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Abstract Energy renovations offer unique opportuni-
ties to increase the energy efficiency of the built envi-
ronment and for the existing housing stock; they are the
most important solution. Usually, energy savings are
based on modeling calculations. However, recent re-
search has shown that the predicted energy consumption
differs largely from the actual consumption. In this
paper, the effectiveness of energy measures is re-
assessed based on actual consumption data. We use a
monitoring system, which contains information about
the energy performance of around 60% of the Dutch
non-profit housing sector (circa 1.2 million dwellings).
We connect the data from this monitoring system to
actual energy consumption data from Statistics Nether-
lands on a dwelling level. Using longitudinal analysis
methods, from 2010 to 2014, we are able to identify the
energy efficiency improvements of the stock and deter-
mine the effectiveness of different measures in terms of
actual energy savings. The results reveal the actual
energy savings of different efficiency measures and
highlight the significance of the actual energy consump-
tion when a renovation is planned or realized.

Keywords Energy renovations . Monitoring . Energy
savings . Energy efficiency. Non-profit housing .

Building energy epidemiology

Introduction

The existing housing sector plays an important role
towards achieving the energy efficiency targets world-
wide and in the European Union (EU) (European Com-
mission 2016a; SER, 2013; ürge-Vorsatz et al. 2007).
The energy performance of buildings is so poor that the
sector is among the most significant CO2 emission
sources in Europe (BPIE 2011). Existing buildings ac-
count for approximately 38% of the final energy con-
sumption in the European Union (EU), and are respon-
sible for 36% of the CO2 emissions (European
Commission 2008 and 2014 ). A large percentage of
this energy consumption is assigned to the residential
sector. On average, households consume 24.8% of the
total energy consumption in the EU (Eurostat 2016).

Energy renovations in existing dwellings offer
unique opportunities for reducing the energy consump-
tion and greenhouse gas emissions. Energy renovation
is instrumental for reaching the EU and national 2020
goals (Saheb et al. 2015). It has implications for growth
and jobs, energy and climate, as well as cohesion poli-
cies. Renovating existing buildings is a Bwin-win^ op-
tion for the EU economy (Saheb et al. 2015). Although
there have been various energy renovation actions of
dwellings in Europe and the Netherlands, the assess-
ment and monitoring of the savings achieved is
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insufficient. Monitoring the energy improvements of the
existing housing stock can provide valuable informa-
tion, concerning the energy savings that can be achieved
both in terms of actual and predicted energy consump-
tion. The patterns of the predicted energy reduction in
most cases differ from the actual energy consumption
(Balaras et al. 2016; Filippidou et al. 2016; Majcen et al.
2013; Tigchelaar et al. 2011). Predicted or modeled
energy consumption can differ from the actual con-
sumption by as much as 50% less or 30% more in
dwellings (Majcen et al. 2016). Previous research
(Balaras et al. 2016; Majcen et al. 2013; Sunikka-
Blank and Galvin 2012) has highlighted the perfor-
mance gap—the difference between predicted and actu-
al energy consumption, in different building stocks. The
focus on actual consumption is increasing, and studies
on the gap between the predicted and actual energy
consumption of buildings start to appear in Europe.

This paper examines the impact of thermal renova-
tion measures on both the predicted and actual energy
consumption of the renovated non-profit stock in the
Netherlands. The actual savings reveal the true effect of
renovations on the reduction of energy consumption and
highlight the impact of (combinations of) measures on
the dwellings’ performance. We analyze the energy
saving measures (ESMs) realized and their impact on
the actual and predicted energy consumption. In the
following background BEnergy Renovations and
Savings,^ we discuss energy renovation concepts and
definitions. BData andMethods^ focuses on the data and
research methods used. In BResults and Discussion,^we
present the results of the analysis, and we draw conclu-
sions based on the outcomes of the research in the
BConclusions^ section.

Energy renovations and savings

Throughout Europe, national approaches to building
stock monitoring have evolved separately. Information
about the progress of energy performance improve-
ments is not only needed to track the progress of policy
implementation (Boermans et al. 2015) but better infor-
mation and data are necessary to help develop roadmaps
in order to achieve more energy efficient buildings
(BPIE 2011).

The 2012 Energy Efficiency Directive (EED) and the
2010 Energy Performance of Buildings Directive
(EPBD) are the EU’s main legislation for the reduction

of the energy consumption in buildings. In article 4 of
the EED, Member States are required to establish long-
term strategies for mobilizing energy renovations in
their building stocks (BPIE 2014). A recent evaluation
of the EED (BPIE 2014; European Commission 2016b)
found that energy renovation plans or guidelines are still
lacking in identifying the most effective measures for
each climate, country (according to its national energy
regulations), type of dwelling, size, age, operation, and
maintenance, dwelling envelope, and many more. On
top of this, there was no clear definition of the term
energy renovation at a European level, thus, making the
implementation of ESMs more difficult.

The energy savings potential of the existing dwell-
ings is large. In the Netherlands, policy measures have
been employed since the last quarter of the twentieth
century, mainly through building codes and standards.
The energy consumption of new buildings has been
regulated since 1975 consisting of limits on transmis-
sion losses based on insulation values (Boot 2009). In
1995, these limits were expanded to include the national
BEPC^ (Energy Performance Coefficient) which is a
figure expressing the energy performance of a building
depending on the energy demand for space heating, hot
water, lighting, ventilation, humidification, and cooling.
The energy performance of the existing housing stock is
being regulated through energy labels (A to G—most
efficient to least efficient), since 2008, when the EPBD
was implemented in the Netherlands. The average ener-
gy label in 2015 was C (RVO 2015). As the years pass,
more dwellings adopt an energy label and thus far 2.9
million have one. The majority of these dwellings be-
long to the rental sector. Figure 1 presents the distribu-
tion of the energy labels of the non-profit housing stock
for four different years (2010–2014). In the first column
of the graph (A label), the A+ and A++ labels are also
included. It is clear that there is a tendency towards an
increasing performance through the years. The labels
denoting a relatively inefficient home (D, E, F, and G)
show a decline through the years, whereas the Bhigher^
efficiency labels (A, B, C) show an increase.

