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Abstract: Among the aspects with major impacts on the energy and environmental performance
of a building, the thermal insulation of the opaque elements of its envelope stands out. This work
assesses the influence of the application of thermal insulation to the opaque elements of the build-
ing’s envelope on the thermal comfort conditions indoors; moreover, the influence of the thermal
insulation on the energy, environmental, and economic costs over the building’s complete life cy-
cle is evaluated. For this purpose, the three most commonly used thermal insulating materials
(expanded polystyrene—EPS, extruded polystyrene—XPS, and mineral wool—MW), thicknesses
between 0 (without insulation) and 40 cm, five climates (hot, warm, moderate, cold, and very cold),
and six types of use (apartment, housing, clinic, school, bank branch, and supermarket) were con-
sidered. EPS reveals itself to be the most promising thermal insulation material, both in economic
and environmental terms, so it was selected for this study. The EPS’ optimal thickness depends on
the building’s type of use, the climate, and the perspective from which the assessment is carried out
(energy, environmental, or economic). The results show that the economically optimal thicknesses of
thermal insulation are significantly lower than the corresponding ones in environmental terms. Fur-
thermore, the application of thermal insulation to the opaque building’s envelope is more beneficial
in energy and environmental terms than from an economic perspective.

Keywords: optimal buildings’ thermal insulation; influence of type of use; influence of climate; life
cycle cost analysis (LCCA); life cycle energy analysis (LCEA); life cycle impact analysis (LCIA)

1. Introduction

Good indoor environmental quality is essential to achieving well-being and ensuring
work efficiency. Among the aspects relevant to indoor environmental quality, thermal
comfort is usually pointed out as being more important than visual and acoustic comfort
and indoor air quality [1]. To assure a low environmental impact, thermal comfort must be
ensured with low primary energy consumption. The preference of building holders is that
thermal comfort conditions should be achieved at a low economic cost [2].

1.1. Overview

According to the Intergovernmental Panel on Climate Change (IPCC) report on climate
change mitigation from 2022 [3], total greenhouse gas (GHG) emissions have increased
between 1970 and 2019, with a larger absolute increase after year 2000. Despite a growing
number of climate change mitigation policies, annual GHG emissions grew on average by
2.2% per year from 2000 to 2019, compared with 1.3% per year from 1970 to 2000. Slightly
different values for the GHG emissions are reported on the Emissions Gap Report 2022 of
the United Nations Environment Programme [4], where an average annual growth rate of
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2.6% per year from 2000 to 2009 and 1.1% per year from 2010 to 2019 is reported. According
to both reports, a high was reached in 2019, followed by a decrease in 2020 (associated
with the COVID-19 confinement); it is also suggested that total global GHG emissions in
2021 will be similar to, or even surpass, 2019 levels. According to the IPCC report [3], the
building sector was responsible for 32% of the final energy consumption and 19% of the
global equivalent CO2 emissions.

The actual European Union (EU) “energy performance of buildings directive” (EPBD) [5]
demands that new buildings be “near-zero-energy buildings” (nZEB). To progress towards
more sustainable buildings, a new EPBD directive is being developed [6], in which it is
required that new buildings be “zero-emission buildings” of greenhouse gases (GHG), defined
as “buildings with a very high energy performance in line with the energy efficiency first
principle, and where the very low amount of energy still required is fully covered by energy
from renewable sources at the building or district or community level where technically
feasible”.

1.2. State of the Art

This section provides a summary of some previous research about the energy, envi-
ronmental, and economic costs of thermal comfort, presents the methodologies of analysis,
details the studies more related to the present one, and highlights the aspects that require a
further assessment.

The environmental impacts of a building are essentially divided into three parts: those
caused by the construction, those due to the building’s operation, and those resulting from
the building’s demolition at the end of its useful life. Between them, the impacts caused
by a building’s end-of-life are negligible or have a small share [7–10], so studies related to
this area normally consider only the environmental impacts due to the construction and
operation phases.

The energy consumption of a building during its use is directly related to the quality
of its constructive solutions (passive and active) and the efficiency of its heating, ventilation,
and air conditioning (HVAC) system. Among its passive constructive solutions, the opaque
elements of the envelope stand out, whose thermal transmission coefficient and thermal
mass strongly influence the thermal and energy behavior of the building; these properties
depend on the materials included, namely the thermal insulator (material, thickness, and
location in the constructive element) [11]. Furthermore, opaque building elements generally
represent the largest share of the construction expenditures [11].

The economic costs of a building are always supported by whoever is responsible for its
use, be it the owner or the tenant [11,12]. To carry out an economic assessment of a building,
it is necessary to know the corresponding expenses during its complete life cycle [13,14],
whose value depends on the financial framework of its holder [11,12,15]. This assessment
can be performed using the concept of “equivalent annual cost” [€/(m2 year)] [2,11,15],
which is an improvement of the concept of “equivalent global cost” (€/m2) [13,14].

The environmental impacts caused by the construction phase arise from the energy
used for the extraction, manufacture, transport, and application of buildings’ constituent
elements [16], which is recognized as embodied energy. This energy is one of the most
commonly used indicators to represent the sustainability of materials and equipment.
Therefore, a lower embodied energy indicates a lower environmental impact.

The methodologies used to identify the best thermal insulation material, its better
position in the building opaque envelope, and its optimal thickness are normally based
on a life cycle energy analysis (LCEA), a life cycle impact analysis (LCIA), and a life
cycle cost analysis (LCCA), depending on whether the focus is on minimizing the energy
consumption, the environmental impacts, or the economic costs, respectively [7–11,17–21].
As the relationship between the economic cost of buildings’ thermal insulation and its
energy efficiency and environmental impacts is not linear, there may be large differences
between the solutions identified as the best, depending on the assessment methodology
used [11,12,17–21].
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Anastaselos et al. [17] proposed a methodology to classify the economic, the energy,
and the environmental qualities of thermal insulation solutions, which assigns a perfor-
mance category to each perspective. According to its proponents, this “simplistic” approach
allows an easy comparison of thermal insulation solutions. They tested a fixed thickness
of 6 cm of expanded polystyrene (EPS), extruded polystyrene (XPS), and mineral wool
(MW) insulating materials. The selection of the best solution requires a ranking of priorities
between economic cost, energy performance, and environmental impact.

