improving Energy Efficiency in the EPCs

Recommendation

O 00 3 O U W
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50 mm internal or external wall insulation

Add additional 80 mm jacket to hot water cylinder
Cavity wall insulation

Change heating to gas condensing boiler

Change room heaters to condensing boiler

Condensing oil boiler with radiators

Draughtproof single-glazed windows

Fan assisted storage heaters

Fan assisted storage heaters and dual immersion cylinder
Flat roof insulation

Floor insulation

Flue gas heat recovery device in conjunction with boiler
Heat recovery system for mixer showers

High heat retention storage heaters

High heat retention storage heaters and dual immersion cylinder
High performance external doors

Hot water cylinder thermostat

Increase hot water cylinder insulation

Increase loft insulation to 270 mm

Increase hot water cylinder insulation

Install condensing boiler

Insulate hot water cylinder with 80 mm jacket

Low energy lighting for all fixed outlets

Party wall insulation

Replace boiler with new condensing boiler

Replace heating unit with condensing unit

Replace heating unit with mains gas condensing unit
Replace single glazed windows with low-E double glazing
Replacement glazing units

Replacement warm air unit

Room-in-roof insulation

Secondary glazing to single glazed windows

Solar photovoltaic panels, 2.5 kWp

Solar water heating

Solid floor insulation

Suspended floor insulation

Time and temperature zone control

Upgrade heating controls

Wind turbine

Wood pellet stove with boiler and radiators
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Table 5: 10 Most Frequent Recommendations: Property Type — Flat

Recommendation Share Mean Costs (at 2011 prices)
Low energy lighting for all fixed outlets 59.50 25
50 mm internal or external wall insulation ~ 37.99 9000
Cavity wall insulation 33.81 1000
Replace boiler with new condensing boiler 20.50 2600
Solid floor insulation 18.09 5000
Replace single glazed windows with 16.53 4900
low-E double glazing

High heat retention storage heaters 15.63 1500
and dual immersion cylinder

Increase loft insulation to 270 mm 14.73 225
High heat retention storage heaters 14.29 1500
Upgrade heating controls 11.09 400

Note: Here “share” denotes the percentage of EPCs across our sample period (2014-2022) that include this
recommendation. For example, 59.5% of EPCs for flats suggest the installation of low-energy lighting. The
column “mean cost” estimates the average cost across the whole sample period (2014-2022) as stated in the
individual EPCs (i.e., costs have not been uprated — see section 5.6).

Table 6: 10 Most Frequent Recommendations: Property Type — Semis/Terraces

Recommendation Share Mean Costs (at 2011 prices)
Solar photovoltaic panels, 2.5 kWp 96.72 5000
Solar water heating 91.06 5000
Low energy lighting for all fixed outlets 57.59 25
50 mm internal or external wall insulation  33.67 9000
Solid floor insulation 30.84 5000
Replace boiler with new condensing boiler 27.71 2600
Suspended floor insulation 27.70 1000
Cavity wall insulation 22.86 1000
Upgrade heating controls 18.44 400
Increase loft insulation to 270 mm 17.02 225

Note: Here “share” denotes the percentage of EPCs across our sample period (2014-2022) that include this
recommendation. For example, 96.7% of EPCs suggest the installation of solar photovoltaic panels, 2.5 kWp.
The column “mean cost” estimates the average cost across the whole sample period (2014-2022) as stated in the
individual EPCs (i.e., the costs have not been uprated — see section 5.6).
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Table 7: 10 Most Frequent Recommendations: Property Type — Detached House

Recommendation Share Mean Costs (at 2011 prices)
Solar photovoltaic panels, 2.5 kWp 95.48 5000
Solar water heating 83.11 5000
Low energy lighting for all fixed outlets 53.82 25
Solid floor insulation 37.11 5000
Replace boiler with new condensing boiler 29.06 2600
Suspended floor insulation 21.96 1000
Cavity wall insulation 19.46 1000
Increase loft insulation to 270 mm 17.01 225
Floor insulation 13.38 1000
Upgrading heating controls 12.62 400

Note: Here “share” denotes the percentage of EPCs across our sample period (2014-2022) that includes this
particular recommendation. L.e., for detached houses 95.5% of EPCs recommend the installation of solar
photovoltaic panels, 2.5 kWp. The column “mean cost” estimates the average cost across the whole sample period
(2014-2022) as stated in the individual EPCs (i.e., the costs have not been uprated — see section 5.6).