Energy regulations regarding the existing stock are
usually less strict than those regarding new buildings;
whereas from 2020, nearly zero energy standards must
be achieved. Nevertheless, the energy performance of
the existing stock is of crucial importance, especially
taking into account the low and declining construction
rates in the EU (Pombo et al. 2016; Thomsen and van
der Flier 2002; Filippidou et al. 2017). Renovating
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existing buildings is seen as a Bwin-win^ option for the
EU economy (Saheb et al. 2015). However, there are
challenges mainly relating to the financing, market up-
take, and occupant awareness of energy renovations.
Further, although there have been various energy reno-
vation actions of dwellings in Europe, the assessment
and monitoring of these renovations is lacking.

New buildings and major renovations in the Nether-
lands are required to meet specific standards, e.g., Rc
values of floors, façades, roofs, and U values of win-
dows, as of January 2015 (van Eck 2015). In addition,
the term major renovation is used for dwellings where
more than 25% of their envelope area is renovated (van
Eck 2015), which is in accordance to the 2010 recast of
the EPBD (European Parliament, Council of the
European Union 2012). Only minimum insulation stan-
dards are applied for minor renovations or isolated
ESMs, without an energy performance calculation being
necessary (van Eck 2015).

Research on the energy renovations of dwellings
usually focuses on selected cases (exemplary buildings)
or case studies (Khoury et al. 2016; Mastrucci et al.
2014) except for a few dealing with epidimiological
methods (Hamilton et al. 2017). Up to now, and due to
the difficulty of acquiring actual energy consumption
data on big datasets, much of the research performed
focused on the predicted energy savings of renovated
building stocks (Ballarini et al. 2014; Mata et al. 2013).
In practice, the situation is similar with most profes-
sionals using the predicted energy savings as a reference

for future renovations. However, based on outcomes of
both the research on the performance gap and on the
energy renovations, the impact of these renovations on
the actual energy consumption is expected to be
significantly different. Previously published research
conducted on the social housing stock of the
Netherlands on isolated energy renovation measures
by Majcen et al. (2016) found several discrepancies
between the predicted and actual energy savings, of
single efficiency measures, ranging from 0.58 (ratio of
actual/predicted savings) to 2.5. Filippidou et al. (2016)
describe the annual frequencies of seven renovation
measures in the Netherlands. Using an energy perfor-
mance monitor, they analyze the energy efficiency mea-
sures realized in the non-profit housing sector and the
impact on the energy performance of the dwellings.

There are several definitions of which measures con-
stitute an energy renovation and the different levels of
one. The term Brenovation^ is used to cover moderni-
zation, retrofit, restoration, rehabilitation, and renova-
tion actions that go beyond mere maintenance of the
building stock (Meijer et al. 2009). According to the
European Commission, there are three types of energy
renovations: the implementation of single measures (in-
cluding the low-hanging fruit), the combination of sin-
gle measures (which can be termed Bstandard
renovation^), and the deep or major energy renova-
tion—referring to renovations that capture the full eco-
nomic energy efficiency potential of improvements
(European Commission 2014). Still, the definitions of
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a standard or deep renovation are vague. In this paper,
we will examine renovated dwellings based on single
energy saving measures (ESMs) and combinations of
ESMs, which can either be standard or deep
renovations.

Non-profit housing sector

The tenure mix of dwellings is an important factor for the
ability to renovate regarding both the energy performance
and the impact on the pace of energy renovations. The total
amount of dwellings in the Netherlands is 7.5 million. The
owner occupied sector amounts to 55.8% of the total,
whereas the rental sector comprises 43.5% of the total
(BZK 2016b). The ownership type is unknown for the
remaining 0.7% (BZK 2016b). The vast majority of the
rental sector belongs to housing associations forming the
non-profit housing sector. In this paper, we focus on the
Dutch non-profit housing. This sector comprises approxi-
mately 2.3 million homes, which adds up to 30% of the
total housingmarket (BZK2016a). Figures 2 and 3 present
a comparison of the non-profit housing stock and the
national housing stock in terms of the building year, first,
and the typology of dwellings. When considering the
building year, we can observe that the non-profit housing
stock is similar to that of the total stock. This is more or
less also true whenwe distinguish single-family andmulti-
family homes; the non-profit housing stock comprises of
53%multi-family dwellings, the national housing stock of
47%. Figure 3 shows, however, that this similarity cannot
be stated about the specific type of dwelling.

We examine the non-profit rented housing stock of
the Netherlands, also referred to as social housing,
where a significant amount of data are available, for
three reasons. First, the non-profit housing sector in
the Netherlands is the largest in Europe, having a share
of 30% of the total stock as mentioned above. This fact
advances the research, providing the opportunity to
work on a representative sample of the national housing
stock, in terms of typology. Second, having such an
extensive and representative sample of dwellings is a
stepping-stone for the provision of statistically signifi-
cant results. Last, the non-profit housing sector is mak-
ing decisions about energy efficiency and sustainable
solutions collectively and is being subsidized by the
state for goals promoting the energy neutrality of the
country (Filippidou et al. 2017). Thus, the results of this
study can serve as an indication of the energy renovation

in the Dutch housing stock, while also considering the
differences of the stocks, as mentioned above.

