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1. Introduction

In the European Union (EU), buildings account for about 36% of all of
the carbon dioxide (CO2) emissions production and for 80% of the en-
ergy consumed for heating and cooling, together amounting to around
50% of the EU's total energy consumption (Directive 2018/844/EU).
Given the relevance of the residential sector to the total building
stock, the implementation of policies aimed at increasing its energy per-
formance, such as the introduction of energy efficiency labelling
schemes, rank among themost feasible ways of reducing CO2 emissions
and mitigating a country's energy dependency. In Portugal, the impor-
tance of residential buildings is correspondingly high as they are re-
sponsible for 17% of the country's total energy usage and for 27.7% of
total national electricity consumption (ADENE, 2018: 16).

Energy labelling has been applied across Europe formany years with
household appliances being the earliest general area of application. En-
ergy labels for buildings were first implemented in Denmark in the
1990s (Jensen et al., 2016). More recently, with the introduction of the
Energy Performance of Buildings Directive (EPBD) in 2002, which was
later recast into Directive 2010/31/EU, EUmember states were required
to develop and implement an Energy Performance Certificate (EPC)
o).
system essentially able to convey the energy performance of property
units according to an energy efficiency scale. In the particular case of
Portugal, EPCs started to be issued for all new residential buildings in
which the total area of all units in the building had more than 1000
square meters from July 2007 onwards, and began to be mandatory in
all residential transactions (of both new and existing properties) since
the beginning of 2009, and in all properties listed for sale or rent since
December 2013.

One core objective of this paper involves assessing whether energy
efficiency, as measured by the EPC rating system, generates any impact
on the transaction prices of residential properties in Portugal. The rela-
tionship between energy efficiency and residential house prices has typ-
ically been defined within the framework of hedonic price models
(Rosen, 1974), which require the availability of information on dwelling
transaction prices as well as on energy efficiency attributes and other
price determinants such as size, age, and location quality. This method-
ology has been applied in a variety of settings, including those by
Hyland et al. (2013), Fuerst et al. (2015), Fesselmeyer (2018) and
Fuerst and Warren-Myers (2018), who provide results for Ireland, En-
gland, Singapore and Australia, respectively. Although the majority of
these papers point to the conclusion that increased energy efficiency en-
tails amarket price premiumat the time of sale (e.g., Fuerst et al., 2016),
the relationship between these two variables is far from straightfor-
ward. Due to factors such as the anticipation of higher future costs
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1 The scenic quality of the location refers to situations inwhich a building or part of the
building gains panoramic views of the sea, rivers, mountains or other visual elements sus-
ceptible to impact on its market value.

2 For a more detailed discussion of r estimators, see Kennedy (1981) and van Garderen
and Shah (2002).

3 The G level was eliminated from the EPC certification system following the transposi-
tion of the recast EPBD into Portuguese Law by Decree Law no. 118/2013 in December
2013.
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from maintaining energy efficiency technology, price premiums may
get reduced or even take the form of price discounts (Yoshida and
Sugiura, 2015).

The present paper exploits a dataset that includes more than
256,000 property transactions for Portugal completed between 2009
and 2013 with the prices and dwelling characteristics sourced from
the EPC information system, transfer and property tax records. The tax-
ation sources cover all property transactions carried out in Portugal,
both of new and existing properties as it is impossible to complete a
property transaction without proof of transfer tax payment. This leads
to a situation in which the EPC directive compliance rate is virtually
100% and hence avoiding any sample selection problems and/or any
consequent need for additional corrections to the estimators, typically
present in papers addressing the impact of energy efficiency on housing
prices; see, for example, Hyland et al. (2013).

This paper offers two key contributions to the literature. First, it con-
stitutes the first large-scale study for a southern European country in
which the effect of EPC labels on residential transaction prices is
assessed. Although some evidence is given for Spain in Ayala et al.
(2016), their results are based on a small sample and on the owner ap-
praisal property valuation instead of effective transaction prices. A de-
tailed analysis is provided based not only on conditional mean
hedonic models, including an investigation on how energy efficiency
varies across time and regions but also on quantile regression models,
which allow for estimating the effects of interest along the distribution
of dwellingprices. This paper also provides the results of a cross-country
comparability study that enables an assessment of whether energy effi-
ciency is valued more or less greatly in Portugal than in central and
northern European countries. Second, the availability of an unusually
large and rich dataset allows for the clarification of important data is-
sues associated with the application of the hedonic price model, which
has been employed as the lead workhorse in this field of research. In
particular, given their practical importance to estimating the partial ef-
fects of energy efficiency, three data issues were considered: (i) the in-
fluence of large samples on the potential inflation of significance levels
of relevant parameters, (ii) the impact of using error-pronemeasures of
the price and property characteristics, and (iii) the importance of the
omission of new or rarely used potential price determinants in the he-
donic model.

This paper is organized as follows. Section 2 briefly reviews the liter-
ature on the impact of energy efficiency on residential property prices,
focusing on data issues related to the measurement of variables crucial
to specifying hedonic models. Section 3 describes the sources, variables
and information available for research and presents some descriptive
data statistics. Section 4 sets out the estimations of the effects of energy
efficiency on property prices in Portugal based both on the conditional
mean and the quantile regression models. This section also includes
the results of robustness checks and the cross-country comparison exer-
cise. In turn, Section 5 studies the effects of some of the measurement
issues often present in hedonic models designed to capture the effects
of EPC rating systems. Finally, the last section provides a summary and
a discussion of the main results.

2. Energy efficiency, hedonic models and housing prices

The link between energy efficiency and housing prices encapsulates
the concept thatmarkets are able to internalize the benefits of lower en-
ergy consumption patterns. For instance, as more energy efficient prop-
erties experience lower future utility bills, it is expected that they
should display a market transaction premium when compared to their
less efficient counterparts; Dinan and Mirarowski (1989). In reality,
however, the relationship between energy efficiency and prices is far
from straightforward. For example, as Yoshida and Sugiura (2015)
point out, in markets with prevailing perceptions of high energy effi-
ciency standards, extra efficiency gains may be regarded as imposing
additional technological maintenance costs and result in property
market price discounts. Therefore, the relationship between property
prices and energy efficiency may not only be insignificant but also
take the form of either market price premiums or discounts.

2.1. Measuring the impact of energy efficiency through hedonic price
models

The hedonic price model has been widely applied to measuring the
effect of property characteristics on their prices. Nelson (1982), who
summarises nine studies estimating the relationship between traffic
noise and property values, represents one early example. Chin and
Chau (2003) and Malpezzi (2003) provide two excellent reviews of
the application of the hedonic price model to housing. On the specific
case of the effects of energy efficiency on housing values, Fesselmeyer
(2018) and Fuerst and Warren-Myers (2018) constitute two recent
examples.

The existence of a functional relationship between prices and attri-
butes is central to the hedonic price model. This may be expressed as
follows:

p� ¼ β0 þ β1 � E þ
XK

k¼2

βk � x�k þ u: ð1Þ

In Eq. (1), p ∗ and E represent the price and the energy efficiency of
the dwelling, respectively. Moreover, x ∗ corresponds to the remaining
housing attributes, ⁎ signals how the attribute may be subject to trans-
formation while u is a term for representing additional random factors,
which are not measured by the k variables included in themodel. In the
housing context, typical examples of x include the property's location
(Kiel and Zabel, 2008), its area and floor space (Colwell, 1993) and the
age of the residential structure (Goodman and Thibodeau, 1995). In
contrast, less exploited explanatory factors, which are available in our
dataset, are the scenic quality of the location, building technology and
the construction quality measured at the individual property level.1

This paper focuses mainly on assessing the statistical significance,
sign andmagnitude of the partial effect of E, asmeasured by the EPC rat-
ing system, on property transaction prices. As noted elsewhere (see,
inter alia, Cropper et al., 1988), theory sheds little light on the selection
of the appropriate functional form of Eq. (1) and the derivation of the
hedonic function is essentially approached as an empirical matter. In
the literature dealing with the impact of energy efficiency on prices,
p ∗ typically assumes the form of a logarithmic transformation of p and
the explanatory variable of interest E results from the transposition of
a discrete measurement scale into one or more binary variables. This
paper also follows this approach. In this situation, the relative effect of
E can be measured by r = exp (β1) − 1, an estimator proposed by
Halvorsen and Palmquist (1980).2 In some studies, however, this effect

is grasped simply by β̂1. Although this provides a reasonable approxima-
tion of r when E is included in the hedonic model as a continuous vari-
able (see Megerdichian, 2018), it is not adequate for dealing with the
categorical energy efficiency rating scales typically adopted for energy
efficiency labelling schemes.