5.5 Including an estimate of plot size

Plot size is an essential determinant of the price of single-family homes. However, neither the
PPD- nor the EPC dataset includes any information about the size of the land the property is
standing on. The lack of this variable can lead to significant missing characteristics bias in the
hedonic regression models, especially for detached houses. To address this shortcoming, we
construct our own proxy measure for plot size based on the distance of a property from other

buildings.

The Unique Property Reference Number (UPRN) dataset provides us with the data we need to
determine the precise geographic location (in terms of latitude and longitude) of every structure
in England and Wales - independently of whether they have been sold, or whether they are cate-
gorised as residential, commercial, industrial, or government building. Forty million properties

are covered in this way.'!

Our proxy measure is based on the realisation that plot size is positively related to the distance
between properties, as large plots are only possible if neighbouring buildings are distant. Thus,
the greater the distance to neighbouring properties, the larger a property’s (potential) plot. Here,
we construct our indicator variable for plot size as the mean distance of a property address to
its ten closest neighbours. However, our hedonic regression results are quite robust to the exact

number of UPRN neighbours used (as long as some distance or distance-squared variable is

"I'The exact size of the dataset is 39,919,499, and it can be accessed at https://uprn.uk/.
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included). Figure 4 graphically illustrates the concept behind our proxy plot variable.

Figure 4: Calculation of plot size approximation
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Figure 4 illustrates the calculation of the plot size proxy for detached houses. Each unique address is marked as a
unique reference point (the small blue circles). Black solid lines depict the distances to the ten closest neighbours.
Reference point 1 (left large blue circle) has a lower average distance to its ten nearest neighbours than reference

point 2 (right large blue circle). Property 1’s potential plot size is thus larger than that of property 2.

Figure 5: Plot-Indicator Measurements for Detached Houses
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Figure 5 illustrates the plot-size indicator variable for detached houses in England and Wales. Darker dots

indicate closer distance to neighbours.
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5.6 Uprating of costs

Starting in 2011, EPCs in England and Wales include individual energy improvement recom-
mendations and estimated costs. However, these costs have not increased since 2011, which is
clearly implausible. Hence we uprate the costs stated in the EPCs for years after 2011 using an
index constructed by splicing together two ONS housing repairs and maintenance cost indices.
We inflate EPC costs between 2011 and 2014 using the RPI: housing: repairs and maintenance
charges index.!? From 2014 onwards we use the construction price index: Housing repairs and
maintenance.'® Figure 6 represents this spliced cost index. As shown in Figure 6, the cost of
housing repairs and maintenance increased by 25% between 2011 and 2022. By comparison,
the official House Price Index produced by ONS rose by 44% over this same period. Without
considering these cost increases, we would have significantly overstated the market incentives
for energy efficiency improvements in the later years of our sample. We provide CREEI esti-

mates based on the original EPC-stated costs in Appendix B.

Figure 6: Changes in the Cost of Housing Repair and Maintenance (2011-2022)

120-— Housing Repair and Maintenance Costs

Index

1.05-
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Note: The cost index splices together two ONS indices. Prior to 2014 the RPI: housing: repairs and maintenance
charges index is used. From 2014 the construction price index: Housing repairs and maintenance is used.

12https://www.ons.gov.uk/economy/inflationandpriceindices/timeseries/dobt/mmz3
13https://www.ons.gov.uk/businessindustryandtrade/constructionindustry/datasets/inte
rimconstructionoutputpriceindices
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6 Results

6.1 Results from hedonic model

The hedonic model in (8) is run separately for each ITL-1 region with data from 2008-2022.'4
The dependent variable is the logarithm of the transaction price. Apart from energy efficiency
scores, we include the following characteristics in the hedonic regression: floor area (in square
meters), deprivation (as a rank index on relative deprivation), supergroup levels,'> property
type sub-levels, construction age bands,'® tenure levels (i.e., owner-occupied or private rental
or social rental), duration (leasehold or freehold), built form (detached, semi-detached, end-

terrace, mid-terrace) and year of sale.

Most of the literature measures the impact of energy efficiency on house prices by including
dummy variables in the hedonic model for different energy classes (for the case of EPCs in
Europe, these classes are A, B, C, D, E, F and G). In papers that include the actual energy
efficiency score from the EPC, there is some debate in the literature on whether energy efficiency
should enter the hedonic regression model in linear or log form. For example, Cerin et al.
(2014) and Aydin et al. (2020) include the log of energy efficiency, while Wahlstrom (2016)
includes the log of energy consumption per square meter (which is an inverse function of energy
efficiency). By contrast, Kholodilin et al. (2017) and Taruttis and Weber (2022) include energy
consumption per square meter linearly in the hedonic model. We use the linear specification
for two reasons. First, our results in Appendix F show that the 6 parameter in our hedonic
model is reasonably stable when we interact it with the energy efficiency class. Second, a linear
specification provides a better fit of the data based on an examination of the scatter plots of log

price on energy efficiency as compared with log price on log energy efficiency.