Although no common definition for the non-profit
housing sector is used, three elements are shared across
the European non-profit social housing sectors: a mis-
sion of general interest,1 affordable housing for the low-
income population, and realization of specific targets,
defined in terms of socio-economic status or the pres-
ence of vulnerabilities (Braga and Palvarini 2013). Non-
profit housing is typically owned by the public sector;
however, there is an increasing trend towards non-public
involvement or the privatization of the non-profit hous-
ing sector in Europe, as is the case in Ireland, UK,
Austria, France, and Denmark (Filippidou et al. 2017).
Since the beginning of the 1990s, the Dutch non-profit
housing sector deviated from government control and
public financing and became a financially independent
sector. In the Netherlands, non-profit housing is almost
entirely in the hands of private organizations (Elsinga
and Wassenberg 2014; Priemus 2013; Kemeny 2002).
These organizations can be better described as
Bhybrid^—they act between government, market, and
community (Nieboer and Gruis 2016). They have to
manage the different and frequently competing interests
from each of these three entities (Nieboer and Gruis
2016). The housing organizations have to fulfill several
mandatory goals regarding the provision and allocation
of homes.

Energy savings and sustainability are prominent on
the agenda of the non-profit housing sector, especially
since 2008, as part of the EPBD implementation in the
Netherlands (Aedes 2016). The main energy efficiency
policy for the sector is described in the Energy Saving
Covenant for the Rental Sector (BConvenant
Energiebesparing Huursector^ 2012). The current aim
of the non-profit housing sector is to achieve an average
energy performance indicator, called Energy Index (EI),
of 1.25, corresponding to an energy label B, by the end
of 2020 (BZK 2014). The Covenant is a voluntary
agreement between Aedes—the umbrella organization
of housing associations—the national tenants union, and
the national government. The goal of the agreement

1 Service of general interest (SGI), SGIs are services that public
authorities of the Member States classify as being of general interest
and, therefore, subject to specific public service obligations (PSO). The
term covers both economic activities and non-economic services. The
latter are not subject to specific EU legislation and are not covered by
the internal market and competition rules of the Treaty. (European
Commission 2011)
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corresponds to a reduction of 33% in energy consump-
tion compared to the 2008 levels (BZK 2014). This
voluntary agreement is a promising example of policy
implementation in organized housing. Agreements like
the Covenant could be enforced in communities and
other public or private bodies to ensure energy efficien-
cy of housing stocks. However, the application of such
agreements is difficult in the owner-occupied housing
sector where the owner bears the energy efficiency

investment weight alone and is difficult to motivate
(Filippidou et al. 2017).

Data and methods

This study includes an inventory of ESMs of the non-
profit rented stock in Netherlands from 2010 to 2014.
Moreover, we examined the effectiveness of these
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measures based on actual and predicted energy savings
as annual values between 2010 and 2014. In the Neth-
erlands, 85% of households are heated with natural gas
(ECN 2015). Less than 1% of dwellings use electric
heaters in the non-profit housing stock. Previous re-
search, on the energy saving measures in the Dutch
non-profit housing stock, shows no change towards
electrical heaters (Filippidou et al. 2016). Thus, for the
purposes of this study, we focus on the gas consumption
data. We used two different datasets to achieve the
identification of the measures and examine their effec-
tiveness. In both datasets, an encrypted identifier vari-
able for each dwelling is used, comprising of the ad-
dress, postcode, and housing number.

Data

First, we used the SHAERE database (BSociale
Huursector Audit en Evaluatie van Resultaten
Energiebesparing^—in English, Social Rented Sector
Audit and Evaluation of Energy Saving Results).
SHAERE is the official tool for monitoring the progress
in the field of energy saving measures for the non-profit
housing sector. SHAERE is the first monitoring data-
base of the energy efficiency evolution of the building
stock in the Netherlands with microdata information, on
a dwelling level. It includes information on the dwell-
ings’ geometry, envelope, installations characteristics,
and the predicted heating energy consumption based
on ISSO publication 82.3 (ISSO 2009). In more detail,
the data include the U values (thermal transmittance,
W/m2K) and Rc values (thermal resistance, m2K/W) of
the envelope elements, the type of installation for
heating, domestic hot water (DHW) and ventilation,
and the predicted energy consumption. The data is cat-
egorized as variables per dwelling. It is a collective
database in which the majority of the housing associa-
tions participate (Filippidou et al. 2015). This monitor
became operational in 2010. Housing associations re-
port their stock at the beginning of each calendar year
accounting for the previous year (e.g., in January 2014
reporting for 2013) (Aedes 2016). The participation of
housing associations is voluntary, resulting in the varia-
tion of the amount of dwellings included in the database
each year. On average, more than 50% of the population
of non-profit dwellings is reported each year. The asso-
ciations report the energy status of their whole dwelling
stock using two specific software (Aedes 2016 and
Tigchelaar 2014), whose basis is the Dutch energy

labeling methodology (ISSO 2009). The database in-
cludes data from 2010, 2011, 2012, 2013, 2014, and
2015, on the performance of the stock in the form of
energy certificates. Table 1 presents the number of
dwellings reported in SHAERE every year.

Second, we matched the data from SHAERE
database, on microdata level, to the actual energy
consumption data, which is collected by Statistics
Netherlands from energy companies. Both data-
bases include an identification variable for each
dwelling based on its address (encrypted). This
fact enables us to couple the dwellings from
SHAERE to the Statistics Netherlands actual con-
sumption dataset. The actual energy consumption
data is collected by energy companies since 2009.
The companies report the billing data, which are
calculated on the basis of the dwellings’ meter
readings annually. In order to compare the data
of the predicted heating gas consumption and the
actual gas consumption from the Statistics Netherlands,
a degree day correction factor to the 2620 heating degree
days of the energy labeling method was applied. The
Statistics Netherlands data correspond to every year in
the period 2009–2014.