According to the EPC certification system first adopted in Portugal,
the energy performance of a property is expressed by a nine-level cate-
gorical scale, ranging from A+, themost efficient level, to G, the least ef-
ficient level.3 The levels attributed reflect a ratio between annual
primary energy needs and a reference limit value resulting from
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calculationsmade for a property of similar characteristics.When a prop-
erty obtains a ratio score of less than or equal to 0.25, meaning that it
consumes 25% or less energy than the stipulated reference, it receives
the A+ rate. Fig. 1 depicts the adopted scale as presented to dwelling
owners in the EPC certificate. As one moves from A+ to G, the energy
needs increase up to a level where G, the least efficient label, corre-
sponds to a situation in which energy consumption is 300% higher
than the standard reference rate.

Another issue conditioning the definition of the EPC label scale of
measurement stems from the fact that, despite the existence of a com-
mon European energy performance framework, the methodology un-
derlying the implementation of the EPC labelling scheme is tailored to
the national contexts prevailing in each country and correspondingly
preventing direct comparisons of the magnitude of different energy ef-
ficiency estimates. For an overview of the different EPC schemes within
the EU, see Atanasiu and Constantinescu (2011). However, by introduc-
ing some changes to the hedonic price models used in this paper, it is
feasible to boost the degree of comparability between studies and pres-
ent a qualitative cross-country assessment of the energy efficiency im-
pact on dwelling prices; see Section 4.3.

2.2. Data issues

While the application of the hedonic price model for estimating the
relationship betweenmarket transaction prices and energy efficiency is
well established in the literature, there remain important empirical is-
sues that are seldom, if ever, assessed. This situation at least partially de-
rives from the fact that researchers are often confronted with the data
they have available and are not able to conduct experiments involving
different data contexts. Taking advantage of the quality of our database,
we are able to discuss some of these questions.

The first issue this paper addresses are the consequences of using ex-
ceptionally large datasets. Since parameters' standard errors decrease as
the size of the sample increases, significance levels of energy efficiency
and other key variablesmay be inflated to a point inwhich the standard
t and other statistical tests become artificially relevant; see Ziliak and
McCloskey (2004). Apart from some notable exceptions (e.g., Lin et al.,
2013), this topic has not received much attention. However, this is nev-
ertheless an importantmatter as, following the dissemination of energy
labels, we may expect any problems stemming from the utilisation of
large datasets in this area to become increasingly relevant; see, for ex-
ample, Fuerst et al. (2015), who base their conclusions on a sample of
over 330,000 observations.

A second data issue arises from the sensitivity of energy efficiency
partial effect estimates to replacing key variables in the hedonic specifi-
cation by variables that necessarily display some sort of measurement
error. A clear example is the use of surrogate, instead of actual, transac-
tion prices in energy efficiency partial effect estimates; see Ayala et al.
(2016) where appraisal prices are applied as a proxy for market prices.
This usually constitutes a reasonable approach as the dependent vari-
able measurement error is often innocuous in ordinary least squares
(OLS) coefficient estimations (see Wooldridge, 2013: 318–20).
A-label: 0% - 50%  

B-label: 51% - 100% 

C-label: 101% - 150% 

D-label: 151% - 200% 

E-label: 201 % - 250% 

F label: 251% - 300% 

G label: More than 300%

Fig. 1. EPC label scale. Note: % of annual energy consumption needs relative to reference
values.
However, when the differences between the proxy and the true transac-
tion prices correlate with some of the covariates included in the model
(e.g., dwelling dimension), the OLS estimator of energy efficient partial
effects becomes biased and inconsistent. In fact, the application of inap-
propriate estimators may help in explaining the existence of different
energy efficiency price impact results in the literature. As the database
used in the present paper includes both the appraisal values of proper-
ties for taxation purposes and their transactions prices, we are able to il-
lustrate differences in the coefficient estimates stemming from the
application of proxy and actual price measures in the hedonic regres-
sionmodel. On the other hand, the consequences of incorporating erro-
neously measured property attributes, which are expected to cause the
inconsistency of the coefficient estimators, asmeasurement error of the
explanatory variables has in general severe destructive effects, are also
illustrated.

One final important data issue revolves around the sensitivity of en-
ergy efficiency partial effects to the omission of variables for measuring
the transacted property quality. While the omission of relevant covari-
ates appears as the elephant in the room problem in hedonic regression
applications, the literature in this field is not particularly prolific in tack-
ling this topic. Stanley et al. (2016) highlight the importance of includ-
ing controls for dwelling age. Further examples include the omission
of locational attributes and dwelling quality, reported by Fuerst et al.
(2015) and the non-inclusion of hard-to-measure factors, such as the
buyer's predisposition to environmental issues (Brounen and Kok,
2011) and the developer's reputation (Zheng et al., 2012). Despite the
fact that variable omission leads only to inconsistencies in the parame-
ter estimators in those caseswhere the variable omitted correlates with
the included covariates (see Wooldridge, 2013: 172), housing attri-
butes, which are themselves hard to measure and often not available
in dataset, for example the location's visual attractiveness (e.g. when lo-
cated on a site with sea views), may correlate with both the EPC label
and the other covariates included in the hedonicmodel (note that prop-
erties with outstanding views often possess features, such as panoramic
windows, that increase energy consumption and, consequently, nega-
tively correlate with the dwelling's energy performance). By exploring
the dataset available by regression analysis, this paper assesses the sen-
sitivity of energy efficiency partial effect estimates to the omission of
key and hard to measure variables.

3. Data and descriptive analysis

The dataset analysed in this paper combines energy efficiency data
sourced from the national supervision body responsible for
implementing and running the European EPC system in Portugal
(ADENE) with transaction prices and dwelling attributes obtained
from the Portuguese Tax and Customs Authority. The transaction prices
were obtained from real estate transfer tax (IMT) records and property
attributes were taken from local property tax (IMI) data.4 The IMT
source, which is available from 2009 onwards, provides the overall res-
idential property sale population as it is not possible to carry out a trans-
action without proof of payment of this tax. Similarly, the energy
efficiency data does provide very good coverage of the population of
all dwelling transactions taking place from 2009 onwards due to
Portugal being one of the first European countries to implement a
sound system of practical EPC label enforcement. In contrast with
other countries (e.g., the Netherlands; see Brounen and Kok, 2011),
the EPC systemwas not adopted on a voluntary basis butwith theman-
datory status of energy certificates imposed by the Portuguese legal sys-
tem, firstly for new buildings (as of July 2007 onwards) and then for
existing buildings from the beginning of 2009 (Dispach no. 461/2007).
The EPC system and the methodology underlying the energy rating
4 The real estate transfer tax is designated as Imposto Municipal sobre a Transmissão
Onerosa de Imóveis or simply as IMT. The local property tax is entitled Imposto Municipal
sobre Imóveis (IMI).



4 R. Evangelista et al. / Energy Economics 86 (2020) 104699
measurement underwent a revision, which came into effect in Decem-
ber 2013 (Decree Law no. 118/2013). To avoid any possible adverse ef-
fects stemming from this change in measurement methodology, this
paper focuses on the 2009 to 2013 period, a timeframe overlapping
with recession in the Portuguese residential property market;
Lourenço and Rodrigues (2017).