The regression results are illustrated in Table 11 for flats, in Table 12 for semis/terraces, in
Table 8 for detached houses without the plot size proxy, and in Table 9 for detached houses with
the plot size proxy. Each Table shows the estimated parameters from the hedonic models of
each of the 10 ITL-1 regions. The adjusted R-squared coeflicients of the hedonic models range
from 0.66 to 0.88, showing that the characteristics included in the hedonic models explain a
substantial part of the variation in property prices. All control variables have the expected signs

and are highly significant.

“We present results from 2014 to September 2022. The earlier years are needed to obtain a large enough
repeat-sales sample for the robustness checks undertaken in section 7.

SA classification based on census results into regional types, differentiating between “Rural”, “Cosmopoli-
tans”, “Ethnicity”, “Multicultural”, “Urbanites”, “Suburbanites”, “Constrained”, and “Hard-pressed”

16This variable describes the year of construction as follows: before 1900, 1900-1929, 1930-1949, 1950-1966,
1967-1975, 1976-1982, 1983-1990, 1991-1995, 1996-2002, 2003-2006, 2007 onward
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The coeflicients on energy efficiency are positive and significant at the 0.1% significance level
for flats and semis/terraces and for all regions except London for detached houses without plot
size proxy (where the shadow price on energy efficiency is negative). This counter-intuitive
result is similar to what is found by Fuerst et al. (2015). It strongly indicates a missing variable
bias that arises because plot size is not included as a control variable in the hedonic model. Plot
size is particularly important for detached houses in London where the value of land relative
to building structure is especially high. Thus, it is crucial that a proxy for plot size is included
for detached houses in the hedonic model, particularly in areas where land values are high.
From Table 9, it can be seen that when the plot size proxy is included, the shadow price on
energy efficiency is positive and significant at the 0.1% level in London. Also, the leasehold
coefficient switches from positive to negative, in line with what one would expect. In addition,
the inclusion of the plot size proxy increases the adjusted R?, indicating that the hedonic model
is better able to explain price variations with the plot variable included in the hedonic regression

(see the comparison between Table 8 and Table 9).

Comparing the shadow prices across ITL-1 regions we find that the North East has the highest
shadow price of energy efficiency for flats and detached houses, while for semis/terraces, Wales
has the highest shadow price. For all three property types, London has the lowest shadow price
of energy efficiency. Overall, increases in energy efficiency seem to have a larger impact on
property prices in the poorer ITL-1 regions. One possible interpretation of this finding is that in
more expensive regions property prices depend less on the physical characteristics of properties

and more on the location (and plot size in the case of detached properties).

Figure 7a to Figure 7c illustrate how well the hedonic models are able to predict actual trans-
action prices. For each transacted property, the x-axis shows the actual price, and the y-axis
shows the predicted price from the hedonic model. The observations are all reasonably closely
clustered around the 45-degree line for all three property types. The mean absolute percent-
age errors (MAPE) are 17.8%, 15.3% and 13.9% for flats, semi-terraces and detached houses,

respectively.
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Figure 7: Prediction Performance of Hedonic Model (2014-2022)

(a) Flats (b) Semi-Terraced Houses (.C) Detachf.:d Houses with the plot
size proxy included
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Note: The x-axis shows the actual transaction price of a property, and the y-axis its predicted price from the
hedonic model. The dashed line in each panel is a 45-degree line. A dot is located above the line when its
predicted price is higher than the transaction price and below the line when it is below the transaction price.

6.2 Does it pay to implement the EPC recommendations?

We can now investigate whether it pays to invest in energy-saving home improvements. Specifi-
cally, we estimate the average Capitalisation Rate of Energy Efficiency Improvements (CREEI),
as defined in (11), separately for each property type (i.e., flats, semis/terraces, and detached

houses) for each of the ten ITL-1 regions.

EPC recommendations are provided for each property based on its property type, installed
energy-saving features, and current energy efficiency level. Figures C1 to C3 in Appendix C
are pie charts that show the current energy efficiency labels (A to G) for each ITL-1 region for
each property type in 2019. The pie charts for flats and semis/terraces both look quite similar
across regions. By contrast, the differences across regions are much larger for detached houses.
In particular, 65% of detached houses in the North East are at level C or higher, compared with

only 42% in London.