The analysis is based on longitudinal data using the
identifier variable to follow the energy saving measures
of the dwellings. In order to identify the ESMs, we
follow and examine seven ESM variables. These in-
clude heating system (type and efficiency), domestic
hot water system (type and efficiency), ventilation sys-
tem (type), floor insulation (Rc value), roof insulation
(Rc value), façade insulation (Rc value), and type of
glass (U value). The ESMs are defined as a change in
one or more of the ESM variables. In the following sub-
section of Methods, BRenovated dwellings,^ more de-
tails for the selection of the renovated cases are
described.

Table 1 Number of dwellings reported in SHAERE per year

Year of
reporting

Amount of individual
dwellings reported

Percentage of the
total stock

2010 1,132,946 47.2%

2011 1,186,067 49.4%

2012 1,438,700 59.9%

2013 1,448,266 60.3%

2014 1,729,966 73.7%

2015 1,374,095 59.7%
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Methods

Selection of cases

The initial dataset from SHAERE comprised
2,189,591 dwellings containing records from 2010
to 2015. Data filtering was required from the be-
ginning of the data analysis and especially when
we coupled the SHAERE dataset to the actual
energy consumption dataset of the Statistics Neth-
erlands. The maximum amount of records per
dwelling can be six (2010–2015). 1,794,415 dwell-
ings, 82% of the initial records, were coupled on
an address basis with the actual energy consump-
tion data from the Statistics Netherlands. After the
double cases control, 1,752,427 (76.2% of popula-
tion) unique dwellings formed the dataset.

In continuity, we performed different controls for
dwellings’ missing data on gas, electricity, and district
heating consumption. 45,625 (2.6%) cases were exclud-
ed. Also, the cases with district heating had to be elim-
inated due to lack of individual metering—92,545
(5.3%) cases were removed. The number of cases
forming the dataset at this point was 1,706,775 (74.2%
of population).

Furthermore, we removed the dwellings that had
unrealistic values of gas consumption (< 15 and >
6000 m3). We also eliminated dwellings with de-
fault set values in all variables and with unrealistic
useful living area (when < 15 or > 800 m2)—
1,602,391 cases remained. The boundaries are
based on the distribution of the gas consumption
and living area variables—we exclude outliers and
illogical values. We, then, selected the dwellings
with records both in 2010 and 2014. Dwellings
that were renovated in 2014 or 2015 had to be
excluded, as the actual gas consumption data are avail-
able until 2014. The final dataset comprised 650,460
dwellings.

Renovated dwellings

The goal of this paper is to examine the impact of
thermal renovation measures on both the predicted and
actual energy consumption of the renovated non-profit
stock in the Netherlands. Throughout the paper, we
focus on the renovated stock. For this reason, we applied
the following method in order to select the renovated
stock through the ESM variables.

The insulation variables are based on the thermal re-
sistance (Rc value), the glazing on the thermal transmit-
tance (U value), and are numerical variables. However, in
order to identify the improvements of the ESMs, the
categorization of the insulation and glazing variables
was necessary. The values and boundaries used to distin-
guish between the levels of insulation derive from the
Dutch ISSOpublication 82.3 and are presented in Tables 2
and 3 (ISSO 2009). By creating the categorical variables,
we were able to identify any improvements of the enve-
lope insulation, in this case ESMs, through the yearly
reports. The installation variables (heating system, DHW
and ventilation) are already categorical. These seven cat-
egorical variables form the group of thermo-physical
ESMs examined in this paper.

We, then, create seven variables indicating the im-
provement of one of the seven ESM variables. These
change variables show the improvement or not of each
ESM variable (dichotomous variables). We go on creat-
ing a single Bnumber of ESM^ variable to indicate the
number of measures applied in each dwelling. The
minimum value of this variable is 0, suggesting that
the dwelling belongs to the non-renovated stock, and
the maximum is 7, suggesting that a complete renova-
tion was realized.

Non-renovated dwellings

As mentioned above, the goal of this paper is to deter-
mine the impact of thermal renovation measures on both

Table 2 Insulation categories for floor, roof, and façade based on the ISSO publication 82.3 (ISSO 2009)

Characterization Rc value floor [W/(m2K)] Rc value roof [W/(m2K)] Rc value façade [W/(m2K)]

No-insulation Rc ≤ 0.32 Rc ≤ 0.39 Rc ≤ 1.36
Insulation 0.32 < Rc ≤ 0.65 0.39 < Rc ≤ 0.72 1.36 <Rc ≤ 2.86
Good insulation 0.65 < Rc ≤ 2 0.72 < Rc ≤ 0.89 2.86 <Rc ≤ 3.86
Very good insulation 2 < Rc ≤ 3.5 0.89 < Rc ≤ 4 3.86 < Rc ≤ 5.36
Extra insulation Rc > 3.5 Rc > 4 Rc > 5.36
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the predicted and actual energy consumption of the
renovated non-profit stock in the Netherlands. However,
we need to be certain that an autonomous reduction of
energy consumption does not affect the energy savings
results of possible energy renovations. For this reason,
we also analyze the gas consumption of the non-
renovated dwellings. The selection of this Bnon-reno-
vated group^ of dwellings is based on the single
Bnumber of ESM^ variable when this takes the value
0. The dwellings with 0 energy efficiency measures
implemented constitute the non-renovated stock.

Actual and predicted energy savings

Consequently, regarding the savings, we focus on
the dwellings that had 0 or at least one ESM
realized— i .e. , the renovated and the non-
renovated stocks. The coupling of the SHAERE
data with the Statistics Netherlands microdata al-
lows us to access the actual gas consumption
before and after the ESMs are applied. To calculate the
energy savings, we subtracted the gas consumption in
2014 from the one in 2010. This deduction forms the
two main variables of this analysis per dwelling—the
actual gas savings, where we subtract the actual gas
consumption, and the predicted gas savings, where we
subtract the modeled gas consumption, as explained by
Eqs. 1 and 2. In order to compare the actual and pre-
dicted savings, we applied climate correction factors to
the gas consumption. The energy label calculation re-
ported in SHAERE assumes 2620 heating degree days
(ISSO 2009), therefore, we applied correction factors to
the actual gas consumptions supplied by the Statistics
Netherlands.

