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Preface to ”Building Energy Audits-Diagnosis and

Retrofitting”

Building energy audits are used to systematically collect and analyze relevant data for the

energy use profile of a building or group of buildings, to identify, quantify, prioritize, or rank

cost-effective energy conservation and efficiency measures. They are also employed for the

sustainability assessment of buildings, neighborhoods, cities, and regions. A variety of methods and

tools are available that can be used for building energy audits, surveys, diagnosis, inspections, and

assessments. Depending on the level of detail and overall approach, they are complemented with data

collected from non-destructive testing, measuring, and monitoring. The collected information can

then be used with calibrated tools to accurately assess energy efficiency and conservation measures.

Actual energy consumption can also be monitored to quantify and verify energy saving and use

different approaches to close the gap with calculations. Data from energy audit case studies and

lessons learned from the field, along with data from depositories of energy performance certificates

can be used to derive benchmarks for the energy use intensity and the embodied energy for different

building typologies. This accumulated knowledge can then be exploited to assess mid- and long-term

renovation of building stocks. Progressively more attention is focused on larger scale monitoring and

assessing sustainable development of the built environment at an urban scale.

This book is a collection of 12 papers that cover a variety of aspects. The first two papers

focus on historic buildings and their unique challenges and opportunities. They may be excluded

from minimum energy codes like EPBD in Europe, but preserving their heritage and optimizing

their use while improving indoor working and living conditions are priorities in several countries.

Cabeza-Prieto et al. investigate the thermal behavior of an early 20th-century building by performing

in situ measurements of the external wall thermal conductance that reveal significant impacts as

a result of moisture, and then use these insights to improve the accuracy of thermal simulations.

Andreotti et al. audit a historic palace and perform a hygrothermal assessment of an internally

insulated masonry wall with in-situ monitoring that complements simulations to analyze different

means for improved thermal performance.

Non-residential buildings account for about a quarter of the total EU building stock and include

various building types and different building sizes and energy characteristics. At the same time, there

is limited available information on their construction characteristics, installed systems for different

services and energy use for the non-residential building sector, and the various types and branches

of activity. A total of six papers address non-residential buildings and also focus on some of the most

common building typologies that include offices and schools. Droutsa et al. explore 30,000 energy

performance certificates from energy audits of whole non-residential buildings in Greece to derive

energy baselines for 30 different building uses and their main services. Cho et al. propose a method

to identify the major variables that contribute to electric energy use in non-residential buildings using

clustering in machine learning and demonstrate its application in 11 buildings in eight different

regions of South Korea. Doulos et al. focus on office buildings and present a post-occupancy

evaluation of occupant satisfaction and acceptance in relation to daylight utilization equipped with

automatic controls and supporting in-situ measurements in three offices. Englund et al. perform

an energy audit and in-situ measurements in a 1960s secondary school building in Sweden in order

to validate a simulation model and assess various energy conservation measures. Mohelnikova et

al. consider 18 representative schools around the Czech Republic that have been audited to analyze
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their building envelope characteristics and energy consumption, while in-situ thermal and daylight

measurements and simulations of indoor conditions are analyzed from one building. Zyczynska et al.

monitor the actual energy use before and after comprehensive thermo-modernization in nine Polish

educational buildings to quantify actual energy saving and compare with predictions.

Residential buildings are responsible for over a quarter of the EU’s total final energy use.

As we progress beyond nearly zero energy buildings, EPBD provisions encourage the integration

of other energy-related aspects, such as the embodied energy of the materials used during the life

cycle of the buildings and demand response to provide residential consumers with control signals

and/or financial incentives to adjust their consumption at strategic times. Dascalaki et al. derive key

metrics and baselines for the embodied energy intensity in representative Hellenic houses, exploiting

data from short energy audits in local manufacturing facilities to complement a lifecycle inventory

database and LCA calculations. Park investigates how a human comfort-based control approach

can be used with demand response programs for home energy management to promote household

participation. Several case studies validate the proposed approach and the results document

significant energy saving during the demand response period and improve occupant comfort.

Advancing from individual buildings to groups of buildings, neighborhoods, and cities, the

European Clean Energy Package recognizes energy communities as a way to organize collective

energy actions around open, democratic participation and governance and the provision of benefits

for the members or the local community. Furthermore, buildings and the built environment in cities

are seen as both a source of, and solution to, today’s economic, environmental, and social challenges.

However, the audit process to collect data and rate their sustainability levels is a demanding process

given the complexity of the issues involved. Along these lines, two concluding papers address energy

communities and urban sustainability audits and ratings. Torabi Moghadam et al. present a method

for implementing consumer stock ownership plans in renewable energies sources to identify potential

buildings, perform analysis and involve target groups, and present a case study with Italian sites.

Balaras et al. present a new multicriteria method and tools for assessing the main sustainability

issues of the built environment using a manageable number of key performance indicators, and

demonstrated in nine pilots performed in six Mediterranean countries.

Constantinos A. Balaras

Editor
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Abstract: To improve the energy performance of restored cultural heritage buildings, it is necessary
to know the real values of thermal conductivity of its envelope, mainly of the facades, and to study an
intervention strategy that does not interfere with the preservation of their cultural and architectural
values. The brick walls with which a large number of these buildings were constructed, usually absorb
water, leading to their deterioration, whereas the heat transmission through them is much higher
(than when they are dry). This aspect is often not taken into account when making interventions to
improve the energy efficiency of these buildings, which makes them ineffective. This article presents
the results of an investigation that analyzes thermal behavior buildings of the early 20th century in the
city of Zamora, Spain. It has been concluded that avoiding moisture in brick walls not only prevents
its deterioration but represents a significant energy saving, especially in buildings that have porous
brick masonry walls and with significant thicknesses.

Keywords: brick 1; moisture 2; heat flow 3; energetic rehabilitation 4; non-destructive test 5

1. Introduction

There is an important number of buildings built in the last centuries, distributed all over the world,
which due to their architectural value are worthy of special protection during the actions that could
be carried out in them: restoration, rehabilitation, and even in works of conservation. Many of the
Spanish cities are a characteristic example of this fact, since a high percentage of them have historical
centers of special relevance, with a great wealth of architectural heritage.

In order to protect this heritage, public administration have been passing laws, regulations and
special plans. The main goal is to regulate the actions that can be done in these heritage buildings and
to avoid modifications or unfortunate changes that could deface their original configuration.

The research focuses on centennial buildings, which do not usually comply with current regulations
regarding their thermal behavior. These standards limit energy consumption, as published in this
century in the different European Directives [1]. This is a relevant issue since these buildings are the
images of these cities, and in many cases, identity symbols, such as it happens to Zamora and many
other small inner cities, in the Autonomous Community of Castilla y León (Spain).

Among the different typologies of cultural heritage, this research focuses on buildings with
pressed brick facades, where ornamentation is based on the combination of multiple geometric designs
in panels, openings, imposts, and cornices, as differentiating elements. However, this is not only in

Energies 2020, 13, 1307; doi:10.3390/en13061307 www.mdpi.com/journal/energies1
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cultural heritage buildings, but also in those where an intervention to thermally insulate the exterior is
not possible, in order to improve the thermal efficiency of the envelope [2,3]

When calculations and estimates of energy demand are made due to losses through this type
of facade, it is usual to work with the theoretical values contained in the regulations or auxiliary
documents, without making specific checks that corroborate its application. Brick is a porous material
that can absorb a significant amount of water: from rain, from the ground or from air humidity, and
this humidity can cause thermal characteristics to vary considerably, showing a large difference in the
dry state to the wet [4–10]. For this reason, it is necessary to perform an analysis that allows knowing
the influence of moisture on the thermal behavior of the walls [11].

This study presents the results of the research that has been carried out to evaluate the difference of
the thermal behavior of these facades [12], from dry to saturated state. A thermal flow test was realized
that determines the real thermal behavior [4] in a representative facade of this typology, concerning
a residential building in the city of Zamora (Spain), built in 1894. Of which there is documentation
of the original project. This building is called “Matilde Mechán’s house”, designed by the architect
Segundo Viloria [13], has three floors, and is located in the historic center near the Plaza Mayor de
Zamora. This facade has been selected because bricks similar to those used in its construction have
been located, which come from the same tilery. This allows testing to determine the characteristics
of the materials, without extracting samples from the facade, such as: with the water absorption,
density and porosity [14], related to its hygrothermal functioning. With the information obtained
in the previous tests, simulations can be carried out by means of which the thermal behavior of the
facade with very different moisture contents can be analyzed. Information is needed to better define
the actions aimed at the energy rehabilitation of these buildings.

2. Methods

To get to know the behavior of the facades, several actions have been carried out: characterize the
materials, analyze the application of the regulations to the values of thermal conductivity obtained
according to the water content, perform a thermal flow test “in situ” [4] on the facade, and to
subsequently carry out the simulations with the values obtained in these tests. The first simulation
aims to verify the similarity between the results obtained in the thermal flow test “in situ” and those
shown in the simulation. Subsequently, other series of simulations of the operation of this facade are
carried out, considering different moisture contents and assuming that energy rehabilitation would be
carried out by attaching a leaf of insulating material through the interior of the facade.

2.1. Characterization of Materials

The two types of bricks that, in general, were used in the construction of the facades at that time
have been analyzed: pressed bricks and ordinary bricks [15]. Several bricks from demolitions of
buildings of the same era and nearby buildings were located: pressed brick of 261 × 127 × 53 mm. and
ordinary brick of 266 × 126 × 46 mm. Four bricks of each type were chosen that were cut in half and
ground to make their faces perfectly smooth and parallel. In total, for the tests, eight specimens were
used. The morphology of the specimens was determined by the requirements of the test machine that
analyzes the thermal conductivity value and the dimensions of the bricks. The two types of brick had
different manufacturing processes, the pressed brick was made by pressing the clay between two molds,
and the ordinary brick is manufactured by extrusion [16]. Eight mortar specimens were also made with
sand and lime in a 1/3 ratio to perform the same tests as with brick specimens, of 158 × 89 × 40 cm.
The specimens were left in the laboratory environment at 20 ◦C and 50% to 55% humidity for 28 days
before testing.

The bricks were manufactured in the Tejera de San Antonio, the first industrial tilery of Zamora
(late 19th century). It was located near the clay deposit (El Perdigón, Zamora, Spain) and had a great
production, so it supplied bricks to all the buildings in the capital, during the late 19th and early 20th

centuries [16]. For this reason, it has been possible to find some pieces to carry out the tests. To test the
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characteristics of the mortar, eight specimens were manufactured with sand from the area and lime in
a ratio of three to one.

The 24 specimens were tested to obtain the value of λ, thermal conductivity, for which a quick
thermal conductivity meter (QTM 710/700 model, from KEM, KYOTO ELECTRONICS) was used; the
the laboratory temperature was 22 ◦C ± 1 ◦C and had a relative humidity of 50% ± 5%. The specimens
were tested in various moisture states: dry, semi-saturated and saturated, by immersion in cold water.
The procedure of European Standard EN 772-21) [17] has been followed to determine the water content.

Other tests were also performed, regarding bulk density [18] and porosity by mercury intrusion
porosimetry test, according to ASTM D4404-18 [19]. Through the same test, the average dimension of
the pores size was calculated, based on the hypothesis that it could be a characteristic of the materials
that could influence thermal conductivity.

In addition, cold water absorption (European Standard EN 772-21) [17] has been verified,
calculating the water content in m3/m3 instead of percentage by weight, as indicated in the standard,
because it has considered that, using these units, the value is more easily comparable in materials that
have different densities.

Subsequently, the thermal conductivity coefficient values obtained, in the wet state, were compared
with those obtained by applying the formula of EN ISO 10456 [20], which indicates that the conversion
of thermal values from one set of conditions to another set of conditions is performed according to the
following expression:

λ2 = λ1 Fm FT Fa (1)

where:

λn thermal conductivity of the material conditions n, W(m.K);
Fm moisture conversion factor;
FT temperature conversión factor;
Fa ageing conversión factor.

It should be noted that the tests have been carried out on the specimens under the same temperature
conditions, so the temperature conversion factor is 1. The ageing conversion factor is not known, so the
value 1 will also be used. The moisture conversion factor Fm is calculated, in turn, by the expression:

Fm = e fψ ×(Ψ2−Ψ1) (2)

where:

fψ design moisture coefficient % by volumen;
ψdesign design water content % by volumen (m3/m3).

Therefore, in the case of the study, the relationship between the coefficients of thermal conductivity
of the specimens of the same type of brick, but with different water content, can be compared using
the formula:

λ2 = λ1 e fΨx(Ψ2−Ψ1) (3)

In Table 4 of the standard EN ISO 10456 [18], it is obtained that the value of the moisture coefficient
for the baked clay f Ψ = 10, with a density between 1000 y 2400 kg/m3, and for a mortar with a density
between 250 and 2000 kg/m3, its value would be f Ψ = 4, valid for a moisture content between 0 and
0.25 m3/m3.

To obtain the temperature conversion coefficient for different temperatures, using the figure
in table A.111 of the same standard, for burnt clay and mortar of all densities, the value would be
fT = 0.001 1/K. This is equivalent to that, for a temperature difference of 20 ◦C, the conversion factor
would be FT = 1.020.

Once the thermal conductivity values of the component materials have been obtained, the masonry
conductivity of a λdesign, mas masonry, more depending on the values of its components [21], in this
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case the brick λdesign, unit and the mortar λdesign, mor, taking into account the percentage of the area in
the elevation, is obtained by the following formula:

λdesing, mas = aunit x λdesign,unit + amor x λdesign,mor (4)

If the formula is applied to the two types of brick wall from which the facade is formed, the thermal
conductivity value is obtained for the two leafs that make up the facade. This is the result of calculating
the percentage of raised area brick and mortar, being the one of 95% and 5% pressed brick and the
ordinary brick 92% and 8%. This is possible since these facades are formed by blight leafs, one with
pressed bricks and another with ordinary bricks, locked by keys of the same pieces. The pressed brick
leaf is executed with 3-mm joints and that of ordinary brick with 8-mm joints [16].

Masonry specimens were also made to test the water content that this type of masonry can have in
a dry and saturated state and the moisture that can be absorbed from the environment by the procedure
followed for the materials, European Standard EN 772-21 [17]. The ordinary brick specimens formed
by eight bricks were placed in four rows of 270 × 265 mm base.

2.2. “in situ” Thermal Flow Test

The facade wall on which the “in situ” test was carried out [4,22,23] has not been subject to
interventions and is kept in very good condition after more than 120 years of life. It is composed of
two brick walls tied with rigging of Spanish blights, using the brick pressed outside, and the ordinary
brick inside, as already mentioned. In the report of the original project of 1894, it is specified that, on
the first floor, the wall thickness is 60 cm, very approximate value to the measurement made “in situ”,
in which 58 cm have been obtained.

The building was selected by: (1) Being inhabited, so that there is a constant indoor temperature;
(2) Having the brick masonry facade, without any other material; (3) Not having undergone restoration
or rehabilitation, which may have modified the original composition of the brick wall; (4) Being in
an environment with extreme temperatures, below 0 ◦C in winter, to work in the most unfavorable
conditions, and with following permission to place the instruments to do the essay. The test is carried
out in the blind area of the facade of which there is greater surface area and is not carried out in singular
areas or thermal bridges because the methodology used is better adapted [24].

The in situ test on this facade wall was carried out for 13 days, according to the methodology
of the International Standard ISO 9869-1 [25], specifically between 13 and 25 March 2019. It is of a
north-facing facade with a slight deviation to the east. This orientation was chosen with the intention
of preventing the direct incidence of the sun from having a significant influence and so that it could
cause alterations of the flow and surface temperatures (sun-air temperature). Of the 13 days of testing,
11 have been selected discarding the first and the last, because they are not full days and because of the
small interferences that could exist during the assembly and disassembly of the measuring equipment.

A novelty was introduced with respect to the test standard and it is that two thermal flow plates
were placed, one inside, to measure the flow through the facade from the inside, and another outside,
to know the flow in the face outside to better calibrate the simulation (Figure 1a). With those thermal
flow plates values are captured at different times of the day, which are very different, since there
are important changes in temperatures outside. In addition to the plates, four probes were placed,
two inside and two outside the wall, to measure air temperatures and surface temperatures.

The location of the thermal flow plates in the wall is determined by two conditions, on the one
hand, allowing the cables to connect both plates and the probes on both sides of the facade with the
data logger, which collects the data. On the other, away from the thermal bridges, which, as you can
see, were captured by images made with a thermal imager (Figure 1b).

The equipment used in carrying out the test are listed below (Figure 2):

• Heat flow meter AMR model FQAD19T of Ahlborn (250 mm × 250 mm × 1.5 mm) made of epoxy
resin (Figure 2a) (accuracy 0.02% of the measured value) suitable for flat plaster finish, which was
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placed inside, and a heat flow meter AMR model FQAD18TSI of Ahlborn (120 mm × 120 mm ×
3 mm) made of silicon (Figure 2b), which adapts well to the most irregular surface of the brick
facade (accuracy 0.02% of the measured value of the measured value).

• Four thermocouples (Figure 2b) to measure the surface temperature: indoor and outdoor, and the
temperature: outdoor and indoor (accuracy ± 0.05 ◦C ± 0.05% of the measured value).

• For data storage of heat fluxes and surface temperatures, two Data Logger units model Almemo
2590 of the Ahlborn trademark (Figure 2d) (accuracy 0.03%) have been used.

• FLIR ThermaCAM B29 brand thermal imager, with a thermal sensitivity of 0.1 ◦C, temperature
measurement range from −20 ◦C to + 100 ◦C, spectrum range of 7.5 to 13 μm, and emissivity
value of the brick 0.9.

 
(a) 

 
(b) 

Figure 1. (a) Placement of the thermal flow plate and probes on the exterior face of the facade; (b)
Thermographic image of the facade.

    

(a) (b) (c) (d) 

Figure 2. (a) Thermal flow plate placed inside; (b) thermal flow plate placed outside; (c) thermocouple;
(d) data logger.

With the surface temperature data and the value of the flow through the specimen, the thermal
conductivity value can be calculated according to the procedure established in ISO 9869-1 [25–29]
using the formula:

Λ =

∑n
j=1 qj∑n

j=1

(
Tsij − Tsej

) (5)

where:

Λ thermal conductance, en W/(m2.K)

5
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q density of heat flow rate = φ/A, en W/m2;
Tsi interior surface temperature, en ◦C;
Tse exterior surface temperature, en ◦C.

2.3. Energy Simulations Based on the Data Obtained in the Flow Test

With the data obtained in the “in situ” test, it is intended to validate the energy simulation tool
to analyze, through simulations, situations in which the facade presents different water contents.
For the simulation, a climate file is generated from the data collected by the outdoor air temperature
probes. To establish the indoor temperature, an indoor HVAC (Heat Ventilation Air Condicioned)
system is simulated that maintains a simulation surface temperature, practically equal to the surface
temperature obtained by the probe during the “in situ” test. This is achieved by conditioning the
operating temperature inside the space in the simulation at a ratio of 0.70 radiant. A wall similar in
size to that of the “in situ” test is simulated, which is supposed to be the closing of a building that has
a cubic shape, where the rest of the elements of the envelope are adiabatic. For the characteristics of
the materials of which the wall to be simulated is composed, the values of the tests carried out on the
materials are used taking into account the following simplifications: The wall is formed by brick leaf,
as already described above, and the interior has a water content equal to that of the simulated wall in
the laboratory, under similar conditions of water content to the air during the “in situ” test, and the
outer leaf has a water content that is obtained from the value of the thermal conductance of the thermal
flux test and of the values of the tests on the materials. That is, the water content of the outer leaf has
been calculated starting from the rest of the values obtained in the tests. This simulation was carried
out with the Energy plus version 8.3 program [30]. Subsequently, the results obtained have been
compared with those released in situ. It is possible to know the degree of reliability of the simulation.

Once the simulation has been adjusted to the in situ test, and using the thermal conductivity values
according to the water content obtained in the material characterization tests, it has been possible to
perform other simulations that calculate the thermal flow of the facade when the rain has dampened
by water or by which it rises by capillarity from the ground. The data obtained with these simulations
are compared with those obtained in the actual test, and the differences that exist in the thermal flux
transmission are analyzed:

• The first simulation has been carried out for an alleged case of rainwater that moistens the facade.
According to document DB HS1 of the Technical Building Code (Spain) [31], a wall of the thickness
of the brick stretcher is sufficient to prevent the passage of rainwater into the interior; for this
reason, it has been simulated that only the leaf is moistened on the exterior and is done so
gradually: 1/3 of the thickness is totally wetted 241 l/m3 and has a λ = 1.96 W/(mK), another
third of the facade is wetted at 66% 160 l/m3 with λ = 1. 52 W/(m.K), and the remaining third is
moistened to 33%, 80 l/m3 with λ = 1.08 W/(m.K).

• The second simulation was carried out assuming that it is a boundary zone where the water
rises by capillarity and it has been assumed that the two brick leafs were similarly moistened.
For a water content of 0.015 m3/m3 (lthe facade is practically dry), λ pressed brick = 0.73 W/(m.K),
λ ordinary brick = 0.74 W/(m.K), and λ mortar = 0.73 W/(m.K). For a water content of 0.077 m3/m3, λ

pressed brick = 1.07 W/(m.K), λ ordinary brick = 1.07 W/(m.K), and λ mortar = 1.11 W/(m.K). For a water
content of 0.125 m3/m3, λ pressed brick = 1.33 W/(m.K), λ ordinary brick = 1.31 W/(m.K), and λ mortar

= 1.40 W/(m.K). For a water content of 0.165 m3/m3, λ pressed brick = 1.54 W/(m.K), λ ordinary brick

= 1.52 W/(m.K), and λ mortar = 1.65 W/(m.K). For a water content of 0.210 m3/m3, λ pressed brick =

1.79 W/(m.K), λ ordinary brick = 1.79 W/(m.K), and λ mortar = 1.795 W/(m.K), and for a water content
of 0.241 m3/m3, the values previously calculated. Then, other simulations have been carried
out to relate the water content of this facade with the thermal flux that would pass through it,
the value of the thermal conductance and the thickness of a leaf of insulating material that would
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be necessary, located inside, to maintain the dry values: flow and thermal conductance of the
facade, depending on the water content.

3. Results

3.1. Materials Characterization

The value of the thermal conductivity of the specimens, calculated with the formulas of the trend
lines, (Figure 3) are saturated more than three times that of the dried specimens [4]: for the pressed
brick specimen λdry = 0.65W/(m.K) and λ241 l/m3 = 1.96 W/(m.K), while for the ordinary brick specimen
λdry = 0.67 W/(m.K) and λ243 l/m3 = 1.93 W/(m.K), and for the mortar λdry = 0.64 W/(m.K) and λ231

l/m3 = 2.05 W/(m.K). These values show the difference in thermal transmission between a dry and a
saturated facade, especially in the type of facade being studied that has an important thickness.
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Figure 3. Thermal conductivity as function of water content of specimens.

In the tests of the materials, it can be seen that the two types of bricks that have been tested have
similar values, probably because they are two solid bricks manufactured by the same ceramic in the
same period of time. They were chosen by a high water absorption so the difference between the
conductivity values between dry and wet brick would also be high (Figure 3). Having a high water
absorption, the porosity is also high and the density is relatively low for solid bricks. Table 1 shows
the density, porosity and average pore size results of the porosimetry test and the results of the water
absorption test of the three materials.

In the absorption test of the ordinary brick and mortar specimen, values of 200 l/m3 of difference
were obtained between the dried specimen, after being taken out of the oven, and the saturated
specimen. Once the sample was taken out of the oven for 2 weeks in the laboratory environment,
similar to the interior of the house where the test was conducted, the test tube had absorbed 4 l/m3.
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Table 1. Material test values.

Material Dimensionsmm
Apparent

Density kg/m3
Porosity

%
Average Pore

Diameter (μm)
Water Absorption

m3/m3

pressed brick 127 × 97 × 37 1885 24.05 0.44 0.241
ordinary Brick 113 × 84 × 30 1877 24.32 5.64 0.243

mortar 158 × 89 × 40 1825 28.04 1.04 0.231

If the formulas of EN ISO 10456 [20] are applied for the conversion of thermal values from
one set of conditions to another set of conditions, with different water content, by the formula (3)
λ2 = λ1 e fΨx(Ψ2−Ψ1) based on the thermal conductivity values of the dry state materials obtained in the
tests with those obtained using the coefficients of the standard, the following thermal conductivity values
are obtained for saturated materials: for the pressed brick specimen λ241 l/m3 = 7.23 W/(m.K), while
for the ordinary brick specimen λ243 l/m3 = 7.61 W/(m.K), and for the mortar λ231 l/m3 = 1.61 W/(m.K).
It can be seen that in a saturated state, the values markedly differ from those obtained in the tests.

In order to analyze more graphically what this increase in the value of thermal conductivity
means, the thickness of a leaf of insulating material that would be necessary to be attached to the
facade, on the inside, has been calculated to avoid losses due to the dampening of the facade, for an
insulator whose characteristics are listed in Table 2.

Table 2. Characteristics of the insulating material used.

Material
Steam

Resistivity
(MNs/g)

Density
kg/m3

Specific Heat
(J/kgK)

Termal
Conductivity

(W/mK)

Thermal
Resistance

(mk/W)

XPS-CO2
Blowing 600 35 1400 0.034 24.41

The result of the calculations has been transferred to Figure 4, where the water content of the
facade has been represented on the ordinate axis, the value of the thermal conductance of the facade
enclosure studied is on the primary abscissa axis, and thickness of the insulating leaf necessary to
maintain thermal insulation when the facade is wetted is on the secondary abscissa axis. To analyze
this result, it should be taken into account that the thermal conductance of this facade is the same as a
leaf of 17-mm insulating material.

Figure 4. thermal conductance as a function of water content and leaf thickness of insulating material.
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3.2. Thermal Flow Test

Figure 5 shows the data obtained after the “in situ” measurements of the facade. The thermal
flux values measured by the plates: exterior and interior, interior and exterior surface temperatures,
and interior and exterior temperatures. You can check the thermal wave offset between the external
and internal flow characteristic of the enclosures with great thermal inertia. You can also see a
minimum incidence of the sun on the facade at surface temperatures in the early hours of the day,
(around 8:30 a.m.) when it is observed that the surface temperature increases slightly, maintaining the
air temperature. This effect is of very little incidence in the thermal behavior of the enclosure, since it is
a phenomenon of few minutes duration.

 
Figure 5. Results of the thermal flow test of the in situ facade.

Obtaining this data, allows us to know the real thermal behavior of the wall, if the wall accumulates
thermal energy, and how it transmits it well inside or outside.

It also allows to evaluate the thermal demand due to the heat transmission through the external
enclosures, data that are necessary to know for energy rehabilitation actions. With the values of the
thermal flow of the plates located inside and outside, and the interior and exterior surface temperatures,
applying the formula (5), the value of the thermal conductance of the facade can be estimated, as can
be verified in the graph in Figure 6.

Figure 6. Thermal conductance W/m2. K filed from the on-site test data with the formula (5).

For the simulations, this value of U has been used. The facade is formed by two leaves and the
interior, as already indicated above, according to the CTE it would not be dampened with rainwater but
with ambient humidity, which it has been calculated at 4 L/m3, so the value of the thermal conductivity
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of this leaf would be calculated with the formula (4) using the values of the tests performed on the
materials of Figure 3. Once the conductance value of The facade has estimated the value of the
conductivity of the outer leaf of pressed brick of 0.74 W/(m.K) and according to the results of the tests
on the materials represented in Figure 2, the water content of this leaf is 15 L/m3.

3.3. Simulations

For the simulations of the facades in the wet state, the thermal conductivity values that have
resulted from the tests carried out in the present investigation have been used, according to the linear
trend lines of Figure 3:

3.3.1. Simulations of the Behavior of the Facade in the Conditions of the Test “in situ”

The first simulation was carried out to verify if for the same conditions the results offered by the
program are similar to those of the in situ test. To perform this simulation, it has been assumed that
the water content of the wall is different in the pressed brick outer leaf. The outer leaf contains about
15 L/m3 with a thermal conductivity λ = 0.74 W/(m.K), and the inner leaf is dry with some humidity
due to the absorption of about 4 L/m3 from the environment with a thermal conductivity λ = 0.66
W/(m.K). Figure 7 shows the simulation values.

Figure 7. Simulated test results with the contour conditions of the in situ test.

3.3.2. Simulations of Facade Behavior in Other Humidity Conditions

Once the simulation has been validated by comparison with the results of the “in situ” test, other
simulations have been carried out to analyze the thermal flow step when the facade is moistened
with rainwater or with water rising from the ground. The comparative results of flow during the test
and the flow in the two described situations of humidity by rainwater and humidity rising damp,
have been transferred to Figure 8.

There is a difference in the flow between the simulation of the state of the facade when the test is
performed and the simulation with the facade moistened by rainwater in the upper area. In the graph
below, you can see the difference between the simulation of the in situ test and the simulation of the
saturated facade due to the water that rises by capillarity.

As you can see, the flow through the facade is greater the more humid the facade, for the conditions
of temperatures of the test in situ and during the test

In the case of the water-saturated facade, the increase is 75%, from 1430 to 2593 W/m2; in the case
of rainwater, the increase is approximately 10%, going to 1579 W/m2.

The result of other simulations with the facade with different water content that allows to evaluate
the difference in thermal flux, thermal conductivity, and the thickness of a leaf of insulating material
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that would be placed from the inside of facade to keep the thermal facade values dry, are represented
in Figure 9.

Figure 8. Top graph comparison between the thermal flow of the in situ test and the simulation in
which the outer leaf is saturated with water. In the graphic above, the same type of comparison is made
but in that case the wall is saturated with the water that ascends by capillary from the ground.

Figure 9. Comparative graph between the water content and the thickness of a leaf of insulating
material to match the flow of a dry wall.

This graphic would be valid for buildings that had similar facades, under climatic conditions and
internal temperature of the in situ test. As you can see in the graph, the heat flux that crosses the facade
is almost double in humid conditions than in dry conditions, and the thickness of the leaf of insulating
material would be 18 mm in order to equalize the greater heat loss due to the content of water from
the facade.
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4. Discussion

From the tests carried out on the materials, it can be verified that the coefficient of conductivity λ

of the materials is higher in the wet state than in the dry state [32]. However, the results differ from
those that could be obtained from the procedure of EN ISO 10456 [20], because the design moisture
values coefficient % by volume are lower than the Standard EN 1745 [21,33].

In this case, for saturated bricks, the values are calculated much higher than those given by the
test, while for mortar, the value resulting from the calculation with the standard is slightly lower than
that of the test. In the results of the thermal conductivity tests, the two types of brick and mortar have
similar dry and wet values; the values of apparent density and porosity are similar for both bricks,
although for the mortar the density has a lower value and for the porosity has a higher value. The water
absorption is also very similar for the two types of brick while the mortar absorbs a smaller amount of
water than the bricks, although the porosity is higher, indicating that there is an important number of
pores that are accessible for the water. The value of the average pore diameter is very different for
the 0.44 pressed brick and for the 5.64 extruded brick, which seems to indicate that the density and
porosity may be related to the thermal conductivity values, while the average pore diameter is not.

If the graph of the thermal flow test is analyzed in situ, it is observed that while the air and surface
temperatures drop and rise gradually. Almost at the same time, the flow presents a lag with respect to
the outside temperature. This phenomenon is due to the great thermal inertia of the facade factor that
is important in historical buildings and is not usually taken into account in the calculations that are
based on the thermal conductivity of the materials. Nor is the water content of the facades usually
considered since the reference thermal conductivity values are in the dry state. Both in the flow test
and in the tests carried out on the materials, it has been possible to verify the importance of these
two factors to correctly evaluate the thermal behavior of the old, thick and massive walls, without
air chambers.

If the simulations are analyzed, it can be verified that the higher the water content of this type of
facade, the greater the value of the thermal flux that crosses them.

The tests established for buildings with modern facade systems are not useful for cultural heritage
buildings. Without destructive tests, by means of the measurement of the thermal flow with plates of
flow, one can have information to make simulations that allow to evaluate this thermal behavior.

5. Conclusions

This study concludes that the thermal conductance of the walls of facades composed of porous
materials, such as brick, varies with the water content. The higher the water content, the greater the
value of the thermal conductance. In the case of brick walls similar to the ones studied, the thermal
conductance can be two to three times higher in a saturated wall than in a dry wall [29], because the
water content they can absorb is high.

Estimates of energy loss through facade enclosures are made assuming materials are dry. This fact
can lead to important mistakes when estimating energy consumption during interventions in buildings
with enclosures similar to those studied in this work [5].

In relation to the suitability of the thermal flow test to know the moisture content of a masonry
wall, it has been verified with the tests carried out that it is possible to estimate the water content of an
enclosure. This can only be done if tests are carried out on test specimens of the constituent materials
of the wall. This is very relevant information when you are going to intervene in a cultural heritage
building. In the flow test performed, the results are similar if the flow plate is placed outside or inside.

Finally, it is important to highlight the value of the simulations, by offering with its application
wide possibilities to energetically analyze the buildings with facades of important thicknesses and
constituted by porous materials, before proposing an intervention. With these simulations the thermal
inertia can be contemplated and the variation of the coefficients of thermal conductivity due to the
water content of the materials.
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Abstract: The hygrothermal behaviour of an internally insulated historic wall is still hard to predict,
mainly because the physical characteristics of the materials composing the historic wall are unknown.
In this study, the hygrothermal assessment of an internally thermal insulated masonry wall of an
historic palace located in Ferrara, in Italy, is shown. In situ non-destructive monitoring method
is combined with a hygrothermal simulation tool, aiming to better analyse and discuss future
refurbishment scenarios. In this context, the original U-value of the wall (not refurbished) is decreased
from 1.44 W/m2K to 0.26 W/m2K (10 cm stone wool). Under the site specific conditions of this wall,
not reached by the sun or rain, it was verified that even in the absence of vapour barrier, no frost
damage is likely to occur and the condensation risk is very limited. Authors proposed further
discussion based on simulation. The results showed that the introduction of a second gypsum board
to the studied technology compensated such absence, while the reduction of the insulation material
thickness provides a reduction of RH peaks in the interstitial area by 1%; this second solution proved
to be more efficient, providing a 3% RH reduction and the avoidance of further thermal losses.

Keywords: HeLLo; energy retrofit; non-destructive test; in situ; hygrothermal measurement; dynamic
conditions; hygrothermal simulation; historic wall

1. Introduction

One of the most efficient ways to promote historic buildings (HB) sustainability is keeping
them in use. Contributing to the life extent of HB, even those of heritage value, necessarily requires
conservation improvements. In other words, safeguarding cultural heritage for future generations
means trying to support the quality implementation of energy efficiency measures, needed to mitigate
climate change [1] and to keep the buildings used. This means that, at this moment, the conservation
aspect of HB can no longer be dissociated from its energy refurbishment. Nonetheless, the adaptation
to such changes, e.g., adaptive re-use [2], retrofitting [3] and/or energy efficiency improvements
actions [4], can also bring some risks. These risks are particularly likely to occur when dealing with
thermal insulation of HB with patrimonial or heritage value. Here, adding interior thermal insulation
layers to a façade is often the solely option, because the external insulation is frequently not suitable
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for preserving its aesthetical and cultural values. This action inevitably introduces changes to the
hygrothermal behaviour (temperature and moisture conditions) of the historic walls, which can lead to
interstitial condensation, frost damage or mould growth [5]. In other situations, the presence of water
in different forms can also cause the reduction of the thermal performance of sub-components of HB’s
envelope, as pointed in [6]. Furthermore, they may lead to structural deterioration, saline efflorescence,
or aesthetical decay.

Until a few years ago, most research on energy retrofit strategies and guidelines (materials,
installation typologies [7,8]), focused on software simulations [9] and lab tests ([10,11]). Only recently
have in situ measurements started to be performed. This delay is due to several aspects, for example:
(i) long time and high costs of the research [12]; (ii) intrinsic uncertainties of implementation of the field
campaigns; (iii) required invasive methods not compatible with HB protection guidelines; and (iv) field
limitations because the results are often specific to each case-study. Despite these aspects, as pointed
in [13] (p. 367) as future research directions, “in situ methods in historical buildings” are emerging and
starting to take further steps towards the complex hygrothermal analysis of the internal insulation of
HB as retrofit actions.

Many of these studies rose from the experience of European projects, such as: 3ENCULT [14],
Co2olBricks [15], EFFESUS, [16]. The 3ENCULT project, which aimed “to bridge the gap between
cultural heritage and climate protection, ( . . . ) communicating productively to find the right solution
for a particular building” [17] (p. 10), contributed to the development of capillary active materials for
the internal insulation. In [18], an output of the Co2olBricksproject, some of the problems concerning
internal thermal insulation are addressed, alike moisture in brick wall construction. Authors tested
five insulation materials and proposed an optimal selection, using the TOPSIS method with grey
numbers. The EFFESUS project developed and tested two innovative insulation materials for the
internal insulation of HB (blown-in aerogel blanket and insulating mortar), balancing their thermal
performance and heritage conservation, in terms of reversibility, aesthetical impact, and material
compatibility [19,20].

Several studies verified a significant knowledge gap between the measured thermal performance
and the simulated behaviour, especially for historic walls ([21,22]), as in many situations, the wall
composition is unknown [23], and the estimations are grounded on assumptions [24]. Hygrothermal
simulation, more recently implemented, has also been contributing to bridge that gap [25]. Nonetheless,
wrong estimations or excessive simplifications may have a severe impact on their thermal behaviour
assessment, as well as on retrofit interventions [9]. Thus, field studies become mandatory to find
the most suitable internal insulation solution, with regards to both the thermal and hygrothermal
performance of HB. Many of these studies focus solely on the thermal performance of the walls, as the
work developed by Bienvenido-Huertas et al. on the improvement of in-situ assessment of thermal
transmittance (U-value) of historic walls [26], or the study of [27] on the energy efficiency proposal of a
historical building in Naples, still neglect the undesirable effect that the presence of moisture in the wall
structure might have. As pointed out in [28] (p. 117), “temperature and moisture conditions strongly
influence thermal conductance of some materials”, besides, it is also recognized that “condensed water
increases the effective thermal conductivity of building materials” [29] (p. 1674).

In [30], Litti et al. gave a step forward proposing an indirect non-invasive monitoring procedure for
the onsite evaluation of the thermal performance of traditional buildings’ masonries, also quantifying
the alteration due to the moisture distribution variation. More recently, the hygrothermal complexity
of this matter has been fully embraced. In [31], authors studied the hygrothermal performance of four
thermal insulation materials for an internally insulated brick wall in a cold climate. In [32], in its turn,
in a deep study conducted in Denmark, authors presented long term in situ measurements of four
cases (from 1877–1932) of internally insulated historic solid masonry walls, monitored at critical points,
also creating numerical models which were validated against measurements. In this case, two different
insulation systems with different insulation thicknesses were studied [32].
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In this context, the paper presents part of the results of the HeLLo project—Heritage Energy
Living Lab Onsite [33], which addresses one of the most relevant problems of HB energy refurbishment:
the hygrothermal behaviour of internally insulated historic walls. In this project, to analyse this
issue, in situ monitoring campaigns were performed. This study aims to assess thermal insulation
technologies (including insulation material and installation system), among the most widespread
in the market and used by professionals for new or existing buildings, to verify the hygrothermal
behaviour when applied to HB. The final goal is to enhance the awareness of all the actors involved in
the energy performance improvement of the HB envelope (designers, owners, heritage authority’s
members, and companies), for a conscious management of the entire process.

Within the paper, one of the studied thermal insulation technologies is deeply analysed.
Initially, the case study is presented along with the methodology followed to develop the research
(Section 2). In Section 3, the monitoring campaign is unveiled, along with the data acquisition system.
Data collection was then used to validate 2D hygrothermal simulations performed in Delphin 6.0.20®

(Section 4) [34], further discussed in Section 5. All these steps have thoroughly contributed to enrich
the knowledge and safety levels of internal insulation of a historic brick wall, regarding the moisture
performance, of which the main conclusions are shown in Section 6.

2. Case Study and Methods

2.1. Case Study Presentation

A real in situ laboratory was settled to assess and analyse the hygrothermal performance of
different insulation thermal technologies applied to historic masonry walls [33]. The in situ experiment
(as in [32]) was established in a historic palace located in Ferrara (Italy): Palazzo Tassoni Estense, a 15th
century listed building part of an UNESCO site [35] (UNESCO—United Nations Educational, Scientific
and Cultural Organization). This palace has been the subject of several studies, some of which have
led to an architecture intervention of restoration [36].

The room selected to perform the study is located on the ground floor of a not-yet refurbished
and naturally ventilated part of the palace (Figure 1). Due to the reminiscences of highly probable
presence of two chimneys on two of the outer walls of this room (Figure 2), it was decided to undertake
the study on the remaining wall, NE oriented, under a porch (Figure 3). “Though this situation
does not correspond to a ‘worst-case scenario’” [37] (p. 2), authors recognize the limitation of their
study. The results obtained are limited to this experiment condition: “rainwater might not reach
directly the wall, but neither does the sun, i.e., both the capacities of wetting/absorbing and drying are
limited” [37] (p. 2).

As this room is 700 m3, aiming to minimize energy consumption and the impacts on the historic
room, two in situ metering hot boxes adapted for HB were constructed, aiming to improve the overall
experiment sustainability [38], i.e., two small rooms with controlled indoor hygrothermal conditions
were created, inside a big, unoccupied and environmentally uncontrolled room.

Besides the two boxes construction, settled to assure a temperature difference (ΔT), between
indoor and outdoor environment, the thermal insulation technologies were also installed according
to the best practices; all of them were installed by technicians of the construction sector appointed
directly by the companies (see also Section 2.2 for further details).

2.2. Technical Worktable and Selection of the Insulation Technologies

As part of the actions of the HeLLo project, a technical worktable with the national conservation
authorities and material’s companies was established [39], in order to assess the most suitable
technological solutions to balance the needs of all the actors involved in the action: scientific aims,
conservation aspects and building market’s best practices. As previously outlined, the goal of the
research is to test some insulation technologies, commonly widespread in the market for new or recent
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buildings, but suitable to be used in HB. All pros and cons for the energy retrofit have been considered
and discussed. Three main criteria are considered, according to [40]:

• Conservation aspects, referred to the elements to preserve (i.e., decorations, finishing), to the
aesthetical aspect of the finishing (e.g., proportions, materials, colours, textures), and to the
reversibility (i.e., fastening system, and assembly and installation method);

• Energy efficiency referred to the final thickness, laying of the materials and U-value which justify
the intervention—balance between thermal performance improvement and conservation aspects);

• Hygrothermal aspects, referred to the use of the vapour barrier. One of the innovative aspects
of the HeLLo project is to verify the use of common insulation technologies without vapour
barrier, differently from market suggestions for intervention in existing or new buildings, just to
“stress” the performance of the tested stratigraphy and to keep the original vapour transport
(i.e., low vapour resistance or vapour open materials), typical of HB materials [41]. This option
enables summer drying potential of the historic envelope or the potential existing humidity in the
wall (e.g., rising damp).

Figure 1. Palazzo Tassoni Estense: ground floor plan with the identification of the room where the
experiment is carried out. Views of the external walls of the selected room: the one on the top left
represents the front view from via Cammello, the one on the bottom left is a view of the wall under the
porch (selected to be studied). The yellow shape underlines the selected room and the corresponding
wall selected for the tests.
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Figure 2. Internal views of the room. The picture 3 represents the wall selected for the tests.

 
Figure 3. External view of the studied wall (internal courtyard under the porch) [6].

The test aims to analyse the hygrothermal performance of three thermal insulation technologies.
According to the discussion of the technical worktable, the following materials were chosen.
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1. Stone wool boards: 40 + 60 mm thickness panels supported by their own steel frame and finished
with gypsum boards (12.5 mm).

2. Cork boards: 50 mm thickness panels supported by their own timber structure, punctually fixed
to the historic wall (very few anchor points) and finishing provided by gypsum fibre boards
(12.5 mm);

3. Calcium silicate panels: 100 mm thickness panels glued, thanks to a mortar adhesive 8 mm thick,
to the historic wall and given a 10 mm finishing mortar layer;

The paper presents the research activity related with the first described solution made by the
use of the stone wool panels, widespread on the market even if herein tested without the vapour
barrier commonly used when the stone wool panels are internally applied. Four different possible
stratigraphies with stone wool were analysed during the technical worktable, with the aim to find the
most suitable solution, both for the tests and to give interesting design directions for professionals that
would like to use this material in future restoration and energy retrofit interventions. The analysed
solution are: (i) use of a system composed by a gypsum board and/or gypsum fibre board jointed to a
fibrous stone wool insulation panel, fastened to the wall by an adhesive mortar glue; (ii) stone wool
insulation panel interposed between a metal frame (C-shape steel vertical profiles fixed to the wall
thanks to U-shape steel adjustable brackets) with a gypsum board finish; (iii) stone wool insulation
panel inserted between a metal frame (C-shape steel vertical profiles directly fixed to the wall) with a
gypsum board finish; (iv) stone wool insulation panel interposed between a metal frame (C-shape
vertical elements fixed to the floor) with a gypsum board finish. With respect to the previous solution,
an additional insulation layer is inserted between the historic wall and the metal frame.

The first solution has been considered, by the heritage authorities, less suitable for the application
on an historic wall, because of the necessity of the not reversible glue fastening system. For the same
reason, the second solution has also been discarded due to the presence of the brackets, which requires
an anchoring point piece by piece, affecting the conservation of the wall. The third solution is less
intrusive for the historic walls, but the last option has been selected because it permits one to minimize
the number of anchoring points between the wall and the dual system. Additionally, the additional
insulation layer, compared to the third solution, allows solving the thermal bridge caused by the
presence of the metal frame. All these aspects make this last option completely reversible and respectful
for the historic wall.

Finally, the insulation stratigraphy selected by the technical worktable is composed by a first
insulation panel 40 mm thick, a second insulation layer 60 mm thick, interposed between the metal
frame, and the gypsum board finishing (12.5 mm).

Figure 4 shows the phase’s sequence of the installation of the selected insulation system: in (a),
the installation of the C metal structure outdistanced from the wall to minimize the number of anchor
points on the historic wall; in (b), the insertion of the additional insulation layer between the metal
frame and the wall; finally, in (c), the interposition of the second stone wool set of panels between the
vertical steel elements, then covered by the gypsum board finishing.

Concerning the original historic wall, the historical analysis and the verification of the analogies
with the literature allowed identifying the geometric and dimensional characteristics of the bricks:
they are the “Bolognese” type (28 × 14 × 6 cm), as commonly used in contemporary architecture in
the same geographical area. The non-invasive survey through the cracks currently present in the
wall made possible the identification of the dimensions of the joints, which, even if very variable,
have an average thickness of 2 cm. The overall thickness of the wall is 32 cm, including the internal
and external plaster.

The calculated U-value of the not refurbished wall is 1.44 W/m2K (estimated in steady state
conditions), with the installed insulation system decreasing to 0.26 W/m2K. The values used to calculate
the U-value were the same of the hygrothermal simulation, and these are presented in Section 4.2.
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(a) 

 (b) 

(c)  

Figure 4. Installation of the selected insulation system.

2.3. Monitoring System: New Metering Box and Hygrothermal Control Devices

As pointed out earlier, inside the 700 m3 room, two smaller volumes (25 m3/each) were constructed.
In each volume (Figure 5), a standard indoor environment was set-up [indoor air temperature
((Ta) ≈ 20 ◦C and relative humidity (RH) ≈ 55%), according to the main international guidelines as EN
ISO 7730 [42], EN ISO 13788 [43] or ISO 17772-1 [44]. Besides its special features (0.10 m high density
stone wool insulation material, lined with a vapour barrier on the inside), each box was provided of a
2000 W heating convector (with 3 power levels), regulated by control system; two ultrasonic humidifiers
(argo HYDRO digit, Argoclima S.p.A., Alfianello, Italy), 30 W each, self-regulated, which permitted
controlling the indoor comfort parameters, Figure 6.
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Figure 5. Internal view of the room, with the two boxes tied up to the studied wall.

 
Figure 6. Hygrothermal control devices.

The newly developed metering boxes (construction technology fully described in [38]) were
built from a modular timber structure and provided with wheels, so that they can be (dis)assembled,
repositioned and/or hereafter used in other spaces/experiments (Figure 5). Besides minimizing the
impacts of the experiment on the room’s surrounding walls, these also permitted improving the
experiment energy efficiency. The individual box dimensions (2.50 × 2.50 × 4.01 m gross) allow vertical
heat stratification and were determined to permit the study of up to two insulation systems in parallel.

3. Monitoring System and Period Campaign

To perform the in situ monitoring campaigns, authors used a non-commercial setup: they have
developed a specifically built-up sensing technology method for the hygrothermal assessment of
historic walls [45], later upgraded and tuned [38] to fit the requirements of the HeLLo project [33].
In brief, a low-cost and conservation compatible technology based on temperature (T) and relative
humidity (RH) combined sensors (Telaire T9602, Amphenol Thermometrics, Inc. St. Marys, PA, USA)
was used to measure the T-RH parameters of the environmental conditions (Figure 7a)—outdoor,
inside the room and inside the box (herein considered the indoor environment), and in each point of
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the stratigraphy of the technology (Figure 7b). These sensors are connected and managed by a data
acquisition system based on a master slave configuration [38]. Sensors have a typical temperature
accuracy of ±0.5 ◦C, if T varies between 20–40 ◦C, or up to ±1 ◦C if T varies between 0–20 ◦C. Relative
humidity instead has an accuracy of ±2%, when 20 ≤ RH (%) ≤ 80, decreasing up to ±4% if RH varies
between 0–20% or 80–100% [45].

(a) (b) 

Figure 7. Scheme (vertical section) of the position of the monitoring sensors: (a) environmental
conditions (room, inside box, outdoor); (b) wall stratigraphy.

Aiming to limit the influence of potential water capillarity absorption at the basis of the wall
on the final results, sensors were strategically placed at a minimum height of 1.90 m from the floor.
A second level of measuring points was added at 3.40 m (Figure 7). Although data were registered in
different points of the stratigraphy, in this study, only the most probable condensation point—sensors 1
and 5, Figure 7b, is deeply analysed.

The monitoring period, between 11 December 2019 and 11 March 2020 is fully presented and
described in Section 5.

Data were logged every 1 min. The results presented in Section 5 correspond to 10 min averages.
The monitoring campaign, still on-going, begun during the 2019–2020 Ferrara’s heating season
(the hygrothermal control devices, Figure 6, were started on 23 October). In the current paper a
long-term period of 3 months is shown, corresponding to the period between 11 December 2019 and 11
March 2020.

4. Hygrothermal Simulation Set-Up

4.1. Boundary Conditions

All the simulations are performed in accordance with EN 15026 [46], so they include the following
physical phenomena: heat storage, heat conduction, moisture storage, liquid water convective transport
and vapor diffusion. Simulation are performed using the software Delphin 6.0.20 [34], developed at
the Technical University of Dresden (TUD) by the Building Climatology Department. The following

23



Energies 2020, 13, 3362

section presents hygrothermal simulations, starting from the monitored internal and external climatic
dataset (Section 4.1), to the geometric modeling and to the hygrothermal proprieties of the selected
materials (Section 4.2).

The used climatic dataset was monitored in the framework of the mentioned research project
HeLLo [33] and included hourly data of T and RH of the surrounding air, both for external and internal
environment. Rain and solar action were not considered, as the studied wall is located under a porch
of the courtyard of the building, so it is not exposed. Figure 8 shows the in situ monitored hourly data
of T and RH for the internal and external climate, related to the period between 11 December 2019 and
11 March 2020, used also for the model validation.

Figure 8. Hourly monitored data between 11 December 2019 and 11 March 2020, for external and
internal climate: temperature (top panel) and relative humidity (bottom panel).

Anyway, to ensure a complete yearly dataset of the hygrothermal simulation, the residual
months had to be integrated: regarding the external weather, an additional monitoring right in the
adjoining garden was used, related to 2017 (provided by Prof. Michele Bottarelli, University of Ferrara).
A preliminary analysis showed the compatibility of such data with the monitored dataset. Regarding
interior climate, the residual period was calculated from the outdoor climate data, according to EN
15026 [46] and the WTA sheet 6.2 [47] adaptive climate model. Finally, all the main climatic coefficients
and parameters, used for the simulation are presented in Table 1.

Table 1. Relevant parameters and coefficients used for the hygrothermal simulations, for external and
internal boundary conditions.

Quantity Value Unit

ex
te

rn
al Heat transfer coefficient (exterior surface), hc,ext 12 [W/m2K]

Vapour diffusion coefficient (exterior surface) 7.5 × 10−8 [s/m]

in
te

rn
al

Temperature range for interior climate 20–25 [◦C]
Relative humidity range for interior climate (normal moisture load) 35–65 [%]

Heat transfer coefficient (interior surface), hc,int 8 [W/m2K]
Vapour diffusion coefficient (interior surface) 3 × 10−8 [s/m]
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4.2. Two-Dimensional Model

The hygrothermal model was designed on the basis of the horizontal section of the historic
monitored wall (Figure 7). A two-dimensional (2D) hygrothermal model was constructed for the
dynamic simulation from the horizontal section of the historic wall, as presented in Figure 9: in (a),
the architectural survey is visible; while in (b), the 2D transport model used for dynamic simulations is
found (the interfaces between the materials are indicated from A (external) to E (internal side)).

 

Figure 9. Two-dimensional model deducted for the dynamic simulation.

All the hygrothermal data regarding building materials are taken from Delphin’s Material Database
6.0.20 [48] and were determined experimentally at the Climatology Laboratory at the University of
Dresden. The building materials were selected from a specific historical cluster. In particular, brick and
exterior plaster data refer to historic materials coming from a case study in Bologna and measured within
the 3enCult European Project [14]. The hygrothermal characterization of the used stone wool, instead,
comes from the material installed by the company involved in the HeLLo project. The characterization
of the mentioned material for the dynamic calculation was performed in the laboratories of the
Fraunhofer IBP (Institut of Building Physics) [49]; for this reason, data were appropriately formatted to
fit the material characterization of the Delphin® database [48]. The main hygrothermal properties for
all the used materials are presented in Table 2 and Figure 10. On the top of Table 2 (*), the materials
that were characterized in the framework of the 3enCult Project are presented [14], while in Figure 10,
the moisture storage function of the materials is shown: in (a), the moisture content is shown—θl(pc);
in (b), the liquid water conductivity as a function of the capillary pressure Kl(pc) is shown. In both,
(a) and (b), the three vertical lines refer to the RH values of 50%, 95% and 99%.
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Table 2. Main hygrothermal properties of the chosen materials.

Material
ID Delphin

DB
ρ

[kg/m3]
Cp

[J/KgK]

θpor

[m3/m3]

λdry
[W/mK]

μdry
[-]

Aw

[kg/m2s05]

Lime Mortar 143 1570 1000 0.408 0.7 11.0 0.176
Historical Brick (*) 532 1759 1092 0.336 0.624 24.5 0.184

Lime plaster External (*) 520 1604 869 0.395 0.69 19 0.179
Lime plaster Internal 629 1498 802 0.435 0.412 9.3 0.018

Stone wool - 70 1030 0.950 0.033 1 -
Steel 238 7800 470 - 47 - -

Gypsum board 599 745 1826 0.719 0.177 11 0.179

Note: Density (ρ), Specific heat (Cp), porosity (θpor), thermal conductivity (λdry), vapour resistance (μdry) and
capillary absorption coefficient (Aw).

(a) (b) 

Figure 10. Moisture storage function of the materials used for the 2D simulation.

4.3. Selection of Outputs

The selected outputs to analyze the hygrothermal assessment were based on the recommendations
of the WTA leaflet 6.5 [50] and on the possibility of comparing the simulated data with the monitored
results. Although different points of the stratigraphy were simulated (Figure 9), here, only T and
RH of the cold surface of the insulation, and most probable condensation point (Point C, Figure 9),
were analysed, alike for the monitored data. In addition to the monitored period, RH was studied for
the dry months (10 December–7 August).

The total moisture content of the wall was observed, to determine when the simulation reaches
periodic behavior and is not influenced any more by the chosen initial conditions. Then, the evaluation
period starts.

All the outputs were evaluated through a spatial average, to obtain a unique value for each
time step.

5. Results

5.1. In Situ Monitoring

Figures 11 and 12 show the 10 min averaged values of measured T (◦C) and RH (%) at the most
probable condensation point (sensors 1 and 5, Figure 7b), i.e., the point between the insulation panels
and the historic wall, at both heights 1.90 m and 3.40 m. As the measured parameters inside the room
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where the experiment is being developed follow the outdoor conditions, these would not add any
specific value to the analysis; therefore, authors deliberately did not present them in these graphs.

Figure 11. Graphical representation of the T values between 11 December 2019 and 11 March 2020.

Figure 12. Graphical representation of the relative humidity (RH) values between 11 December 2019
and 11 March 2020.

As can be observed (Figure 11), T (◦C), values measured on the inner side of the wall (just before the
insulation, sensors 1 and 5, Figure 7b), clearly follow the outdoor trend. At the coolest moments, T was
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always above 5 ◦C, therefore the risk of frost damage did not occur. This data should be cautiously
considered—in a colder winter, a different result could be expected. The maximum deviation between
the line T 1.90 m and T 3.40 m is ΔTmax = 0.8 ◦C and has no significance, since the difference of values
is within the accuracy of the T sensors.

The risk of interstitial condensation, even if limited, was present. According to the measured data
authors would be tempted to state it did not happen, as RH maximum was 94.2%, measured at 3.90 m.
Nonetheless, considering sensors accuracy, previously declared, it might have occurred. Through
the observation of Figure 12, there seems to be a trend of a drying out process, as RH values were
getting slightly lower in the beginning of March. Nonetheless, this hypothesis can only be discussed
based on the simulation (Section 5.2), as for present monitored data do not allow one to confirm it.
The maximum deviation between the line RH 1.90 m and RH 3.40 m is ΔRHmax = 12%. In this case,
it is significant, since the difference of values is beyond the accuracy of the RH sensors. This may
be caused by several factors depending on the historic wall: e.g., the non-homogeneity of materials,
possible presence of cracks or the limited adherence of the insulation materials to the out-of-line wall.

Concerning the internal condition of the box, an observation can be outlined. Some insignificant
peaks (in terms of time and amplitude) can be observed on the RH graph inside the box.
These correspond to moments of maintenance procedures of the monitoring campaign (i.e., when the
box was open and the conditions of the air inside the box naturally mixed with those of the room).
These events do not influence the average internal conditions and the test.

5.2. Hygrothermal Simulation

The simulation reaches a periodic behavior in the second simulated year. The graph (Figure 13)
shows the monitored period (11 December–11 March), plus the drying period for the investigated wall.
Hourly averaged simulated values of T (◦C) and RH (%) are shown at the most critical part of the
section [51], point C (Figure 9).

As can be observed, at the coolest moments, T (◦C) was always above 5 ◦C, therefore, the risk of
frost damage was not evidenced.

 
Figure 13. T (◦C) and RH (%) profiles of the simulated wall in point C, during the 2nd year of simulation.

Concerning RH (%), although high values are exhibited during the studied wet period
(11 December–11 March), it remains below 95%, the condensation risk threshold defined by the
WTA Leaflet 6.5 [50], which indicates the absence of condensate. Moreover, Figure 13 illustrates a
strong decrease of RH from the wet to dry period of the year, emphasizing a significant reduction
of moisture content in summer. It reaches the driest value on 7 August. This fact is also visible in
Figure 14, where a profile of RH during the most critical and the most favorable hours of the year are
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shown for the studied wall. In particular, in terms of moisture accumulation, it can be observed in
Figure 14a the wall section during the wettest hour (on 26 January at 00:00) and in Figure 14b, the wall
section during the driest hour (on 7 August at 12:00).

  
(a) (b) 

Figure 14. RH profile of the original simulated wall during the most critical (a) and the most favourable
(b) hours of the year.

6. Discussion

6.1. Comparison of Monitored and Simulated Results

For the analysed 3-month period (11 December 2019 to 11 March 2020), several observations
can be pointed out concerning both monitored and simulated data at point C (Figure 9) of the
stratigraphy, namely:

• The average temperature values do practically coincide. Average T simul = 9.9 ◦C, while average
Tmonit = [9.7–10.1] ◦C. Considering the accuracy of the sensors, it can be declared that averaged
T simul = Tmonit;

• Both monitored and simulated values pointed to lowest T (◦C) value > 5 ◦C, i.e., the risk of frost
damage was not evidenced;

• Concerning RH, data must be observed more carefully, as monitored RH values at 3.40 m and
1.90 m differed more expressively than T. average monitored RH values varied between 80.6–87.6%,
at 1.90 m and 3.40 m respectively, while average RHsimul = 90.8%. Bearing in mind the accuracy of
the sensors, it can be stated that the average simulated values fit the average RH values measured
at 3.40 m. The similarity of the simulated and monitored values is further reinforced by other
statistical data: at 3.40 m, only 25% of data (Q3) was above 90.4%. The difference of monitored
values between sensors at 1.90 m and 3.40 m, currently attributed to the possible presence of
cracks, i.e., wall inhomogeneity, does not allow a fair comparison between RH at 1.90 m with the
simulated data;

• These comments are also grounded on the synthesis presented on Table 3;
• Grounded on the aforementioned data, the authors considered that the simulation model

was validated.

29



Energies 2020, 13, 3362

Table 3. Synthesis of the averaged hygrothermal data.

Title Simulation Monitoring at 3.40 m Monitoring at 1.90 m

RH (%) 1 90.8 87.6 80.6
T (◦C) 2 9.9 10.1 9.7

1 At 80%, sensors accuracy ±2%; at 90%, ±3%. 2 At 10 ◦C, sensors accuracy ±0.5 ◦C.

6.2. Variation of the Simulation

6.2.1. New Models and Additional Outputs

Despite the absence of interstitial condensation suggested by the simulation for the given outdoor
climate, but given the reasonable doubt pointed out by the monitored data, further simulation scenarios
and outputs were explored.

The insulation system, described in Section 2.2, was simulated including different thickness of
the stone wool (additionally to the installed 10 cm, also 6 cm and 8 cm) and the use of two gypsum
boards as internal finishing (against the single layer installed). These simulations also allowed one to
explore whether the biggest impact in moisture accumulation is credited to the ingress of moisture
from the internal side, or to the reduction of the drying potential of the wall due to the interior
insulation. Thus, considering the pros and cons, this evaluation could point to the most efficient
retrofitting strategy, between reducing the thickness of insulation or improving the vapour resistance
of the internal finishing.

Additionally, in order to quantify the performances of the insulation system and the cons of
reducing its thickness in the first and second variant scenarios (6–8 cm), heat losses were calculated.

The heating period is defined as the part of the year in which the sinusoidal fit of the daily outdoor
temperature is smaller than 10 ◦C [52]. For the selected dataset, this period corresponds to the days
from 15 October to 15 April. Finally, a profile of the temperature in point C (Figure 9) was studied to
compare different retrofit scenarios. A new moisture accumulation analysis was performed and the
reaching periodic behaviour was also verified for the simulated variants.

6.2.2. Thermal Simulation

Figure 15 reports T (◦C) in the cold side of insulation (point C, Figure 9), with a focus on the
different simulation scenarios of 6–8 and 10 cm of stone wool (left panel). In order to quantify the
expected thermal losses, heat flux during the simulated heating period is presented in the right panel.

The cumulative thermal losses for the studied heating period (15 October–15 April) are
96.27 kWh/m2 for the uninsulated wall, 15.79 kWh/m2 for the real case scenario (10 cm of stone
wool), 19.74 kWh/m2 for the 8 cm and 21.96 kWh/m2 for 6 cm of stone wool as an insulation layer.

Figure 16 includes a thermal profile of the wall during the coldest day of the year (on 26 January
at 00:00), for the most and least insulated scenarios, respectively 10 cm [Figure 16a] and the 6 cm
(Figure 16b) of stone wool.

6.2.3. Moisture Accumulation Analysis

Figure 17 shows RH behind the insulation during the monitored period (11 December–11 March),
plus the drying period (12 March–7 August) for the investigated wall. Moreover, scenarios with 6–8 cm
of stone wool and 10 cm with two gypsum boards as the internal finishing layer are also presented,
in order to compare the impact of different interventions. All the scenarios confirmed the initial
simulation results: a strong decrease of RH from the wet to dry period of the year, emphasizing a
significant reduction of moisture content in the summer.
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Figure 15. Left panel: hourly value of temperature in Point C (Figure 9). Right panel: hourly value
of heat loss for the simulated walls, both during the heating period (15 October–15 April). Design
scenarios of 6–8 cm of stone wool are included.

  
(a) (b) 

Figure 16. Temperature profile of the simulated wall during the coldest hour for 10 cm and 6 cm
insulation scenarios.
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Figure 17. RH in point C (Figure 9) during the period 11 December–7 August, for the simulated wall.
Design scenarios of 6–8 cm of stone wool and 2 gypsum boards as interior finishing are included.