The average CREEI estimates over the period 2014-2022 for each ITL-1 region and property
type are shown in Table 10. Also provided are bootstrapped 95% confidence intervals for the
average CREEIs.!” For flats, most of the CREEISs are below 100% implying that energy effi-
ciency improvements are less than fully capitalised in property prices. The East Midlands is the
only region with an average CREEI above 100%. Its average CREEI is 103%. This means that
the prices of flats in the East Midlands increase on average at a rate of 103 Pounds for every 100
Pounds of expenditure on energy efficiency improvements, when all recommendations in the

EPC are implemented. The average CREEISs for flats for the other regions lie in the range 72%

17Graphs of the bootstrapped results are provided in Appendix G.
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to 96%. Hence, for all but one region, energy efficiency improvements are not fully capitalised

in property prices.!®

The CREEISs for semis/terraces in Table 10 are clearly lower than for flats. Hence, the finan-
cial incentives for owners of semis/terraces to implement all the recommendations in EPCs are
lower than for flat owners. This finding is probably at least partly a consequence of the more
substantial recommendations typically suggested for semis/terraces compared to flats. For ex-
ample, most flat owners would not be able to install solar panels or increase loft insulation,
while this is generally possible for semis/terraces. The average cost of implementing all EPC
recommendations for flats in 2022 is £4 874; for semis/terraces it is £15733; and for detached
houses the average cost of implementing all recommendations is £14 316. For semis/terraces,

the highest CREEI of 65% is observed in the Northwest region.

The most striking result in Table 10 for detached houses without the plot size proxy is the
negative CREEI for London. This would mean that increasing energy efliciency lowers the price
of a property. Our interpretation is that this is an erroneous result caused by plot size in London
being positively correlated with price but negatively correlated with energy efficiency. Including
the plot size proxy in the hedonic model increases all the average CREEIs. Furthermore, the
CREEI is now positive for London, although it is still much lower than in the other regions
(24%). The large premium on location and plot size in London seems to dwarf the benefits of

energy improvements.'” The CREEIs of other regions lie in the range 55% and 88%.%°

8We ignore here the savings in terms of lower energy costs. However, in equilibrium, the increase in property
price should equal the net present value of the expected reduction in future energy costs. An additional cost of
implementing energy efficiency improvements that we do not model is the associated inconvenience of undertaking
any kind of renovation.

9This finding may also be linked to the much lower average energy efficiency of detached houses in London,
as shown in Figure C3.

20A caveat to our results is that we estimated the CREEISs on the basis that all recommendations suggested in
individual EPCs are implemented. In practice, some of these recommendations will be more cost-effective than
others.
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Table 10: Capitalisation Rate of Energy Efficiency Improvements (CREEI)

North North Yorkshire and East West South  South

East London Wales
East West the Humber Midlands Midlands East  West
Flats 96.0 80.6 103.2 800 723 911 737 760 834
Lower Quantile (2.5%) 783  87.0 69.5 90.3 70.7 65.6  83.9 67.8 688 694
Upper Quantile (97.5%) 98.3 105.6 93.6 117.2 88.8 79.7  98.2 797 83.6 977
Semi-Terraced Properties 470 65.0 63.2 61.9 60.2 569 647 604 51.1 632
Lower Quantile (2.5%) 452  64.0 61.9 60.5 58.9 554  60.8 587 493 61.8
Upper Quantile (97.5%) 488  66.2 64.4 63.4 61.6 58.6  67.8 62.0 529 649
Detached Houses 70.8 384 38.8 50.3 36.0 428 -19.6 8.9 31.6 412
Lower Quantile (2.5%) 659 34.8 35.1 47.7 324 39.3  -36.9 53 28.0 369
Upper Quantile (97.5%) 76.1  41.8 42.7 52.7 394 46.6 29 125 347 451
Detached Houses with plot size 88.1  64.8 59.8 64.7 61.4 639 24.0 564 548 55.0
Lower Quantile (2.5%) 83.3  61.1 56.3 62.0 57.9 60.6 9.1 52.8 51.6 510
Upper Quantile (97.5%) 934 682 63.2 67.3 64.5 67.0 399 60.2 583 58.6

Note: The formula for computing the CREEI is provided in (11). The average CREEI for the North East is

87.8% |. This implies that when all recommendations in the EPC are implemented, the price of a flat in the North
East rises on average at a rate of 87.8 Pounds for every 100 Pounds of expenditure on energy efficiency
improvements.