The actual and predicted energy savings are calculat-
ed as follows:

Savingsactual ¼ Qactual;before−Qactual;after kWh=m2=year
� � ð1Þ

Savingspredicted ¼ Qpredicted;before−Qpredicted;after

kWh=m2=year
� � ð2Þ

where Qactual,before space heating demand before reno-
vation, Statistics Netherlands, Qactual,after space heating
demand after renovation, Statistics Netherlands.
Qpredicted,before space heating demand before renovation,
calculated according to ISSO 82.3 (ISSO 2009), and
Qactual,after space heating demand after renovation, cal-
culated according to ISSO 82.3 (ISSO 2009).

This study examines different single ESMs and com-
binations of ESMs realized in the renovated stock. It
also includes the examination of possible savings in the
non-renovated stock. In the following, BResults and
discussion,^ section, we present the outcomes from the
twofold analysis performed. In the first part, we present
the amount of ESMs realized per dwelling and the actual
and predicted energy savings achieved based on the
number of ESMs. Relatedly, we introduce the type of
single and combination ESMs realized in the renovated
stock and the actual and predicted savings categorized
by the ESMs applied. The single ESMs are based on the
change variables, described above in the BRenovated
dwellings^ sub-section, for the dwellings that only had
one ESM realized. But for the dwellings that more than
one ESM was realized, we created new variables to
identify the combinations of ESMs.

In the second part, in order to explain the gap be-
tween the actual and the predicted energy savings, we
perform a linear multivariate regression analysis to the
renovated stock of the dwellings. Through the regres-
sion analysis, we aim to understand the effect of the
different single ESMs and how the improvement of the
ESMs can be used as predictors and explain the actual
and the predicted savings. We used seven independent
variables: the seven change dichotomous variables (im-
provement or not of heating system, domestic hot water
system, ventilation, floor insulation, roof insulation,
façade insulation, and type of glass). We performed the
multivariate analysis for the whole renovated stock on
both the actual and the predicted energy savings (as
dependent variables). In the following section, the re-
sults of the twofold analysis are presented.

Results and discussion

This section, first, discusses the amount of measures
applied per dwelling and the effect of it on the actual

Table 3 Window categories based on the ISSO publication 82.3
(ISSO 2009)

Characterization U value window (W/m2/K)

Single glass U ≥ 4.20
Double glass 2.85 ≤U < 4.20

HR+ glass 1.95 ≤U < 2.85

HR++ glass 1.75 ≤U < 1.95

Triple insulation glass U < 1.75
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and predicted energy savings. We then go on introducing
the effect of different, single ESMs on the annual energy
savings between 2010 and 2014 for the dwellings that
had only one ESM realized. We also present the actual
and predicted gas consumption of the non-renovated
dwelling stock. Furthermore, the effect of various com-
binations of ESMs on the energy savings is analyzed for
the dwellings where more than one ESMs were realized.
In the final part of the section, we present the outcomes of
the linear multivariate regression.

The mean gas consumption savings in this paper are
expressed in kilowatt-hours per square meter and, as a
result, are not floor area weighted (for example a dwell-
ing of 500 m2 weighs the same as a 40 m2 apartment).
This way, the scale effect is neutralized. We used the
Statistics Netherlands dataset to determine the gas con-
sumption pre- and post-renovation. We used the 2009 or
2010 gas data for the pre-renovation values and the 2014
data for the post-renovation consumption values.
Groups of dwellings with less than 10 cases could not
be exported from the Statistics Netherlands environment
for privacy issues and would not be statistically signif-
icant. They are, therefore, excluded from the analysis.

The maximum amount of ESMs is 7. Table 4 depicts
the amount of dwellings and the number of measures
applied per dwelling. The first row depicts the non-
renovated dwellings with 0 measures applied. This
group consists of 384,069 dwellings, which is 59.0%
of the sample of this study. According to SHAERE,
when we examine the percentage of dwellings with at
least one measure (266,391 dwellings), we observe that
16.6% of dwellings had one measure applied and 15.4%
had two. The amount of measures is larger when the
amount of dwellings is smaller, and only 0.1% of the
dwellings had seven measures performed. In 59% of

dwellings, no action was taken and these 384,069 dwell-
ings form the non-renovated stock of 2010–2014 (in
light gray font in Table 4). 24.4% of the dwellings had
a combination of measures performed, meaning at least
two ormore ESMs. In the continuity of this paper, we do
not focus only on the renovated stock and the ESMs that
were applied but we also mention the gas consumption
differences of the non-renovated stock.