6.2.4. Discussion of the Various Simulation Outputs

With respect to the real 10 cm insulated case, the thermal analysis of 6–8 cm scenarios (Section 6.2.2)
has quantified the expected decrease of energy performance, due to the reduction of the insulation
thickness, and the increase of T (◦C) behind the insulation layer (point C, Figure 9), shown in Figure 15
(left panel) as an effect of the higher loss of heat reported and quantified in Figure 15 (right panel); also,
in Figure 16 the thermal effect of insulation on the existing wall is visible: the use of 6 cm of stone wool
as an insulation system (right panel) leaves the historic wall significantly warmer than using 10 cm
(left panel).

Although, on the one hand, we can see that the use of thicker insulation systems corresponds
to lower heat losses, we expect to see higher moisture accumulation in the wall, as a result of this
decrease of interstitial temperature. This issue was presented in the moisture accumulation analysis
(Section 6.2.3). Figure 17 presents RH at the interface between the insulation system and the existing
wall, recognized as the most critical part of the section [51]. As a general comment, alike for the base
case simulation, RH remained below 95% for all the cases.

The comparison with the first and the second scenarios of thickness reduction (6–8 cm) has shown
a very small difference in RH, in a total range of 1%.

Contrariwise, in the third scenario, it resulted that improving the vapour resistance of the internal
finishing with the use of the two gypsum boards, instead of one, may contribute to reduce moisture
accumulation during the wetting period more efficiently than reducing the insulation thickness
(Figure 17, first period).

Anyway, it is important to mention that, while the third scenario avoids reducing insulation
thickness with consequent minor thermal losses, on the other hand, this design choice is responsible for a
delay during the drying phase (Figure 17, second period). However, during the drying phase, moisture
content significantly dries out from the interstitial area in all the studied cases. This phenomenon was
also already visible in Figures 13 and 14 for the base case scenario.

7. Conclusions

The study presents an applied research of the hygrothermal behaviour of an internal insulated
historic brick wall, assessed at the most critical point of the stratigraphy, both by in situ measurements
and predicted performance through dynamic simulations.
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The solution implemented for in situ monitoring balanced both thermal insulation improvement
and the effects of the application over the historic wall: double stone wool boards (100 mm in
total), supported by own steel frame, punctually fixed to the historic wall, finished with a single
gypsum board.

The analysed monitored period lasted three months, during winter period 2019–2020. In situ data
were also used for validating the 2D simulation model.

Under the current conditions—climate data and studied stratigraphy, the results of both in situ
monitoring and simulation prediction, evidenced no risk of frost damage of the brick wall. With regards
to the risk of interstitial condensation, the simulation showed no risk either. In situ data analysis
suggested nonetheless a more cautious interpretation. Though the highest values remained below
95%, the condensation risk threshold, these data are dependent on sensors accuracy, which means that
in fact the “true” RH could be over 95%. Furthermore, more severe climate could result in crossing
the risk threshold. Nonetheless, it is worth highlighting that given the simulation results, during the
drying phase moisture content significantly dries out from the interstitial area.

Authors also proposed the exploitation of three other simulation scenarios and outputs, namely:
reducing the insulation thickness (6 and 8 cm) and decreasing the ingress of moisture into the wall
by adding a second gypsum board layer to the initial 10 cm insulation technology (instead of the
traditional vapour barrier).

It was found that reducing the thickness of the insulation material (by 2 cm or 4 cm) decreased
the moisture content in the wall, but not very significantly. More meaningful, instead, was the result
obtained for the same insulation technology (10 cm thickness) with two gypsum boards. In this case,
the only verified drawback is the delay of the drying phase, absolutely compensated by the reduction
of moisture accumulation during the wetting period.

The outcomes of this study are significant, not only to the scientific community, but mostly
to practitioners, often missing guidance in energy refurbishment intervention of historic buildings.
In other words, the thermal benefits of stone wool insulation with a certain thickness should not be
compromised by the “fear” of moisture increase (once reducing it would not make much change).
Instead, moisture accumulation might be improved—or better controlled—through the addition of a
second gypsum board.
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Abstract: This work exploits data from 30,000 energy performance certificates of whole nonresidential
(NR) buildings in Greece. The available information is analyzed for 30 different NR building uses
(e.g., hotels, schools, sports facilities, hospitals, retails, offices) and four main services (space heating,
space cooling, domestic hot water and lighting). Data are screened in order to exclude outliers and
checked for consistency with the Hellenic NR building stock. The average energy use and CO2

emission intensities for all building uses are calculated, as well as the respective energy ratings in
order to gain a better understanding of the NR sector. Finally, in an attempt to determine whether
these values are representative for the various Hellenic NR building uses, their temporal evolution
is investigated. The average primary energy use intensity is 448.0 kWh/m2 for all NR buildings,
while the CO2 emissions reach 147.5 kgCO2/m2. The derived energy baselines reveal that indoor
sports halls/swimming pools have the highest energy use, while private cram schools/conservatories
have the lowest, due to their operational patterns. Generally, from the four services taken into
account, lighting is the most energy consuming, followed by cooling, heating and finally domestic hot
water. For a total of 11 building uses, more data from the certificates will be necessary for deriving
representative baselines, but, when it comes to buildings categories, more data are required.

Keywords: nonresidential buildings; baselines; EUI; energy use intensities; carbon emission intensities;
EPCs; energy performance certificates

1. Introduction

Built environment is a key target in European (EU) policies in order to achieve a sustainable
and competitive low-carbon economy. EU buildings account for nearly 40% of energy consumption
and 36% of CO2 emissions [1], despite covering only 3.35% of the total land area [2]. About 35%
of the building stock is old (over 50 years) and energy inefficient, while the annual renovation rate
ranges between 0.4% and 1.2% depending on the country. Therefore, increased renovation of existing
buildings may lead to significant savings both in total energy consumption and CO2 emissions by
about 5% [1].

Nonresidential (NR) buildings, accounting for about a quarter of the total EU building stock,
comprise a very heterogeneous sector with various building types, different building sizes and energy
characteristics. Limited information is available on construction characteristics, installed systems for
different services and energy use for the entire NR sector as well as for the various types and branches
of activity.
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Over the past decades, the total final energy consumption in the EU Member States (EU-28) has
remained practically stable, rising only from 1033.4 million tonnes of oil equivalent (Mtoe) in 1990 to
1060.0 Mtoe in 2017 [3]. However, the final energy consumption in NR buildings has boomed by 39.2%,
from 110.7 Mtoe in 1990 to 154.0 Mtoe in 2017, keeping a relative stable share ranging from 11% to
15% of the total. The highest share in NR building’s sector final energy consumption is electricity with
50.14%, followed by gas with 30.12% [4]. For 2050, the projection is that the NR buildings’ sector will
account for about 17% of the total final energy use [5].

1.1. Hellenic Nonresidential Buildings

Based on the most recent building census, the Hellenic Nonresidential Building Stock (NR BS)
includes about 690,000 exclusive-use buildings (excluding churches, monasteries, industrial buildings
and parking stations), representing 21% of the national building stock, with the majority being
wholesale/retail trade and offices [6]. The estimated total floor area is about 73.52 Mm2, with the
majority being hotels and restaurants [3], while the total final energy in 2017 reached 16.05 Mtoe
increased by 15.6% compared to 1990. NR buildings consumed 2.19 Mtoe in 2017, showing an increase
by 236.4% since 1990 (Figure 1). Although until 2008 the NR sector’s final consumption was steadily
increasing by an average of 7% per year, it was one of the first sectors that was affected by the economic
recession. This is reflected by the decrease of final energy consumption since 2009, with the exception
of 2012, where a slight increase occurred due to an increase of electricity consumption. From 2015,
there was again a clear upward trend. Detailed information for the different NR building types is
limited to only to a few studies [7,8].

Figure 1. Time evolution of final energy consumption in residential (circles) and nonresidential (NR)
(triangles) buildings for EU-28 (solid line, primary axis) and Greece (dashed line, secondary axis).
The percentages refer to the corresponding increase of the final consumption in 2017 compared to 1990.
(Data source [3]).

To boost energy performance of buildings, the EU has established an ambitious legislative
framework that includes the Directive on Energy Efficiency (EED) recently revised by the Directive
(EU) 2018/2002 amending Directive 2012/27/EU on energy efficiency, setting an EU target for energy
consumption at less than 1273 Mtoe of primary energy and/or 956 Mtoe of final energy [9]. Another main
instrument for addressing these challenges is the Energy Performance of Buildings Directive (EPBD)
recently amended by the Directive 2018/844, promoting cost-effective building renovations, with the
vision of a decarbonized building stock by 2050 [10]. Both directives are part of the new energy
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rulebook Clean Energy for All Europeans [11], according to which each Member State should draft an
integrated 10-year national energy and climate plan (NECPs) for the time period 2021 to 2030.

Building energy certification plays a central role in the enhancement of the energy performance of
buildings. The energy performance certificate (EPC) is a core instrument of the EPBD for existing and
new buildings. The general idea behind the EPC is to influence the building market, by providing
information on a building’s energy use and typical energy costs and by making recommendations for
cost-effective improvements [12]. Available information included in the EPCs should also be of great
value for decision makers and energy planners at regional and national scales.

1.2. Literature Overview

While national statistical agencies provide detailed information on the residential building stock,
there is a general lack of data on nonresidential buildings. Only a small number of studies have
attempted to fill this gap by providing estimates on the total final and specific energy use. In most
cases, these studies have focused on particular building services like offices, schools, health care or
hotels. Some field work provide actual operational energy data from energy audits using utility bills or
monitoring data, while others are theoretical or parametric investigations using building simulations.
The challenge though remains when considering the diversities and complexities of large pool of
buildings and building stocks.

As the EPC databases are progressively enriched with more data, studies have emerged in different
countries that exploit this information to map the characteristics of different categories of buildings and
gain a better insight on their energy performance. The majority of them focus on residential buildings.
This is to be expected since most EPCs throughout Europe have been issued for dwellings or houses
that are commonly rented or sold, and residential buildings constitute the majority of the existing
building stock.

For example, in Italy, studies have been carried out by analyzing approximately 90,000 energy
certificates of flats in order to establish a method for estimating primary energy for space heating and
the main building characteristics (e.g., envelope U-values) that influence their energy performance [13].
According to another study in Italy, exploiting about 17,600 energy certificates for residential
buildings, average primary energy for the representative old buildings (up to 1992), ranges between
392–178 kWh/m2 for existing buildings, 321–158 kWh/m2 for partially renovated buildings and
113–53 kWh/m2 after major renovations [14]. In Spain, almost 130,000 energy performance certificates
for existing residential buildings were examined [15]. Most were rated at a low energy class E (53.6%).
On average, single-family houses use 248.0 kWh/m2, which is higher than individual dwellings
that average 183.2 kWh/m2. In Switzerland, the thermal performance of the residential building
stock was analyzed using about 10,400 cantonal EPCs. The results revealed that about 75% of the
buildings’ envelope are below new buildings’ standards and about 50% of the surface area is still
heated by inefficient oil-fired boilers, confirming the high potential for significant energy savings from
thermal renovations of the Swiss residential building stock [16]. Finally, an initial study in Greece [17]
analyzing early EPC data, concluded that the average primary energy use for residential buildings
is 260 kWh/m2, with thermal energy accounting for 72%. MFH have a lower energy consumption
averaging 241 kWh/m2 compared to 367 kWh/m2 for SFH.

As the number of issued EPCs grows with time, so does the available number of certificates that
have been issued for NR buildings. As a result, studies have progressively been performed exploiting
this valuable resource of information. For example, an overview of the NR sector in different countries
focusing on building characteristics, energy performance, efficiency measures and energy savings is
presented in [18]. A more detailed focus is given to office buildings, which represent the most common
building category in the database. The average consumption of existing offices before renovation is
203 kWh/m2, while for new office buildings it is considerably lower at 122.9 kWh/m2.

In Catalonia, Spain, researchers exploiting data from about 14,000 certificates found that offices
have an average annual energy use of 207.4 kWh/m2. Their energy ranking is mostly labeled in

39



Energies 2020, 13, 2100

classes-C and –D (64%), while high energy ratings at the top ranked energy class A and –B are limited to
~8% of the database [19]. NR buildings in Spain, were found to have slightly better energy performance
than residential buildings, with an average energy consumption of 317.8 kWh/m2 [15].

In Sweden, the current energy consumption baseline for NR buildings is defined by exploiting
data from about 186,000 EPCs issued for some common commercial building types [20]. Accordingly,
the average energy use is 175 kWh/m2 for hotels and restaurants, 151 kWh/m2 for rental premises-offices,
169.2 kWh/m2 for healthcare facilities, 171.8 kWh/m2 for schools and 174 kWh/m2 for sports facilities [20].
In another study, energy use in the public sector office stock in England and Wales is explored using a
database of 2,600 certificates. The electrical and fossil-thermal energy use profiles for different office
types range between 68–211 kWh/m2 and 132–53 kWh/m2 respectively [21]. The energy use in English
schools was derived using data from 8500 EPCs of primary or secondary schools [22]. Electrical energy
use ranged between 44–50 kWh/m2, and thermal energy use between 138–140 kWh/m2 [22]. Finally,
from an earlier study of a limited number of certificates for NR buildings in Greece, the average
primary energy use averaged 459 kWh/m2, ranging from 211 kWh/m2 for schools to 1023 kWh/m2 for
hospitals [17].

This work exploits for the first time the most comprehensive data included in the national
EPC electronic repository (buildingcert) over a nine-year period (i.e., from January 2011 to the
end of 2019). The main novelty and objective of the present work is to present a well-structured,
modular methodology for the exploitation of data included in EPC databases, in order to fill the gap of
knowledge on the performance of the existing NR building stock. The proposed methodology provides
a complete approach, starting with the data quality control, the data clustering into building uses and
building categories, and the definition of practical baselines on the energy use and CO2 emissions for
different clusters. The work demonstrates the application using the national EPC database in Greece
and further investigates whether the derived baselines can be regarded as typical for the Hellenic
building stock. The paper is structured as follows: Section 2 provides an overview of the national
EPC database. Section 3 presents the method used in the analysis for deriving the baselines and for
assessing the time evolution of the indicators. Section 4 applies the overall approach to the national
EPC database and presents the results of the analysis. Finally, Section 5 discusses the main findings,
outlines the limitations of the work and concludes by summarizing the main findings.

2. National EPC Database

The national regulation on the energy performance of buildings, KENAK, which was the EPBD
transposition in Greece, was implemented in 2010 and updated in July 2017, imposing stricter building
requirements. The regulation is supported by four Technical Guidelines that govern its practical
implementation, first published in 2010 and revised in 2012 and in 2017. The normative calculations for
estimating the building’s energy demand are in accordance to the European standards (e.g., EN 13790)
using the quasi-steady-state monthly method and are included in the official national calculation
engine (TEE-KENAK) [23]. The national tool was initially developed in 2010 and was periodically
updated to comply with the evolution of the national Technical Guidelines.

Based on the Technical Guidelines, the end uses taken into account for the assessment of
the building’s energy performance are heating, cooling, domestic hot water (DHW) and lighting.
Mechanical ventilation is included in heating and cooling accordingly. Other office and miscellaneous
plug loads (e.g., electronic or computing equipment) and process loads (e.g., elevators, escalators) are
not considered.

According to the Hellenic labelling scheme, the energy rating of a building is based on the ratio of
its calculated primary energy use to that of the corresponding reference building. As a result there are
nine energy classes ranging from class G (lowest performance) up to class A+ (highest performance).
The reference building is an exact copy of the audited building, complying with the minimum
requirements for specific envelope and systems characteristics defined in the national regulation, e.g.,
U-values, system efficiencies etc. The reference building is ranked by definition at energy class B.
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A building can be characterized as a nearly zero-energy building (nZEB) when it is ranked at least at
energy class A for new constructions, and at energy class B+ for renovated buildings [24].

Based on the national Technical Guidelines, Greece is divided in four climate zones. The coverage
was determined on the basis of the heating degree days (HDD), i.e., zone A in the south with mild
conditions (averaging 859 HDD), to zone D in the north with the coldest conditions (averaging 2260 HDD).

In addition, the Technical Guidelines define a total of 60 different building types for the NR
building sector, grouped into seven building categories (BC I-VII). In this work, the building types
are further grouped into 30 building uses (BU 1-30) identified in Table 1, based on the criterion
that each group includes similar building types sharing the same common assumptions and default
values (i.e., building types hospital and clinic are grouped in one building use BU20—hospital/clinic).
For example, BU20 refers to hospital/clinic with continuous annual operation (i.e., 24 hr/day, 7 days/week,
12 months/year); operative temperature at 22 ◦C for heating and 26 ◦C for cooling and operative relative
humidity at 35% and 50%, respectively; fresh air requirements at 10.5 m3/hr/m2 heated floor area;
DHW consumption, depending on the bed capacity, at 22.00–43.90 m3/bed; annual artificial lighting
hours at 7571 hr, internal heat gains from occupants at 27 W/m2 heated floor area and from appliances
at 7.5 W/m2 heated floor area (internal heat gains from lighting are calculated based on the installed
power) [25]. Note that, for some building uses (e.g., BU17—primary/secondary school), the DHW is
considered negligible and is not taken into account in the calculations.

As of January 2011, issuing an EPC is compulsory for all buildings that are being sold and for
whole buildings that are being rented. From January 2011 until December 2019, a total of about
1,820,000 EPCs have been issued, out of which 16.9% are for NR buildings. These include whole
buildings, i.e., stand-alone buildings with the same use (e.g., office, school) and part buildings, i.e.,
building units (e.g., office spaces) in a multi-floor building. The exploited information from the EPCs
include the calculated primary energy use per unit floor area (kWh/m2) for the total consumption
(EUIp) and for the different end uses, i.e., space heating (EUIp,H), space cooling (EUIp,C), domestic
hot water (EUIp,DHW) and lighting (EUIp,L), as well as the total CO2 emissions per unit floor area
(kgCO2/m2). According to KENAK, the national primary energy conversion factors per energy carrier
are 2.9 for electricity, 1.1 for heating oil and 1.05 for natural gas. Correspondingly, the carbon emission
national conversion factors are 0.989 kgCO2/kWh, 0.264 kgCO2/kWh and 0.196 kgCO2/kWh.
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3. Method

The following sections provide an overview of the approach used in this work to exploit the
available information from the EPCs and derive practical baselines on the energy use and CO2 emissions
for NR buildings. The evolution of these baselines over time are also investigated in order to conclude
whether they can be considered as representatives. The main steps of the method used in this work is
illustrated in Figure 2 and elaborated in the following sections.

 
Figure 2. The main steps of the method.

3.1. Data Cleansing

Since EPC databases are one of the main sources of information about the energy use for various
types of buildings, the quality of stored data is of vital importance [26]. By 2014, some kind of quality
control processes of the EPCs were established in all EU member states [27]. In Greece, the first
level data quality controls are performed by the responsible authority [28]. To further increase data
confidence and ensure compliance, the available data were also screened before being used in the
following analysis. The data cleansing process involved a series of checks in order to remove incomplete,
erroneous, or otherwise suspicious data, thus ensuring that the data used are within reasonable limits
and that derived baselines are reliable [29]. Accordingly, EPCs were excluded if they were:

• Not complying with the national regulation requirements;
• Issued by penalized energy inspectors;
• Issued in the initial phase of the national energy efficiency subsidy program;
• Incomplete or not finally submitted;
• Including negative values, heated floor area greater than or less than 20% of the total floor area,

zero CO2 emissions (when the energy carrier is not exclusively biomass), EUIp less than 5 kWh/m2

(for buildings with no RES) and greater than 8000 kWh/m2;
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The resulting valid data for NR buildings reached about 235,000 EPCs or 76% of the initial database.
As expected, most of the valid EPCs (86%) were issued for part buildings. However, since whole
buildings are considered more representative of the various building uses, the following analysis is
based on the available data for whole buildings. Accordingly, the valid data for NR whole buildings
are about 31,700 EPCs.

Most data sets contain errors that can be identified as outliers having unusually large or small
values. Such data may influence the statistical analysis and bias the results. A widely used method
to screen data for outliers is the so-called Tukey boxplot method [30]. The method employs the
interquartile range (IQR) as a measure of how spread-out the values are, being equal to the difference
between 75th (Q3) and 25th (Q1) percentiles. Tukey defined Q1 – 1.5 × IQR and Q3 + 1.5 × IQR as
“inner fences”, Q1 – 3 × IQR and Q3 + 3 × IQR as “outer fences”, the observations between an inner
fence and the corresponding outer fence as “possible outliers”, and anything beyond outer fences as
“probable outliers”.

In order to decide on the proper selection of the cut-off point one needs to know the shape
of the empirical distribution of the data. Each end use of the different BUs was treated separately,
since in the NR sector, BUs have very different energy profiles. Skewness and kurtosis are good
indicators for nonsymmetrical distributions and the size and direction of the tails. Skewness is the
degree of distortion from a symmetrical distribution. Skewness values between −0.5 and 0.5 indicate
fairly symmetrical data, while skewness values less than −1 or greater than 1 correspond to skewed
data. Kurtosis is actually the measure of outliers present in the distribution. The standard normal
distribution has a kurtosis of three [31]. In more than 90% of the cases, the skewness of the end uses’
empirical distribution differed significantly (at the 95% confidence level) from that corresponding
to a normal distribution, reaching values higher than 10 in some cases. Similarly, more than 85% of
the kurtosis values differed significantly (at the 95% confidence level) from those corresponding to a
normal distribution, being, in some cases, higher than 100. The results indicated nonsymmetrical data
distributions with long, heavy tails to the right (high positive skewness values).

The distance from normality was confirmed by a set of Kolmogorov–Smirnov tests against the
data following the normal distribution [32]. Accordingly, as an additional quality control step, the valid
EPCs for NR whole-buildings were further screened in order to identify and exclude outliers, using the
aforementioned Tukey boxplot method. For more than half of the valid EPCs setting the cut-off point
at the inner fence would label more than 15% (and up to 37%) of the cases as outliers, whereas for the
outer fence the percentage of the data points considered outliers was more reasonable, less than 10%
for about 75% of the cases (and up to 24%).

Applying the additional screening on the valid data for NR whole buildings (setting the cut-off
point at the outer fence), the resulting database for NR whole buildings comprises about 28,800 EPCs,
referred to as the NR Dbase in the following analysis.

3.2. NR Dbase

In order to justify the use of the resulting average values as baselines for the different BUs,
the work assesses whether the NR Dbase could be considered representative of the Hellenic NR BS.
The distribution of available data is defined for the number of buildings and size (i.e., heated floor
area) and is then compared to the corresponding distribution of the NR BS from official national
statistics [3,6]. In addition, the spatial distributions of the audited buildings according to climate zones,
as well as to the four major socioeconomic regions (NUTS1 regions) are defined and compared to the
corresponding distribution of the NR BS [6]. In case of similarity in profiles, the NR Dbase can be
considered representative. Otherwise the results should be used with caution and the definition of
baselines should be repeated at a later date when more data become available.
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3.3. Primary Energy Use and CO2 Intensities

The calculated primary energy use intensity is derived for the total consumption and for the four
end uses taken into account for each BU, since these independent variables can give a better insight
than the aggregated total. Similarly, the total CO2 emissions per unit floor area are also derived for
all BUs. The corresponding averages of the primary energy use and CO2 intensities, for the different
building categories, are calculated as the weighted average of all building uses included in the category,
using the total heated area as weight. Finally, the average primary energy use and CO2 intensities for
the entire Hellenic NR sector are calculated as the weighted average of the corresponding values of the
different building categories.

3.4. Building Energy Performance

In order to evaluate the energy performance of NR buildings, the distribution of the audited
buildings into the nine energy classes of the national rating system is considered. In an attempt to
compare the BUs as to their energy behavior, the energy classes are given a score from 1 (highest energy
class A+) to 9 (lowest energy class G). The weighted average energy score for each BU (based on the
number of buildings in each energy class) is then calculated, providing an indication about the average
energy behavior of each BU.

Further analysis also investigates the distribution of energy use intensity per energy class for all
the BUs, as well as for the entire NR sector. This can provide some insight on the gap of the audited
buildings from the excellent energy performance.

3.5. Time Evolution of Intensities

Issued EPCs for whole NR buildings have increased from 184 by the end of 2011 to 28,790 by the
end of 2019. The following analysis focuses on the differences between the periodic average EUIp values
over time, in order to conclude whether they can be considered stabilized and therefore representative.

As a first step, the time series of the EPCs in NR Dbase is organized in the cumulative datasets of
consecutive years. For the available national database, this refers to nine time bands, covering the
entire period of implementation and available EPCs from 2011 until 2019. For example, the first time
band includes the data from the EPCs issued up to 2011, the second time band includes all the data
issued up to 2012, and so forth till the ninth (last) time band that includes the entire database up to
2019. The periodic averages of EUIp and CO2 and the respective standard errors are then calculated
for all 30 BUs for each time band.

As a second step, the degree of differentiation of the specific indicators (e.g., EUIp for the different
end uses, CO2 emissions) is investigated among pairs of consecutive time bands. For the available
national database, this refers to eight pairs of the available data. For example, the first pair considers
the data from the EPCs issued up to 2011 and those issued up to 2012. The second pair considers the
data from the EPCs issued up to 2012 and those issued up to 2013 and so forth till the eighth pair with
data from the EPCs issued up to 2018 and those issued up to 2019. Initially, two parametric tests are
performed for each building use for the comparison of their (a) variances, and (b) averages.

Available statistical methods testing for the homogeneity of variance include Barlett’s, Hartley’s,
Cochran’s and Levene’s tests [33]. From these, Levene’s test is the most common assessment for
homogeneity of variance, since it does not require normality of the underlying data. In this work,
the vast majority of EPCs’ probability distribution per BU is non-normal, as already discussed in
Section 3.1. Accordingly, the Levene’s test [34] is used to evaluate the possible changes in the variances
of the indicators (e.g., total primary energy use intensity and for the different end uses) among pairs of
consecutive time bands. The null hypothesis being tested is that the population variances of the two
samples are equal, so in other words there is no change in their variance with the addition of new data.

One of the most common tests for equality of averages of two unrelated samples is the t-test [35].
In this work, the two independent samples’ t-test was used for equal or unequal variances, depending on
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the Levene’s test results, in order to check for possible changes in the average values among consecutive
time bands. The null hypothesis is that the population average values of the two unrelated samples
are equal.

Supplementary to the parametric tests, three nonparametric tests are also applied to compare
the respective frequency distributions. The complementary nonparametric tests include the Conover
test for equality of variances, the Mann–Whitney (M–W) test for equality of the averages, and the
Kolmogorov–Smirnov (K–S) homogeneity test [32].

A crucial step in these parametric and nonparametric tests is evaluating how compatible the
sample data is with the null hypothesis. This probability is called the p-value. The null hypothesis
is rejected for small p-values (typically ≤0.05) as they indicate strong evidence against it. The null
hypothesis is retained for large p-values (>0.05).

These two parametric and three nonparametric tests are applied for all BUs, for the specific
indicators across the eight pairs of consecutive time bands. The results include the statistic values
and the p-values of the respective tests. A dataset is characterized as stabilized (S) when there are no
failures of the null hypotheses for any of the five tests, for all pairs of the time bands. If any two pairs
of time bands fail in the variance tests, the dataset is characterized almost stabilized (AS), provided that
the average tests and the K–S homogeneity test have no failures. In all other cases, the dataset is
considered as nonstabilized (NS).

A similar approach is followed for testing the results for the different building categories
(BCI–BCVII), applying the two parametric tests. Accordingly, the Levene’s test and the appropriate
two independent samples’ t-test were used to test the weighted averages of EUIp for the different end
uses and for the CO2 emissions. The use of nonparametric tests is not suitable since the database is
composed of weighted averages for the different indicators.

4. Results

4.1. NR Dbase

The profiles of the number of buildings and the total floor area for the NR BS and NR Dbase are
illustrated in Figure 3. The buildings included in the NR Dbase comprise only 4.1% of the NR BS,
but the total floor area the percentage reaches 23.5%. Figure 3b indicates that the breakdown of the data
available in the NR Dbase into the various building uses is similar to that of the national building stock.

The spatial distribution of buildings according to climate zones as well as NUTS1 region for the
NR BS and NR Dbase are illustrated in Figure 4. The available data in the NR Dbase are distributed
throughout the country, resembling the distribution of the national building stock, according to NUTS1.
On the other hand, it appears that the number of certificates issued in the two southern zones (A and
B) is relatively higher than the northern/colder zones (C and D). These observations should be taken
into account when considering national average values.

4.2. Primary Energy Use and CO2 Intensities

The derived indicators of energy use and CO2 emissions for the different building categories and
building uses are summarized in Table 1. The lowest calculated EUIp corresponds to BU19—private cram
school/conservatory averaging 167.2 kWh/m2, since these buildings have limited operating and artificial
lighting hours and small internal heat gains from occupants and appliances, while DHW is not considered.
On the other hand, BU15—indoor sports hall/swimming pool buildings have the highest calculated
EUIp, averaging 1003.9 kWh/m2, due to their high fresh air requirements, high internal loads and high
DHW demand. For information, the corresponding values for residential whole buildings range from
252.7 kWh/m2 in multifamily houses (MFH) to 383.5 kWh/m2 in single-family houses (SFH). The average
CO2 emissions for NR and residential buildings range from 49.2 kg/m2 (BU17—primary/secondary school)
to 318.6 kg/m2 (BU15) and from 72.2 kg/m2 in MFH to 99.5 kg/m2 in SFH.

46



Energies 2020, 13, 2100

(a) 

(b) 

Figure 3. Distribution of (a) number of buildings and (b) total floor area of buildings in the nonresidential
database from the certificates (NR Dbase) and the national building stock data (NR BS).

. 
(a) (b) 

Figure 4. Spatial distribution of nonresidential buildings in the database from the certificates (NR Dbase)
and the national building stock data (NR BS) (a) to climate zones and (b) to NUTS1 classification.

Analysis of the calculated primary energy per end use (Table 1) reveals that, in NR buildings,
lighting is the most energy-consuming service in 40% of the BUs, followed by space heating (33%),
space cooling (23%) and DHW (4%). Lighting is about half of the total primary energy for some
building uses like BU2—hotel (summer) and BU18—university/college/lecture rooms, which may be
attributed to the combination of high requirements for light levels and older lighting technology used.
As expected, space heating is the most significant end use for school buildings, contributing up to 70%
of the total in BU16—kindergarten and 63% in BU17—primary/secondary school, due to their unique
operational characteristics (e.g., limited to the heating season and mainly morning hours). Space cooling
reaches about half of the total energy use in BU10—theater/cinema and BU11—exhibition hall/museum,
mainly due to their large volumes, high internal gains and fresh air requirements. The energy use for
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DHW starts from zero for several BUs, which covers all their needs with solar collectors and reaches
up to 36% for BU27—fitness center. Once again, keep in mind that for some BUs the national technical
guidelines neglect the DHW demand.

The public assembly buildings (BCII) usually include building uses with many operating
hours, large volumes, latent loads and internal heat gains and as a result, they exhibit the highest
weighted average EUIp (695.8 kWh/m2) and CO2 emissions (220.2 kg/m2). On the other hand,
educational buildings (BCIII) have the lowest weighted average EUIp (181.6 kWh/m2) and CO2

emissions (53.3 kg/m2), since they have limited operating hours and they don’t have special energy
requirements (Figure 5). As expected, DHW is not a significant end use for NR buildings. Space heating
is the predominant end use for BCIII—educational buildings (58% of the total primary energy use),
space cooling for BCII—public assembly buildings (37%), while lighting for BCV—justice/public
order/safety and BCI—temporary residence buildings (49% and 43% respectively). For the remaining
BCs, the contributions of the three end uses are more balanced.

Figure 5. Weighted average primary energy use intensities (EUIp) per end use (columns, primary axis)
and CO2 emissions (diamonds, secondary axis) for the seven building categories (BCI-VII).

Looking at the Hellenic NR sector, the weighted average EUIp and CO2 emissions are 448.0 kWh/m2

and 142.9 kg/m2; this is about 26% and 52% greater than the corresponding weighted averages for the
residential sector. Lighting is the most energy-consuming service (33%), followed by cooling (32%),
heating (29%) and DHW (6%).

4.3. Energy Performance

The data analysis confirmed the relatively low energy performance of existing NR buildings in
Greece (Figure 6a). About 30% of the buildings are rated at class D; yet, this is better than the Hellenic
residential buildings for which about 50% are rated at class G [36]. Similar results are reported in
Spain [18] where NR buildings have a slightly better energy performance than residential buildings,
with 26.4% of NR buildings rated at class D, followed by class E (22.8%) and class C (19.8%).

The weighted average energy score for each building use is presented in Figure 6b. Generally,
all BUs have similar energy performance, with the average energy performance ranging between class
C and class E. The building uses with the higher energy performance (best average energy scores) are
BU2—hotel (summer), BU24—police station and BU13—bank. On the other hand, the worst energy
performance (lowest scores) corresponds to BU17—primary/secondary school, BU28—barber shop/hair
salon and BU26—small retail building/drugstore.
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(a) (b) 

Figure 6. The distribution of NR buildings in energy classes (a) and the weighted energy score of NR
buildings (b).

As expected, the average EUIp increases from the highest to the lowest energy class, ranging from
84.6 kWh/m2 (class A+) to 760.3 kWh/m2 (class G), as presented in Figure 7. Considering that 41%
of the NR buildings are ranked in energy class E or lower, there is a significant potential for energy
performance improvements by renovating the existing building stock. More insight is gained by
referring to the distribution of average EUIp per energy class for the different building uses (Figure 8).
The overall trend is similar, with the exception of some building uses (i.e., BU5, BU13, BU20 and BU24)
for which the available sample is currently very small for detailed discretization. Overall, there is
a very large range of EUIp between the highest and lowest energy class. The average decrease in
EUIp between class G and class B (which corresponds to good energy behavior, according to KENAK)
is about 65%. Comparatively, to reach the nZEB, the EUIp of the existing buildings will have to
be improved by 76%, which demonstrates the challenges ahead for the national efforts to meet the
ambitious energy targets in the coming decades, towards a decarbonized building stock by 2050.

4.4. Time Evolution of Intensities

The periodic baselines of the primary energy use and CO2 intensities, as well as their respective
standard error, according to the nine time bands, are summarized in Tables 2–7, for all building uses
and building categories. Overall, there is no clear trend regarding the periodic averages amongst the
different time bands. On the other hand, in most cases, standard errors are decreasing. This trend
indicates that progressively the average values are becoming more accurate since there are smaller
deviations in the available data.

A total of five statistical tests were applied to investigate the differentiation of the specific indicators
across the eight pairs of the consecutive time bands, namely two parametric (Levene’s and t-test) and
three nonparametric (Conover, M–W and K–S) tests (see Section 3.5). The t-test and M–W test used to
test the equality of averages, the Levene’s and the Conover tests were for the equality of the variances,
while the K–S test was used for the equality of the homogeneity.

As an example, the detailed results from all these tests (statistic values and p-values) as well as
the retention or the rejection of the respective null hypothesis (equality of variances, averages and
distributions) are summarized in Table 8 for one indicative building use (i.e., BU2—hotel (summer)).
The failure codes (F-codes) summarize the rejections of the null hypothesis from the various tests,
using a three-digit convention: the first digit refers to the results from the equality of averages
tests; the second to the equality of the variances tests; the third to the results from the homogeneity
test. For the first two digits, “0” represents retention of the null hypothesis in both parametric and
nonparametric tests, while “1” signifies the rejection of the null hypothesis in at least one of the tests.
For the third digit, “0” represents the retention of the null hypothesis in the K–S test, while “1” signifies
its rejection. Accordingly, the nomenclature of “000” indicates that there is no failure in any of the
tests, while “111” represents failure in all tests. As another example, for EUIp, L under the T2 time
band “101” represents failure in the average tests (in this case both the t-test and the M–W test fail),
no failure in any variance tests (Levene’s and Conover test) and failure in the K–S test.
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Figure 7. Calculated maximum, minimum and average (diamond) total primary energy use intensity
for the different energy classes.

Figure 8. Calculated average primary energy use intensity per energy class (from A+ to G) for the
various building uses (1 to 30, defined in Table 1).

Similar results have been produced for all BUs. The failures of the various null hypothesis for
the different energy use and CO2 emission intensities are summarized in Table 9, following the same
three-digit nomenclature that was previously elaborated. To facilitate the interpretation of the results,
failures are illustrated with shaded cells. Note that the datasets of the first two pairs of time bands
(T1 and T2) that cover the early implementation years of the certification scheme, are not considered
representative, due to the very small number of cases. Accordingly, these two pairs (T1 and T2) are not
included in Table 9 and were not considered in the following analysis.
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Looking at the four end uses, the average values of energy use intensities don’t differentiate
significantly across the consecutive time bands in more than half of the building uses. Overall, 13 out
of 30 building uses exhibit failures of the average or/and variance tests in one or more of the end uses,
which might indicate that there is not yet homogeneity of the respective building uses.

Depending on the results of the statistical tests, an indicator (e.g., EUIp, EUIp,H) can be
characterized as stabilized (S), almost stabilized (AS), and nonstabilized (NS), according to the
discussion in Section 3.5. Based on the characterization of the respective end uses, the overall status of
a building use is considered stabilized when all its end uses are stabilized, nonstabilized when at least
one end use is nonstabilized, and almost stabilized in all other cases. The stabilization status of the
specific indicators, as well as the overall status of all BUs are summarized in Table 10. The total primary
energy use and CO2 intensity were not taken into account for the overall characterization of a BU,
since these may be the result of counteracting variations among the different end uses. Nevertheless the
characterization of these two specific parameters was included in Table 10 only for comparison.

Table 10. Stabilization status for all building uses.

BU
Specific Parameters

Overall
EUIp CO2 EUIp,H EUIp,C EUIp,DHW EUIp,L

BU1 S S S S S NS NS
BU2 S S S NS NS S NS
BU3 S S S S S S S
BU4 S S S S NS S NS
BU5 S S S AS S AS AS
BU6 S S NS AS NS S NS
BU7 S S AS S AS NS NS
BU8 S NS S S NS NS NS
BU9 S S S S S S S
BU10 S S S S AS AS
BU11 S S S S AS AS
BU12 S S S S S S
BU13 S S S S S S
BU14 S S S S S S
BU15 S S S S S S S
BU16 S S S S S S
BU17 NS NS NS NS S NS
BU18 S S S S S S
BU19 S S S S S S
BU20 S S S S S S S
BU21 AS AS S AS NS AS NS
BU22 S S S S S S S
BU23 S S S S S S S
BU24 S S S S S S
BU25 S S S S S S
BU26 NS NS NS NS NS NS
BU27 S S S S S S S
BU28 S S S S S S S
BU29 NS NS NS S NS NS
BU30 S S S S S S

Empty cells refer to BUs that have no DHW in the calculations according to the national regulation.

Overall, a total of 10 BUs (33%) are nonstabilized (Table 10), indicating that the analysis results of
available data should be used with caution since they might not yet be sufficiently representative of the
respective building population. Among them, BU26 is the most problematic, since all of its end uses
are nonstabilized, followed by BU29 and BU17, for which two out of their three end uses have not yet
reached steady-state behavior. From the analysis of the available data from the NR Dbase, there were
no evident reasons for nonstabilization of the specific building uses. Probably, in a second phase,
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having access and analyzing the raw data of the corresponding EPCs would allow a more detailed
investigation of the driving forces for this behavior.

A similar approach was followed for the six building categories, excluding BCV since it only refers
to a single building use (BU24) and was not considered again in the analysis. The temporal evolution
of the weighted average primary energy use and CO2 intensities and their respective standard errors
for the building categories, are also in Tables 2–7. The results are listed for the nine time bands from
2011 to 2019. For the building categories, only the two parametric statistical tests were applied, and the
resulting failures of the null hypothesis are summarized in Table 11. This time, a two-digit convention
is used; the first digit refers to equality of averages test and the second to equality of the variances test.
The coding interpretation is the same as the one used for BUs. Again, “0” represents retention of the
null hypothesis, while “1” signifies its rejection. Failures (rejections) are illustrated with shaded cells,
in order to facilitate the interpretation of the results. Again, the first two pairs of time bands (T1 and
T2) are not included in Table 11. Finally, the derived stabilization status is summarized in Table 12,
following similar characterization rules as in the building use level. Overall, assessing the currently
available data at the building category level, for the different end uses as well as for the overall behavior,
the results indicate that they are nonstabilized yet. This level of detail is very demanding, so there is a
need to accumulate additional data in the future.

Table 11. Failures coding (F-codes) for primary energy uses and CO2 intensities, for the different
building categories in the NR Dbase.

Pairs of Consecutive Time Bands

BC T3 T4 T5 T6 T7 T8 T3 T4 T5 T6 T7 T8 T3 T4 T5 T6 T7 T8 T3 T4 T5 T6 T7 T8 T3 T4 T5 T6 T7 T8 T3 T4 T5 T6 T7 T8

EUIp EUIp,H EUIp,C EUIp,DHW EUIp,L CO2

BCI 00 00 00 00 00 00 00 00 00 01 00 00 00 00 00 00 10 10 00 01 00 11 00 00 00 01 01 01 10 10 00 00 00 00 00 00
BCII 00 00 10 00 11 00 00 00 00 00 10 00 00 01 00 00 10 00 00 10 11 00 10 00 00 00 00 00 01 00 00 00 00 00 11 00
BCIII 00 10 00 00 10 00 11 01 00 00 11 00 01 00 00 01 11 11 01 11 01 00 00 00 00 11 00 00 10 00
BCIV 01 01 00 00 00 00 00 01 00 00 10 10 01 01 00 00 01 01 01 00 01 10 00 00 00 01 11 01 00 00 01 01 10 00 01 00
BCVI 00 10 11 00 11 11 00 10 10 01 11 11 01 00 00 00 10 10 00 00 00 01 01 01 00 00 00 00 00 00 00 10 10 00 11 11
BCVII 00 00 10 00 00 00 00 01 10 00 00 10 01 00 01 00 00 00 00 00 00 00 00 00 00 00 11 00 00 00

T3:upto2013-upto2014, T4:upto2014-upto2015, T5:upto2015-upto2016, T6:upto2016-upto2017, T7:upto2017-upto2018,
T8:upto2018-upto2019; Empty cells refer to BUs that have no DHW in the calculations according to the national
regulation; BCV was not included in the analysis, since it includes only the buildings of BU24.

Table 12. Stabilization status for all building categories.

BC EUIp CO2 EUIp,H EUIp,C EUIp,DHW EUIp,L Overall

BCI S S AS NS NS NS NS
BCII NS NS NS NS NS AS NS
BCIII NS NS NS NS NS NS
BCIV AS NS NS NS NS NS NS
BCVI NS NS NS NS NS S NS
BCVII NS NS NS AS S NS

Empty cells refer to BUs that have no DHW in the calculations according to the national regulation. BCV was not
included in the analysis, since it includes only the buildings of BU24.

5. Discussion and Conclusions

This paper examined the energy performance of existing Hellenic NR buildings, by analyzing
the data from about 30,000 EPCs for whole buildings that have been issued up to the end of 2019.
The data were clustered into seven building categories, according to the definitions in the national
technical guidelines, and into a total of thirty building uses based on similarities between building
types. The calculated primary energy use and CO2 emission intensities were analyzed, taking into
account heating, cooling, DHW and lighting (heating and cooling include mechanical ventilation).

The first objective of this work was to derive practical baselines for the energy use and CO2

emission intensities for different NR buildings. Although the number of buildings in the NR Dbase is
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rather small, the total floor area of the audited buildings reaches a significant percentage of the national
building stock, justifying the use of the findings as baselines, at least for most of the building uses.

The calculated primary energy use intensity for the Hellenic NR sector averages 448.0 kWh/m2,
ranging from 167.2 kWh/m2 to 1003.9 kWh/m2 for the different buildings uses. Lighting and space
cooling are the most consuming services, contributing about 33% each to the total primary energy use,
following by space heating with 29% and finally by DHW with only 5%. The average calculated CO2

emissions for NR buildings is 147.5 kg/m2.
The relatively low energy performance of NR buildings is also reflected by their poor energy

rating. They average an energy class -D by 30%, while only 1.3% are ranked in energy class -B+ or
better towards nZEB. Apparently, there is a great potential for significant energy conservation by
renovating the existing building stock, comparing the average total primary energy use intensity to
the corresponding values for the reference buildings (indicating a “good” building) as illustrated in
Figure 9.

Figure 9. Calculated average total primary energy use intensity for the various building uses (diamond)
and for the reference building of each BU (cross). The weighted average for the various building
categories is presented with the green solid line and for the reference buildings with the orange
dash line.

The primary energy use and the carbon emissions were estimated using the national conversion
factors per energy carrier, which were defined in 2010. This may impact the results for electricity since
they do not reflect the recent evolution of the energy mix used for power generation. This is expected
to change even more in the near future, given the national efforts to decarbonize power generation and
the national policy to abandon lignite power plants by 2028, according to the proposed NECP [37].
As a result, the calculated average intensities are much higher than they should be. For example, in
NECP it is reported that in 2016 for electricity the conversion factor to primary energy was 2.17 and to
CO2 emissions 0.606. The use of these updated factors would result in a reduction of about 25% in
the primary energy use for lighting and cooling and about 39% in CO2 emissions. The total primary
energy use would also be reduced by a smaller yet significant percentage, since lighting and cooling
are important end uses for NR buildings.

The second objective of this paper was to analyze the time evolution of the average primary
energy use and CO2 emission intensities (arranged in nine consecutive time bands) and conclude about
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their stabilization status The cumulative datasets for first two time bands (up to 2011 and up to 2012)
included very few cases and for this reason were not taken into account in the analysis.

Accordingly, for the time bands after 2013, the majority of the building uses (i.e., 19 out of
30 building uses) could be considered as stabilized, based on the test results performed on their end
uses. For some of them (i.e., 11 building uses identified in Table 10) more EPCs should be gathered
in order to constitute a more representative sample. Investigating only the stabilization of the EUIp
(e.g., in case of lack of more detailed data), a total of 26 BUs could be considered as stabilized, indicating
that when less detailed data are used, the results can be misleading. It is interesting to note that
although the stabilized BUs are more than the nonstabilized ones, they represent only 28% of the total
heated area, indicating that the NR Dbase as a whole is nonstabilized.

The variations in the last two pairs of consecutive time bands (T7:upto2017-upto2018 and
T8:upto2018-upto2019) could be attributed to the updates incorporated in the national calculation
engine in late 2017, which have affected—to some extent—the calculations of EPCs issued in 2018 and
2019. Generally, regular updating of the methodology and the software results to disruptions in the
continuity of the time series, nullifying the possibility for assessing the degree of representativity of the
dataset. Another limitation of the followed procedure is that for datasets with relative small number of
cases, the statistical tests may not be so accurate, thus, in these cases, even if they are characterized as
stabilized, more data will be required.

As expected, most of the building categories are nonstabilized, since they included heavy,
nonstabilized BUs, covering between 44% and 99% of their heated area. On the other hand, BCIV is
characterized nonstable, even though its only unstable building use is BU21, which corresponds to
only 8% of the category’s heated area. One possible cause for this is that different variations from the
four building uses comprising this category may not be statistically significant at the BU level, but,
when aggregated at the BC level, they became significant. This is another example of results obtained
from less detailed data having the potential to be misleading, albeit at the opposite direction than the
case of EUIp discussed above. In any case, even though for many BUs the population may be sufficient,
when it comes to BCs, more data are required.

Furthermore, it would be desirable to evaluate and analyze the impact of the end use on EUIp in
conjunction with the construction period and the climate at the location of the buildings. The national
regulation recognizes three construction periods and four climate zones across Greece. However,
the population of the currently available dataset is not yet sufficient to support such a discretization of
the data.

As a general benefit, this work presented a well-structured integrated approach for clustering the
building stock, screening the data, performing statistical tests and overall data assessment. The proposed
methodology has numerous advantages, since it is a modular approach with sequential steps that
can also be implemented independently, can be extended and adopted for other types of buildings
(i.e., residential buildings), and can be replicated in other countries with their national certificate databases.
Even if building uses and building categories are not yet all stabilized and representative, the analysis of
the available data comprises a first step for bridging the gap of knowledge about the Hellenic NR building
uses. The derived practical baselines on the energy use and CO2 emission intensities, elaborated for the
first time at this level of detail, provide new insight for practically all NR building uses defined in Greece
for gaining a deeper understanding of national building stock modeling.
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Nomenclature

BC Building Category
BU Building Use
DHW Domestic Hot Water
EED Directive on Energy Efficiency
EPBD Energy Performance of Building Directive
EPC Energy performance certificate
EU European
EUIp Total Primary Energy Use per unit floor area
EUIp,H Primary Energy Use per unit floor area for space heating
EUIp,C Primary Energy Use per unit floor area for space cooling
EUIp,DHW Primary Energy Use per unit floor area for domestic hot water
EUIp,L Primary Energy Use per unit floor area for lighting
HDD Heating Degree Days
IQR Interquartile Range
MFH Multifamily Houses
NECPs National Energy and Climate Plan
NR Nonresidential
NR BS Nonresidential Building Stock
NR Dbase Screened data base for NR whole-buildings from the certificates
SFH Single-Family Houses
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Abstract: Although the latest energy-efficient buildings use a large number of sensors and measuring
instruments to predict consumption more accurately, it is generally not possible to identify which
data are the most valuable or key for analysis among the tens of thousands of data points. This study
selected the electric energy as a subset of total building energy consumption because it accounts for
more than 65% of the total building energy consumption, and identified the variables that contribute
to electric energy use. However, this study aimed to confirm data from a building using clustering
in machine learning, instead of a calculation method from engineering simulation, to examine the
variables that were identified and determine whether these variables had a strong correlation with
energy consumption. Three different methods confirmed that the major variables related to electric
energy consumption were significant. This research has significance because it was able to identify
the factors in electric energy, accounting for more than half of the total building energy consumption,
that had a major effect on energy consumption and revealed that these key variables alone, not the
default values of many different items in simulation analysis, can ensure the reliable prediction of
energy consumption.

Keywords: feature selection; prediction of energy consumption; electricity consumption; machine
learning; non-residential buildings

1. Introduction

As carbon emissions and energy problems have become key issues in major cities worldwide [1],
there has been an increasing awareness regarding the need for energy and carbon emission reductions
in the urban development industry (including construction). After the Paris Climate Conference
in 2015, in contrast to the arrangements under the Kyoto Protocol, cities around the world must
now propose their own reduction goals, the target ranges must be expanded, and the established
reduction goals must be actively presented. Therefore, the importance of energy reduction in the
building industry, which accounts for at least 25% of all energy usage, must be recognized, and detailed
stage-based energy reduction strategies have become an urgent requirement [2]. Energy consumption
in the building sector has significantly increased in the last few decades. Energy is an essential part
of our lives, and almost all things in some way are associated with electricity [3,4]. According to a
report issued by the US Energy Information Administration (EIA), 28% growth in the global energy
demand may occur until 2040 [5]. Because of improper usage, a tremendous amount of energy is
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wasted annually; thus, energy wastage can be avoided by the efficient utilization of energy. In addition,
the third largest use of electricity among total energy sources [6] may have a direct impact on the
aforementioned CO2 savings. Most studies that have analyzed the energy performance of buildings
have focused on an analysis or estimation of the energy consumption by each area of a building, on the
quantitative prediction of energy savings, and on verification of the efficiency of heating and cooling
systems. Rather than relying on actual, measured data, these studies have provided estimates by
modeling the physical characteristics of buildings (e.g., building surfaces and volumes), the number
and behavior of occupants, and the functioning of the heating/cooling systems [7].

An issue arising from such dynamic simulation is that the succession of estimates obtained from
calculation formulas can cause an increasing discrepancy between the estimated and actual values of
energy consumption, saving, and efficiency. This limitation has been pointed out in earlier studies [8].
Another drawback is that the reliability of the results of dynamic simulation depends on the skill of
the expert who performs the simulation. Because an increasing number of buildings are operated
automatically, the number of studies in which sets of data from buildings are analyzed by means of
analytical tools initially devised for other fields is also increasing.

Machine learning algorithms have recently been used in academic fields including medicine,
as well as industry [9]. Estimates obtained through machine learning have contributed to resolving
the discrepancy between estimated and measured values [10]. In addition, such algorithms provide
objective results that are independent of the operator’s skills (i.e., the same estimate is produced by any
operator when the same process is performed). This research aims to identify the major variables that
affect the energy consumption in highly energy-demanding buildings, using the clustering method.
With respect to the prediction of major variables through the machine learning algorithm, an estimate
that takes all variables of the dynamic simulation and all parameters into account can be expected to
eliminate the discrepancy between estimated and actual values which arises from the use of calculated
values. It can also be expected to enhance the reliability of such estimates (regardless of the operator
performing the analysis).

This study focused on electric energy consumption in office buildings [11], which has been
increasing [12], and identified the factors contributing to electric energy consumption. Energy
consumption prediction based on traditional dynamic simulation methods produces values predicted
by default values, which cannot exactly reflect the physical conditions prior to a building’s design or
construction, e.g., building area, window-to-wall ratio, envelope thermal efficiency, and number of
occupants. This study identified which factors in the measured data of electric energy consumed by
users in an actual building had the largest effect on electric energy consumption. The variables that
could predict electric energy consumption most accurately were identified among other data measured
from an office building using data-driven clustering, and it was confirmed that the combinations of
these major variables predicted an electric energy consumption similar to that which occurred when
all kinds of information were used together. Based on the assumption that only the electric energy
of the building is used, it is sufficient to measure only the major sensors and measuring instruments
related to the electric energy consumption derived by clustering. This is expected to greatly reduce the
cost and time in conventional energy or consumption analysis. The key significance of this study is
that a comparison of the results predicted using all information and the results predicted using only
major variables to test the research methods showed no significant difference.

Two additional procedures have also been adopted for validation of the results to improve the
reliability of the study. The significance of our study lies in the ability of the proposed method to
identify the fundamental cause of excessive energy consumption in buildings with diverse functions,
not only in office buildings, which are the primary subject of the study.

The rest of the paper is organized as follows. Related work is given in Section 2, and a detailed
explanation of the limitations of previous studies that have analyzed the building energy performance
using engineering methods for energy building analyses is first presented. Then, after a review of
the recent literature on building energy analysis conducted by machine learning, the novel approach
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used in this study is presented. In Section 3, for 11 non-residential office buildings located across
South Korea, the clustering analysis method of machine learning is employed to identify the major
variables that affect the energy usage. Section 4 shows the results of the main variables of building
electricity energy usage with features selected by machine learning. Section 5 validates the prediction
results using only the main variables and the prediction results using all variables in two different
ways. The paper’s conclusion and future work are discussed in Section 6.

2. Related Works

Methodologies for building energy analyses have been developed over the last 50 years. Because
the results obtained by these methods vary, based on their suitability, accuracy, sensitivity, and
purpose [13], it is important to identify the correct method for research purposes, target applications,
and the environment. Over the last 20 years, steady-state data-based simulation and dynamic
simulation-based engineering analysis methods have typically been used for building energy analyses
in Korea [14]. These methods estimate the energy usage from the environmental conditions of a
building and physical data such as the building envelope, building heat-cooling-ventilation system,
and a thermodynamic equation. They also predict the building’s energy consumption and performance
of the equipment system [15]. Dynamic simulation programs such as BLAST, ESP, EnergyPlus, ESP-r,
and TRNSYS are widely used, as they are accurate and can be utilized without restrictions of purpose
and usage.

However, there are disadvantages to using these programs, as usage becomes more complex
as the number of variables increases. In contrast, data-driven (machine learning-based) prediction
method approaches in conjunction with machine learning techniques use data covering the building’s
entire history to predict the amount of energy that will be used in the future under detailed, but limited,
conditions. However, the applicability of such methods is often hindered by malfunctions and defects
in the equipment system [16]. Popular algorithms that are used for such methods include linear
regression, artificial neural networks, and support vector regression [17]. It has been reported that the
prediction accuracy can be improved using ensemble-algorithms, which have an improved accuracy
and reliability compared with a single-algorithm prediction model under the same building energy
usage and system performance conditions.

2.1. Engineering Analysis Method and Its Threshold

Dynamic simulations, which are widely used in industry as well as in academia, use a calculation
method that treats heat movement by considering indoor and outdoor conditions and assumes that
heat movement occurring indoors will vary with time. BLAST, EnergyPlus, ESP-r, and TRNSYS are
some of the main dynamic simulation applications [18]. Although the calculations are relatively
accurate, and these methods are widely applicable, they do have limitations because of the difference
between the calculations performed in the simulation and the actual measurements pertaining to the
building. This occurs because of the increasing amount of data and variables and because there is
a drastic difference in the results, depending on the user’s understanding of the variables (i.e., user
bias) [19]. The energy performance gap (EPG) is a representative example of the difference between
dynamic simulation results and the actual energy consumption in buildings. Table 1 indicates the
differences between the energy consumption estimated by simulation and the actual consumption
measured after the building was constructed.

Regarding the characteristics of the majority of engineering analysis methods used in studies
and reports published outside Korea, a potential common disadvantage is that the results may
vary according to the user, as well as by time and money requirements. Another limitation seen
in international settings is related to the supply of low-energy buildings and sustainable buildings.
Research results for the initial design concerning energy usage and the performance of key technologies
used in these types of buildings are different from the results obtained after the buildings are actually
built. This phenomenon is referred to as the EPG [20]. In some of these studies, the difference between
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the values predicted by the engineering analysis method and the values measured in the actual building
differ significantly [21], suggesting that the fundamental cause of these EPGs differs, according to
the design–construction–operation method, as well as occupants [22]. Moreover, the difference in
the results also results from errors in the energy modeling program used in the engineering analysis
method. The second cause is the construction quality of the actual building under study. The EPG
often occurs as a result of not having a detailed understanding regarding the implementation of
certain technologies (e.g., envelope construction, window sealing, and ventilation system) regarding
construction, which is due to a lack of awareness regarding eco-friendly buildings and a dearth
of skilled workers. Furthermore, EPGs also occur when a detailed performance inspection is not
properly conducted during the construction process, or when the construction is completed, but the
performance was not fully guaranteed. Lastly, EPGs are caused by a delay in verification techniques
and performance measurements for each specific technology once the building is constructed.

Table 1. Published papers on the building energy performance.

Author Building Use Target/Energy Source Evaluations

Yu et al. [16] Domestic Gas, Electricity Data Mining
Wilde et al. [20] Domestic Gas, Electricity Monitoring

Menezes et al. [21] Non-Domestic Ventilation Post-Occupancy Evaluation (POE)
Olivia et al. [22] Hospital, School Indoor Comfort POE, Monitoring
Choi et al. [23] Non-Domestic Ventilation POE

Hossein et al. [24] Non-Domestic Electricity POE
Salehi et al. [25] Non-Domestic Ventilation Dynamic Simulation
Niu et al. [26] Domestic Ventilation POE

Herrando et al. [27] Non-Domestic Ventilation Dynamic Simulation
Min et al. [28] Non-Domestic Air Handling Unit Facility Management Review

In summary, because the energy consumption analysis or prediction studies traditionally used in
the building field have been performed by experts who are highly experienced in the field and are time-
and labor-intensive, it would be difficult to rely on the analysis results without expertise. Like the
aforementioned EPG results, this research found a large difference in the reliability and resulting
values of the analyzed results. For this reason, analysis methods have recently been developed that
identify, analyze, and diagnose phenomena using data from only the actual building, instead of results
calculated by default values embedded in the program.

2.2. Data-Driven Analysis Method

In recent years, many studies employing building energy prediction and analysis methods
have incorporated machine learning, which helps to address the limitations of engineering analysis.
This involves the extensive use of building control and energy management systems (BEMS) and BEMS
data, whose use is linked to increases in the amount of energy data derived from buildings and the
number of analysis variables that must be considered. Machine learning is a technique employed for
discovering models, patterns, and rules within data [9]. It can be used to extract previously unknown
but useful knowledge, by recognizing complex patterns in data and building statistical models based
on those findings [29]. As a result, it is utilized not only in engineering, but also in various other fields,
such as medicine [30]. There are also studies that have applied machine learning to the field of building
energy. Building energy forecasting methodologies based on machine learning use historical data to
predict the future energy use under specific constraints. These methodologies also involve analyzing
building energy systems to detect malfunctions or defects [31].

A single prediction model is run using one learning algorithm and training a monolithic model
throughout the model development process [32]. Various machine learning algorithms, such as
Multiple Linear Regression (MLR) [33], Artificial Neural Networks (ANNs) [34], decision trees [35],
and Support Vector Regression (SVR) [36], have been introduced to building energy prediction and
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have provided promising prediction results during the past two decades. These algorithms can process
continuous real-time data derived from buildings to predict the energy use and the performance of
certain equipment systems, or to detect malfunctions. Figure 1 shows a schematic diagram of a typical
single prediction model. The historical data recorded from the building are divided into training (60%),
verification (20%), and testing (20%) sets, after removing outliers during preprocessing. The procedures
are repeated until the final result is obtained.

 
Figure 1. The process of machine learning analysis. Source: https://blog.algorithmia.com/page/50 [37].

2.2.1. Analysis of Building Energy Consumption Using Machine Learning

Although there have not been as many studies utilizing machine learning in the building energy
sector as there have been in other fields of research, there has been much research on building energy
consumption predictions and analytical studies that utilize machine learning. Studies by Paudel
et al., [38] Yildiz et al., [39] and Rahman et al. [40] used machine learning to predict the energy
consumption in buildings. Table 2 shows the target buildings and evaluation indexes for predicting
building energy use. Although similarities exist with respect to utilizing actual energy usage data,
predicting the usage volume, and presenting the mean absolute percentage error (MAPE) and RMSE
as evaluation indicators, there is a lack of research on the analysis of the causes that induce a specific
energy usage, which is one of the objectives of this study. Moreover, there has not been specific and
persuasive evidence on the standard by which the variables of datasets were selected and utilized by
the machine learning algorithms. The variables selected for predicting the energy use of buildings
should not be based on researchers’ experience; instead, they should be chosen to ensure the reliability
of the results and consistency of the research process using statistical methods. Therefore, the use of
machine learning for variable selection remains very important.
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Table 2. Prediction of building energy consumption through machine learning.

Authors Research Topic Target Building Algorithm Evaluation Indices

Paudel et al. [38]

Prediction of building energy
consumption

All data vs. relevant data
compared

Low-energy buildings SVR RMSE, R2

Yildiz et al. [39] Building electricity
consumption prediction

Commercial buildings,
educational facilities

ANN, SVR,
Regression tree MAPE, RMSE, R2

Rahman et al. [40] Prediction of building’s fuel use
Hourly data used over one year

Office buildings,
supermarkets,

restaurants

MLR, ANN, SVR,
GP RMSE

Moon et al. [41] Prediction of building’s
electricity use University buildings ANN, SVR MAPE, RMSE

Seong et al. [42] Energy optimization model for
buildings Office buildings ANN MBE, CVRMSE

Support Vector Regression (SVR)
Artificial Neural Network (ANN)

Multi Liner Regression (MLR)

Root Mean Square Error (RMSE)
Mean Absolute Percentage Error (MAPE)

Coefficient of Variation of the Root Mean Square Error (CVRMSE)

2.2.2. Analysis of Building Energy Consumption by the Clustering Method

Clustering is a common technique in unsupervised learning, which is the machine learning
method of identifying a specific pattern in data without the ground level. Clustering refers to a group of
methodologies that classify data with similar attributes into a number of groups [29]. Few studies have
used the clustering analysis method for the analysis of building energy [43–47]. Most of them have
focused on the analysis of consumption patterns of specific buildings. However, they only mention the
possible causes of transmission and distribution, instead of providing details through experimental
results, indicating that they only used the method with the aim of studying the methodology itself.

Table 3 outlines the results of recent studies that employed the clustering method and classifies
them in terms of the algorithms used and their evaluation indices. Recent studies on clustering that
are related to this study tend to use centroid-based K-means algorithms, and most studies were not
studies looking for key variables that contribute to energy consumption, but were only used to analyze
building energy consumption patterns with clustering algorithms.

Table 3. Building energy analysis using the clustering method.

Authors Research Topic Target Building Algorithm Evaluation Indices

Naganathan et al.
[43]

Identifying the loss of energy
during transmission and

distribution
105 buildings K-means -

Ko et al. [44]
Improving the estimation

accuracy of building energy
consumption

Office buildings K-means R2

Yang et al. [45]
Utilized K-shape clustering for
analyzing building energy use

patterns

Educational
facilities

K-Shape
SVR RMS

Moon et al. [46]
Analysis of cooling and

heating energy consumption
patterns in office buildings

Office buildings K-medoids -

Hwang et al. [47]
Building energy demand

predictions using hierarchical
clustering

No information on
target buildings

Hierarchical
Clustering APE, R2

To summarize the literature review, there are studies that have used machine learning methods
to predict the energy consumption in buildings, and some studies have used clustering methods to
analyze energy usage patterns. However, there are no studies that have used machine learning and
clustering at the same time to determine the cause of energy consumption.
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3. Approach

The purpose of this study was to identify the power consumption of buildings and determine
the variables that contribute to their use. This study confirms that key variables obtained using
clustering in machine learning strongly correlate with the energy consumption of buildings. For this
purpose, it is important to first identify building energy consumption patterns. This was done based
on a total of 16 variables related to building energy usage, in addition to the electricity consumption
of the target building. Then, the variables that best define the energy consumption patterns were
identified. The major elements affecting consumption are not identified by simulation, or by the
analyst’s experience, but through a machine learning process. The structure of the research work is
described below and Figure 2 shows simplify the process of this study from the number one to six.