In Appendix H we extend the analysis to consider how the results change if we restrict the
sample of properties to those that are initially below level C. Generally, we find that the CREEIs
are higher for properties that start below level C (for semi-terraces and detached houses) than

for properties that start at or above level C. Even then, the CREEIs are typically still below 100.

7 Robustness Checks

7.1 Repeat-sales of efficiency-improved properties as an omitted variables

robustness check

Repeat-sales samples can provide a robustness check on our hedonic results. Let p,,(E,, and
Di+kn(Er+kn) denote the actual transaction prices of property » in years ¢ and ¢ + k. We focus on
repeat sales for which a new EPC is issued between the two sales. Hence in year ¢ + k, the prop-
erty has a different level of energy efficiency than in year ¢. 403 413 properties (out of 7 046 478)
satisfy this requirement.?! We further limit our repeat-sales sample to those properties for which
property size and construction year stayed the same (so we can rule out property extensions and

re-builds as the reason for the price change). Additionally, we exclude properties for which the

2I'We initially started with 10 117 689 sales, which account for all matched EPCs in our sample. After deleting
all non-market transactions and property types that fall not within the following categories: flats, semis/terraces,
and detached houses, and accounting for sales where the inspection date of the EPC was after the transaction date,
we end up with 7046 478 single transactions.
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two transactions occur within 12 months to exclude properties with a high likelihood of being
purchased, renovated, and resold by a *builder.?> The repeat-sales sample we ended up with
contains 8 753 properties sold twice between 2008 and 2022. Figure 8b depicts the distribution
of energy efficiency at the first and the second sale from the repeat sales sample. It can be seen

that the first sales generally have lower energy efliciency levels than the second sales.

Figure 8: Sample differences in energy efficiency
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We can now compare the actual price change prix.(Ex)/p:n(E k) With the predicted price
change from the hedonic models for periods ¢ and ¢ + k for all properties in the two-EPC-
repeat-sales sample. We make this comparison in two ways. The average difference as a ratio

is measured by K:

K= ﬁ (ﬁt+k,n(Et+k,n) / Divin(Eriin) )UN (12)
ﬁt,n(Et,n) Pz,n(Ez,n) .

n=1

One must be careful interpreting the K coeflicients as the hedonic and repeat-sales results are
subject to different biases. Three types of bias may affect the hedonic estimates of the impact
of energy efficiency improvements on property prices. First, the unobserved quality aspects of
the structure may be positively correlated with energy efficiency. This may cause the hedonic
model to overestimate the impact of energy efficiency improvements on property prices. The
repeat-sales price changes may also face this problem because when energy improvements are
undertaken, some unobserved quality aspects (such as installing a new kitchen or bathroom)

may be simultaneously improved. The literature has tended to assume that quality bias affects

220mitting higher frequency repeat sales is a standard approach when constructing repeat-sales price indices.
For example, the Case-Shiller index excludes repeat sales that occur within six months (S&P Dow Jones Indices,
2022) and Aydin et al. (2020) exclude repeat sales within 12 months. If we allow a minimum of six months
between two sales for one property, then the repeat sales sample increase to 9403 (+650) and the overall K index
(see below) reduces from 0.90 to 0.88.
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repeat-sales price changes less than those obtained from hedonic models. However, this is not

necessarily the case.

The second and third biases apply only to the hedonic result. The plot size is missing in the
English and Welsh data. To the extent that plot size correlates with energy efficiency, this can
again bias the results obtained from hedonic models. Repeat-sales price changes are unaffected
by this problem as plot size hardly ever changes between transactions. Our method for estimat-
ing a proxy for plot size allows us to check specifically how big a problem missing plot size is
for our hedonic results by computing K based on hedonic models that include and exclude our
plot size proxy and then compare the results. We conjecture that missing plot size causes the
hedonic model to underestimate the impact of improvements in energy efficiency on property

prices.

The third bias is attenuation bias. If energy efficiency scores are measured with noise, attenua-
tion bias will cause the hedonic model to underestimate the impact of improvements in energy

efficiency on property prices Aydin et al. (2020).

The final bias is selection. This applies only to the repeat-sales price changes. More specifically,
the improved energy efficiency properties are not randomly selected. In particular, properties
with higher capitalisation rates of energy efficiency improvements are more likely to be selected
into the repeat-sales with energy improvements sample. Selection bias again will tend to cause

the price impact of energy improvements to be overestimated.