Figure 4 presents the mean actual and predicted gas
savings categorized per number of ESMs and the ratio
between mean actual savings and mean predicted savings
(except for the 0 ESMs where the predicted savings are
0). If the ratio is equal to 1, there is no gap between actual
and predicted savings. A ratio below 1 reveals an over-
prediction of the actual savings, and above 1 is an under-
prediction. The left most column of the graph depicts the
autonomous gas savings when no ESM has been per-
formed, i.e., the savings of the non-renovated stock. This
result has been reported previously in literature as well
(Majcen et al. 2016; Filippidou et al. 2016). It is remark-
able that in the period of 2010–2014 there has been a
reduction of 11 kWh/m2/year without any energy reno-
vation taking place. Several reasons can explain why,
such as possible changes in the method of calculations
by the energy companies reporting to Statistics Nether-
lands (such as a difference of the LHV [lower heating
value] of the gas used), possible effects from occupant
behavior change or mistakes in reporting in the SHAERE
database. It is useful to notice that such a reduction in
consumption is only visible from the actual savings and
not the predicted. The actual savings difference between
0 and 1 ESM applied is very small, below 2 kWh/m2/
year. In the cases where one ESMwas performed, there is
almost no gap between actual and predicted gas con-
sumption (ratio = 0.93). However, when 2 or more ESMs
have been realized, the models we use over-predict the
savings by a factor of 0.66 (actual/predicted ratio) in the
case of 2 ESMs to a factor of 0.38 in the case of 7 ESMs.
It seems that as the number ofmeasures increases, the gap
between actual and predicted savings is also increasing.
Moreover, an investment practice is highlighted where
the dwellings being renovated are the ones that are in
need of such complete renovations. Existing literature
supports the fact that the least efficient dwellings do not
consume asmuch as we predict they would (Majcen et al.
2013) and that is also supported by Fig. 4 where the
predicted savings of the dwellings with 5, 6, and 7 ESMs
are much over-predicted. Nevertheless, the number of
measures alone cannot answer the questions set in this

Table 4 Number of ESMs realized during 2010–2014

Number of ESMs Frequency (number of dwellings) Percentage

0 384,069 59.0

1 108,131 16.6

2 100,211 15.4

3 35,506 5.5

4 14,052 2.2

5 5871 0.9

6 1967 0.3

7 653 0.1

Total 650,460 100.0
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study and are presented here to show the general actual
versus predicted savings picture. For this reason, we
continue the analysis presenting the type of ESMs (both
single ESMs and combinations) applied and the impact
on the mean actual and predicted gas savings.

108,131 dwellings (16.6% of the sample) had 1 ESM
realized between 2010 and 2014. Table 5 depicts the
frequency and ratios of mean actual to predicted gas
savings of the ESMs. Replacing the heating and DHW
systems and glazing are the most popular single ESMs.
Figure 5 depicts the effect of these single measures on
the actual and predicted savings.

Figure 5 presents the mean actual and predicted sav-
ings categorized per type of ESM applied. The dwellings
depicted in Fig. 5 are the ones where only one of these
ESMs has been performed with the exception of the ESM
heating and domestic hot water (DHW) systems because
in the Netherlands, in 80–90% of the cases, the systems

are combined. As a result, we also regard the combined
change of the heating system and the DHW system as one
ESM. This way we present the effect of each individual
ESM on the actual and predicted savings. In most cases,
the predicted savings are higher than what is actually
achieved by a factor of 0.46 to 0.90 (actual/predicted
ratio). However, in the case of the heating system change
and the ventilation, the actual savings achieved are higher
than the predicted. In the case of ventilation, the actual
savings are 4.87 (actual/predicted ratio) higher than the
predicted ones, which is larger than any other ratio. How-
ever, the same air flow rates are assumed by the calcula-
tion method for both mechanical and natural ventilation
systems. The ESM where the mean actual and predicted
savings are almost the same is the floor insulation with a
ratio of 1.04. Figure 5 shows that predicted savings are
closer to the actual ones for the heating (space heating and
DHW) systems and glazing than for the envelope
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Fig. 4 Mean actual and predicted gas consumption savings based on the number of ESMs realized—including the non-renovated stock (0 ESMs)

Table 5 Inventory of ESMs

ESMs Frequency Ratio mean actual/predicted savings

ESM heating system 18,036 1.33

ESM DHW system 8878 0.49

ESM heating and DHW systems 63,675 0.77

ESM ventilation system 24,934 4.87

ESM glazing 16,521 0.90

ESM roof insulation 10,392 0.46

ESM façade insulation 16,182 0.55

ESM floor insulation 14,414 1.04
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insulation ESMs. This phenomenon can be attributed to
the fact that most of the old stock’s envelope insulation
values (façade, roof, and floor) are Bsimply^ based on the
regulations in the building year (Rasooli et al. 2016).

While 16.6% of the dwellings had only one ESM
applied, 24.4% of the dwellings had a combination of
ESMs performed, meaning at least two ormore ESMs in
the period of investigation (2010–2014).We examined a
total of 22 different combinations of measures. Table 6
presents the combinations of ESMs studied along with
the number of dwellings were each combination has
been applied and the ratio of actual to predicted savings.

These combinations of ESMs were based of the
frequency of the individual ESMs, the combinations
where a standard renovation is depicted (see 5 to 14)
and the ones representing deep or more advanced reno-
vations (see 15 to 22). In all cases of the 22 combina-
tions examined, the mean predicted savings are much
higher than the mean actual savings achieved.

The combinations of measures in Fig. 6 are depicted in
ascending order of the mean actual gas savings. This way
we want to highlight both the gap between mean actual/
predicted savings and the difference in actual savings
between the combinations of ESMs. The smallest over-
prediction of the energy savings can be found in the
combinations 2 and 3, in comparison to the rest of the
combinations. It is our understanding that in the modeled

results, in this case the predicted savings, a much more
positive picture of the insulation of the dwellings, the
energy installation, and the occupant behavior is assumed
than what is actually happening. In reality, the synergy of
two or more ESMs can prove to achieve less or more
actual savings and the gap between the two can be smaller.
These results highlight the issue of the gap between actual
and predicted energy consumption in terms of savings
after renovation measures have been realized. When only
the primary heating system is involved, the predicted
savings are much closer to the actual (see Fig. 5). Table 6
also depicts the reality of simple combinations of ESMs
being realized much more frequently than standard or
deeper combinations of ESMs. The results indicate that
depending on the mix of ESMs, the ratios are fluctuating
as well. The biggest differences occur when 5 or more
ESMs are presented (see 16 to 22 in Fig. 6). This may be
due to assumed occupant behavior (including indoor tem-
perature and hours of heating system operation) or wrong
predictions of the state of the dwelling before an ESM
takes place (Balaras et al. 2016;Majcen et al. 2016; Galvin
2014). Moreover, Table 7 and Fig. 7 depict the gap be-
tween actual and predicted savings of specific frequent
combinations of measures (01 and 02 signify the different
changes in one ESM).