Figure 2. Schematic representation of the research process.

(1) This study targets 11 office buildings in eight different regions of South Korea. Their heating
and cooling systems use electricity. The 11 buildings all have different areas, building designs, and
heating and cooling systems, and are used for different purposes. In the data analysis, the physical
qualities are referred to as nominal variables. In this study, only the continuous data that change
in real time as a result of the actions of the occupants were used for the analysis. Four categories
of variables were identified for the analysis, i.e., the amount of electric energy used by the building,
external environmental data, building system data, and occupancy schedules. In total, 16 continuous
variables were selected;

(2) Before analyzing the large amount of data used in machine learning, preprocessing is a
necessary step that prepares data by processing missing values, removing noise, or removing outliers.
In data preprocessing, cleaning is a process that fills in or removes missing values, corrects noisy data,
identifies outliers, and therefore ensures the consistency of data outcomes [48];

(3) The data set in this research contains time variables (such as the year, month, day, day of the
week, and hour), external environment variables (including temperature, humidity, sunlight, airflow,
wind speed, and soil temperature), and energy variables that track the energy consumed during the
building operating hours (in 2016, use of electricity consumption hourly data of 11 offices) [49];

(4) To determine the most important variables, unsupervised learning, which does not require a
ground truth, was used. This involved using clustering to extract the most important variables that
control the building energy usage and cluster similar variables together;

(5) In addition, using the t-test, we aimed to verify the validity of the variables, derived from
machine learning, that affect the building energy consumption;
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(6) For each target building, the first 16 variables related to energy consumption, and five variables
derived from machine learning, were compared with the same verification logic.

As stated in Section 3, this study aims to use energy data derived from a building and identify
important variables that control most of the energy consumption. Two representative clustering
methodologies used for this purpose are the Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) and K-means.

3.1. Clustering: DBSCAN and K-Means

Density-based spatial clustering of applications with noise, one of the most widely used
density-based clustering methods, explores core objects that have a high density in a neighborhood [50].
Centroid-based clustering methods of K-means predetermine the K value and the number of clusters,
and then assign each datum to one of the K clusters to minimize dispersion. Centroid-based algorithms
have the advantages of clustering many data points quickly and easily, and spherical data have a
relatively better reliability [28,50].

Table 4 shows a sequential list of operations performed through DBSCAN and K-means using the
open-source program R 3.6.1. [51] To summarize the clustering process for extracting key variables,
first, similar characteristics (density center, distance-based) in the various data were assessed to create
the first cluster. Although N clusters were formed, it was impossible to determine which clusters were
meaningful. Then, results were extracted only for clusters containing a large amount of data. Based on
these results, the data were classified into high-energy-consumption and low-energy-consumption data
clusters. Lastly, for the two clusters with large amounts of high-energy-consumption data, box plots
were used to confirm which of the 16 variables related to building energy were the most important.

Table 4. Clustering process.

Order R-Code and Clusters Contents

1

 

First cluster is formed based on
similar characteristics in the data

(density center). It is unable to
distinguish which cluster data are

significant among n clusters
through seven repeated colors.

2

Results of re-executed DBSCAN
code for n clusters sorted by the
amount of data in the clusters in

descending order.
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Table 4. Cont.

Order R-Code and Clusters Contents

3

 

Extraction of results only for
clusters allocating a large amount
of data; re-clustering is performed
based on these results for energy

consumption (real-time
consumption) with a relatively

large amount of data.

4

Formation of five clusters with
large amounts of data. In

particular, the red cluster (4) and
the sky-blue cluster (27) are

classified as high energy
consumption clusters (clusters

with assigned high consumption
level E).

5

The important variables of Cluster
4 and Cluster 27 are displayed in a

box plot. Among the 16 energy
variables, in the red cluster,

baseload and heating energy were
determined to be important

variables, while in the sky-blue
cluster, cooling energy and

humidity were determined to be
important variables.

Figure 3 shows the results after clustering using the density-based DBSCAN code to derive the
clusters for the 11 buildings, where two parameters were required for DBSCAN: epsilon (ε) and the
minimum number of points required to form a cluster (minPts). Epsilon is a distance parameter that
defines the radius used to search for nearby neighbors. In Figure 4, the distance-based K-means results
are shown. The consumption data were categorized based on energy usage and divided into five
classes (energy consumption level A to E), with A representing the lowest energy consumption and
E representing the highest. The energy consumption cluster results (e.g., size and shape, density
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of clusters, and number) of the buildings for each region are different. This occurs because the
characteristics of the 11 regions’ building envelope, heating and cooling systems, and building use
are different.

Figure 3. Result of DBSCAN clustering.

Figure 4. Result of K-means clustering.

3.2. Clustering Result

This study identified important variables affecting the energy consumption of 11 regional buildings.
It classified them into high and low energy consumption categories to identify the clusters. Data
obtained from a building are a mix of continuous and categorical data; hence, it is difficult to determine
the unique features of the building using only the building energy data. Therefore, two different
clustering algorithms were employed. A comparison was made to determine which of the two
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clustering algorithms correctly analyzes building energy data characteristics and energy consumption
patterns. The four qualitative evaluation items are as follows [7,52]: the shape of a cluster and
density of color, slope of an inverse model, sensitivity of an outlier (determined by the mean of the
absolute values of the standardized variables), and grades that are accurately distributed against the
amount of energy consumption when it is graded based on relative criteria. Table 4 was developed
to determine which of the two clustering algorithms can accurately analyze the data features and
energy consumption patterns of the building by weighting the above-mentioned four qualitative
evaluation indices. The selected clustering algorithm was then used to categorize buildings only with
variables contributing to the energy consumption, which were identified from the buildings; this result
is expected to lead to a consistent analysis and provide meaningful results.

Table 5 shows the results of four qualitative indicators for assessing the two aforementioned
clustering algorithms. The cluster density using DBSCAN was 2.53, which was 1.03 times higher
than that using K-means based on converting data into the energy consumption based on the outdoor
temperature. This result means that the use of DBSCAN rather than K-means can lead to meaningful
results for deriving the key variables that directly affect consumption among the 16 variables that affect
the building energy consumption.

Table 5. Comparison of DBSCAN and K-means.

DBSCAN K-Means

Criteria
Level of

Clustering
Inverse
Model *

Outlier
Energy

Consumption
Grading

Level of
Clustering

Inverse
Model

Outlier
Energy

Consumption
Grading

Weighted value 1.00 0.75 0.50 0.25 1.00 0.75 0.50 0.25
Seoul 3.00 2.25 1.50 0.75 1.00 2.25 1.50 0.75

Gyeonggi 3.00 2.25 1.50 0.50 2.00 2.25 1.00 0.50
Northern Gyeonggi 3.00 2.25 1.00 2.00 1.00 2.25 1.50 0.75

Incheon 3.00 1.50 1.50 0.75 2.00 2.25 1.50 0.75
Daegu 3.00 2.25 1.00 0.75 1.00 1.50 1.50 0.75

Gyeongnam 3.00 2.25 1.50 0.50 1.00 1.50 1.50 0.50
Pusan 3.00 0.75 1.50 0.50 1.00 1.50 1.50 0.50

Jeonbuk 3.00 1.50 1.00 0.50 1.00 1.50 1.50 0.75
Gwangju 3.00 2.25 1.00 0.25 1.00 1.50 1.50 0.75

Chung cheong 3.00 1.50 1.00 0.50 1.00 1.50 1.50 0.25
Kangwon 3.00 1.50 1.00 0.25 1.00 1.50 1.00 0.50

mean 3.00 1.84 1.23 0.66 1.18 1.77 1.41 0.61

* A graph showing both winter heating energy consumption (left slope) and summer cooling energy consumption
(right slope) compared with outdoor air temperature, with the interim period without heating or cooling in
the middle.

4. Research Results

This section discusses the result of clustering (DBSCAN) of the main variables affecting building
energy consumption in 11 buildings in eight regions.

Figure 5 shows the results of classifying the energy consumption (A to E) of each building and
deriving the variables that affect the high-energy-use clusters. First, the data were sorted into energy
consumption levels A to E by hour, from a low to high energy consumption. Clusters with more levels
D and E than A and B can be considered high-energy-consumption clusters. The important variables
(abbreviated I-V) are arranged by rank among the high-energy-consumption clusters. We conducted a
level-of-importance analysis for those clusters with large amounts of high-energy-consumption data to
obtain the important variables, which were then ranked by order of importance (Figure 5). For example,
for the Seoul headquarters, clusters 3 and 26 contain large amounts of high-energy-consumption data.
Through an analysis of the cluster attributes, we found the important variables to be the heating energy,
the intermediate energy, and the lighting energy, in order of importance. January and March were
identified as the months with large effects on the energy consumption.
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A: the lowest energy consumption A to E: total energy consumption 
E: the highest energy consumption D, E%: high energy consumption/total energy consumption 
D + E: relatively high energy consumption I–V: Important variables by consumption section 

Figure 5. Result of the clustering of 11 buildings.

Figures 6 and 7 show the location of the buildings and the classification of the important variables
derived from the high-energy clusters of the 11 regions, respectively. The temperature and humidity,
which can be called environmental variables, were excluded because of duplicate derivation from the
11 regions. In the Seoul, Gyeonggi, Incheon, Daegu, and Gyeongnam buildings, lighting and heating
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energy were the most influential variables, followed by baseload energy and intermediate energy.
It can be concluded that occupancy is closely related to building energy consumption. Moreover,
the difference in energy consumption between winter heating and summer cooling was also found
to be an important variable for office buildings. Lighting and baseload energy were also found
to be important variables (in that order) in the six regions of North Gyeonggi, Busan, Jeonbuk,
Gwangju, Chungcheong, and Kangwon. Occupancy and related lighting energy variables, which
can be considered characteristics of office buildings, were found to be variables affecting high energy
consumption for all 11 regions, rather than regional variables related to the building’s location (i.e.,
latitude and topography). In addition, baseload energy, which is involved in the operation of the
building’s systems and the outlet load, is also considered to be related to occupancy and was found to
have the greatest effect on energy consumption in office buildings. These results indicate that the most
important variables for energy usage in non-residential buildings are related to lighting and baseload
energy consumption, based on the building’s occupancy, rather than to regional and topographical
characteristics based on the building’s location.

To sum up, the beginning of this study assumed that “only key data can be used to effectively
analyze building electricity consumption”. This study focused on operational buildings, i.e., not
buildings that are yet to be built or recently completed buildings. In the case of existing office buildings,
this study aimed to determine which of the continuous energy data derived from the buildings had
more influence on the electricity consumption. In general, the U-value of building materials was treated
as a categorical variable because it is a set value that does not vary over time. Based on these results,
we concluded that the electricity of a building can be effectively managed if only four or five major
energy variables derived from the building are controlled or used as key points of operation [53,54].

 
Figure 6. Office location of 11 regions. (L: Lighting energy; H: Heating energy; B: Baseload energy;
C: Cooling energy; I: Intermediate energy; M: Month-time).
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Figure 7. Results of the clustering of 11 regions and important variables.

5. Validation

5.1. Validation of Variables for High and Low Energy Consumption with a t-Test

Although a clustering algorithm was used to categorize the building energy data into high-
and low-energy-consumption clusters, the t-test was used as a method to determine whether the
difference between the averages of these two clusters was significant. The important variables of
each cluster derived by the boxplot can also be compared using the averages of the absolute values.
This comparison, however, does not reflect the range and variance of the actual values. For this reason,
the t-test was performed to analyze whether the difference between the averages of the two different
clusters, which considers the variations between them, was significant.

t =
X1 −X2

SEX1−X2
SEX1−X2 =

√
S1

2

n1
+

S2
2

n2
(1)
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The t-test explored whether the difference between the averages of the two different clusters (high
and low energy consumption) from the building under analysis was significant. Table 6 shows the
t-test determined six explanatory variables that led to high or low energy consumption of the building
under analysis: month, temp (temperature), humi (humidity), lighting.e (energy), base.e (baseload
energy), and heat.e (energy). The mean and variance of the day of the week and date variables in
the two clusters were almost the same, so they were considered unnecessary for an analysis of the
energy consumption.

Table 6. Result of the t-test of the 11 regions.

Region Seoul Gyeonggi N-Gy Incheon Daegu G-Nam Pusan Jeonbuk Gw-Ju Ch-Ch Ka-W

month 0.000 0.001 0.000 0.000 0.000 0.620 0.000 0.000 0.000 0.000 0.000
date 0.803 0.616 0.728 0.219 0.024 0.531 0.450 0.484 0.288 0.177 0.739
hour 0.992 0.563 0.980 0.021 0.015 0.551 0.428 0.008 0.573 0.258 0.161
temp 0.000 0.098 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
humi 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
base.e 0.000 0.006 0.000 0.000 0.000 0.544 0.000 0.170 0.000 0.000 0.000

lit.e 0.000 0.000 0.280 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
heat.e 0.000 0.000 0.000 0.000 0.000 0.000 0.500 0.000 0.000 0.000 0.000
inter.e 0.318 0.000 0.000 0.500 0.500 0.000 0.318 0.000 0.000 0.318 0.000
cool.e 0.500 0.000 0.016 0.500 0.500 0.000 0.000 0.000 0.500 0.500 0.000
Mon 0.056 0.359 0.492 0.673 0.487 0.012 0.801 0.069 0.219 0.011 0.162
Tue 0.563 0.310 0.967 0.825 0.212 0.015 0.801 0.768 0.395 0.145 0.892
Wed 0.473 0.071 0.532 0.129 0.005 0.045 0.326 0.195 0.781 0.209 0.508
Thu 0.551 0.278 0.005 0.454 0.005 0.023 0.903 0.036 0.477 0.818 0.226
Sat 0.500 0.500 0.318 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500
Sun 0.500 0.318 0.157 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500

5.2. Regression Results

A regression analysis was performed using only the 16 major variables from each building,
derived from the analysis process, and five or six variables selected by machine learning, to verify that
the observed values, i.e., the Y variable, were well-described. Two validations were carried out for
this purpose.

The coefficient of determination (R2) of the 16 original variables was 0.8356 in the Figure 8.
whereas that of the important variables was 0.8261 from the Figure 9. This suggests that the important
variables alone are able to explain most of the observed variance, as the performance of the regression
equation built using only the important variables is practically identical to that obtained using all the
original variables.
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Figure 8. Results of a regression analysis of the 16 original variables.

Figure 9. Results of a regression analysis of the major variables.
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5.3. Mean Squared Error (MSE) and Mean Absolute Percentage Error (MAPE)

The MSE takes the square root of the average of the squares of the errors from an observation
and compares it to deviation between the observed values. As a measure that generalizes standard
deviations, MSE is used to validate the amount of difference between the actual value and estimated
value using a regression equation. Table 7 shows the results were obtained from the two regression
analyses performed for the 16 original variables and important variables based on the computation of
their MSE and MAPE. The MSE and MAPE results of these two regression analyses show that even
though the MSE and MAPE of the important variables were only slightly higher than those of the 16
original variables, and Table 8 shows the regression analysis error and coefficient of determination of
the key variables were as significant as those of the 16 original variables, which were larger in number.

Table 7. Comparison of Mean Squared Error (MSE) and Mean Absolute Percentage Error (MAPE)
associated with the regression analyses.

Evaluation Index Original 16 Variables Major Variables Differences

MSE Training set 360.946 381.8843 21.938
MSE Test set 337.726 365.9697 28.243

MAPE Training set 11.65511 12.06266 0.40
MAPE Test set 11.65511 11.77404 0.12

Table 8. Verification of error rates with three algorithms.

Algorithms Original 16 Variables Major Variables Differences

Regression R2 0.835 0.826 0.009
Regression CvRMSE 13.84 14.60 0.8

SVM CvRMSE 7.69 9.03 1.34
Random Forest CvRMSE 6.74 7.20 0.46

Figures 10 and 11 show comparisons of energy consumption predictions, where one predicted
energy consumption uses the initial 16 variables and the other prediction only uses the major variables
derived by machine learning with the testbed as a subject. Apart from the R2 value, which is the
coefficient of determination, and the MSE, which is an indicator of the error rate of prediction, the
results using the major variables showed error rates ranging from 7.2% to 14.6% compared with the
predictions using 16 variables. The error rate using the major variables was lower than the ASHRAE
Guideline 14 [55] criteria of 30%. Moreover, the random forest method showed the lowest error
rates among the three different methodologies (simple linear regression, support vector machine, and
random forest).
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Figure 10. Results of the simple linear regression, support vector machine, and random forest analyses
using the original variables.
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Figure 11. Results of the simple linear regression, support vector machine, and random forest analyses
using only the major variables.
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6. Conclusions

6.1. Research Conclusions

The purposes of this study were to examine the factors contributing to electric energy use, which
accounts for more than 65% of the total building energy consumption, using clustering in machine
learning based on data measured from the actual building, and then to find which variables were
identified and which had a strong correlation with energy consumption.

Machine learning of the previous studies only predicted the energy usage of buildings in the
building sector or confirmed the patterns of usage through clustering methods. However, this study
found the key variables that affect the consumption of buildings with a high energy consumption
through two different characteristics of the clustering methodology.

The results suggest that the energy consumption predicted by the major variables alone is reliably
accurate and that the method can be expected to reduce energy consumption more when these major
variables are controlled, or their efficiency is improved. The results can be summarized as follows:

1. The important variables for building energy consumption were derived based on machine
learning clustering and were clustered into high- and low-energy-consumption clusters;

2. Based on the clustering, the energy consumption of 11 regional buildings was analyzed according
to changes in the outdoor air temperature, which can reveal the building energy features;

3. T-tests were performed on the results of the buildings categorized into similar clusters to determine
the explanatory variables that led to a high or low energy consumption;

4. Lastly, the important variables identified from this methodology were validated.

- Comparison of R2 values
- Validation of the two regression equations for the 16 original variables and important

variables by obtaining the MSE and MAPE.

With respect to Conclusion 3, the important variables that had a decisive effect on the energy
consumption of a single building under analysis and the 11 regional buildings (12 buildings in
total) were found to be two environmental variables (temperature and humidity), lighting energy,
heating energy, and a time variable (month);

5. This study determined the key variables affecting the electrical electricity consumption of
buildings, especially non-residential buildings. Except for the external environment (geographic
location, temperature, and humidity), the studied building’s electricity consumption was found
to be as important as its physical characteristics, such as an increased cooling energy, lighting
energy, and baseload, due to the working conditions of the occupants. Internal heat gains varied
according to occupancy time and density.

Buildings may appear similar, but vary in electricity consumption and patterns, depending on
their use, size, and occupants. Therefore, the results of this study cannot necessarily be applied to all
buildings. Since this study had a specific application (office building, commercial building), it can be
used as an example of variables affecting the electricity consumption of a non-residential building.
However, the main influencing factor may be different for a residential building or buildings with
other uses (e.g., where the working hours of the occupants are not common).

6.2. Significance and Application

The significance of this study relates to three aspects. First, the analysis of building energy use by
existing engineering methods was used to derive absolute values by load factors using a simulation
program and to predict reductions by subloads (cooling, heating, and ventilation). Although it may be
possible to predict the detailed reduction volume by energy loads or performance, the data were not
based on actual data, and the reliability of the results has thus been questioned. However, predicting
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building energy use using major variables derived from machine learning (as in this study) utilizes the
actual total energy volume of the target building, which helps to overcome the problem of reliability of
the resulting value. This might occur because of differences in the actual consumption or performance
versus the simulated amounts. Second, the prediction of building energy consumption applied with
machine learning leads to the same results, despite the lack of experience or intuition by the researcher.
Consistent results can be provided with no direct influence from an expert.

It is possible to derive major variables influencing the building energy consumption (high
consumption/low consumption), identify which energy source is most responsible for consumption,
and view how they influence consumption.

The major variables causing building energy consumption can be used to identify the status of
energy consumption of the building and as an indicator of post hoc maintenance.

The machine-learning methodology can be widely applied to various buildings with different
uses or located in different climates, and buildings can be classified by major variables influencing
building energy consumption.

This method can be used for selecting the variables affecting building energy consumption and
can be applied without constraints to non-residential buildings. Furthermore, if there is a collectible
data set, such as real-time information regarding a building service, variables that have an impact on
energy consumption can be identified without constraints.

From an economic perspective, the fourth significance is as follows. Utilizing this study’s
methodology in a practical work setting, it would be possible to present monitoring points for building
maintenance for aging buildings. Selecting and using energy measurement sensors also make it
possible to find the most significant measurement points because the data from actual equipment
systems can be used to obtain clustering results (for correlation analysis and the extraction of major
variables).
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Abstract: Daylight utilization significantly contributes to energy savings in office buildings. However,
daylight integration requires careful design so as to include variations in daylight availability and
maintain a balance between factors such as lighting quality and heat gain or loss. Designers with
proper planning can not only improve the visual environment and create higher-quality spaces,
but simultaneously minimize energy costs for buildings. The utilization of photosensors can exploit
the benefits of daylighting by dimming the lighting system, so that no excessive luminous flux is
produced, thus leading to energy savings as well as visual contentment. However, the human factor
is crucial for the proper function of a lighting control system. Without its acceptance from the users,
energy savings can be minimized or even negligible. The objective of this paper is to present a
post-occupancy evaluation regarding occupant satisfaction and acceptance in relation to daylighting
in offices equipped with automated daylight controls. In addition, the response of the users was
compared with lighting measurements that were performed during the post-occupancy evaluation.
Three case studies of office buildings with installed daylight-harvesting systems were examined.
The age of the occupants was a crucial factor concerning their satisfaction in relation to the lighting
levels. Aged users were more comfortable with lighting levels over 500lx, while young users were
satisfied with 300lx. The impact of different control algorithms was outlined, with the integral reset
algorithm performing poorly. The acceptance of the users for the closed loop systems maintained the
expected energy savings of the daylight harvesting technique. Most of the occupants preferred to
use daylight as a light source combined with artificial light but having the control to either override
or switch it on and off at will. The results shown that a post-occupancy survey along with lighting
measurements are significant for making an office environment a humancentric one.

Keywords: daylight; lighting control; lighting; occupant preferences; occupant satisfaction;
photosensor; post-occupancy evaluation; survey
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1. Introduction

A significant amount of electricity, namely 17–20%, is consumed by lighting at a global scale [1,2].
In Greece, the respective quotient of the electricity consumed by lighting is 21% [3]. Apart from daylight
integration as a means for electric energy reduction [4,5], by examining the daylight zones [6–9] and
redirecting solar radiation [10–14], a lot of research has been conducted for (a) the promotion of
renewable energy sources in the building sector [15–18] and in electrical energy storage systems [19]
and (b) the energy savings in exterior places [20–28]. LED luminaires have a great impact on the lighting
market due to their prominent characteristics such as high energy efficiency and long lifespan and are
acknowledged as the prevailing lighting solution in the future [29–32]. The use of solid-state lighting
can contribute to the reduction of energy consumption due to the increased luminous efficacy when
compared to traditional light sources (i.e., fluorescent). Consequently, the global market penetration of
LED lamps has increased from 9% in 2011 in the European Union and is expected to exceed 70% in
the near future [3]. Decision makers in the lighting sector should take into account circular economy
features and use of lighting controls [33–43]. Reviewing the literature, it is evident that the installation
of daylight-harvesting systems leads to high energy savings [44–46]. Despite the proven benefits
from daylight, daylight controls are not widely installed in buildings due to the additional costs of
equipment, labor, studies for lighting control design, potential training for usage and maintenance.
Another factor that impedes the proliferation of daylight controls is the misperception among building
contractors that these systems are unreliable, although various studies have highlighted their high
reliability [47–52]. In order to better understand the operation of photosensor-based daylight-harvesting
systems and maximize the benefits of daylight integration, the users’ reaction to these systems must be
thoroughly studied.

Building facilities have the sole purpose of accommodating the needs of their users.
A post-occupancy evaluation study, abbreviated as POE, is defined as a holistic and rigorous procedure
of assessing a building’s performance with regards to its users after its occupation. It can be described
as the documentation and review of user satisfaction, space and resources exploitation of an occupied
built facility so as to quantify its efficiency and designate critical occupant and building performance
issues. It involves both technological as well as human factors [53]. Therefore, it can be considered
as a framework which demonstrates the continuous interaction between buildings and the need
of the occupants and suggests appropriate measures to optimize the built environment in order to
fulfill these needs [54]. POEs are categorized in three types according to their purpose: indicative,
investigative and diagnostic [55,56]. Post-occupancy evaluation is characterized by a plethora of
benefits. The most important is that it provides feedback for the actual operation of a building [56].
Other benefits include the effective application of building design skills, improvement of building
commissioning process, facilitation of building management, accumulation of knowledge concerning
building operation, optimization of building efficiency with regards to a variety of both technical
characteristics, e.g., a building’s energy or thermal management, its structure and architecture, as
well as human characteristics, e.g., occupant’s wellbeing and productivity, opportunities to improve
dialogue within design teams and their partners, improvement of existing building regulations and
establishment of new more effective regulatory frameworks and policies [53,56]. The advantages of
POE are applicable not only to a specific building or facility, but extend further to the building sector
overall. A POE provides valuable conclusions, which can be utilized for the establishment guidelines
and the adoption of measures that improve a buildings’ performance in existing, as well as future
projects [57,58]. The conduction of POE’s enhances knowledge thus steadily improving building
indoor environment [59].

Numerous studies have established the correlation between the occupants’ satisfaction and their
productivity [58,60–62]. Buildings which address efficiently the needs of their users are considered
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more pleasant [58,63]. Lieman and Bordass [58] have proven that the level of control each user has over
his working environment is a critical factor which is able to influence the occupants’ satisfaction and
productivity. Another finding of their survey was that users were more satisfied when they worked in
an office with the preferred operable windows, rather than offices with automatic ventilation in their
working environment systems. An extensive post-occupancy evaluation study [64] has accumulated
data from various office buildings and has highlighted the importance of indoor environment quality
factors such as air quality, temperature, sound, privacy, etc. Thomas [61] has shown that high levels of
daylight, glare and noise control in a work environment can positively affect the occupants’ satisfaction.
Choi et al. [65] have performed on-site measurements of indoor environment quality characteristics,
as well as occupant surveys and concluded that thermal quality along with lighting adequacy were
highlighted as key factors for user satisfaction and wellbeing. Kim and de Dear [66] have compared
the satisfaction of employees working in open-plan as well as private offices and deduced that the
users of enclosed private offices expressed a higher level of satisfaction with their work environment.
The most important factor affecting an occupant’s satisfactions in both types of offices was the amount
of individual space available. However, several differences regarding user satisfaction between the
two types of offices have been identified. Absence and high level of commotion in open space offices
were significant factors that affected employee satisfaction negatively, whereas lighting levels, ease of
interaction and comfortable furniture were identified as more significant for the satisfaction of the
occupants in private offices. Another POE study by Agha-Hossein et al. [62] has denoted a strong
correlation between the productivity and contentment of employees with two groups of variables:
(a) interior usage of their workspace which includes office layout and appearance, comfort of furniture,
visual and auditory privacy, and (b) physical conditions which include natural and artificial light,
air quality and temperature. Filippín et al. [67] have conducted an evaluation study concerning a
building in Argentina and quantified its thermal and energy performance which were highly praised
by its occupants. Mustafa [59] published a POE study regarding the architecture, accessibility as
well as indoor environment quality of a university facility in Iraq. The procedure of POE involved
a combination of two sophisticated surveys. The first involved rating by experts and the second
was addressed to the users of the building. The results of this study demonstrated that the majority
of building environment characteristics, namely a quotient of 88%, is highly associated with the
contentment of its occupants. Ponterosso et al. [63] have performed a POE in a “green” building and
reached the conclusion that it is important that occupants are able to understand the sustainability
features of a building. According to their study, thermal comfort is a profound factor which can
affect comfort levels. Moreover, seemingly small details of the indoor environment can induce great
impact on the level of comfort experienced by occupants. A large-scale POE study by Park et al. [68],
including 1601 workstations in 64 office buildings, utilized measurements of indoor environment
quality and occupant surveys. Their objectives were to determine critical indoor environment quality
and physical parameters that affect occupant’s satisfaction with regards to thermal quality and indicate
correlations between the building systems, the measurements of indoor environment factors and
user satisfaction in simultaneous time frames. The researchers [68] deduced that the most important
indoor environmental factors affecting occupant satisfaction with regards to thermal quality were air
temperature and radiant temperature asymmetry which exists between the two sides of the building’s
wall. Respectively, the most significant technical attributes of the building were the size of each
working plane, view and the extent of thermal control. Candido et al. [69] aimed to identify key
factors that correlate to employees’ contentment, productivity, and wellbeing in open-space office areas
while concurrently indicating design similarities in contemporary working environments. The data
that were analyzed came from 8827 evaluation studies in office buildings in Australia. The results
have proven that maintenance and aesthetics of the building, quality of air, level of sound and
commotion, visual comfort were considered among other features as key parameters by the occupants.
Göçer et al. [70] documented the results from a dataset comprising of 9794 POE surveys in Australian
office buildings. Their conclusions were that open-space office buildings could exploit the advantages
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of enhanced aesthetics, design of zones that addresses the needs of the work environment, daylight
integration and access to an outdoor environment. A recent POE study [71] was conducted in four
Swiss green office buildings and employed in situ measurements and occupant surveys in an effort
s to demonstrate the factors that maximize users’ comfort. The main finding of the study was that
although the observed environmental factors adhered to standards, the indoor conditions did not reach
the 80% satisfaction threshold by the users. The occupants designated temperature and air quality as
crucial parameters.

As energy audits and surveys in buildings have a significant role [72–80], the scope of the
proposed research is to emphasize their corresponding role into the lighting systems. The number
of POE studies focused only to lighting is limited and this is exactly the basic scope of the proposed
method. The collection of POE studies, especially these focusing on the lighting systems, systematically
organizes the existing knowledge in the field. In that sense, these studies can provide information
on the quality features of the lighting design. In this paper, a post-occupancy evaluation study is
performed to document the reactions of the occupants concerning daylight harvesting control systems.
The study aims at drawing valuable conclusions concerning the efficiency of lighting systems and
daylight controls in an office building. Three office buildings have been examined and a combination
of methods has been selected in order to carry out the POE study, namely (a) observation of the lighting
system of building, (b) physical measurements regarding the total illuminance on working plane level
originating from both daylight and artificial lighting, and (c) an occupant survey was formed that
takes into account the occupants’ reaction to daylight, windows and lighting control. An occupant
survey was delivered to the users of three office buildings with different daylight harvesting control
algorithms in each of them, in order to elucidate their preferences. The results of the study can produce
a quality profile of the building based on different user opinions that can be utilized as a model for
the evaluation of the lighting systems and controls, as well as to determine the correlation between
the performance of these controls, the illuminance measurements and the user’s overall satisfaction
and wellbeing.

2. Materials and Methods

This research is based on the occupants’ preferences together with lighting measurements.
A questionnaire was designed that can demonstrate user preferences regarding daylight integration
and lighting control. Three buildings were selected (A, B and C), each one with different control
algorithm (closed loop, open loop and integral-reset control algorithm) in their daylight harvesting
control system, in order to investigate their performance. The selection of these buildings was based on
two factors: the suitability of the building (i.e., installed lighting control systems) and the availability
of users to participate in a survey. The latter is a major problem since by publishing any energy-related
results, the value of the buildings might be affected. Thus, there is a reluctance from building owners
to participate in surveys or measurement campaigns. A total of 122 people were involved in the
questionnaire and an equal number of task areas were measured. Figure 1 shows the methodology
used. Lighting measurements combined with the occupants’ preferences were statistically analyzed.
Presented in the following paragraphs are the examined buildings, the definition of the questionnaire,
the lighting measurement and the statistical analysis procedures.
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Figure 1. Diagram of the post-occupancy evaluation method.

2.1. Selection of the Buildings

Three office buildings located in Athens, Greece, were selected. In all buildings,
a daylight-harvesting system was installed. Building A (Figure 2) is a 2-storey office building
of the tertiary sector in an open plan area. On the first floor there are open plan offices, while on the
second floor there are closed office spaces. POE was performed in both floors. Building B (Figure 3) is
an 8-storey office building. The sky view to the north is partially obstructed by a three-storey building.
The users are located mainly in the perimeter of an open plan space. POE was performed on the 3rd
and 4th floor. Building C (Figure 4) is a 4-storey office building. The sky view to the north and south
is partially obstructed by two similar height buildings. Floors 2 and 3 were selected for this study.
A detailed description of the lighting system and daylight control is presented in Table 1 for each
building. In all buildings, all examined areas were used as offices. In the rest floors the activities were
different, thus were not taken into account.

   

Figure 2. Interior space (left), exterior façade (middle) and position of the photosensor (right) for
Building A.

.   

Figure 3. Interior space (left), exterior façade (middle) and position of the photosensor (right) for
Building B.
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Figure 4. Interior space (left), exterior façade (middle) and position of the photosensor (right) for
Building C.

Table 1. Technical characteristics of lighting system and daylight harvesting equipment.

Building Type of Luminaire Placement of Photosensor Control Algorithm

A Recessed with parabolic louvres and 4 T8
18W lamps

Interior, aiming the task area, controlling a group of luminaries
(Figure 2, right) Closed loop

B Downlight with 2 Compact Fluorescent
18W lamps

Exterior, one photosensor controlling the luminaires in perimeter zone
of the building (Figure 3, right) Open loop

C Recessed with parabolic louvres and 4 T5
14W lamps

Interior, one photosensor for each luminaire installed in the daylight
zone of the building (Figure 4, right) Integral reset

2.2. Survey with Questionnaire

Since the main objective of the study concerned daylight integration and control, the occupants
that were working in offices placed in the perimetric zone of each building were chosen for the study.
The questionnaires were handed to the users that (a) are located in areas with high daylight penetration,
(b) their working station was inside the daylight zone according to EN 15,193 [81] (the maximum
depth of the daylight zone was 2.5 times the height between the window lintel above the floor and the
height of the task area above the floor) and (c) the corresponding lighting system in the daylight zone
was controlled using from a daylight-harvesting system. Due to the general personal data protection
regulations the questionnaires were filled anonymously and the detailed position of the occupants’
working stations was not recorded, except their age. Figure 5 presents the orientation of the working
spaces as a percentage.

  
(A) (B) (C)

Figure 5. Position of the occupants’ working planes concerning the orientation of the building façade
where the office spaces were located for each examined building (Building A: left, Building B: middle,
Building C: right).

The sample of the occupants that were selected, were between 20–60 years old. (Figure 6, right).
The questionnaire was completed by a total number of 122 occupants (53 women, 69 men, Figure 6,
left). The questions are presented in Table 2. The format of the questionnaire was based mainly on
rating scales. Rating scales are used so as to model the respondents’ feedback in a comparative form
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and are applied in various types of surveys where respondents are expected to assess or classify
attributes, such as performance, efficiency, etc. The rating scales are suitable for field research due to
their reliability and efficiency for subsequent statistical analysis. Based on the answers, researchers
were able to associate a qualitative measure with a certain attribute or feature. The answers were on an
ordinal 5-point scale from ‘too much’ to ‘very poor’ and a 3- or 4-point scale, while some questions
used a tick box (Table 2). The occupants were not trained or informed before filling the questionnaire,
in which simple questions were used. This was a prerequisite for the current research. We believe
that any training to the occupants prior the questionnaire could affect their responses, especially their
awareness to the lighting controls systems, a crucial factor for their successful implementation in to
the buildings.

 

Figure 6. Number of occupants that completed the POE (left), and their age frequency
distribution (right).

Table 2. The questionnaire given to the occupants of the buildings.

Questions Answer

1 Which three of the following parameters are the most important for you
in order to have a pleasant environment in your work?

O Thermal Comfort
O Visual comfort
O Ventilation
O External openings
O Aesthetics of the interior space

O Noise free
O Privacy
O Large space
O View out
O Other

2 From 5 (very satisfied) to 1 (very dissatisfied), how satisfied are you
with the parameters on the right in your working environment?

O Visual comfort
O Noise level
O Odor
O Ventilation
O Thermal Comfort

O Size of external openings
O Privacy
O Large space
O View
O Aesthetics of the interior space

3 Do you prefer working in with daylight, artificial light or both? Daylight, artificial, both

4 How important is it to you to have a window in your room or
immediate work area? Very, Moderately Not important

5 Do you ever work using only daylight? Often, sometimes, only occasionally, never
6 Is your visual environment pleasing? Yes, No

7 When you look up from your working plane does the scene that your
see in front of you seem Too bright 5( ) 4( ) 3( ) 2( ) 1( ) Too dim

8 Does glare () ever disturb or annoy you? Frequently 5( ) 4( ) 3( ) 2( ) 1( ) Never
9 Do you consider yourself as very sensitive to glare? Yes, No
10 The amount of total light on your office is: Too much 5( ) 4( ) 3( ) 2( ) 1( ) Very poor
11 The amount of total light on your desk is: Too much 5( ) 4( ) 3( ) 2( ) 1( ) Very poor
12 The amount of daylight on your desk is: Too much 5( ) 4( ) 3( ) 2( ) 1( ) Very poor

13 Is an automated lighting control system installed in your office or in
your work environment generally? If yes, it is annoying? Yes ( ) No ( )

14 Level of importance with regards to the ability to control the lighting
output of the luminaires over your personal office? Important 5( ) 4( ) 3( ) 2( ) 1( ) Unimportant

15 What degree of control do you have over the electric lighting above
your work plane? Full control 5( ) 4( ) 3( ) 2( ) 1( ) No control

16 How satisfied are you with this level of control Satisfied 5( ) 4( ) 3( ) 2( ) 1( ) Unsatisfied

17 Is it important to be able to control the lighting of your working plane
separately from that of nearby desks? Important 5( ) 4( ) 3( ) 2( ) 1( ) Unimportant

18 Do you have any kind of control on the amount of daylight that
impinges on your working plane? Full control 5( ) 4( ) 3( ) 2( ) 1( ) No control

2.3. Survey with Lighting Measurements

During the survey and the evaluation of the questionnaire from the users (Spring time, from 11:00
to 15:00), illuminance measurements were performed. The illuminance measurements are a crucial
parameter in a POE survey, because (a) the occupants’ opinion can be verified and (b) the lighting
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installation is checked as if it is in accordance with EN 12464-1 [82] or the initial lighting design.
Special actions should be performed after POE and measurements are concluded. If the space is
over illuminated and there are complaints, the redundant luminaires should be removed if possible.
On the other hand, a number of luminaires should be added if lighting levels are inadequate. For the
measuring procedure, a T-10a Minolta calibrated luxmeter was used (Figure 7). The measuring sensor
was placed at a height of 0.8 m, on the working surface of each occupant. The luminaires in the
measuring area were all in operation using daylight harvesting control. The measured value was the
total illuminance, namely daylight and dimmed artificial lighting levels at the time of the survey.

 

Figure 7. Illuminance measurement procedure in a lighting survey. A T-10a Minolta calibrated
illuminance meter was used for the measurements.

2.4. Statistical Analysis

The survey responses were used to build two types of variables, namely ordinal and dummy.
Therefore, the methods for testing the research questions are adjusted on the type of variables
incorporated in each one of them. There are two basic methods for testing the associations of variables.
When the variables are of ordinal scale, the correlation analysis is conducted. There are two basic
correlation coefficients: Pearson and Spearman. Pearson measures the association of variables using
their original values while the Spearman coefficient tests the monotonic association based on the
rankings of the variables. The first is parametric and is implemented in rather large samples, while the
second is a non-parametric one and is implemented on rather small samples [82]. In addition, it can be
used when the data are of ordinal scale, which is the case of the present paper [83]. Since, the correlation
analyses will consider both the whole sample where observations are quite a lot, as well as on individual
buildings, which have smaller samples, the present paper adopts the Spearman correlation analysis.
The formula for estimating the Spearman coefficient between two variables y and x is as follows:

ρ = 1− 6
∑

d2
i

n(n2 − 1)
, (1)

where n is the number of cases and di the difference between the ranks of their observation in y and x
variables, respectively. The ρ coefficient takes values in the closed interval [−1,1] with values close to 1
denoting a strong positive correlation and values close to −1 a strong negative correlation. Values close
to 0 denote a weak correlation of the considered variables [83,84].

On the other hand, when analysis incorporates both ordinal and dummy variables,
the non-parametric Mann–Whitney test will be conducted. Mann–Whitney test the null hypothesis
that the scores of a variable follow the same distribution over two samples being formulated by the
two values of the dummy variable. Similar to Spearman coefficient, the Mann and Whitney statistic
U, is computed based on the rankings rather on the actual scores of the variables [83,84]. Then,

98



Energies 2020, 13, 4024

the statistical significance of the estimation is extracted based on a z normal approximation of the U
statistic [85].

3. Results

3.1. Survey

In the first question (Table 2), the occupants ranked the three parameters that are most important
for them in making an office environment a pleasant one. In this question, the users indicated
what they want mostly and not necessarily what they experience in their office. Visual comfort,
thermal comfort and ventilation are ranked as the most desired features with average with average
occupants’ preferences 24.6%, 23.8% and 21.3%, correspondingly (Figure 8). On the other hand, in the
second question, the occupants voted for what they experience in their offices. These comparable values
for the individual examined buildings are shown in Figure 9. The results of occupants’ satisfaction for
Buildings B and C related to the most parameters came out very well. Only visual comfort came out
well for Building A, because of the lighting control system with photosensors and occupancy sensors.

 
Figure 8. Results of occupants’ opinion of what they want most from the main parameters that affect
the overall comfort in an office building.

Figure 9. Cont.
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Figure 9. Satisfaction (green color) and dissatisfaction (red color) of different parameters (Visual comfort,
Noise level, Odor, Ventilation, Thermal Comfort, Size of external openings, Privacy, Large space, View,
Aesthetics of the interior space) for the examined buildings.

As most of the occupants want to work with both daylight and artificial lighting (Figure 10, left) a
daylight-harvesting system is preferable than a simple on-off switch. Thus, every user selected that
the existence of an external opening is very or moderately important (Figure 10, right). However,
only the users of Building C prefer their workplace to be illuminated solely by daylight, while the
majority of the employees of Building A oppose it (Figure 11, left). Most of the occupants reported that
there is too much light, not only into the entire area of their offices but also in their working planes.
Their answers were almost the same either for their space or desk (Figure 11, right, and Figure 12, left).
This is due to the overall and general lighting design using a typical grid. None of the buildings had
placement of the luminaires according to the task areas. The occupants of Building A, while reporting
high illuminance values for both daylight and artificial lighting (Figure 12, left), they also reported low
amounts of daylight reaching their working space (Figure 12, right). This means that in many working
positions in Building A, the luminaires above them were emitting their maximum light flux. In this
building, the control of solar gains is realized by both external and internal shading systems (Figure 2,
middle) which are adversely affecting daylight levels. In open-plan spaces, their use can result in
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gloomy conditions and hence low daylighting levels. A façade renovation can definitely improve the
aforementioned conditions [10–14].

  

Figure 10. Results for how the users prefer their lighting conditions (left) and how important is for
them to have a window in their office (right).

 

Figure 11. Results of how often the occupants work using only daylight (left) and the amount of total
light on their space (right).

 
Figure 12. Results about the amount of total light (left) and daylight only (right) on their desk.

From the total number of the users, 21% of them were not aware of the existence of a daylight
harvesting control. The less awareness was recorded in Building C, where 43% of the occupants in
that building did not know about the installed photosensors. The users’ responses show different
reactions for the occupants of the buildings concerning light controls (Figures 13–15). The users of
buildings A and B had similar responses concerning the degree of control that the users have over the
artificial lighting above their working plane (Figure 13, right). In general, the occupants stated that it
is important to be able to control not only the artificial lighting above them (Figure 13, left) but also
to control it separately from the advancement areas (Figure 14, right). However, they are highly or
moderately satisfied with the degree of control of the lighting system that they have (Figure 14, left).
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It should be mentioned that daylight harvesting was in an automated mode in all examined buildings.
Moreover, both buildings A and B do not offer their users the ability to override lighting controls
or perform manual control (almost 90% of the users in buildings A and B; Figure 13, right). On the
contrary, Building C offers that ability. For this reason, over 60% of all the users have expressed a strong
desire to control the level of artificial lighting (Figure 13, left). Furthermore, while it could generally
be expected that the degree for individual control would be high, the reality of control especially in
areas with shared control groups, strengthens these convictions (Figure 14, right). Most of the users,
over 50% for all the case studies, have the ability to control the amount of daylight that impinges on
their working plane (Figure 15) by using the internal blinds (Figures 2 and 4, left) to prevent direct
solar radiation.

  

Figure 13. Results of how important is from the occupants to control the level of artificial lighting over
their working plane (left) and in what degree (right).

 
Figure 14. Preference of occupants for how satisfied they are with their degree of control (left) and
how important is from them to control the artificial lighting of their working plane separately from the
others (right).

 
Figure 15. Preference of occupants for the occupants’ control on the amount of daylight that impinges
on their working plane.

102



Energies 2020, 13, 4024

3.2. Lighting Measurements and Occupants’ Preferences

According to EN 12464-1 [81], the target illuminance in an office space is 500lx. Figures 16–18
present the lighting measurements concerning the installed power per person, glare, the total amount of
light and daylight that experience in their space. With the help of an orange (upper limit) and a purple
(lower limit) dashed line, a comfort zone of 500 ± 100lx was highlighted [86]. Most of the occupants
(67%) are working in spaces with installed power up to 108W per person (Figure 16), emitting light
that results from 150l to 883lx in illuminance values.

Figure 16. Illuminance measurements vs. installed power per person.

  

  

Figure 17. Cont.
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Figure 17. Occupants’ response for the amount of total lighting levels (left column) and the
corresponding daylight on their working plane (right column) in relation to the measured illuminance
(Building A: Upper part, Building B: Middle, Building C: Lower part).

 

 

 

Figure 18. Responses about the frequency of glare (left column) and the brightness of the scene in front
of their working plane (right column) in relation to the measured illuminance (Building A: Upper part,
Building B: Middle, Building C: Lower part).

In buildings A and B, the similar responses of the users concerning the amount of total light
and daylight (Figure 17) on their working plane indicate that artificial light is dimmed as the total
light should include high values of daylight. This is an indicator that the daylight-harvesting
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system is efficient as there were very few task areas (offices) where the measured total lighting levels
were below 400lx. For the same buildings (A and B), evaluating the illuminance measurements,
the “good” response of the users is coinciding with the comfort zone (400–600lx), while the “much”
response is embodying many values higher than 600lx, especially in Building B. On the other hand,
in Building C, while the responses of the occupants between the total light levels and daylight are
again similar, the corresponding illuminance measurements are below the comfort zone (400–600lx).
Although someone should expect that the occupants will describe this situation as “poor” or “very
poor”, they experienced it as “good” or even “too much”.

As glare can be affected by how bright a scene can be, the frequency of glare and the brightness
of the external views were examined through the measured lighting levels (Figure 18). There is a
debate regarding the selection of an upper illuminance limit above which daylight is not preferable
due to glare. While most of the users experienced bright scenes, the frequency of glare was declared
from “never” to “sometimes”. Even in Building B, where there are high illuminance values, the same
users felt, correctly, that the bright environment as the illuminance values were up to 900lx. However,
as noted above, while the glare is related with luminance (cd/m2) distribution rather than illuminance
values (lx).

4. Discussion

4.1. Lighting Levels and Age

The occupants’ perception regarding the amount of light on their desk did not correlate with the
actual measurements of illuminance in their desk. A Spearman correlation analysis both on the whole
sample but also on every individual building basis was performed. All analyses returned low ρ scores
and non-statistically significant results indicating that the perceived capacity of lighting differs from
the actual amount of illuminance. This could be a factor of the occupants’ age.

In Building A, 45% of the total lighting measurements, both artificial and daylight, were below
500lx (21% below 400lx) and 24% higher than 600lx. A total of 65% of the users responded (Figure 19)
that they like their visual environment (Question 6, Table 2), while comparing the lighting system with
the other building parameters (Question 2) their satisfaction for the lighting system was much higher.
In the same way, in Building B, 38% of the measurements were below 500lx (17% below 400lx) and
28% higher than 600lx mostly due to daylight. 92% of the users liked their visual environment. Lastly,
for Building C, 93% of the working stations were under illuminated, below 500lx (68% below 400lx).
The measurements verified the problem of the integral reset algorithm used in Building C (Table 1).
Even with a proper commissioning this control algorithm shows erratic behavior [34,36,39,40,44].

Returning to age, it seems that the young age of the Building C users (mainly 25–34) were not
affected by the reduced lighting levels (Figure 20) as 93% of them like their visual environment even
if it is dimmed below 400lx in most cases. In Building B, where their users of increased age work
(+55, Figure 19), a preference for illuminance values between 559 and 794lx was recorded (Figure 20).
Figure 20 shows the average measured illuminance values along with the standard deviation per group
age in which the occupants’ response for liking their visual environment was positive. The measured
values of negative responses were not taken into account. These results verify the newer edition of
EN12464-1 [87], in which, using the scale of illuminance (from 500 to 750lx) the lighting designer can
decide if the illuminance levels should be raised by at least one step when working conditions or
age require it. However, a high percentage of older staff should be within the specific working area.
This is due to the retinal illuminance that decreases as people getting older and can be attributed to the
reduction of the pupil size and higher spectral absorption of the crystalline lens. Higher lighting levels
are needed also for persons that underwent presbyopic corrections [88].
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Figure 19. Illuminance measurements vs. the occupants’ response concerning liking their visual
environment (left) and their age (right).

 

Figure 20. Illuminance measurements on the users’ desks in regards their age, in which, the occupants’
response for liking their visual environment was positive.
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4.2. Total Lighting Levels and Daylight

In Table 3, the estimated Rho coefficients and the respective statistical significance are presented
for the three buildings. The results show that the relationship between the two variables is only found
statistically significant for Building B. Considering the nature of the two questions (Questions 11
and 12, Table 2) and the fact that Building B is controlled by open loop sensors placed outdoors it is
concluded that employees in that building give a positive evaluation to the total quantity of lighting
only when they perceive that daylight is sufficient. This relationship is absent in the other buildings,
signifying that satisfaction is achieved not only by the provision of daylight but also with artificial
light. This raises a question regarding the effectiveness of artificial lighting provision in Building B.

Table 3. The estimated Spearman Rho coefficients between variables of question 11 (total light) and
question 12 (daylight) across the three buildings.

Correlation A B C

Rho 0.180 0.537 0.349
Statistical Significance (two tailed) 0.349 0.000 0.131

N 29 64 22

In Building C, the total lighting levels were lower than the corresponding value of 500lx, while there
was presence of daylight (Figure 17). As already explained, the integral reset algorithm used in the
photosensors of Building C, might be the main reason that artificial lighting was dimmed too much,
lower than the necessary lighting levels. Secondly, another reason for the low lighting levels, could be
a possible override of the system from the occupants. Due to both reasons, the users of younger age,
gave a significant tolerance in visual comfort for achieved lower lighting levels (Figure 20).

4.3. Glare

Most of the users are satisfied with their visual environment with the slight exception of the
Building A (Figure 21, left). The use of the external blinds in Building A may dissatisfy some occupants
because the deterioration of the view. More than 50% of the occupants consider themselves as insensitive
to glare (Figure 22, right). The main sources of glare were the reflections on the monitors either by the
artificial lighting systems or the daylight. The employees’ satisfaction of their visual environment was
tested by taking into account (a) the abundance of light when they look in front of them (Questions 6
and 7, Table 2) and (b) the frequency of glare incidents (Questions 6 and 8). Variable from question 6
(Is your visual environment pleasing?) is a dummy variable and variables from question 7 (When you
look up from your working plane does the scene that your see in front of you seem . . . ) and question 8
(Does glare ever disturb or annoy you?) are of ordinal Likert scale, thus a direct correlation analysis is
not feasible. Instead, a Mann–Whitney test is preferred. The Mann–Whitney test for questions 6 and
7 returned a z value of −3.176 which denotes statistical significance at the (<0.01) level. This result
shows that when employees consider the light in their front view as adequate (inside the field of view
of the human eye looking forward), they tend to show greater satisfaction for their visual environment
(including their working surface). The relationship across the three buildings was tested and we
acquired statistically significant result only for the Building B. In addition, the results of the test for
questions 6 and 8 returned a z value of −0.345 with no statistical significance. Therefore, glare does not
seem to affect the visual comfort satisfaction level of employees at the measured illuminance levels.
To test for any differences across the buildings three tests were also conducted returning no significant
results. Hence, the absence of any relationship between visual satisfaction and glare is confirmed for
the whole sample. In addition, user sensitivity to glare was tested by estimating the number of glare
incidents that encounter for all buildings (Questions 6 and 8). Since the variable of question 9 is a
dummy one, the test will rely on the Mann–Whitney method. The tests performed over all the three
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buildings returned no statistically significant result. Thus, it is concluded that sensitivity to glare does
not influence the judgement of employees regarding the frequency of glare incidents in their work.

Figure 21. Occupants’ preference for their visual environment (left) and how dim or bright is the scene
in front of them (right).

 

Figure 22. Results of how frequent the users are disturbed from glare (left) and if they consider
themselves sensitive to glare (right).

4.4. Lighting Controls

Figures 13–15 show the different reactions of the occupant responses concerning the light controls.
The relationship formed among the questions 14–16 (Table 2) and their corresponding variables
was examined. This differs across the three buildings because of the different control algorithms
(Table 1). For this reason, the pairwise Spearman correlation coefficients were estimated. The estimated
ρ coefficients and their statistical significance are presented in Table 4. The estimated correlation
coefficient between question 14 and 15 variables acquires statistical significance only when Building B
is considered. This means that only in Building B it is both important, from the users, to have ability to
control the lighting on their desk area and to be satisfied with the amount of control that they already
have. As for the correlation of variables between question 14 and 16, this was found significant in
buildings A and B, with the former estimation acquiring higher statistical significance (<0.01 to <0.10
level). For those buildings it seems that a positive relationship does exist between (a) the user’s ability
to control the lighting in their desk areas and (b) their satisfaction with the actual level of control.
Finally, the third correlation test (between question 15 and 16 variables) yields the exact opposite
results, as a strong and statistically significant correlation coefficient is found only for Building C.
This finding denotes that the control of lighting and the satisfaction of employees regarding the actual
control are correlated only in Building C. Finally, concerning the relationship between the importance
on the ability to control lighting on their area, as opposed to the ability to do that separately from the
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adjacent desks, the correlation analysis returned a rather high rho coefficient (0.659) which was found
statistically significant at the (<0.01) level, as expected.

Table 4. The results of the pairwise Spearman correlation analyses for the variables of question 14
(How important to you is that you are able to control the level of electric lighting over your desk?),
question 15 (What degree of control do you have over the electric lighting above your work plane?)
and question 16 (How satisfied are you with this level of control?) for the three examined buildings.

Rho A B C

Question 14–Question 15 0.309 0.314 ** −0.026
Question 14–Question 16 −0.352 * −0.428 *** −0.292
Question 15–Question 16 0.048 −0.107 0.747 ***

N 29 64 23

Statistical significance: (***) at 0.01 level (**) at 0.05 level (*) at 0.10 level.

5. Conclusions

Buildings are established to be functional and satisfy the needs of their occupants. Hence, the goal
of a building cannot be accomplished if its occupants are discontented by its performance. The goal
of a post-occupancy evaluation study is to conduct a methodical and thorough assessment of the
overall performance attributes of a facility after its occupation, to obtain feedback about a variety
of features, such as energy consumption, quality of the indoor environment, occupant’s satisfaction,
productivity, etc. The results of a post-occupancy evaluation study are able to elucidate if a building
responds to the expectations that were envisaged in the early stages of the design, by appraising the
facility’s performance with regards to human aspects such as the occupant’s satisfactions or wellbeing,
as well as nonhuman aspects such as metrics of their energy and thermal performance. In this study
a questionnaire was generated so as to concentrate on the lighting of the examined buildings and
especially on daylight utilization in buildings, where daylight controls with photosensors are installed.

A systematic documentation and analysis of the information gathered from the three examined
buildings was conducted and some features that will be exploited in the future were identified.
The majority of the occupants have a positive opinion about their lighting quality with the exception
of the employees that occupy Building A. The discontentment of the occupants can be attributed
to the external blinds that are installed in Building A, which obstruct their view. The users’ strong
preference for daylight illumination leads to the conclusion that daylight is more effective in increasing
work place morale and providing visual comfort rather than artificial light. Another remark is that
visual comfort, temperature and ventilation are evaluated as the most desirable characteristics of
indoor environment quality in an office space. Additionally, low levels of noise and spaciousness
received high, but not the highest, ranking. It should be noted that the only discontentment related
to daylight penetration in buildings is mainly associated with glare, particularly on the computer
monitors. Therefore, when designing with a daylight professional must implement all the appropriate
measures so as to eradicate any visual discomfort caused by glare.

The lighting measurements along with a post-occupancy evaluation, can form a complete survey
concerning the lighting system and can be part of a building energy audit and diagnosis. The users’
satisfaction of their visual environment is in line with the lighting measurements and the corresponding
target illuminance (500 ± 100lx, [86]). Two trends concerning their age and the lighting levels were
documented. In Building C, the occupants were satisfied even when the lighting levels were lower
than the target illuminance of 500lx for an office environment. This is due to the integral reset control
algorithm (Building C) that had the poorest behavior from all three buildings since for 93% of the user
positions were below 500lx. This of course is related to increased lighting energy savings in Building
C, but with illuminances lower than the design illuminance. However, the acceptance rate of the
users was high most probably due to their young age. The new edition of prEN12464-1 2019 [87]
suggests a step increase of 250lx in office environments for aged users. However, the opposite action,
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a reduction of illuminance due to young users, does not occur as this reduction was documented
in the current research. On the other hand, in Building B, the increased age group of people was
satisfied with higher levels of illuminance verifying the recommendations the prEN12464-1 2019 [87].
These recommendations allow lighting professionals adopt an increased task illuminance for older
occupants so as to counterbalance the decline of retinal illuminance due to age. This should be applied
in specific task areas and note to whole area, as more energy consumption could weigh down the
overall building energy equilibrium. Furthermore, the results show that in Building C increased energy
savings can be expected since the users prefer lighting levels less than 500lx. A daylight control system
can achieve up to 60% [89] energy savings in comparison to a manual control system provided that
operates normally. Any erratic behavior could counterbalance the possible energy savings, as the users
tend to override it and thus losing a substantial percentage of the energy savings. While the targeted
POE for lighting control installations are limited, the erratic behavior of the integral reset control
algorithm was verified according to the relative bibliography [36,39,45]. Examining the lighting levels
with the satisfaction of the users the results were verified also with previous research [65]. The purpose
of the study was mainly to examine the acceptance of control systems by building occupants recording
all possible problems caused by their operation. This can be accomplished by a time limited survey.
However, if the proposed POE method is performed at different seasons in a year can help to calibrate
the daylight-harvesting system properly, maintaining the expected energy savings.

Most occupants praised the integration of automated daylight controls, although they revealed
their strong preference towards individual control over the artificial lighting system. In other words,
each occupant desires to be able to control his or her individual lighting conditions rather than having
to accept lighting levels that are adjusted by others (e.g., lighting professionals) for them, even when the
lighting conditions comply with international standards. For the full acceptance of a lighting control
system, the occupants should become aware that the system does exist in their working environment.
In this survey, 79% of the users knew that a daylight harvesting technique was implemented in their
working space. In Building C, the aforementioned percentage dropped to 43%. In this building,
lighting control was implemented only in the perimeter zone as a stand-alone solution for every
luminaire. Although low illuminance levels were recorded, users did not bother to examine the cause
of low illuminance and fix it. The age of the users was an important parameter which affected their
tolerance for lower light levels. However, it is still important for the facilitators, to inform and educate
the occupants regarding proper use of lighting control systems that are integrated to their building.
Furthermore, the quick fluctuation of the dimming levels of the daylight-harvesting system was the
most pivotal reason for the discontentment of the lighting system from occupants in all buildings. It is
crucial that the commissioning of the system should be performed by a lighting expert [90]. A proper
adjustment of the photosensor’s time response could provide solution to this problem in the examined
buildings. The proper commissioning of the installed photosensors could maximize energy savings.

The reality is that the occupants will never be satisfied by any daylight-harvesting system unless
they have some benefit from it. The results showed that, for all the cases, (a) ease of use of lighting
controls, (b) occupant awareness to lighting controls and (c) occupant training concerning lighting
controls are of critical importance so as to establish desirable lighting conditions and simultaneously
achieve energy savings.
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Abstract: In this case study, the energy performance of a secondary school building from the 1960s in
Gävle, Sweden, was modelled in the building energy simulation (BES) tool IDA ICE version 4.8 prior
to major renovation planning. The objectives of the study were to validate the BES model during
both occupied and unoccupied periods, investigate how to model airing and varying occupancy
behaviour, and finally investigate energy use to identify potential energy-efficiency measures. The BES
model was validated by using field measurements and evidence-based input. Thermal bridges,
infiltration, mechanical ventilation, domestic hot water circulation losses, and space heating power
were calculated and measured. A backcasting method was developed to model heat losses due to
airing, opening windows and doors, and other occupancy behaviour through regression analysis
between daily heat power and outdoor temperature. Validation results show good agreement: 3.4%
discrepancy between space heating measurements and simulations during an unoccupied week.
Corresponding monthly discrepancy varied between 5.5% and 10.6% during three months with
occupants. Annual simulation indicates that the best potential renovation measures are changing to
efficient windows, improved envelope airtightness, new controls of the HVAC system, and increased
external wall thermal insulation.

Keywords: building energy simulation; school building; field measurements; validation; airing;
windows and door opening; occupancy behaviour; energy efficiency measures

1. Introduction

Residential and public buildings account for around 40% of the annual energy use and 36% of
greenhouse gas emissions in Europe [1,2]. In developed countries, the increase in energy use by heating,
ventilation, and air conditioning systems is significant, with a share of about 50% of the buildings’ total
energy use and around 15% of a nation’s energy use [2].

Reductions in energy demand and efficient energy use are seen as feasible ways for more
sustainable energy use in the built environment. Many actions and methods are implemented for this
purpose, such as stricter building codes, green building programs and certification systems such as
green building certification systems LEED and BREEM, and energy-efficient renovation strategies for
buildings. In the European Union (EU), policies for energy efficiency in buildings have been stricter
according to the EU2030 goals to meet the EU’s long-term 2050 greenhouse gas reductions target [3].
Targets for 2030 are a 40% reduction in greenhouse gas emissions compared to 1990 levels, at least a 27%
share of renewable energy usage, and at least 27% energy savings compared with the business-as-usual
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scenario. The Energy Performance of Buildings Directive (EPBD) [4] and the Energy Efficiency Directive
(EED) [5] are two pieces of legislation to reduce energy use and environmental impact.

Building energy simulation (BES) models are commonly used to predict and study building
performance in terms of energy and indoor environment. BES modelling is often done in the design
stage of a new building or when investigating the current status for an existing building to plan future
renovation strategies. The main goal with BES modelling is to reach as accurate prediction as possible,
and in this context, it is of high priority to validate the model.

Different ways to calibrate and validate BES models and tools have been widely discussed [6–8].
Three methods for validating numerical tools are analytical solutions, peer models, and empirical
data [8]. Analytical solution validation means validation of the component models within the simulation
tools and the analytical solution of the mathematical physics model. Peer model validation is validation
by comparing simulation output with another similar simulation tool output, where the same input
data have been used. Empirical validation means that the model output is compared to empirically
collected data for the specific modelling case. Moreover, the validation can be divided into two
main categories: idealised and realistic validation. In idealised validation, the mathematical laws,
component models, and engineering assumptions within the model are tested, and these are most
often tested against measured data in a test cell, which is unoccupied. In realistic validation, the model
considers influence of occupants and occupant behaviour, and the BES output is compared to measured
data from actual buildings [8].

The gap between the prediction of the BES model and the building’s actual performance is known
as the performance gap [9,10]. Occupancy behaviour is understood to be a major reason for this
gap [7–9,11–13]. Today, there are many methods on how to model occupancy and behaviour, such
as presence, window opening and shading, lighting, and HVAC systems [13–16]. However, there
is a need for more research in the field of evaluation of occupancy models and how to more easily
integrate these in BES programs [8,11,15]. Further challenges connected to modelling occupancy in
institutional buildings are that they often have the characteristics of large scale and a high variation of
occupancy number, variation of patterns and behaviour, and lack of awareness of energy use [13].