The matching of the IMT, IMI and ADENE data sources took place
through recourse to the property register identification number, a
unique code attributed to each property unit, as the key linking variable.
Due to the existence of incomplete (or inaccurate) information in the
ADENE location variables, essential to constructing the property register
identification number, it was only possible to match 60% of the transac-
tions available in the taxation records. Despite this drawback, the end-
product of this merging process resulted in a dataset containing
information on the prices, energy performance and other dwelling char-
acteristics of 256,145 residential property transactions; see the descrip-
tion of the data matching process in the supplementary appendix. This
constitutes one of the largest datasets ever applied for estimating the
impact of energy efficiency on transaction prices. The IMT and IMI
data currently serve for the compilation of the residential and commer-
cial property price indexes for Portugal (INE, 2017a, 2017b). A subset of
the latter data was used in Ramalho et al. (2017) in an empirical exer-
cise involving the construction of hedonic price indexes with aggregate
information which, however, did not include the EPC rating as a price
determinant. Table 1 provides the summary statistics for the dataset
group of selected variables. In addition to these totals, this also presents
descriptive statistics for four market segments: existing apartments,
new apartments, existing houses and new houses.

The data reveals clear differences among the different dwelling
types. As expected, new is generally more expensive than existing and
houses are more expensive than apartments. For instance, while
existing apartment prices present an average value of nearly €97,000,
new houses register a much higher average of approximately
€180,000. Existing apartments stand out as the most commonly sold
property in the dataset (accounting for 59% of all observations) and
with new houses as the least frequently purchased property type (5%
of all transactions). Naturally, the price dispersion is also much higher
for houses than for apartments, suggesting that the former property
type is more heterogeneous than the latter and that the hedonic
model specification may be more complex for houses than for apart-
ments. The data also demonstrate how the appraisals carried out for fis-
cal purposes generally define lower prices than the transaction prices
with the average value of the former value being 21% to 34% lower
than the latter.
Table 1
Summary statistics of a group of selected variables.

Variable description All (N = 256,145) Existing apartments
(N = 149,920)

N
(N

Mean Stdev Mean Stdev M

Transaction value (€) 119,888 98,131 97,695 68,876 14
Fiscal Appraisal value (€) 89,634 61,116 76,752 46,097 11
Energy label A+ 0.007 0.083 0.002 0.043
Energy label A 0.042 0.200 0.014 0.117
Energy label B 0.202 0.402 0.159 0.366
Energy label B− 0.128 0.334 0.120 0.325
Energy label C 0.363 0.481 0.468 0.499
Energy label D 0.148 0.355 0.132 0.338
Energy label E 0.086 0.28 0.095 0.293
Energy label F 0.021 0.142 0.009 0.096
Energy label G 0.005 0.067 0.001 0.032
Gross floor area (m2) 110.6 50.7 96.0 34.0
Dependent floor area (m2) 31.1 39.1 18.6 21.1
Uncovered land area (m2) 78.2 375.0 2.9 15.8
Number of bedrooms (#) 2.5 1.2 2.3 1.0
Age of property (years) 16.1 18.9 20.1 17.5
Improv. or renewed property 0.054 0.226 0.015 0.120
The most common energy rating in the transactions data is C
(36.3%). However, while new apartments most frequently receive the
B label rating (39.3%), in the case of houses, the most common is the
less energy efficient D rating (25–33% of all observations). Although
higher for new properties, the percentage of A+ or A rates is relatively
low (4.9% of total transactions). When grouped with the residential
unit transactions bearing a B or B− label, the percentage of transacted
dwellings rises to 37.9%. On the other hand, low rated properties la-
belled E, F or G, are rarely transacted, especially for new apartments.

Based on these descriptive results and in line with other studies in
this field (see, inter alia, Brounen and Kok, 2011), it was decided to
grasp the information on energy efficiency combining twomain specifi-
cation approaches. The first portrays energy efficiency by dummy vari-
ables for all nine levels of the energy efficiency scale considered in
Portugal (see Fig. 1). The C-rate, which identifies energy consumption
needs 1% to 50% above the standard, is withdrawn from the regression
models to serve as the reference. The second approach condenses the
information on energy efficiency into a single dummy variable, which
assumes the value of 1 when the property sold was attributed one of
the four top rates in the EPC scale (i.e. A+, A, B and B−). By aggregating
the A and B labels into a single dummy variable, designated as AB, we
are able to focus the analysis on all residential units signalled as having
annual consumption energy needs that are either the same or are lower
than the standard reference consumption values. Moreover, this ap-
proach is flexible enough to provide a good summary of the effects of
energy efficiency across the distribution of prices and the consequences
of some sampling issues evaluated in simulation experiments without
having to make the models too burdensome due to the inclusion of an
excessively large number of terms of interaction.

The differences across market segments are also made explicit by
other variables. In terms of dimension, the gross floor area is larger for
houses than for apartments and, interestingly, there is a clear difference
between new and existing dwellings, with the latter property type
smaller than the former. Moreover, the summary statistics for age dem-
onstrate that existing houses display an average age of 29 years while
the set of transacted new houses show an average of 2 years. It should
be noted that, while older (in age) properties are not expected to be
classified as new, there may be cases of properties classified as new
with several years of existence (e.g., newly built homes that, due to
the market recession, remained on the market for a substantial period
before being sold). Our data analysis also reveals a relatively high per-
centage of new houses completed in or before 1991, a figure explained
by the existence of major improvements and renovations, which ac-
counts for a significant proportion of this dwelling category (35.9% of
ew apartments
= 59,410)

Existing houses
(N = 33,282)

New houses (N = 13,533)

ean Stdev Mean Stdev Mean Stdev

9,007 93,688 143,783 150,717 179,155 145,671
1,038 57,445 95,137 85,986 124,852 96,557

0.020 0.141 0.005 0.068 0.009 0.096
0.118 0.323 0.021 0.145 0.061 0.239
0.393 0.489 0.073 0.259 0.157 0.364
0.157 0.364 0.110 0.313 0.142 0.349
0.228 0.419 0.185 0.388 0.222 0.415
0.062 0.241 0.330 0.470 0.248 0.432
0.018 0.133 0.160 0.366 0.099 0.298
0.002 0.045 0.093 0.291 0.048 0.214
0.0004 0.021 0.024 0.152 0.014 0.117

113.1 38.0 148.3 79.7 168.6 67.4
36.1 26.3 60.2 66.7 75.4 64.4
4.9 21.6 441.0 797.3 415.6 788.0
2.3 0.9 3.5 1.8 3.3 1.1
2.0 2.1 29.3 25.9 1.5 2.1
0.089 0.285 0.045 0.207 0.359 0.480
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the total, as detailed in the last row of Table 1). In these cases, the pre-
viously old property goes onto the market listed as a new property
and is considered as such in the database. Given the lesser variation in
the age of new dwellings, it may be argued that this variable thus
holds less importance to explaining the formation of price for this prop-
erty type than it does for existing dwellings. However, as renovated
properties may display vintage effects, it was decided to include infor-
mation on the year of their completion in all the hedonic models.

4. Hedonic models for property prices in Portugal

The key question approached by in this paper, within the framework
of the hedonic price model, is whether or not energy efficiency impacts
on transaction prices. Given the evidence provided for other countries
(see, inter alia, Fuerst et al., 2016), the relationship between these two
variables is expected to be positive.

Themodelling approach builds on themarket segments identified in
the descriptive analysis of Section 3. Partly due to the lack of data, many
hedonic housing studies focus only on a particular market segment
(e.g., the housing market segment of a national capital) and do not
have to address such issues. On the other hand, this involved taking spe-
cial care over including in the models all likely price-determining vari-
ables suitable to capturing the impact of energy efficiency on
residential property prices; see Chin and Chau (2003) for a comprehen-
sive list of the housing attributes applied in hedonic price models. The
complete list of all the explanatory variables in our regressions is pro-
vided in the supplementary material.

The results discussed in this section derive mainly from the condi-
tional mean hedonic models, estimated for the four market segments
under analysis. First, estimates for the impact of energy efficiency are
discussed for both a disaggregated 9-level scale and the single dummy
case where propertiesmore and less efficient than the standard are dis-
tinguished. Then, a time and space analysis of the impact of interest is
developed in Section 4.2. Section 4.3 presents both some robustness
analysis and cross-country comparisons. Finally, Section 4.4 presents
quantile regression analysis results for the full range of property prices.