Bastos et al. [9] carried out an analysis of the energy consumed and of the greenhouse
gas (GHG) emissions of three types of buildings located in Lisbon (Portugal). Considering
75 years of buildings’ lifetime, they modeled their life cycle focusing on the construction,
restoration, and maintenance phases. They noticed that the use phase is the one with the
highest primary energy demands (69–83%) and the greatest emissions of GHG. They also
observe that, per square meter, larger buildings present lower energy demands, which is
reflected in lower GHG emissions.

Using energy and economic assessments, Raimundo et al. [11] focused their study
on identifying the most advantageous thermal insulation solutions for opaque elements
for buildings located in the Portuguese temperate climate. For this purpose, they con-
sidered buildings of five types of use (apartment, detached house, clinic, school, and
supermarket) and three types of thermal insulation materials (EPS—expanded polystyrene,
XPS—extruded polystyrene, and MW—mineral wool) applied in three alternative posi-
tions (on the inner surface, in the middle of the air gap, and on the outer surface). They
identified EPS as the most economically advantageous thermal insulation material. They
also found that, in economic terms, it is more advantageous to apply thermal insulation
in the intermediate position (in the air gap); the ETICS solution is more advantageous
from the energy perspective; and the optimal thickness of thermal insulation depends on
which perspective the analysis is performed. Even so, they concluded that, according to
both perspectives, buildings located in regions with more intense climates require substan-
tially greater thermal insulation thicknesses than those located in milder climates, and that
residential buildings are the ones that need the highest thickness values. They identified
the detached house as the building with the highest optimal thermal insulation thickness
and the school (a service building with intermittent use only during the daytime) with the
lowest.

Dylewski and Adamczyk [18] addressed the economic and environmental benefits of
using thermal insulation on the external walls of buildings located in the various Polish cli-
mate regions. Variants in terms of different thermal insulation materials, thermal insulation
systems, climatic zones, and heat sources were taken into consideration. They concluded
that the environmental impact of a building strongly decreases with the decrease in energy
demands for HVAC equipment operation, with the use of thermal insulation being a highly
effective way to reduce these needs. They stated that the ideal insulation thickness, from
both perspectives, increases with the number of heating degree-days.

Totland et al. [22] state that, in the case of buildings with insufficient thermal insulation
thickness, 90% of their environmental impacts occur during the use phase; the increase in
thermal insulation thickness leads to a decrease in this impact during the use phase and to
its growth during the construction phase.

There is a great variability of climates, which can be identified using a wide range
of classification types [23,24]. However, a simplistic categorization system is normally
used on energy and environmental assessments, where the climates are classified as: hot,
warm, moderate, cold, and very cold. As each type of climate leads to a different level of
indoor-outdoor thermal exchanges, the climate of the building site is undoubtedly of vital
importance for the identification of the optimum thermal insulation solution [11,23–26].

In terms of type of use, there are published studies focused on the optimal insulation
of various types of buildings [9,17,25,27]. However, these studies considered only the
buildings located in a specific place and did not involve a range of buildings sufficiently
representative of the various types of use. Therefore, a comparative analysis in which vari-
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ous typologies of use are included is helpful and must be undertaken at sites representative
of the various possibilities of climatic conditions.

1.3. Objectives and Scope

The present work aims to analyze the influence of thermal insulation on the economic,
energy, and environmental parameters of buildings located in different climate types,
namely the identification of the most suitable insulating material and its optimal thickness
according to the economic, energy, and environmental perspectives. These assessments
were performed using life cycle energy analysis (LCEA), life cycle impact analysis (LCIA),
and life cycle cost analysis (LCCA) methodologies.

A unified comparison between various types of buildings, chosen to be a good repre-
sentation of the building stock and supposedly located in the different climate alternatives,
from very cold to hot, was used to perform an original assessment. In this analysis, several
parameters frequently missing in the literature are considered, namely the building holder’s
financial framework and tax burden, both of which have a large impact on the economic
cost associated with the use of a building. Additionally, the economic and environmental
costs of applying the thermal insulation system and of other necessary materials are also
taken into account. The usefulness of the results of this research is that they can be used to
select the recommended thermal insulation thickness to apply in a given building located
in a specific climate. Clearly, the value of the optimal thickness depends on the perspective
considered.

The choice of locations considered to represent the various climate types was based on
the number of heating degree days (HDD) and cooling degree days (CDD). Five cities with
distinct climatic conditions were selected, which, taken together, are thought to be a good
representation of a wide range of climate types: hot, warm, moderate, cold, and very cold.

The building stock is represented by buildings of six types of use: an apartment
located in the middle of a multifamily building and a detached house (residential build-
ings), a clinic (a service building with permanent occupancy), a school and a bank branch
(service buildings with intermittent use), and a supermarket (a commercial building with
intermittent utilization).

It was assumed that all buildings are built using the same type of passive construction so-
lutions (opaque and glazed), and the opaque elements of the buildings’ envelope are equipped
with a traditional External Thermal Insulation Composite System (ETICS) [2,11,24,25,28–32].
The three most common thermal insulation materials used in building construction are ex-
panded polystyrene (EPS), extruded polystyrene (XPS), and mineral wool (MW) [20,21,30,33,34].
Thus, these are the insulating materials considered.

2. Methodology

SEnergEd software [2,11,15,35], a validated in-home tool developed for research pur-
poses, was used to perform the life cycle energy analysis (LCEA), the life cycle impact
analysis (LCIA), and the life cycle cost analysis (LCCA) of the buildings. It is a user-friendly
software integrating algorithms for the dynamic simulation of the thermal and energy
behavior of buildings (residential, commercial, and service), including thermal comfort
evaluation, environmental impact analysis, and economic assessment of the building life
cycle (Figure 1).