It is evident that occupants’ window and door opening behaviour affects both indoor environment
and energy use in buildings, and how to model this behaviour in BES is a growing topic of interest [14–20].
Airing activities vary due to different types of buildings such as residential, offices, and schools [17,19].
However, it is difficult to quantify the exact loss of heat due to airing activities by measurements and
for office, residential, and institutional buildings. In Swedish conditions, default values from standards
are often used in BES [21].

Many case studies including BES model predictions are not compared against measured data [22].
Coakley et al. [6] point out that the process of creating realistic, reliable, and accurate BES models is
often a non-transparent and ad hoc approach where the model creator can “tune” and adjust input
data to the BES model so that simulated output results will fit with measured or assumed data. They
also highlight that there are often only requirements on accuracy in predicted energy use, with little
focus on the accuracy of the input data or the simulated environment [6]. That is why it is important
that the process of building a model is transparent and that input data to the model is built on
evidence-based methodology [23].

The aim with this study is divided in four objectives: (1) to perform a detailed data collection
process in order to obtain evidence-based input data and validation data; (2) to perform validation of
the BES model during both occupied and unoccupied periods; (3) to investigate a method on how to
handle the challenges connected to the modelling of airing and other varying occupancy behaviour of
this building; and (4) to investigate the energy use in the school building and identify potential energy
efficiency measures in renovation planning.
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2. Case Study Description

The studied secondary school building is located in Gävle, Sweden, and it is owned by
the municipality of Gävle. The entire facility consists of six buildings, four with mainly classrooms,
a cafeteria, and a gymnasium building. The largest building is the case study; see Figure 1. The heated
floor area of 4577 m2 is divided in four stories, including a basement and an attic. It was built during
1961–1963 and there are about 100 rooms, encompassing classrooms, some offices, a coffeehouse, toilets,
and smaller storage areas. According to the principal, there were about 140 pupils (ages 13–16) and
about 20 personnel occupying the building during 2014–2015.

(a) (b) 

Figure 1. The school building, 97 m length, 18 m width, and 9 m height above the ground and
the building energy simulation (BES) model, including shading objects such as trees shown in (a) and
in (b) in form of screens.

A district heating system (DHS) supplies space and domestic hot water (DHW) heating. The space
heating system is hydronic, consisting of three radiator circuits. Four air-handling units (AHU) supply
ventilation air with a constant air flowrate through mechanical exhaust and supply systems with
rotary heat exchangers. Heating coils are used to heat the supply air by district heating. The three
smallest AHUs have separate control schemes, while the fourth and largest unit is controlled by both
schemes and presence sensors. Any movement in the rooms with presence sensors will trigger forced
ventilation and lighting for half an hour on a simple on/off basis.

U-values and areas of the building segments can be seen in Table 1. Construction drawings were
available for all construction parts except for doors and windows. Based on site inspections and
documentation, the materials and U-values were assessed for the whole building and inserted layer by
layer in the BES tool IDA ICE construction component models. Additional assessment information on
building construction and heating and ventilation units can be found in Section 3.2 and Table 5.

Table 1. Building construction description.

Building Segment Area (m2) U-Value (W/(m2·◦C))

Roof 1700 0.15
Walls above ground 1579 0.32 1

Walls below ground 471 0.50 1

Floor towards ground 1700 0.22 2

Windows 465 2.7

Total 5956 0.51
1 Average U-value of wall, consisting of different wall construction types. 2 Average U-value of floor construction
towards ground and ground properties. The thermal resistance of the ground is simulated according to ISO 13,370
standard [24].
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3. Methodology

The applied methods in this paper are field measurements, including logged data in Building
Management System (BMS), and the utilisation of a BES tool. An overview of the methodology and
research process to build and validate the BES model is shown in Figure 2, and it can be divided into
five main steps. In the first step, a vast amount of information during both unoccupied and occupied
time periods was collected. Input and validation data were collected from field measurements, BMS
logging, and other sources, and the initial BES model was created. The only input data not included in
the initial model was the occupants’ airing behaviour. In the second step, the model was validated
during an unoccupied time period when no occupants influenced the building. In the third step,
a backcasting method on how to model airing and other varying occupancy behaviour was elaborated.
The outcome of a function describing airing and occupancy behaviour variations was included as new
input data in the model. In the fourth step, the model was validated during an occupied time period.
Finally, this model was used to identify potential renovation measures.

Figure 2. Overview of the research process.

Moreover, in steps two, three, and four in Figure 2, the measured power to the space heating
system was compared with simulated data from the model during different time periods, and in step
two and four, validation was performed. Validation criteria are set according to ASHRAE Guideline
14 [25] for discrepancies between measured and simulated hourly data. The Mean Bias Error (MBE)
should not be higher than ±10% and Coefficient of Variation of Root Mean Square Error (CV(RMSE))
should not be higher than ±30%.

The strategy adopted to collect input and validation data was done by the evidence-based
methodology suggested by Raftery et al. [23]. Data is categorised in a source hierarchy with
the following order of priority: (1) long-term logged data from BMS; (2) field measurements; (3) direct
observations and audits; (4) staff interviews; (5) operation documents; (6) construction documents; (7)
benchmark studies and best practice guides; (8) standards, specifications and guidelines, and design
information. Number one, logged data from BMS, has the highest source hierarchy and number eight
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(standards, specifications and guidelines, and design information) has the lowest source hierarchy. In
Table 5, input and validation data to the model is summarised and the source hierarchy is denoted.
Importantly, evidence-based input data with a high source hierarchy are desirable to obtain a reliable
and valid model.

3.1. Field Measurements and Logged Data

Electricity and district heat usage provided by the local energy company was merged data for
all six school buildings, and no separation between the different buildings was possible. Therefore,
sub-metering through field measurements and logging in the BMS was necessary in order to collect
input and validation data to the BES model. Table 2 summarises field measurements, and Table 3
summarises BMS logging. Both tables specify on which level the data was collected, room level or
building level, and if the data were used as input and/or validation data. Table 4 presents equipment
and measurement accuracy. The measurements were mainly performed from December 2014 until
April 2015, except for the weather data, which was collected for one whole year.

Table 2. Overview of measurements.

Measurements Measuring at Level Use of Data

Room Building Model Input Model Validation

Tracer gas for air leakage X X
Room air temperature X X X
Space heating power X X
Electric baseload power X X
Weather data X X
DHWC 1 X X

1 Domestic hot water circulation.

Figure 3. Linear correlation of rotary heat exchanger temperature efficiency in AHU and outdoor
temperature; data set 1 September 2014 until 31 May 2015 (sampled every 10 min).

121



Energies 2020, 13, 2325

Table 3. Overview of Building Management System (BMS) logging.

BMS Logging Logging at Level Use of Data

Room Building Model Input Model Validation

Damper positions 1 X X
Air temperatures in AHU 2 X X
AHU efficiency 3 X X

1 Data used to create schedules for internal loads and ventilation. 2 Data used as set point for supply temperatures in
air-handling units (AHU). 3 Data used to create a function of AHU efficiency through linear regression, see Figure 3.

Table 4. Measurement equipment and accuracy.

Measurements Equipment Accuracy

Tracer gas for air leakage 1 Passive sources and samplers Total uncertainty of ±20% within 95%
confidence interval [26].

Room air temperature Mitec SatelLite-TH devices Inaccuracy of ±0.4 ◦C for temperature [27].

Space heating power TA Scope Premium Inaccuracy of approx. ±5% of flow and
<±0.2 ◦C of temperature [28].

Electric baseload Tinytag Energy loggers Inaccuracy of ± 2% [29]
Weather data Vantage Pro2 Temperature inaccuracy of ±0.5 ◦C [30].

DHWC Ultrasonic flowmeter
Portaflow X

For pipe size ø13 to 50 mm, inaccuracy of 1.5%
of flow rate (between 2 to 32 m/s) and 0.03
m/s (between 0 to 2 m/s) [31]. See also [32].

1 Data used to calculate the mean age of air and average mean air change rate for the entire building [26].

An extraordinary measurement performed in this project was to quantify air infiltration by
measuring the local mean age of air by tracer gas measurements during the non-occupied period [26].
This unintentional air flow is difficult to capture with other measurement methods and is often
unknown input data in BES. The tracer gas measurements also gave proof of why the passive tracer
gas method is not suitable in buildings with mechanical AHU systems that have large variations in air
flow magnitudes [33].

Indoor temperatures and electrical equipment baseloads were measured during the non-occupied
week with simultaneous inspections. Due to the installation setup, sub-metering of electricity
for running HVAC systems and lighting and appliances in common spaces was difficult.
Measurements of space heating power and energy in radiator systems were carried out at site with
a manufacturer-calibrated TA Scope Premium balancing instrument with two-minute and 10-minute
sampling intervals, respectively. A weather station was located on the roof. Temperature, wind speed,
and direction from this unit were used to create a weather file in the simulation. The weather station
only measured global radiation onto a horizontal surface, while IDA ICE requires diffuse and direct
normal radiation onto a normal plane. Thus, complementary data to the weather file was created by
using national meteorological weather station data, which were sourced from a station located about
7 km from the studied building and included solar radiation data through STRÅNG and the mesoscale
analysis system called MESAN [34].

3.2. Building Energy Simulation Model Description and Collection of Data

A building model was created in the simulation tool IDA ICE version 4.8. In IDA ICE, thermal
indoor climate and energy use can be studied by dynamic multi-zone simulations. IDA ICE has been
certified and validated through idealised, empirical, analytical, and peer model validation in recent
decades [35–39]. A typical simulation required approximately one core hour if performed on an Intel®

Xeon® CPU E3-1505M v6 @ 3.00GHz computer. The BES simulations were mostly carried out at
the University of Gävle’s remote computer servers, Gävle, Sweden. In every simulation, the BES
was simulated at least two weeks before the studied validation period in order to diminish initial
value problems.

122



Energies 2020, 13, 2325

Approximately 100 rooms were modelled as 35 zones. The zoning strategy was done using
the zone-typing approach according to Raftery et al. [23], which includes four major criteria: spatial
location to the exterior, function of the space, conditioning methods (e.g., ventilation strategy and
set points), and available measurements (including information about internal loads). Rooms were
merged into zones in which additional internal mass was included to compensate for internal walls.

3.2.1. Description of Space Heating, Ventilation, and DHW Heating Systems

Space heating, ventilation, and DHW systems are all heated by heat exchangers connected to
the local district heating net with an unlimited heat supply. The school is not equipped with cooling
devices or air conditioning systems. Input data regarding DHW and DHWC systems are found in
Table 5. Four AHUs with rotary heat exchangers were modelled with heat recovery efficiency based on
linear regression on BMS logged data; see Figure 3. Values below 50% and above 90% were excluded, as
these were assumed to be start up and shut down values. The linear function of temperature efficiency
as a function of outdoor air temperature was implemented as a control curve into the AHU component
models instead of using a fixed value for the efficiency of the rotary heat exchangers.

Figure 4. Hydronic radiator supply temperature schedule a week with −20 ◦C outdoor temperature.

Figure 5. Schedule for Wednesday, classrooms in a normal school week, based on damper positions.
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The AHUs’ supply temperatures were set according to average temperatures logged in the BMS
during daytime operation in March 2015; see the input values in Table 5. Three of the AHUs had fixed
schemes; see Table 5. Presence sensors controlled the fourth AHU, and a generalised scheme was
created as described in Section 3.2.2. The supply and exhaust air flow for each zone are set according
to the ventilation inspection protocols for each room. At maximum, the total fan power is about 36 kW,
and an air flow of about 10 m3/s of supply and exhaust air are ventilating the building through all
four AHUs.

Hydronic single plane radiators were modelled with emitting capacity from an IDA ICE component
library and maximum heat output according to design calculations. Radiators were modelled
with proportional thermostats with a dead band of 0.5 ◦C. Having the control strategy of outdoor
compensated supply flow temperature, the heating system has a control curve with a maximum supply
temperature of 61.4 ◦C at an outdoor temperature of −20 ◦C and a minimum temperature of 19.4 ◦C at
an outdoor temperature of 18 ◦C. The corresponding curve implemented in the component model is
based on the measured radiator circuit’s temperature performance. Night setback decreases the supply
temperature by 5 ◦C between 9:00 and 2:00 the next day Monday to Friday, 24 h during Saturday and
until 20:00 during Sunday. Figure 4 show the supply temperatures control curve over a week with
−20 ◦C outdoor temperature.

3.2.2. Schedules for Internal Loads and Ventilation

For electricity devices, a baseload was measured during the unoccupied time period and was
allocated per m2 area within the whole building and scheduled as “always on”; see the values in Table 5.
For office zones and the coffeehouse, lighting and occupancy were scheduled according to the staffs’
working hours, and the ventilation in these zones was controlled by AHU3. The rooms located
at the basement level were ventilated by AHU2 and AHU4; see Table 5 for schedules for AHU2-4.
Lighting in the corridor zones was controlled by a time schedule. The majority of the classrooms were
controlled by presence sensors and ventilated by AHU1.

For all zones controlled by presence sensors, a scheme was created for every weekday based on
BMS damper positions (10-minute sampling time) of ventilation inlets in 19 rooms. A generalised
operation schedule for AHU1, occupants, and lighting was created for these zones. Figure 5 illustrates
a Wednesday schedule, where 1.0 indicates presence control activation in all 19 rooms; 0.0 indicates
that no room was used (closed dampers). A half-hourly mean value was created from three typical
weeks, and the selection of these weeks was made by studying the measured electricity pattern for
the whole building over a whole year.

In total, eight time schedules were created, used, and applied for lighting and occupancy depending
on the zone type and functional use and data from BMS. Each of these eight schedules includes specific
schemes for each weekday and are adjusted concerning weekend and holiday periods. These schedules
can be assumed to capture the overall utilisation of the building in terms of occupants’ presence, use
of appliances and devices, and presence-activated ventilation rates. However, this scheme does not
capture occupants’ airing due to opening windows, doors, and entrances. Instead, energy losses due
to airing, amount of persons, and other unknown energy usage are modelled with the backcasting
method described in Section 3.3. In Table 5, the input and validation data to the model are summarised.
The source hierarchy (described in the end of Section 2) of the input and validation data is specified in
the Assessment method column in Table 5.

3.3. Validation of the Model—Unoccupied Building

Validation of the model during an unoccupied period was performed during a winter week,
from 00:00 on 29 December 2014 to 00:00 on 5 January 2015. The building was fully heated, although
occupants were on holiday and all AHUs were intentionally shut off. Validation included comparison
between measurements against simulated results at the room and building level: indoor temperatures
in three selected validation rooms at the room level, and power and energy for the heating system at
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the building level. This validation method captures the thermal performance of the building in a more
valid and reliable way compared to validation with monthly purchased heat including the heating of
space, ventilation, and DHW. Measured and simulated power to the heating system was compared
on an hourly basis, and the variation of MBE and CV(RMSE) was calculated. The main purpose at
this stage was to validate the building’s thermal performance characteristics without the influence of
occupants and occupant-dependent ventilation.

The three rooms that were chosen for validation at the room level were a classroom, a teachers’
office (several teachers share an office), and the staff lunchroom. These rooms were modelled as
separate zones and had the same areas in the model as in reality. Figure 6 illustrates the actual first
floor plan. Figure 7 shows model zoning of the first and second floor and visualises the validation
zones: staff lunchroom (a), teachers’ office (b), and classroom (c).

Figure 6. The actual rooms in the first floor plan.

 

Figure 7. Top picture shows the zoning in the first floor in the model, including the validation zone
staff lunchroom (a). Bottom picture shows the zoning in the second floor, including the validation
zones teachers’ office (b) and classroom (c).

3.4. Modelling Airing and Varying Occupancy Behaviour

Although the activities within the building are to a large extent scheduled and modelled on
the basis of ventilation room damper positions as shown in Figure 5 and described in Section 3.2.2,
there are irregularities which make it difficult to capture the true utilisation of the building in detail.
These include the presence of pupils and staff, actual use of reserved rooms/time and activities therein,
and equipment utilisation. Moreover, within modelling, a major uncertainty is how to schedule
airing in terms of entrances, doors, and windows being opened. Instead of using best practice
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values for heat losses due to airing or creating schedules for window and door opening based on
assumptions, a backcasting method has been developed. Due to occupancy and its consequences, this
new method was developed for application to the occupied validation period. The daily mean power
difference between measured and modelled heat power to hydronic radiators as a function of mean
outdoor temperatures was calculated and a linear regression was applied, see the results in Section 4.2.
The simulated and measured daily mean power was compared during 46 working days between 12
January and 27 March 2015, from 08:00 to 17:00 to study airing and variations in occupancy behaviour.
Due to evidence-based input data in the model, it is possible to draw the conclusion that the difference
in measured and modelled mean heating power can be attributed mostly to airing activities and other
occupant-related energy use in the building, such as the influence of occupancy presence and traffic as
well as the use of lighting, equipment, and ventilation. The linear correlation is used as input data and
modelled as an extra heat load in the BES model during the validation of an occupied building and
when performing a normalised annual BES.

3.5. Validation of the Model—Occupied Building

Validation for the period with the presence of occupants was performed during three months,
from 12 January to 5 April 2015. This period represents a validation period including 77 days, 24 h per
day of energy use comparison, both regular school weeks and holiday weeks. The linear correlation
modelling airing and varying occupancy was included in this simulation. Measured and simulated
power to the heating system was compared on an hourly basis, and the variation of MBE and CV(RMSE)
was calculated.

3.6. Identification of Energy-Efficiency Measures

After the model was validated during occupied operation, an annual BES during the Swedish
heating season, from the middle of September to the middle of May, was performed. A weather
file compiled by the Sveby organisation [42] with typical weather data for the city of Gävle during
the years 1981–2010 was applied in the simulation. In this climate file, diffuse and direct solar radiation
is calculated through the altitude of the sun, solar angle, cloudiness, and some more parameters [43].
The heat losses were separated into different posts e.g., windows, external walls, air leakage through
construction, etc., the existing U-values were compared to the Swedish Building Code U-values
(W/(m2·◦C)), and potential energy efficiency measures were identified and discussed.

4. Results

Results from unoccupied and occupied validation periods, how to handle airing and varying
occupant behaviour, annual heat balance simulation, and potential energy efficiency measures in
renovation planning are presented in this chapter.

4.1. Validation of the Model—Unoccupied Building

Model validation of the unoccupied building includes measurements of space heating at
the building level and temperature measurements at the room level. Input data, which might
be unknown in BES projects, are for example thermal bridges, infiltration, and other construction
data. In this case study, much of the input data is evidence-based data with a high source hierarchy
due to detailed data collection and the many field measurements where, for example, infiltration and
domestic hot water circulation (DHWC) losses were measured. Validation was performed using both
heating power demand and energy use during the above-mentioned week.

4.1.1. Building Level

Figure 8 illustrates measured and simulated heating power demand from the building’s hydronic
radiators. In the beginning of the validation period, the outdoor temperature was lower, and both
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measured and modelled heat power to the radiators were higher and vice versa during the middle of
the validation period. An explanation of the higher and more fluctuating measured power during
the beginning of the week can depend on air infiltration. In the model, infiltration is set to a fixed
average value of 0.12 ACH, which is based on tracer gas measurement during the same period [26]. In
reality, infiltration rates vary with wind conditions and outdoor air temperatures. Discrepancies are
also due to initial value problems (since occupancy prior to the non-occupancy period is unknown),
differences in control schedules and deficiencies in the building model concerning thermal mass within
the building, and in the IDA ICE component models (for example, thermal bridges and the heating
system lack thermal inertia).

Figure 8. Measured (blue line) and simulated (red line) energy to the hydronic radiators and outdoor
temperature (green line) during the unoccupied validation period.

The time resolution of 15 min mean power, based on measurements sampled every two minutes,
shows the difference between measured and modelled heating power in terms of a more fluctuating
pattern. This is due to a combination of the non-smooth control of the hydronic valves in the district
heating substation, the inertia in the hydronic radiator system caused by the length of the piping, and
the inertia in the operation of the radiator thermostats. The IDA ICE component models do not capture
quick fluctuations in the heating system.

On 1 January, there was more measured heat power than simulated, which might be explained by
the presence of office staffwho perhaps were working during some of these holidays, even if the school
is assumed to be empty. Since the ventilation systems were off during this week, the present staff
might have opened windows due to deficient air quality. This clue was supported by the tracer gas
measurements in one of the teachers’ offices during the validation period that indicate windows have
been opened in this room [26].

Figure 9 presents daily differences between measured and simulated energy use. The differences
vary between 7.9% and −9.6% and 58 kWh and −139 kWh, where negative values represent higher
measured than simulated values. The majority of days show that measured energy use is higher
than the simulated use. The summarised measured energy use over the whole week is 7.3 MWh
and the simulated energy use is 7.0 MWh. This results in a difference of −3.4%, meaning slightly
higher measured energy use compared to simulated use. This difference is less than the accuracy
of the measurement equipment. According to ASHRAE Guideline 14 [25], the difference between
measured and simulated data should not be higher than ±10% for MBE and ±30% for CV(RMSE) when
using a simulation time step of one hour. This criteria is achieved with a large margin for the unoccupied
building; see Table 6. In this statistical analysis, the outliers that occur during nights, seen as peaks
in measured values in Figure 8, are excluded. The peaks can be explained by the building’s heating
control causing an overshoot of heat every night at the time when the supply temperature increases by
5 ◦C; see the control curve in Figure 4. This type of overshoot is not modelled by IDA ICE components.
In the statistical calculations, one hour of data are excluded every occasion this temperature increase
occurs; in total, 5 of 168 values were removed.
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Figure 9. Measured (blue) and simulated (red) energy to the hydronic radiators per day
including the difference percentage between measured and modelled energy during the unoccupied
validation period.

Table 6. Differences between simulated and measured energy to the hydronic radiators. One week
hourly data, 29 December 2014 to 5 January 2015.

Measured Energy Use Simulated Energy Use MBE Hourly Data CV(RMSE) Hourly Data

(MWh) (MWh) (%) (%)

7.3 7.0 3.3 14.2

In summary, the small differences in heat power demand and energy use might be due to
insufficient settings for internal loads in the model such as occupants, use of lights and equipment,
and differences in infiltration flows and insolation. Furthermore, in the basement, large heat losses due
to partly uninsulated heating pipes exist, which are modelled as ideal heaters in two specific basement
zones. There might be a few other parts of the heating energy system that should be covered by
the zone radiators rather than by ideal basement heaters (ideal heaters respond perfectly to temperature
changes).

Although the total DHWC losses have been measured [32], it is not known how much of these
losses are gained in the building, since two separate buildings share this circulation system. In all
simulations, 75% of the DHWC losses are assumed to be gained within the building. A sensitivity
analysis concerning DHWC losses as gains varied between 50%, 75%, and 100%. The results from
the sensitivity analysis showed that the measured energy use is higher than the simulated energy use.
However, the sensitivity analysis shows that the percentage share of DHWC that is assumed to become
useful heat in the BES model varies in the three cases between 1.7%, 3.4%, and 5.1%, which is not
a critical assumption for the result output.

4.1.2. Room Level

Figure 10 shows indoor temperatures at the room level during the unoccupied validation period.
The classroom reveals some peaks where the highest difference is 0.8 ◦C. The reasons for these variations
might depend on insolation, also keeping in mind that IDA ICE zone air temperature is represented by
one node (i.e., the room air is totally mixed).
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 10. Measured (blue line) and simulated (red line) indoor temperatures in the three validation
rooms, staff lunchroom (a), teachers’ office (b), and classroom (c) during the unoccupied validation
period and location of the validation zones at building floorplans (d).

The staff lunchroom located on the east side of the building is not affected by insolation to
the same extent as the other rooms, which are located on the west side. However, the teachers’ office is
shaded by trees to a larger extent than the classroom. The standard deviation from measured indoor
air temperatures is 0.20 ◦C for the staff lunchroom, 0.19 ◦C for the teachers’ office, and 0.24 ◦C for
the classroom. The low standard deviation values indicate good correlation between measured and
simulated temperatures, and they are within measurement instrument errors.

4.2. Modelling Airing and Varying Occupancy Behaviour

At this stage, the building’s technical characteristics have been validated and tested against
measurements for the non-occupied period. The occupancy schemes described in Section 3.2.2 were
implemented, and a three-month period with occupancy was simulated. In Figure 11, daily mean
radiator power, measured (Pmeasured) and simulated (Psimulated) heat power to radiators are plotted
against daily mean outdoor temperatures for 46 working days (data based on values from 08:00 to
17:00 p.m., 12 January until 27 March 2015). These show outdoor temperature dependency. Moreover,
the differences between these two curves are illustrated. The plotted power differences can mostly be
ascribed to airing activities by opening doors and windows and other possible behavioural patterns, as
described in Section 3.4, keeping in mind that occupant presence influencing ventilation patterns and
human heat emissions have been considered in BES in terms of schedules; see Section 3.2.2.
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Figure 11. Mean power difference between measured and modelled heat power to hydronic radiators
as a function of outdoor temperature daily values.

The linear correlation for the difference shows an overall power heat loss of 11.46 kW and an
additional outdoor temperature dependency term of −0.41 kW/◦C. The correlation curve indicates an
increase in heating power difference between measured and simulated results as outdoor temperatures
become colder. Outdoor temperatures between January and March vary in the same way as outdoor
temperatures during autumn. This motivates why this linear correlation can be used to describe
the mean power differences over the whole heating season in Sweden, which is often generalised to
be from 15 September until 15 May. When performing the validation of an occupied building and
during annual simulation with normalised weather data, the linear correlation of daily mean power
difference, described in Figure 11, is added as an extra energy heat loss into the BES model.

4.3. Validation of the Model—Occupied Building

In Table 7, measured and simulated energy supplied to the radiators are compared during the time
period from 12 January to 5 April by encompassing all hours during this period, excluding some
days due to a lack of measured data. The monthly differences vary from 5.5% in January, 10.6% in
February, and 9.7% in March/April as opposed to the unoccupied period, which resulted in 3.4%.
The outliers, caused by the overshoot of heat during night control, are excluded in the same way as for
the calculations of the unoccupied period. In the calculations presented in Tables 7 and 8, 54 hourly
values are removed from the total values of 1847.

Table 7. Monthly measured and simulated energy to the hydronic radiators, including the difference in
energy and percentage during the occupied validation period.

Measured Energy
Use

Simulated Energy
Use

Difference
Difference
Percentage

(MWh) (MWh) (MWh) (MWh)

January 20.1 19.0 1.1 5.5
February 32.4 29.0 3.4 10.6

March/April 26.3 23.7 2.5 9.7
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Table 8. Differences between simulated and measured energy to the hydronic radiators. Hourly values
for three-month occupied time period, January to April 2015.

Measured Energy Use Simulated Energy Use MBE Hourly Data CV(RMSE) Hourly Data

(MWh) (MWh) (%) (%)

78.8 71.7 9.0 28.8

As can be seen in Table 7, the months of February and March/April might in reality be more
divergent compared to the typical school week schedule and because of that, they show larger
differences than January. The difference between measured and simulated energy to the space heating
system is shown as statistical calculations in Table 8. The MBE and CV(RMSE) for the occupied period
are met according to ASHRAE criteria [25]; however, the variations are larger for the occupied period
compared to the unoccupied period. Some reasons for the observed differences might be the ventilation,
light, and occupant schedules. These schedules are generalised and adjusted to represent typical school
weeks over the whole year.

4.4. Annual Energy Use for a Typical Year and Identification of Energy Efficiency Measures

The simulated energy balance from the middle of September to the middle of May for heating and
domestic hot water use for the school building results in 545 MWh, which represents supplied energy
and heat losses, e.g., through the building envelope, ventilation, infiltration, and airing; see Figure 12.
Internal gains contribute 155 MWh of heat, which includes heat from occupants (16 MWh), equipment
(74 MWh), and lighting (65 MWh). Purchased district heating includes heating of the hydronic radiator
system, the mechanical ventilation system, the DHWC losses, and other pipe heat losses. The heating
of DHW is separated from the supplied heat and represents 8 MWh. The total amount of purchased
heat is 73 kWh/m2 for a normalised year.

Figure 12. Heat balance of the school building, simulated during heating season, 1 September to 31
May, with normalised climate data.

The heat losses, which are arranged from highest to lowest contribution, are presented in Table 9.
Window transmission losses account for 22% of the total. The second highest losses of 16% are due
to infiltration. Future energy efficiency measures could be to replace windows with lower U values
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and to air-tighten the building envelope. When renovating a building in Sweden, attempts should be
made to fulfil the requirements of the primary energy use, according to the current Swedish building
code [44]. However, if this is not possible, minimum U-values for small residential houses can be
seen as indicative values; see Table 9 [44]. It is clear that there is potential in future renovation to
achieve lower U-values when renovating building segment parts. Furthermore, to build a more airtight
building envelope will decrease the heat losses due to infiltration losses. The Swedish Forum of Energy
Efficient Building (FEBY) set a maximal air leakage of 0.3 l/(s·m2) through the building envelope area at
a pressure difference of 50 Pa as a criterion in Swedish passive house certification [45]. The air leakage
should be tested according to the standard SS-EN ISO 9972:2015. With a corresponding air tightness of
0.3 l/(s·m2 at 50 Pa) pertaining to the enclosing envelope area, the BES results show a heat loss of about
25 MWh due to infiltration. This indicates an extensive reduction of heat loss compared to the current
infiltration, which corresponds to 89 MWh during the heating season.

Table 9. Distribution of heat losses in heat balance, simulated during the heating season, 1 September
to 31 May, with normalised climate data.

Title 1
Heat Loss

Percentage
Existing Building

U-Value
Swedish Building
Code U-Value [44]

(MWh) (W/(m2·◦C)) (W/(m2·◦C))

Windows 145 27% 2.7 1.2
Infiltration 89 16% - -

Mechanical ventilation 87 16% - -
Walls 81 15% 0.36 1 0.18

Thermal bridges 49 9% 416 2 -
Floor 35 6% 0.22 0.15
Roof 28 5% 0.15 0.13

Airing and unknown
utilisation 14 3% - -

1 Average U-value of wall consisting of different wall construction types, below and above ground. 2 W/K.

Another large heat loss post is the mechanical ventilation system; see Table 9. However, the rotary
heat exchangers already have high temperature efficiency, as described in Section 3.2.1. Therefore,
possible energy efficiency measures might be to minimise the specific fan power and adjust the air
flows. The mechanical ventilation system is an on/off constant air volume (CAV) system controlled by
presence sensors; however, the occupancy in the classrooms can vary significantly. Therefore, another
control strategy can be a variable air volume (VAV) system controlled by CO2 and temperature levels.
This will reduce the risk of unnecessary air flows and thereby reduce the heat losses. Furthermore,
a VAV and CO2 controlled mechanical ventilation system might also improve the thermal comfort and
indoor environment for pupils and staff.

The DHWC losses are simulated as 25% of the heat is lost, which accounts for 8 MWh; see
Figure 12. Measurements on the DHWC together with observations at site visits and thermography
pictures showed extensive heat losses through a partly uninsulated hot water piping system. This
piping system supplies heat to five other school buildings. However, in the present study, it is not of
interest to specify the exact amount of heat emitted from these partly uninsulated pipes, since this heat
is assumed to be utilised within the building. However, if looking at the energy use for the whole
school, including all six buildings, it is of high interest to decrease these heat losses due to partly
uninsulated pipes, especially heat loss in distribution pipes between the buildings. High heating bills
during summer holiday periods when the buildings are unoccupied confirms large pipe heat losses.

The heat losses due to airing and other unknown utilisation patterns were simulated to 14 MWh.
This corresponds to a value of 3.1 kWh/m2 per year and represents about 3% of the total amount
of purchased district heat. A standard value commonly used for airing losses in BES in Sweden is
4 kWh/m2 per year [21], which would result in 18 MWh for the studied building. The simulated energy
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lost due to airing is thereby somewhat lower than the standard Swedish value for BES simulations. At
a glance, the power associated with airing and other variables is about 2.5 W/m2.

5. Discussion and Conclusions

In this case study, an existing school building was modelled using the building energy
simulation tool IDA ICE. The methodology developed in order to create the BES model can be
summarised as follows: (1) collect evidence-based input and validation data with majority high
source hierarchy; (2) separate validation of occupied and unoccupied time periods, where validation
during the unoccupied period specifically concerns the buildings’ technical characteristics; (3) applying
a backcasting method in order to compile a heat load that represents airing and varying occupancy
behaviour; and (4) perform BES simulation during the heating season to identify renovation potential.
This methodology can entirely or partly be applied in other studies when creating BES models of
existing buildings, and the ambition is to obtain reliable and validated BES models. The backcasting
method can be especially useful to apply when buildings with irregular occupancy behaviour are
modelled in BES.

The first objective was to obtain evidence-based input and validation data, and the study shows
how the collection of evidence-based data with high source hierarchy, including both logged data in
the building management system and detailed field measurements, constitutes a good base to perform
validation of the building energy simulation model. This is of especially high importance in case
studies including complex buildings such as school buildings. A strength of the study was the many
field measurements providing input data, which often are unknown in BES case studies, such as for
example infiltration leakage, which was measured through passive tracer gas measurements. Hot
water circulation losses and space heating power were also measured and the performance of thermal
bridges was calculated.

The second objective was to perform a separate validation of unoccupied and occupied time periods.
The unoccupied period enables validation of the building thermal performance when uncertainties
connected to occupancy behaviour input data are not present. The results from the unoccupied
validation period show that the building’s thermal performance is correctly modelled with only
a discrepancy of 3.4% difference of simulated and measured heat to the hydronic radiators during one
week. Furthermore, measurements of 15-min resolution capture the minor differences in simulated and
measured operation of the heating system. Sensitivity analysis on the percentage of DHWC, which is
gained as heat in the building, showed that this is not critical input data. At the room level, measured
and simulated indoor temperatures in three validation rooms showed good agreement with a standard
deviation of only 0.19–0.24 ◦C.

The third objective was fulfilled by the development of a backcasting method. As highlighted
in the introduction, the airing and opening of windows and doors are often unknown input data
that are difficult to model in BES. In this study, the energy loss due to airing and varying occupant
behaviour was elaborated using a backcasting method. In this method, airing heat loss is modelled
by creating a linear correlation including the daily mean power difference between measured and
simulated heat to the hydronic radiators and outdoor temperature during 46 workdays, January to
March, between 08:00 and 17:00. The result showed a mean power heat loss of 11.5 kW and additional
outdoor temperature correlation of −0.41 kW/◦C. This linear correlation was used as input data to
represent varying occupancy behaviour and the majority of airing activities during the Swedish heating
season from September to May. The linear correlation was implemented into the model and used in
both validation of the occupied building and in the annual heat balance simulation. The annual heat
loss due to airing was predicted at 14 MWh, corresponding to 3.1 kWh/m2 and year and implying
an overall power loss of 2.1 W/m2 during working hours/use of the school. Validation of the model
during occupied time periods resulted in monthly discrepancies between measured and simulated
energy use for space heating varying between 5.5% and 10.6% during three months. This can be seen
as an acceptable discrepancy for a valid BES model during an occupied period. It was more important
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that this model contains schedules of occupancy behaviour and mechanical ventilation operation that
represent typical behaviour during the whole year than to calibrate or “tune” the model to achieve
a perfect match between measurement and simulations during a specific time period. This backcasting
method is a suitable complement to the strategy of generating schedules for room ventilation and
internal loads based on the presence of controlled ventilation damper positions.

Validating the BES model and handling modelling uncertainties are preconditions to fulfil the final
goal with the modelling: to perform as accurate and realistic a prediction of the real system modelled
as possible. In this case study, the final BES model predicts a total need of purchased heat at 73 kWh/m2,
332 MWh in the school building. The fourth objective was to identify energy-efficiency measures,
and the ones that have the greatest impact on energy use (in order of highest first) were changing
to energy-efficient windows, improved airtightness of the building envelope (which corresponds
to 0.12 ACH), new controls of the HVAC system, and increased wall insulation. In future research,
the validated model will be used for investigations on life-cycle cost optimisation of energy-efficient
measures in renovation planning.
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Abstract: Existing building stock represents potential for energy saving renovations. Energy savings
and indoor climate comfort are key demands for sustainable building refurbishment. Especially in
schools, indoor comfort is an extremely important issue. A case study of energy consumption in
selected school buildings in temperate climatic conditions of Central Europe region was performed.
The studied buildings are representatives of various school premises constructed throughout the
last century. The evaluation was based on data analysis of energy audits. The goal was aimed at
assessment of the school building envelopes and their influence on energy consumption. One of the
studied schools was selected for detailed evaluation. The school classroom was monitored for indoor
thermal and visual environments. The monitoring was performed to compare the current state and
renovation scenarios. Results of the evaluation show that the school buildings are highly inefficient
even if renovated. Indoor climate in classrooms is largely influenced by windows. Solar gains affect
interior thermal stability and daylighting. Thermal insulation quality of building envelopes and
efficient solar shading systems appear to be fundamental tasks of school renovation strategies.

Keywords: energy performance; energy audits; school buildings; indoor climate

1. Introduction

Current trends are aimed at the improvement in building energy performance and
sustainability [1,2]. Modern construction methods facilitate more energy conscious buildings
compared to old building stocks [2–4]. Newly designed buildings comply with top-level energy
efficiency [5,6]. Nevertheless, building refurbishment represents a rational approach towards sustainable
development [7,8]. Energy conscious renovation became one of the promising ways to reduce carbon
dioxide emissions from buildings [9,10]. Existing buildings in the EU region represent massive
potentials for energy savings [1,2]. Energy renovation has utmost importance for the residential and
public buildings sectors. These buildings exert high energy consumption for heating and ventilation or
cooling systems as well as artificial lighting.

Especially school buildings have been objects of energy saving interests. Considerable numbers
of programs are focused on school buildings performance [11–13]. Zero emissions and high quality of
indoor environment were topical tasks of the project “School of the Future”, within the frame of the
EU programme [14]. The aim of the project was to communicate examples of efficient buildings under
different European climates.

Strategies for energy consumption [15–21] and thermal comfort assessments [22–26] were
developed for educational buildings.

Energy efficiency, together with indoor climate comfort, are key features of good practice school
performances in accordance with sustainable architecture principles [27,28]. Building envelopes play a
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substantial role in the built environment [29,30]. Particularly windows influence indoor thermal and
visual comfort [31–33].

The abovementioned overview shows the importance of energy efficiency and indoor climate
conscious attitudes [34] towards educational buildings. A study focused on the assessment of selected
representatives of school buildings in temperate climatic conditions was performed to evaluate their
energy saving potentials in accordance with recent trends of highly energy efficient schools in Central
Europe [35].

2. Materials and Methods

A case study aimed at an analysis of energy consumption in selected school buildings in the
Central Europe region was performed. The studied buildings are representatives of various school
premises. The evaluation was based on the analysis of data from energy audits for specification of
current state of building envelopes and their influence on energy consumption. One of the studied
schools was selected for detailed evaluation. The school classroom was monitored for indoor thermal
and visual climate.

2.1. Analysis of Energy Audits

The selected schools [36] were studied for their energy consumption. They are representatives
of an existing school building stock of construction styles throughout the last century. Many schools
are very old and some of them are listed as historically protected premises. Most of them are energy
inefficient. Thermal insulation improvements and windows retrofit are required for upgraded efficiency.
The case study is focused on analysis of the buildings’ energy performance and renovation potentials.

The school buildings were selected in accordance with the building site locality and climatic
conditions, (Figure 1 and Table 1). The buildings’ construction is commonly represented by solid
brick (70%) and ceramic block (18%) masonry systems or reinforced concrete prefabricated technology
(12%). Central gas heating is widely used in the schools, while electric heating has minor application.
The school buildings’ energy consumption is spent on heating and hot water services (80%), artificial
lighting and electric appliances (12%) and auxiliary energy demands (8%).

 
Figure 1. Map with localities of the studied school buildings 1 to 18, (map: https://geology.com/world/
czech-republic-satellite-image.shtml).
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Table 1. Buildings location, geometry and heat losses.

Building
Year of

Construction
(Renovation)

Locality Building Geometry Building Envelope

Altitude
[m]

Latitude
Longitude

[◦]

Aver. Winter
Temperature

[◦C]

Building
Volume

[m3]

Gross Floor
Area/Heated

Volume [m−1]

Heat
Loss
[kW]

Average U
Value

[W m−2 K−1]

1
1900

(2000) 248 49.763969 N
17.180405 E 4.1 3264 0.63 90 0.907

2 1950 210 49.456479 N
17.450230 E 3.9 23,278 0.40 373.1 1.27

3 1994 272 49.038646 N
17.814872 E 3.9 19,255 0.4 303.6 1.136

4 1931 272 49.038646 N
17.814872 E 3.9 3448 0.47 61.1 0.954

5 1890 334 49.458565 N
18.056868 E 3.8 1938 0.574 50.1 0.97

6 1984 304 49.6819311 N
18.3673219 E 3.7 23,955 0.45 434 1.087

7 1949 336 49.712716 N
13.204605 E 3.6 3491 0.43 88.7 1.23

8 1978 387 49.443259 N
13.248114 E 3.7 1471 0.85 61.1 0.95

9 1937 520 49.7161561 N
13.9473069 E 3.5 7163 0.47 102 0.90

10 1930 440 49.4248869 N
13.8817589 E 3.7 11,427 0.503 276.5 1.05

11 1988 225 50.289161 N
14.824512 E 3.8 5288 0.40 99.4 0.82

12 1960 188 48.9.07468 N
16.775371 E 4.5 4140 0.48 82.6 1.18

13 1929 450 50.129276 N
16.499965 E 3.6 6670 0.40 160.6 1.21

14 1967 179 49.059797 N
17.495850 E 3.6 3326 0.46 78 1.33

15 1980 675 49.908449 N
17.211115 E 3.1 4131 0.68 130 1.02

16
1887

(1962) 378 49.303454 N
14.158029 E 3.7 21,777 0.37 380.6 1.1

17 1980 334 49.820923 N
18.262524 E 3.6 22,423 0.25 424.5 0.76

18
1894

(2014) 280 50.655668 N,
14.724856 E 2.9 17,244 0.24 396 0.72

2.2. School Classroom Thermal and Daylight Evaluation

One of the studied buildings was selected for detail evaluations—building 18 (Table 1). The main
goal was thermal and daylight assessment of the school classrooms. The school building constructed
in 1894 is listed as a historically protected premise (Figure 2) [37]. The three-storey building has a
solid brick masonry and roof truss load-bearing structures. The ground floor is dedicated to the main
entrance and school facilities as well as management and administrative departments. Educational
rooms are on the first and second floor.

 

Figure 2. Historical building of primary school, locality Mimoň, CZ [37].
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The school building maintenance has been limited by design obstructions like many other
historical premises. The building was renovated in 2014 under an architectural preservation review.
The renovation was mainly aimed at the building envelope. Window and facade retrofit was completed.
It was not allowed to change the historical style of the facade and for this reason, external walls were
thermally insulated from the interior side.

The school has spacious side lit classrooms. One of them, located on the second floor, was selected
for the evaluation. Firstly, the classroom thermal assessment was performed for the current state
and compared with renovation scenarios. Secondly, the classroom daylight evaluation was carried
out. Daylight illuminance and luminance measurements were taken and completed with a daylight
simulation study.

2.2.1. Thermal Evaluation

The thermal study was focused on the building facade and its influence on indoor climate.
The external wall thermal transmittance and condensation risks were studied. The evaluation was
carried out for three variations:

• current state: wall with 8 cm of thermal insulation on the interior side;
• renovation scenario I: wall with 15 cm of thermal insulation on the interior side;
• renovation scenario II: wall with 15 cm of thermal insulation on the exterior surface.

The software Teplo [38] was used for the evaluation. The software is intended for fundamental
analyses of building constructions like thermal resistance R (m2KW−1) and U-value (W m−2 K−1)
calculations, temperature profiles, interstitial condensation analysis and specification of annual balance
of condensed and evaporated amount within building constructions in accordance with standard
methodology of ISO 6946 and ISO 13788 [39,40] and other standard requirements [41].

Boundary conditions for the thermal evaluation according to [41] are following:

• design outdoor temperature −13.0 ◦C, locality—GPS: 50.655668 N, 14.724856 E;
• design indoor air temperature 21.0 ◦C (classroom);
• design relative humidity of outdoor air 84.0%;
• design relative humidity of indoor air 55%.

Two-dimensional temperature distribution of the wall details at window jambs in the current
state and design variations with internal and external thermal insulation were simulated using the
software Area [38]. The software is dedicated to complex thermal analyses of building construction
details for specification of potential thermal bridges in two dimensional stationary heat transfer and
water vapour diffusion simulations in accordance with standard methodology of ISO 10211 [42].

A study of the influence of the renovated facade on indoor thermal stability was performed [41,43].
The thermal stability was selected as an indicator of indoor thermal climate. Thermal stability of the
classroom was simulated for winter and summer season conditions using the software Stabilita [38].
The internal temperature drop during a heating lapse in winter and summer indoor temperature
rise were calculated. The goal of the evaluation is to compare influence of windows on the indoor
thermal environment.

2.2.2. Daylight Evaluation

Natural light influences indoor climate and wellbeing. Especially in educational buildings, visual
comfort is crucial. Daylight positively affects students’ alertness and health [44]. Reviews of the
importance of daylighting in schools [45,46] show relationships between the occupants’ responses and
natural lighting. The positive impact of daylight in classrooms was proven [47,48]. Daylighting in
educational buildings has been a topical task of professional projects [49–51]. Extensive surveys of US
schools in different climate conditions were performed [52]. The EU programme [53] promotes daylight
integration for high performance indoor environment in schools. These activities are in agreement
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with the main principles of sustainable development [54,55] and architectural design strategies [56–59]
as well as standard recommendations [60–62].

Daylight Measurements

Daylight illuminance was monitored in the classroom. The intention was to study the
classroom visual environment under the most characteristic daylight conditions throughout the
year. The measurement time was limited due to the accessibility schedule into the classroom.
Measurements were performed without pupils’ occupancy over weekends in March 2017.

The classroom is a spacious place of floor area 11.9 × 7.63 m and clearance height 4 m. It has three
big windows, of width about 2 m and height 2.5 m (Figures 3 and 4). The daylight measurements were
taken for a set of sixty points on a working plane. The plane is located 0.85 m over the classroom
floor level (Figure 4). The set of points is positioned in distance of 1 m around the room perimeter.
Spacing of the points is 1.10 m by 1.126 m. Simultaneously with the interior measurements, the external
illuminance was monitored on unshaded horizontal plane outdoors. Sky luminance was also studied.

 

Figure 3. View into the classroom [37].

 

Figure 4. Plan of the classroom with points 1 to 60 on the working plane (0.85 m over the floor).
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The daylight illuminance was measured using two calibrated illuminance meters Testo 545
(calibration 2017). One illuminance meter was taken for interior measurements and the second device
measured external horizontal illuminance. Laser rangefinder Bosch GLM 50 C Professional was used
to set points on the working plane. Tripods were also used to stabilize the illuminance meter at
the required height. The external illuminance sensor was positioned on the roof. The measuring
instruments were synchronized. Outdoor and indoor illuminance values were measured at the same
time. The illuminance data processing was carried out in MS Excel and Statistica software [63].

Furthermore, monitoring of the surface luminance was taken in the classroom visual field.
Luminance Meter LS-100 Konica Minolta is used for measurements.

Daylight Simulations

The classroom visual environment was also studied on the basis of daylight simulations.
The current state daylighting is compared with designed variations. The design state is represented by
renovation scenario II with two variations of window glazing (double or triple glass units). Daylight
simulations were run in software Daylight Visualizer [64] for the following parameters:

• light reflectance ρ [-] of the classroom surfaces in current state (resp. designed state): floor finishing
0.35 (resp. 0.5), wall surfaces 0.7 (resp. 0.9), ceiling 0.84 (resp. 0.9).

• window glass light transmittance τ [-]: double glazed units 0.81, triple glazed units 0.73.
• the south-east orientation of the classroom windows (Figure 5).

Daylight simulations were run for an annual balance of internal horizontal illuminance under
two sky models [65]:

• CIE clear sky model to simulate sunlight conditions.
• CIE overcast sky model for consideration of the most unfavourable daylight situation.

The balance was simulated for the 21st day of every month and daytime 12:00.
Finally, the classroom daylighting was also simulated for designed variations and compared with

standard requirements according to EN 17037 [61] as follows:

• Daylight illuminance simulated for the clear sky model on 21st June, at 12:00 was compared with
target illuminance 300 lux.

• Daylight factor simulation for the overcast sky model was compared with target daylight factor
DT = 2%.

  
(a) (b) 

Figure 5. Orientation of windows in the daylight model. (a) Photograph of a part of the school
building facade (the classroom windows are on the 2nd floor). (b) Geometric model of the classroom
(Daylight Visualizer).
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3. Results

The above mentioned energy auditing evaluation achieved notable results for the analysis of
the school buildings efficiency. Outputs of indoor thermal and daylight evaluations in the selected
representative of school classrooms show potential problems in the current state and give an overview
about some renovation scenarios.

3.1. Results of the Energy Audits Analysis

The analysis of selected school buildings energy audits gives an overview about their envelopes
and their influence on heat losses. Total heat transmission and ventilation losses of buildings vary
from 61.1 kW to 424.5 kW. Total annual energy consumption in the schools is between 265 and 3305 GJ
per year. Percentage of heat transmission losses of their building envelopes are following:

• 23.6% to 57.0% of external walls (U = 0.57 to 1.83 W m−2 K−1).
• 18.3% to 36.0% of roofs (U = 0.36 to 1.50 W m−2 K−1).
• 17.4% to 55.3% of windows (U = 2.30 to 3.50 W m−2 K−1), external doors (U = 3.50 to 6.50 W m−2 K−1).

The annual consumption of energy in dependence of the building volume is between 23.7 and
64.7 kWh.m−3 per year and consumption of energy for heating and domestic hot water vary from
19.8 to 61.7 kWh.m−3 per year. The heating energy consumption is quite high in the school buildings
compared to demands for low energy buildings (less than 50 kWh/m2 per year) and passive houses
(less than 15 kWh/m2 per year) [5] (Figure 6).

 

Figure 6. Comparison of heating energy consumption in studied school buildings 1 to 18.

3.2. Results of the Thermal Evaluation

Results of the external wall hygro-thermal evaluation are presented in Figure 7. The current wall
(U = 0.43 W m−2 K−1) and renovation scenarios (U = 0.29 W m−2 K−1) with internal and external
thermal insulation were studied. The figure shows schemes of vapour pressure distribution within the
wall and specification of potential condensation regions. An annual balance of condensed/evaporated
amount inside of the wall is summarized in graphs. It is clear that the interstitial condensation is fully
eliminated in the wall with external thermal insulation (renovation scenario II).
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Vapour pressure distribution (month 11) Annual balance, condensation/evaporation 
Current state 

  
Renovation scenario I 

  
Renovation scenario II 

 

struction during the model 
year of the annual balance of condensation/evaporation 
rate in accordance with ISO 13,788 [40]. 

Figure 7. Vapour pressure distribution within the external wall and annual balance of
condensation/evaporation rate according to ISO 13788 [40].

Simulation outputs of two-dimensional temperature distribution of the window jamb details in
the current state and in the two renovation scenarios are shown in Figure 8. It is obvious that the
variation of the wall with external thermal insulation represents better temperature distribution and
more convenient design solution.

146



Energies 2020, 13, 2489

Figure 8. Temperature distribution of the external wall detail at the window jamb.

Thermal stability of the classroom was evaluated for winter and summer season conditions.
The indoor temperature drop during a 24 h heating lapse in winter does not vary significantly when
comparing the existing state and two renovation scenarios (Figure 9). It is because of the relatively
small facade area compared to the big volume of the classroom. Three large windows of southeast
orientation represent massive solar gains and indoor temperature rise in summer seasons (Table 2).
It could bring about overheating problems during intensive solar shining periods. Solar gains can
affect indoor visual discomfort. For this reason, daylighting in the classroom was also evaluated for
clear sky conditions.

 

Figure 9. Results of assessment of the classroom thermal stability in winter.
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Table 2. Results of assessment of the classroom thermal stability in summer.

Current State Renovated Scenario I, II

Total solar transmittance of window g = 0.65 Total solar transmittance of window g = 0.53
Solar gains 2141.64 W Solar gains 1746.26 W

Heat gain through facade 4857.30 W Heat gain through façade 3961.7
Heat ventilation loss Heat ventilation loss

(for ventilation rate 0.5 h−1) −32.78 W (for ventilation rate 0.5 h−1) −32.78 W
Total heat gain 6966.16 W Total heat gain 5675.24 W

Max. indoor temperature rise per day 16.5 ◦C Max. indoor temperature rise per day 14.7 ◦C

3.3. Daylight Study Resultss

The classroom daylighting was analysed for illuminance and luminance measured data and
daylight simulation outputs.

3.3.1. Measured Data Analysis

Data from illuminance measurements on the horizontal working plane in the classroom (from
Figure 4) are summarized in Figures 10 and 11. The daylight level is reduced with the distance from
windows. It is obvious that big differences in illuminance are in Row i close to the window line.
The illuminance differences are minimized in the room depth. Higher illuminance values in positions
of Line A and B at Row i are influenced due to the glossy whiteboard surface located near the big
window (Figure 3). It is also obvious from Figure 11, where illuminance is intensified at points 8, 9 and
10 of Row i. Illuminance at points 2, 6 and 10 is increased because of windows positions. Illuminance
difference between window/wall positions is reduced in the room depth—Rows iii to vi.

 

Figure 10. Classroom daylight illuminance—dependence on distance from windows.

Figure 11. Daylight illuminance: window line (row i), middle (row iii), room depth (row vi).

The internal daylight illuminance measurement was carried out for simultaneous external
horizontal illuminance monitoring (Figure 12). Sky luminance was also controlled during the
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illuminance measurement time. The luminance data recorded for four different directions (1 to 4) and
elevation angles 0◦, 15◦, 45◦ and 90◦ are summarized in Table 3.

 

Figure 12. External horizontal illuminance measurements.

Table 3. Sky luminance data (4th March 2017).

Luminance [cd/m2] Lhorizon L15◦ L45◦ Lzenith

time Elevation Angle 0◦ 15◦ 45◦ 90◦

11:45

direction 1 1923 890 8337 1716
direction 2 961 4906 3393 1727
direction 3 1897 1634 1143 2065
direction 4 5437 2978 2148 1880

12:50

direction 1 4883 7204 1422 1514
direction 2 1081 2066 1070 1333
direction 3 824 2309 1752 1244
direction 4 1187 257 811 1299

Results of the luminance distribution monitored in the classroom are shown in Figure 13. Sunny
sky conditions were selected for the monitoring. The classroom windows are often affected by intensive
solar radiation. It is clear that surfaces with significantly different luminance in the visual field
of the classroom desks cause visual discomfort. Luminance distribution varies from 50 cd/m2 of
the blackboard to window glass luminance 9534 cd/m2. The ratio of minimal/maximal luminance
values is then 1:191, which is not in agreement with visual comfort recommendation for max 1:10
ratio [62]. Extremely high luminance ratio results in glare problems. Shading blinds must be activated
on the classroom windows (Figure 3). However full shading activation could minimise indoor
daylighting. An installation of efficient shading systems is recommended for dynamic reduction in
solar transmittance during intensive solar shining periods.

 

Figure 13. Classroom surfaces luminance [cdm−2].
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3.3.2. Daylight Simulation Outputs

The annual balance of the classroom illuminance on the working plane shows monthly mean,
median, minimum and maximum values calculated for 21st day of every month and daytime 12:00
under clear and overcast sky conditions (Figure 14). Illuminance can be increased more than 300 lux in
the case of clear sky compared to cloudy sky conditions.

 

Figure 14. Annual balance of the classroom illuminance for clear and overcast sky conditions.

Illuminance [lux] level on the horizontal working plane is shown in colour iso-lines in Figure 15
for the clear sky simulation on 21st June at 12:00. Mean, median, minimum and maximum illuminance
and uniformity values in the current and designed state of the classroom (renovated scenario II with
two variations of window glazing transmittance) are compared with standard target values [61,62] for
desks min 500 lux and desk surroundings min 300 lux. Despite high illuminance levels, a part of the
classroom does not comply with target illuminances.

 

Figure 15. Working plane daylight illuminance, CIE clear sky (21st June, 12:00).

Daylight factor DF [%] distribution on the working plane was also simulated for the CIE overcast
sky conditions. The daylight factor was controlled with a target daylight factor in accordance with EN
17037 [61]. The target daylight factor DT = 2% is specified for target indoor illuminance 300 lux and
external diffuse horizontal illuminance 14,900 lux (locality Prague, Czech Republic). Minimum 50%
of the classroom working plane should have daylight level at least adequate to the target daylight
factor [61]. However, the daylight factor simulations show that the side lit classroom is too large to
comply with the mentioned standard requirements (Figure 16).
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Figure 16. Daylight factor simulation outputs for the CIE overcast sky model.

4. Discussion

The analysis of heating energy demands in existing old school buildings shows the importance of
renovations for their energy efficiency. Indoor comfort demands are fundamental for schools and they
have even priority over energy saving requirements. The thermal and daylight evaluation results show
that renovation improvements could be sometimes counter-productive from the indoor comfort point
of view. The facade renovation with additional thermal insulation system and new windows reduces
heat transmission losses but also solar gains and daylighting. Building envelopes can be affected by
interstitial condensation, particularly constructions that are insulated from the interior side (Figure 6).
The renovation scenario of the brick wall with external thermal insulation appears to be the most
convenient design solution (Figures 7 and 8).

Simulation outputs of the temperature drop during the winter heating lapse show that the part
of the insulated facade has not desired effect on indoor thermal stability of the such voluminous
classroom (Figure 9). Results display that better thermal insulation quality of windows have not
significant influence on the winter thermal stability. Solar gains through big glazed areas cause
potential overheating problems during intensive solar shining periods, especially in summer seasons
(Table 2).

Windows are key elements influencing indoor climate comfort. The simulations show that the
classroom windows are not of great importance for heating energy reduction. However, they are
relevant to cooling needs, which is in agreement with design principles [32,33]. It indicates priority of
design optimisation of window glazing/shading parameters in dependence on their size, position and
orientation with regards to the indoor environment [59].

Window solar gains also influence indoor visual comfort. Daylight illuminance level was
controlled in the classroom (Figure 4). Daylight measurements display that the big southeast-oriented
glazed areas inflict uneven daylight distribution (Figures 10–12). It is also obvious from increased
luminance rates in the classroom visual field (Figure 13). Noticeable variations of interior luminance
cause visual discomfort. For example, surfaces in the visual field between the desk and the blackboard.
In addition, the positioning of the white glossy board near the window and next to the blackboard is
not convenient (Figures 3 and 13). Application of grey boards would be a more reasonable solution in
this case.

Daylight simulations show that despite big windows, the voluminous classroom is not properly
daylit. The design variation, with additional facade insulation and triple glazed windows, represents
daylight level reduction compared to the current room daylighting (Figures 15 and 16) (designed state,
τ = 0.73). Activation of shading blinds could also cause discomfort (Figure 3). Special shadings that
transmit diffusive skylight and reflect direct solar radiation [66] can be recommended for schools.

151



Energies 2020, 13, 2489

Application of light guiding systems and anidolic ceilings [67] could bring better daylight uniformity
in large classrooms.

5. Conclusions

Existing school premises represent massive potentials for energy savings. The studied school
buildings were renovated in several stages and time periods. However, in many cases, they do
not perform the desired energy efficiency. Renovations of old buildings are often limited to partial
improvements. Nevertheless, the holistic approach towards a comfortable and energy efficient
indoor environment appears to be the most convenient strategy, especially for school buildings
renovation. This strategy is in agreement with temporary trends of sustainable buildings development.
Complex retrofits focused on building envelopes and their window/shading systems together with the
installation of efficient technical systems for heating, ventilation, cooling and artificial lighting could
bring desirable effects.

Author Contributions: Conceptualization and data analysis, P.M., J.M.; supervision, M.N. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by the Institute of Building Structures,
Faculty of Civil Engineering, Brno University of Technology.

Acknowledgments: This article has been worked out under the project No. LO1408 “AdMaS UP—Advanced
Materials, Structures and Technologies”, supported by Ministry of Education, Youth and Sports of the Czech
Republic under the “National Sustainability Programme I”. School energy audits were used with permission of
the State Environmental Fund of the Czech Republic.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Directive (EU) 2018/844 of the European Parliament and of the Council of 30 May 2018. Amending
Directive 2010/31/EU on the Energy Performance of Buildings and Directive 2012/27/EU on Energy Efficiency.
Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?toc=OJ%3AL%3A2018%3A156%3ATOC&
uri=uriserv%3AOJ.L_.2018.156.01.0075.01.ENG (accessed on 15 January 2020).

2. Energy Transition of the EU Building Stock. Available online: https://www.openexp.eu/sites/default/
files/publication/files/Reports/energy_transition_of_the_eu_building_stock_full_report.pdf (accessed on 15
January 2020).

3. Pérez-Lombard, L.; Ortiz, J.; Pout, C. A review on buildings energy consumption information. Energy Build.
2008, 40, 394–398. [CrossRef]

4. Butala, V.; Novak, P. Energy consumption and potential energy savings in old school buildings. Energy Build.
1999, 29, 241–246. [CrossRef]

5. Mahdavi, A.; Doppelbauer, E. A performance comparison of passive and low-energy buildings. Energy Build.
2010, 42, 1314–1319. [CrossRef]

6. Mihai, M.; Tanasiev, V.; Dinca, C.; Badea, A.; Vidu, R. Passive house analysis in terms of energy performance.
Energy Build. 2017, 144, 74–86. [CrossRef]

7. Gohardani, N.; Björk, F. Sustainable refurbishment in building technology. Smart Sustain. Built Environ. 2012,
1, 241–252. [CrossRef]

8. Leung, B.C.-M. Greening existing buildings [GEB] strategies. Energy Rep. 2018, 4, 159–206. [CrossRef]
9. Zimmermann, M. School Building Renovation for Sustainable Second Life, in IEA ECBCS Annex 50

Prefabricated Systems for Low Energy Renovation of Residential Buildings. Building Renovation Case
Studies, Empa, Duebendorf. 2011. Available online: https://annex53.iea-ebc.org/Data/publications/EBC_
Annex_50_Documented_CaseStudies.pdf (accessed on 14 January 2020).

10. Erhorn-Kluttig, H.; Mørck, O. Energy-Efficient Renovation of Educational Buildings, PEB Exchange,
Programme on Educational Building 2005/9. OECD Publishing. Available online: https://ideas.repec.
org/p/oec/eduaaa/2005-9-en.html (accessed on 17 January 2020).

152



Energies 2020, 13, 2489

11. Burman, B.; Kimpian, J.; Mumovic, J. Building Schools for the Future: Lessons Learned from Performance
Evaluations of Five Secondary Schools and Academies in England. Front. Built Environ. 2018. Available
online: https://www.frontiersin.org/articles/10.3389/fbuil.2018.00022/full (accessed on 17 January 2020).

12. Advanced Energy Design Guide for K-12 School Buildings. Achieving 50% Energy Savings toward a Net
Zero Energy Building. American Society of Heating, Refrigerating and Air-Conditioning Engineers. 2011.
Available online: file:///D:/Downloads/Energy_Design_Guide_for_Schools_k_12_LEE.pdf (accessed on 14
January 2020).

13. Schools. Carbon Trust. 2012. Available online: https://www.carbontrust.com/media/39232/ctv019_schools.
pdf (accessed on 14 January 2020).

14. School of the Future. Towards Zero Emission with High Performance Indoor Environment. EU 7th
Framework Programme—EeB-ENERGY, Project Number: 260102. The Project Final Report. Available
online: http://www.ectp.org/fileadmin/user_upload/documents/E2B/School_of_the_future/1_School_of_the_
Future_Final_public_report.pdf (accessed on 7 May 2020).

15. Raatikainen, M.; Skön, J.; Leiviskă, K.; Kolehmainen, M. Intelligent analysis of energy consumption in school
buildings. Appl. Energy 2016, 165, 416–429. [CrossRef]

16. Erhorn, H.; Mroz, T.; Mørck, O.; Schmidt, F.; Schoff, L.; Thomsen, K.L. The Energy Concept Adviser—A tool
to improve energy efficiency in educational buildings. Energy Build. 2008, 40, 419–428. [CrossRef]

17. Hong, S.; Paterson, G.; Mumovic, D.; Steadman, P. Improved benchmarking comparability for energy
consumption in schools. Build. Res. Inf. 2014, 42, 47–61. [CrossRef]

18. Agdas, D.; Srinivasan, R.S.; Frost, K.; Masters, K.J. Energy use assessment of educational buildings: Toward
a campus-wide sustainable energy policy. Sustain. Cities Soc. 2015, 17, 15–21. [CrossRef]

19. Najjar, M.K. Integrating parametric analysis with building information modelling to improve energy
performance of construction projects. Energies 2019, 12, 1515. [CrossRef]

20. Becker, R.; Goldberger, I.; Paciuk, M. Improving energy performance of school buildings while ensuring
indoor air quality ventilation. Build. Environ. 2007, 42, 3261–3276. [CrossRef]

21. Ascione, F.; Bianco, N.; De Masi, R.F.; Mauro, G.M.; Vanoli, G.P. Energy retrofit of educational buildings:
Transient energy simulations, model calibration and multi-objective optimization towards nearly zero-energy
performance. Energy Build. 2017, 144, 303–319. [CrossRef]

22. Zomorodian, Z.S.; Tahsildoost, M.; Hafezi, M. Thermal comfort in educational buildings: A review article.
Renew. Sustain. Energy Rev. 2016, 59, 895–906. [CrossRef]

23. Barbhuiya, S.; Barbhuiya, S. Thermal comfort and energy consumption in a UK educational building. Build.
Environ. 2013, 68, 1–11. [CrossRef]

24. Wang, Y.; Kuckelkorn, J.; Zhao, F.; Liu, D.; Kirschbauma, A.; Zhange, J. Evaluation on classroom thermal
comfort and energy performance of passive school building by optimizing HVAC control systems. Build.
Environ. 2015, 89, 86–106. [CrossRef]

25. Chatzidiakou, E.; Mumovic, D.; Summerfield, A.J.; Altamirano, H.M. Indoor air quality in London schools.
Part 1: Performance in use. Intelligent Buildings International, Taylor & Francis, Special Issue: Designing
Intelligent School Buildings: What do We Know. Intell. Bulid. Int. 2015, 7, 101–129. Available online:
http://www.tandfonline.com/doi/abs/10.1080/17508975.2014.918870#.VSlx-txfWHg (accessed on 12 May 2020).