4.1. Linear regression results

Table 2 presents the OLS energy efficiency coefficient results for the
different EPC labels featured in Fig. 1. In addition to information on the
Table 2
Estimation results for the relationship between energy rating and price.

Existing apartments Ne

Energy efficiency score:
A+ 0.236***

(0.0177)
0.2
(0.

A 0.207***
(0.0064)

0.2
(0.

B 0.150***
(0.0024)

0.1
(0.

B− 0.075***
(0025)

0.0
(0.

D −0.014***
(0.0026)

0.0
(0.

E −0.006
(0.0032)

−0
(0.

F −0.028**
(0.0095)

−0
(0.

G −0.064
(0.0374)

0.0
(0.

Root MSE 0.303 0.2
R2-adj 0.678 0.7
Reset, P-value 0.495 0.3
Sample size 149,920 59

Notes: The omitted energy class is C. *** significance at the 0.001 level, ** significance at the 0.0
dard errors in brackets. The Ramsey's (1969) Reset specification test results were obtained usi
Multiplier (LM) statistics, developed byWooldridge (1991). Test hypothesis H0: Correct specifi
sign, magnitude and statistical significance of the coefficient estimates
of interest, the table also provides statistics attesting to the quality of
the chosen models. For the sake of space, the tables provided in this
paper focus on the energy efficient partial effect results with the com-
plete regression results made available in the supplementary material.
Additionally, Fig. 2 displays the confidence intervals for the coefficients
of interest.

In general, the expected positive and negative impact is observed for
the labels, respectively, above (A and B-type) and below (D-G-type) the
reference consumption value. However, both the statistical significance
and themagnitude of the label impacts differs between apartments and
houses. In terms of the A and B-type label price premiums, while for
apartments the statistical significance is clear, the pattern is more com-
plex for houses. For existing houses only the B− label revels a significant
premium but still modest in magnitude, while for new houses the top
three labels A+, A, and B report significant rewards, which, however,
are 50% less than those observed for apartments. Despite these differ-
ences, apartments and houses share a similar pattern of impact across
the significant coefficients: the reward for A+ and A rates is similar,
then the decline triggered by dropping from an A to a B rating ranges
from 27.6% to 37.2% and with the drop in the impact resulting from
going from B to B− being greater than 50%. This suggests a clear pattern
of increasing premium declines as the energy efficiency falls in compar-
ison with the standard value.

In contrast, the impact of the D-G low energy scores significantly
differs from the C reference for both types of housing but remains insig-
nificant for new apartments classified as F and G and only attains signif-
icance at the 10% level for existing apartments issued E and G
certificates. We would also note that for the D-G rates, the confidence
intervals for the impact of different labels often overlap, at least par-
tially, indicating that these rates, denoting the lowest efficiency levels,
often do not differently affect the price. Finally, note that the wide con-
fidence intervals for the G label, especially for new apartments, are cer-
tainly a consequence of the reduced number of transactions in this
category (only 24); see Table 1. Therefore, despite the fact that increas-
ingdiscounts emerge as the level of efficiency drops off, theirmagnitude
is similar across property types and does not greatly differ across energy
labels. This suggests that, especially for apartments, but also on a smaller
scale for new houses, the market reaction to good energy performance
is of a higher magnitude than to low performance standards. Note that
a similar pattern of absence of statistical significance in differences in
w apartments Existing houses New houses

29***
0080)

0.020
(0.0419)

0.088**
(0.0317)

04***
0038)

−0.008
(0.0204)

0.077***
(0.0130)

35***
0028)

0.010
(0.0101)

0.048***
(0.0086)

57***
0033)

0.022**
(0.0086)

0.008
(0.0091)

14*
0056)

−0.033***
(0.0065)

−0.019
(0.0081)

.036***
0103)

−0.041***
(0.0081)

−0.050***
(0.0124)

.001
0357)

−0.059***
(0.0099)

−0.046**
(0.0174)

67
1053)

−0.076***
(0.0206)

−0.124***
(0.0328)

46 0.413 0.325
40 0.671 0.754
66 0.093 0.044
,410 33,282 13,533

1 level, * significance at the 0.05 level. Robust (to the presence of heteroskedasticity) stan-
ng a robust to the presence of heteroskedasticity procedure, which is based on Lagrange-
cation.
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Fig. 2. Point estimates and 95% confidence intervals for the impact of energy efficiency.

Table 3
Estimation results when energy rating is defined as a binary scale.

Existing New Existing New
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the effect of EPC labels below the comparison rate was found by Fuerst
et al. (2016), for the Helsinki metropolitan area of Finland. According to
these authors, this is justified by the buyer's predisposition to pay more
for more energy efficient properties and disregarding performances
below the average energy efficiency reference, a feature designated as
a green clientele effect.5

One possible explanation for the observation of higher rewards
being attributed to apartments over houses may rest on the idea that
land,whichdoes not affect energy efficiency, represents a larger propor-
tion of the house property value than in the case of apartments. Were
we able to separate land prices from total transaction prices, then the
differences across apartments and houses might become more compa-
rable. However, as a property is a bundled good comprising both of
land and structural assets, the separation of the two components is chal-
lenging and generally difficult to achieve with plausible results (for an
excellent consideration of this issue, see Diewert et al., 2015).Moreover,
this needs to take into account that, as houses are more expensive on
average than apartments, the gap between the two property types is
not as great as the percentage difference suggests. Finally, because
houses include appealing features (for example, the presence of gardens
or swimming pools), the importance buyers attribute to energy effi-
ciency may be attenuated when compared with that of apartments.6

To conclude this section, the aggregated version of the energy scale
that contrasts A-B and for D-G labels is considered. This simple baseline
specification is important for coping with (i) the introduction of terms
for time and space interactions in Section 4.2, (ii) the scarcity of obser-
vations for some labels in extreme price quantiles in Section 4.4, and
(iii) the simulation designs of Section 5. In thesemodels, the price effect
of receiving an EPC label above or at the reference energy consumption
standard (A or B-type) is measured relative to the reference of being
below that limit, reflecting the information available for home buyers.
5 It should be noted that some results may be influenced by the extremely small num-
ber of observations displaying a particular energy label. This is the case for the G rate for
new houses with high value (−0.125) based on 189 transactions, representing 0.07% of
the complete sample available for regression analysis.

6 We owe these arguments to two anonymous referees. We would additionally note
that Fuerst et al. (2015) also report different price premiums across dwelling types in
the British market. In their paper, terraced houses, a type of property with shared walls
that is uncommon in Portugal, display the highest premium, while semi-detached, de-
tached (dense and sparse) houses, which are similar to the housing concept prevailing
in Portugal, do not display significant price effects for the top energy ratings (AB; C) or,
at best, offer lower price premiums than apartments, as in our case.
While for apartments the results for the 9-level scale reflect this cut-
off, for houses the separation is not so clear. In this last situation, A+,
A and B rates do not differ from C for existing properties and B− rate
does not differ fromC for newproperties. However, some empirical sup-
port for the AB/CDFEF split is provided as C differs from the adjacent B−

label in the former case, for which the coefficient is positive and, in the
latter case, C is similar not only to B− but also to D (the transition be-
tween positive and negative impacts occurs somewhere in B−, C, and
D). Table 3 and the right-hand side of Fig. 2 present these results. It
should be noted that, at a 5% significance level, none of these models
is rejected by the RESET specification test and the specification applying
a 9-level scale is only rejected for the new houses subpopulation.

Naturally, the coefficient estimates for the most energy efficient
properties reflect the previously identified patterns - they are positive
and statistically significant. Themagnitude of price premiums again dif-
fers for apartments and houses, with apartments returning a market
premium of around 13% and houses displaying a considerably lower
premium of 5% to 6%. Fig. 2 sets out how this difference is statistically
significant with the 95% confidence interval for apartments never over-
lapping that found for houses.