2.1. Energy Demands and Consumption

SEnergEd software predicts the thermal behavior and energy needs of buildings using
a reformulated version of the dynamic hourly model 5R1C (5 thermal resistances and one
thermal capacitance) described in ISO 13,790 [36]. Other energy demands are also obtained
by a dynamic hourly calculation [35]. Using the energy performance of equipment and
systems (HVAC, DHW, lighting, appliances, etc.), the energy demands are converted into
consumption. More details on the energy model are described elsewhere [2,11,15,35].
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Figure 1. Global block diagram of the SEnergEd calculation methodology.

The energy component of this software was validated by comparison of its predictions
with the real monthly energy consumption (during 2014, full year) of a high school [35]
(Figure 2). This school was divided into 7 different thermal zones and has a global net
floor area of 11,246 m2, a gross floor area of 14,148 m2, and a weighted average ceiling
height of 3.84 m. Classrooms, rooms for teachers, offices, and secretaries occupy a net
floor area of 7669 m2, common spaces make up 3171 m2, and showers and toilets make up
406 m2. Each thermal zone includes acclimatized and non-acclimatized spaces (archives,
storage rooms, warehouses, and technical spaces). There are no constructive elements that
promote significant shading of the glazing. As this building is considered in this study,
the occupancy and operating profiles are described ahead. As revealed by Figure 2, a
reliable predictive capacity of SEnergEd software was observed, with a difference of 2.9%
for the annual energy consumption and a maximum difference of 8.4% for the monthly
consumption. These differences were justified by the difficulty in accurately establishing the
utilization profile of each thermal zone, by the climatic data measured by a meteorological
station located about 4 km away from the building, and by the impossibility of considering
all the exact details of the building, such as constructive aspects, equipment performance,
and occupation profiles.
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2.2. Energy and Environmental Relations

The energy resources found in nature are known as primary energy and can be
renewable (hydro, solar, wind, plant biomass, etc.) or non-renewable (coal, oil, natural
gas, etc.). Final (or secondary) energy is energy in a state that allows its use in powering
equipment, which may correspond to primary energy (as is the case with natural gas,
among others) or result from refining (gasoline, diesel, etc.) or transformation (electricity,
liquefied petroleum gas, thermal, etc.) processes. Useful (or tertiary) energy is energy
capable of serving people directly (heat introduced or removed from a space to keep it
comfortable, heat contained in domestic hot water, energy in the form of light, etc.), being
produced by equipment powered with final energy.

The overall energy consumption of a building is equal to the sum of its energy con-
sumption associated with its construction (represented by the energy absorbed in con-
struction solutions), occupation (HVAC equipment, lighting, etc.), and demolition phases.
However, energy consumption during the demolition phase is much lower than in the other
two, and, as such, it can be neglected [7–10]. Thus, in the determination of buildings’ overall
energy consumption during their full life cycle, the end-of-life phase was not considered
(Figure 3).
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SEnergEd software predicts, for the first year of the use phase, the energy demands
and the final energy consumption, disaggregated for: heating, cooling, ventilation, and
pumping; non-HVAC equipment; indoor lighting; outdoor lighting; domestic hot water;
specific equipment; kitchens; laundry; parking lots; warehouses; and complementary
spaces. The final energies consumed can be of various types, so they are standardized by
their conversion to a reference base in terms of primary energy. Annual primary energy
consumption during the remaining years of the building’s lifetime is determined assuming
a rate of increase, which is representative of the loss of energy performance of the building’s
passive and active systems.

In this work, the kWhOE (kilowatt-hour oil equivalent) is assumed as a reference for
primary energy, and it is considered for the conversion factors of final energy to primary
reference energy (FFP [kWhOE/kWh]). The values of 2.5 for electricity, 1.0 for natural gas (a
non-renewable fuel), and 0 for energy from renewable sources were used [37]. To carry out
an environmental impact assessment, it is necessary to link primary energy consumption
with equivalent CO2 emissions. For this, conversion factors of primary energy to emissions
of equivalent kilograms of CO2 (FPC [kgCO2 eq/kWhOE]) were used, assuming the values
of 0.144 for electricity, 0.202 for natural gas, and 0 for energy from renewable sources [37].
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2.3. Equivalent Annual Cost of Thermal Insulation

The equivalent annual cost (EAC) of a building includes the costs of acquisition,
installation/construction, maintenance, replacement, occupation, and end-of-life [2,11,35].
The cost of energy must consider the tariffs to be paid for each type of final energy.

The global cost of a building, as defined in EN 15,459 [13] and in European Regula-
tion [14], can be represented by the net present value (NPV), which corresponds to the
“overall economic loss” of the building when discounted to the instant when its use starts
and can be expressed by [11]

NPV =
RV

(1 + r)n −
n

∑
k=0

Ik − CFk

(1 + r)k (1)

where k is the index representing each one of the n years of the period under analysis, r is
the real interest rate (discount rate), RV is the residual value of the building at the end of
the period under analysis, and Ik is the required amount of investment in year k [11]. The
cash flow (CFk) represents the net economic flow related to the building in each year, k.

CFk = Rk + STk − Ck (2)

where Rk, STk, and Ck represent the annual value of revenues, tax relief, and costs, re-
spectively [11]. Annual revenues (Rk) may arise from selling energy or from renting. The
existence of any income directly generated by the buildings was not considered in this
study (Rk = 0). The annual tax relief (STk) is the reduction of the payable tax amount the
building holder can benefit from by including the costs related to the building as expenses
of his economic activity. This tax relief depends on the building holder’s tax framework,
which is null if the holder is an individual. In contrast, a significant monetary amount of
tax relief can be present if the building holder is a company. The costs, given by

Ck = CTk + CRk + CMk + CWk + CEk + COk (3)

include taxes due to building ownership (CTk), equipment replacement (CRk), building and
systems maintenance (CMk), water consumption, sewage treatment, waste collection (CWk),
energy consumption (CEk), and other costs (COk), such as, for example, condominium costs
(in the case of the apartment) [11]. As they have no influence on the cost of thermal comfort,
the expenses CTk, CWk, and COk are not relevant for the purposes of the present analysis.