Our results for the K index are shown in Table 11. First, the measured price increases from the
hedonic model are quite similar to those from the repeat-sales sample, differing on average by
about 10%. This indicates that the hedonic regression model is generating plausible results. We
find that K is less than 1 for all three property types. This is not surprising, given the various
biases discussed above. Both the repeat-sales biases are upward, while two of the three hedonic

biases are downward.

Including the plot size proxy in the hedonic model for detached houses slightly increases the K
coeflicient. This result aligns with our prior expectation as it somewhat reduces the downward

bias in the hedonic predictions arising from the omitted plot size variable.

7.2 Using subsets of properties with more precisely measured quality to

check for omitted-quality bias in the broader sample results

In the EPCs, we have more detailed information on the quality of the building structure of prop-

erties. More specifically, the EPCs provide information on the following: walls, roof, floor,
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windows, main heating, main heating controls, secondary heating, hot water and lighting. We
repeat the calculation above for a different variant of the K coefficient. This variant, denoted
by K~, is defined below in (13). We now estimate the hedonic model on a restricted sample of
properties — here, we focus on properties with double glazing. Let ﬁfn(E +n) denote the predicted
price of property n in period ¢ obtained from estimating the hedonic model on the restricted
sample of properties with double glazing. Conversely, p,,(E;,) denotes the predicted price of
property 7 in period ¢ obtained from the hedonic model estimated over the unrestricted sample.
We now construct analogous versions of our K coefficients, except now the comparison is be-

tween restricted and unrestricted hedonic results rather than between hedonic and repeat-sales

results.
o R 1/N,
KR — ﬁ (pﬁk,n(E""k’”) /pt+k,n(Et+k,n)) “ (13)
n=1 ﬁfn(Et,n) ﬁt,n(Et,n) ’
where n = 1, ..., Ng denotes the sample of properties with double glazing.

By construction, the unobserved quality differences in the restricted sample with double glazing
should be smaller than in the full sample. Hence the hedonic price predictions for the restricted
sample obtained from the hedonic model estimated on the restricted sample should be less
affected by omitted quality bias than those obtained from the hedonic model estimated on the
full sample. Assuming that the omitted upward quality bias in predicted prices from energy
improvements is smaller in the restricted hedonic model (as it should be), then it follows that
Ky should be less than 1. Inspection of the K® results in Table 11 reveals that this is indeed the

case, although the effect is small.

As well as confirming our hypotheses regarding the biases in the hedonic results, Table 11 also
suggests that these biases are quite small. Corrections that reduce the omitted variables bias

have only very small effects on the predicted hedonic prices.

Table 11: Comparing Hedonic and Repeat-Sales Price Changes

Property type K  Sample (K) K%  Sample (K¥)
Flats 0.925 1018 0.991 515306
Semi-Terraces 0.895 6246 0.994 2670895

Detached Houses (with plot proxy) 0.889 1252 0.996 751018

Note: The formulas for the K and K¥ coefficients are provided in (12) and (13). “Sample” denotes the number of

properties over which each coefficient is calculated. The samples cover transactions over the period 2008-2022.
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8 Conclusion

Matching properties across EPCs and the HM Land Registry provides a rich, detailed micro-
level dataset. We apply hedonic methods to this dataset to estimate the impact of the energy
efficiency improvements recommended in EPCs on property prices. By comparing the price
increases of these energy efficiency improvements with the associated costs provided in the
EPCs, we were able to measure the Capitalisation Rate of Energy Efficiency Improvements
(CREEIs).

Plot size is one key variable missing in both the EPC and HM Land Registry datasets. This
characteristic is essential in a hedonic model for detached houses. We illustrate that its omission
can cause the estimated coefficient on energy efficiency to be negative, particularly in areas with
the highest land prices. Therefore, a proxy measure of plot size is needed to obtain meaningful
results for detached houses, especially in London. We constructed this proxy plot size variable
based on each property’s distances to its ten nearest neighbours. A second issue with the data
was that the costs of energy efficiency improvements in the EPCs had not been updated since
2011. We uprated the stated costs using an ONS price index for housing repairs and maintenance

to reflect the price increases over the study period.

We find that, for almost all ITL-1 regions and property types over the period 2014-2022, the
CREEI is less than 100, meaning that the cost of energy efficiency improvements are not fully
capitalised in property prices. More specifically, for flats, the average CREEIs ranged between
72% (East) and 103% (East Midlands). For semis/terraces, they ranged between 47% (North
East) and 65% (North West). For detached houses, they ranged between 24% (London) and
88% (North East). Hence the capitalisation rates are noticeably lower for semis/terraces and

detached houses.