4.2. Analysis across time and space

To study the impact of energy efficiency across time and space, four
additional sets of regression models were run in which the interactions
between energy efficiency dummy variables and dummy variables sig-
nalling either years or regions were added to the hedonic model. The
apartments apartments houses houses

Energy efficiency score
AB 0.118***

(0.0019)
0.123***
(0.0024)

0.045***
(0.0061)

0.055***
(0.0062)

Root MSE 0.303 0.248 0.413 0.325
R2-adj 0.676 0.733 0.670 0.753
Reset, P-value 0.567 0.098 0.083 0.052
Sample size 149,920 59,410 33,282 13,533

Notes: Energy classes below the C score are omitted. *** significance at the 0.001 level, **
significance at the 0.01 level, * significance at the 0.05 level. Robust (to the presence of
heteroskedasticity) standard errors in brackets. Reset's test hypothesis H0: Correct
specification.
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first two sets of models are estimated for the fourmarket segments and
rely on the single dummy approach for AB properties. The second two
sets of experiments focus on the existing apartment market using the
9-level scale. This approach was limited to the segment which included
the largest number of observations, since it involved the estimation of
models containing 71 and 87 parameters, for the year and the region
case, respectively. Figs. 3, 4 and 5 depict the resulting estimates and con-
fidence intervals for the impact of EPC labels, with the complete results
for the regression coefficients displayed in the supplement (Tables A.4
and A.5) for the single dummy case and available upon request for the
longest models. The definition of the regions followed the official no-
menclature of seven regional territorial units in effect for Portugal. The
only exceptions were the North of Portugal, in which the Porto metro-
politan areawas isolated and included in themodel as a separate region
(because of its relevance in transaction terms) and the Azores and Ma-
deira archipelago, which were grouped into a single category (because
of the scarcity of observations for these two regions).

Analysis of the energy efficiency impact across time reveals that the
differences from the comparison year (2009) are statistically relevant
for most years. The exceptions occur in 2010, for existing apartments
and new houses, and in 2011 for new houses. These differences are typ-
ically positive and, with the exception for new apartments in 2012 and
for new houses in 2013, reveal an increasing price premium pattern
over the years. In general, despite the existence of differences in the
evolution and magnitude of the impacts in the four subpopulation of
transactions, the results support the view that the impact of energy ef-
ficiency on sales prices increases over time.

For existing apartments, for instance, the price premiumplaced on A
and B rated properties rises from 9.6% in 2009 (coefficient of 0.092) to
17% in 2013 (coefficient of 0.092, plus an interaction term of 0.065).
This outcome is consistent with Hyland et al. (2013) where, for the
Irish housingmarket, the effects of the energy EPC ratingwere reported
to be higher when sale conditions were worse. This market characteri-
zation broadly corresponds to the period under study, which was
strongly marked by a severe contraction in mortgage credits and a
worsening salesmarket. Another possible explanation for the increasing
impact of energy efficiency over time rests on the idea that, while the
benefits of the EPC label may not have been so evident in the eyes of
the market in 2009 (i.e. when energy certificates first became manda-
tory in dwelling transactions), awareness about their benefits may
have gradually consolidated over subsequent years. Additional analysis
for the existing apartments segment based on the 9-level scale results of
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Fig. 3. Point estimates and 95% confidence intervals of the impact of energy efficiency across t
interval for the baseline model.
Fig. 4 reveals that properties issued A-B labels display significant price
premiums, that increase as the energy label is higher (note that pre-
miums of A+ and A almost doubles those of B and B−). On the other
hand, D-G properties display a static behaviour through time with sta-
tistically insignificant coefficients, which certainly motivates the low
awareness pattern for these labels observed previously in the results
of Table 2.

As regards regional analysis (Fig. 3), the results provide only a few
statistically relevant differences from the Lisbon metropolitan area
(the basis of comparison). This is particularly clear for houses, where
only one third of the interactions have statistical relevance. However,
the statistically relevant coefficient estimates and the respective 95%
confidence intervals, suggest that energy efficiency is clearly rewarded
in theNorth, Porto and Centre regions for apartments and in Porto, Cen-
tre and Lisbon for existing houses. For newhouses, Fig. 3 reports a heavy
energy efficiency premium in the Alentejo region, which registers ex-
treme weather conditions (heat in summer and cold in winter). A de-
tailed analysis for the existing apartments market based on the 9-level
scale based on Fig. 5 reveals again that property buyers are insensitive
to the lowest energy labels D-G (significant results for F and G for
Alentejo and Algarve are due to a very low number of observations in
these categories). For the above the reference labels A and B it is appar-
ent that the relevant premiums higher than the Metropolitan area of
Lisbon, observed in the single dummy analysis, North, Porto, Centre
and Lisbon, are very similar in A+ and B− types, due to the overlapping
of the confidence intervals, get slightly different for B labels, and differ
substantially for A labels. In general, greater awareness of the value of
the EPC label is apparent in the most urbanized areas of Portugal, in
the North, and in a region (Alentejo) with extreme weather conditions.

4.3. Robustness analysis and cross-country comparisons

To test the robustness of the results presented in the previous sec-
tion, severalmodels were runwith different energy efficiencymeasure-
ments. Table 4 presents the results for two of such measurements. The
first applies the nominal annual primary energy needs for heating,
cooling and preparing hot water, which is estimated at the property
level. This continuous variable is one of the two that define the individ-
ual energy rating (the other, the maximum estimated primary energy
needs, is not available in the dataset) and measured in kilograms of oil
equivalent (kgoe). As it is included in the regressions in its logarithm
form, the coefficient estimates associated with this variable can be
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ime and regions. Note: the dashed lines represent the point estimates and the confidence
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Fig. 4. Point estimates and 95% confidence intervals of the impact of energy efficiency across time for existing apartments. Left to right: years 2009 to 2013.
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Table 4
Estimation results for continuous and alternative discrete energy rating scales.

Existing apartments New apartments Existing houses New houses

LnNTc CEE LnNTc CEE LnNTc CEE LnNTc CEE

−0.064***
(0.0015)

−0.043***
(0.0008)

−0.137***
(0.0024)

−0.054***
(0.0010)

−0.052***
(0.0035)

−0.052***
(0.0035)

−0.061***
(0.0061)

−0.022***
(0.0021)

Root MSE 0.305 0.304 0.247 0.247 0.411 0.413 0.324 0.325
R2-adj 0.673 0.675 0.739 0.738 0.673 0.670 0.755 0.754
Reset, P-value 0.013 0.0004 0.109 0.031 0.110 0.119 0.095 0.0497
Sample size 149,920 149,920 59,410 59,410 33,278 33,282 13,532 13,533

Notes: *** significance at the 0.001 level, ** significance at the0.01 level, * significance at the0.05 level. Robust (to thepresence of heteroskedasticity) standarderrors in brackets. The LnNTc
is the natural logarithm of estimated annual energy primary needs. The CEE variable converted the A+ into 1, the A into 2, the B into 3, …, the F into 8, and finally the G into 9.
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interpreted as the price elasticity of an increase in energy efficiency. The
second alternative measure of energy efficiency converts the EPC rating
scheme into a single variable in which the change from one rate to an-
other always yields a one point difference; see Lyons et al. (2013) for
a similar approach of dealingwith EPC rating scales. This discrete energy
efficiencymeasure, denoted as CEE, thereby converted A+ into 1, A into
2, B into 3,…, F into 8, and finally G into 9 in order to enable the quan-
tification of the effect of a one-letter improvement in the energy effi-
ciency scale.

The results demonstrate how energy efficiency, as measured by
lnNTc and CEE, is statistically relevant for all property types. The signs
of the estimated coefficients are also in accordance with expectations
correspondingly reflecting a negative relationship between the sales
price and an increase in either the amount of estimated primary energy
needs or a change from a higher to a lower energy efficiency rating.
Price elasticity is higher for new apartments (−13.7%) and lower for
existing houses (−6.4%) while the difference between price elasticities
for new and existing properties only holds significance for apartments.
Table 4 also sets out how the effect of a one-letter improvement in the
EPC scale varies from 5.4% (new apartments) to 1.5% (existing houses).

In order to grasp the impact of energy efficiency on residential prop-
erty prices in Portugal vis-à-vis those generated in other countries, the
models were then rerun according to specifications for the energy effi-
ciency scales that approximated those used in studies for Ireland
(Hyland et al., 2013), Finland (Fuerst et al., 2016) and the Netherlands
(Brounen and Kok, 2011); for a general approach where, using datasets
of several European countries at either the country level or for specific
cities, energy efficiency is measured by the conciliation of the different
EPC scales using a discrete energy measure of the type of CEE, see
Lyons et al. (2013).