The equivalent annual cost (EAC) of the building’s use during its useful life is obtained
from the building’s net present value using the following equation [11]

EAC = −NPV
Acl

· r (1 + r)n

(1 + r)n − 1
(4)

where Acl represents the floor area of the building’s acclimatized spaces.
However, the focus of this study is not the EAC of the building but only the equivalent

annual economic cost of the thermal insulation (ECTI); therefore,

ECTI = EACb − EAC0 (5)

where EACb is the EAC of the building under assessment equipped with a HVAC system
operating when necessary to maintain thermal comfort conditions, and EAC0 represents
the EAC of that building on the condition that its opaque elements do not include thermal
insulation and the HVAC system only assures the renovation of indoor air (thus, no heating
or cooling of indoor air).

To obtain the required amount of investment, it is necessary to know in advance the
economic cost of implementation of each thermal insulation solution (ECS, €/m2), which
depends on the thermal insulating material, the thickness applied, the type of solution
(ETICS in this case), the type of construction element (exterior wall, floor, roof, etc.), and
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the country in question. Thus, it is reasonable to consider that ECS is basically composed
of three parts: (i) the cost of the thermal insulating material; (ii) the cost of the extra
material required to apply the solution; and (iii) the cost of labor. Accordingly, for each
type of constructive element, the three parcels are: (i) the cost of the thermal insulating
material, which depends on the unit cost of EPS (Ctim, €/m2 per cm of thickness) and
the thickness applied (thick, cm), not depending on the country; (ii) the cost of the extra
material (Cextra, €/m2), which varies with the type of building element and is the same in
all countries; and (iii) the cost of labor (CL, €/m2), which depends on the type of building
element and varies from country to country in proportion to the respective minimum wage
(MW). To carry out this study, the values obtained by Raimundo et al. [11] for Ctim, Cextra,
and CL, which are valid for Portugal, were assumed. Thus, the ECS value of each opaque
constructive element was obtained using the expression

ECS = Ctim·thick + Cextra + CLPT ·MWC/MWPT (6)

where Ctim = 0.75 €/m2 per centimeter of EPS thickness, CLPT is the labor cost in Portugal
of applying the thermal insulation solution, MWC is the annual minimum wage in the
country in question, and MWPT is the annual minimum wage in Portugal, which, in the
first semester of 2022, were 9870 €/year in Portugal, 13,510 €/year in Spain, 7858 €/year in
Poland, and 24,840 €/year in Iceland [38].

3. Research Objects and Conditions
3.1. Climate Conditions

Even when only considering areas with a significant human population density, ter-
restrial climatic conditions are very diverse. Among the different methodologies used to
classify the various types of climates, the one based on the number of heating degree-days
(HHD [◦C.day/year]) and the number of cooling degree-days (CDD [◦C.day/year]) is the
one that allows a more direct relationship between outdoor weather conditions and energy
demands for heating and cooling, respectively [18,19,24–26,34]. Then, to perform this study,
the selection process of the representative locations was based on the HDD and CDD values,
defined in relation to base values of 20 ◦C and 24 ◦C, respectively. The selected five cities
with distinct climate conditions are shown in Table 1, where also their Köppen–Geiger
climate classification is indicated [23,24].

Table 1. Climatic data of the selected 5 cities with distinct climate conditions.

Climate Type City, Country Latitude
[North]

HDD20
[◦C.Day/Year]

CDD24
[◦C.Day/Year]

Köppen-Geiger
Class

Hot Almeria, Spain 36.84◦ 1069 281 BSk
Warm Lisbon, Portugal 38.73◦ 1601 174 Csa

Moderate Salamanca, Spain 40.96◦ 3040 120 Csb
Cold Warsaw, Poland 53.23◦ 4367 26 Cfb

Very Cold Reykjavik, Iceland 64.14◦ 5670 0 Cfc

3.2. Buildings’ Layout and Occupancy

Six buildings with different acclimatized areas, occupancy, internal thermal gains, and
types of use were considered: (i) an apartment at the midlevel of a multi-story building
(residential with permanent use); (ii) a detached house (residential with permanent use);
(iii) a private clinic with hospitalization (services with permanent use); (iv) a private high
school (services with intermittent use); (v) a bank branch (services with intermittent use);
and (vi) a medium-sized supermarket (commerce with intermittent use). Table 2 shows
a summary of the main characteristics of these buildings. The net and gross areas do
not include non-acclimatized spaces. Additional information about the layout and the
characteristics of these buildings can be found in Raimundo et al. [2,11,15].
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Table 2. Summary of the characteristics of the 6 buildings considered: Np—maximum number of
occupants; Nf —number of floors; Acl—acclimatized floor area; Agf—gross floor area; Ch—ceiling
height; Vol—acclimatized volume; Aopc—opaque area of external envelope; Aglz—glazed area of
external envelope; AR—aspect ratio = (Aopc + Aglz)/Vol; EA—envelope area ratio = (Aopc + Aglz)/Acl);
GA—glazed area ratio = Aglz/Acl.

Apartment Detached
House

Private
Clinic

Private
School

Bank
Branch

Super-
Market

Np [–] 4 4 151 1100 12 194
Nf [–] 1 3 2 4 1 1

Acl [m2] 109.4 167.1 926.7 11,246.0 111.4 1035.3
Agf [m2] 141.6 212.6 1161.2 14,147.5 134.7 1176.1
Ch [m] 2.62 2.96 3.72 3.84 2.60 3.60

Vol [m3] 286.6 494.6 3447.3 43,184.6 316.2 3727.1
Aopc [m2] 58.6 343.4 743.4 22,703.8 181.0 2830.6
Aglz [m2] 21.3 49.7 192.8 2975.3 37.2 96.6
AR [m−1] 0.28 0.79 0.27 0.59 0.69 0.79

EA [–] 0.73 2.35 1.01 2.28 1.96 2.83
GA [–] 0.19 0.30 0.21 0.26 0.33 0.09

In general terms, occupancy and operating profiles are characterized by:

- In all buildings, the occupancy and the operating profiles vary according to the time
of the day, the day of the week, and the week of the year;