To examine, in more detail, the effect of the different
ESMs on the actual and the predicted savings, we also
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performed two multivariate linear regressions on the
renovated stock (266,391 dwellings). Table 8 presents
the results of the regressions. The dependent variable for
the first regression is the actual savings and for the
second regression the predicted savings. The purpose
of this regression is not to best understand the factors
explaining the savings and the difference between actual
and predicted but rather to understand the different
weights the ESMs have on them.

The R2 of both actual and predicted savings is disap-
pointing. In both regressions, the predictors do not ex-
plain sufficiently the savings. That is understandable as
we only include the improvement or not (dummies) of
the ESMs. In that respect, we focus on the Beta coeffi-
cients of the predictor variables as we want to examine
the effect of different ESMs on the gas consumption
savings as a renovation process. We do not attempt to
create a model that will explain in the best way the actual
and the predicted savings achieved.

All independent variables are significant for both
regression analyses (p < 0.001). The independent

variables best explaining the actual savings are the im-
provement of the ESM heating and ESM glazing. We
observe the Beta coefficients of these ESMs to be the
highest with a positive relationship to the actual savings
(Table 8—actual savings). In reality, this means that the
change of the heating system and the glazing are affect-
ing the actual savings more positively than other ESMs.
The effect is 10.584 kWh/m2 savings for the heating
system and 7.262 kWh/m2 for glazing when looking at
the B coefficients. The envelope insulation and ventila-
tion ESMs are not affecting the actual savings as much
as heating and glazing, based on the Beta coefficients.
We could say that a dwelling where heating system and
glazing ESMs are applied is expected to achieve higher
actual savings.

On the other hand, the independent variables best
explaining the predicted savings are ESM roof insula-
tion, ESM façade insulation, and ESM DHW. The Beta
coefficients of these ESMs were higher compared to the
rest (Table 8—predicted savings). These independent
variables do not coincide with the ones explaining the

Table 6 Index of combination of ESMs

Index of combinations
of ESMs

Combinations of ESMs Frequency Ratio mean actual/
predicted savings

1 Primary and secondary heating system 1584 0.21

2 Heating system and domestic hot water system 63,675 0.77

3 Heating system and ventilation 9256 0.72

4 Heating system and glazing 6379 0.58

5 Heating system and roof insulation 2993 0.35

6 Heating system and façade insulation 5373 0.48

7 Heating system and floor insulation 7208 0.55

8 Heating system, glazing, and roof insulation 944 0.41

9 Heating system, glazing, and façade insulation 2223 0.38

10 Heating system, glazing, and floor insulation 1407 0.51

11 Heating system, ventilation, and glazing 1835 0.53

12 Heating system, ventilation, and roof insulation 577 0.30

13 Heating system, ventilation, and façade insulation 2090 0.41

14 Heating system, ventilation, and floor insulation 2554 0.45

15 Heating system, glazing, ventilation, and roof insulation 490 0.29

16 Heating system, glazing, ventilation, and façade insulation 770 0.32

17 Heating system, glazing, ventilation, and floor insulation 910 0.31

18 Heating system, glazing, ventilation, roof, and façade insulation 417 0.32

19 Heating system, glazing, ventilation, roof, and floor insulation 472 0.32

20 Heating system, glazing, ventilation, roof, floor, and façade insulation 71 0.45

21 Heating system, domestic hot water system, ventilation, glazing,
roof, floor, and façade insulation

642 0.38

22 Glazing, roof, floor, and façade insulation 2898 0.40
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actual savings. This fact highlights the differences be-
tween the actual and the predicted gas consumption
savings. Table 8 depicts how much can just the applied
ESMs explain the savings and to what degree each ESM
explains better the savings or has a larger effect com-
pared to other ESMs.

Conclusions

The goal of this paper was to examine the impact of
thermo-physical renovation measures on both the predict-
ed and actual energy consumption of the renovated non-

profit stock in the Netherlands. We focused on the actual
savings as they can reveal the true effect of renovations on
the reduction of energy consumption. The actual energy
savings also highlighted the impact of the number and
combinations of measures on the dwellings’ performance.
First, we analyzed the ESMs realized and then their impact
on the actual and predicted energy consumption savings.

One of the main outcomes of this work is the fact that
in the majority of renovated dwellings, either 1 or 2
ESMs have been realized (78.2% of the renovated
stock). This fact highlights the lack of deep renovations
in the non-profit stock in the Netherlands. When 2 or
more ESMs have been realized, the modeled savings are
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Fig. 6 Actual and predicted gas consumption savings for dwellings with combinations of ESMs realized

Table 7 Index of frequent specific combinations of ESMs

Index of frequent
combinations of ESMs

Combinations of ESMs Frequency Ratio mean actual/
predicted savings

ESM heating and glazing 01 Improved non-condensing boiler (η = 0.80–0.90) to condensing boiler
(η ≥ 0.95) and double glass to HR+ glass (1.95 ≤U < 2.85)

1532 0.67

ESM heating and glazing 02 Improved non-condensing boiler (η = 0.80–0.90) to condensing boiler
(η ≥ 0.95) and double glass to HR++ glass (1.75 ≤U < 1.95)

1369 0.61

ESM heating and ventilation 01 Condensing boiler (η = 0.90–0.925) to condensing boiler (η ≥ 0.95)
and natural ventilation to mechanical exhaust