We would note that, naturally, the three studies in analysis use data
with features that differ from our own. In these three cases, the depen-
dent variable is the logged form of list prices, transaction prices, and
transaction prices per square meter, respectively. The re-estimation of
our hedonic regression models applies transaction prices in the two
first cases and transaction prices per square meter for the Brounen
and Kok (2011) design; note that list prices are considered an accurate
barometer of transaction prices; see Lyons (2018). As regards the he-
donic model property characteristics, while Hyland et al. (2013) con-
sider the attributes of the properties (for example, dwelling type and
size measured by the number of bedrooms and bathrooms), Fuerst
et al. (2016) and Brounen and Kok (2011) considered additional hous-
ing characteristics and several neighbourhood variables (for example,
the former considers maximum floor space, sauna facilities, mean in-
come per capita and the prevailing unemployment rate while the latter
addresses features such as the existence of central heating, the level of
external maintenance, housing density, and percentage of green vote).
In terms of the properties attributes, our data does not only offer good
coverage of most of the previously considered explanatory variables
but also has the advantage of including difficult to measure characteris-
tics and that are often absent from hedonic studies. Examples of the
latter variables include measures for the availability of public goods
and the scenic quality of the location, among others. Table 5 details
these results.

Interestingly, the results suggest that energy efficiency is rewarded
with higher price premiums in Portugal than in Ireland, Finland and
the Netherlands. This emerges particularly clearly for top-rated energy
efficiency properties with the A, B and C ratings receiving price pre-
miums generally higher than those reported in the aforementioned
three studies. One possible reason for these higher price premiums
may be linked to the strong presence of the EPC label in Portugal and
a greater awareness of its benefits. In fact, the Buildings Performance
Institute Europe (2010) classified Portugal as one of the three countries,
out of the twelve analysed, achieving the best performance in the pro-
motion, administration, and compliance/enforcement of EPC labels. An-
other possible explanation may derive from household energy prices
that rank among the highest in the European Union. According to
Eurostat (2019), Portugal accounted for the fourth and secondmost ex-
pensive household electricity and gas prices respectively, out of the total
of 31 (electricity) and 25 (gas) European countries compared in 2018.
For gas, only Sweden levied higher prices and, for electricity, only
Germany, Denmark and Belgium.

Table 5 highlights how the overall fit of the regressions aligns with
those reported by similar studies. While the regressions using the
price level logarithm as the dependent variable are not rejected by the
Ramsey (1969) test at either the 5% or 1% significance levels, the speci-
fication with the price per square meter logarithm does get rejected.
This result reinforces the idea that the choice of the pricemodel instead
of the price per square meter model constituted the most suitable
means of assessing the impact of energy efficiency on the prices prevail-
ing in the Portuguese residential property sales market. Moreover, the
specifications in which the data is pooled together into the same
model do not pass the RESET test (see rightmost column of Table 5), re-
inforcing the idea that models should be specified separately to take
into accountmarket specificities. Additionally, the RESET test results in-
dicate that, at the 5% significance level, no alternative EPC label disag-
gregation leads to the absence of rejections observed in the single AB
dummy model presented in Table 3.
4.4. Quantile regression results

According to Koenker and Basset's (1978) seminal work, conditional
quantile regression serves to characterize the impact of energy effi-
ciency over the distribution of residential property prices. By allowing
buyers of higher-priced properties to respond differently to purchasers
of lower-priced properties, the results of quantile regression provide a
more comprehensive picture of the true relationship between energy
efficiency and residential prices. Although already applied in the real es-
tate context (see, inter alia, Zhang and Yi, 2017) this is, at least to our
knowledge, the first time this technique is used to study the impact of
the energy efficiency attribute. The quantile regression results (point



Table 5
Robustness and cross-country analysis.

Exist. apart. New apart. Exist. houses New houses All dwellings

Hyland et al. (2013)(+)

A
0.093**
(0.015)

0.211***
(0.0065)

0.188***
(0.0060)

0.030
(0.0184)

0.095***
(0.0129)

0.182***
(0.0037)

B
0.052**
(0.008)

0.127***
(0.0029)

0. 095***
(0.0054)

0.050***
(0.0069)

0.47***
(0.0079)

0.104***
(0.0023)

C
0.017**
(0.006)

0.015***
(0.0026)

−0.014**
(0.0050)

0.033***
(0.0065)

0.018*
(0.0081)

−0.002
(0.0022)

E
−0.004
(0.009)

0.009 *
(0.0037)

−0.050***
(0.0112)

−0.008
(0.0071)

−0.031*
(0.0121)

−0.018***
(0.0031)

F/G
−0.106**
(0.009)

−0.018
(0.0095)

−0.004
(0.035)

−0.030***
(0.0087)

−0.044**
(0.0157)

−0.011
(0.0059)

R2

Reset, P-value
Sample size

0.65
–
15,060

0.680
.800
149,920

0.740
.219
59,410

0.670
.095
33,282

0.750
.043
13,533

0.720
.000
256,145

Fuerst et al. (2016)(+)

ABC 0.0130*
(0.0062)

0.053***
(0.0026)

0.067***
(0.0053)

0.040***
(0.0055)

0.040***
(0.0070)

0.046***
(0.0021)

E 0.000
(0.0057)

0.010**
(0.0037)

−0.048**
(0.0113)

−0.008
(0.0071)

−0.031*
(0.0121)

−0.016***
(0.0031)

FG 0.0002
(0.0052)

−0.019*
(0.0095)

−0.005*
(0.0349)

−0.030***
(0.0087)

−0.046**
(0.0156)

−0.012*
(0.0059)

R2

Reset, P-value
Sample size

0.93
–
6194

0.670
.030
149,920

0.72
0.066
59,410

0.670
.092
33,282

0.750
.041
13,533

0.710
.000
256,145

Brounen and Kok (2011)(−)

ABC 0.037**
(0.003)

0.044*
(0.0021)

0.058***
(0.0049)

0.046***
(0.0050)

0.055***
(0.0066)

0.047***
(0.0018)

R2

Reset, P-value
Sample size

0.53
–
31,993

0.550
.000
149,920

0.610
.000
59,410

0.480
.000
33,282

0.580
.000
13,533

0.570
.000
256,145

Notes: (+) Theomitted energy class is D. (−) Energy classes D,E,F, andG omitted. The dependent variable of themodel is the natural logarithmof price per squaremeter. *** significance at
the 0.001 level, ** significance at the 0.01 level, * significance at the 0.05 level. Robust (to the presence of heteroskedasticity) standard errors in brackets.
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estimates and 95% confidence intervals) for the 0.1th, 0.3th, 0.5th, 0.7th,
and 0.9th price quantiles are listed in Fig. 6.

These empirical results suggest that energy efficiency is rewarded
with a price premium across the entire spectrum of the conditional
Fig. 6. Parameter estimate by quan
price distribution. This is an important finding as it could be the case
that a price discount, rather than a price premium, could be associated
with a particular group in the conditional distribution (e.g. higher-
priced properties). Moreover, the impact of energy efficiency seems
tile level for energy efficiency.
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quite stable across the quantiles. This is particularly evident for new
properties and at the median, 0.3th, and 0.7th quantiles of all property
types, where the differences among the different quantile energy effi-
ciency partial effect estimates generally do not attain significance. For
instance, although energy efficiency price premiums for new apart-
ments drop from 0.122 to 0.112 when moving from the 0.3th to the
0.7th price quantile, their 95% confidence intervals overlap (thus not ex-
cluding that they might not differ from one another). Note that, as the
price gets smaller, especially for existing properties, premiums display
an increasing (decreasing) trend for apartments (houses). This could
be essentially driven by demand-side factors, with lower-income
house purchasers attributing, when compared with high-income
buyers, less importance to energy efficiency than to other dwelling
characteristics that are not available in apartments (e.g., size of available
plot).