- When the building is closed, the HVAC system is off, and the lighting systems are
either off or operate at very low power;

- Residential buildings are assumed to be unoccupied during the first fifteen days of
August and permanently occupied during the remaining days of the year, by four
people on Saturdays and Sundays, and between 6 p.m. and 8 a.m. on weekdays
(Mondays to Fridays), and by one person the rest of the time;

- The clinic runs continuously during all days of the year, but with higher occupation
intensity between 8 a.m. and 8 p.m. on weekdays and on Saturdays;

- The high school is only occupied between 8 a.m. and 6 p.m. on weekdays, is closed
on Saturdays and Sundays, and its operation follows a common school calendar, so
it works at 100% during school periods, at 50% during the 1st examination phase
(15–30 June), at 25% during the 2nd examination phase (1–15 July), at 25% during the
admission phase (16–31 July), and is closed during school holidays (the first 15 days
of April, 1 to 31 August, and the last 15 days of December);

- The bank branch operates every weekday of the year, is occupied between 8 a.m. and
6 p.m., and is closed on Saturdays and Sundays;

- The supermarket operates every day of the year and is occupied between 8 a.m. and
10 p.m., but with more intense activity on Saturdays and Sundays.

3.3. Air-Conditioning Systems

In temperate climates, electric air-source heat pumps have reasonably good energy
performances in heating mode, and so systems based on air-source chillers/heat pumps are
the recurrent option [2,11,15,39]. Alternatively, in cold climates, air-source heat pumps have
very low performance in heating mode, so in these climates, heating systems are usually
based on a boiler (using gas or another type of fuel) [18,33,34]. Therefore, two different
HVAC systems are considered: (A) for buildings located in hot, warm, and moderate
climates; and (B) for buildings located in cold and very cold climates.

HVAC systems type A are assisted by a single chiller/heat pump device, and HVAC
systems type B are supported by a natural-gas boiler and a chiller machine. The chillers and
heat pumps considered are based on a compression-expansion cycle and are of European
Class A+ [40], as this class is the one that better represents the equipment currently being
installed and it leads to a lower economic cost to obtain thermal comfort conditions [2].



Buildings 2023, 13, 279 10 of 24

The chiller has a seasonal energy efficiency ratio SEER = 5.85 in cooling mode [40], the heat
pump has a seasonal coefficient of performance SCOP = 4.30 in heating mode [40], and the
natural-gas boiler has a seasonal thermal efficiency STE = 0.95 [18,33,34].

The results of the present study were obtained assuming that HVAC systems only
work when the corresponding space is expected to be occupied. During these periods, the
indoor air temperature is maintained between setpoints Tmin = 21 ◦C and Tmax = 24 ◦C. As
stated by Raimundo and Oliveira [2], this range of setpoints is the one that most probably
guarantees category II of thermal comfort, as endorsed by the European Standard EN
16798-1:2019 [41] for new buildings and renovations. The air renewal is ensured by air
handling units (AHU) and air extraction fans, both with an efficiency of 70% [37]. Heat
recovery from the rejected air and free-cooling strategies were not considered.

3.4. Glazing Elements

The windows identified by Raimundo et al. [15] as the most economically advanta-
geous glazing for buildings located in Portugal were selected. The windows are composed
of an aluminum frame with a thermal barrier and double glass (colorless 6 mm + 11 mm
of air layer + colorless 4 mm). Electric blinds composed of horizontal plastic strips were
considered external protection. This glazing system has a thermal transmission coefficient
(U) and a solar factor (g⊥) of Uw = 3.05 W/(m2 K) and g⊥w = 0.79, respectively, and when
the external protection is active, Uwp = 1.56 W/(m2 K) and g⊥wp = 0.05.

3.5. Economic and Environmental Costs of Thermal Insulation

The thermal insulation materials most commonly used in building construction
are expanded polystyrene (EPS), extruded polystyrene (XPS), and mineral wool
(MW) [11,16,17,20,21,30,33]. The option for these materials is a result of their economic
advantages, which is the first criterion used by the constructors and the owners of buildings.
Thus, our focus will be on these three thermal insulation materials.

By consulting six Portuguese suppliers, Raimundo et al. [11] obtained an average price
(VAT not included) of 0.75, 2.61, and 1.15 €/m2 per centimeter of thickness for sheets of EPS,
XPS, and MW, respectively. The embodied energy was obtained from Anastaselos et al. [17],
where values of 80.76 for EPS, 87.10 for XPS, and 24.61 MJ/kg for MW are suggested, which
correspond to 11.31, 27.87, and 16.00 MJ/m2 per each centimeter of thickness of EPS, XPS,
and MW, respectively.

The economic and environmental costs associated with a building depend substantially
on the material used to insulate the opaque elements. Thus, an important issue is the
identification of the most advantageous thermal insulating material from economic and
environmental perspectives. For this, the environmental and economic costs of thermal
insulating materials were obtained for the functional unit R = 1 m2 K/W, which are shown
in Table 3. Considering the values obtained, it can be observed that the most promising
thermal insulation material is EPS (expanded polystyrene). Therefore, EPS was the thermal
insulation material selected for this study.

Table 3. Environmental and economic costs of the thermal insulation materials for a functional unit
R = 1 m2 K/W.

Material Environmental Cost [MJ/m2] Economic Cost [€/m2]

EPS 40.29 2.66
XPS 86.09 8.05
MW 53.98 3.82

Several other works had identified EPS (expanded polystyrene) as among the
most advantageous thermal insulation materials for application to building
elements [11,16,17,20,21,30,33]. In addition, it can be used in almost all opaque building el-
ements (façades, roofs, floors, etc.) [11,42] and has a durability of at least 50 years [16,33,39].
Alternatively, there are other thermal insulation materials with better environmental per-
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formance [43,44], namely natural pumice, cellulose flocks, and kenaf fibers [43]. However,
there is not a regular market for this kind of thermal insulator, so their prices make it
economically unviable.