26. Manfren, M.; Nastasi, B.; Piana, E.; Tronchin, L. On the link between energy performance of building and
thermal comfort: An example. AIP Conf. Proc. 2019, 2123, 020066. [CrossRef]

27. Gelfand, L.; Freed, E.C. Sustainable School Architecture: Design for Elementary and Secondary Schools; John Wiley
& Sons: Hoboken, NJ, USA, 2010.

28. Gonzalo, R.; Habermann, K.J. Energy-Efficient Architecture: Basics for Planning and Construction; Birkhäuser:
Basel, Switzerland, 2002.

29. Jaffe, S.B.; Fleming, R.; Karlen, M.; Roberts, S.H. Sustainable Design Basics; John Willey and Sons: Hoboken,
NJ, USA, 2020.

30. Dubey, K.; Dodonov, A. Mapping of Existing Technologies to Enhance Energy Efficiency in Buildings in the UNECE
Region, Joint Task Force on Energy Efficiency Standards in Buildings; United Nations Economic Commission for
Europe: Geneva, Switzerland, 2018; Available online: https://www.unece.org/fileadmin/DAM/hlm/Meetings/
2018/10_03_Geneva/1_Study_on_Mapping_of_EE_technologies_v2.pdf (accessed on 29 April 2020).

153



Energies 2020, 13, 2489

31. Windows—Making It Clear: Energy, Daylight and Thermal Comfort (NF78). National House Building
Council (NHBC) Foundation, 2017. Available online: https://www.buildup.eu/en/practices/publications/
windows-making-it-clear-energy-daylight-and-thermal-comfort-nf78-0 (accessed on 29 April 2020).

32. Persson, M.L.; Roos, A.; Wall, M. Influence of window size on the energy balance of low energy houses.
Energy Build. 2006, 38, 181–188. [CrossRef]

33. Ochoa, C.E.; Aries, M.B.C.; Loenen, E.J.; Hensen, J.L.M. Considerations on design optimization criteria
for windows providing low energy consumption and high visual comfort. Appl. Energy 2012, 95, 238–245.
[CrossRef]

34. Wierzbicka, A.; Pedersen, E.; Persson, R.; Nordquist, B.; Stålne, K.; Gao, C.; Harderup, L.E.; Borell, J.;
Caltenco, H.; Ness, B.; et al. Healthy indoor environments: The need for a holistic approach. Int. J. Environ.
Res. Public Health 2018, 15, 1874. [CrossRef] [PubMed]

35. Wang, Y.; Du, J.; Kuckelhorn, J.M.; Kirschbaum, A.; Gu, X.; Li, D. Identifying the feasibility of establishing a
passive house school in central Europe: An energy performance and carbon emissions monitoring study in
Germany. Renew. Sustain. Energy Rev. 2019, 113, 109256. [CrossRef]

36. Energy Audits of School Buildings, Archive of the State Environmental Fund of the Czech Republic, Prague.
Available online: https://www.sfzp.cz/en/ (accessed on 21 April 2020).

37. Primary School Mirova, Mimon, 2015, Mimon. Available online: http://zsamsmirova.cz/ (accessed on 16
January 2020).

38. Svoboda, Z. Thermal Assessment Software, CVUT Prague. Available online: http://kcad.cz/cz/stavebni-
fyzika/tepelna-technika/ (accessed on 12 January 2020).

39. ISO 6946:2017 Building Components and Building Elements—Thermal Resistance and Thermal
Transmittance—Calculation Methods; ISO: Geneva, Switzerland, 2017.

40. ISO 13788:2012 Hygrothermal Performance of Building Components and Building Elements—Internal Surface
Temperature to Avoid Critical Surface Humidity and Interstitial Condensation—Calculation Methods; ISO: Geneva,
Switzerland, 2012.
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Abstract: One way to decrease the greenhouse gas emissions in the building sector is to improve the
building energy performance, which can be mainly achieved by the reduction of energy consumption.
In the case of the existing objects, this goal could be achieved by the thermo-modernization of
the building partitions and equipment. This article concerns the issue of heat consumption for
heating purposes after a comprehensive retrofitting of nine educational buildings (two kindergartens
and seven schools) located in south-eastern Poland where both the total efficiency of the heating
installation and the thermal insulation of building partitions were improved. The evaluation of the
real energy effects was made on the basis of the measurements performed over the 8 year period
of operation for each building. The obtained values were compared with the boundary values of
the factors that were in force in Poland during the period when all of the buildings were retrofitted.
Additionally, they were compared with the results of theoretical calculations included in the energy
audits of the example of three objects and an attempt to describe the reasons for the discrepancies
was made. All obtained results were discussed with the available literature sources and summarized
with the suitable conclusions.

Keywords: retrofitting; thermo-modernization; final energy; primary energy; energy consumption

1. Introduction

The treaty on climate change from the conference in Kyoto, which was held in 1997, was ratified
by 141 countries and entered into force on February 16, 2005. The countries that ratified it, including
Poland, were obliged to reduce their own greenhouse gas emissions, and thus to achieve the overarching
goal of environmental protection. This goal can be achieved, among others, by reducing the energy
consumption in the building sector, which is one of the most energy-consuming branches of the
economy [1–4]. Therefore, energy savings have been sought in this area for a long time, setting
increasingly high requirements in terms of the thermal insulation of building partitions and energy
efficiency for modernized and newly constructed buildings as well as the technical systems that
constitute their equipment [5,6]. The activities to reduce the energy consumption in buildings have
been conducted for over 20 years in Poland, and even longer in some other European countries
(Germany, Denmark) which have particularly intensified after the introduction of the European
Parliament Directive [7]. In the case of the existing buildings, the reduction of energy consumption
is achieved through their comprehensive retrofitting, which gives better results than individual
improvements [8–10]. In order to achieve the intended goal, work usually begins with the legislative
process and implementation of national legal acts in the form of directives, laws and regulations [7,11].
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In Poland, one of the first acts that contributed to the promotion of the activities leading to a reduction
of heat consumption in the existing buildings was the Act on supporting thermo-modernization
projects of 1998 and its executive regulations of 1999 regarding the principles of preparing an energy
audit and its verification [12,13]. For the first time, the procedures were formalized to obtain financial
support from the state budget for comprehensive thermal modernization of buildings, which resulted
in the dynamic development of deep thermal modernization of primarily residential and public
buildings [14,15]. Additional financial support for the measures to reduce the energy consumption in
the existing buildings was received by Poland after joining the European Union, which resulted in the
launch of many thermo-modernization investments, especially in the buildings belonging to the local
government units.

In the abovementioned Act [12], limiting the issue to the building and its equipment with technical
systems, a thermo-modernization project is defined as an improvement or a set of improvements
based on the technical activities as a result of which the energy demand of a building for heating and
ventilation as well as hot water preparation is reduced. The most common technical actions taken in
buildings concern two areas; the first one is related to the parameters of the building balance shield, i.e.,
the improvement of thermal insulation of opaque building partitions (most often external walls, roofs,
flat roofs, internal partitions between heated and unheated spaces), replacement of windows and doors
with tighter ones, characterized by much lower heat transfer coefficient values [16–20]. The second one,
covers the improvement of the overall efficiency of the building heating system and the system used to
prepare hot water in the building [21–24]. The modernization activities are carried out to improve the
technical systems, but often, especially in the buildings where the technical systems are characterized
by a significant degree of exploitation and wear, new heating and hot water preparation systems are
implemented. Then, the devices using renewable energy sources are often employed. A necessary
condition for a properly conducted retrofitting is to adapt the heating system to technical requirements
in such a way that the system automatically adapts to the energy demand of a building, depending on
the changing parameters of the external and internal environment in the building.

Due to the fact that the financial support for thermo-modernization investments most often comes
from the national or EU funds, it is necessary to properly prepare the investment process. One of the
elements of this preparation is the performance of an energy audit, which aims to comprehensively
analyze the condition of the existing building and determine the optimal, in terms of scope and costs,
technical measures to reduce the energy demand of a building and improve the energy efficiency.
An audit is often referred to as a technical and economic analysis of a building thermo-modernization;
it is a common study required when conducting this type of investment [15,25,26]. This study, among
other things, aims to provide the forecast of energy savings resulting from the thermo-modernization
measures assuming standard boundary conditions for the indoor and outdoor environment of the
building. The energy saving level calculated in the audit is the forecasted or expected effect of measures
to improve the energy efficiency. The requirements in terms of heat transfer coefficients of building
partitions, as well as the efficiency of technical systems set for buildings after retrofitting are usually the
same as for the newly constructed buildings. Retrofitting contributes to achieving measurable energy
effects, and thus economic and ecological benefits, as well as improves the thermal comfort in the heated
rooms. Often, barriers and restrictions of a legal, technical or financial nature arise when planning a
deep thermo-modernization. The assessment of the thermo-modernization energy effects can be made
by comparing the measured energy consumption before and after the investment is carried out over a
period of several years or heating seasons, taking into account at least the variability of the external
environment conditions. For this purpose, it is reasonable to calculate the unit indicators related to
1 m2 of the heated building surface. The indicators can also be used to compare and evaluate buildings
in terms of the energy quality. A comparative analysis of the level of annual energy consumption
in individual years and buildings are the key issues related to the monitoring and rational energy
management in the building.
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The aim of the research presented in this work was to determine the actual energy effects obtained
as a result of comprehensive thermo-modernization in educational buildings. The energy saving
levels obtained from the measurements under operating conditions were compared with the predicted
results of the theoretical calculations contained in audits available for some of the considered buildings.
The analysis was based on measuring the data from long-term exploitation of the buildings before and
after retrofitting. Additionally, in three cases theoretical investigation was conducted based on the
Polish regulations [26].

2. Materials and Methods

In this work, the subject of analyses involves only the thermal needs of the buildings related solely
to heating. All considered energy factors in the presented investigation refer to a year, that is why
the annual heat consumption was measured for each building. Using these data, the decrease in heat
consumption for heating due to comprehensive retrofitting was calculated, real factors of annual final
and non-renewable primary energy consumption were determined, and then they were compared
with the values included in the national technical and construction regulations required during the
thermo-modernization investment period. At that time, the limit values in these provisions were
determined as a function of the building shape factor [27].

The analysis is a case study of 9 educational buildings (hereinafter referred to as SUCs–“system use
cases”): two pre-school buildings serving as kindergartens (SUC1 and SUC2) and seven primary school
buildings (SUC3–SUC9). The number of students in the examined objects was relatively constant
within the considered period of time. In the case of three buildings, the results of energy audits carried
out before proceeding with the thermo-modernization investment were available. All buildings are
located in a large city of eastern Poland and are supplied with heat from the same provider. None of
the objects are equipped with a cooling system. Five buildings are supplied with the heat from a
centralized heating system covering the thermal needs for heating and hot water preparation, also four
from a centralized system, but only covering the needs for heating purposes (see the Table 1). The heat
source for the distribution system is a municipal combined heat and power (CHP) plant operating in
a cogeneration system (electricity and heat, coal and gas combustion). For each building, the value
of the shape factor was determined, the heated usable area was given, and the year in which the
thermo-modernization was carried out was determined. The analysis used the results of annual
measurements of heat consumption from an eight-year period, several years before and several years
after retrofitting. The measured values were corrected with a factor taking into account the variability
of the number of degree-days, which is characteristic for a given year in relation to the number of
degree-days specified under standard conditions for a given location using a correction coefficient ϕ
calculated according to the following Formulas (4) and (5). The measurements from heat meters and
data for determining the correction factor were obtained from the heat supplier, who manages the
centralized heat distribution system in the city and supplies heat to the considered buildings.

In the case of the buildings that drew heat from the heating network, also to cover the needs
related to hot water preparation, the heat consumption measurements obtained from the supplier
were available in the summer months, in which the heat consumption for heating purposes was zero.
In the considered location, deep water was used and seasonal water temperature fluctuations could be
neglected, which allowed estimating the annual heat consumption for hot water preparation and to
extract the heat consumption for heating purposes according to Formulas (1)–(3).

In all buildings, the retrofitting projects included: insulation of external walls (Uwall), roofs (Uroof)
or flat roofs (Uflat roof), replacement of windows (Uwindow) and external doors (Udoor), modernization
or replacement of central heating installations. The calculated heat transfer coefficients of building
partitions after insulation are presented in the Table 1. The assumed values of the average efficiencies
of the building heating systems were the following: efficiency of heat generation ηH,g = 1.0 (heat source
behind the balance cover of the building), efficiency of heat transfer within the balance cover ηH,d = 0.95,
efficiency of heat accumulation ηH,s = 1.0 (systems without heat accumulators), efficiency of heat
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adjustment and utilization ηH,e = 0.90. These values are assumed as constant coefficients depending on
the type and technical condition of the installations, according to the Polish regulations [28]. The data
are the same for all buildings due to the identical range of heating system modernization.

Table 1. Basic parameters of the buildings examined for energy consumption.

Object Construction Year
Technology

of Construction
A/V

Heated, Usable
Area [m2]

Retrofitting
Year

Energy Needs

SUC1 1968 traditional 0.90 721 2006 heating
SUC2 1981 industrialized 0.80 625 2007 heating + hot water
SUC3 1970 industrialized 0.44 3624 2006 heating
SUC4 1963 traditional 0.43 3458 2007 heating + hot water
SUC5 1985 industrialized 0.50 11,654 2007 heating + hot water
SUC6 1961 traditional 0.40 2855 2008 heating
SUC7 1974 industrialized 0.58 4000 2008 heating
SUC8 1982 industrialized 0.42 9216.2 2004 heating + hot water
SUC9 1983 industrialized 0.42 9216.2 2004 heating + hot water

Before Retrofitting After Retrofitting

Object
Uwalls

[W/m2K]
Uroof/Uflat roof

[W/m2K]
Uwindow/Udoor

[W/m2K]
Uwalls

[W/m2K]
Uroof/Uflat roof

[W/m2K]
Uwindow/Udoor

[W/m2K]

SUC1 0.95 ** 1.28 ** 2.6/2.5 ** 0.24 ** 0.22 ** 1.8/1.8 **
SUC2 1.16 *** 0.70 *** 3.0/5.6 0.25 * 0.22 * 1.8/1.8 *
SUC3 1.12 0.85 5.1/3.5 0.25 * 0.22 * 1.8/1.8 *
SUC4 1.16 *** 0.70 *** 5.6/5.6 0.25 * 0.22 * 1.8/1.8 *
SUC5 1.13 0.85 2.6/2.5 0.25* 0.22 * 1.8/1.8 *
SUC6 1.16 *** 0.70 *** 3.0/5.6 0.25 * 0.22 * 1.8/1.8 *
SUC7 1.16 *** 0.70 *** 3.0/5.6 0.25* 0.22 * 1.8/1.8 *
SUC8 1.12 ** 1.54/2.37 ** 2.8/5.6 ** 0.24 ** 0.21/0.22 ** 1.3/1.3 **
SUC9 1.12 ** 1.54/2.37 ** 2.8/5.6 ** 0.24 ** 0.21/0.22 ** 1.3/1.3 **

* based on requirements [13]. ** based on energy audits. *** based on requirements during erecting the building.
without asterisks—based on archival documentation or manager’s information.

Additionally, the authors of the investigation had received the information from the object
managers and directors that before retrofitting the buildings were unheated and after retrofitting the
parameters of thermal comfort were respected in all institutions.

All buildings were monitored for heat consumption for the period of 8 years (since 2003 until
2010). During this period, thermo-modernization was conducted, which significantly influenced the
heat-meter readouts. The years of thermo-modernization are presented in the Table 1 together with
other basic technical data of the buildings.

In order to determine the energy effects due to thermo-modernization of buildings, the following
algorithm was used (also presented as a block diagram in Figure 1):

1. Collecting the data from the measurements of legalized heat meters under real conditions for
eight years (several years before and several after retrofitting).

• Measurement of the heat consumption for heating purposes in the buildings not equipped
with a central hot water installation by means of legalized heat meters installed on the main
pipelines of the installation, before the distributors (Qp, GJ/a);

• Measurement of the heat consumption in total for the purposes of heating and hot water
preparation in the buildings equipped with a central hot water installation supplied from
the heating network (Qp*, GJ/a);

• Measurement of the heat consumption only for the purposes of hot water preparation in
June, July, August, (outside the heating season) in the buildings equipped with a central hot
water system supplied from the heating network, used to estimate the heat consumption for
hot water;

• Estimated heat consumption for hot water (QW, GJ/a) using one of the two methods:

� for the objects without summer break (SUC2) according to:

QW = qw,j · d (1)
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where: qw,j—unit daily heat consumption for hot water calculated from the
measurements during three summer months (June, July, August) in the particular
year, GJ/day; d—number of days during the year, 365 days/a.

� for the objects with summer break (July, August) according to:

QW = qw,j* · d* + QW* (2)

where: qw,j*—unit daily heat consumption for hot water calculated from the
measurements in June in the particular year, GJ/day; d*—number of days during
the year without July and August, 303 days/a (10 months); QW*—measured heat
consumption for hot water preparation in July and August of the particular year
(during 32 days of the year), GJ.

• evaluation of the heat consumption for heating of the building equipped with the hot water
system powered from the heating network (Q

′
p, GJ/a):

Q
′
p = Qp

* − QW (3)

2. Collecting the data concerning the duration of the heating period and month average temperatures
of the outside air.

3. Calculation the number of degree-days for each year covered the with analysis according to the
following formula:

Sd =
∑

(θint,H − θe,m)·Ldm (4)

where: Sd—number of degree-days calculated for each year, day·K/a; θe,m—average monthly
temperature of outdoor air for the particular year, ◦C; θint„H—temperature of indoor air in the
heating zone, established 20 ◦C; Ldm—number of heating days in the particular month for each
year, day.

4. Calculation of correction factor resulting from the variation of degree-day according to the
following dependence:

ϕ =
Sd0

Sd
(5)

where: ϕ—correction coefficient; Sd0—number of degree-days in standard year, calculated for
the standard year using average month outdoor air temperatures from multi-year measurement
and theoretical duration of the heating period (222 days), which equals 3825.2 day·K/a for the
location of the analyzed buildings (constant value for the considered location). Table 2 presents
values of correction factor calculated using Equation (5).

5. Correction of the measured values to the standard year according to the following formulas:

Q0 = Qp ·ϕ (6)

Q′0 = Q′p ·ϕ (7)

where: Q0–Adjusted Annual Energy Consumption (under standard conditions), GJ/a;
Q′0–Adjusted Annual Energy Consumption (under standard conditions) in the buildings with
the hot water system powered from the heating network, GJ/a; Qp–measured annual energy
consumption, GJ/a; Q′p–estimated annual energy consumption in the buildings with the hot
water system powered from the heating network, GJ/a.

6. Determination of the Annual Final Energy Factor for Heating (FEFH) according to the
following relation:

FEFH =
1000 · Q0

3.6· A f
(8)
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or

FEFH =
1000 · Q′0

3.6· A f
(9)

where: FEFH—Final Energy Factor for Heating (FEFH), kWh/(m2·a); Af—usable heating area of
the building, m2.

7. Determination of the Annual Primary Energy Factor for Heating (PEFH) according to the
following relation:

PEFH = wH FEFH (10)

where: wH—coefficient of non-renewable primary energy input assumed for cogeneration as 0.8
according to Polish regulations [27,28].

8. Calculation of the boundary value of the Annual Primary Energy Factor for Heating (PEFH,0) in
relation to the Building Shape Factor, according to the national (Polish) requirements from the
period when thermo-modernization was carried out, according to the relation [27]:

PEFH,0 = 1.15 · [55 + 90 · (A/V)] (11)

where: PEFH,0—maximal value of the Annual Primary Energy Factor for Heating (PEFH),
kWh/(m2·a); A/V—Building Shape Factor–ratio between the sums of the areas of building
boundaries serving the balance cover and heated volume of the building measured in outer
contour, 1/m.

9. Determination of the energy consumption savings according to the following dependences:

ΔQ%,avg = (Q01,avg − Q02,avg)/Q01,avg · 100 (12)

ΔQ%,min = (Q01,avg − Q02,min)/Q01,avg · 100 (13)

ΔQ%,max = (Q01,avg − Q02,max)/Q01,avg · 100 (14)

where: ΔQ%,avg, ΔQ%,min, ΔQ%,max—average, minimal and maximal (respectively) obtained
decrease of Annual Energy consumption after thermo-modernization related to the annual value
of the average Annual Energy Consumption before thermo-modernization, %; Q01,avg—average
Annual Energy Consumption before thermo-modernization reduced to the standard conditions,
GJ/a; Q02,avg, Q02,min, Q02,max—average, minimal and maximal (respectively) Annual Energy
Consumption after thermo-modernization reduced to the standard conditions, GJ/a.

Table 2. Coefficients reflecting the harshness of winter in the particular year of the examination period.

Year Sd0 Sd ϕ

2003

3825.2

3938.3 0.971
2004 3714.7 1.030
2005 3844.5 0.995
2006 3788.8 1.010
2007 3677.4 1.040
2008 3542.5 1.080
2009 3669.2 1.043
2010 4263.9 0.897
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Figure 1. Block diagram of the calculation algorithm (numbers of formulas and explanation of the
symbols presented below).

3. Results

3.1. Readouts of Energy Consumption

The readouts of energy consumption in the considered period of time (8 years) were presented
in Table 3 for the particular examined objects. The columns present the values of Annual Energy
Consumption for heating purposes (Qp or Q′p) [GJ/a]. The years when retrofitting was conducted
(transition years), are indicated using asterisks.
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Table 3. Annual Energy Consumption (Qp or Q′p) [GJ/a] for heating purposes in the particular year of
the conducted examination read by the heat-meters.

Year SUC1 SUC2 SUC3 SUC4 SUC5 SUC6 SUC7 SUC8 SUC9

2003 1062 662.98 2153 2592 7550.34 1761.8 2245.9 6273 6531.9
2004 1031.2 650.36 2148.8 2421.4 7323.28 1736 1924.6 4651.5 * 4274.8 *
2005 1032.4 643.6 2189.2 2505.6 7556.95 1768.3 1901.3 4143.9 2536
2006 794.5 * 663 1716.7 * 2347.9 7425.35 1675.5 1968.1 4058.4 3201.4
2007 434.4 546.9 * 1010.8 1683.9 * 4636.12 * 1544.3 1816.2 4056.2 3101.9
2008 441 501.4 1042.25 1146.9 2970.3 1038.3 * 1701.6 * 4064.9 2910.1
2009 434.2 473.8 1071.4 1118.4 3153.72 727.4 1251.1 3742.2 2641.8
2010 500 329.5 1235.8 1295.4 3575.89 993.7 1460.1 3485.5 2313.8

* transition year.

3.2. Calculation of the Thermo-Modernization Efficiency

3.2.1. Evaluation of the Boundary Value of the Annual Primary Energy Factor for Heating

The first stage of the theoretical investigation was to evaluate the boundary value of the Annual
Primary Energy Factor for Heating (PEFH,0) which was assessed in relation to the Building Shape Factor,
serving as a reference value to verify the quality of the thermo-modernization procedure. All data
were calculated from the A/V ratio values presented in Table 1, and recalculated using Equation (11).
Those data are also presented in Table 4.

Table 4. Evaluation of energy savings and Primary Energy Factor for Heating after retrofitting.

SUC1 SUC2 SUC3 SUC4 SUC5 SUC6 SUC7 SUC8 SUC9

PEFH,0
[kWh/(m2·a)]

156.4 146.1 108.8 107.6 115.0 104.7 123.3 106.7 106.7

3.2.2. Evaluation of Annual Energy Consumption and Energy Factors for Heating

With the data presented in Table 3, the value of the Adjusted Annual Energy Consumption
(Q0 or Q′0) [GJ/a] was calculated using Equations (6) and (7), Final Energy Factor for Heating (FEFH)
[kWh/m2a], calculated using Formulas (8) or (9), and Primary Energy Factor for Heating (PEFH)
[kWh/m2a] calculated using Equation (10). All calculated data are presented in Table 5, with the
transition years marked using asterisks, similarly to Table 3.

The data presented in Table 2 describing the harshness of winter period by the ϕ coefficient prove
that the conditions during winter period do not influence the heat consumption significantly. In the
considered region and period of time, these values varied between 0.897 and 1.08. This means that
the difference between both values differs only by 20%, but the average value of ϕ coefficient for the
period of 8 years equals 1.008. It should be also noticed that through most of the examined period
(between 2004 and 2009) these differences were even smaller (winters of 2003 and 2010 were more
severe); the range of ϕ varies between 0.095 and 1.08 which means 8.5% in the difference between those
values. Nevertheless, the Adjusted Annual Energy Consumption (Q0) being a measure of standard
heating period independent of weather conditions, was used for the comparative purposes. This value
is more objective than the Annual Energy Consumption (Q0), not being influenced by the hardness of
the winter period
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Table 5. Adjusted Annual Energy Consumption (AECH), Final Energy Factor (FEF) and Primary
Energy Factor (PEFH) for heating achieved from the heat meter readouts in the particular year of
the research.

SUC1 SUC2

Year Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a] Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a]

2003 1031.2 397.29 317.83 643.8 286.11 228.89
2004 1062.1 409.21 327.37 669.9 297.72 238.18
2005 1027.2 395.76 316.61 640.4 284.61 227.69
2006 802.4 * 309.16 * 247.32 * 669.6 297.61 238.09
2007 451.8 174.05 139.24 568.8 * 252.79 * 202.23 *
2008 476.3 183.50 146.80 541.5 240.67 192.54
2009 452.9 174.48 139.58 494.2 219.63 175.71
2010 448.5 172.79 138.23 295.6 131.36 105.09

SUC3 SUC4

Year Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a] Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a]

2003 2090.6 160.24 128.19 2516.8 202.17 161.74
2004 2213.3 169.65 135.72 2494.0 200.34 160.28
2005 2178.3 166.96 133.57 2493.1 200.27 160.21
2006 1733.9 * 132.90 * 106.32 * 2371.4 190.49 152.39
2007 1051.2 80.58 64.46 1751.3 * 140.68 * 112.54 *
2008 1125.6 86.28 69.02 1238.7 99.50 79.60
2009 1117.5 85.65 68.52 1166.5 93.70 74.96
2010 1108.5 84.97 67.97 1162.0 93.34 74.67

SUC5 SUC6

Year Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a] Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a]

2003 7331.4 174.75 139.80 1710.7 166.44 133.15
2004 7543.0 179.79 143.83 1788.1 173.97 139.18
2005 7519.2 179.22 143.38 1759.5 171.19 136.95
2006 7499.6 178.76 143.00 1692.3 164.65 131.72
2007 4821.6 * 114.92 * 91.94 * 1606.1 156.26 125.01
2008 3207.9 76.46 61.17 1121.4 * 109.10 * 87.28 *
2009 3289.3 78.40 62.72 758.7 73.82 59.05
2010 3207.6 76.45 61.16 891.3 86.72 69.38

SUC7 SUC8

Year Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a] Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a]

2003 2180.8 151.44 121.15 6091.1 183.59 146.87
2004 1982.3 137.66 110.13 4791.0 * 144.40 * 115.52 *
2005 1891.8 131.37 105.10 4123.2 124.27 99.42
2006 1987.8 138.04 110.43 4099.0 123.54 98.84
2007 1888.8 131.17 104.94 4218.4 127.14 101.72
2008 1837.7 * 127.62 * 102.10 * 4390.1 132.32 105.85
2009 1304.9 90.62 72.49 3903.1 117.64 94.11
2010 1309.7 90.95 72.76 3126.5 94.23 75.39

SUC9

Year Q0 (Q′0) [GJ/a] FEFH [kWh/m2a] PEFH [kWh/m2a]

2003 6342.5 191.16 152.93
2004 4403.0 * 132.71 * 106.17 *
2005 2523.3 76.05 60.84
2006 3233.4 97.46 77.96
2007 3226.0 97.23 77.79
2008 3142.9 94.73 75.78
2009 2755.4 83.05 66.44
2010 2075.5 62.56 50.04

* transition year.

Additionally, the data contained in Table 5 are visualized in Figure 2. The adjusted energy
consumption is set with Primary and Final Energy Factors for Heating. The diagrams were extended
with the graphical presentation of the boundary value of the Annual Primary Energy Factor for Heating
(PEFH,0) in relation to the Building Shape Factor serving as a critical value to evaluate the efficiency
of retrofitting efforts. The presented data correspond to the values of energy consumption in the
Polish educational buildings available in the scientific literature, where the annual heating energy
consumption in Polish schools was evaluated to be at the level of 120 kWh/(m2·a) [29,30].
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Figure 2. Presentation of changes of the Annual Adjusted Energy Consumption within the investigated
period together with Final and Primary Energy Factor for Heating.

4. Discussion

With the data presented in Table 5 and Figure 2, it is clearly visible that, due to the
thermo-modernization processes, both the Energy Consumption (Qp and Q0) and values of Final and
Primary Energy Factors decreased. This confirms the efficiency of this process. In the case of SUC1
with transition year 2006, the decrease of heat consumption after 2006 is clearly visible. Even during
the transition year, the heat consumption bar shows the value of 802 GJ/a, which is about 23% lower
than the previous building status. Following the completion of the modernization process, the Q0

value equals about 450 GJ/a, which proves the efficiency of the modernization process. The Final and
Primary Energy Factors confirm this trend. From the diagram it can be also noted that the PEFH value
is smaller than the reference PEFH,0 value, which means that after this procedure the building fulfills
heat standards that became effective in 2009 for that type of object.

In the case of SUC2 (Kindergarden), the efficiency of thermo-modernization is not that visible. It is
caused by the prolonged period of the retrofitting procedures, which was conducted for the period of
3 years. This is visible on the diagram as a gradual decrease of the annual heat consumption. The final
result of the thermo-modernization is visible in 2010, when the Primary Energy Factor value is below
the reference value PEFH,0 according to the standards from the discussed period.

In the case of the other buildings that served as Primary Schools (SUC3-9), the energy performance
was comparable to SUC1 (Kindergarten), where a partial consumption decrease was visible during the
transition year and became more significant afterwards.

For better visualization, the averaged values of Q0 before and after modernization determined in
all tested buildings are summarized in Table 6.

Table 6. Averaged values of the Adjusted Energy Consumption before, during and after the transition
year together with comparison of the energy savings.

Object
Q0 before

[GJ/a]
Q0 Transition Year

[GJ/a]
Q0 after
[GJ/a]

ΔQ%,avg [%] ΔQ%,min [%] ΔQ%,max [%]

SUC1 1040.2 802.0 457.4 56.0 54.2 56.9
SUC2 651.3 568.5 295.6 54.6 - -
SUC3 2160.7 1733.9 1100.7 49.1 47.9 51.3
SUC4 2468.8 1751.3 1189.0 51.8 49.8 52.9
SUC5 7473.3 4821.6 3234.9 56.7 56.0 57.1
SUC6 1711.3 1121.4 825.0 51.8 47.9 55.7
SUC7 1986.3 1837.7 1307.3 34.2 34.1 34.3
SUC8 6091.1 4791.0 3976.7 34.7 * 27.9 * 48.7 *
SUC9 6342.5 4403.0 2826.1 55.4 * 49.0 * 67.3 *

* related to only the first year of the monitored period before thermo-modernization (2003).

167



Energies 2020, 13, 2449

The averaged values of the Adjusted Heat Consumption for Heating in each case decrease after
the thermo-modernization process. During the transition period, the energy consumption was in
all cases between the values before and after that period. This can be explained by the fact that the
thermo-modernization process was conducted partially, mainly during the non-heating period, and
the advantages of the procedure were observed only in December.

The thermo-modernization procedure provided the owners of the buildings with energy savings
at a very high level. The average percentage of energy savings from all buildings was equal to 46.8%,
which meant that for all considered objects, almost 50% of the measured energy was saved. It must
be noticed that the real (measured) energy savings were smaller than those projected by the auditing
methodology. This can be explained by the fact that, before thermo-modernization, those buildings
were unheated, and after the renovation, the heat comfort of those buildings increased, which required
higher energy consumption. Three of the examined objects were additionally investigated theoretically
using the auditing methodology. The calculated energy savings expressed in heat consumption
would reach the level 70.2%. Averaged heat consumption after thermo-modernization read by heat
meters reached in this case 56%. This value is very promising, but significantly below the theoretical
estimation. In the case of the SUC8, this difference is more significant: 82.3% of savings from theoretical
evaluation but only 34.7% of real readouts. In the case of SUC9, these differences were smaller but still
visible—82.4% for theoretical evaluation and 55.4% from heat-meter readouts—after adjusting.

The theoretical energy consumption calculated in audits (Table 7) is significantly higher than the
measured adjusted energy consumption (Table 6). After thermo-modernization, the relations between
the abovementioned values are reversed. For example, in the case of SUC1, the measured value of
heat consumption before thermo-modernization Q0 was smaller and equal to 1040.2 GJ/a, while the
calculated value was higher and equaled 1324.9 GJ/a. On the other hand, after the renovation procedure,
the measured value was higher from the calculated one (457.4 GJ/a and 395.0 GJ/a respectively). Similar
relations were observed for the primary schools (SUC8 and SUC9). It is supposed that the reason for
these differences is the insufficient heating of the rooms and improper ventilation (real ventilation flux
was lower than the calculated one). After the thermo-modernization procedure, higher temperatures
could occur but also the assumed weakening in heating may be omitted within the theoretical
calculations. Irrational energy management in the buildings could also have taken place, if there was
no person responsible for monitoring heat consumption or no central heating system control. The
abovementioned reasons cause the difference in the measured heat consumption between schools
SUC8 and SUC9 (with the same design and shape factor), and the differences in the calculations are due
to various assumed weakening factors in the heating system performance. It should be emphasized
that a more thorough analysis should be conducted where all objects would be investigated under the
operating conditions and (theoretically) energy audits would be calculated.

Table 7. Heat consumption values before and after thermo-modernization according to energy audits
(theoretical calculations).

Object Q before [GJ/a] Q after [GJ/a] Energy Savings [%]

SUC1 1324.9 395.0 70.2
SUC8 9373.7 1662.6 82.3
SUC9 8472.4 1487.5 82.4

Additionally, the influence of building shape ratio on Primary Energy Factor for Heating was
checked. Figure 3 presents the relation between these two factors characterizing the tested buildings
before and after the retrofitting processes. From the diagrams it can be noticed that before the
modernization, the values of PEFH were significantly higher, independent of the building shape. It
was observed that in the case of low A/V ratio values before the thermo-modernization, the influence
of building shape was not significant and was even negative. Accordingly, it can be interpreted that
those buildings were operated differently and maybe some of them could be unheated. In the case
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of the buildings with a worse (higher) value of A/V ratio, higher energy consumption expressed as
Primary Energy Factor for Heating was higher and rising. The discussed relation can be described by
the polynomial model presented in Figure 3 with the determination coefficient equal to 0.96.

Figure 3. Relation between Primary Energy Factor for Heating evaluated by measurements and A/V
ratio of all tested buildings, before and after retrofitting.

On the other hand, the relation between the building shape factor and Primary Energy Factor
for Heating after retrofitting is clearer and could be also described by the linear regression model
presented in Figure 3. Coefficient of determination equals 0.74 in that case, but there is no visible
significant decrease of PEFH value in the case of the lower values of the A/V ratio.

Additionally, the boundary value of the Annual Primary Energy Factor for Heating (PEFH,0) in
relation to the Building Shape Factor was presented (black line) to compare the energy consumption
before and after the retrofitting procedure. It can be observed that, before thermo-modernization,
averaged consumption did not exceed the boundary value (only in the case of the primary school
SUC7). In the case of the buildings with a higher value of A/V ratio, the energy consumption was
significantly higher. After thermo-modernization, nearly all the buildings had lower value of energy
consumption compared to the PEFH,0 value. Both relations are represented by the linear regression
models and importantly, the y-intercept values differ in value–boundary values of PEFH in the case
of small A/V ratio values and are higher compared to the real ones. On the other hand, the slope is
smaller. This can be interpreted that all the examined buildings with small A/V ratio had better energy
properties compared to the boundary values coming from the local regulations [27]. In the case of the
buildings with more complicated shapes, the energy savings were not that significant and in the case
of Kindergarten SUC2, PEFH,0 was exceeded even after thermo-modernization.

The analyzed objects indicate that different energy effects can be obtained in the same building
under operating conditions, as shown in the Table 6—e.g., the SUC6 building where the minimum
value of energy saving is 47.9% and the maximum value 55.7%.

Comparing the obtained results to the literature reports, it can be noticed that similar dependences
can be found in the scientific sources. Marrone et al. [30] compared the energy savings resulting from
thermo-modernization evaluated by theoretical analysis and from real readouts. The savings from
theoretical calculations varied up to 40%, but the savings from real data reached 33%. Comparing
the cited results with those presented in Table 6, it should be noticed that average energy savings
achieved in seven Polish educational objects were higher and in two cases (SUC7 and SUC8) they
were comparable. On the other hand, Mazzola et al. [31] elaborated a method of auditing the energy
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renovation of the historical buildings based on energy simulations. The differences between the
readouts of the real objects and the simulations varied between 1% and 5%.

In their theoretical investigation presented in the article [32], Biserni et al. found that retrofitting a
building by changing the existing windows caused the energy savings at the level of 13%, additional
thermal insulation of the external walls provided the energy savings at the level of 50.1% and finally,
complex retrofitting of the external building envelope covering the exchange of the windows, walls
and roof additional thermal insulation, provided energy savings of 70.3%. Those values were similar
or smaller by about 10% compared to those calculated in our research and presented in Table 7.

Mancini and Nastasi [33] conducted the simulations of the energy consumption in the residential
buildings based on surveys and readouts from the bills for energy use. The investigated objects were
modernized for many scenarios, from the elements of the building envelopes through the heating
systems. After retrofitting of the envelopes, they achieved average primary energy savings between
8.5% and 30.8%. Retrofitting of the heating systems decreased the energy consumption by about 7%.
Combined modernization of the envelopes and heating systems gave energy savings at the level of
30%–35%, depending on the situation. This was still less compared to the results achieved in our
investigation (Table 6).

Under the Polish conditions, Zender-Swiecz and Telejko [34] investigated the residential buildings
that were retrofitted—renovation relied on the insulation of the building external envelope which
sealed the building and had a significant negative influence on the amount of the air delivered to the
rooms. That worsened the indoor microclimate causing negative effects on the human health. Similar
conclusions were drawn by Gładyszewska-Fiedoruk [35] who investigated kindergartens located in
eastern Poland. After retrofitting a building by replacing the old windows with the new tight ones, the
ventilation of the building was hindered and the indoor air conditions deteriorated.

Woroniak and Piotrowska-Woroniak [15] examined small church buildings in eastern Poland,
using a similar methodology of energy considerations. They achieved between 31% and 66% decrease
in the seasonal demand. Życzyńska, in the article [17] described thermo-renovation energy effects of the
group of the buildings built in the traditional technology in the 1960s and 1970s. The thermo-renovation
concerned only the external walls, roofs and the replacement of some windows. The decrease of energy
consumption equaled between 16.3% and 21.5% for the whole group of the objects. The technical
requirements expressed as PEFH,0 reference factor were not met.

5. Conclusions

A thorough analysis of the obtained results from the heat consumption measurement and
theoretical calculations enables us to draw the following conclusions:

• Under the operating conditions, the state calculated theoretically is not obtained. The actual
energy consumption decreases are much lower than predicted, which mainly results from the
improvement of thermal comfort in the rooms of the building.

• In the cases analyzed, the energy consumption under operating conditions decreased in the range
of 34%–56%, which gave an average decrease in heat consumption of 46.8%.

• For better building energy management, the heat consumption for heating and hot water
production should be monitored separately.

• In the buildings with identical shape factors and a similar manner of use, different energy effects
are obtained under operating conditions.

• The efficiency of thermo-modernization in the case of the buildings with a simple shape was better
compared to the objects with a higher A/V ratio.
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Abstract: Building energy performance benchmarking increases awareness and enables stakeholders
to make better informed decisions for designing, operating, and renovating sustainable buildings.
In the era of nearly zero energy buildings, the embodied energy along with operational energy use
are essential for evaluating the environmental impacts and building performance throughout their
lifecycle. Key metrics and baselines for the embodied energy intensity in representative Hellenic
houses are presented in this paper. The method is set up to progressively cover all types of buildings.
The lifecycle analysis was performed using the well-established SimaPro software package and the
EcoInvent lifecycle inventory database, complemented with national data from short energy audits
carried out in Greece. The operational energy intensity was estimated using the national calculation
engine for assessing the building’s energy performance and the predictions were adapted to obtain
more realistic estimates. The sensitivity analysis for different type of buildings considered 16 case
studies, accounting for representative construction practices, locations (climate conditions), system
efficiencies, renovation practices, and lifetime of buildings. The results were used to quantify the
relative significance of operational and embodied energy, and to estimate the energy recovery time
for popular energy conservation and energy efficiency measures. The derived indicators reaffirm
the importance of embodied energy in construction materials and systems for new high performing
buildings and for renovating existing buildings to nearly zero energy.

Keywords: single-family houses; embodied energy; operational energy; benchmarks; renovations;
energy use intensity (EUI); embodied energy intensity (EEI); energy recovery time

1. Introduction

Residential buildings are responsible for 12.1 million terajoule (TJ) that corresponds to 27.2% of
the total final energy used in the European Union Member States (EU-28), and 677 million tonnes of
carbon dioxide (MtCO2) or 18.4% of total emissions, according to the latest available official statistics
for 2017 [1]. According to the 2011 Census, there were about 241 million dwellings in the EU-28,
averaging 96.4 m2 per dwelling [2] and are estimated to have reached 301 million dwellings [3].
Although only some of the EU Member States collect and report the number of buildings in their
Census data, it is estimated that there are about 118 million residential buildings in the EU-28, of which
68% are single-family houses (SFH), i.e., low-rise buildings with one or two floors with a total floor
area of 9.6 billion m2 (or 51% of the total), and the rest are multi-family houses (MFH) in apartment
buildings [3].

More than half (54%) were built before 1980 and the wide adoption of energy efficiency regulations
and codes. The long lifespan of buildings emphasizes the need to renovate aging and inefficient
buildings by minimizing thermal losses through the envelope (e.g., add wall thermal insulation, replace
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windows in order to minimize thermal losses), decommission old and install new efficient equipment
to improve performance (e.g., replace boilers), and/or add new systems that exploit renewables
(e.g., solar thermal collectors).

In view of the significant role of buildings, European policies on climate and energy focus on
energy efficiency and the exploitation of renewables for meeting the 2030 targets and towards a
climate-neutral Europe by 2050 [4]. The main European legislative and policy tool has been the
EU Directive on the energy performance of buildings (EPBD) since 2002 continuously evolves and
motivates European countries to enhance their building regulations, mandating stricter requirements
for new buildings and major renovations [5]. Among other requirements, the latest EPBD encourages
energy efficiency and strives to accelerate the cost-effective renovation of existing buildings towards a
decarbonized building stock by 2050 [6].

According to EPBD, as of January 2021, all new buildings must be nearly-zero-energy buildings
(nZEB), while long-term national renovation strategies should support the renovation of existing
buildings into nZEBs in the coming decades. Although there are significant differences in the way that
EU Members States have defined nZEBs in their national context [6,7], the arching principle is that
they have a very high energy performance, and the nearly zero or very low amount of energy required
should be covered to a very significant extent from on-site or nearby renewable sources. Along these
lines, nZEBs are expected to have a very low energy use intensity (EUI) that is defined as the annual
energy use per unit floor area of the building (e.g., MJ/m2), while securing the appropriate indoor
environmental quality. The primary EUI in nZEBs ranges between 70 and 270 MJ/m2, depending on
the end-uses and services accounted for in the national definitions, different building sector, etc [8].

Given the long lifetime of buildings and low annual rates for new construction, the renovation
of the millions of existing buildings constitutes the main driving mechanism for decarbonizing the
national building stocks by 2050. Common energy conservation measures (ECM) include the addition
of more thermal insulation, the replacement of low performance building elements (e.g., windows) or
energy efficiency measures (EEM) that reduce energy use by replacing existing equipment with new
and more energy efficient ones (e.g., boilers), and the installation of systems that exploit renewables
(e.g., solar collectors), among others. However, while these measures will reduce the operational
energy of the renovated buildings, from an environmental point of view, some of the resulting savings
will actually be compensating for the energy used to produce the corresponding building products,
e.g., thermal insulation, double-glazing windows, boiler, solar collector or other building components
or systems that may be added to a building during its renovation. Accordingly, an energy recovery
time will correspond to different time periods depending on the achieved building energy savings and
the amount of energy used for the manufacturing of the building products used in a project.

1.1. Embodied Energy

Over the past 40 years, the concept of the embodied energy has gained a lot of attention for
measuring the total energy required for the production of economic or environmental goods and
services [9]. For buildings, it refers to the energy used for all direct and indirect processes associated
with the production of materials, products, systems or other elements that go into the construction
of a building, maintenance, and replacement or demolition at the end-of-life [10]. The indicator that
is commonly used for the quantification of embodied impacts is the non-renewable primary energy
use, accounted in megajoules (MJ) [11]. Using a similar indicator like the operational energy use
intensity, one can calculate the embodied energy intensity (EEI) that accounts for all the energy used to
manufacture building materials and produce building elements or systems per unit floor area (MJ/m2).
These key indicators can be used in the early stages of the decision-making process to make the best
renovation decisions and select among alternatives by accounting for the impacts of new materials and
systems that will be added or the ones that will be removed during the lifetime of buildings. Ultimately,
they can facilitate major building renovation activities and be used to best navigate future activities
towards a decarbonized European building stock by 2050.
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A Life Cycle Assessment (LCA) evaluates the environmental impact of buildings, with respect
to the energy used (or the generated emissions) for the production or manufacturing of materials,
products, and systems that go into the construction, maintenance, or renovation of a building, and the
energy used (or emissions) for its operation to the end of their lifetime. Although LCA is slowly
becoming part of the European building industry as it is encouraged by EPBD [5] and Level(s) [12],
it is still not common practice in most European countries and available data is very limited.

A Life Cycle Inventory (LCI) is a process that quantifies the data from raw material extraction,
transportation, manufacturing, and distribution. There are several methods used in the LCI phase of an
LCA to assess lifecycle energy that are extensively reviewed in several publications [13,14]. The most
popular ones include the process-based analysis that takes into account the various inputs and outputs
for all the processes during the lifecycle of a building material or product; the input-output (I-O)
analysis that estimates the materials, energy use, and emissions for a given economic sector based on
national statistics; or the hybrid analysis that is a combination of both. Since practically all methods
have some type of limitations in terms of completeness, reliability, and specificity there is still no
consensus on a globally accepted method [10]. Depending on the selected method, the calculated
EE from a hybrid analysis may be from 3.8 up to 4.9 times higher than the values derived using a
process-based analysis [15].

In this work, the focus is on a process-based LCA based on [16,17]. The boundaries of the analysis
capture the initial and recurrent embodied energy. The initial embodied energy accounts for the
total energy used by the production stage and construction processes. The most significant amounts
of energy are used for the raw material extraction (i.e., quarrying or mining) and manufacturing,
assembling, or other fabrication processes for delivering building construction materials, equipment,
or system components to the factory gate. This is usually referred as “cradle-to-gate”, which may
represent up to 92% of the total lifecycle embodied energy [18]. The other basic boundary condition
may include the additional energy for transportation from the factory gate to the building site and the
energy used for the construction and installation. The transportation of materials and products may
vary significantly depending on whether they are locally available (preferred) or imported and the
mode of transport, while the construction and installation generally do not exceed 2% of the lifecycle
impacts [18]. Accordingly, the initial EE that is also known as “cradle-to-site” embodied energy may
account up to 99% of the total lifecycle embodied energy [18] depending on the materials and their
function and use as different building elements.

The recurrent EE represents the energy consumed to maintain, repair, restore, refurbish, or replace
materials and components (or systems) during the life of the building. Depending on the system
boundary and analysis approach, the relative importance of the recurrent energy for residential buildings
may range from 45% up to 60% over a 50-year building lifetime [10]. Sometimes, the recurrent EE may
even exceed the initial EE depending on the lifetime of the building, service life of its elements and
systems, and renovation practices [10,19]. The frequency of the various works and the amount of the
recurrent EE depends on the lifetime of the building materials or systems, and on the need to replace
some building elements or add new systems as part of energy conservation and efficiency measures
during building renovations.

1.1.1. Databases and Tools

Databases are continually being developed and updated throughout the world, some of which
are proprietary with a subscription fee, while others are open and have free access. Well-known and
publicly available tools and data sources are annotated in [11,14]. Most of the data are available as LCI
data format rather than embodied energy, which make them cumbersome to use. The most well-known
commercial database is the EcoInvent, while the most commonly used public database is the inventory
of carbon and energy (ICE) created by the University of Bath, while a popular LCA tool includes the
SimaPro, among others [14,19].
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Another potential source of information for construction product data is an Environmental
Product Declaration—EPD that is elaborated in [16]. The number of companies that produce EPDs
is growing with time, while some building sustainability assessment schemes also award credits for
selecting materials or products that have EPDs available [20]. However, EPDs remain voluntary and
their availability remains very limited. As a result, instead of full disclosure, some manufacturers
still consider that EPDs include confidential and proprietary information and are reluctant to make
them public.

1.1.2. Embodied and Operational Energy Intensity

As the operational energy used in high performing buildings continues to drop, accounting for
the embodied energy of building construction materials and systems is gaining more importance [20].
However, published values for the embodied energy of residential buildings vary significantly as a
result of different calculation approaches, system boundaries, and other uncertainties [13,19].

The embodied energy can range from 6% to 20% of the lifetime operational energy use in
conventional buildings, from 11% to 33% in passive buildings, 26% to 57% in low energy buildings,
and 74% to 100% in net zero energy buildings [15]. In the Netherlands, depending on the renovation
rates of existing buildings, it is expected that the operational energy use of the building stock will
decrease by 19% to 46% by 2050, while at over the same period, the share of embodied energy
will increase by 26% with a renovation rate of 1.4% per year or by 35% with a renovation rate of
1.9% per year [14].

EU Member States are also encouraged to consider integrating the embodied energy of the
materials and other sustainability benefits as part of the EPBD national cost-optimal calculations
that must consider the buildings’ complete lifecycle [21]. Currently, embodied energy is clearly
considered in cost-optimal studies only in Lithuania, while six other member states account only
some of its aspects [22]. Apparently, this topic should gain more attention to assess the cost-optimal
minimum energy performance requirements for major renovations of existing building elements and
technical installations.

Embodied energy is also one of the key indicators in the reporting framework for the sustainable
building design, construction, and operation currently under development by the European
Commission [12]. Recognizing the emerging importance of the embodied energy, the EU building
stock observatory includes it as a monitored indicator for new construction, and deep and major
renovations, under the technical building systems thematic area [23].

The embodied energy intensities of residential buildings for different building lifecycles can
range from 0.9 to 23.1 GJ/m2 for the initial EE, and from 1.22 to 20.4 GJ/m2 for the recurrent EE [14].
These large variations may be attributed to inconsistent system boundaries, the use of different methods
and databases, etc. Other earlier studies have reported that the embodied energy intensities for
residential buildings range from 3.6 to 8.8 GJ/m2 (averaging 5.5 GJ/m2), while more recent works have
disclosed values from 1.7 to 7.3 GJ/m2 (averaging 4.0 GJ/m2) for conventional constructions and 4.3 to
7.7 GJ/m2 (averaging 6.2 GJ/m2) for high performance buildings [24], and drop to values from 105 to
243 MJ/m2 for low energy European residential buildings [25]. For European residential buildings,
the initial EEI that have been reported in the literature for different constructions average 2.6 GJ/m2 for
timber, 4.0 GJ/m2 for brick, 7.0 GJ/m2 for concrete, and 13.8 GJ/m2 for steel [19]. Compared to high-rise
buildings, SFH have a higher EE intensity that ranges from 1.0 to 1.5 GJ/m2 [26].

In Greece, there is no official database related to the environmental impacts of common building
construction materials, equipment, systems, etc. As a result, relevant studies have commonly used
data on the embodied energy coefficients from international databases, like the very popular, open,
and free-to-use ICE database [27]; and information readily available in bibliography.

Studies have mostly focused on residential buildings, using example buildings with publicly
available data sources or other international LCI databases to estimate the embodied energy [15,28].
Considering four real residential buildings (i.e., three single- and one multi-family house) as examples
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with representative constructions and different vintages, the initial embodied energy intensities ranged
from 2.18 GJ/m2 to 10.2 GJ/m2 as a result of using different public databases for the EE coefficients of
major construction materials [29]. For an apartment building, the calculated embodied energy intensity
for renovating the thermal envelope of old buildings to the new building thermal regulation standards
in different climate zones ranged from 2.42 to 2.82 GJ/m2 using conventional materials and from 1.52 to
1.56 GJ/m2 using more ecological materials [28].

Similar efforts have also focused on quantifying the materials and benchmarking the embodied
energy in major electromechanical (E/M) installations and equipment, by auditing two real residential
buildings—one house and one apartment building [30]. The main installations included a single-pipe
hydronic central space heating with oil-fired boiler connected to room space radiators, a hydraulic and
DHW installation with solar collectors, hot water storage tank, local split-unit heat pumps, and electrical
installations (e.g., main control panels, cables, wall plugs). Using the ICE data [27], the work estimated
an intensity of 421.0 MJ/m2 for the house and 170.8 MJ/m2 for the apartment building [30].

Progressively over the years, some have also been collecting local and national data to enhance
the knowledge base on the energy aspects of LCI databases for key construction materials and
major mechanical equipment. These efforts are of particular interest for commonly used materials or
equipment that are usually not imported but rather mostly produced in the country and used
in the construction and operation of Hellenic buildings. For example, materials like thermal
insulation [31], steel rebar [32], aluminium [33], bricks [34], and E/M system components like boilers [35],
solar collectors [36], etc.

Initial work that exploited an adapted Hellenic dataset for commonly used construction materials
in Greece considered only four typical SFH to estimate their EE intensities that ranged from 3.2 GJ/m2

to 7.1 GJ/m2 [37]. This is significant when compared with the annual primary EUIs that range for the
most recent building construction under the stringent national energy code from 0.3 to 0.5 GJ/m2 in
the different climate zones of Greece, or relatively less important if one considers the older pre-1980
dwellings that have high EUIs that range from 1.9 to 3.9 GJ/m2 [38]. The present work extends previous
efforts by considering 16 case studies providing a comprehensive representation of the Hellenic
residential typologies for single-family houses, for characteristic building construction periods and
locations in the four climate zones in Greece.

In comparison with the operational energy use, the final EUIs of residential buildings for normal
climate conditions average 624 MJ/m2 in EU-28 and 446 MJ/m2 in Greece [23]. New buildings in the
nZEB era have a very low primary energy use that range from 72 MJ/m2 to 720 MJ/m2 according to the
different national definitions [39]. In Greece, the upper limit of the calculated primary energy use for
space heating, cooling, ventilation, and DHW in nZEBs is 288 MJ/m2 for new buildings and 342 MJ/m2

for major renovations of existing buildings.

1.1.3. Building Materials

European residential buildings on an annual basis use about 12.1 million TJ for their operation [1],
compared with an estimated embodied energy in new building materials of 2.0–2.8 million TJ [18].
Over half of the total embodied energy in building products is accounted for by steel (27.0%)
and aluminium (23.9%), followed by concrete (16.5%), timber (11.6%), bricks (10.0%), glass (4.1%),
copper (3.7%), aggregates (1.0%), insulation (0.9%), stone (0.6%), and clay (0.5%) [18].

The most common building materials are cementitious products, cement, wood, steel, asphalt,
and brick that have different environmental footprints [40]. About 20–25% of cement is used in
reinforced concrete (stone aggregates and cement as binder) and a comparable amount in mortar
(sand particles and cement) that is prepared on site and used to fill the gaps between building blocks
(e.g., bricks, concrete masonry units, stones) or plastering.

Among metals, the most energy intensive production processes per unit mass are for the production
of aluminium [33] and steel [32]. Recycled metals have a significantly lower embodied energy, but even
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in this case, they have a higher EE compared to other materials [18]. On a positive note, about half of
the European steel production is made from recycled scrap.

The production of thermal insulation materials is also energy-intensive, resulting in a high EE per
unit [31,41]. On the other hand, thermal insulation materials play a key role in reducing heat losses
through the building envelope (e.g., walls, roofs, load bearing structure) and reaching high energy
performance in new and renovated buildings. As a result, considering the significant energy savings
resulting over the buildings’ lifetime, they outweigh the materials’ cradle-to-grave impacts by 3.8 to
270 times [18]. In Greece, there are several manufacturing facilities for the production of various types
of insulation materials, including polystyrene, stone wool, etc. Previous national studies have used
values of 80.8 MJ/kg for expanded polystyrene, 87.1 MJ/kg for extruded polystyrene, 24.6 MJ/kg for
mineral wool, and 92.1 MJ/kg for polyurethane foam [42].

The cement industry ranks in third place as an industrial energy user and in the second place as an
industrial carbon dioxide emitter in the world [43]. Cement is the most energy intensive ingredient for
the production of concrete and the component that has the highest contribution to its high embodied
energy. The embodied energy coefficients for cement range up to 4.5 MJ/kg clinker, which is twice as
much as the 2.171 MJ/kg for cement mortar (cement and sand) and about four times that of concrete
(cement, gravel, and water) with 1.105 MJ/kg [44].

Clay bricks and tiles are very common building construction materials manufactured from clay
or adobe soil. Bricks are commonly used for external envelope walls and internal separation walls,
while tiles are used for roof or floor coverings. The brick production industry requires large amounts
of raw materials and energy use for the clay extraction, crushing, screening, water mixing, shaping
with machine moulding or extrusion, drying, and finally a baking process through a long furnace
that is the most energy intensive stage [34]. For glazed bricks and tiles, an additional firing process is
used to melt and then to adhere the glazed finish that usually contains glass on the finished surface.
The embodied energy coefficient averages 3.6 MJ/kg for ordinary bricks, 4.6 MJ/kg for ceramic roof tile,
and 15.6 MJ/kg for ceramic tiles [44]. An audit of a brick production plant in Greece and a follow-up
LCA provided an embodied energy coefficient of 2.1 MJ/kg for cradle-to-grave, with pet-coke being
the main energy source (86%), followed by diesel-oil (11%) and electricity (3%) [34].

1.2. Hellenic Residential Buildings

In Greece, residential buildings use on an annual basis 0.185 million TJ or 27.5% of the total final
energy and are responsible for 17.4 MtCO2 or 18.4% of total emissions, according to the latest available
official statistics for 2017 [1]. According to the 2011 Census, there are about 6.4 million dwellings,
averaging 88.6 m2 per dwelling, of which more than half (52%) were built before 1980, the year that the
first national thermal insulation regulation was introduced [2].

There are about 2.99 million exclusive use residential buildings [45], of which 73% are SFH and the
rest MFH (Figure 1). The most common construction materials used in Hellenic buildings are reinforced
concrete (58%) and brick masonry (21%), followed by natural stone (18%) that prevails in buildings
constructed before 1960 and especially in historic buildings before 1920 [45]. More information on the
Hellenic residential building stock characteristics are also available in [46].

EPBD transposition in Greece was initiated with a new national regulation (known as KENAK) that
came into effect in 2010 [47] and was updated in 2017, following the national cost-optimal study [48],
enforcing stricter requirements for the building’s thermal protection and minimum energy efficiency
requirements. Analysis of the energy performance certificates (EPCs) that have been issued in Greece
documents that the existing building stock is energy inefficient, ranking below the current energy
performance standards. About 34% of the residential buildings are ranked at the lowest energy class,
while only 3% are ranked at or above the KENAK minimum energy code requirements [49].
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Figure 1. Methodological schematic of the work.
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1.3. Work Overview

In general, performing an LCA is a time-consuming process that requires user expertise.
Furthermore, differences in national production processes, system boundary considerations etc,
may result in significant deviations for some materials or systems [19]. However, the challenge that
many countries face is that there is no readily available locally or nationally derived data, creating a
burden on building professionals to use (or misuse) complex tools that practically lack a sense of local
or national context. Therefore, it is beneficial to simplify the process for the early decision-making
process in building renovation or new construction. In addition, there is a need to prioritize what may
be important in terms of typical materials and quantities commonly used in representative building
constructions, combined with properly adapted national or local field data. This would also allow
others to focus limited resources and target production processes, materials, and systems that have the
most significant impacts. This knowledge can then be used to derive easy-to-use benchmarks to help
stakeholders perform a first assessment and compare results against good practices or policy makers
to develop regulations with realistic minimum requirements.

The vision of the present work is to:

• Derive benchmarks for assessing the EE of Hellenic buildings in order to inform and facilitate
professionals in the early stages of design, construction, and renovation projects; assess the
energy return from common renovation measures; and link relevant information to a building
stock model.

• Enhance the knowledge base on EE of building materials in Greece and enrich the national data
on EE for the production of common building materials and systems.

• Compare against international data bases and tools; gain confidence on the derived EE indicators;
or identify materials and systems with high discrepancies in order to prioritize future work.

In this direction, the present work considers single-family houses that represent the largest
segment (58%) of the existing building stock in Greece. Section 2 outlines the overall structure of the
methodological approach. The first step is to define the typical SFH in order to identify the common
construction materials, along with the assumptions for performing the operational and embodied
energy calculations. The bill of materials and quantities set the priorities for the field work and the
short energy audits for collecting relevant data from local manufacturing facilities. The tools used for
the calculations include the national calculation engine for estimating the operational energy of the
buildings, while the EE is estimated with a commonly used international tool and database that is
also adapted with national data, if available from the field studies. Section 3 summarizes the main
findings from the audits of local manufacturing facilities, along with other available national data
for the embodied energy of materials and systems. The embodied and operational energy indicators
are quantified for the different building typologies in the four national climate zones. The analysis
concludes with an assessment of the energy recovery time to account for the embodied energy by the
operational energy savings resulting from the implementation of energy conservation and efficiency
measures. Section 4 elaborates the main findings of the work reported herein and its limitations.
Finally, Section 5 outlines future work and priorities.

2. Methodology

The work focuses on single-family houses (SFH) that constitute the majority of the Hellenic
building stock, considering four representative residential buildings that are organized for different
tiers in terms of construction periods and location. The first step is to quantify the types of construction
materials for each case study and the specific material quantities. The calculations for the embodied
energy are performed using a well-known LCA software, with input data from an international lifecycle
inventory database. The assessment is complemented using data from field studies collected from short
energy audits of manufacturing facilities in Greece for some common building construction materials
and other publicly available national data, in an effort to populate a Hellenic dataset. The calculations
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for the annual operational energy use for each case study are performed using the national calculation
engine for assessing the building’s energy performance in the four climate zones of Greece. The results
are then expressed as embodied energy intensities (EEI) and energy use intensities (EUIs), i.e., energy
per unit floor area (MJ/m2), calculated for different lifetimes of the buildings. Finally, the analysis
considers some popular energy conservation and efficiency measures and quantifies the time for
recovering the embodied energy from the resulting annual energy savings associated with the addition
of new materials (e.g., thermal insulation) and the replacement of building elements (e.g., windows) or
equipment (e.g., heating systems). The overall approach and the main calculation steps are illustrated
in Figure 1, and elaborated in the following sections.

2.1. Representative SFH Buildings

The main building and technical installation characteristics and other assumptions of the
standalone buildings considered in the present work are summarized in Table 1. The case studies have
characteristics that are common for Hellenic SFH in the different construction periods and locations,
within the concept of the Hellenic typology and the building stock model for Greece [46] that is based
on the European TABULA and EPISCOPE typology [50]. The buildings are organized under four
construction periods (SFH-1 to SFH-4) that relate to the implementation of the different national
thermal insulation regulations and the four climate zones (A to D).