The 0.5th quantile of the energy efficiency partial effect estimates
additionally provides an important indication as to the robustness of
the OLS findings. As compared to the least squares methods, the esti-
mates at this quantile, which correspond to least absolute deviations
(LAD), are less sensitive to the presence of outliers. The results
clearly indicate that OLS point estimates are essentially the same as
those for the 0.5th quantile. For existing apartments, for instance,
the OLS and LAD estimates are 0.118 and 0.117, respectively. The
largest difference is obtained for new houses where the OLS estimate
is 0.055 and the median regression estimate 0.063. However,
even for this case, the difference is not significant with the 95%
confidence intervals for the mean andmedian estimates overlapping
each other.
Table 6
Energy efficiency partial effects, different experiments.

Sub-market

Existing apartments

Benchmark estimate 0.118**
(0.0019)

Parameter results, averages over 1000 replications(+)

n = 500 0.121
(0.034)
[947]

n = 1000 0.119
(0.025)
[996]

n = 2500 0.120
(0.015)
[1000]

n = 5000 0.120
(0.011)
[1000]

n = 10,000 0.120
(0.008)
[1000]

Parameter estimates, measurement error scenario (.)

Fiscal appraisal as dependent variable 0.0386**
(0.00108)

No. of bedrooms as size measurement 0.1481**
(0.00215)

Parameter estimates, omitted variables scenario (.)

Central heating and/or air cond. 0.125**
(0.00190)

Visual quality 0.118**
(0.00193)

Location quality 0.131**
(0.00201)

Construction quality 0.120**
(0.00192)

All omitted 0.145**
(0.00201)

Notes: *** significance at the 0.001 level, ** significance at the 0.01 level, * significance at the 0
(+) The point estimates refer to the averages over the 1000 simulations; standard deviation pro
between square brackets. (⁎) This experiment yielded 4 statistically significant negative coeffici
5. Selected data issues

This section addresses some data issues often encountered when
measuring energy efficiency by hedonic models. The first subsection
considers smaller subsamples of the large scale dataset employed in
this paper to check whether the individual statistical significance of
the EPC dummy is inflated by the sample size. The remaining two sec-
tions assess the sensitivity of energy efficiency partial effects to either
the introduction of measurement errors in the dependent and explana-
tory variables or the omission of relevant information in the hedonic
model outputs.

5.1. Large samples

The impact of using different sample sizes on the quality of the re-
gression results was investigated through experiments inwhich the he-
donic regression models were rerun for a number of samples with
different sizes. In particular, the energy efficiency coefficients were cor-
respondingly calculated on the basis of 1000 samples with sizes of 500,
1000, 2500, 5000 and 10,000 observations drawn for existing apart-
ments, new apartments, existing houses and new houses.

The averages of energy efficiency parameter estimates over the 1000
replications for each sample size are depicted in Table 6. The standard
errors are provided in brackets underneath each average value along
with the counts of statistically significant positive coefficients, provided
in squared brackets.

With the exception of existing houses for the three smallest sample
sizes, there is a substantial number of statistically significant energy
New apartments Existing houses New houses

0.123**
(0.0024)

0.045**
(0.0061)

0.055**
(0.0062)

0.134
(0.028)
[996]

0.047
(0.052)
[169] (⁎)

0.067
(0.033)
[551]

0.134
(0.019)
[1000]

0.049
(0.035)
[272]

0.066
(0.024)
[814]

0.134
(0.012)
[1000]

0.048
(0.023)
[572]

0.065
(0.015)
[993]

0.134
(0.009)
[1000]

0.048
(0.016)
[849]

0.065
(0.010)
[1000]

0.135
(0.006)
[1000]

0.048
(0.011)
[982]

0.065
(0.007)
[1000]

0.0485**
(0.00163)

−0.0085*
(0.00360)

−0.0010
(0.00418)

0.1479**
(0.00281)

0.0940**
(0.00702)

0.0842**
(0.00706)

0.128**
(0.00244)

0.051**
(0.00608)

0.061**
(0.00624)

0.123**
(0.00245)

0.048**
(0.00616)

0.056**
(0.00625)

0.135**
(0.00255)

0.055**
(0.0064)

0.066**
(0.00641)

0.127**
(0.00245)

0.045**
(0.00613)

0.055**
(0.00624)

0.153**
(0.00259)

0.070**
(0.00642)

0.073**
(0.00645)

.05 level.
vided in parenthesis. The number of statistically significant positive coefficients is shown
ent estimates. (.) Robust standard errors in parenthesis.
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efficiency coefficients, even in caseswhere the sample size is sharply re-
duced, that display an important increase in the coefficients variability.
For example, for new houses, the spread of the estimates based on sam-
ples with 10,000 observations (0.007) stands at approximately one fifth
of that obtained for samples with 500 observations (0.033). This sug-
gests that the statistical relevance of the energy efficiency results does
not get inflated by sample size. The results also demonstrate how the in-
cidence of statistically significant coefficients with conflicting signs is
extremely rare, occurring only four times for existing houses and for
the smallest sample size (n = 500). In addition, this also identifies
how the average energy efficiency coefficients remain very stable across
the different sample sizes. For instance, the benchmark estimate for
existing apartments is 0.118, which is similar to the 0.121 average
found for the 1000 rounds of sampleswith 500 observations, which rep-
resent less than 0.4% of the total transactions in this market segment.

Overall, it emerges that the results drawn from smaller sample sizes
are essentially the ones obtained from the available large scale dataset.
This is a reassuring conclusion, as most of the previous research on the
effect of energy efficiency on property prices is based on small datasets.

5.2. Measurement errors

This section investigates the extent to which the energy efficiency
partial effects are sensitive to the introduction of either dependent or
explanatory variableswithmeasurement errors. To illustrate the former
case, the transaction price logarithm is replaced by the fiscal appraisal
value logarithm, which is also available to the dataset. The use of fiscal
appraisal logarithm enables the study of the effects of including a vari-
able that, although returning a high correlation with transaction prices,
is generally set below sales prices (see both Table 1 and the scatter plots
in Fig. A.2 provided in the Supplement). In Portugal, fiscal appraisals are
derived through the usage of a formula that includes six coefficients that
are used as building blocks for calculating the value of any given prop-
erty. This formula is legally stipulated (article 38 in Decree Law no.
287/2003) and covers important price determinant factors such as the
property age, its area, and location. However, energy efficiency is only
at best partially incorporated into this formula. This stems from how
the dwelling characteristics influencing the respective energy perfor-
mance are included in only one of its coefficients, which measures the
property's quality and comfort. More precisely, out the total of over 20
items covered by this coefficient, twomay be correlated with energy ef-
ficiency. The first identifies the existence of central systems for the
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Fig. 7. Point estimates and 95% confidence intervals for measurement error and omitted vari
interval for the baseline model.
cooling and heating of the property and the second assesses the
property's construction quality including, among other factors, its ther-
mal and acoustic insulation.On the other hand, illustrating the impact of
applying an erroneously measured explanatory variable on energy effi-
ciency partial effects is provided by re-estimating the hedonic models
with the number of bedrooms replacing the area variables. The former
variable is a poor measurement of property scale but which researchers
may make recourse to when having access to no better measurements
of size. The summary statistics for the EPC regression coefficients are
displayed in themiddle of Table 6 andwith the 95% confidence intervals
presented on the left-hand side of Fig. 7.

The damaging effects of applying either the fiscal appraisal loga-
rithm as a dependent variable or the number of bedrooms as ameasure-
ment for size become evident. In the former case, the energy efficiency
coefficients are substantially smaller than those reported by the bench-
mark scenario. This is particularly evident both for existing houses,
where the energy efficiency coefficient exhibits a small price discount
(−0.0085) and for new homes, where the parameter is statistically in-
significant. The smaller magnitude and the insignificance of the esti-
mates certainly reflects how the fiscal evaluation does not depend
directly on energy efficiency parameters while the statistical signifi-
cance documented in some cases may stem from the dependence of
the appraisal on features such as the existence of central cooling and
heating systemswhich are likely to correlatewith theproperty's respec-
tive energy efficiency level. To grasp the magnitude of the destructive
effects of applying this appraisal price in Portugal, see how far the con-
fidence intervals differ from the reference values in Fig. 7. In general, fis-
cal appraisals following the formula used in Portugal appear as an
unsuitable transaction price replacement variable in the measurement
of the effects of energy efficiency. Moreover, as EPC labels appear in
this paper as amajor determinant of the property price, a possible policy
recommendation, is their inclusion in the formula that delivers themar-
ket value of a property.