The CREETIs for detached houses in London are especially low. We hypothesise that this is due
to the crucial role of location and plot size in London in determining property prices. Given the
high land prices in London, these considerations tend to dominate other quality characteristics,
such as energy efficiency. As shown in Table 3, the London region has by far the highest

percentage of detached houses with energy efficiency level below C.

As a robustness check, we also computed the price impact of energy efficiency improvements
from a sample of repeat-sale properties, where the energy efficiency was increased between

sales. The repeat-sales results are similar to those obtained using our hedonic approach.

Housing is a major source of carbon emissions. Our main finding that energy efficiency im-

provements are not fully capitalised in property prices implies that owner incentives may need
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to be boosted if the UK is to achieve its Net Zero goal for carbon emissions by 2050. The “Help
to Heat” scheme recently announced by the UK government (Department for Energy Security
and Net Zero, 2023) may be useful in this regard, although it is important that such schemes are

targeted to the regions and property types where they are most needed.

Finally, it is worth noting that the low energy efficiency ratings of detached houses in London
raises the possibility of an awkward conflict between the government’s twin agendas of reaching
Net Zero by 2050 and Levelling Up. Levelling Up calls for subsidies to the poorest regions of
the UK, while the Net Zero goal suggests providing subsidies to some owners of detached

houses in London.
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Appendix A: Distribution of Energy Efficiency

Figure Al: Energy Efficiency: merged transaction data (left), merged EPC data (right)

(a) Energy Efficiency for Detached Houses: 1510 885 (b) Energy Efficiency for Detached Houses: 1335157
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Note: The left panel shows the distribution of current energy efficiency for the data used to construct the hedonic
regression models, whereas the right panel shows the distribution of the current energy efficiency for the data used

for the evaluation (all EPCs).
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Appendix B: Results without Uprating Recommendation Costs

Table B1: Capitalisation Rate of Energy Improvements (CREEI) - with Costs Not Uprated

North North Yorkshire and East West South  South
East London Wales
East West the Humber Midlands Midlands East  West
Flats 101.1 84.6 108.5 842 761 956 714 797 817
Semi Terrace Properties 49.6 68.6 66.8 65.3 63.6 60.1 68.2 63.8 540 66.7
Detached Houses 748  40.5 41.1 53.2 38.0 452 -20.7 9.3 334 436
Detached Houses with plot size 930 68.5 63.2 68.3 64.9 67.5 25.3 596 578 58.1

Note: The formula for computing the CREEI is provided in (11). The CREEI for flats located in the North East is

on average | 92.0% |. This implies that when all recommendations in the EPC are implemented, the price of a flat
in the North East rises on average at a rate of 92 Pounds for every 100 Pounds of expenditure on energy efficiency
improvements.
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Appendix C: Regional Differences in Energy Efficiency Class

Across England and Wales

Figure C1: Energy Efficiency Class per Region, Flats (2019)

North East North West
ABC ABC
EFG EFG
24.6%
West Midlands East
ABC ABC

EFG

30.8%

Wales

South West
ABC

EFG
EFG

235%
D

Yorkshire and The Humber

EFG

ABC
‘ 24.2%

London
ABC

o

34.3%

EFG

East Midlands

ABC
EFG
24.3%

South East

ABC
“ EFG
30.3%

g

Note: Figure C1 corresponds to all transactions for flats in 2019 that could be matched with a EPC not older

than 2 years.
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Figure C2: Energy Efficiency Class per Region, Semi-Terrace (2019)
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Note: Figure C2 corresponds to all transactions for semi-terraced houses in 2019 that could be matched with a

EPC not older than 2 years.
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Figure C3: Energy Efficiency Class per Region, Detached Houses (2019)
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Note: Figure C3 corresponds to all transactions for detached houses in 2019 that could be matched with a EPC

not older than 2 years.

Appendix D: Results without cleaning

Table D1 show the results from Table 10, but with the regression model estimated without any

cleaning process.
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Table D1: Flats: Capitalisation Rate of Energy Improvements (CREEI) without Data Cleaning

North North Yorkshire and East West South South
East London Wales

East  West the Humber Midlands Midlands East  West

Flats | 82.1 | 78.9 87.5 118.7 96.0 95.0 773 86.7 836 877

Note: The formula for computing the CREEI is provided in (11). The CREEI for the North East is on average

82.1% |. This implies that when all recommendations in the EPC are implemented, the price of a flat in the North
East rises on average at a rate of 82.1 Pounds for each 100 Pounds of expenditure on energy efficiency
improvements.