The representative SFHs used in the present work have different architectural features (e.g., single-
and two-storey buildings, with slab-on grade, pilotis or a non-heated basement, and with flat or tilted
roof), and combine characteristic geometries (e.g., floor areas, window to wall ratios), construction
materials and practices (e.g., thermal insulation of load bearing structure, different envelope thermal
protection and variable degree of compliance with energy regulations), and different technical systems
for heating, cooling, and domestic hot water (DHW). Accordingly, under each construction period,
there are four different case-studies that refer to buildings with different number of stories, type of roof
or exposure of ground floor (Table 1). As a result, the building geometries and system performances for
the case studies considered here resemble the ones used in the national EPBD cost-optimal study [48].
For example, the first construction period (pre-1980) identified with SFH-1 in Table 1 includes buildings
that are considered without thermal insulation and have openings with single glazing. The second
construction period (1981–2000) is an intermediate period for which the SFH-2 buildings are partly
insulated according to the first national thermal insulation regulation, while the third one (2000–2010)
refers to the SFH-3 buildings that have full compliance. Finally, the last construction period (post-2011)
refers to the SFH-4 buildings constructed under the new EPBD national regulation, which started
the KENAK-era. For each building, if necessary, the description and necessary numerical values
of the parameters that refer to the different climate zones (A/B/C/D) are presented in sequence if
they are not the same. For example, the external walls for SFH-1 are constructed with bricks and
plaster and the corresponding areas for the four case studies are (68/77/77/68 m2) and have no thermal
insulation. For SFH-4, the walls have the same construction and wall areas (114 m2), but the thermal
insulation material is different for the four climate zones (A/B/C/D) to comply with the minimum code
requirements with a thickness of (4/5/6/7 cm), respectively. The BoMs includes interior walls and doors,
while all building surfaces are painted. At this stage of the work, the embodied energy calculations do
not include internal kitchen or bathroom accessories. In relation to the E/M, installations include only
the boiler in all case studies and the solar thermal collector for DHW production in SFH-4.
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The assumed lifetime is an important parameter since it influences the operational energy of a
building and the recurrent embodied energy as a result of the maintenance needs for some building
elements and systems that depends on their respective lifetimes. Referenced values used in the
literature vary significantly from 50 to 150 years [13].

The lifecycle analysis in the cost-optimal studies are performed with an estimated 30-year lifetime
for residential buildings, in order to secure consistency in the comparative methodology. However,
this may not be representative for Hellenic buildings and generally speaking for the European
building stock. According to national and European statistics, a building lifetime of 50 years is more
realistic, representing about 41% of the existing Hellenic buildings [45] and about half of the European
buildings [23]. Furthermore, based on empirical data, the median lifetime of Hellenic dwellings is
70 years and for European dwellings is 125 years, with a renovation cycle of 30 years and 40 years,
respectively [51]. Accordingly, a sensitivity analysis has been carried out to study the influence of
building service lifespans over 30, 50, and 80 years on the relative significance of embodied energy and
total lifecycle energy.

Bill of Materials

The construction period of the buildings facilitates the identification and quantification of the
typical materials that reflect the common construction practices used in each case study and architectural
features (e.g., one- or two-story buildings, slab on grade, or pilotis) of the buildings. To a certain extent,
the construction period and location of the buildings in the four climate zones also relates to the more
detailed requirements of the national seismic design code and its periodic revisions that define how
structures are designed and constructed to limit seismic risk. This consideration mainly impacts the
amount of steel bars used in the reinforcement of the load-bearing structure.

According to the national Building Census [45], the most common construction materials among the
existing building stock are concrete (57.7%) and bricks (21.5%). Since the 1980s, concrete has dominated
construction from 70% in the earlier decades to about 95% for new constructions. Stone (17.6%) is also
popular for single-storey buildings constructed before the 1960s and is very limited in new traditional
style constructions, especially in islands and rural areas.

This step serves an additional purpose. Relevant information can be used to identify the most
common materials and define the priorities for progressively collecting national data, focusing on the
most common construction materials with large mass quantities in representative buildings. However,
the prioritization will also need to account for the embodied energy coefficients (i.e., energy per unit
mass) since for the embodied energy assessment, it is necessary to consider the product of material
mass with its EE coefficient. For example, the resulting embodied energy for large quantities of a given
material multiplied with a low EE coefficient would result in a low embodied energy that may not
be of importance. On the other hand, small quantities of another material with a high EE coefficient
would result in a high embodied energy and rank higher on the need for collecting and using national
data. The output of this step can also be used to establish general criteria to simplify the inventory
analysis by focusing on the most significant building elements [52]. This approach is adapted by the
Spanish LCA regulation for which the lifecycle inventory analysis focuses on representative building
elements [53].

The main calculation steps are summarized by Equations (1) and (2). The bill of materials (BoM)
and their respective quantities (kg) constitute a mass-based inventory of all the materials that compose
the construction elements or other building products. The information can also be organized in the
main building elements, for example, foundations, load bearing structure, facades, etc. The specific
material quantities were estimated by multiplying the material density (kg/m3) with the volume of
each building element (e.g., wall, roof, floor, pilotis) with the same construction (Equation (1)). Next,
the value of the embodied energy for each constituent material was calculated by multiplying its
specific mass with the material’s embodied energy coefficient (i.e., MJ/kg). As shown in Equation (2),
the total embodied energy is the sum of all the construction materials used in the various building
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elements and products, divided by the floor area of the building to obtain a normalized value of energy
per unit floor area (MJ/m2):

Mi = ρi·Vi (1)

EEI =
∑n

i=1 EECi ·Mi

A
(2)

where Mi = mass (kg) of the ith material, ρi = density (kg/m3) of ith material, Vj = volume (m3)
of a building elements (j), e.g., walls, etc, EEI = embodied energy intensity that accounts for the
energy used to manufacture building materials and produce products per unit floor area (MJ/m2),
EECi = embodied energy coefficient (MJ/kg) of ith material, i = building construction material like
bricks, concrete, glazing, mortar, steel etc, n = number of different building construction materials and
products, A = heated floor area of the building(m2).

Embodied energy coefficients from eleven public sources with cradle-to-gate data are summarized
in Figure 2. The specific numerical values and detailed references are presented in [29]. The scales of
the y-axis in Figure 2 for the different group of materials are purposely different so that the whisker
plots can display in detail the data distribution through their quartiles. The median value of the
coefficients is included inside the box for each material. The width of the box shows the interquartile
range between the lower 25th and the upper 75th quartile, which in most cases illustrates a large data
spread out. The observed differences may originate from discrepancies in the boundary definition
used in the calculation method, the national origin of the data used in the analysis, the differences in
production processes that may be relevant for some materials or products, etc. As a result, some claim
that since the reported embodied energy coefficients vary so much across among various studies, it may
not be appropriate to simply adopt these values and use them for national calculations or comparative
studies [10].

Apparently, it is always preferable to use, if available, local or national data. Furthermore, for some
materials, the large variations (e.g., aluminium, insulation, tiles) or the outliers (e.g., glass, bricks) point
to the ones that as a priority and progressively can initiate efforts and start collecting relevant data on a
regional or national basis. For materials whose published values are rather consistent, one can use
then with higher confidence in national studies, in the event that better quality data is not available.

2.2. Embodied Energy

In the present work, the system boundaries include the initial and recurrent embodied energy.
The cradle-to-gate production stage is assessed using an LCA tool and is also calculated using data
collected from field studies for several construction materials. For cradle-to-site, the calculations
account for only the average transportation to the construction (building) site. For the recurrent EE,
the use stages account for different lifetimes of the equipment that are replaced to a better condition
(e.g., replace single- with double-glazing openings to reduce heat losses).

2.2.1. LCA Tool and LCI Database

The EE calculations were performed using the SimaPro life cycle assessment software package,
which is one of the most popular and common LCA tools [54] with the EcoInvent v3.4 LCI database [55].
The inventory data was complemented with new information collected from field studies on the
production processes of some commonly used materials that were performed during this work,
to compile a Hellenic database.

In this work, embodied energy calculations were performed following the cumulative energy
demand that is considered an impact category indicator under LCIA [56]. This approach investigates
the primary energy use through the lifecycle of a material or a product. The energy content is
quantified for non-renewable energy resources used directly or indirectly throughout the production
stage, e.g., from the extraction and transfer of the raw materials to the production of the final product
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(cradle-to-gate). This is a standard approach implemented in EcoInvent [57] using the higher heating
values for the various fuels.

 

 

 
Figure 2. Range and distribution of published values for the embodied energy coefficients (MJ/kg) of
commonly used construction materials.
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2.2.2. Field Studies and Data Collection

In Greece, relevant studies that have collected and analysed field data on the embodied energy
of locally and nationally manufactured construction materials or building products are limited,
while environmental product declarations are practically not existing or not disclosed. Previous
sporadic efforts have attempted to fill in this gap of knowledge by providing field data for thermal
insulation materials [31], boilers for heat production [35], air-conditioning split units [30], etc.

In this work, short energy audits were performed at local facilities that produce some commonly
used construction materials, for example, concrete, cement, bricks, plasters, etc. The data collection
process followed a process-based analysis. The raw material quantities and energy carriers were
recorded at each stage of the material’s or product’s manufacturing processes. The data were then
processed and used to calculate the embodied energy coefficients for the respective material or product.
The analysis is performed from the extraction of raw materials to the manufacturing of the final
product (cradle to gate). Given that this is a time-consuming process, the campaigns were targeted to
manufacturing facilities of common building materials, based on their ranking and use in Hellenic
buildings. However, one needs to also take into account accessibility to these facilities and willingness
of the owners to provide the necessary information.

Furthermore, a detailed national literature survey on technical papers or EPDs revealed limited
information for some additional construction materials. For the materials that there was no published
Hellenic data (11.in total), the SimaPro tool was used to complement the available information and
generate cradle-to-gate embodied energy coefficients. The cumulative energy demand was calculated
using the Hellenic fuel mix for generating electricity as follows: coal 33.16%, oil 10.83%, natural
gas 26.6%, renewables 29.01%, and wastes (non-renewable) 0.40% [1]. All the results were then
compiled in a Hellenic dataset that was used to investigate how they differentiate against the data
from the EcoInvent database that reflect average European production processes and fuel breakdown
for electricity generation. This comparison allows one to gain a better insight on how well the (default)
values from the LCI database compare with the Hellenic dataset and quantify the potential differences
that may be anticipated for estimating the initial and recurrent embodied energy.

2.3. Operational Energy

The annual operational energy use is calculated for the 16 building typologies. This offers the
opportunity to consider different building construction materials, types and system performances that
resemble the different groups of the existing building stock. The calculated values are then adapted
using empirically derived factors in order to get more realistic estimates of the actual operational
energy use.

2.3.1. Calculations

The building’s energy demand and use are estimated using the official national software
(TEE-KENAK) that was developed by the National Observatory of Athens for the Technical Chamber
of Greece (TEE) in Athens, Greece for EPBD compliance [47]. The calculation engine is in accordance
to the European standards (e.g., EN 13790:2008) for estimating the building’s energy demand using
the quasi-steady state monthly method. The software incorporates the relevant national technical
libraries, weather data, and other technical specifications outlined in four supporting national technical
guidelines. The calculation engine is used for issuing the energy performance certificates (EPC) and it
is mandatory for assessing the energy performance of buildings of new and renovated buildings in
Greece for obtaining a building permit.

The calculations are performed for standard conditions using specific assumptions and default
values that are defined in the national EPDB regulation (KENAK) and the four technical guidelines.
The main calculation assumptions are summarized in Table 1. The national regulation defines four
climate zones [47]. Zone A in the south includes most of the Hellenic islands and part of the mainland

187



Energies 2020, 13, 4384

and is characterized by mild conditions, with a median of 856 heating degree days (HDD) and
2579 cooling degree hours (CDH). Zone D in the north parts of the mainland has the coldest conditions,
with a median of 2420 HDD and 929 CDH. Finally, the primary energy conversion factors are also
defined in the national regulation at 2.9 for electricity, 1.05 for natural gas, and 1.1 for oil, and these
values have been adopted in the calculations performed in this work.

The selection of the TEE-KENAK as a tool, instead of a simulation tool, is intentional in order to
integrate the concept of embodied energy in the overall approach and the calculation commonly used
in Greece. This is the tool utilized by engineers, architects, and energy auditors for the assessment of
different ECMs or EEMs that support their specific recommendations during building renovations and
issuing an energy performance certificate. The same tool is regularly utilized by professionals during a
new building design to confirm that the building’s energy performance complies with the minimum
code requirements and thus obtain a building permit.

2.3.2. Adaptation for Actual Energy Use

It is well recognized and documented in the literature that there is a gap of calculated vs. actual
energy use [58] that hinders the realization of the anticipated energy savings as a result of various
factors and different strategies [59]. In the present work, the calculations of the actual energy use
are performed using the official calculation engine assessing the energy performance of buildings.
Although the tool is well tailored for issuing EPCs, it is not suitable for predicting the actual energy
use [58]. The gap of calculated and actual energy use is to be expected since the standardized
calculations are performed for specific operating conditions [47]. For example, the daily use of space
heating is for 18 h for the entire floor area of the dwelling, with an indoor set-point temperature at
20 ◦C (Table 1). On the other hand, the actual operating conditions are different. Based on information
from a national survey [60], only 11% of SFH use their heating system continuously, while almost
three-quarters operate their systems for less than 8 h during a typical day. Furthermore, only 7% of
the houses heat their entire dwelling, since most are trying to isolate rooms that are not being used in
order to reduce the operating cost.

To handle these deviations and adapt the calculated values to obtain more realistic estimates,
the current work considers a simple and effective method that has been derived using data collected
during the energy performance certification of buildings [58]. The EPCs in Greece are centrally
issued and automatically stored in an electronic registry maintained by the Hellenic Ministry having
jurisdiction. The EPCs may optionally include the actual energy use of the audited building. This is
valuable information since it can provide a key for unlocking in a practical manner the relationship of
the calculated with the actual energy use. Since the actual energy use from the utility bills is voluntary
information, a very limited number of issued EPCs of about 3% of the total include the actual thermal
and/or electrical energy use [49].

The adaptation factors are defined as the ratio of the actual to the calculated energy use from the
available EPCs [58]. The analysis requires an elaborate data processing of large data sets, complemented
with a comprehensive data quality control and screening, along with an elaborate manipulation for
organizing the derived factors for different building typologies, e.g., building use, construction periods
and location. The adaptation factors are used as multiplies for correcting the calculated energy use
intensities (Equation (3)) to derive more realistic values that resemble actual energy use:

EUIa,k = EUIc,k· fk (3)

where EUIa,k = adapted energy use intensity (MJ/m2) for the kth tier, EUIc,k = calculated energy use
intensity (MJ/m2) for the kth tier, fk = adaptation factor (e.g., from Appendix A) of the kth tier of the
buildings for the four locations (climate zones A-D) and the four construction periods (e.g., pre-1980).

The intent for this step in the present work is not to validate the calculation tool. This approach
has been derived and implemented in order to easily adapt the tool calculations to more realistic
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estimates of the buildings’ actual operational energy. Over time, more certificates are being issued
and the EPC database is enhanced. This allows to periodically update the derived adaptation factors,
gain more confidence on the available data, and cover the Hellenic building typologies. The recently
derived adaptation factors used in this work are summarized in Appendix A for the different building
tiers, in terms of their location related to the four climate zones (A-D) and the four construction periods
for the different construction periods.

2.4. Renovations

Beyond the initial embodied energy that remains the same throughout the lifetime of a building
one needs to also account for the additional recurrent EE as a result of the new materials that will be
added and systems that will be used to replace existing ones during building maintenance or energy
renovation works [10]. Building renovations are necessary in order to maintain or even improve its
performance with time. One can consider and select among different ECMs for the building envelope
and EEMs for the technical installations and building services. Replacing obsolete windows or an old
and inefficient boiler as a result of routine maintenance, installing wall or roof thermal insulation or a
solar collector for DHW during an energy renovation, will reduce a building’s operational energy use.
At the same time, though, the installation of these additional building materials or equipment will
influence the energy use in other lifecycle phases of a renovated building [61] and increase its total
embodied energy.

The number of cycles for the recurrent EE is determined as a function of the service lifetime
for different building construction materials (e.g., roof tiles), elements (e.g., windows), equipment
(e.g., boiler, radiators) etc, which in turn depends on maintenance needs (e.g., painting or plastering
surfaces) and actual use [10,62]. Typical values are summarized in Table 2. These time periods are
expressed in years after the initial installation during which their functions and properties are in
accordance to the minimum acceptable values when routinely maintained.

Table 2. Service lifetime in years of common building materials, elements, equipment, and installations.

Materials, Elements, Equipment Service Lifetime (Years)

Window frames/Glass 30
Plastering (exterior) 50

Doors (exterior) 40
Paint 10

Laminated floor 35
Ceramic tiles 30

Mosaic 30
Timber 55

Roof tiles (clay) 30
Heat production (boiler) 20

Radiators 62
Solar thermal collectors 25

Furthermore, these cycles for the recurrent EE will also depend on the building lifetime (e.g., 50 or
80 years). For example, a heat production system that has a service lifetime of 20 years, will be replaced
twice if the building’s lifetime is 50 years. Likewise, there will be four cycles if the reference study
period for the building extends to 80 years.

Beyond maintenance, there are several opportunities to significantly improve a building’s
energy performance, including renovation works and upgrades of its envelope, equipment, technical
installations, and other services. Common ECMs or EEMs include the replacement of single- with
double-glazing windows, the replacement of the heat production system that may also be combined
with a switch to other energy carriers (e.g., from heating oil to natural gas or the use of heat
pumps, the installation of solar thermal collectors), the installation of roof thermal insulation and for
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non-thermally protected buildings to add wall thermal insulation, etc. More aggressive and combined
measures can upgrade an existing building to higher energy standards towards nZEBs. For example,
a typical Swedish residential building constructed in the 1970s with 716.4 MJ/m2 primary energy
use can be renovated to the passive house standard with 169.2 MJ/m2 by adding thermal protection,
external cladding, and replacing windows [61]. As a result, the share of the embodied energy to the
total operational energy savings can range from 12% to 21% over a lifetime of 50 years.

The installation of new equipment increases the building’s embodied energy if one accounts for
the energy used to manufacture the unit. Popular EEMs include the replacement of the heat production
systems for central heating and the installation of flat solar collectors for DHW production. Small- and
medium-sized boilers manufactured in Greece average an embodied energy per unit thermal capacity
of 65.8 MJ/kWth for steel and 119.1 MJ/kWth for cast iron boilers, or per unit mass at about 26 MJ/kg [35].

Solar thermal collectors are among the most popular systems for exploiting solar energy and they
are widely used for the production of DHW throughout the world, and in some countries for space
heating with solar combi systems. The embodied energy of flat-plate solar thermal collectors based on
information from several European studies averages 1.7 GJ/m2 of collector area [63].

3. Results

The elaboration of the results follows a similar structure with the presentation in Section 2. The first
subsection summarizes the results for the BoM for the 16 case studies. The second section documents
the findings from the field work and the short energy audits to derive the embodied energy coefficients
used in the present work and the comparison of the Hellenic data with the EcoInvent database.
The calculated EEIs are then summarized for the 16 representative buildings considered in this work.
The specific EUIs are also calculated and the results adapted to estimate the actual operational energy
use for the different case studies. A sensitivity analysis is performed for the 16 representative SFH
located in the four national climate zones, considering a 30-, 50-, and 80-year building lifetime.

3.1. Bill of Materials

Figure 2 illustrated the deviations of available information for the embodied energy coefficients
of various common construction materials from different data bases. This practical information can
be used to visualize and prioritize the materials for which there is overall general agreement among
different data bases. This way, one may have a first direction of where to focus and what materials
to consider first, in order to start collecting relevant data, if possible. When the mean (marked with
“x” inside the box plots in Figure 2) is very close to the median value (the 50th percentile horizontal
line and numerical value inside the box plots in Figure 2), the available data are normally distributed.
Otherwise, the numerical value of the median that is shown inside each box is more representative
and may be used especially for materials that the available data are skewed or for the ones that they
include outliers. For most materials (e.g., thermal insulation, tiles, bricks), the values above the median
are more spread out or the upper whisker is longer than the lower, which means that the distribution
is skewed toward higher coefficients. For others, e.g., aluminium, the data distribution is symmetric
around the median, which is illustrated by the median value that is centered in the box between the
upper and lower quartiles and the two whiskers have similar length. The outliers are identified when
their values deviate by 50% from the interquartile range, e.g., aluminium-virgin, insulation, glass,
bricks. Outliers may indicate materials with high data variability under special or local conditions that
may also deserve special attention, if they are not in error.

The embodied energy intensity depends on the type and the quantities of the various construction
materials. The detailed calculations were performed for all 16 case studies. The results are summarized
in Figure 3 as average values for the four construction periods. The total mass quantities of all materials
normalized per unit floor area of the representative buildings range from 2123 kg/m2 to 4643 kg/m2.
In all construction periods, the prevailing materials are concrete and bricks that average 72.6% and 9.4%
of the overall building mass, respectively. The share of plasters averages 13.1% of the building mass,
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and steel rebar about 2.4%. For some material, there are significant variations among the construction
periods. For example, mosaic averages 3.1% in pre-1980 and drops below 0.5% in 1981–2000 buildings,
while thermal insulation material start at a low 0.08% in 1981–2000 buildings and reach 0.19% in
post-2011 constructions.

 

Figure 3. Percentage of the total building mass and embodied energy for the materials used in the case
studies and averaged for the four construction periods.

Another way to look at the results is by aggregating the various material quantities used for
the main structural elements of the buildings. Figure 4 illustrates the average material quantities
for all the case studies that correspond to the four construction periods. The load bearing structures
(i.e., foundations, columns and beams, roofs, floors) dominate with about 73% to 84% of the material
quantities, which is expected for complying with the national seismic design code.

3.2. Hellenic Dataset

The compiled Hellenic dataset with the derived material EE coefficients includes 28 entries that
cover a representative range of building construction materials that are used in Hellenic buildings.
Most of the information is based on the data collected from the field surveys during this work.
In some cases, supplementary national data from the literature was used to compile the results derived
using the SimaPro LCA software [54] and complemented by the EcoInvent LCI [64], where necessary.
The main results for the derived embodied energy per unit mass (MJ/kg) of various materials for
the cradle-to-gate processes are summarized in Table 3, along with an overview of the production
processes at the facilities considered during the field work and the other available public resources.
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Figure 4. Percentage of the total building mass and embodied energy for the aggregated materials used
in the main structural elements of the case studies and averaged for the four construction periods.

The values derived and presented in Table 3 are mostly within the range of cradle-to-gate
embodied energy coefficients published in various European databases [65]. Comparing these values
against the ones from EcoInvent provide some insight on anticipated impacts and differences from
using the different data. The differences range from +55% for stone wool insulation to −137% for
cement base plaster. Part of these differences are due to the specific primary energy conversion factors
that are used for electricity (e.g., 2.9 in Greece) and the fuel mix accounted for in EcoInvent LCI.
In some cases, there are different manufacturing processes. For example, in Greece, the production
of cement mortar and base plaster uses limestone sand, while the production process described in
EcoInvent LCI considers the use of silica sand that is a more energy-intensive process. Similarly,
in Greece, the production of steel rebar uses mainly scrap material, whereas the production process
in EcoInvent LCI is mainly based on 84% raw steel that demands larger amounts of energy. On the
other hand, considering the energy intensive production process of aluminium and the high electricity
consumption, the derived EE coefficient is higher since the calculations in EcoInvent LCI are based on
a fuel mix for electricity generation mainly from hydro.

The available national data or EPDs that refer to the production of insulation materials is limited.
The value listed in Table 3 refers to stone wool. However, during the follow-up calculations for the case
studies with insulated building elements, the material considered refers to extruded polystyrene since
this is the most commonly used material in Hellenic buildings. The value used for the calculations was
derived at 100.85 MJ/kg from EcoInvent for extruded polystyrene.

3.3. Energy Use Intensities

The annual operational energy use was calculated independently for each case study in the
different tiers. The calculations were performed for each of the 16 case studies presented in Table 1
for all four climate zones (A-D). The estimates were then adapted with the corresponding correction
factors that are presented in Appendix A using Equation (3). The adapted EUIs represent more realistic
estimates of the actual energy use for the representative SFHs.
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The resulting actual energy use intensities are summarized in the matrix on the right in Figure 5.
For example, the representative building from the first construction period (e.g., pre-1980) described in
Table 1 for the climate zone C is identified as SFH-1C. This corresponds to an adapted annual EUI
of 1.449 GJ/m2 that is identified in bold. Similar calculations are performed as if the building was
also located in climate zones A, B, and D; the corresponding results are included in the summary of
the EUIs in Table 1 under the corresponding heading for climate zones from A to D. For all 16 case
studies, the values average 0.570 GJ/m2 in the south (climate zone A) and reach 0.991 GJ/m2 in the
north (climate zone D).

Figure 5. Primary initial EE and recurrent EE (for an 80-year building lifetime) embodied energy
intensities (EEIs) and annual energy use intensities (EUIs) expressed in GJ/m2 for all the 16 case study
buildings (Table 1) in the four climate zones of Greece, including the average heating degree days
(HDD) and cooling degree days (CDD) in each zone.

3.4. Embodied Energy Intensities

The EEI for each material was calculated using the corresponding quantities from the BoM and
the embodied energy coefficients from the Hellenic dataset (Table 3). The prevailing materials in terms
of their contribution to the total embodied energy of the buildings include concrete that averages
30.4%, followed by steel rebar at 25.0%, which are the materials with the largest quantities and high
EE coefficients. On the other hand, although some materials may be encountered at low quantities,
they may have high EE coefficients and as a result, a relatively high contribution in the total building’s
embodied energy. For example, thermal insulation materials contribute by as much as 10.7% for
SFH-4 buildings (Table 1), which correspond to recent construction periods with stricter thermal
envelope requirements that mandate the use of more insulation. The use of aluminium window frames,
which have dominated recent construction practices, may have a low mass contribution of about 0.02%,
but the embodied energy contributes up to 9.1% for SFH-4 buildings.

Considering the main building structural elements illustrated in Figure 4, the embodied energy of
the load-bearing structures dominates from 58.9% up to 69.9% of the total. The openings (e.g., windows,
balcony doors) have a minute mass contribution, but a notable share in the total embodied energy
of the buildings. The values range from 9.7% up to 10.8% since the case studies SFH-2 to −4 use
aluminium frames (Table 1).

The calculation of the initial embodied energy was extended to include transportation from the
factory gate to the building site, corresponding to the cradle-to-site. Accordingly, the calculations
assumed an average distance of 100 km for transportation from the factory gate to the building site for
practically all building products. In the case of concrete, the assumed distance was 40 km.

The results of the calculated initial and recurrent embodied energy for the different building
construction materials in the 16 case studies are summarized in Figure 5. The embodied energy
intensities have been calculated for each case study and remain the same for all locations. The value
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of the recurrent EE was calculated for different building lifetimes, but the value included in Figure 5
refers to the case of a building lifetime that corresponds to 80 years.

At this stage, the work has focused on construction materials that constitute the most significant
percentage of a building’s embodied energy, and from the technical installations include only the
heat generation equipment and solar collectors, where applicable. This is a reasonable first step,
since previous studies have quantified that the building envelope represents most of the embodied
energy compared to the other E/M installations of residential buildings, estimated at about 2460 MJ/m2

and 99 MJ/m2, respectively [67].

3.5. Lifetime Calculations

The recurrent EE is estimated for the building’s lifetime. The renovation of the building envelope
(e.g., thermal insulation, double glazing) is assumed to meet the code minimum requirements that
correspond to the post-2010 KENAK standards for the maximum U-values of the building components.
Similarly, the renovations of the equipment and technical installations considered in this work include
EEMs, like the replacement of the heat generation equipment with a more efficient boiler and the
installation of solar thermal collectors for DHW. As previously noted, these renovation measures will
impact the cycles for recurrent EE depending on their respective service time (Table 2) during the
building’s lifetime. The annual energy savings as a result of the improved energy performance of the
renovated buildings are calculated for each measure and then considered all together as a combined
scenario in each one of the 16 representative buildings in the four climate zones. The calculated values
for the operational energy consumption are also adapted to obtain more realistic estimates of the
actual energy consumption using the derived adaptation factors (Figure 6) that correspond to the
representative buildings. The results are then compared to the total EE of the various building products
used in each case study in order to estimate the corresponding energy recovery time.

In all cases, the calculations of the recurrent energy were simplified to consider that the building
materials or products will be replaced with others that comply with the current standards and technical
characteristics. In other words, with the current approach, there is no consideration of stricter building
standards and technological advances of new materials and equipment that will become available in
the market during the following decades. In this case, one may reasonably expect that the building’s
operational energy use may be lower in the coming decades, which would mean that the EE share
would be higher.

3.5.1. Embodied and Operational Energy Use

The relative importance of the embodied energy for the 16 case studies can be significantly
different. The time it will take for the adapted operational energy use to match the initial EE of
the buildings, if there are no changes in construction and manufacturing practices, is quantified in
Table 4 for each building. The minimum and maximum values are identified with the grey highlighted
cells. The results confirm that the embodied energy is becoming increasingly important for the
high-performance buildings in the south climate zones. For example, it will take over 53 years for a
building from the post-2010 tier (SFH-4D) with a low annual energy use to match its initial EE, in the
event that such a building would operate in climate zone A. On the other hand, the high annual energy
use of an old building from the pre-1980 tier (SFH-1A) will take just over two years if it operates in
climate zone C to match the building’s initial EE.
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Figure 6. Energy recovery time (years) for individual energy conservation and efficiency measures and
a combined scenario for the different SFH case studies in the four climate zones.
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Table 4. Time (years) for the adapted annual operational energy use to match the initial EE for the
16 case studies in the four climate zones.

Case Study Climate Zone

Buildings A B C D

SFH-1A 3.6 2.9 2.2 2.4
SFH-2A 6.5 5.8 4.0 3.8
SFH-3A 14.1 11.0 6.8 6.5
SFH-4A 28.7 25.6 17.6 14.4
SFH-1B 5.7 4.6 3.5 3.7
SFH-2B 8.6 7.6 5.5 5.2
SFH-3B 17.2 13.8 9.1 8.8
SFH-4B 41.6 32.4 20.7 19.2
SFH-1C 6.3 5.5 3.9 4.1
SFH-2C 6.5 5.8 4.0 3.8
SFH-3C 18.2 14.6 9.7 9.4
SFH-4C 49.8 38.4 24.0 22.0
SFH-1D 3.9 3.1 2.4 2.5
SFH-2D 6.8 6.0 4.1 3.9
SFH-3D 14.1 11.1 6.8 6.5
SFH-4D 53.2 41.2 26.1 24.0

3.5.2. Energy Recovery Time

The annual energy savings resulting from the implementation of various ECMs or EEMs for each
one of the 16 case studies were calculated for the different tiers. The most significant energy savings
are anticipated from the addition of thermal insulation on the building’s opaque elements (e.g., walls,
roof) to reduce space heating, which actually represents the highest percentage of total energy use.
The addition of thermal insulation is assumed to meet the minimum code requirements of the new 2017
KENAK for the opaque elements of the building envelope. Among the most popular ECMs in existing
residential buildings is the renovation of windows, although it may not be the most effective measure
for optimizing the building’s energy performance [49]. The popularity of this measure is actually
driven by a combination of several other factors that go beyond the improved energy performance and
thermal comfort, e.g., improved aesthetics, sense of security, better acoustical comfort.

Two additional EEMs are also considered. One refers to the installation of a new boiler for space
heating with a more efficient unit, and one for the installation of solar thermal collector to cover
60% of the domestic hot water demand, according to the minimum code requirements of KENAK.
Each measure was first assessed individually and then all together as a combined scenario for the
12 case studies. This includes the tiers for the pre-1980 buildings and the following two construction
periods, but excludes the renovation of the most recent constructions under the post-2010 buildings
that would not be currently considered as cost-effective measures.

The calculated annual operational energy for each case study considered in all four climate
zones were adapted for more realistic estimates of the actual energy savings and then compared with
the resulting increase of the embodied energy. This is an estimate of the time it would take for the
anticipated annual savings to counterbalance the invested embodied energy of the building products
used for the ECMs or EEMs considered in the analysis.

For the addition of thermal insulation to the opaque building elements of the various case study
buildings in all climate zones, the shortest energy recovery time of 1.1 years occurred for the SFH-1A
building operating under climate zone C conditions (Table 5). However, this will stretch to over
21 years for buildings with good thermal performance from the third tier, operating in the warm,
south climate zone, i.e., SFH-3A under climate zone A conditions. For windows, the corresponding
periods are relatively much longer. The shortest energy recovery time of 2.3 years occurred for SFH-2D
under the coldest, north comate zone D. Once again, the longest period for over 37 years would occur
from a building with a good thermal performance from the third tier (i.e., SFH-3A), operating in the
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warm, south climate zone A that even exceeds their theoretical service lifetime of this building product.
The results for the EEMs are reasonable ranging from 0.2 years up to 4.6 years for replacing the heat
production unit with a new, energy efficient condensing boiler, and from 1.6 years up to 3.5 years for
the use of solar collectors for DHW. Finally, the combined scenario with all the individual measures
considered together for major renovations of the case study buildings would range from a minimum
of 1.6 years for the oldest buildings in tier SFH-1A and SFH-1B, up to a maximum of 9.5 years, for the
relatively recent constructions in tier SFH-3C buildings.

Table 5. Energy recovery time (years) for individual energy conservation and efficiency measures and
a combined scenario for the different case studies.

Climate Zone Climate Zone Climate Zone Climate Zone Climate Zone

Buildings A B C D A B C D A B C D A B C D A B C D

Insulation Windows Boiler Solar Collector Combined

SFH-1A 1.5 1.3 1.1 1.3 9.7 6.9 3.6 3.7 0.6 0.4 0.3 0.3 2.6 2.5 2.7 3.3 2.5 2.1 1.6 1.8
SFH-2A 2.1 2.3 1.5 1.7 21.0 16.1 5.6 4.9 0.5 0.4 0.2 0.2 1.7 2.0 2.1 2.4 3.2 3.2 2.0 2.1
SFH-3A 21.4 14.8 5.6 5.6 37.1 22.1 5.5 4.8 2.5 1.8 0.8 0.8 2.0 1.9 1.6 1.9 9.0 7.9 3.9 3.9
SFH-1B 1.6 1.4 1.2 1.4 9.9 6.9 3.7 3.7 0.5 0.4 0.2 0.2 2.8 2.7 2.9 3.5 2.5 2.1 1.6 1.8
SFH-2B 2.1 2.7 2.0 2.2 22.6 17.4 6.1 4.5 0.7 0.6 0.3 0.3 1.7 2.0 2.1 2.4 4.1 4.1 2.6 2.6
SFH-3B 15.1 10.5 2.5 5.4 32.8 19.8 5.7 5.0 4.2 2.9 1.3 1.1 2.0 1.9 1.6 1.9 9.5 8.0 3.4 4.2
SFH-1C 2.8 3.0 1.7 1.9 9.9 7.1 2.7 2.9 0.6 0.4 0.3 0.3 2.8 2.7 2.9 3.5 4.1 3.3 2.0 2.1
SFH-2C 2.6 2.7 1.8 1.9 24.9 19.0 6.4 5.7 0.5 0.5 0.3 0.2 1.7 2.0 2.1 2.4 3.8 3.7 2.3 2.4
SFH-3C 12.3 9.9 5.4 5.4 33.6 19.6 5.6 5.0 4.6 3.2 1.3 1.2 2.0 1.9 1.6 1.9 9.5 8.1 4.3 4.3
SFH-1D 2.3 2.0 1.7 1.9 9.9 7.0 3.6 3.7 0.7 0.5 0.3 0.3 2.7 2.7 2.8 3.4 3.5 2.8 2.1 2.3
SFH-2D 2.7 2.8 1.8 2.0 23.7 21.6 6.1 2.3 0.5 0.5 0.3 0.2 2.0 2.3 2.3 2.5 3.9 3.8 2.3 2.4
SFH-3D 2.4 3.0 2.1 2.4 35.3 21.5 5.4 4.8 2.5 1.8 0.8 0.8 2.0 1.9 1.6 1.9 6.1 5.3 2.9 2.9

According to published results from the assessment of various ECMs under average European
climate conditions, the energy recovery time ranges from 0.1 to 2.0 years for the addition of more thermal
insulation and 1.4 to 2.1 years for the installation of thermal solar collectors [20]. The results for US
buildings have been reported to range from around 3–5 years for old residential buildings constructed
before the introduction of energy codes and 1.6–3.2 years for existing buildings in compliance with
some energy codes [68].

4. Discussion

One of the main objectives of this work was to quantify and prioritize building construction
materials in representative Hellenic single-family houses. The vision is to prepare for the emerging
trend of lifecycle analysis of building performance and to facilitate relevant work at the early stages of
the decision-making process to account for the embodied energy of building materials and products.

4.1. Hellenic Dataset

As it was anticipated, the data collection from local manufacturing facilities proved a
time-demanding process. The major obstacle was that most of the time, the process stumbled on the
owner’s reluctance to allow access or release the necessary data since it is considered “proprietary”
information. Another obstacle is that the voluntary EPDs remain very scarce, either because they are
not public information or manufacturers have not yet considered the benefits for developing EPDs and
disclosing relevant data.

Overall, the availability of national and local information continues to be very scarce in Greece
and other European member states. This should be taken into consideration during the development
of European mandates and regulations on LCA calculations like LEVEL(s) [12].

4.2. Embodied and Operational Energy Use

The present work elaborated 16 representative Hellenic single-family houses. The estimated initial
EE averages only 3–9%% of the total operational energy use over 80-year lifetime, for old buildings
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that are not thermally insulated, i.e., SFH-1 for the pre-1980 tier. On the other hand, the work also
confirmed the relative high importance of embodied energy for high energy performance buildings
reaching 18–67% of the operational energy use for the most recent tier building constructions, i.e.,
SFH-4 for post-2010 buildings.

The results agree with the findings from other European studies. For example, in Belgium,
the embodied energy of non-thermally insulated and inefficient residential buildings represents
only 4% compared to the high total primary energy use over a 30-year lifetime, while for nZEBs,
the embodied energy is 50% higher than the lifetime operational energy use [67]. Similar work in the
Netherlands has reported that for an average residential building construction, the embodied energy
represents 10% to 12% of the total operational energy use for typical homes and reaches 36% to 46% in
energy-efficient homes [69].

4.3. Renovations and Energy Recovery Time

The present work assessed some common energy conservation and efficiency measures for the
renovation of existing buildings to the minimum code requirements of KENAK. The measures included
the addition of thermal envelope insulation, the replacement of windows, and for the E/M installations
the replacement of heat production system with a high efficiency boiler and the addition of solar thermal
collector for DHW. The energy recovery time for the individual measures and a combined scenario that
incorporates all of them are illustrated in Figure 6. In all cases, the replacement of windows has the
longest energy-recovery time, ranging from 3.4 years up to 35 years. The adapted operational energy
savings range from 0.015 GJ/m2 to 0.259 GJ/m2, while the EEI range from 0.539 GJ/m2 to 0.652 GJ/m2.
On the other end, the measure with the shortest recovery period is the replacement of the boiler,
averaging from about 1 year up to 3.5 years for the more recent building tier. The operational energy
savings range from 0.008 GJ/m2 to 0.305 GJ/m2, while the embodied energy ranges from 0.038 GJ/m2 to
0.071 GJ/m2. The addition of thermal insulation on the building’s envelope results to annual energy
savings from 0.007 GJ/m2 to 0.749 GJ/m2 and an embodied energy intensity from 0.118 GJ/m2 to
1.040 GJ/m2. The annual energy savings from the installation of solar thermal collectors to cover 60%
of the DHW range from 0.053 GJ/m2 to 0.084 GJ/m2, while the EEI is estimated from 0.114 GJ/m2

to 0.214 GJ/m2. Finally, for the combined scenario of all the individual measures applied together,
the adapted annual energy savings range from 0.093 GJ/m2 to 1.123 GJ/m2, while the combined EEI
ranges from 0.808 GJ/m2 to 1.928 GJ/m2.

4.4. Future Work

Parallel efforts and similar analysis as the one elaborated in this work can focus on building
electromechanical installations, equipment, and systems. Priority should be given to ones that
are usually part of building renovations, including upgrades to higher performance equipment,
the installation of new equipment that exploit renewables, etc. At this stage of the work, the service
lifetime of the equipment is simply used to estimate the relevant cycles for replacing them and
estimating the recurrent EE, without accounting for any improved future performance. However,
beyond this quantitative assessment, it would be more realistic to also have a qualitative assessment
and account for an improved performance that may also reduce the operational energy. For example,
replacing a heat production system once it reaches its service lifetime would be more realistic to account
for a higher thermal efficiency of a new boiler after a 20- or 40-year cycle. Technological advances that
improve equipment’s performance will also have a positive impact on the building’s performance and
lower the operational energy use.

The case studies considered in this work are detached single-family houses that constitute 73%
of the residential building stock. A similar approach can be followed in the future for multi-family
houses. Other building types, e.g., semidetached and row houses, may also be considered in the future,
although detailed statistical data are not currently available for a building stock analysis. For practical
purposes, the anticipated differences will be limited as a result of the slightly lower material quantities
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used for the intermediate load-bearing walls, and the lower operational energy use. The non-residential
building sector is more difficult to handle since it is very heterogeneous, including various building
typologies, functions, sizes, etc., making it more challenging to organize the available data and define
the different tiers.

Future work should also consider an improved efficiency and/or primary energy factor (PEF)
for electricity generation in the following decades. For example, reflecting on technological progress
and the growing share of renewable energy sources in the electricity generation sector, the default
European average PEF for electricity used in the European Energy Efficiency Directive (EED 2018/2002)
has been lowered from 2.5 to 2.1 and will be revised every four years.

A PEF of 2.9 for electricity was considered in this work, according to the national technical
guidelines that were published in 2010. Apparently, the value is outdated and should be revised with
a different fuel mix for electricity generation to make more realistic future projections. As illustrated in
Figure 7, the time evolution of the PEF in Greece, calculated as the ratio of (primary energy consumption
+ imports)/final electricity consumption, is following a dropping trend. Beyond the average historic
trend line, the projections may be based on the data over the last decade, 2008–2017 (ambitious trend),
to reflect more aggressive efforts towards the renewables target (e.g., >32% share of renewables in final
energy use), fuel switching from lignite to natural gas, and the overall decarbonization efforts of energy
transformation. Greece had recently announced a phase-out of coal-fired power generation by 2028.
Even if there may be some delay as a result of the expected economic recession following the COVID-19
pandemic, these developments are of particular importance for the operational and embodied energy
use, primary energy, and emission reduction, as buildings move into the era of electrification.

Figure 7. Time evolution of total primary energy factors for electricity generation in Greece (Data source:
Energy balances from [1]).

Future work should also account for technological advances in industry and improved
production methods and more energy-efficient processes for the production of materials, systems,
and other building products. More emphasis may also be placed on recycling and the use of more
environmentally-friendly materials. Finally, the system boundaries should be extended to include the
end-of-life stage, i.e., the demolition embodied energy.

5. Conclusions

Assessing the embodied energy of buildings during deep renovations is an emerging issue of
particular importance in the era nZEBs and decarbonized building stock by 2050. However, readily
available national information and data that can be used for calculations and initial benchmarking is
limited in some countries. In this direction, this work has set up and implemented a methodology
for assessing the operational and embodied energy of national building stocks and for providing
some guidance in the design and renovation of buildings. The results can be used by professionals as
benchmarks for a first assessment of similar buildings’ energy performance and how their different
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design solutions or renovations compare against the baselines. This preliminary insight information
can also be used to customize energy conservation measures or reconsider specific energy efficiency
measures that merit further consideration and more detailed analysis. The results are also of interest to
policy makers that need to establish relevant baselines, set priorities and targets, and monitor progress
for sustainable buildings.

As a first step, the work considered single-family houses that represent the most common building
use. Short energy audits were performed in local manufacturing facilities in an effort to enhance
the knowledge base on embodied energy coefficients of common construction materials in Greece.
The analysis was performed using 16 case studies, representing various buildings at different tiers in
terms of characteristic building construction periods and locations related to the four national climate
zones. The total (initial and recurrent) embodied energy and the adapted annual energy use indicators
for Hellenic SFH range from 4.26 to 9.50 GJ/m2 and 0.14 to 1.66 GJ/m2, respectively. Depending on
the lifecycle of buildings, the embodied energy recovery times for major renovations as a combined
scenario of various energy conservation and efficiency measures range from 1.6 to 9.5 years.

The method and accumulated data from this work is also useful for assessing other types of
buildings. On-going work considers multi-family houses and representative non-residential buildings
that reflect the largest percentage in terms of floor areas (e.g., offices, schools). In addition, there is a
need to enhance the Hellenic database of EE coefficients with more local and national data of building
construction material and system production processes. Information from the EPDs will be of great
value, provided that they become mandatory in order to increase their availability. From the experience
gained during this work, it is evident that the related industry in Greece has not yet adapted to the
voluntary mandate for developing and releasing EPDs, while some even consider this type of data as
proprietary information.

A similar approach focusing on embodied carbon or GHG emissions is also an interesting
evolution. Again, efforts should optimize impacts from both operational and embodied emissions.
Along these lines, this work needs to account for the European and national efforts to decarbonize
power plants that influence operational energy and carbon emissions, along with improved production
processes that reduce primary energy use and improve the carbon footprint of the relevant industrial
and manufacturing processes.
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Abbreviations

A Heated floor area of a building (m2)
BoM Bill of Materials
DHW Domestic Hot Water
ECM Energy Conservation Measures
EE Embodied Energy
EEI Embodied Energy Intensity, i.e., total embodied energy per unit floor area (e.g., GJ/m2)
EEM Energy Efficiency Measures
EPBD Energy Performance of Building Directive
EPC Energy Performance Certificate
EPD Environmental Product Declaration
EUI Energy Use Intensity, i.e., operational energy per unit floor area (e.g., GJ/m2)
HDD Heating Degree Days (K.Days)
CDH Cooling Degree Hours (K.Hours)
ICE Inventory of Carbon and Energy
KENAK Hellenic national regulation on the energy performance of buildings
LCA Life Cycle Assessment
LCI Life Cycle Inventory
MFH Multi-Family Houses
nZEB nearly Zero Energy Buildings
SFH Single-Family Houses

Appendix A. Adaptation Factors for EUIs

The derived adaptation f-factors from 1734 EPCs are given in Figure A1. The clustered data
of the calculated and actual energy use are organized are analysed for the different tiers of the four
construction periods and the four climate zones. The 45◦dashed lines (i.e., x = y) identify the (ideal)
cases when the calculated and actual energy use are in perfect agreement. The large data scatter reflects
the anticipated differences in the calculated EUIs resulting from variations in the building construction
and systems performance, the location, weather data, etc. The variability of the actual EUIs reflect the
different occupants’ interactions with the space heating system (e.g., actual operating periods, indoor
temperature set-points) for buildings in the same tier. In principle, a low actual energy use should not
be automatically interpreted as a high performing building, unless one considers that the prevailing
indoor environmental quality is acceptable.

The average and median adaptation factors, i.e., defined as the ratio of the actual to the calculated
energy use for space heating, are inserted as legends in Figure A1 for each tier. Each bullet corresponds
to an SFH and the number of cases in each tier are also identified in each graph. The 45◦ dashed lines
(i.e., x = y) identify the (ideal) cases when the calculated and actual energy use are in perfect agreement.
Cases below the diagonal show a prebound effect (i.e., the actual EUI is lower than the calculated)
and are more evident for low performance buildings (high calculated EUIs). Cases over the diagonal
show a rebound effect (i.e., the actual EUI is higher than the calculated) and are more common for high
performance buildings (low calculated EUIs).

The average adaptation factor is 0.536 (median 0.501), which means that the actual energy use for
space heating and DHW is 46.4% (49.9%) lower than the calculated value. The results are in-line with
similar values published in the literature that also document large deviations of actual and calculated
energy use from 30% to 47% [70,71].
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Figure A1. Calculated and actual space heating and DHW primary energy use intensity (MJ/m2)
from 1734 SFHs in Greece, grouped for the different tiers (four climate zones A–D and four
construction periods).

Currently, the available data for new buildings are missing (SFH post-2011 in Zone D) or have
not yet reached a sufficient population (e.g., SFH post-2011 in Zone A), so they should be used with
caution. For the case of the SFH-4D that corresponds to new constructions (post-2011) in the north
climate zone D, there is currently no available data from the EPCs. In this case, the adaptation factor
used in the calculations was taken as the median value of 0.853 that corresponds to the data for the
post-2010 time period.
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Abstract: The residential building sector is encouraged to participate in demand response (DR)
programs owing to its flexible and effective energy resources during peak hours with the help of
a home energy management system (HEMS). Although the HEMS contributes to reducing energy
consumption of the building and the participation of occupants in energy saving programs, unwanted
interruptions and strict guidance from the system cause inconvenience to the occupants further leading
to their limited participation in the DR programs. This paper presents a human comfort-based control
approach for home energy management to promote the DR participation of households. Heating and
lighting systems were chosen to be controlled by human comfort factors such as thermal comfort and
visual comfort. Case studies were conducted to validate the proposed approach. The results showed
that the proposed approach could effectively reduce the energy consumption during the DR period
and improve the occupants’ comfort.

Keywords: home energy management system; human comfort factor; thermal comfort; visual
comfort; demand response

1. Introduction

A building energy management system (BEMS) measures, analyzes, reports, and optimizes the
demand and supply of energy in a building for saving its energy and cost, and for realizing the
occupant’s comfort [1]. As the BEMS can globally control the demand and supply of energy inside
a building, it should be installed in green energy buildings to balance their energy generation and
consumption. The BEMS can be integrated into both residential and non-residential buildings by
focusing on the energy-saving potentials of these buildings [2].

Moreover, the BEMS can generate the profile of demand resources of the buildings for realizing
their participation in demand response (DR) programs. The demand resources in DR programs are
proactive resources that are assured by modifying the energy consumption pattern of occupants in
the buildings. The energy saving accomplished by the occupants is considered as a form of energy
resource and is traded in power markets by load aggregators. The load aggregators need to collect
a quantity of demand resources from individual DR participants and provide the individuals with
benefits of energy savings and economic profits from power markets [3]. The power markets and
utilities take advantage of demand resources by reducing energy production and operational costs of
the grid, and by improving the reliability of power systems through demand resources [4].

In industrial and commercial buildings, several electricity customers have participated in the DR
programs with the help of BEMS, and they followed fixed building control strategies. Most of the
occupants of these buildings were the general public, and therefore, services were provided to them
via BEMS operation. In other words, the occupants did not have any authority to control the building,
and they generally accepted the hierarchical control schedule of the buildings via energy management
systems. Therefore, the energy management of these buildings was relatively simple and effective
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for participating in DR programs. However, the fast cut-off in these buildings can cause malfunction,
failure, or life-shortening of mechanical and electrical equipment and their installations [5,6].

In contrast, household-level occupants found it difficult to participate in DR programs due to
several barriers such as lack of individual smart infrastructures, home energy management systems
(HEMS) and smart meters to monitor and control their appliances, technical mismatches among
systems, and their small energy resource quantity [3]. However, aggregated demand resources of
households are still attractive to utility operators and load aggregators, as these resources are flexible
and effective during peak hours [7,8]. Several researchers have investigated HEMS algorithm for DR
participation [9–13]. They formulated optimization problems to minimize the electricity cost of the
households [9–11], physical and operational constraints of appliances [12], and the cost of energy and
thermal discomfort [13]. These investigations focused on the generation of appropriate input scenarios
for the households and their load scheduling.

Even though these algorithms allow the household occupants to participate in DR programs
owing to the advanced logic and reasonable scheduling of households, it is not easy for them to allow
unidirectional and formulated energy management. For example, a unidirectional HEMS oriented to
the reduction of energy consumption causes inconvenience to occupants via unwanted interruptions
or strict guidelines on the usage of building sub-systems such as washing machines, refrigerators,
computers, rice cookers, electrical ovens, televisions, lighting fixtures, and other home appliances.
Further, the occupants at home tend to actively interact with their energy management system and
with its connected systems. Therefore, it is important to develop a bi-directional HEMS which follows
the occupants’ behavioural patterns and their preferences for the usage of appliances and equipment
to reduce their fatigue [13,14]. As one of the methods to preserve the user’s comfort and to reduce
the peak load and electricity bill at smart homes, control algorithms of home appliances, renewables,
electric vehicles, and energy storage system based on the quality of experience (QoE) were presented for
the HEMS [15,16]. Even though these investigations did not consider the DR programs, the proposed
algorithms may further cover the DR programs.

More specifically, building environmental conditions such as indoor/outdoor temperature,
meteorological and thermal response characteristics of the building, as well as the occupants’ preferences
should be considered to control a heating, ventilation, and air-conditioning (HVAC) system. While the
operational response characteristic of the HVAC system is faster, the thermal response of the building
is slower due to its slower thermal dynamics. It is considered to be one of the advantages of using
the HVAC system as an important demand resource. This means that switching on/off the HVAC
system does not directly influence the thermal satisfaction of occupants and thus, they have a relatively
smaller amount of risks to participate in DR programs and to reply to DR events by using HVAC loads.
In addition, the acceptable operating range of HVAC systems contributes to large energy savings owing
to their relatively larger power capacity than that of small appliances in buildings. However, despite
its potentials as a demand resource, there are few studies on the HVAC system for DR programs in
residential buildings, whereas considerable effort has been devoted to this system in industrial and
commercial buildings [14,17,18].

Apart from the occupant’s thermal comfort, visual comfort was also considered as an important
environmental issue in buildings. For achieving low energy consumption and high thermal and
visual comforts, natural lighting by using large glazing windows was investigated in different
buildings [19–22]. The illuminance level, luminance, and glare indices affecting the visual comfort
in these buildings were used as a control input of these buildings [22,23]. However, although much
research on natural lighting in the analysis of building energy performance and visual comfort were
conducted, there is still less study to apply the natural lighting to HEMS algorithms. As a related study
by Li et al. [24] suggested a smart lighting control methodology integrated in a smart home control
system to save energy consumption at home with respect to the design of lighting systems for buildings.
They confirmed in detail the feasibility and the performance of the lighting control algorithm in the
smart home control system. Owing to the effectiveness of the lighting system and the HVAC system
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for both energy management and user’s comfort, these systems should be prior-candidates integrated
in the HEMS.

To maintain the satisfaction of occupants, HEMS implementing technologies are required to sense,
monitor the environmental conditions and occupants’ individual data, store and reproduce the data as
knowledge and information of the overall building system. As such, home appliances and equipment
should finely be controlled by HEMS by considering the influence of the occupants’ preference and
fatigue. They should be also considered as demand resources for the purpose of energy savings of the
household during DR events. The contributions of this paper are highlighted as follows.

• The human comfort factors including both thermal and visual comforts were integrated into the
HEMS algorithm in this study. As mentioned above, the effectiveness of the lighting system and
the HVAC system in terms of energy savings and user’s comfort have been confirmed in several
investigations. However, there has rarely been the investigations dealing with both systems in
different perspectives of energy savings and human thermal and visual comfort integrated into
the HEMS.

• To reduce the response fatigue of occupants and to slow down the negative effect of curtailment
of appliances during DR events, an HVAC system was proposed as a prior demand resource in
the household due to its slower thermal dynamics and higher power capacity than those of other
appliances. The HVAC system was controlled to follow the DR events as well as the occupant’s
thermal comfort in the household.

• In addition to the occupants’ thermal comfort, a visual comfort-based-control algorithm for a
dimming artificial lighting system using natural lighting was integrated into HEMS to improve
the visual comfort and energy savings of the household.

• Simulation case studies were performed using Matrix Laboratory (MATLAB)/Simulink® to verify
the effectiveness of the proposed approach.

The rest of this paper is organized as follows. Section 2 suggests the comfort-based HEMS
algorithm and the human comfort factors considered in the proposed algorithm. Section 3 describes a
building integrated HEMS to present the thermal and visual dynamics of the building and its HVAC
and lighting systems controlled by HEMS. Section 4 elaborates on case studies to test and validate the
proposed approach. Finally, Section 5 draws the conclusions of this study.

2. Comfort-Based Home Energy Management System

2.1. Main Features of the Comfort-Based HEMS

The HEMS accomplishes the sensing, processing, monitoring, and reproducing of information to
control the electric and thermal energy fluxes of the building by appropriately combining the operations
of electrical and thermal appliances. In this study, human comfort factors such as the thermal and visual
comforts were integrated into the HEMS algorithm. The thermal condition of the indoor environment
was controlled by the predicted mean vote (PMV) and the predicted percentage of dissatisfied (PPD)
values. The PMV-based control strategy of a heating system as an HVAC system was integrated into
the proposed HEMS. Even though several metrics of user comfort were defined and proposed in the
literature [15,16,25], this study only considered the PMV and PPD as the evaluation index of user’s
thermal comfort in order to present that the suggested HEMS algorithm could be useful to control an
HVAC system to participate in DR programs preserving user’s thermal comfort. Then, a dimmable
light-emitting diode (LED) lighting system was applied to the proposed HEMS to efficiently use the
daylight as a natural lighting and to satisfy the visual comfort of occupants. Illuminance inside a
building was the factor that assessed the visual comfort of the occupants in this study.

The comfort-based control algorithm comprises the following sequences. At first, the presence of
occupants was detected to assess the necessity of operation of heating/cooling and lighting systems.
If any occupant was detected inside the target space, the PMV values were calculated. The thermal
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condition of the household was then controlled by the predefined ranges of the PMV values. Because
the main idea of this study was the availability of the proposed HEMS algorithm during the occurrence
of DR events, the acceptable ranges of the PMV values was adjusted and the control command signals
of the heating/cooling system depended on these values. At the same time, the lighting system was
controlled for the purpose of visual comfort and energy savings.

2.2. Thermal Comfort

Thermal comfort is defined as ‘the expression of mind that expresses satisfaction with the
thermal environment‘, according to the American society of heating, refrigerating, and air-conditioning
(ASHRAE) [26]. It is a personally determined sensation that has a large discrepancy among different
people. It is also difficult to quantify the value and analyze it. Several researchers have investigated
the parameters influencing thermal comfort and have developed models to express a common range
of thermal comfort among people. Among the models, the PMV model introduced by Fanger is the
most used model to assess thermal sensation of the human body with respect to the environment [25].
The thermal comfort was assessed by considering six parameters including the indoor air temperature,
mean radiant temperature, relative humidity, air velocity, clothing, and metabolic rate of the occupant.
As a result of the evaluation, PMV was obtained and PPD was expressed as a function of the PMV
value as follows [27]:

PMV = [0.303· exp(−0.036·M) + 0.028]·L (1)

PPD = 100− 95.0· exp
(
−0.03353·PMV4 − 0.2179·PMV2

)
(2)

where M is the metabolic rate (W/m2) and L is the thermal load of the human body (W/m2). The PPD
value is symmetric with respect to thermal neutrality, whereas the PMV value is zero. However,
as shown in Equation (2), a minimum rate of dissatisfaction of 5% always exists. The index of the PMV
is listed in Table 1. The PPD as a function of the PMV is depicted in Figure 1.

Table 1. Index of predicted mean vote (PMV).

Index −3 −2 −1 0 1 2 3

Sensation Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot

Figure 1. Percentage of dissatisfied (PPD) as a function of PMV.

Acceptable ranges of PMV and PPD variations were defined by the ASHRAE, the European
Committee for Standardization (CEN), and the International Organization for Standardization

212



Energies 2020, 13, 2463

(ISO) [26,28–31]. ASHRAE Standard 55-2013 [26] indicates an acceptable thermal environment for
general comfort. It recommends that the PPD is inferior by 10% and the PMV is between −0.5 and
+0.5. This indicated that 10% of the people were dissatisfied [26,28]. The CEN Standard EN 15251
and ISO EN 7730 recommend four categories by prescribing a maximum PPD value for the body and
the corresponding PMV range [29–31]. Category I commonly describes a high level of expectation
for spaces occupied by very sensitive and fragile persons. Categories II and III explain a normal and
moderate expectation, respectively. Category IV is applicable only for a limited period of the year.
The first three recommended PPD and PMV ranges are listed in Table 2.

Based on the above recommended thermal comfort values in the standards, appropriate values of
PMV and PPD could be selected to control the heating/cooling system of the building.

Table 2. Three categories of thermal comfort.

Category PPD PMV Range

I <6 −0.2 < PMV < +0.2
II <10 −0.5 < PMV < +0.5
III <15 −0.7 < PMV < +0.7

2.3. Visual Comfort

The European standard EN 12665 [32] defines the visual comfort as ’the subjective condition of
visual well-being induced by the visual environment’. The visual environment inside a building is
formed by both natural and artificial lighting. To immediately respond to an occupant’s visual demand,
the visual comfort index should be easily measured for on-demand services. The quantity, quality,
uniformity, and glare of light are the four main factors that evaluate the visual environment.

Among them, the value of the illuminance, which was found to be independent of the light source,
was easily and immediately measured. The illuminance is a physical quantity, and is measured in
lux (lx) at a point on a given surface by an illuminometer, an illuminance sensor, or by a smartphone
that has an illuminance measurement application and its calibration algorithm. It is defined as the
ratio between the luminous flux incident on an infinitesimal surface and the area of that surface. It has
threshold values for each task or space inside a building. The illuminating engineering society (IES),
the commission Internationale de I’Éclairage (CIE), the U.S. general services administration (GSA),
the chartered institution of building services engineers (CIBSE), and most countries have their own
recommended lighting levels [32,33]. An example of the recommended illuminance levels indicated in
the illuminance recommendations [34] is listed in Table 3.

Table 3. Illuminance threshold values of tasks.

Visual Tasks Illuminance (lx)

Resting, causal visual tasks 10–50
Simple activities, ordinary visual tasks 100
Visual tasks of high contrast and large size 300
Visual tasks of high contrast and small size/
Visual tasks of low contrast and large size 500

Difficult visual tasks of low contrast and small size 1000
Severe visual tasks Above 3000

3. Building Integrated HEMS

3.1. Thermal Dynamics of the Building

Based on the first principle of thermodynamics, a heat balance of a building with a HVAC system
could be developed based on the first principle of thermodynamics as follows [35]:
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dUstored
dt

=
.

QHVAC −
.

Qenvelope (3)

dUstored
dt

= Cbuilding
dTbuilding

dt
(4)

.
QHVAC =

.
Qheating −

.
Qcooling −

.
Qventilation (5)

.
Qenvelope = − 1

Rbuilding

(
Tbuilding − Toutside

)
(6)

where Ustored is the stored heat energy inside the building (J),
.

QHVAC is the heat flow (W) through the
HVAC system including heating flow

.
Qheating (W), ventilation flow

.
Qventilation (W), and cooling flow

.
Qcooling (W). However, in heating mode of the HVAC system, the cooling flow

.
Qcooling (W) is zero,

while the heating flow
.

Qheating is zero in cooling mode of the system.
.

Qenvelope is the heat loss (W)
through the building envelope, Cbuilding is the thermal capacitance (J/kg·◦C) of the building, Rbuilding
is the thermal resistance (◦C/W) of the building Tbuilding and Toutside are the indoor temperature and
outdoor temperature (◦C) of the building, respectively. Focusing on the control command of the HVAC
system, the thermal dynamics of the building could be established as follows:

Cbuilding
dTbuilding

dt
= δ(t)

.
QHVAC − 1

Rbuilding

(
Tbuilding − Toutside

)
(7)

where δ(t) is the binary control command of the HVAC system. The conventional control strategy of
the HVAC system is to follow the acceptable temperature range of the building. The control command
of the system follows the temperature of the building, as depicted in Figure 2.

 
(a) 

 
(b) 

Figure 2. Control command of the heating, ventilation, and air-conditioning (HVAC) system based on
acceptable temperature range: (a) cooling process and (b) heating process.

When the temperature was at the desired temperature, the system turned off. When the difference
between the present temperature and the desired temperature was beyond a specified threshold, the
system turned on. However, the proposed control strategy of this study focused on human comfort.
The control command based on the thermal comfort index PMV is depicted in Figure 3. The control
command was determined by the acceptable range of the PMV. When the PMV value reached the
desired PMV, the system turned off. When the difference between the values of the present PMV and
the desired PMV was beyond a specified threshold, the system turned on.
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(a) 

 
(b) 

Figure 3. Control command of the HVAC system based on acceptable PMV range: (a) cooling process
and (b) heating process.

3.2. Visual Comfort-Based Control of Artificial Lighting Systems

Artificial lighting systems are designed based on their power consumption, illumination, working
area, and functionality. In this study, a dimmable LED lighting fixture was selected for both visual
comfort of the occupants and low energy consumption of the building. The required illumination of
the artificial lighting, Eart, total is expressed as follows:

Eart,total = η(t)κ(t)Eart + Eaux (8)

η(t) = 0(Enat ≥ Ere f ) (9)

η(t) =
Ere f − Enat

Eart
(Enat < Ere f ) (10)

where η(t) is the lighting control command,Enat and Eart are the illumination (lx) by natural lighting
and artificial lighting, respectively. Eaux is the auxiliary illumination (lx) for night time or for emergency.
Ere f is the illumination reference (lx) of the building. κ(t) is the binary switch following the time
schedule of the lighting system. κ(t) was 1 when the occupants were present, whereas, it was 0
during both night time as well as when the occupants were absent. However, during night time or in
emergency, occupants may use the auxiliary illumination as indicated in Equation (8). The required
artificial illumination of the building and its operating time schedule is depicted in Figure 4.