3.6. Opaque Elements of Buildings’ Envelope

Each type of opaque construction element relies on a base structure, which is the same
for all buildings and for all climates. Table 4 describes the base structure of the opaque
elements in contact with the exterior and the corresponding values of thickness, useful
thermal mass (Mt), and thermal transmission coefficient (U).

Table 4. Base structure of the opaque elements of the external envelope.

Element Description (from Outside to Inside) Values

Wall Traditional plaster with 2 cm, bored brick of 22 cm,
not-ventilated air space with 1 cm, bored brick of 11 cm,
traditional plaster with 2 cm

Thickness = 38 cm
Mt = 150 kg/m2

U = 0.88 W/(m2 K)
Pillar/Beam Traditional plaster with 2 cm, reinforced concrete (iron

volume less than 1%) of inerts with 22 cm,
not-ventilated air space of 1 cm, bored brick of 11 cm,
traditional plaster with 2 cm

Thickness = 38 cm
Mt = 150 kg/m2

U = 1.36 W/(m2 K)

Floor above outside Traditional plaster with 2 cm, lightened slab of 38 cm,
light-sand concrete of 7.5 cm, screed (mortar) of 5.5 cm,
oak wood with 2 cm

Thickness = 55 cm
Mt = 150 kg/m2

U = 1.17 W/(m2 K)
Ground floor Waterproofing layer, lightened slab of 38 cm, light-sand

concrete of 7.5 cm, screed (mortar) of 5.5 cm, oak wood
with 2 cm

Thickness = 54 cm
Mt = 150 kg/m2

U = 1.23 W/(m2 K)
Accessible roof Mosaic tile with 1 cm, screed (mortar) of 5.5 cm,

waterproofing of 3 mm, light-sand concrete of 7.5 cm,
lightened slab of 38 cm, traditional plaster with 2 cm

Thickness = 55 cm
Mt = 150 kg/m2

U = 1.39 W/(m2 K)
Not accessible roof Sandstone (inert) with 4 cm (or ceramic tile),

waterproofing of 3 mm, screed (mortar) of 4 cm,
lightened slab of 23 cm, traditional plaster with 2 cm

Thickness = 33 cm
Mt = 150 kg/m2

U = 2.40 W/(m2 K)

The basic structure is complemented with the application of EPS thermal insulation
on the outer face through an ETICS-type solution, identified by Raimundo et al. [11] as the
most efficient in terms of energy demands. Another advantage is that it can be applied
both in new buildings and in refurbishments. Thermal insulation thicknesses between 0 cm
(without insulation) and 40 cm were tested.

Bearing in mind that the objective of this work is not the analysis of the environmental
impact of buildings but the application of thermal insulation to their opaque elements,
it is reasonable to consider the embodied energy in buildings null when their opaque
elements are not thermally insulated. The embodied energy in the thermal insulation
solution (EES, kWh/m2) mainly depends on the thermal insulating material, its thickness,
the type of solution, and the type of construction element.

Tables with the useful thermal mass (Mt) and the thermal transmission coefficient
(U) of each type of construction element and with the economic cost of each thermal
insulation solution (ECS), obtained using Equation (6), and the embodied energy (EES) of
the respective thermal insulation solution were built. Table 5 shows the values obtained for
the external walls.

3.7. Economic Assessment

The tax burden is high in almost all countries, so any economic assessment must
consider them. Each country has its own tax system. Usually, the differences are associated
with the applicable rates and not with the types of taxes. The tax system considered is
based on EU practice, where the more relevant fees for this study are: (i) the value-added
tax (VAT), which is a consumption tax; and (ii) the annual tax relief, i.e., the reduction of
the amount paid in each year, related to the professional activity of the holder due to the



Buildings 2023, 13, 279 12 of 24

annual expenses attributable to the building. The value of these taxes is strongly influenced
by the taxable person’s fiscal framework, which can be: (i) a natural person (individual or
family), which, as the final consumer, is unable to recover the VAT paid; (ii) a legal person
(company or organization), which is unable to recover the VAT paid; or (iii) a legal person
capable of recovering the VAT paid.

Table 5. Useful thermal mass (Mt) and thermal transmission coefficient (U) of the exterior walls and
the respective economic cost (ECS) and embodied energy (EES) of the thermal insulation solution.

Thickness Mt U ECS [€/m2] EES
[cm] [kg/m2] [W/(m2 K)] Portugal Spain Poland Iceland [kWh/m2]

0 150 0.88 0.00 0.00 0.00 0.00 0.00
3 150 0.54 20.34 26.05 17.19 43.80 12.56
4 150 0.48 21.09 26.80 17.94 44.55 15.70
5 150 0.43 21.84 27.55 18.69 45.30 18.84
6 150 0.39 22.59 28.30 19.44 46.05 21.98
8 150 0.33 24.09 29.80 20.94 47.55 28.26
10 150 0.28 25.59 31.30 22.44 49.05 34.55
12 150 0.25 27.09 32.80 23.94 50.55 40.83
14 150 0.22 28.59 34.30 25.44 52.05 47.11
16 150 0.20 30.09 35.80 26.94 53.55 53.39
20 150 0.17 33.09 38.80 29.94 56.55 65.95
25 150 0.14 36.84 42.55 33.69 60.30 81.66
30 150 0.12 40.59 46.30 37.44 64.05 97.36
35 150 0.11 44.34 50.05 41.19 67.80 113.06
40 150 0.009 48.09 53.80 44.94 71.55 128.77

It was assumed that the holders of the apartment and the detached house are natural
persons, while the ones of the clinic and the school are corporations without the ability to
recover the VAT paid; on the contrary, the bank branch and the supermarket are compa-
nies capable of recovering the VAT paid. Therefore, to all investments and all expenses
(including energy costs) related to the apartment and the detached house, it is necessary
to add the VAT; to all investments and expenses related to the clinic and the school, the
VAT must be added; and both the investments and the expenses related to the supermarket
and the bank branch do not include the VAT. Investments and disbursements on buildings
are normally subject to the maximum VAT rate, which is currently 21% in Spain, 23% in
Portugal and Poland, and 24% in Iceland.