Appendix E: Matching Rates

Table E1: Matching rates for properties in the PPD ad EPC datasets in 2019

Matched Unmatched All

Number of observations 580565 81085 661650
Share of total transactions 88 % 12 % 100 %
Share new properties 54% 46% 100 %
Share freehold 90 % 10% 100 %
Share ppd_cat (market transactions) 91 % 9% 100 %
Mean price £348 138  £434998  £357099
Standard deviation price £367522 £518444  £971755

Note: The 12% unmatched properties in 2019 include commercial transactions that can not be linked with
residential EPCs and transactions with address errors in either the PPD or EPC datasets. Properties designated as
“new” account for about 2% of the transaction dataset.

42



Appendix F: Non-Linearity Check of Energy Efficiency Coef-

ficient

Table F1: Regression results for interaction term of energy efficiency score and rating class

Energy rating Flats

Semi-Terraced Detached House

A 0.0017%#*  (0.0029°%** 0.001 8%
B 0.0023%#*  (0.003 1**%* 0.0019%**
C 0.0022%**  (0.0029%** 0.0015%**
D 0.0023***  (0.0031*** 0.0017#%*
E 0.0021%#*  (0.0033%#* 0.00207%**
F 0.0022%#*  (0.003 1*** 0.002 1 ***
G 0.0011* 0.0015%** 0.000019

Note: Table F1 shows the estimated result for the energy efficiency coefficient, when using a separate coefficient
for each energy rating class. Asterisks representing significance. * p-value <= 0.05; ** p-value <= 0.01, ***
p-value <= 0.001.

Appendix G: Graphs of bootstrapped standard errors on the
average CREEIs
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Figure G1: Bootstrap Results of Average CREEI for flats using 500 rounds
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500 rounds
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Appendix H: Measuring market incentives for below-level-C

properties

We extend the analysis here to focus specifically on properties that are initially below level C.
The reason is that these properties have the greatest potential for increasing energy efficiency.
The distribution of properties below level C is shown in Table 3. What is particularly striking
in this Table is the high percentage of detached houses in London that are below level C.

The shares of potential energy classes of properties that start below level C if they implemented
all the recommendations in the EPCs are shown in Table H1. As can be seen, over 83% of flats
and 90% of semis/terraces and detached houses would reach level C if all recommended energy

efficiency improvements were implemented.
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Table H1: Distribution of potential energy efficiency for properties that have a current energy

efficiency below level C, all EPCs

Energy Efficiency Rating Flats Semi-Terrace Detached
A 0.00% 1.72% 2.81%

Level C or above B 7.06% 63.67%  46.86%
C 76.82% 29.47%  45.06%

D 14.67% 4.3% 4.62%

Below Level C E 1.25% 0.66% 0.53%
F  017% 0.15% 0.10%

G 0.03% 0.03% 0.02%

Total 100% 100% 100%

Table H1 shows what the energy efficiency rating label would be for properties starting below level C if they

implemented all the recommendations in the EPC.

The CREEISs for properties starting below level C are shown Table H2.2* The results for flats

in Table H2 are similar to those in Table 10. However, for below level C semis/terraces, the

average CREEIs are higher for 8 out of 10 regions, while for all 10 regions the CREEIS are

higher for below level C detached houses. The implication is that for semi-terraces and houses,

the market incentives to increase energy efficiency are a bit higher for the least energy-efficient

properties (although the CREEIs are generally still well below 100%).

Table H2: Capitalisation Rate of Energy Efficiency Improvements (CREEI) for Properties Ini-

tially Below Level C

North North Yorkshire and East West South  South
East London Wales
East West the Humber Midlands Midlands East  West
Flats 82.8 | 1034 78.6 92.5 84.3 70.1 89.3 758 762 73.0
Semi-Terraced Properties 48.1  67.1 64.4 61.5 61.4 604 673 64.6 546 629
Detached Houses with plot size 104.2 75.6 68.6 69.5 67.0 707 255 634 620 599

Note: The formula for computing the CREEI is provided in (11). The average CREEI for Flats locateed in the

North East is | 82.8% |. This implies that when all recommendations in the EPC are implemented, the price of a
flat in the North East rises on average at a rate of 82.8 Pounds for every 100 Pounds of expenditure on energy

efficiency improvements.

Z3Results for detached houses without plot size are not shown.
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Appendix I: Regression Summary of Flats and Semi-Terrace

Properties
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