When the area variable is replaced by the number of bedrooms,
the distortion in the energy efficient partial effects also becomes
clear. The energy efficiency coefficient for existing houses more
than doubles that of the reference, changing from 0.0448 to 0.0940,
which represents a price premium increase from 4.6% to 9.9%. In
the remaining segments, there are lesser distortions in the coeffi-
cients but even so larger than 20%, in such a way that the confidence
intervals clearly lie above those of the reference case for each of the
four properties types.
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ables scenario. Note: The dashed lines represent the point estimates and 95% confidence



7 The Portuguese housing stock amounts to 5,859,540 classic residential dwellings (INE,
2012). Of these, 52% are single family residential (detached, semi-detached and row)
homes (calculations by the authors based on Census data).
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5.3. Omitted variables

To illustrate the sensitivity of energy efficiency partial effect esti-
mates to the omission of relevant variables, the regression hedonic
models were re-estimated without a selected group of dwelling charac-
teristics. The choice of the variables for omission rested on those quality
attributes that were a priori deemed to bear a reasonable correlation
with energy efficiency (i.e., the existence of central heating and/or air
conditioning) and not often available in hedonic regression studies in
this research field (i.e., the scenic value of the location, the location
and the construction quality of the residential properties sold, all mea-
sured at the individual property level). The correlations of these vari-
ables with the AB label dummy (provided in the supplement) is
clearly higher for the former variable. A total of five omitted variable
scenarios was thereby considered with the first four omitting merely a
single variable and a fifth calculation omitting all the selected variables
for this experiment; see both the bottom of Table 6 and the 95% confi-
dence intervals provided on the right-hand side of Fig. 7.

As expected, the largest deviations from the benchmark situation
were obtained for the all-variables omitted scenario. For new apart-
ments, this scenario yields a 0.153 (16.5%) point estimate that compares
with the 0.123 (13.1%) coefficient returned by the benchmarkmodel. In
terms of price premiums, this represents a substantial 3.4 percentage
point difference, the largest obtained by any scenario. The omission of
a single dwelling characteristic also produced somedifferences between
the benchmark and the omitted variable results. Such is the case when
the two dummy variables measuring the location quality were omitted,
whichproduced an upward shift in the coefficients estimated and a con-
sequent non-overlapping of the respective confidence intervals with
that of the reference in all cases except for existing houses. For example,
this omission for new houses leads to boosting the coefficient from
0.055 to 0.066, which drives a non-negligible price premium increase
from 5.7% to 6.8%. Moreover, the exclusion of the dummy variable con-
trolling for the existence of central heating and/or air conditioning sys-
tems, the omitted variable with the highest correlation with the EPC
dummy, produced a noticeable upward shift in the energy efficiency co-
efficient estimates for both existing apartments and new houses (notice
the absence of any overlapping between these confidence intervals and
those of the benchmark). For example, in the former case, the energy ef-
ficiency valuation rose from 0.118 to 0.125, a result implying an energy
efficiency price premium rise from12.5% to 13.3%. In contrast, excluding
the variables measuring the visual prominence of the location and the
property's construction quality do not greatly impact on the estimated
energy efficiency partial effects. Similarly, in global terms, the results
for existing houses display a robust behaviour in relation to variable
omission when compared with the three other property types. There-
fore, these experiments generate mixed evidence in suggesting single
variable omission effects may not be severe in the framework of this
dataset.

6. Conclusions and discussion

The results provide support to the perspective that the most energy
efficient properties are positively rewarded by the Portuguese residen-
tial marketwith the four top A and B energy efficiency scores displaying
price premiums in relation to the reference C rate. For other EPC
rates, the evidence suggests that the sales market does not differentiate
between levels of energy inefficiency as themagnitudes of the price dis-
counts estimated for the D to G rates are often statistically similar across
dwelling types and energy levels.

Moreover, the output of hedonic regression models provides evi-
dence of statistically significant differences between theway energy ef-
ficiency is rewarded for apartments and houses, with the former
dwelling category yielding higher price premiums than the latter.
When compared with less efficient properties, A and B rated new and
existing apartments receive sales price premiums of 13.1% and 12.5%,
respectively. Houses obtain smaller price premiums with new and
existing houses receiving 5.7% and 4.6% sales premiums over the same
period. This information is important to policymakers. As houses repre-
sent themajority of the dwelling stock in Portugal,7 this result may play
a crucial role in definingpolicymeasures designed to increase energy ef-
ficiency standards in a cost-effective way.

The analysis of energy efficiency over time also discloses the exis-
tence of an upward trend in energy efficiency price premiums. This re-
sult is consistent with the findings of Hyland et al. (2013), which
suggest that for the case of Ireland the value of certification rose when
the prevailing market conditions were worse. As the time period
under analysis broadly overlapswith a periodwhen the housingmarket
suffered from illiquidity, uncertainty and credit constraints, buyers may
have seen the most efficient energy labels as an additional guarantee of
value. In this period, on a year-on-year basis, the number of properties
sold decreased 28% in 2011 and prices shrank 7.1% in 2012 (the year
when the real estate market hit the bottom); from 2013 onwards, the
sales market recovered with prices increasing quite substantially (e.g.
in 2017 and 2018, prices rose respectively by 9.3% and 10.5% year-on-
year). In general, the increasing annualised price premiums over the
2009–2013 period indicates that energy efficiency is likely to remain
positively rewarded in the Portuguese market. Certainly, a future ave-
nue of research involves the production of a similar dataset for more re-
cent years. On the other hand, qualitative comparison across different
studies and markets suggests the existence of higher price premiums
in the Portuguese market than those reported by studies for the
Netherlands, Ireland and Finland. Greater EPC label awareness and the
existence of higher energy costs in Portugal provide possible explana-
tions for the existence of these greater price premiums.

Quantile regression analysis further reinforces this idea of a clear
market premium existing for top-rated energy efficient residential
units. When compared with the rest of the sample, the properties
group awarded A or B energy efficiency ratings receives a price pre-
mium relevant not only at themean but also across the entire spectrum
of the conditional price distribution. Moreover, the energy efficiency
impact was found to be relatively homogeneous over the full extent of
the conditional distribution of prices.

Finally, the empirical simulation exercises provide valuable informa-
tion. Firstly, they demonstrate that, at least in our framework, the use of
a large dataset does not artificially inflate the significance of the effects
of the EPC rating level on property prices and show that the exploration
of significantly smaller datasets essentially lead to the same conclusions.
Secondly, it clearly illustrates how the application of error-prone mea-
sures, either the transaction price or a control variable for measuring
size, consubstantiated by the fiscal appraisal price and a discrete attri-
bute measuring the respective property's number of rooms, both lead
to sizable distortions in the magnitude of the EPC partial effects. Con-
versely, the isolated omission of variables for attributes that are usually
unavailable (e.g. indicating the presence of central heating or location
quality measures) left unaffected most of the energy efficiency partial
effects of interest. Nevertheless, we would note that the existence of a
mix of omitted variables, which is likely to occur in practice, did still
emerge as a potentially disturbing factor in all the statistical
experiments.

In general, this paper builds on a particularly rich dataset for
Portugal exploiting both conditional mean and quantile regression-
based hedonic models together with some simulation experiments
that exploit certain unique features of the dataset, specifically the exis-
tence of (i) ameasure for transaction price togetherwith an error-prone
fiscal appraisal value; (ii) a nine-level EPC scale and one of the underly-
ing continuous measures employed in its construction; (iii) an excep-
tionally rich set of control variables, including rarely measured
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attributes, such as visual or location quality and alongside different
measurements of housing features, such as the gross floor area in square
meters and the number of bedrooms to capture property size. Measur-
ing the effects of energy efficiency on property prices correspondingly
emerges as a complex and therefore interesting issue.
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