In most countries, the annual tax paid due to the professional activity of individuals is
determined by applying a rate to the total amount of revenues. Therefore, if the building
holders are individuals, tax relief due to annual expenses or investments in the building
does not exist, and in Equation (2), STk = 0. This happens in the case of residential
buildings. The business activity is normally taxed in proportion to the total profit (revenues
minus expenses). When the building is associated with the activity of its holder and their
investments and expenditures decrease the holders’ profit, then the amount of activity fees
to pay also decreases. Consequently, if the building holder is a corporation, there is tax
relief due to the annual expenses and the investments within the building. In these cases,
to obtain the corresponding value of STk to be used in Equation (2), a profit tax rate of 25%
was considered, which is what is supposed to happen in the case of the four non-residential
buildings.

For buildings constructed using passive solutions of the type considered, a lifespan of at
least 50 years is often reported in the literature [11,16,33,39]. Thus, it is appropriate to assume
n = 50 years in the economic analysis. Besides usual maintenance work, any major intervention
in the passive elements was assumed to occur during the first 50 years of a building’s lifespan.
The maintenance costs (CMk in Equation (3)) are related to the corresponding investment
value, considering a rate of 1%/year for all passive elements [2,11].
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A large portion of annual expenditure is related to energy consumption (CEk in
Equation (3)). The tariffs of energy (electric and natural gas) were obtained from the
European Union energy price statistics website [45,46], where the consumers are classified
as household or non-household. The most recent data refer to the first semester of 2022,
which was considered (Table 6).

Table 6. Electric energy and natural gas tariffs in the first semester of 2022 for household or non-
household consumers [45,46] (VAT not included).

Type of Consumer Country Electric Energy [€/kWh] Natural Gas [€/kWh]

Household Spain 0.2822 0.3290
(Residential Poland 0.1379 0.1511
buildings) Portugal 0.1831 0.2067

Iceland 0.1234 0.1478

Non-household Spain 0.1879 0.2111
(Commerce Poland 0.1555 0.1825
and Services Portugal 0.1202 0.1415
buildings) Iceland 0.0756 0.0843

In research papers involving buildings’ energy consumption [2,11,33,39,42], rates ranging
from 0 to 10%/year are presumed for the increase of average prices, between 0 and 15%/year
for the increase of energy tariffs, and between 0 and 10%/year for the financial discount rate.
As they are considered to be highly probable, a global inflation rate of if g = 5%/year and a
financial discount rate of r = 5%/year were assumed. The energy market is perhaps one of the
most unstable, so it is not possible to recognize a value as the most likely for the energy price
evolution rate. Thus, it was considered that the energy price inflation rate (if e) is equal to the
global inflation rate, if e = if g = 5%/year. The economic assessment was carried out using a
current price analysis.

4. Results and Discussion

To facilitate comparisons between the different buildings, it was assumed that they
were all built using the same type of passive construction solutions (opaque and glazed).
The combination of opaque element materials with an External Thermal Insulation Com-
posite System (ETICS) leads to buildings with high thermal inertia, which is known as an
effective strategy to mitigate both overheating and cooling load peaks [2,11,24,25,28–32].

As stated elsewhere [28,31,32], the buildings’ energy performance is very sensitive
to several deterioration factors, particularly the degradation with time of the HVAC and
the thermal insulation systems. Thus, this loss of efficiency was considered assuming an
increase of 1%/year in primary energy consumption for heating and cooling.

Energy, environmental, and economic perspectives are used to relate the thickness of
the thermal insulation with the climate and the type of building. For this, five climate types
(hot, warm, moderate, cold, and very cold) and six different buildings (an apartment, a
detached house, a clinic, a school, a bank branch, and a supermarket) were considered. The
results shown in the following sections are normalized per m2 of acclimatized spaces’ floor
area. The net (Acl) and gross (Agf) floor areas are presented in Table 2.

4.1. Energy Cost of Thermal Comfort

The primary energy consumption for the heating and cooling functions is used to
represent the energy cost of thermal comfort. This cost depends on the building type of
use, on the climate characteristics, on the energy efficiency of the acclimatization systems,
and on the thickness of thermal insulation.

As shown in Figure 4, the buildings with day and night uses (apartment, dwelling,
and clinic) have a higher primary energy consumption for climatization than those with
only daytime occupation (school and bank branch) or occupied during daytime and part of
the night (supermarket). As it has a much more favorable aspect ratio (AR), the apartment’s
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energy requirements are lower than those of the dwelling. The school is the building with
the lowest energy consumption for air conditioning per m2 of acclimatized floor area due
to the fact that it is occupied only during the daytime and is closed, or is partially closed,
during school holidays.
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Figure 4. Primary energy consumption for heating and cooling, to maintain thermal comfort.

Figure 4 shows that the energy cost of thermal comfort is substantially higher in the
case of the two cold climates (cold and very cold) than in the remaining three (hot, warm,
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and moderate). This is due to the high energy requirements for heating in cold climates
and the fact that the heating system considered for these has a significantly lower efficiency
than that assumed for the remaining three.

The increase in the applied thickness of EPS leads to a continuous decrease in the
consumption of primary energy by the air-conditioning equipment, promoting a decrease
in the thermal comfort energy cost. This decrease has an inverse exponential behavior,
showing a declining rate of decrease as the EPS thickness increases, and, within the range
of tested EPS thicknesses (0–40 cm), the minimum value occurs for the thickness of 40 cm,
which leads to the projection that this consumption will continue to decline with the growth
in the thickness of thermal insulation. Therefore, it was not possible to identify, in concrete,
the optimal thickness of EPS from an energy perspective.

For the same building, the decrease in energy consumption for air conditioning
with the increase in EPS thickness is much more significant in the cases of cold and very
cold climates. Otherwise, the decrease in energy consumption with the increase in the
applied EPS thickness is small in the case of buildings located in hot and warm climates.
Furthermore, primary energy consumption is very similar in these two climates. Except for
the supermarket, primary energy consumption in the warm climate is slightly higher than
in the hot climate. Due to its high internal thermal loads, the supermarket has high energy
needs for cooling, which leads to a slightly higher consumption of primary energy in a hot
climate compared with a warm climate.