5435 0.73

ESM heating and ventilation 02 Condensing boiler (η = 0.925–0.95) to condensing boiler (η ≥ 0.95)
and natural ventilation to mechanical exhaust

524 1.30

ESM heating and façade 01 Improved non-condensing boiler (η = 0.80–0.90) to condensing boiler
(η ≥ 0.95) and no insulation façade to insulation (1.36 < Rc ≤ 2.86)

3462 0.45

ESM heating and façade 02 Condensing boiler (η = 0.90–0.925) to condensing boiler (η ≥ 0.95)
and no insulation façade to insulation (1.36 < Rc ≤ 2.86)

812 0.49
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over-predicted by 52%—compared to the actual sav-
ings—in the case of 2 ESMs, and by 163% in the case
of 7 ESMs. As the number of measures increases, the
gap between actual and predicted savings is also increas-
ing. Moreover, we examined the non-renovated stock
for the period 2010–2014. We found out that without
any energy renovation taking place, a reduction of
11 kWh/m2/year occurred. Several reasons can explain
this reduction, such as possible changes in themethod of
calculations by the energy companies reporting to Sta-
tistics Netherlands (such as a difference of the LHVof
the gas used), possible effects from occupant behavior
change or mistakes in reporting in the SHAERE data-
base that need further investigation.

When we examined the single ESMs, we concluded
that the heating systems (space heating and DHW) and

glazing are predicted better than the ventilation and
insulation values. Furthermore, ESMs of the combined
heating system and DHW and the glazing yield the
highest actual gas savings. The ESM of ventilation
was the most under-predicted. The reason for that is
probably the assumed air flow rates of the model. In
the combinations of ESMs, the results reveal that in
most dwellings, standard renovations have been per-
formed (2 ESMs usually) rather than deep renovations.
As mentioned above, the gap between actual and pre-
dicted savings is larger when more ESMs are applied.
Several reasons can be attributed to this effect. Predom-
inantly, the assumed occupant behavior (including in-
door temperature and hours of heating system operation)
by the models used to predict the savings is a common
factor causing the gap. However, falsely input envelope
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Fig. 7 Actual and predicted gas consumption savings for dwellings highlighting some of the most frequent combinations of ESMs realized

Table 8 Multivariate linear regression analyses on the actual and predicted savings (kWh/m2/year)

Actual savings (R2 = 1.6%) Predicted savings (R2 = 27.5%)

B Std. error Beta Sig. B Std. error Beta Sig.

(Constant) 8.987 0.241 * −5.947 0.187 *

ESM heating system vs. not changed 10.584 0.313 0.089 * 10.007 0.243 0.093 *

ESM DHW vs. not changed 5.247 0.305 0.044 * 31.461 0.237 0.290 *

ESM ventilation vs. Not changed 1.910 0.269 0.014 * 9.233 0.208 0.075 *

ESM glazing vs. not changed 7.262 0.287 0.050 * 24.708 0.223 0.188 *

ESM roof vs. not changed 7.979 0.331 0.048 * 5.678 0.256 0.302 *

ESM façade vs. not changed 5.319 0.293 0.036 * 31.709 0.227 0.238 *

ESM floor vs. not changed 5.014 0.303 0.033 * 16.248 0.235 0.117 *

*< 0.001
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insulation variables, often based on the consumption
year, is another issue raised by the results of this study.
These falsely input variables can cause both under- and
over-prediction of the actual energy savings. Further
research on known cases where this has occurred would
provide a more accurate insight into the degree that the
phenomenon is responsible for the gap between actual
and predicted energy savings.

The results of the regression analyses only revealed
that the improvement ESMs alone do not explain the
actual or predicted savings—the R2 in both regressions
was very low. However, our goal was not to create a
model that would explain in the best form the actual and
the predicted savings achieved. The change of the
heating system and the glazing are affecting the actual
savings more positively than other ESMs, based on the
Beta coefficients. On the other hand, the ESM roof
insulation, ESM façade insulation, and ESM DHW
affect the predicted savings more than the rest of the
ESMs. We have to keep in mind that these regression
analyses were performed to better understand the effect
of ESMs on the savings and not to provide explanations
about the gap between actual and predicted savings. It is
in the plans for future studies to include the state that a
dwelling reaches after renovation and the interactions
between the ESMs in the regressions to better under-
stand the effect of combinations of ESMs and the dif-
ferent types of renovations (in terms of ambition) on the
actual and predicted savings.

Another important lesson of this paper is the impact
that collective agreements, like the Covenant of the non-
profit housing sector, can have on the uptake of energy
renovations in the existing housing stocks. Data moni-
toring and the construction of SHAERE database have a
prominent role to that respect. The gathering and ana-
lyzing of epidemiological data helps track renovations,
energy savings, and the degree of implementation of
current policies. The situation is, of course, not ideal as
the monitoring can be further improved and the coupling
with actual energy consumption can become standard
practice. Moreover, the design of policies that can be
implemented to promote energy renovations, the im-
provement of the quality of housing stocks, and the
indoor air quality are of outmost importance for most
of the EU countries and worldwide.

In conclusion, this paper showed the significance of
the actual energy savings on understanding the impact
of the number and combinations of measures applied to
dwellings. The reality is far different from what is

modeled at the time. This may be a demoralizing factor
when housing associations take decisions to renovate or
not parts of their stock. The predicted savings cannot be
considered accurate with the current calculation models
when compared to the actual savings. Themain question
to be answered by future research is how we can deter-
mine the effectiveness of ESMs and packages of ESMs
if no actual energy savings are provided. Large statisti-
cal studies maybe the answer to providing more realistic
energy saving values. Moreover, the connection of this
results to policies applied or that will be in force in the
future is of great importance.
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