 
(a) (b) 

Figure 4. The required artificial illumination of the building. (a) Artificial lighting versus natural
lighting and (b) control command based on a time schedule.
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4. Case Study

4.1. Simulation Conditions

To investigate the effect of human comfort-based algorithm-integrated HEMS, a numerical study
on building energy performance was conducted using MATLAB/Simulink®. A simple RC-lumped
building model for a house was developed based on the first principle of thermodynamics. Three cases
were selected to investigate the HEMS function for DR participation and human comfort. Each scenario
of the cases is listed in Table 4. The simulation of each scenario was conducted assuming that the house
was occupied during the simulation and that the DR command was provided from 9 to 12 h and 18 to
22 h for a week during winter to avoid peak loads and peak electricity pricing. The meteorological data
provided by the French Technical Research Center for Building (CSTB) were used [36,37]. The time
step of the simulation was in a minute. A heating system was used for heating the space and was
considered as a demand resource for replying to the DR commands. If the simulation is conducted
during summer, a cooling system may be preferred. In addition, a lighting system is operated for the
occupants’ visual comfort during the day and night time. To ensure the occupants’ visual comfort,
the lighting system inside the house was controlled to keep the illuminance above 300 lx from 7 to
22 h [34]. The illuminance data was calculated by using a simple window model and a lighting system
model integrated in a building simulation tool developed by the CSTB [36].

Table 4. Scenario description of case studies.

Case Scenario Regulation Method Regulation Range Metabolic Heat

1 Scenario 1 Temperature Without DR: 19–21 ◦C
With DR: 19–21 ◦C 115 W

2 Scenario 2 A Temperature Without DR: 19–21 ◦C
With DR: 18–20 ◦C 100 W

Scenario 2 B Temperature Without DR: 19–21 ◦C
With DR: 18–20 ◦C 115 W

Scenario 2 C Temperature Without DR: 19–21 ◦C
With DR: 18–20 ◦C 130 W

3 Scenario 3 A PMV Without DR: −0.2–0
With DR: −0.5–−0.2 100 W

Scenario 3 B PMV Without DR: −0.2–0
With DR: −0.5–−0.2 115 W

Scenario 3 C PMV Without DR: −0.2–0
With DR: −0.5–−0.2 130 W

Case 1 represents a basic case followed a predefined temperature range without any additional
adjustment of a heating system for responding to DR. The temperature-based control strategy was
applied to case 1, as depicted in Figure 2. The temperature ranges of the heating system in case 1 was
fixed from 19 to 21 ◦C. There was only one scenario with a metabolic heat of 115 W in case 1.

Meanwhile, cases 2 and 3 followed the DR commands by controlling the heating systems. In case 2,
a heating system was controlled by a temperature range similar to that of case 1 without the DR
command. However, the heating system was controlled in the temperature range of 18–20 ◦C with
the DR command. To reduce the power consumption of the heating system during the DR period,
the indoor temperature remained relatively lower than that in the normal conditions without DR
events. The heating system in case 3 was regulated by PMV ranges as depicted in Figure 3. The PMV
ranged from 0 to −0.2 without DR events, and from −0.2 to −0.5 with DR events. The range of PMV
was first set from 0 to −0.2 to ensure the occupants’ thermal comfort when there was no DR command.
When a DR command was provided during a certain period, the PMV value within the range of −0.2
to −0.5 was applied as acceptable ranges at normal expectation. There were three types of scenarios in
each of cases 2 and 3. However, they differed from the aspect of metabolic heat quantity. Scenario A
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represented a low metabolic heat of 100 W. Scenario B showed a moderate metabolic heat of 115 W.
Scenario C indicated a high metabolic heat of 130 W.

4.2. Simulation Results

The indoor and outdoor temperatures of the house in scenario 1 of case 1 is depicted in Figure 5.
The outdoor temperature varied from −2 ◦C to 6 ◦C during the simulation, and this was applied to
all the scenarios of this study. In scenario 1 of case 1, the heating system of the house was always set
from 19 to 21 ◦C, although there were DR commands from 9 to 12 h and from 18 to 22 h. In scenario 1,
the amount of heat energy consumed during a week was 1166 kWh.

 

Figure 5. Indoor (—) and outdoor (- -) temperatures in scenario 1.

The zoomed indoor temperature of scenario 1 for reference and that of scenario 2 B for comparing
the DR participation with and without a heating system as demand resources is depicted in Figure 6a.
In these scenarios, a metabolic heat of 115 W was applied. In scenario 2 B, the temperature ranges of
the house were modified when DR commands arrived during a DR period. As stated above, the DR
events were sent to the house for 9–12 h and 18–22 h. During this period, the temperature was set from
18 to 20 ◦C.

 
(a) 

 
(b) 

Figure 6. Comparison of indoor temperature and heater signal: (a) temperature and (b) heater
command (—: scenario 1 and - -: scenario 2 B).

The heater command of scenarios 1 and 2 B based on the temperature-based control strategy is
depicted in Figure 6b. The indoor temperature varied (increased and decreased) with respect to the
thermal dynamics of the building once the power was on and off, respectively. The indoor temperature
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was set below 19 ◦C during the DR period in scenario 2 B and therefore, the heater command was not
rapidly reversed compared to the heater command of scenario 1. It permitted the curtailing of the
heater’s power consumption during DR periods and reduced the energy consumption of the house
while there were DR commands. The amount of heat energy consumed during a week in scenario 2 B
was 1136.6 kWh. In this scenario, less amount of heat energy was required compared to that of the heat
energy in scenario 1.

This result showed that lower temperature ranges for a heating system reduced the energy
consumption of the house and realized its participation in DR programs with a heating system as
the demand resource. However, this did not mean that the temperature ranges ensured the thermal
comfort of the occupants. The occupants dissipated different amounts of metabolic heat according
to their physical properties, physical activities, and conditions. The indoor temperature of the house
in scenarios 2 A, B, and C distinguished by different quantity of the metabolic heat of occupants is
depicted in Figure 7. As the heating system of the house operated in fixed temperature ranges in
these scenarios, all the evolutions of indoor temperatures for the three scenarios were in the range of
19–21 ◦C in a non-DR period and 18–20 ◦C in a DR period.

Figure 7. Comparison of indoor temperature (—: scenario 2 A, - -: scenario 2 B, and —- -: scenario 2 C).

Therefore, the problem of thermal comfort increased as depicted in Figure 8. Under the same indoor
temperature conditions, occupants dissipated different metabolic heat with different thermal comfort
values. Although the occupants could successfully participate in the DR programs by controlling the
temperature ranges of heating systems, it had a negative effect on personal satisfaction. This may
induce a short continuity of DR participation in households. Therefore, during a DR period, a simple
curtailment of power cannot be recommended as a single solution for all the occupants. To satisfy
the thermal comfort of occupants as well as to participate in DR programs with an HVAC system,
a PMV-based-control strategy has to be proposed as stated in the previous section. From the perspective
of energy saving, the quantities of energy consumption in scenarios 2 A, B, and C were 1138.6, 1136.6,
and 1133.1 kWh, respectively, during the given period. As higher metabolic heat contributed in heating
the space, the energy consumption of the house was more in scenario 2 C than those in 2 A and B.

The evolution of the indoor temperature of the house in scenarios 3 A, B, and C is depicted in
Figure 9. Although the difference in temperature was more than 3 ◦C among the three scenarios of
the same case, the thermal comfort of occupants in each scenario was ensured at the expected PMV
ranges between −0.2 and 0 during the non-DR period and between −0.5 and −0.2 during the DR
period as depicted in Figure 10. In scenario 3 A, the indoor temperature was higher than those in other
scenarios. It explains that the lowest metabolic heat requires the more quantity of heat in the house
for improving occupant’ thermal comfort. In other words, the occupant dissipated lower heat feels
colder than the occupants dissipating higher metabolic heat. Therefore, in a house where an occupant
dissipating lower metabolic heat, more heat should be supplied to this house for thermal satisfaction of

218



Energies 2020, 13, 2463

the occupant. In contrast, the indoor temperature was lower in scenario 3 C as the occupant dissipated
more heat and thus feels warmer or hotter than others. This led to a higher PMV value of the occupant
even at a lower temperature. This indicated that the occupants dissipating different quantities of heat
have a significant gap with the satisfaction on the indoor thermal condition. This result supported
the previously obtained results depicted in Figures 7 and 8. Moreover, the highest metabolic heat
required less heating energy in the house. The quantities of energy consumption during the given
period in scenarios 3 A, B, and C were 1263, 1094, and 920 kWh, respectively. This showed that thermal
comfort could be obtained by controlling a heating system based on the expected PMV values of the
occupants. As the curtailment of heating power depended on the thermal comfort of the occupants,
their satisfaction in DR programs could be ensured by maintaining their thermal comfort.

To achieve the visual comfort of occupants and energy savings of the building, a dimming artificial
lighting system was integrated into the building model. The illuminance level of the house and natural
illuminance are depicted in Figure 11. When the occupant was awake from 7 to 22 h, the minimum
artificial illuminance was maintained at 300 lx. Therefore, the artificial illuminance was controlled by
dimming the artificial lighting with respect to the recommended illumination level of 300 lx, a lighting
system operated for the occupants’ visual comfort during the day and night time. The dimming level
of the lighting system is depicted in Figure 12. Compared to the system without dimming control,
this system reduced 27% of the lighting energy. However, in this study, glare occurrence was not
considered. In further studies, a blind system for avoiding glares would be investigated.

Figure 8. Comparison of PMV (—: scenario 2 A, - -: scenario 2 B, and —- -: scenario 2 C).

Figure 9. Comparison of indoor temperature (—: scenario 2 A, - -: scenario 2 B, and —- -: scenario 2 C).
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Figure 10. Comparison of PMV (—: scenario 2 A, - -: scenario 2 B, and —- -: scenario 2 C).

Figure 11. Illuminance (—: natural illuminance and - -: indoor illuminance).

Figure 12. Dimming level of lighting system.

5. Conclusions

Home appliances and equipment should be finely controlled by HEMS by considering the influence
of occupant’s preferences and behaviour patterns. To promote the occupant’s participation in DR
programs, this paper has presented an algorithm based on human comfort factors that can be integrated
into the HEMS. The proposed algorithm included PMV and PPD values for the thermal comfort of the
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occupants, and illuminance level for their visual comfort. To reduce response fatigue of occupants
and the curtailment of small appliances, the HVAC system with a relatively larger power capacity
and faster dynamics was preliminarily selected to be used as the demand resource of a household.
The HVAC system could be controlled to follow the DR events and to reduce the energy consumption
of the household. To perform the proposed approach, the thermal comfort-based-control algorithm for
a heating system in HEMS was proposed to improve the occupants’ thermal comfort. At the same
time, a dimming artificial lighting system (LED) was integrated into the visual comfort-based-control
algorithm of the lighting system in HEMS to improve the visual comfort and energy savings of the
household. Simulation studies were carried out using MATLAB/Simulink® to verify the effectiveness
of the proposed approach. Because the simulation was conducted during winter, the heating process of
the HVAC system was controlled. The results showed that the heating system with PMV-based control
significantly improved the thermal comfort of the occupants during both the DR and non-DR periods
compared to the temperature-based control in scenarios with different metabolic heat dissipation of
occupants. In addition, visual comfort based on illuminance and energy savings of a lighting system
controlled by the proposed approach in HEMS was also validated. Further study includes advanced
control strategies of the HVAC system by using thermal inertia of the households before and after DR
events and a blind system control for avoiding glare occurrences.
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Abstract: Innovations in technical, financial, and social areas are crucial prerequisites for an effective
and sustainable energy transition. In this context, the construction of a new energy structure and
the motivation of the consumer towards a change in their consumption behaviours to balance
demand with a volatile energy supply are important issues. At the same time, Consumer Stock
Ownership Plans (CSOPs) in renewable energies sources (RESs) have proven to be an essential
cornerstone in the overall success of energy transition. Indeed, when consumers acquire ownership
in RES, they become prosumers, participating in the phase of production and distribution of energy.
Prosumers provide benefits by (1) generating a part of the energy they consume, (2) reducing
their overall expenditure for energy, and (3) receiving a second source of income from the sale of
excess production. Supporting Consumer Co-Ownership in Renewable Energies (SCORE) is an
ongoing Horizon 2020 project with the aim of overcoming the usage of energy from fossil sources
in favour of RES, promoting the creation of energy communities (EC) and facilitating co-ownership
of renewable energies (RE) for consumers. SCORE hereby particularly emphasises the inclusion of
women, low-income households, and vulnerable groups affected by fuel poverty that are as a rule
excluded from RE investments. In this framework, the main goal of the present study is to illustrate
the general procedure and process of EC creation. In particular, this paper focuses on the description
of the methodological approach in implementing the CSOP model which consists of three main
phases: the identification and description of selected buildings (preparation phase), the preliminary
and feasibility analysis phase, and finally the phase of target group involvement. SCORE first started
in three pilot regions in Italy, Czech Republic, and Poland, and later, with the aim of extending the
methodology, in various other cities across Europe. In this study, Italian pilot study sites were chosen
as a case study to develop and test the methodology.

Keywords: energy community (EC); renewable energy sources (RESs); citizen involvement;
co-ownership in renewable energies

1. Introduction

Nowadays, due to global environmental problems (e.g., climate change and the increase of
greenhouse gas emissions) it is necessary to follow a “decarbonization process” for an energy transition.
Energy transition means not only a move away from energy from fossil sources in favour of renewable
ones, but also an improvement of the energy efficiency related to the energy production and an
awareness of energy consumption by building users and citizens [1,2].

In this regard, energy community (EC) initiatives seem to be the way through which it is possible to
provide a concrete response to the aforementioned environmental issues. Moreover, the EC represents
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a new model which considers energy as well as economic and social perspectives. This emerging
concept leads to positive implications in different areas such as global CO2 emission reductions with the
reduction of local pollutants for an improvement in external air quality, and economic developments
(e.g., creation of job self-sufficiency, reduction of energy poverty, and community cohesion) [3].
In addition, apart from shifting towards a new market no longer founded on large centralized plants
fuelled by fossil fuels but towards small-centralized plants powered by renewable energy sources
(RESs), in this emerging system the consumer plays an active role. The consumers’ willingness to
actively participate in decisions together with the production, distribution, and consumption of energy
from RESs represents a key element in the EC definition. The EC emerges from bottom-up willpower
in which municipalities, small and medium-sized enterprises, and citizens, located in a specific area,
share the willingness to self-produce, self-consume, and exchange energy from renewable energy
sources among different users in different end-use buildings [3,4].

It is clear that participation is the core topic of community projects, but the main and innovative
issue addressed in this work is the inclusion of several target groups. Indeed, usually these projects are
undertaken by men who are middle aged with a higher income, whereas the involvement of women,
low-income households, and vulnerable groups affected by fuel poverty is uncommon and as a rule
these groups are excluded from renewable energies (RE) investments [5].

This new paradigm has to be supported by a legislative framework in order to allow the birth
and proliferation of these communities. Currently, the allowed energy model in Italy is based on
a “one-to-one configuration” from a single energy system to a single end-consumer. The case of a
single-family house with a photovoltaic system installation for personal consumption or the case of a
condominium with a photovoltaic system installation for the satisfaction of only common loads (e.g.,
elevator, lighting of common areas, etc.) fall in this typology. The “one-to-many configuration”, from
a single system to multiple end-consumers (between different buildings with different end-uses) is
allowed with the support of new legislative framework (Figure 1).

Figure 1. The legislative framework of energy communities.

In this context on 30 November 2016, the European Commission presented the “Clean Energy
for All Europeans” package, also known as the “Clean energy package”, which includes several
measures in the fields of energy efficiency, renewable energy, and internal energy market power [6].
Among all, two directives are important since they significantly address EC issues: (1) Renewable
Energy Directive II (RED II, 2018) and (2) the new directive on the new rules of electricity market (2019).
The RED II overall target is for 32% of energy consumption to be supplied by RESs. In addition, the
new Directive describes the 2020 national targets for each country, taking into account the renewable
energy production potential for the next years and the actual production level. In this way, each EU
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country defines how to reach the targets through National Energy Action Plans. Moreover, under RED
II, Member States, when transposing the new rules into national law, will have to ensure that private
consumers of RE in the same building are authorized to organise among themselves the exchange of
the RE produced on their sites. In this regard, an innovative energy model is founded, overcoming
mono-directional consumption by passive consumers from energy produced by large-scale industrial
producers. Furthermore, RED II enables different stakeholders to join RECs that produce energy (e.g.,
electricity) for self-consumption and to share the energy produced within the REC. In this way, the
“prosumer” has an active role in the production and consumption of energy from REC, sanctioning the
right of citizens and communities to produce, store, and consume energy from RES.

In Italy, at the national level, recognition of ECs can be found in the 2017 National Energy
Strategy (SEN) containing the ten-year plan of the Italian Government to manage the change in the
energy system. The SEN, in fact, places the figure of the consumer at the centre, considering it the
“engine of the energy transition, to be used in a greater involvement of the demand to the markets
through the activation of the demand response, the opening of the markets to the consumers and
self-producers the regulated development of energy communities”. Furthermore, Law 221 of 2015,
“Environmental provisions to promote measures of green economy and to contain the excessive use of
natural resources”, within article 71 establishes the possibility of creating areas free from dependence
on fossil fuels, in a so-called “oil-free zone”. These territorial areas have the possibility of encouraging
experiments, including those on new forms of association.

Following the new regulatory framework, the Piedmont Region has displayed the willpower to
“promote the birth of energy communities as non-profit organizations”. Indeed, the Piedmont Region is
the first Italian region, through the Regional Law of 3 August 2018, n. 12 (“Promotion of the institution
of energy communities”), that encourages the new paradigm related to energy communities. This law
launches these communities as non-profit organisations in which public and private subjects can take
part. They are established to promote the energy transition facilitating the production and exchange of
energy generated mainly from RESs as well as to pave the way for an improvement of energy efficiency
(EE) and a reduction of energy consumption. According to this law, the municipalities that intend to
set up an EC must adopt a specific protocol of understanding, drawn up on the basis of criteria that
must be indicated by a subsequent regional implementing provision.

The Region, through future ad hoc incentives, has committed to financially support the
establishment of energy communities. This may also involve agreements with Italian Regulatory
Authority for Energy and Networks (ARERA – Autorità di Regolazione per Energia Reti e Ambiente),
in order to optimize the management and use of energy networks. The regional law also provides for
the establishment of a permanent technical panel between the ECs and the region in order to acquire
data on the reduction of energy consumption, on the amount of self-consumption, and on the share
of use of renewable energy, and to identify the methods for more efficient management of energy
networks. This action represents an important step in the direction of energy self-sufficiency and the
construction of a new model of virtuous territorial cooperation.

Within this framework, the establishment of a cooperative is particularly advantageous as it
permits the delegation of contracts to members of the community since the Law does not prescribe
a specific legal form for this type of energy community. A cooperative can be set up by at least nine
members and it is characterised as follows:

• It is a legal entity and its functioning is regulated through its statutes;
• The assembly decides on everything and appoints a board of directors;
• The rule of “one member, one vote” is applied;
• Responsibility can be (and is almost always) limited, avoiding an intermingling with the

shareholders’ personal assets;
• It is an organisation which, although it can make profits, has the primary aim of delivering benefits

to its members, for example by providing goods and services on better terms than on the market
or carrying out the activities of their corporate purpose;
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• The number of members is variable, as is the capital, which simplifies membership entries and
exits. In addition to the share capital, the shareholders can lend money to the company depending
on the establishment of a social loan regulation. This activity is not considered to be a collection of
savings from the public and is therefore not subject to capital market regulation rules;

• Citizens, as members of the cooperative, control the operations of the EC of which the cooperative
is the owner or holds majority shares. Moreover, the citizens may also hold minority stakes in
other companies.

The present study presents the results of an ongoing research project, which focuses mainly on the
engagement of private and/or public consumers towards sustainable energy transition. The purposes
could be summarized as follows:

• Facilitating consumers to become prosumers of RE, firstly in three pilot regions (Italy, Poland, and
the Czech Republic), and secondly in cities across Europe after the pilot projects. This involves the
application of Consumer Stock Ownership Plans (CSOPs), utilising established up-to-date best
practice by inclusive financing techniques combined with energy efficiency measures.

• Encouraging local authorities and consumers, demonstrating the positive impact co-ownership
has on consumer behaviour, and showing the ability of this democratic participation model to
include women as well as those of low-income households, in particular the unemployed.

• Empowering consumers and municipalities in a capacity-building program through the launch
of an interactive online “RE Prosumer Investment Calculator” and seminars in the five partner
countries (Germany, Italy, Bulgaria, Poland, and the Czech Republic).

• Formulating policy recommendations to promote prosumership and to remove barriers for
consumers to become active market players at the EU and national levels.

Considering the emerging regulatory framework and the European projects supporting the birth
and creation of the new energy–economic–social system, the objective of this study is to make a
contribution explaining how elements are important for the creation of EC through a real case study
application, and reflecting which elements facilitate or do not facilitate the creation of these communities.

In this framework, the main goal of the present study is to illustrate the comprehensive procedure
and process of the EC creation. In particular, this paper focuses on the description of the methodological
approach in implementing the CSOP model, which consists of three main phases: the identification
and description of selected buildings (preparation phase), the preliminary and feasibility analysis,
and finally target group involvement. Supporting Consumer Co-Ownership in Renewable Energies
(SCORE) first started in three pilot regions in Italy, the Czech Republic, and Poland, and later, with
the aim of extending the methodology, was carried out in various other follower cities across Europe.
The Italian pilot studies were chosen as a case study to develop and test the methodology.

The paper is divided as follows. Section 2 describes the details of methodological framework
consisting in the succession of three main phases of EC creation. Section 3 illustrates the case study,
which is used for testing the effectiveness of the proposed methodological framework. The results
and discussions are presented in Section 4. Finally, conclusive remarks are discussed in Section 5 and
future developments are identified.

2. Methodological Framework

The methodological framework of the creation of the CSOP model consists in a process determined
by succession of three major phases, in which each phase (and sub-phase) is fundamental since its
output represents the starting point for the next step. The first phase (I) is preparation, which includes
building identification and data collection. The second phase (II) consists in the preliminary and
feasibility analysis proposing different energy retrofit alternatives in order to shift from fossil fuels
to renewable ones, to reach a reduction of energy consumption, and to increase the efficiency of the
building envelope and the energy system. This second phase employs multi-criteria analysis (MCA)
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to select the best alternative based on the key performance indicators (KPIs) considering different
stakeholders’ opinions. The final phase (III) is target group involvement, in which citizens and public
and private entities will be a part of financial model. It is helpful to break the study down into the main
elements that frame it to understand the research process steps employed. To this end, in Figure 2 a
schematic flowchart of the methodological approaches of the research is shown. Consequently, for
each phase, the relative outputs and proposed methodologies are shown in a detailed way.

Figure 2. Flow-work: different steps of work. MCA: multi-criteria analysis; KPIs: key performance indicators.

2.1. Phase I: Preparation

Within the first phase, preparation, the different pilot case studies are identified, and their
characteristics are described. Basically, the data is collected through filling in two pre-defined surveys.
In order to fulfil the first phase different in-situ analyses have been done. Moreover, relative technical
documents and expert opinions have been considered to compile the surveys.

(1) The first survey regards the investment identification of RESs, which is composed of five main
sections [7]. This survey collects a general description of the buildings considered for each
pilot study case, describing the current situation (i.e., geometry and energy plant systems) and
the design one (i.e., planned project in terms of RES and financial aspects). The first section
identifies the building characteristics (e.g., building ownership, building construction year, year
of the last refurbishment, heat and domestic hot water (DHW) distribution system operator,
average of consumption expenses, total number of dwellings or offices, total official number of
inhabitants/employees, number of floors, total usable area, and total roof area). The second section
investigates the existing conventional energy sources or external supplier (e.g., type of energy
sources, installed power or purchased power if the district heating (DH) network is present).
The third section describes the existing RESs, for example the type of energy sources and installed
power. In the fourth part, the planned RESs are investigated. Finally, the fifth section is dedicated
to the planned structure of financial sources for RES investment (e.g., type of financial sources
and percentage of overall costs). Since the target is on a local scale, the definition of the building’s
database is crucial.

(2) The second survey reports the data in terms of energy costs and tariffs for the actual situation, for
the use of non-renewable energy sources. The aim of this survey is to collect information about
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the use of non-renewable energy sources. Specifically, average consumption fee data (€/GJ) are
reported (e.g., annual consumption (GJ), historical data for oil and natural gas cost (€/GJ), and the
average fixed fee (€/month)).

2.2. Phase II: Preliminary and Feasibility Analysis

The second phase, which consists of preliminary and feasibility analysis, is investigated within
the specific document, called the “dossier” [8]. The dossier represents a guideline in order to illustrate
the collected information and data related in order to improve and to increase the energy efficiency of
the pilot building. Additional data are collected for defining different refurbishment measures, which
are described in dossier using simulation and measurements approaches. Issues addressed in the
detailed dossiers are as follows:

(1) Energy impact assessment of the current situation, which determines the energy needs and energy
uses for space heating, DHW, and lighting and equipment through collecting the measured data
and in-situ analysis. Also, energy analysis has been assessed after implementing retrofitting
measures through the building energy simulation model. At least two different refurbishment
alternatives (for each case study) have been proposed. The retrofit alternatives concern the
envelope system, the energy system installing RES, and the control system.

(2) Environmental impact assessment illustrates the strategies to minimize the environmental impact
with each alternative.

(3) Economic and financial assessment of the investment costs.

Finally, in order to select the best scenario, MCA has been implemented for which KPIs are first
defined. In particular, the use of an MCA assesses the best refurbishment alternative, considering
different KPIs. The choice of the KPIs to identify the most feasible and sustainable project is made
as per previous work [7]. The KPIs have been defined based on three main steps. The first step is
performed through a comprehensive review of the existing literature [9,10]. In the second step, the
number of KPIs is reduced as a result of five internal discussion rounds among relevant experts. In the
third step, the final set of KPIs is selected through a participatory workshop in which the playing
card method was employed [11]. Finally, the MCA allows us to define the best alternative considering
different indicators, in order to determine the most feasible one. Once the best alternative is defined,
in order to proceed to the effective realization of the project, it is necessary to define a business plan.
The business plan allows us to assess the economic profitability of the selected project and whether it
can be increased to optimize economic feasibility.

2.3. Phase III: Target Group Involvement

The first two phases have a technical character aimed at defining the best alternative; instead, in
the third phase, the social aspects are examined in depth to describe and define the new financial model
based on co-ownership (CSOP). As mentioned in the introduction, one of the purposes of the project
is to encourage the active role of consumers (private or public users). Indeed, the users undertake a
crucial role in the EC, not only as simple consumers but also prosumers, participating actively in the
phases of decision, dissemination, production, and distribution of energy. In addition, considering the
future role of EC in the energy market, it is necessary to understand the institutional setting based on
financial participation schemes that (1) confer ownership rights in RE projects, (2) involve “active”
consumers with the specific attention on vulnerable ones, and (3) and consider local or regional areas.
Since user participation is the core topic of EC creation, the purpose of the third phase is to involve
several target groups. Although the previous community projects are widespread, the inclusion of all
citizens is not complete [5]. Moreover, these types of projects are usually performed by men who are
middle aged and with a higher income, whereas vulnerable groups (affected by fuel poverty), women,
and low-income households are excluded from RE investments [5]. As such, a social analysis will be
conducted through a specific action plan to collect information through, first of all, (1) events and
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a work group, and then, (2) surveys and questionnaires. These analyses help in understanding the
citizens’ subjective willingness to engage in local energy initiatives. At the same time, the aim of the
social analyses is to obtain objective data about users’ characteristics in order to identify the main
drivers that favour/hinder their participation. As mentioned before, the citizens’ involvement took
place through three steps:

(1) Info events: Meetings with local institutions and organizations that work in the area in order to
transmit the project objectives and dialogue on how to include citizens, without neglecting those
belonging to vulnerable groups.

(2) Workshops: This second method allowed us to inform invited citizens about a specific topic and
create a semi-structured debate with them. Specifically, with the support of local authorities,
known and recognized in the area, a diverse group of citizens were invited with the aim of giving
them some fundamental notions about the project topic, such as the meaning of energy transition,
the use of energy from renewable sources, the energy community, and the share ownership plan
by consumers. At the same time, the educational moments were alternated with moments of
learning verification through answers to questions or specific activities in order to express their
thoughts and create a constructive debate. This is a semi-structured method in which people are
free to express themselves.

(3) Administering a specific questionnaire: through this method, the interviewees were asked to
choose only one answer among those proposed; this method is more restrictive than the previous
one. In particular, the results obtained in the “workshop meeting group” made it possible to
define the questionnaire which in its final version is composed of five macro parts including
detailed information:

a. Attitude and willingness information: level of degree interest towards the EC project;
b. Feeling related to community identity information: level of feeling related to trust,

satisfaction, pride, hope, disgust, shame, fear, boredom;
c. Technical information: building type and age, type of heating system, efficiency of the

energy plant or building envelope;
d. Socio-economic information: personal and family income, family composition, building

construction year, and building ownership;
e. Socio-demographic information: age, gender, education level, nationality, marital status,

and municipality.

The questionnaire was given citizens in a specific context and the data analysis produced a
division of citizens into population segments that shared common features. The study allowed us to
understand and, subsequently, to promote the users’ cooperation to become co-owners of the new
energy plant system. The definition of different population segments highlighted the clusters that were
interested in or would like to be part of community project but, for different reasons, did not have
the possibility of participating (e.g., women, low-income households, vulnerable groups affected by
energy poverty, etc.).

Then, at the end of the whole process, on the basis of technical and social analysis, the CSOP
Operating Company was established, including each population segment through ad hoc policies
in order to facilitate their participation. In the Italian case studies, the financing model could be
represented by the following scheme in Figure 3.
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Figure 3. Financing of a renewable energy (RE) plant and energy efficiency (EE) measures through a
CSOP, authors’ elaboration.

Once all the three above mentioned phases (socio-technical structure) were concluded, the financial
CSOP model (legal structure) could be implemented. The creation of CSOPs enables consumers,
especially the vulnerable, to have a co-ownership stake in a utility they use and thus to become
prosumers. Moreover, investments can be made into any kind of utility, for instance, energy, water,
transportation. Moreover, CSOPs contribute to the energy transition and climate change mitigation
by facilitating local, decentralized production through investment in renewable energy installations.
Interestingly, in the CSOP model [12,13] different actors become as owners of the new energy plant
system of RE, as shown in Figure 3, and the main elements are as follows:

• The participation in decision-making is possible through the trustee, who represents the citizens
interested in CSOP, while individual consumer-shareholders may execute control rights on a
supervisory board or advisory council. Therefore, the model is of consumer-centred investment for
general services, providing participation both financially and in regard to management decisions.

• Municipalities, small and medium-sized enterprises (SMEs) and other local stakeholders are
permitted as co-investors. CSOPs avoid personal liability for consumer-shareholders.

• The Operating Society invests in new or existing RE plants and operates on behalf of different
actors as co-owners.

• It is possible to demand loans from banks;
• New RE plants supply energy to consumers at fixed price and generate revenues from excess

production sold to the grid.

3. Case Study

The Susa Valley (45◦8′12” N, 7◦3′29” E, from 300 to 3.612 m asl), was selected as a pilot case
study. It is one of the widest and deepest Italian alpine valleys. It extends for about 100 km in length,
belonging to the Metropolitan Region of Turin via the western part of Piedmont region of northern Italy
to the border of France. In Susa Valley, 39 municipalities have been settled, characterized by different
locations, territorial extensions, and demographic sizes. The different morphological, altitudinal, and
climatic characteristics have contributed to differentiate the development of the territory, aggregating
municipalities into four geographical areas: the Oulx area, Susa area, Condove area, and Avigliana area.
The population is over 90,000, and 30% of the valley’s inhabitants live in the main towns Avigliana,
Bardonecchia, Bussoleno, and Susa.

Ten municipality pilot projects have been chosen in Susa Valley as case studies where the
implementation involves substituting the existing heating system fuelled by diesel oil and natural gas.
The new planned systems will be fed by local biomass, wood chips instead of pellets or wood blocks
that are the typical solution for small individual boilers. To avoid repetitions in this paper of these
10 projects, one representative project is analysed in the following EE analysis; the remaining projects
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have similar properties to those analysed. Table 1 shows the selected municipality pilot projects and
their relative buildings indicating existing and planned heating systems.

Table 1. Pilot case studies. DH: district heating; LGP: Liquid Propane Gas.

No. Municipality (City) Number Building
Existing Energy Sources

for Heating
Type of

Installation

1 Oulx

1.a School and gym

Oil and natural gas boiler
(individual generators)

DH network
(biomass)

1.b Nursery
1.c Gym
1.d Municipality
1.e Touristic office
1.f Social activity building
1.g Building (residential)

2 Novalesa
2.a Abbey Oil and LGP boiler

(individual generators)
DH network

(biomass)2.b Private building 1
2.c Private building 2

3 Rueglio 3.a Municipality Oil boiler
(individual generators)

DH network
(biomass)3.b Retirement house

4 San Giorio di Susa
(building scale) 4.a Multi-use room and bar Natural gas boiler

(individual generators)
DH network

(biomass)

5 San Giorio di Susa
(city scale) 5.a Private residential buildings Individual oil

stove
DH network

(biomass)

6 Villar Dora 6.a
6.b

School and gym
Kindergarten Natural gas boiler

DH network
(biomass) and
solar thermal

collectors

7 Susa 7.a DH network Oil and natural gas boiler
(individual generators)

DH network
(biomass)

8 Bardonecchia 8.a DH network Oil and natural gas boiler
(individual generators)

DH network
(biomass)

9 Bussoleno 9.a DH network Natural gas boiler
(individual generators)

DH network
(biomass)

10 Almese
10.a Sport (facilities) buildings Natural gas boiler

(individual generators)
DH network

(biomass)10.b Middle school
10.c Private buildings

3.1. RESs in Susa Valley

Currently in the Susa Valley, 75% of the pilot projects originate from fossil fuels, while 25% of
energy is produced by RESs, mostly from biomass. Although there is a vast quantity of local biomass
sources in the region, the biomass used is not produced locally but imported from other European and
non-European countries. Moreover, the majority of the imported biomass is not certified and cannot
be statistically quantified since it is subjected to the grey market. Notably, in Susa Valley, 11 public
buildings have already been connected to new biomass heating systems. These can play a significant
role of replicators for the future sub-pilots.

3.2. Energy Poverty in Susa Valley

One of the presented issues in Susa Valley is energy poverty. Energy poverty is defined as the lack
of access to energy or a difficulty in paying for necessary energy, which leads to a decline in living
conditions [14]. Groups vulnerable to energy poverty are not located in a particular area, but are rather
spread over the municipal territory. Some areas of the Susa Valley, due to their geographical position
and therefore lack of sunny exposure (specifically the north slope of the Dora), are not very attractive
for housing. Hence, vulnerable households are located in these areas since the rent or the housing costs
are low. Some associations work with these vulnerable groups. For example, Consorzio Intercomunale
Socio-Assistenziale (Con.I.S.A.), Cooperativa Sociale Amico (COOPAMICO), and Caritas are three
entities that operate on the Susa Valley territory, dealing with people in difficulty in order to help
them with issues involving poverty, unemployment, and access to social services. With respect to
energy behaviour and efficiency, vulnerable households tend to use older, less energy efficient stoves
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and consequently fossil fuels due to their low prices. The planned energy community facilitates the
replacement of old utilities and the provision of locally sourced wood chips as fuel.

3.3. Implementing the EC Project in Susa Valley

The main foreseen project activity in Susa Valley is to implement the new plant system fuelled
by local and certified biomass with an existing heating system, fuelled by diesel oil and natural gas.
In some cases, a DH network might be developed (see Table 1). The idea is to substitute fossil fuels,
imported by external countries, with local wood chips. This leads to generation of positive economic
externalities for the territory since fuel will be provided by the local forest, leading to a sustainable
path. Indeed, the replacement of fossil sources with local wood chips entails (1) lower costs for energy,
(2) a high share (>80%) of energy cost remaining on the territory, and (3) lower CO2 emissions (closed
carbon cycle). As mentioned above, the project aim is to create a RE community employing the CSOP
model in the whole Susa Valley. Moreover, project sets a specific focus on low-income households
and women to become co-owners and co-investors in RE CSOPs. For this reason, the Susa Valley
action plan focuses specifically on the involvement of citizens and particularly vulnerable groups, as
well as other residents, SMEs, and municipalities. These main project activities will be undertaken in
10 municipalities (Table 1). It is planned to extend the energy community created within SCORE to all
39 municipalities in Valley Susa. On one hand, the majority of the buildings identified in Susa Valley
are public, which provides economic security. On the other hand, the sub-pilot study in San Giorio
di Susa with activities at the city scale deals with residential buildings, and is of crucial importance
regarding citizen involvement. Incorporating residential buildings leads to involving citizens directly
in the energy community.

4. Results and Discussions

4.1. Phase I: Preparation

As was explained there is a process of phases and methods to obtain the final results. This phase,
“Building identification and data collection”, illustrates how the methodology is applied on one out of
the 10 case studies. Oulx was the pilot study chosen due to the prior approval and engagement of the
municipality, and the variety of possible refurbishment alternatives proposed. The aforementioned
aspects will enrich the procedure of selection. The first phase involved the preparation, and therefore,
the collection of data and information, as shown in the workflow (Figure 2). Table 2 illustrates the
main significant data collected regarding Oulx pilot project through the questionnaire prepared within
phase I. As shown in Table 2 below, each pilot study building (detailed in Table 1) in Oulx has been
described through the following information: building ownership (private or public) and building
function (residential or non-residential), building construction year, the latest refurbishment year,
average heat and domestic hot water (DHW) expenses, total number of building zones (dwellings or
offices), total number of users (inhabitants or employees), total usable area, and finally, average annual
energy consumption.
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Table 2. Oulx data and information collection.

No.
Ownership

and Function
Construction

Year

Latest
Refurbishment

Year

Average Heat and
DHW Expenses

(€/year)

Total Number
of Zones

Total Number
of Users

Total Usable
Area (m2)

Average Annual
Consumption

(MWh)

1.a *
Public;

non-residential
(educational)

1958 2018 (seismic) 57,915 27 250 2800
300

1.b *
Public;

non-residential
(educational)

1988 none 5585 1 50 270

1.c *
Public;

non-residential
(sportive)

NA NA NA 1 220 NA

1.d
Public;

non-residential
(administrative)

1980 2016 (windows) 13,831 10 26 660 150

1.e
Public;

non-residential
(services)

1995 none 14,669 3 6 700 150

1.f
Public;

non-residential
(services)

First years of
1900 2016 (structural) 3,000 3 2 300 30

* The three buildings are the subject of the energy analysis in order to reach the nearly Zero Energy Building (nZEB)
conditions. nZEBs are buildings that have very high energy performance, pursuant to Directive 2018/844 on the
energy performance of buildings. As per O.J. L 156/75 the nearly zero or very low amount of energy required should
be covered to a significant extent by energy from renewable energies sources (RESs), including RE produced on-site
or nearby (cf. recital (7) and Annex I point 2 of the Directive). DHW: domestic hot water.

4.2. Phase II: Preliminary and Feasibility Analysis

4.2.1. Preliminary Analysis (Energy Retrofit Alternatives)

As mentioned above, Phase II, preliminary, and feasibility analyses were performed through
dossier documents. This phase started with the general description and historical information of the
buildings involved, the current situation regarding the energy sources, and a brief investigation of the
planned RES. During the analysis, the physical properties of the materials used for the construction of
the building (walls, roofs, slabs, windows) were acquired. Specifically, the Oulx dossier investigated
the school complex that is the subject of energy retrofitting in order to access the “Conto Termico” (a
package of incentives and concessions set up with an Italian ministerial decree to promote measures
to improve the EE of existing buildings and to encourage the production of RE). Later, a small DH
network will be installed to cover also the adjacent buildings. The school area includes three different
buildings (Figure 4):

1.a. An elementary and middle school building, with a basement floor and three overlying floors
in elevation.

1.b. A gym that has only a ground floor with a common wall with the school (on the eastern side
of the school).

1.c. A prefabricated nursery building, that covers a single ground floor and is located beside
the school.

 
Figure 4. Buildings involved, source: www.bing.com/maps.
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The buildings are equipped by two oil boilers characterized by different circuits and by different
kinds of heaters (radiators, fan heaters, and air nozzles) for the schools, the gym, and the nursery;
consequently, the absence of integration between each building is one of the critical issues from
the energy point of view. The thermal efficiency values of the two traditional oil boilers with blast
burners are 81.5% (generator of 300 kW) and 78.9% (generator of 130 kW). Regarding the domestic
hot water (DHW) production there is a centralized generation combined with the heating generation.
Other critical issues of the building are as follows:

• Significant energy leakage through the opaque casing (as shown by the values of thermic
transmittance in Table 3);

• Obsolete regulation and balance systems (simple regulation on-offwith no internal temperature
compensation);

• Obsolete heat generation technology (oil boilers over 10 years old);
• Not clean energy sources (diesel fuel) and consequent high emission levels of CO2.

Table 3. Oulx envelope system characteristics (before retrofitting).

Before

Element Thickness (mm) Thermic Transmittance (W/m2K)

School external wall 400 0.847
Gym external wall 290 1.020

Nursery external wall 70 0.332
School upper-attic slab 200 2.401
Gym upper-attic slab 60 1.429

Nursery upper-attic slab 50 0.438

In addition, data in terms of energy costs and tariffs were collected for the actual situation, using
non-renewable energy sources. Specifically, the information presented in Table 4 was provided by
administrative municipal accounting, and current values are assumed to be the same due to the
impossibility of accessing more recent information. Then, the litres of consumed diesel fuel in one
year were calculated and a consumption of 57,746 litres/year was established to meet the needs of the
three buildings.

Table 4. Energy costs for buildings involved.

Client Cost Years

Middle school €46,857 2012
Elementary school €17,620 (average) 2003–2012

Nursery €5,050 2013

The mathematic model that shows the performances of the building and plants that are the
object of this study was created with software certified by the Comitato Termotecnico Italiano (CTI).
The resulting values have been validated taking into account the trends of utilization of the buildings,
as shown in Table 5 below:

Table 5. Trend of building utilization.

Zone Day of Utilization Hours per Day
Internal Temperature Point Set When

Used/Not Used

School 5 12 20 ◦C/16 ◦C
Gym 7 12 20 ◦C/16 ◦C

Nursery 5 12 22 ◦C/19 ◦C
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The primary energy indicator (total (Qp), and that normalized with respect to the floor area (EP))
for the two services of space heating and domestic hot water are shown in Table 6 below. Specifically,
the non-renewable, renewable, and total values of consumption are calculated.

Table 6. Oulx energy indicators.

Service
Qp,nren
(kWh)

Qp,ren
(kWh)

Qp,tot
(kWh)

EP,nren
(kWh/m2)

EP,ren
(kWh/m2)

EP,tot
(kWh/m2)

Heating 491,432 0 491,432 172.98 0.0 172.98
Domestic hot water 37,919 0 37,919 13.35 0.0 13.35

TOTAL 529,350 0 529,350 186.32 0.0 186.32

After an energy analysis and identification of weaknesses and critical issues of the actual situation
of the buildings pilot, different retrofit alternatives (Table 7) were studied in order to improve the current
energy situation and minimize the environmental impact. Since the main purpose of the project was to
facilitate consumers to become prosumers of RE and to become owners of RE energy plants (through the
CSOP financing model), the first alternative concerns solely the replacement of the boilers with a unique
biomass-fired one and regulation retrofitting. On the other hand, the subsequent alternatives intervene
on the envelope of the buildings, insulating the external walls and roof with a growing thickness as
the alternatives increase. Intervening only on the energy system is not enough; for a good result of the
project it is, therefore, necessary to intervene on the envelope system, increasing its efficiency in order to
reduce heat losses for transmission and ventilation. In this way the required winter load for the heating
system will be lower. In addition, as mentioned previously, it is considered useful to reach nearly Zero
Energy Building (nZEB) conditions and to obtain the incentives offered by the “Conto Termico”. Table 8
shows the Oulx envelope system characteristics after intervention A4, where the results start to reach
nZEB conditions. Consequently, through the energy simulation, Table 9 shows the results obtained
in comparison to the current situation, considering the energy consumption of the building system
from non-renewable sources (Qp,nren), the energy consumption of the building system from renewable
sources (Qp,ren), and the CO2 emissions consequent to fuel consumption. In addition, as shown in Table 9,
the percentage of energy from renewable sources compared to the total energy used by the building
is 80%. This value is defined as a “minimum requirement” derived from the Ministerial Decree of
26 June 2015 (https://www.mise.gov.it/images/stories/normativa/DM_requisiti_minimi_allegato1.pdf).

Table 7. Retrofit alternatives for Oulx pilot case study. nZEB: nearly Zero Energy Building.

Code of Simulation Interventions

0.0 As-built simulation model.
0.1 As-built simulation model from real consumption (benchmark).

A1 Simulation 0 and replacement of the boilers with a unique biomass-fired one
and regulation retrofitting.

A2 Simulation 1 and the upper-attic slab insulation (18 cm).
A3 Simulation 2 and external walls insulation for the school and the gym (18 cm).

A4
Simulation 1 and nZEB conditions obtained with the upper-attic slab insulation
(40 cm), external walls insulation for the school and the gym (30 cm), and the

nursery’s external walls (25 cm).

The A5

Simulation 1 and nZEB conditions obtained with the upper-attic slabs
insulation (50 cm for the school and the gym, 40 cm for the nursery), external

walls insulation for the school and the gym (40 cm), and the nursery’s external
walls as built.

A6

Simulation 1 and nZEB conditions obtained with the replacement of the
windows with more efficient components (transmittance: <1.0 W/m2K),

upper-attic slab insulation (15 cm for the school and the gym, 12 cm for the
nursery), external wall insulation for the school and the gym (15 cm), and the

nursery’s external walls as built.
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Table 8. Oulx envelope system characteristics (after intervention A4).

After *

Element Thickness (mm) Thermic Transmittance (W/m2K)

School external wall 720 0.110
Gym external wall 610 0.112

Nursery external wall 320 0.103
School upper-attic slab 600 0.084
Gym upper-attic slab 460 0.082

Nursery upper-attic slab 450 0.073

* A4 is the first alternative reaching nearly Zero Energy Building (nZEB) conditions.

Table 9. Oulx energy simulation results.

Code of Simulation
Qp,tot Qp,ren Qp,nren CO2 Emissions

(kWh/y) (kWh/y) % (ren/tot) (kWh/a) % (nren/tot) (kgCO2eq/a) % (VS 0.1)

0.0 529,350 - - 529,350 100% 137,551 85.84%
0.1 616,697 - - 549,061 100% 160,248 100%
A1 457,140 365,712 80% 91,428 20% 22,857 14.26%
A2 335,284 268,228 80% 67,057 20% 16,764 10.46%
A3 197,529 158,023 80% 39,506 20% 9876 6.16%
A4 177,276 141,821 80% 35,455 20% 8864 5.53%
A5 177,213 141,771 80% 35,443 20% 8861 5.53%
A6 177,638 142,110 80% 35,528 20% 8882 5.54%

4.2.2. Feasibility Analysis (KPI Selection and Evaluation)

After defining the appropriate retrofit alternatives (Table 7), and consequently simulating their
energy performance results (Table 9), the definition of the different indicators has been made.
These indicators assess an impact of defined alternatives not just regarding the energy aspects
but considering all the sustainable aspects (i.e., environmental, economic, technical, and social).
Based on indicator impact assessment, it is possible to identify the most feasible and sustainable
project that will fit in each pilot study case. The criteria were primarily developed based on a review of
existing literature and verified in a workshop in which the “Playing card” [15] method was employed,
involving different parties as was detailed in [7].

Afterward, new modifications were introduced to select the final set of key performance indicators
(KPIs) (Table 10). These last changes emerged as the project progressed, during different meetings
and workshops, and they were explicitly detailed and accepted by the partners. The goal of selection
process was to reduce the criteria to obtain a practical but still significant number that is sufficient for
conducting a sustainability assessment.

Hereafter, the impact assessment methodology for each selected indicator, with respect to the
different retrofitting measures developed previously, will be illustrated. The evaluation process provides
quantitative and qualitative information giving a support for each retrofitting measurement. They can
be classified into four main categories: environmental, economic, technical, and social. Table 10
shows the selected KPIs with which the different refurbishment alternatives are evaluated alongside
environmental, economic, technical, and social aspects. Each detailed KPI matrix addresses—subject
to availability of data and depending on the RES—some or all of the following KPIs.

238



Energies 2020, 13, 1597

Table 10. Key performance indicator matrix.

Category Code Indicator Type Data Source Unit

Environmental

ENV1 Primary energy saving Quantitative Estimated or
metered data

(kWhprimary energy/year)

ENV2 Global CO2 emission reduction Quantitative Estimated or
metered data (kg/year)

ENV3 Local NOX emission reduction Quantitative Estimated or
metered data (kg/year)

ENV4 Local PM10 emission reduction Quantitative Estimated or
metered data (kg/year)

Economic

EC1 Payback period (PBP) Quantitative Calculation (Years)
EC2 Investment cost Quantitative Calculation (Euro)

EC3 Public incentives Quantitative Process
documentation (%)

EC4 Savings on energy expenditure Quantitative Calculation (Euro/year)

EC5 Labour cost Quantitative Estimated or
metered data (Euro/year)

EC6 Labour cost by a social
cooperative Quantitative Estimated or

metered data (Euro/year)

EC7 Material cost Quantitative Estimated or
metered data (Euro)

EC8 Material cost purchased on the
territory Quantitative Estimated or

metered data (Euro)

EC9 Running cost Quantitative Calculation (Euro/year)

EC10
Type thermal account access
(TAA) vs. Energy efficiency

certificates (EEC)
Qualitative Process

documentation (TAA/EEC)

Technical
T1 Increase of plant system efficiency Quantitative Estimated or

metered data (%)

T2 Installed power reduction Quantitative Estimated or
metered data (kW)

Social S1 Architectural impact Qualitative Process
documentation (Ordinal)

Environmental Indicators.

• ENV1—Primary energy saving. Primary energy that would be saved if the new plant was built.
It is linked to the renewable nature of the investment and to the interventions on the building
envelope. It was calculated with a specific software in which the material, thickness, thermic
transmittance, and internal surface resistance were some of the inputs needed [9].

• ENV2—Global CO2 emission reduction. The building’s energy system CO2 emissions are
undoubtedly a criterion that should be assessed for the sustainable development of cities [16,17].
It is calculated comparing the current situation with the different alternatives proposed.

• ENV3—Local NOx emission reduction. NOx produces toxic pollution that affects the health of
individuals, also harming the environment, climate, and vegetation [18]. This also implies that
there is an indirect impact on the social health of communities [19].

• ENV4—Local PM10 emission reduction. PM10 emissions are caused by fuel burning and heavy
industrial processes and are very harmful to human health [18]. These emissions cause lung
diseases, heart attacks and arrhythmias, cancer, atherosclerosis, childhood respiratory disease,
and premature death.

Economic Indicators.

• EC1—Payback period (PBP). PBP, simple or discounted, is a popular criterion that represents the
time in which negative and positive cash flows are equal. It represents the moment after which
the expenses are amortized and there is the actual gain. This criterion gives immediate insight to
investors in the event that there is a preference to shorten the PBP [20]. The payback period is
assessed as shown in Equation (1):

• EC2—Investment cost. Many studies consider investment costs as the most important criterion
to evaluate energy savings interventions. The investment cost involves all the costs related to
refurbishment of the building and/or new heating system; it includes the purchase of building
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material, technological installations, manpower, and set up of the cost for each individual
element of the renovation project (building envelope and energy systems), as demonstrated in
Table 11 [21,22].

• EC3—Public incentives. This is the percentage of savings linked to the share of investment
cost covered by administrative incentives. The Stability Law confirmed the extension of 65% tax
reductions for energy efficiency measures and 50% for restructuring buildings completed by the
end of 2017 [23]. “Conto Termico” involves the following incentives:

◦ Up to 65% of the expenditure incurred for nearly Zero Energy Buildings (nZEBs);
◦ Up to 40% for wall and ceiling insulation, replacement of windows, solar shading, indoor

lighting, building automation technologies, boilers;
◦ Up to 50% for thermal insulation work in climate zones E/F and up to 55% in case of thermal

insulation and replacement of window seals when combined with other interventions (heat
pumps, solar thermal, etc.).

PBP =
investment costs

annual savings on energy expenditure
(1)

Table 11. Oulx investment costs.

Materials/Service
Price

(€/Unit)
Quantity

(Unit)
Amount

(€)

Wall insulation 100 2,000 200,000
Upper-attic insulation 100 1,200 120,000

audits 6250 1 6250
Building site 20,000 1 20,000
Lean concrete 2500 1 2500
Foundation 15,000 1 15,000

Walls 3750 4 15,000
Slab 12,500 1 12.500

Waterproofing 1000 1 1000
Passages 5000 1 5000

District pipes 20,000 1 20,000
Biomass boiler 70,000 1 70,000

Plant modifications 10,000 4 40,000
Control 20,000 1 20,000

Mounting 30,000 1 30,000
Project 20,000 1 20,000

Tele management 20,000 1 20,000
TOTAL 617,250

To have access to these incentives, there are some aspects to take into account such as certification
by an accredited body that certifies compliance with the UNI EN 303-5 standard, useful thermal
efficiency not lower than 87% + log (Pn) where Pn is the nominal power of the device, atmospheric
emissions not above a certain value verified by an accredited body based on the relevant measurement
method, and certification of the pellets used by an accredited certification body that certifies compliance
with the UNI EN ISO 17225-2 standard, etc.

• EC4—Savings on energy expenditure. The savings on annual expenditure taking into account the
primary energy savings calculated previously.

• EC5—Labour cost. It includes the salary of employees who are directly involved in production
activities, services (such as general repairs and maintenance performance), and supervision. It is
assumed to be 40% of investment costs, as an expert in the field suggested during an internal
meeting [24,25].
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• EC6—Labour cost by a social cooperative. The part of labour cost which will be covered by the
social cooperative.

• EC7—Material cost. The costs of raw materials or parts that go directly into producing products
or providing services. This cost was assumed to be only at the beginning of the project (one off)
including aspects like the boiler, insulation, and concrete.

• EC8—Material cost purchased on the territory. This criterion evaluates the portion of material
cost that remains in the territory. The territory is intended to be the Susa Valley.

• EC9—Running cost. This involves the energy costs plus maintenance costs. The maintenance
costs are assumed to be 2% of investment cost according to [26].

• EC10—Type Thermal Account Access (TAA) vs. Energy Efficiency Certificates (EEC).
This represents the access to the thermal account and energy efficiency certificates, Italian
public incentives carried out by energy services management.

Technical Indicators.

• T1—Increase of plant system efficiency. This is the increase in the efficiency of the new system
plant compared to the existing one [9].

• T2—Installed power reduction. This represents the reduction of installed power; it is always an
aspect that contributes directly in energy reduction.

Social Indicators.

• S1—Architectural impact. This indicator evaluates the visual outcome that may be created by
the application of retrofitting measurements for a city. When retrofit measures lead to aesthetic
improvement of the city, this criterion has a higher value. Five scores of impact are presented in
Table 12 according to the study conducted by Dall’O’ et al. [27], with reference to specific measures.
This criterion adopts an ordinal scale to rank the strategies, from the best to the worst.

Table 12. Architectural impact criterion.

Typology of Criterion Description of Criterion Numerical Value of Criterion Description of Intervention

Positive Great positive impact 1 External Thermal Insulation
Composite Systems

Positive impact 2 Windows replacement

Neutral No impact 3 Roof insulation – Boiler replacement
– Lightning replacement

Negative Little negative impact 4 Photovoltaic panels
Negative impact 5 Solar thermal collector

After the appropriate selection and the definition of the performance indicators, the next step
consists in assessing each KPI and establishing the evaluation matrix shown in Table 13, which is
fundamental to reach the final selection. It allows the comparison of each refurbishment alternative
proposed in the preliminary analysis with the current situation, taking into account the selected
KPIs. To complete it, the collaboration of different parties is necessary, since the indicators cover the
different areas of the project, from the economic to the social, through the technical and environmental.
EDILCLIMA software was employed to simulate the energy alternatives and to obtain the data, while
for assessing each KPIs the specific method is used as explained above (Section 4.2.2).
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Table 13. Evaluation matrix.

Category Indicator A1 A2 A3 A4 A5 A6

Environmental

ENV1 (kWhprimary energy/year) 525,269 549,640 577,191 581,242 581,254 581,169
ENV2 (kg/year) 137,427 143,520 150,408 151,420 151,423 151,402
ENV3 (kg/year) 94.55 98.94 103.89 104.62 104.63 104.61
ENV4 (kg/year) 6.83 7.15 7.50 7.56 7.56 7.56

Economic

EC1 (PBP) (years) 8.3 11.7 16.5 16.3 16.3 16.3
EC2 (Euro) 284,750 417,250 617,250 617,250 617,250 617,250

EC3 (%) 40% 40% 40% 65% 65% 65%
EC4 (Euro/year) 34,142 35,727 37,517 37,781 37,782 37,776
EC5 (Euro/year) 136,250 136,250 136,250 136,250 136,250 136,250
EC6 (Euro/year) 34,063 34,063 34,063 34,063 34,063 34,063

EC7 (Euro) 148,500 281,000 481,000 481,000 481,000 481,000
EC8 (Euro) 51,975 98,350 168,350 168,350 168,350 168,350

EC9 (Euro/year) 39,523 33,156 26,962 25,630 25,459 25,490
EC10 (TAA/EEC) TAA TAA TAA TAA TAA TAA

Technical
T1 (%) 9.80%9.80% 9.80% 9.80% 9.80% 9.80%

T2 (kW) 175 175 175 175 175 175

Social S1 (-) 3 1 1 1 1 2

4.2.3. Feasibility Analysis (Best Scenario Selection)

To proceed with this step, an outranking MCA, called PROMETHEE (preference ranking
organization method for enrichment evaluation), was chosen in order to outrank the different
energy retrofit interventions proposed previously in each case study [28]. The target was to provide
a comprehensive overview of the best alternative. Moreover, a sensitivity analysis was carried out,
modifying the weights and preferences of each alternative, in order to observe how their ranking varies.

The PROMETHEE method belongs to the outranking category, which has been developed by
Brans et al. [28]. The PROMETHEE method uses the partial aggregation and it is very useful in
ranking a limited number of alternatives, considering conflicting criteria [29]. It is based on the
pair-wise comparison, checking if one of two alternatives outranks the other or not [30]. Two specific
types of information are necessary in order to implement this method, the criteria weights and the
decision-maker’s preference function for comparing the contribution of the alternatives in terms of
each separate criterion [31].

In order to apply the chosen model, the “Visual PROMETHEE” is employed. First of all, the set of
criteria were defined and added, which in the MCA must generally be in finite number. Therefore, the
six different retrofit alternatives for Oulx case study had to be reconstructed within the program. It is
necessary to give every criterion a direction of preference. Specifically, it must be decided whether
the criterion must be minimized or maximized. With the maximization is given a greater preference
to higher values; instead, with minimization, it is established that a greater value indicates a worse
response than the alternative. Finally, for each criterion inserted, the measurement scale of the criterion
that can be qualitative or quantitative must be established [32]. In the present case there were two
qualitative criteria. For the “Architectural impact” indicator it was decided to use the “5-points”
ordinal scale.

The other indicator that is considered as qualitative is access to “Conto Termico”, and the
corresponding scale was yes/no.

For all other indicators, quantitative criteria were set. The criteria for which the maximization
choice was made are: primary energy saving, global CO2 emission reduction, local NOx emission
reduction, local PM10 emission reduction, public incentives, savings on energy expenditure, increase
of plant system efficiency, and installed power reduction. On the contrary, the criteria to which the
minimization function was associated are: PBP, investment cost, labour cost, labour cost by a social
cooperative, material cost, material cost purchased on the territory, and running cost. It was decided
to classify all the criteria of the same type within the same cluster. Later, all previously processed
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data were added and the matrix was composed. Visual PROMETHEE allows us to quantify the
degree of preference, indicated as π(a, b), of a generic alternative “a” compared to “b”, calculated as in
Equation (2).

π (a, b) =
n∑

j=1

WjPj(a, b) (2)

where Wj is the weight assigned to each j-th criterion and Pj (a, b) is the preference function. For each
criterion, a Pj (a, b) represents a function of the difference between the two alternatives. Preference
function is applied to decide how much the alternative a is preferred over the alternative b:

Pj (a, b) = Fj
[
dj (a, b)

]
, 0 ≤ Pj (a, b) ≤ 1 (3)

The value of preference function varies between 0 and 1 (0 for no preference or indifference,
1 for strict preference), meaning that the larger the deviations, larger the preferences. The preference
function could be of different types: usual, U-shape, V-shape, level, linear, and Gaussian [33]. In this
study, the V-shape (i.e., criterion with linear preference) preference function is considered for all
the indicators, with the preference value calculated as the standard deviation of each indicator and
without indifference value. PROMETHEE allows to calculate the outgoing and incoming flows for
each alternative. The outgoing flow is indicated with ϕ+ and represents the measure of the robustness
of the analysed alternative. The outgoing flow calculated as in Equation (4), varies between 0 and 1.
The more ϕ+ approaches 1, the more preferable is the alternative considered in comparison to the
others, on the other side, if equal to 0, the action in question does not has no advantage over the others.

φ+ (a) =
1

n− 1

∑
b�a

π (a, b) φ+ (a) ∈ [0, 1] (4)

As far as the incoming flow is concerned, the notation ϕ− represents the measure of the weakness
of the action in analysis with respect to the other alternatives. Also this parameter varies between 0
and 1, but on the contrary, where ϕ− = 0 means that the selected alternative has a degree of weakness
equal to zero, and therefore represents the best alternative; on the contrary ϕ− = 1 represents the worst
one. Equation (5) is used for the calculation:

φ− (a) = 1
n− 1

(5)

At this point it is possible to calculate the net flow simply as the difference of the outgoing one and
the incoming one. The net flow allows us to directly compare the proposed alternatives and provide
the ranking of alternatives as shown in Equation (6).

φ−(a) = φ+(a) − φ−(a) (6)

The result of the best alternative is presented after implementing the sensitivity analysis.
A sensitivity analysis is proposed by changing different weights with respect to the Baseline alternative,
according to stakeholders’ interests and opinions (Table 14). This last part is useful to test the robustness
of the model.
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Table 14. Sensitivity analysis. w: weight; p: preference.

ENV1 ENV2 ENV3 ENV4 T1 T2 S1

Baseline w 0.0625 0.0625 0.0625 0.0625 0.125 0.125 0.25
p 21,397 5349 3.85 0.28 9.8 175 0.76

Change 1 w 0.059 0.059 0.059 0.059 0.059 0.059 0.059
p 21,397 5349 3.85 0.28 9.8 175 0.76

Change 2 w 0.075 0.075 0.075 0.075 0.1 0.1 0.2
p 21,397 5349 3.85 0.28 9.8 175 0.76

EC1 EC2 EC3 EC4 EC5 EC6 EC7 EC8 EC9 EC10

Baseline w 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
Change 1 p 1.66 179,387 13 3637 41,397 10,349 137,990 48,296 8627 1
Change 1 w 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059

The baseline model assigns same weight for each category (i.e., environmental, economic, technical,
and social), 25% each one, divided equally to the indicators. This means that the weight of each
particular indicator will depend of the number of KPIs included in that category (Table 15).

• Each environmental indicator will get a weight of 0.0625 percent, obtained through the division of
25 percent by four indicators.

• Each economic indicator will get a weight of 0.025 percent, obtained through the division of
25 percent by 10 indicators.

• Each technical indicator will get a weight of 0.125 percent, obtained through the division of
25 percent by two indicators.

• Each social indicator will get a weight of 0.25 percent, obtained through the division of 25 percent
by one indicator.

Change 1 proposes the same weight for each indicator (e.g., ENV1, EC1, T2), of 5.9 percent each
(Table 16). This leads to different weights for each category of indicators:

• 23.5 percent for environmental indicators;
• 11.8 percent for technical indicators;
• 5.9 percent for social indicators; and
• 58.8 percent for economic indicators

Change 2 focuses on the two aspects that have more impact in the project, the environmental and
economic categories. Taking into account the relevance of these two, a higher weight was assigned
(30 percent each one), leaving the rest to social and technical aspects, divided equally (Table 17).

• 30 percent for the environmental category and 0.075 percent for each environmental indicator;
• 30 percent for the economic category and 0.03 percent for each economic indicator;
• 20 percent for the technical category and 0.1 percent for each technical indicator; and
• 20 percent for the social category and 0.2 percent for each social indicator

Table 15. Baseline results.

Alternative A1 A2 A3 A4 A5 A6

Net phi −0.3156 0.0020 0.0514 0.1042 0.1043 0.0538
Rank 6 5 4 2 1 3

A5 A4 A6 A3 A2 A1
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Table 16. Change 1 results.

Alternative A1 A2 A3 A4 A5 A6

Net phi −0.0516 0.0208 −0.0629 0.0353 0.0354 0.0230
Rank 5 4 6 2 1 3

A5 A4 A6 A2 A1 A3

Table 17. Change 2 results.

Alternative A1 A2 A3 A4 A5 A6

Net phi −0.2923 −0.0158 0.0384 0.1032 0.1034 0.0631
Rank 6 5 4 2 1 3

A5 A4 A6 A3 A2 A1

From the model runs, by changing the weights, the best alternative is always A5 followed by A4
and A6, as shown in Tables 15–17. The main reason is because they reach nZEB conditions, obtaining
a great public incentives. Simulation 5 and 4 only differ in the thickness of insulation, which is the
reason why they obtain similar values of net phi. The lowest values are associated to Alternative 1
(just adding a biomass boiler).

4.3. Phase III: Target Group Involvement

4.3.1. Info-Events

During the months of November and December, 12 events were organized involving local
institutions (e.g., mayors) and organizations that work in the area of Susa Valley. The purpose of
these events was (1) to inform and share the research activities and the project results (mainly related
to the technical analysis) with the Susa Valley community; (2) raise awareness among stakeholders
about the energy community benefits and, finally, (3) to co-create an action plan, to be implemented in
the following months, shared by all stakeholders for the definition of an energy community in the
Susa Valley.

4.3.2. Workshops

On 7 February 2020, the first workshop was organized in Almese with the collaboration of
Deutscher Caritas Verband and Cooperativa Sociale Amico. Indeed, thanks to their contribution (these
groups have close ties to local people), 20 citizens were invited (through personal communications) to
attend this event. The duration was about half of day and the educational approach was alternated
with three periods of debate and activities, in which the participants were called to express their
thoughts and opinions.

After a first section in which the aim of the project and the meaning of “energy transition”,
“renewable energy sources”, “energy community”, and “CSOP (financing model)” were described and
explained, the first discussion was introduced related the characteristics of the heating system in their
home. Pre-defined questions were asked as following:

“What type of heating system do you have in your home? What are the costs? Are you satisfied with
your system? Do you think your heating bill is too high? Are you having problems keeping your
home adequately heated?”
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This process involved a free discussion, and the answers obtained showed that most of citizens
were not satisfied with the energy expenditure since the heating bills were too high. The energy
expenditure depends on several factors: the cost of the energy established by the supplier, the volume
of the apartment to be heated, and the house typology, etc., but it has emerged that the level of efficiency
of the envelope (windows, presence of wall insulation, etc.) is the factor that has the greatest impact.

Subsequently, the CSOP model was explained in more detail and the five key points of this model
were highlighted. On the basis of this, each participant was asked to express their preference regarding
only three elements of the CSOP through the question: “What are the CSOP benefits you are most interested
in?”. Specifically, the key elements were written on sheets (one per sheet). Participants were given a
maximum of three dots, one red dot to stick on the sheet with the most important benefit for them, and
two green dots to put on the sheets with some benefits for them. In this way, two elements remained
unchosen, that is, those that were not important to them. The results showed that the “small source of
income” benefit was not successful because on the one hand, the income was small and, on the other
hand individuals were slightly sceptical about obtaining money. Indeed, this option was only chosen
by 11.4% of individuals (75% red and 25% green). For this reason, “environmental issues” and “low
investment”, both with a preference of 28.5%, were the more successful options. Specifically, it has
been said that if a low investment was required, they would agree to contribute as it was an interesting
project from which the whole community could benefit. In addition, advantages with respect to the
statements: “the trusted administrator helps and represents consumers” (8.5%) and “independence
from the national energy supply” (22.8%) were benefits that the participants were not interested in.

Finally, a debate was opened with the participants through the following question: “In your
opinion, what are the obstacles/problems in participating in a CSOP based on renewable energy?” The obtained
answers can be summarized in the three following points:

• Distrust because, being an innovative project, there is no one who can guarantee that the project
will be successful. In this case no one can give feedback on the success of this type of project;

• Control and verification due to the disparity of investment of the various actors. This is to avoid
situations of greater representation with greater investment;

• Bureaucracy: navigating the process and the necessary documentation could be complicated for
simple citizens not working in the legal field.

Therefore, the workshop allowed us to understand the citizens’ energy habits and to understand
any problems attributable to the low efficiency of the building envelope and, consequently, to a high
energy expenditure (for heating). Following the subsequent activity, the participants showed interest
in the topic of energy communities and explained which benefits of the CSOP they were interested
in and the barriers they could encounter. The collection of these data was fundamental to refine the
survey questions.

5. Conclusions and Future Developments

In conclusion, the present study illustrated and described the three different phases underlying
the creation of EC through a legal framework (CSOP): (1) the identification and description of selected
buildings (preparation phase), (2) preliminary and feasibility analysis, and finally (3) target group
involvement in implementing the CSOP model. Specifically, Phase I and Phase II were described in
detail. The first action was data collection and the proposal of different retrofit measures in order to
avoid (as much as possible) the use of fossil fuels in favour of renewable ones, to increase the efficiency
of the building energy plant system and of the building envelope system, and finally, to reduce the
energy consumption also through a change in behaviour. Once the different proposals were defined,
the best solution was chosen through an MC analysis based on key performance indicators (KPIs)
considering different stakeholders’ opinions. The procedure was applied to a real case study (Oulx, Susa
Valley), showing the different phases aimed at creating an energy community. Specifically, the actual
situation of the involved buildings in Oulx was described and then several (six) appropriate retrofit
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alternatives were defined and simulated in order to obtain the future designed energy consumption
and environmental emission values. In addition, indicators related to different sustainable aspects (not
only energy-related or environmental, but also economic, technical, and social) were assessed in order
to identify the most feasible and sustainable project to be carried out for the actual realization. Finally,
first through completion an evaluation matrix and then a PROMETHEE application, it was possible to
order and to rank the six proposed retrofit interventions. Considering also a sensitivity analysis in
which a change of the weights and preferences of each indicators was carried out to highlight and
observe a ranking variation, the final results showed that the best alternative was always A5 followed
by A4 and A6. The main reason underlying this result was because the achievement of nZEB conditions
is linked to numerous public incentives. In addition, simulations 5 and 4 were very similar and differed
in the thickness of insulation; for this reason similar values of net phi were obtained. The lowest values
were associated with alternative 1 (just adding a biomass boiler).

A future step is to encourage the active role of consumers (private or public users) since
they undertake a crucial role in the EC, e.g., the participation in the new financial model based
on co-ownership (CSOP). The main future task is to involve several target groups (women, those
of low-income, and people affected by poverty) through a social analysis using the information
collected with the questionnaire, events, and working group in order to identify the main drivers
favouring/hindering participation in energy communities.
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Abstract: Buildings and the built environment in cities are seen as both a source of, and solution
to, today’s economic, environmental and social challenges. The audit process to collect data and
rate their sustainability levels is a demanding process given the complexity of the issues involved.
Stakeholders often lack advanced knowledge on the sustainability issues involved, access to practical
tools that match the local priorities and the overall resources to diagnose and evaluate the current
state, analyse, assess and rank different scenarios, and monitor implementation and progress towards
meeting sustainable development goals and local priorities. A new multicriteria European built
environment assessment method that is supported by practical tools was developed in a transnational
collaborative effort to support the assessment, planning, monitoring and overall decision-making
process for rating the sustainability at the building or neighbourhood scale. The assessment system
addresses the main sustainability issues (e.g., site and infrastructure, urban systems, energy and
natural resources, emissions and environment, service quality, social aspects, economy), which are
described and quantified with an “exhaustive” list of ~180 sustainability criteria and indicators, and a
manageable number of common mandatory key performance indicators. The assessment system can
satisfy the public administrations’ needs for being easy to use, open access, flexible and adaptable
tools in order to facilitate their efforts for developing effective sustainability plans.

Keywords: sustainability; buildings; neighbourhoods; decision-making process; key performance
indicators; KPIs; built environment; audit; assessment tools

1. Introduction

The European buildings sector represents 41.7% of the total annual final energy in the European
Union Member States (EU-28) or 442 million tonnes of oil equivalent (Mtoe) in 2017 (Figure 1), and is
responsible for ~30% of the total carbon dioxide emissions [1]. During their life cycle, buildings also
use half of all raw material extraction and a third of all water consumption [2]. Furthermore,
the waste stream from the construction of buildings and civil infrastructure, demolition, road planning
and maintenance (i.e., construction and demolition waste—CDW) is one of the heaviest and most
voluminous waste streams that accounts for 25% to 30% of all waste generated in the EU-28 [3].
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Figure 1. Final energy use (million tonnes of oil equivalent—Mtoe) in European buildings and ratio
(%) of the buildings’ final energy consumption to the total. The bubble size represents the total final
energy use in each country; for EU-28, the value is not to scale. Data source: Eurostat.

According to the European Commission’s urban development network, the European urban areas
are home to over two-thirds of the EU’s population and account for about 80% of the final energy use [4].
These urban areas are the engines of the European economy, but they are also places where persistent
problems, such as unemployment, segregation and poverty, are most evident. Urban development is
central to the EU’s Regional Policy, which addresses the environmental, economic, social and cultural
dimensions. An integrated approach is necessary in order to achieve sustainable urban renewals or
new developments by incorporating environmental protection, education, economic development,
social inclusion through strong partnerships between local citizens, civil society, industry and various
levels of government.

Recognizing the importance of buildings and the built environment, the EU has initiated ambitious
efforts to minimize the use of energy and natural resources in buildings, with radical resource efficiency
and circular material flows in its Circular Economy Action Plan [5] to alleviate their environmental
impacts. The 2030 EU climate and energy framework includes binding targets and policy objectives for
reducing the greenhouse gas (GHG) emissions by at least 40% from 1990 levels, for increasing the share
of renewables by at least 32% of final energy consumption, and for improving energy efficiency by at
least 32.5% [6]. Member States are also obliged to adopt integrated National Climate and Energy Plans
(NECPs) for the period 2021–2030 and develop national long-term strategies to ensure consistency with
NECPs. One of the main instruments for addressing these challenges and the energy use in buildings
is the Energy Performance of Buildings Directive (EPBD), recently amended by EU 2018/844 that
entered into force on 9 July 2018, an integral part of the “Clean Energy for All Europeans” package [7].
EPBD encourages energy efficiency and promoting cost-effective building renovations, with the
vision of a decarbonised building stock by 2050. As we move into the new era of nearly-zero-energy
buildings (nZEB) as of January 2021, the next big challenge is the renovation of national building
stocks. These large-scale efforts could best be served by addressing groups of buildings in urban
neighbourhoods, considering synergies and energy interactions between individual buildings and the
broader energy system at local level, towards the concept of zero-energy districts [8]. Although the
evolution towards energy and spatial planning is challenging, good practices promoting bottom-up
initiatives are emerging, focusing on neighbourhood scale oriented urban projects, using decentralised
energy systems, local energy communities, energy districts, etc. [9].
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The EU was also instrumental in shaping the global 2030 Agenda and the United Nations
Sustainable Development Goals (SDGs) [10] and is a frontrunner for the long-term implementation
of the SDGs that are further enhanced with EU’s policies and integrated into all the Commission’s
priorities [11]. The 17 SDGs are the blueprint to achieve a better and more sustainable future for all,
addressing the global challenges we face, including those related to energy, climate and environmental
degradation in buildings and cities. The 2030 Agenda integrates in a balanced manner the three pillars
of sustainable development—economic, social and environmental.

At the centre stage of the work related to the built environment is SDG-11 aiming to make cities
inclusive, safe, resilient and sustainable, targeting sustainable urbanization and transport systems,
resource efficiency, mitigation and adaptation to climate change, resilience to disasters, reducing adverse
environmental impacts, safeguarding the cultural and natural heritage, and providing green and public
spaces. In this context, the supporting goals in the areas of energy and climate include: SDG-7 to
ensure access to affordable, reliable, sustainable and modern energy for all, by focusing on increased
energy efficiency and the use of renewables for creating more sustainable and inclusive communities
and resilience to environmental issues like climate change; SDG-13 to take urgent action to combat
climate change and its impacts. Additional goals that are an integral part of sustainable development
include: SDG-3 to ensure healthy lives and promote well-being for all by providing and facilitating
access to health systems, reducing ambient pollution; SDG-6 to preserve clean water as a natural
resource and combat chronic or recurring shortages of fresh water; SDG-8 to promote inclusive
and sustainable economic growth, employment and decent work for all; SDG-9 to build resilient
infrastructure, promote sustainable industrialization and foster innovation, including transportation,
energy and information and communication technology; SDG-10 to reduce inequality by paying
attention to the needs of disadvantaged and marginalized populations; SDG-12 to ensure sustainable
consumption and production patterns, by promoting resource and energy efficiency, sustainable
infrastructure, and providing access to basic services, green and decent jobs and a better quality of life;
SDG-15 to combat desertification, halt and reverse land degradation, halt biodiversity loss in relation
to urban growth; SDG-16 to promote just, peaceful and inclusive societies for sustainable development
in an urban context; SDG-17 to facilitate inclusive partnerships between governments, the private
sector and civil society, built upon principles and values, a shared vision, and shared goals that place
people at the centre, at the global, regional, national and local level.

The Urban Agenda for the EU was launched in May 2016 with the Pact of Amsterdam as a new
multi-level working method promoting cooperation between Member States, cities, the European
Commission and other stakeholders in order to stimulate growth, liveability and innovation in the
European cities and to identify and successfully tackle social challenges [12]. According to the first-ever
SDG index and dashboards report for European cities that was recently released, no European capital
city or large metropolitan area has yet fully achieved the SDGs [13]. As illustrated in Figure 2
major challenges lie ahead. The SDG agenda may not be fully achieved without the involvement
of cities. Addressing unsustainable patterns of consumption and production, and climate change
and environmental degradation, extreme poverty, unemployment and socio-economic disparities,
mandates the engagement of regional and local authorities. Overall, cities in Europe perform best
on SDG-3 (Health and Well-Being), SDG-6 (Clean Water and Sanitation), SDG-8 (Decent Work and
Economic Growth) and SDG-9 (Industry, Innovation and Infrastructure). By contrast, performance is
lowest on SDG-12 (Responsible Consumption and Production), SDG-13 (Climate Action) and SDG-15
(Life on Land). As expected, the definition of territorial levels and metropolitan areas and standardize
subnational data and indicators, revealed major gaps in available information in order to monitor all
the SDGs.
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(a) (b) 

Figure 2. (a) European cities Sustainable Development Goals (SDGs) index for sustainable cities and
communities (SDG-11); (b) overall SDG city scores. Source: https://euro-cities.sdgindex.org.

The various aspects of sustainable development in an urban context include energy, environment,
transportation, infrastructure and services, land use, natural resources, and social well-being among
others, as well as mandating specific actions and significant efforts. The SDGs are further enhanced
through national action plans, with regional level and finally local level priorities and goals. More than
ever, a local push is needed to improve sustainability efforts following a bottom-up approach
of local actions that will effectively drive the processes to meet the SDGs in the spirit of the
concept “Think Globally, Act Locally”. However, developing, monitoring and assessing local,
regional and national plans towards sustainable development at building and neighbourhood scale,
considering the plethora of SDGs and sustainability issues, are complex undertakings. These efforts
can be overwhelming for local and regional authorities that may not have the expertise and personnel.
Accordingly, there is a need to facilitate local authorities and municipalities to act quickly and
accelerate progress.

Existing Systems for Rating and Labelling

Energy and environmental audits in industry, tourism, commerce and the buildings sector have
been used to collect the appropriate data that is essential for a systematic analysis in order to identify,
quantify and report on the opportunities for improved performance. There are several available schemes
for building energy audits that depend on the project intent and procedure (e.g., energy performance
assessment, rating, certification or labelling), the specific operating conditions, the building type,
among other factors [14]. The use of the term “energy audit” can be subjective and can vary from
country to country since they are conducted in varying degrees or levels of technical detail, accuracy and
complexity based on the purpose they serve. In some cases, this is done intentionally to reflect certain
attributes, levels of complexity or stand-out in the market as a tailored process to a specific scheme
and thus differentiate from other competing processes. Sometimes, it may also be an unintentional
result in an effort to directly link required processes to different legal acts and relevant regulations
that may apply. Some examples include survey, screening, diagnosis, inspection, review, preliminary
(detailed) audit or preliminary (detailed) assessment, or as it relates to financial assessments like an
investment-grade audit or feasibility study.

Practically all schemes include some common stages: preliminary contacts (e.g., client interview to
define project intent, collect preliminary information), intake (e.g., collect available data like drawings,
energy bills or metered data, perform an on-site visit, collect field data, complete checklists, audit forms
and protocols, verify estimates and default values, perform in-situ measurements), analysis (e.g., rating,
benchmarking, perform calculations or simulations, define a baseline to investigate energy conservation
measures and assess scenarios, determine a list of cost-effective recommendations with quantified
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savings), and results (e.g., meet and present results to the client, generate reports and other deliverables).
Some schemes may have distinct characteristics (e.g., use specific calculation tools that will determine
the input data, or deliver distinct results like an energy performance certificate or prepare documents
and specifications for tenders).

Sustainability audits in an urban context are more elaborate since they involve various issues
and themes that need to be addressed [15]. Sustainability is also being adopted into building codes
at different levels of government and with varying motivations. The approach taken reflects local
societal perceptions, political priorities, national policies and economic factors [16]. The creation of
standards or codes that define a level of performance for sustainable buildings has emerged as a need
within the industry. However, there are different approaches due to wide variations in economic,
social, political and technological conditions and priorities in different countries and jurisdictions
around the world. Rating systems provide a method that one can voluntarily adopt and comply
with various sustainability measures that meet a pre-defined set of requirements. Standards are also
being developed as a collection of criteria for meeting the acceptable requirements at a high level of
performance. They may be adopted in building codes or simply used as a level of performance that a
project may comply by. For example, the ASHRAE Standard 189.1 that is recognized as a leading green
standard around the world and forms the technical basis for the International Green Construction
Code (IgCC), includes mandatory criteria in several sustainability issues and themes, site, construction,
materials, energy, indoor environmental quality, water, etc. [17].

At building scale, various voluntary sustainability rating systems and labelling schemes have
been developed, e.g., BREEAM (https://www.breeam.com/), CASBEE (http://cabee.eu/), Green Star
(https://new.gbca.org.au/green-star/), LEED (https://new.usgbc.org/leed) and Protocollo ITACA (http:
//itaca.org/), to facilitate the process for reducing energy use and environmental impacts during
construction, management and operational phases [18]. The systems include different performance
indicators that are used as metrics with fixed weighting and scoring systems to determine how well
the sustainability objectives are achieved, facilitate the decision-making process, assess specific project
requirements or ensure compliance with regulations and norms [19–21]. The indicators quantify what
one is trying to achieve, and depending on specific project needs and priorities one may need to use
several of them at different stages of the work or process. The indicators can be expressed as numerical
values (e.g., building’s energy use intensity in order to assess different performances or compare
against other benchmarks; water consumption per building occupant, etc.), or ratios and percentages
(e.g., percent of renewables that cover power or heat demand; percent of recycled waste, etc.).

A voluntary reference framework known as LEVEL(s) is also being developed for the European
Commission [22] providing a common European framework of common indicators to measure the
sustainability performance of buildings across their whole life cycle, focusing on GHG emissions,
resource efficiency, water use, health and comfort, resilience and adaptation to climate change, cost and
value. Each indicator links the building’s individual characteristics (currently referring to only
residential and office buildings) and impacts to sustainability priorities, facilitating users to consider
key concepts and building-scale indicators, following specific guidelines and standardized calculations
for each indicator.

Several systems have also been extended to urban scale, e.g., BREEAM Communities, CASBEE for
Urban Development, LEED for Neighbourhoods and Protocollo ITACA Urban Scale. The main aspects
for sustainable cities address similar performance indicators like the ones for building scale, and include
more categories, for example, urban transport, supply and distribution networks, social factors, etc. [23].

A new European multicriteria assessment method has been developed that enhances existing
knowhow in a holistic system for accessing urban sustainability of the built environment at
neighbourhood scale. This complements the existing public approaches at building and city scales,
so that it is more suitable and manageable to handle by municipalities. The following sections outline
the main structure of the method and tools for addressing the sustainability issues for buildings
and neighbourhoods, the generic framework with an emphasis on the energy and environmental
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indicators, the key performance indicators, the results from nine European pilots, providing details for
the application in Greece, and the training system that includes educational material developed for
decision-makers and technical professionals.

2. The Common European Sustainable Built Environment Assessment for Mediterranean Cities
(CESBA MED) Method

The Common European Sustainable Built Environment Assessment for Mediterranean cities
(CESBA MED) was a collaborative effort of several European organizations from seven countries.
The work is structured around the UN 17 SDGs, aiming to support users and their efforts towards
a sustainable future. The initial concept of the assessment method and tool was a reference
decision-making process that was originally developed for the building scale [24] and then extended
at neighbourhood scale. The following sections outline and briefly discuss the process for converging
on the number and type of sustainability indicators that are considered in the method, the normalization
and scoring process, the development of the generic framework, and the national tools.

2.1. Sustainability Indicators and Key Performance Indicators (KPIs)

The approach taken in this work was to first develop a generic framework that includes an
“exhaustive” list of sustainability indicators that cover all relevant themes, given that there is still no
consensus on a specific number or types of indicators. This way one can have access to a comprehensive
database that includes different performance indicators from which to select the ones that meet local
priorities and needs, or best fit the project intent. A minimum number of key performance indicators
are defined and used in order to ensure that the core sustainability issues can be addressed in a
satisfactory manner.

Accordingly, the first step was to critically review 14 transnational European projects and public
assessment systems, in order to derive a representative list of indicators at building and neighbourhood
scales that address the main sustainability pillars [25]. A total of 216 indicators were identified,
critically reviewed and finally grouped under the main sustainability issues.

The structure of the method organizes the information in Issues, Categories and Criteria-
Indicators [26]. The “Issues” identify the general themes that are essential for assessing the sustainability
at building and neighbourhood (urban) scales. The sustainability Issues for the building scale include:
A-Site and infrastructures, B-Energy and resources, C-Environment, D-Indoor Environmental Quality
(IEQ), E-Service quality, F-Social, cultural and perceptual aspects and G-Economy. The seven sustainability
Issues for the neighbourhood scale include: A-Urban systems, B-Economy, C-Energy, D-Emissions,
E-Natural resources, F-Environment and G-Social aspects.

The “Categories” under each Issue describe its specific aspects that group relevant Criteria
and Indicators. Each Issue includes a different number of Categories. The building scale includes
25 Categories. For example, under the issue “IEQ” there are four categories: Indoor air quality and
ventilation, Air temperature and relevant humidity, Daylight and illumination and Noise and acoustics.
The neighbourhood scale includes 23 Categories. For example, the issue “Energy” includes two
categories: Non-renewable energy sources, and Renewable and clean energy sources.

The “Criteria” detail the specific aspects of a Category and represent the main assessment entries
used to characterize a building or an urban area. The “Indicators” quantify the performance with
respect to each criterion. In principle, several indicators can be associated with the same criterion,
since one can define multiple strategies to quantify the building or urban area performance with regard
to a specific criterion. For example, building energy use intensity (EUI) can be expressed as kWh/m2

or kWh/m3 and in some cases energy use per employee (e.g., for an office building) or energy per
bed (for hotels), depending on the characteristic functions of a building. For simplicity in this work,
only one indicator is associated with each criterion. The metrics are used to quantify the performance
and determine how well the sustainability objectives are achieved.
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Tables A1 and A2 summarize the various sustainability Issues, Categories and Indicators for
building scale [27] and neighbourhood scale [28]. Different numbers of criteria-indicators are included
under a given category, each one of them describing a particular aspect of the corresponding category.
For example, at the neighbourhood scale, Category ‘C.2 Renewable and clean energy’ includes
fourteen Indicators, e.g., share of on-site renewables on total final or primary energy consumption for
residential or non-residential buildings, share of electricity production from renewables on public or
private property, total electricity from renewables that is exported from the area, total electricity from
renewables used in or exported from the area, share of thermal energy from renewables on public or
private property, etc.

Some indicators may appear under both scales (e.g., energy use at the building scale and for
all buildings in the area at the neighbourhood scale). For example, at the building scale under the
Issue ‘B. Energy and Resources’, the Category ‘B.1 Life Cycle Non-Renewable Energy’ includes the
Criterion ‘B.1.2 Final Thermal Energy Use’ and ‘B.1.3 Final Electrical Energy Use’. Aggregating the
relevant information for all the buildings in the area, one can derive the equivalent indicators
at the neighbourhood scale (i.e., B.1.1 for each building and C.1.1 for all buildings in the area).
Sometimes qualitative criteria are used instead of quantitative ones. In this case, the expert’s assessment
is based on the prescribed reference descriptions in order to assess and score the specific performance.
For example, at the building scale under Issue ‘F. Social, Cultural, Perceptual’, Category ‘F.2 Culture
and Heritage’ that includes Criterion ‘F.2.1 Compatibility of urban design with local cultural values’
is qualitatively assessed with an indicator of whether the architectural design features related to the
urban design are incompatible, marginally- or fully-compatible. Similarly, at the neighbourhood
scale, under Issue ‘G. Social Aspects’, Category ‘G.6 Management and Community Involvement’
the Criterion ‘G.6.3 Community involvement in urban planning activities’ is qualitatively assessed
with an indicator that reflects different levels of citizens’ engagement in the planning process, from a
non-participatory process (to reflect performance below standard) to full co-decision with delegated
citizen power (to reflect an ideal performance).

A limited number of key performance indicators (KPIs) were selected from the various indicators
as mandatory minimum requirements in order to be able to address the main sustainability issues,
which are also identified in Tables A1 and A2. For example, one commonly accepted metric to measure
a building’s energy use performance is the energy use intensity (EUI in kWh/m2), which can be used
to benchmark against similar buildings or with best-practices and assess energy efficiency measures
within buildings. The KPIs are defined and calculated following common standardized procedures.
This work considered most of the LEVEL(s) indicators in the process of selecting the KPIs for the
building scale. The results from the normative KPI calculations can then be used as a passport for
comparing different buildings, areas, regions or countries, on a common basis.

The organization of the sustainability issues, the selection of the most applicable criteria,
performance indicators and KPIs followed an iterative process at various stages of the work. The first
step was to review, analyse and organize the knowhow generated from 14 EU projects and systems [25]
and the work in the new LEVEL(s) indicators [29]. Each national team of the CESBA MED partnership
engaged and collaborated with local committee experts in six EU countries to elaborate the issues and
indicators, in order to ensure that they are representative and cover national needs and priorities in
local context.

For reaching a wider consensus, the work progress on the performance indicators and the proposed
KPIs were also reviewed and elaborated with other European experts and project representatives
during two sprint workshops. The final list of the KPIs for building and neighbourhood scale was
fixed following the nine national pilot tests performed by the partners in six EU countries. As a result,
some KPIs were excluded due to the limited availability of the input data, e.g., quantities of building
construction materials and recyclable content that have been used for existing buildings or other public
works in the area, thus ensuring the applicability of the approach and the use of the indicators in
the field.
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2.2. Normalization and Scoring

All sustainability assessment and rating systems use a normalization process in order to convert
the indicator values into a common basis (scale). The various indicators are diverse in nature,
have numerical values with different orders of magnitude and correspond to physical quantities with
different units or in some cases include qualitative scores. The normalized scores of the individual
indicator values are then aggregated using different weights to calculate a score for the corresponding
categories and issues, and finally a total sustainability score for a building or a neighbourhood.

2.2.1. Indicator Scores

Each indicator value is a dimensionalized and rescaled value (Figure 3) in an interval from −1
(performance below standard) to +5 (advanced performance) [26], following a similar concept with
Protocollo ITACA [30]. For example, the score value at “0” corresponds to the minimum acceptable
performance of an indicator in compliance with minimum standard regulation mandates defined
by law (e.g., an EUI for new buildings or the percentage use of renewables), or the value of current
practice in case of no regulations (e.g., percentage of employment, length of pedestrian and bicycle
paths). The score value at “+5” corresponds to excellence or ideal performance (e.g., an EUI for a nearly
zero energy building, or very-high employment rate for the residents in a neighbourhood). Values of
indicators below minimum standards or current practice are assigned to a score of “−1”.

Figure 3. Normalizing and scoring process. For an indicator following the principle “higher is better,”
the linear correlation is illustrated with the black solid line, while the principle “lower is better” is
illustrated with the grey dashed line.

For simplicity, individual scores are defined by linear interpolation between the two limits
(i.e., “0” and “+5”). For each indicator, the numerical values at the two limits are adapted to the
local context by using appropriate national, regional or local benchmarks. For some indicators,
higher performance corresponds to a higher normalized score, following the principle that “higher is
better”, thus the slope of the linear correlation (from 0 to +5) is positive (e.g., the percentage use of
renewables, the length of pedestrian and bicycle paths in a neighbourhood). In this case, a higher
value of the indicator corresponds to higher performance and thus it receives a higher normalized
score. For others, the normalized score follows the principle that “lower is better” (e.g., a low EUI for
buildings or low water consumption), thus the linear correlation (from 0 to +5) has a negative slope.
In this case, a lower value of the indicator corresponds to higher performance and thus it receives a
higher normalized score.
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The national and local benchmarks for each indicator have been predefined at the appropriate
values for (ideal) excellent practice (corresponding to “+5” in the normalized score), the minimum
acceptable performance (corresponding to “0”) and below standard (corresponding to “−1”).
These values are already included in the national and local versions of the method (see Section 3.1).
If necessary, the user can adjust them according to the local characteristics (e.g., energy use intensities
for the local buildings, water consumption in the area, etc.).

2.2.2. Sustainability Score

The calculations for the sustainability score are weighted in terms of the regional, local or project
priorities. The weighting factors are properly estimated values that reflect the relative importance
of characteristics compared to others. This way, the user has an opportunity to place the desirable
emphasis on specific sustainability issues and performance indicators, to reflect regional variations and
add local context. The weighted score of each Indicator is calculated by using different multiplicative
factors to adapt its normalized score (see Section 2.2.1) as illustrated in Figure 4a. The following
discussion reviews the various weighting factors that are taken into account at different stages of the
calculations, starting at the overarching level of the sustainability Issues and then at the more detailed
level for addressing the characteristics of each indicator.

 

(a) (b) 

Figure 4. Overview of the calculation processes at the neighbourhood scale for the: (a) Indicator’s (i)
weighted score; (b) weighting allocation and aggregation of scores for Criteria, Categories, Issues and
sustainability score. For illustration purposes, the active indicators are identified with a numerical
value, while for the inactive indicators (not selected), the specific weighting coefficients are shown as 0.
The graphic does not include all the criteria and categories that are listed in Table A2.

For each one of the seven sustainability Issues, it is possible to define its level of priority on a scale
from 1 (less important) to 3 (most important or more relevant). For example, the level of sustainability
priority for the energy issue may be set at 2 (i.e., considered of average importance if the buildings have
an average energy performance and good exploitation of renewables), while the issue of emissions in
an area with major environmental problems the assigned priority may be set at level 3 (i.e., considered a
major issue).

Beyond the mandatory KPIs, one can select an appropriate number of active indicators that
best fit the local needs and project-specific priorities under each Category and Issue. As a default,
the weighting factors are equally distributed among the active indicators so that the weightings equal
100%. These coefficients may then be adjusted to place more emphasis on a specific indicator.

The total weighting factor (TWFi) for each indicator (Figure 4a) is calculated as the product of the
following weighting factors that account for the:

• Level of sustainability priority for the Issue that includes the specific indicator, which is rated
using a 1 to 3 points scale described above, and for each Indicator the:
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• Impact of potential effect, rated using a 1 to 3 points scale, i.e., 1-minor, 2-moderate, 3-major),
• Extent of potential effect, rated using a 1 to 5 points scale depending on the spatial coverage, i.e.,

1-block, 2-neighborhood, 3-district, 4-urban/region, 5-global),
• Duration of potential effect, rated using a 1 to 5 points scale, i.e., 1 for 1 to 3 years, 2 for 3 to

10 years, 3 for 10 to 30 years, 4 for 30 to 75 years, 5 for greater than 75 years).

For example, based on the above, the global warming potential indicator (C.1.3 at building scale,
Table A1) the Issue (C-Environment) can be weighted with 3 (i.e., the environment is considered a
major issue), and assigning for the indicator a weighting factor of 3 (major impact), 5 (global potential
effect) and 5 (duration >75 years). The on-site use of renewables in buildings (C.2.1 at neighbourhood
scale, Table A2), the Issue (C-Energy) can be weighted with 2 (i.e., energy is considered an average
issue in an area where all buildings use solar collectors), and assigning for the indicator a weighting
factor of 3 (major impact), 2 (neighbourhood potential effect) and 3 (duration 10 to 30 years). Since the
specification of these weighting factors is not a trivial process, the national versions of the method
(see Section 3.1) include national default values, although a user can always adjust them.

The weighting coefficient (WCi) that accounts for the relative importance of an indicator among
the selected ones is calculated as a percentage of the ratio of the individual TWFi to the total for all
active indicators (Figure 4a). To further fine-tune the weighting coefficients, the values may be adjusted
using another multiplicative factor to account for the possible importance of an indicator in the context
of a specific project or its potential impact on more than one criterion, categories or even under different
issues. The active weighting factor (AWF) is set at 0.5 (i.e., lowering the Indicator’s weight by half) or
1.5 (i.e., increasing its weight by half). For example, the AWF for C.1.20 Energy use for public lighting
(Table A2) can be set to 1.5 (i.e., 50% more important) because of its importance in a project not only in
terms of energy savings, but also in relation to the perceived safety of public areas (G.8.3) and even
aesthetics (G.8.7). Finally, the normalized score of each indicator is multiplied by the specific weighting
coefficient (SWC) to obtain the weighted score (WS) of each indicator.

Overall, the process provides the ability to use different weights for adjusting each indicator
(criterion), category and issue, according to local environmental, social and economic priorities
and scenarios under assessment. Although altering the weighting system may be perceived as a
manipulation of the results in order to improve the overall scores, the intent is to allow sufficient user
flexibility for adapting the method to the local and project-specific priorities. Alternatively, to safeguard
the process, the default weights can be reviewed, agreed upon and then locked by the decision-makers,
before allowing third party interaction.

The normalized scores associated with all active indicators (criteria) in the same category, e.g.,
are aggregated to produce a single weighted score for each category. For example, the criteria weighted
scores for C.1.1 up to potentially C.1.22, C.2.1 up to C.2.14 and C.3.1 to C.3.3 at neighbourhood scale
(Table A2) are used to obtain the category weighted scores for C.1, C.2 and C.3, shown in Figure 4b.
Then, the scores for all categories in the same issue are further aggregated to produce a single weighted
score for each issue (e.g., C-Energy in Figure 4b). Finally, the results from all seven issues are aggregated
to produce a concise total sustainability score for the project.

2.2.3. The Generic Framework

The CESBA MED Generic Framework (GF) is the general, all-inclusive starting version of the
tool that supports the assessment method with all seven issues, categories and indicators available
for the building and neighbourhood scales (Tables A1 and A2). The total number of indicators in
the GF that one can potentially select from and use is 153 for the building scale [27] and 178 for the
neighbourhood scale [28]. This “exhaustive” list of performance indicators is an excellent starting point
for developing national and local tools by selecting and using only the ones that are relevant according
to national, local sustainability priorities and project intent. For practical purposes, one should select a
manageable number of indicators from the complete list under the various issues and categories that
for a given project best match the local sustainability issues, priorities and strategic policies. During the
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development of the national tools (see Section 3.1) this exercise was elaborated for adapting the GF
Tools in six national versions and then to local context during the specific pilot projects. Always,
the minimum number of indicators are the key performance indicators that were determined as a
result of the iterative process for developing the CESBA MED GF that finally reached 13 KPIs for the
building scale [31], including most of the LEVEL(s) indicators, and 16 KPIs for the neighbourhood
scale [32]. The KPIs are collected and stored in a “Passport” that constitutes a depository of common
and comparable data. The two-page CESBA Passport provides some general information on the project
and details the KPI values. These results enable a consistent comparison of the key information on the
sustainability performance of buildings and neighbourhoods for exchanging and sharing information
and good practices between different areas, cities, regions and countries. A single page CESBA
Certificate is a concise single-page information sheet that captures the scores for each of the seven
sustainability issues and can be used to display and communicate the overall performance.

2.2.4. The GF Tools

All the indicators are analytically presented in the building and neighbourhood scale GF tools.
The presentation of each indicator (Figure 5a) includes background information, an overview of
relevant calculation steps that one must follow for KPIs (according to standards) and for others
based on recommended good practices that may be adapted according to national or local practices.
Supporting references and other resources are also included and the user may also write-in other
relevant notes. The input is the calculated value for the corresponding indicator (e.g., the energy use
intensity in kWh/m2) for the specific project. Under the assessment criteria, the tool automatically
transfers the default benchmark values that correspond to the scale (−1, 0, 3, 5). These values may be
further adjusted, if necessary, in order to accommodate for some specific characteristics for a given
project (e.g., adjust the energy use intensity benchmarks for historic buildings that may not strictly
comply with conventional high-performance standards). Entering the numerical value of the indicator,
the tool estimates a weighted score. The user may also include a target performance value for reference
and comparative assessment. As an option, there is also a place holder for a third-party score that can
be used during verification.

 
(a) (b) 

Figure 5. Excerpts from the Generic Framework (GF) tool: (a) Presentation an indicator and interface
for benchmarking and scoring; (b) overview of the main final results.

The final results (Figure 5b) summarize the performance assessment for the building or the urban
area, along with insights on the importance of the different issues in the final score, number of active
indicators and detailed overview of the KPIs. The specific scores for each one of the seven sustainability
issues are listed and are also illustrated in a spider chart to easily understand and communicate results,
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by identifying the sustainability issues with strong performance (scores close to 5) or the weaker ones
(scores close to 0) and the total sustainability score for the project. A detailed presentation of the results
for each one of the KPIs includes the corresponding target and actual value.

2.3. The Decision Making Process

The CESBA MED Tools are intended to support decision-makers and managers of public and
municipal building stocks in the implementation of more sustainable renovation plans or the new
developments, combining the building and the neighbourhood scales [33]. The process should consider
the buildings in their urban environment and look for synergies between groups of buildings in the
area in order to optimize energy planning in the context of a sustainability performance assessment.

The CESBA MED method and tools (Figure 6) can support all project phases. Instrumental in
the whole process is the engagement of the people. Urban developments affect a wider community
of citizens, workers, commuters, visitors, etc. Therefore, it is essential that all affected parties,
including residents and businesses, are actively involved in all stages of the process, from the early
diagnosis, for shaping the developments that affect them. Empowering local communities through
regular and meaningful consultations and engagement, improves transparency through more open
governance and greater public participation of citizens and other local stakeholders and helps reach
greater public acceptance through a sense of ownership.

Figure 6. Schematic of the main stages and overall decision-making process.

Assessing the actual performance at the current state takes a snapshot of the existing condition and
characteristics, and identifies the critical sustainability issues. Accordingly, one can assess the potential
performance resulting from the implementation of different renovation scenarios in order to identify
the most cost-effective and sustainable one. Similarly, for new developments, it is possible to assess
the potential performance of alternative planning options in order to identify the most cost-effective
sustainable development scenario. In both cases, after implementation, it is possible to monitor and
evaluate the progress at different stages, the effectiveness of implemented actions and the achievement
of the sustainability performance targets.

2.3.1. Diagnosis

The first step is to define the physical boundaries and decide which of the surrounding
infrastructures are relevant. The physical boundaries of the urban area may be derived considering the
spatial coverage along with the legal and administrative lines, the property ownership status and land
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use, the social and economic characteristics of the area, the period of building construction and the
energy supply infrastructure, etc. The neighbourhood of a small urban scale area (e.g., block/cluster of
buildings) may include 5–15 buildings with a traditional composition extending over 200–400 m in
size that can be crossed in 10–15 min walk, with 200–1500 inhabitants.

During the preparation phase, the appropriate input data is collected in order to create a sufficient
knowledge basis. Like in every audit process [14] it is essential to collect good quality data is
essential, since this will have a direct impact on the overall quality of the process and it is critical
for securing accurate and realistic final results for quantifying the respective indicators. Sometimes
specific characteristics cannot be determined or measured in a practical way with an acceptable cost,
at least for routine audits, while even the perception of building or neighbourhood characteristics can
deviate significantly from one assessor to the other. Accordingly, it is crucial to find the right level of
simplification so that the audit and data processing is time-efficient while obtaining results that are
close to the most detailed analysis as possible.

Accessibility to reliable data and information is indispensable to adequately assess the sustainability
performance of the urban environment. This will allow the adoption of good monitoring practices,
resulting in better policy formulation and implementation. In general, data acquisition may be
time-consuming. Information may be scattered among different administrative bodies of the
municipalities and other organizations (e.g., building authorities, cadastral office, land surveying office)
and other resources like census data, municipality and regional reports (e.g., operational programs),
existing energy performance certificates, energy supply companies, along with publicly accessible
resources (e.g., Google Earth, Open Street Map), etc. In all cases, a site visit will be necessary in order
to perform field inspections of the buildings and the neighbourhood and to collect missing data or
verify and extend available information.

Educated assumptions or use of default values may be needed for quantifying some indicators.
However, one must consider the trade-offs between the effort involved to measure specific data;
what accuracy can be reached, how much effort will be involved, how much time will be required
and what is the relevance or impact on the results. With the exception of the calculations for the KPIs
that follow specific normative procedures according to standards, the final decision depends on the
relevant expertise and past experience of the user/assessor. In any case, one needs to be aware of the
uncertainties or inaccuracies involved in a given process as a result of the assumptions that will be
made or imposed by specific calculation procedures and the ways to interpret and use the results.

2.3.2. Scenarios

As a first step, the information collected during the diagnosis is used for a SWOT analysis.
This way one can prepare more applicable scenarios that will exploit the area’s main strengths
and opportunities in terms of sustainability and take corrective measures that are responsive to
its weaknesses, while accounting for legal–technical–financial–environmental constraints that may
limit the range of possible retrofit strategies. Legal constraints may result from building codes,
mandates for improving the energy performance of buildings, and cultural heritage protection
regulations. Technical constraints may limit the use of some technologies in building renovations,
e.g., space availability for on-site installation of renewables on building rooftops or facades or near-by
areas. Financial constraints are often the largest obstacles in renovation projects. Available funding
sources must be secured early in the planning phase, taking advantage of different financing instruments.
For building renovations, one needs to consider the financial status of the building owners, as well as
the tenants, in order to avoid negative social impacts like gentrification. Environmental constraints
are usually related to the local climatic conditions which may not favour some technologies or the
exposure of building roofs and facades to solar radiation for the proper exploitation of thermal solar
or photovoltaics.
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Early in the process, one must define clear and measurable targets that should be achieved by
the project, covering all main aspects of sustainability, e.g., environment-energy, economy and social.
The targets must be SMART, i.e., Specific (clearly defined), Measurable (quantifiable), Attainable
(realistic and achievable), Relevant (for energy retrofitting of urban districts) and Time-bound (with a
specific time plan of when they can be achieved). Environmental targets should consider the means to
improve energy performance, reduce GHG emissions, increase the share of renewables, prioritize the
use of sustainable materials, reduce soil sealing and increase open natural areas. Targets related to
the economy should consider means to improve return on investment, exploit the use of different
instruments for financing, maintain affordable property and value of land, secure resources to strengthen
economic feasibility and secure sustainable growth and enhance local labour force participation.
Social targets should avoid gentrification that may result from energy renovations, improve district
surroundings (e.g., open spaces, accessibility, heat island), improve transport infrastructure and
mobility, encourage community involvement and citizen’s engagement in near- and long-term
planning, strengthen public services and improve safety and security.

The scenarios for improving the performance of a neighbourhood should consider all the buildings
in the area and seek synergies and opportunities to increase energy performance by prioritizing central
energy supplies and district energy systems versus individual solutions, use environmentally friendly
materials, enhance open green public spaces, improve public transport and mobility and improve public
infrastructures. At the building scale, the priority is to improve energy performance of public buildings,
reduce energy use and emissions from non-renewables, integrate renewables (e.g., consider thermal
solar for domestic hot water or combi systems, use photovoltaics with appropriate energy storage
and/or smart grids), expand central energy supply (e.g., natural gas network) and increase energy
efficiency by prioritizing central energy networks over individual solutions. Engaging the citizens and
building occupants in the process can provide valuable input to the experts and technical teams.

Different scenarios are evaluated along the following lines: (a) Selecting and optimizing energy
renovations at a building and neighbourhood scale (i.e., reducing energy demand, increasing energy
performance by prioritizing central energy supplies versus individual solutions, integrating renewables
with appropriate energy storage and/or smart grids); (b) considering other interventions for improving
public transportation and mobility, enhancing green spaces, and other public infrastructures;
(c) exploiting different business models and financing instruments; and finally (d) identifying the
desirable scenario that will address the municipality’s objectives and priorities.

Considering the final sustainability score for each scenario, one can select the best one that meets
expectations and plans of the municipality or the public authority having jurisdiction, in-line with
the local sustainability objectives and priorities, or the owner’s intent (e.g., an authority that manages
public buildings). The results can be easily communicated to the decision-makers to document
the current state, summarise the proposed strategies of the final plan and illustrate the anticipated
improved sustainability performance. Once a decision is taken to proceed with implementation,
the concept will have to be elaborated in more detail including a cost–benefit analysis, exploit different
business models and financing instruments, issue tenders and conclude with a contract. Following
implementation, the local tools are ready to be used to assess whether the goals and objectives have
been met, document actual progress for improving sustainability and monitor progress towards the
performance targets. The results should be properly publicized and communicated so that they gain
visibility and acceptance.

2.4. Training System

To further facilitate the process, users are also supported by a comprehensive electronic CESBA
MED Training System for self and in-house education, training and professional development on
sustainability. The developed material facilitates the proper use of the method and tools, improves the
knowledge base and enhances the understanding of the various sustainability issues by different
target groups and stakeholders (e.g., engineers, technical staff, decision and policymakers) to set up
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and implement high quality and sustainable urban plans, and supports continuous learning [34].
The training material is organized in different modules [35], including the GF concept and the
multicriteria assessment methodology, the decision-making process, case studies, the assessment
criteria of the contextualized tool at building and neighbourhood scale with a detailed presentation of
the KPIs along with calculation examples. The electronic training material is accessible through an
open e-learning platform (https://cesba-med.research.um.edu.mt/moodle/course/index.php) and is
available in different languages, e.g., Catalan, Croatian, English, French, Greek, Italian and Spanish.
The educational material was successfully used during 17 national pilot training courses that were
held in the participating countries with about 275 participants.

3. Results and Discussion

The CESBA MED system was used in the field during nine pilot studies in six countries (Table A3)
to demonstrate its applicability in diverse applications at different building uses and urban areas
(e.g., social housing, 19th century historic buildings), scales (e.g., a building block, a university campus
and different size urban neighbourhoods) and project intents (e.g., renovations or new developments).
In some cases, different renovation scenarios were also assessed and the results are also summarized
in Table A3. The pilots served two main purposes. First, working together with local experts and
municipalities, the goal was to develop the national versions of the tools, by selecting a suitable number
of indicators, translating the tools and incorporating representative national weights for the different
sustainability issues and benchmarks for normalizing the indicator values. This way, the existing
default values in the national versions of the tools are ready to be fine-tuned, to better match the local
characteristics (e.g., energy use intensities for the local buildings, water consumption in the area, etc.).
Second, they were used as a final test phase for verifying that the selected KPIs can be realistically used
in the field. The goal was to ensure that the input data are commonly available during the building
and urban audits, so that the KPIs can be consistently calculated. The national pilots also revealed
some interesting information on the most popular sustainability indicators that were selected by each
national team, illustrating the emphasis and the priorities given by the participating municipalities.

3.1. National Tools

The GF Tools are available in English, while the nationally contextualized assessment tools are
available in different languages (i.e., Catalan, Croatian, French, Greek, Italian and Spanish). The national
tools include the same KPIs, but use a different number of categories, criteria and indicators (Table 1)
that best fit in the national and local context and their sustainability priorities.

Table 1. Overview of the sustainability issues, categories and criteria-indicators used in the generic
framework (GF) and the national framework tools.

GF
Italy
(A)

Italy
(B)

France
(A)

France
(B)

Spain
(A)

Spain
(B)

Malta Greece Croatia Average

Building Scale

Issues 7 7 7 7 7 7 7 7 7 7 7
Categories 25 15 18 8 8 19 21 11 16 15 15
Indicators 153 16 31 16 19 38 40 36 31 27 28
KPIs 13 13 13 13 13 13 13 13 13 13 13

Neighbourhood Scale

Issues 7 7 7 7 7 7 7 7 7 7 7
Categories 23 14 20 11 13 16 20 20 16 20 17
Indicators 178 34 46 16 19 33 59 66 44 38 39
KPIs 16 16 16 16 16 16 16 16 16 16 16
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Each team selected from the pool of indicators included in the Generic Framework the ones that
are most relevant according to their national sustainability priorities and are commonly encountered at
regional-local issues. For example, the generic framework for the neighbourhood scale includes a total
of 23 categories and 178 criteria-indicators, while the national tool in Greece uses a total of 16 categories
and 44 criteria-indicators. The only core set of criteria that is mandatory and included in all national
tools, are the KPIs that represent internationally recognized priorities for sustainability assessment.

According to the pilot test results, the selected number of sustainability criteria averaged
28 indicators at building scale and 39 indicators at neighbourhood scale (Table 1). The sustainability
issue that has attracted more emphasis based on the number of selected indicators (Figure 7) was
“B-Energy and Resources” with 32% of the total number indicators used at building scale and “G-Social
Aspects” with 26% of the total at neighbourhood scale.

  
(a) (b) 

Figure 7. Overview of the average breakdown of the selected criteria-indicators used in the national
tools for the seven sustainability issues for (a) the building scale; (b) the neighbourhood scale.

For each one of the selected indicators, the national teams in collaboration with local committee
experts specified the local benchmarks, i.e., the values that correspond to the appropriate local excellent
practice (corresponding to “+5” in the normalized score), the minimum acceptable performance
(corresponding to “0” in the normalized score) and below minimum standard (corresponding to “−1”
in the normalized score). This information was used to benchmark the values for each indicator and
normalize them on the -1 to 5 points scale (see Section 2.2.1).

The benchmarks for the KPIs from the different regions are summarized in Table 2. The values can
provide initial guidance during future developments and adaptations of similar tools in other regions.
The empty cells in Table 2 (i.e., B.1.10 for embodied energy, C.3.2 for recycled solid waste, D.1.9 for
ventilation rates) refer to cases with missing information.
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The weights used for each one of the seven sustainability issues from 1 (less important) to 3 (most
important or more relevant) defined in the national versions of the tools reflect the local priorities,
policies or project intent. As summarized in Table 3, for the building scale, the sustainability issue
“B-Energy and Resources” stands out as the strongest priority. Along with “C-Environment” are the
two most prominent issues, averaging together ~80%. For the neighbourhood scale, lower weights
were consistently used for “B-Economy” illustrating that once there is a commitment for sustainable
development, the economic criteria have a lower priority. The sustainability issue related to “C-Energy”
stands out by averaging 26.6% among all the pilots, although different regions have other priorities in
terms of where they focus their efforts by allocating higher weights.

Table 3. Summary of the weights on different sustainability issues used in the national framework tools
for the building and the neighbourhood scales.

Sustainability Issues
Italy
(A)

Italy
(B)

France
(A)

France
(B)

Spain
(A)

Spain
(B)

Malta Greece Croatia Average

Building Scale

A-Site and Infrastructures 0.0% 0.0% 0.0% 0.0% 4.9% 11.6% 7.0% 6.5% 7.6% 4.2%
B-Energy and Resources 58.0% 69.8% 72.0% 72.0% 62.9% 54.9% 31.6% 28.5% 51.2% 55.7%
C-Environment 23.0% 24.3% 25.0% 25.0% 19.5% 20.4% 23.6% 36.6% 19.5% 24.1%
D-IEQ 11.0% 4.2% 2.0% 2.0% 2.1% 1.5% 2.0% 0.5% 8.0% 3.7%
E-Service Quality 0.0% 0.0% 0.0% 0.0% 7.9% 8.1% 20.7% 12.6% 3.2% 5.8%
F-Social, Cultural, Perceptual 0.0% 0.0% 0.0% 0.0% 1.9% 2.7% 12.0% 4.3% 5.1% 2.9%
G-Economy 8.0% 1.8% 2.0% 2.0% 0.8% 0.8% 3.1% 11.0% 5.5% 3.9%

Neighbourhood Scale

A-Urban Systems 11.6% 10.4% 18.9% 0.0% 6.5% 10.2% 13.5% 10.8% 12.2% 10.4%
B-Economy 1.7% 6.6% 5.0% 1.8% 9.1% 3.6% 1.8% 4.2% 4.6% 4.3%
C-Energy 41.1% 18.4% 30.5% 28.2% 26.7% 25.9% 16.2% 33.7% 21.5% 26.9%
D-Emissions 6.9% 14.3% 23.6% 33.9% 7.3% 12.7% 5.8% 14.7% 13.3% 14.7%
E-Natural resources 6.9% 14.1% 3.4% 8.7% 7.3% 10.1% 11.7% 11.5% 14.3% 9.8%
F-Environment 18.3% 15.7% 9.4% 9.9% 31.3% 23.8% 28.7% 18.2% 9.0% 18.3%
G-Social Aspects 13.4% 20.5% 9.1% 17.4% 15.4% 13.6% 22.3% 6.9% 25.0% 15.9%

Note: Cells a green highlight identify the Issues with the Highest Weight in each national tool

3.2. Results from the Hellenic Pilot

Greece has introduced a regulatory framework to support urban policy based on the law on
spatial planning and sustainable development (L.4447/2016) and has drafted the national spatial and
development strategy that includes medium- and long-term targets. Sustainable urban development
strategies are implemented within 13 regional operational programmes, giving priority to regional
capital cities or to functional areas with a certain size of population [36]. Urban and territorial
strategies address 10 thematic objectives, including environmental protection and resource efficiency,
network infrastructures in transport and energy, low-carbon economy, climate change adaptation and
risk prevention, social inclusion, etc. The sustainable urban development strategies cover practically
all thematic areas, while cities have launched broad and substantial public consultations in defining
their strategies. In most cases, the municipalities have commissioned external experts to draft their
plans due to limited human resources and expertise.

The CESBA MED pilot in Greece was performed at the Municipality of Fylis, north-west of
Athens. Over the years, the municipality has exhibited genuine efforts, activities and communicated
plans for improving its energy and carbon footprint, by implementing various initiatives on energy
conservation and sustainable development aiming to regenerate into a thriving area. The pilot focused
at a central area of the Municipal Unit of Ano Liosia, including the town hall and a school complex,
covering 27.1 ha, half of which is built, and 1330 residents. There are about 360 buildings (including
seven public buildings, the town hall, an indoor sports hall and five school buildings) in the selected
area, 55% of which residential, 23% mixed-use and 22% non-residential buildings, dominated by low
rise buildings (75% are one to two-storey high).
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Starting with the initial 178 indicators in the GF for the neighbourhood scale, the first screening
rule was their applicability to the national conditions, resulting in 118 indicators. In consultation with
the national local committee members this number of indicators was judged not to be practical for an
assessment tool, so the second screening rule was to exclude those that were very difficult to define or
assess during an audit, resulting in 77 indicators. Consulting with members from several municipalities
trying to focus on the indicators that would be most relevant from a local authorities’ point of view,
along with their perception with regard to data availability, the number was reduced to 57 indicators.
Finally, in close collaboration with the Municipality of Fylis, the final number of indicators was limited
to 44 that have been documented with their selection rationale [37]. The sustainability issues with the
highest importance (weighted at 3) were C- Energy, D- Atmospheric Emissions and G-Social Aspects,
followed by B-Economy, E-Non-renewable Resources and F-Environment (weighted at 2) and relatively
lower for A-Built Urban Systems (weighted at 1). The specific indicator weights, the corresponding
benchmarks, the input data and information collected during the audits, along with the calculation
processes and results are also documented in the national pilot reports.

The municipality’s sustainability priorities address most of the issues identified in the SWOT
analysis (Figure 8). They include efforts to reduce energy use and cost (e.g., renovate municipal
buildings for improved energy performance, use energy-efficient public lighting), to exploit renewables
for electricity generation (in part through energy communities) to cover the needs of public buildings
and low-income residents. Energy communities are a partnership or legal entity between different
local energy users, citizens, social organizations, local or city authorities, small and medium-sized
local businesses, which enable energy consumers to produce, consume and share a part or all of
its needed energy from renewables on a collective basis. Greece was the first EU-28 country that
introduced comprehensive legislation on the establishment and operation of the energy communities
(Law 4513/23.1.2018). Since then, about 60 energy communities have been formed around the country
and several energy projects are under development.

 
Figure 8. SWOT analysis for the Hellenic pilot.

Other integral elements of the municipality’s plan is to utilize the new main natural gas supply
network, to install PVs and solar thermal in schools and sports facilities, to reduce CO2 emissions in the
area (e.g., expand the pedestrian and low traffic roads, along with bicycle lanes, reintroduce municipal
local transportation and public parking), and to engage citizens in the decision making process for the
development of green areas for the urban regeneration of neighbourhoods. Self-efficiency in water,
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recycling (e.g., strengthening the collection and recycling of waste) and anti-flooding protection are
secondary targets.

For sharing the detailed results, the area’s characteristics and KPI values are summarized in the
two-page CESBA Passport (Figure 9). For a higher-level communication of the overall sustainability
performance, the results are summarized in the CESBA Certificate (Figure 9) that graphically illustrates
the scores for each one of the seven sustainability issues and the resulting total sustainability score.
The Passport can be used to exchange information on the common KPI performance, while the
Certificate communicates how a project contributes value to the various sustainability issues.

   
(a) (b) 

Figure 9. Representative results for the urban area assessed in the Hellenic pilot: (a) the two-page Common
European Sustainable Built Environment Assessment (CESBA) Passport; (b) the CESBA Certificate.

Overall, the data collection during the audit process mandated a very close collaboration
with the various municipality directorates, divisions and departments (e.g., technical services,
building infrastructures, city plan and urban environment, roads and public spaces, financial,
municipal assets, cleaning and recycling, green areas, etc.), access to previous studies and municipality’s
assessment plans, data from the national statistical authority, information from the depository of
energy performance certificates, and other sources. Retrieving the input data was a time-consuming
process, while sometimes provisionally available data proved difficult or even impossible to retrieve
(e.g., plans or reports were not electronically archived, while hard copies were lost or misplaced).
This underlines the fact that data availability is as important as data accessibility. Among the direct
benefits resulting from the early stages of implementation of the CESBA MED system was the motivation
and support it provided to get organized and initiate a housekeeping process within the municipality.
There is value even when relevant efforts reach the point of simply identifying missing information.
Following the principle that one cannot assess or manage what cannot be measured or quantified
through the appropriate indicators, one can initiate practical actions for monitoring the necessary data
that can prove beneficial in the future.

4. Conclusions

In their efforts to achieve local-regional-national and international Sustainable Development
Goals (SDGs), municipalities and public authorities need flexible and easy to use methods and tools to
facilitate their efforts and overcome the burdens of addressing the complexities of the issues involved.
CESBA MED is a new open and flexible multicriteria assessment system structured around the UN and
EU SDGs that can be used to quantify and include sustainability issues in the decision-making process.
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It supports users throughout the process in order to initiate, organize, adapt, evaluate and identify the
best sustainable renovation strategies for buildings or neighbourhoods, and monitor progress towards
achieving sustainability targets.

Compared to other sustainability audit and rating systems, CESBA MED offers an open-source
assessment system for measuring the sustainability at building and neighbourhood scale in a
harmonized approach. Cities can easily adapt it to local context by selecting and using the most
suitable indicators, incorporating weighting factors that reflect local targets, priorities and policies,
and have their own tailored system, which strengthens a sense of local ownership. The assessment
results are comparable among cities at national and transnational levels.

At building scale, CESBA MED addresses seven sustainability issues, including: A-Site and
infrastructures, B-Energy and resources, C-Environment, D-Indoor environmental quality, E-Service
quality, F-Social, cultural and perceptual aspects and G-Economy, which are described and quantified
with 153 sustainability criteria/indicators. Among them, 13 KPIs have been selected as mandatory
indicators, which represent the priority sustainability transnational issues. At the neighbourhood
scale, seven sustainability issues are addressed, including: A-Urban systems, B-Economy, C-Energy,
D-Emissions, E-Natural resources, F-Environment and G-Social aspects, which are described and
quantified with 178 sustainability criteria/indicators, including 16 KPIs.

The generic framework and common tools are available in English and different languages,
while the assessment and rating approach have been contextualized to national (local) context for
Croatia, France, Greece, Italy, Malta and Spain. Nine pilots performed in six Mediterranean countries
demonstrated the applicability and adaptability of the CESBA MED system in practice for diverse
applications at different scales, and verified the practical use of the KPIs in the field.

The assessment system can be used to carry out a sustainability diagnosis of buildings and
neighbourhoods, to set up performance targets and to assess suitable retrofit or new development
scenarios, in order to integrate sustainability in urban planning efforts. At this stage, CESBA MED
does not include specific cost-related information for the various scenarios. Future work will consider
the integration of relevant information since this will add practical value and facilitate the cost/benefit
analysis for implementation. Furthermore, although the pilots provided sufficient confidence in
the use of the overall method in the field, additional work will be necessary in order to test all the
indicators included in the generic framework. In some cases, it may be necessary to reconsider some
indicators. For example, A.2.4 Extent and connectivity of bicycle paths are expressed in km/1000
residents. Apparently, an area with a very low number of inhabitants will result in very high value
for A.2.4, even for a small bicycle route. Although this will not be an issue in a densely populated
urban area, it may be more appropriate to consider an indicator expressed as km/resident. With the
exception of KPIs, in cases that a specific indicator may not be appropriate in local context, one can
adapt the existing indicator to a more suitable one, provided that the benchmarks are also adjusted
accordingly, along with the weighting factors, if necessary. In other cases, one may wish to use
alternative indicators to quantify a criterion. For example, there are several indicators to evaluate
environmental impacts (e.g., using the quantities of GHG emissions or the global warming potential),
energy consumption (e.g., expressing the energy use intensity per unit area or per unit volume at
building scale or per capita at neighbourhood scale), or thermal comfort conditions (e.g., using the
standard effective temperature—SET or the predicted mean vote—PMV), etc. In principle, a method
that includes several alternative indicators for some or all of the criteria may appear more flexible
and advantageous. However, this is not the case for local authorities targeted by CESBA MED that
need a straight forward and easy to implement tool, taking into account their limited human resources
and expertise to fully understand the pros and cons of selecting and using different indicators and
alternative paths.
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In this direction and to facilitate implementation, the CESBA MED system is also supported by an
electronic training system that provides open access to educational material in different languages
for different target groups (e.g., engineers, technical staff, decision and policymakers). The material
can be used for self and in-house education, training and professional development to improve the
knowledge base and understanding of the various sustainability issues and indicators, strengthen the
capacity of local stakeholders to develop efficient policies and implement integrated local action plans
for sustainable urban development.

The results from this work motivated the development of eight clear, actionable recommendations
targeted to policymakers for promoting a new culture of the built environment in Europe [38].
Some notable good practices are already in place, illustrating the potential applicability of CESBA
MED. For example, Protocollo ITACA [30] that is an environmental label promoted by the Italian
regions for the evaluation and classification of buildings, is based on the transnational building scale
tool [24], the reference assessment methodology adopted by CESBA MED. Since 2004, it was accepted
by the Conference of Presidents of the Italian Regions and has been contextualised and used at local
level by several Italian regions. Since 2015, Protocollo ITACA is the Italian national standard for
the assessment of the sustainability of buildings and it is legally binding. Similar statutory audit
obligations and regulatory actions for buildings may be adopted in other countries to help implement
the European initiative level(s), and extended for neighbourhoods, cities and regions. Along these lines,
the City Council of Sant Cugat del Vallès in Spain is using the CESBA MED method in the sustainable
development of new buildings and urban areas. For example, during the design phase of new urban
areas, developers are required to provide the appropriate data to calculate the CESBA MED indicators,
in order to assess their proposals.

Future work will focus on extending the CESBA MED approach to regions and possibly national
scales. The ambition is to facilitate and improve the effectiveness and impact of action plans and
policies, towards a sustainable future for all.
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