4.2. Environmental Cost of Thermal Comfort

The environmental impact of ensuring thermal comfort conditions inside buildings is
assessed using the concept of the “annual environmental cost of thermal comfort,” which
is represented here by equivalent CO2 emissions. These emissions include those associated
with the building’s construction phase and those related to its operation throughout its
useful life cycle, ignoring the emissions related to the end-of-life of the materials. Equivalent
CO2 emissions associated with the construction phase include those caused by energy
consumption for the extraction, manufacture, transport, and application of the thermal
insulation solution. Since they are not related to the thickness of thermal insulation, the
environmental impacts associated with other construction materials were ignored. CO2
equivalent emissions associated with the building use phase are due to energy consumption
by HVAC equipment to meet heating and cooling demands.

Figure 5 shows the equivalent annual CO2 emissions of the six buildings considered,
according to the type of climate and the thickness of thermal insulation. As expected, these
emissions depend on the building’s type of use, the characteristics of the climate, and the
EPS thickness.

The results presented in Figure 5 reveal that annual CO2 equivalent emissions depend
mostly on the annual consumption of primary energy for heating and cooling, with a
minor influence from the emissions associated with building construction. Thus, with few
exceptions, the statements for the energy cost of thermal comfort are also valid for the
environmental cost of thermal comfort. Namely, the environmental cost of thermal comfort
is substantially higher in the case of the two cold climates (cold and very cold) than in
the remaining three (hot, warm, and moderate). For the same typology of use, buildings
located in hot and warm climates have very close environmental costs. The buildings with
day and night uses (apartment, dwelling, and clinic) have higher environmental costs than
those with only daytime occupation (school and bank branch) or occupied during daytime
and part of the night (supermarket). Per m2 of acclimatized floor area, the school is the
building with the lowest environmental cost of thermal comfort.

Figure 5 reveals that the increasing EPS thickness leads to a continuous decrease in
CO2 equivalent emissions, but only up to a certain thickness, after which emissions increase.
Therefore, from an environmental perspective, there is an EPS thickness for which the
environmental impact is minimal.
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Figure 5. CO2 equivalent emissions to maintain thermal comfort conditions.

4.3. Economic Cost of Thermal Comfort

The economic cost of thermal comfort is represented by the “equivalent annual eco-
nomic cost of the thermal insulation” (ECTI), obtained considering the investment costs in
the thermal insulation system, the expenses in its maintenance, and the costs due to the
energy consumed to maintain thermal comfort conditions. Taxes were also considered and,
if they exist, tax savings.

For a specific country and a particular HVAC system, the ECTI value depends on the
type of building, the climate characteristics, and the thickness of the thermal insulation [2,11].
However, if the analysis involves different countries and distinct HVAC systems, the ECTI
value also depends on the labor cost, the energy efficiency of heating and cooling devices,
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and the price of energy purchase. As can be seen in Section 3.3 and Tables 5 and 6, these
parameters can show very substantial differences between distinct countries. Therefore, the
ECTI value is only valid for the HVAC system, the type of climate, and the country for which
it is determined. Thus, the type of climate must appear to be associated with the country of
the place considered to represent it.

Figure 6 shows the equivalent annual economic cost of the thermal insulation (ECTI)
of the six buildings considered as a function of the climate type (and country) and of the
thermal insulation thickness. The optimal thermal insulation thickness is the one for which
the ECTI value is the lowest. Both the ECTI value and its evolution with the increase in
EPS thickness are strongly related to the type of building. This relationship, however, is
substantially more evident in the case of cold and very cold climates than in the others
(hot, warm, and moderate). In general terms, for the same type of climate (and country),
buildings with permanent occupancy (apartment, detached house, and clinic) have higher
ECTI values than buildings with intermittent use (school, bank branch, and supermarket).
The school is the building with the lowest ECTI values, followed by the supermarket.

The highest ECTI values always occur in very cold climates (Iceland). This is due
to the high demand for thermal energy for heating, the low performance of the heating
system, and the high value of labor costs in Iceland. The difference compared with other
types of climates (countries) is very substantial in the case of the two residential buildings
and very small in the case of the supermarket.

The consumption of primary energy for air conditioning is always higher in the cold
climate (Poland) than in the moderate climate (Spain), but the ECTI value is higher in the
case of the moderate climate (Spain) than in the cold climate (Poland) for the two residential
buildings. This is a result of the substantially higher values of labor costs and energy prices
in Spain than in Poland. These causes are not enough to lead to this “inversion of order” in
the case of non-residential buildings, but even so, it leads to a greater approximation of
values between ECTI and energy consumption.

The difference in primary energy consumption for air conditioning between hot and
warm climates is very small, being slightly higher in warm climates (except in the case of
the supermarket, where it is the opposite, due to the demands of thermal energy for cooling
associated with this type of building). Even so, the difference in ECTI values between hot
(Spain) and warm (Portugal) climates is not small, and the value of this economic cost is
always higher in the case of a hot climate (Spain) than in a warm climate (Portugal). This
results from substantially higher values in Spain than in Portugal for labor costs and energy
purchase prices.

Previous outcomes lead to the conclusion that the optimal value of the thermal insula-
tion thickness from an economic perspective is only valid for the HVAC system, the type of
climate, and the country for which it is determined.

4.4. Optimal Thickness of Thermal Insulation

The optimal thermal insulation thickness of buildings’ envelopes depends on the per-
spective of analysis, which can be energetic, environmental, or economic [11,12,17–21]. In
energy terms, it corresponds to the one that leads to the lowest primary energy consumption
for climatization; from an environmental perspective, it is the one where the emission of CO2
equivalent reaches a minimum; and in economic terms, it is the one that leads to the lowest
value of the economic cost of thermal comfort. The application of these criteria to the values
represented in Figures 4–6 allowed the elaboration of a summary table (Table 7), in which it is
evident that each perspective leads to different values of the optimal EPS thickness.

The results shown in Table 7 reveal that, within the range of tested EPS thicknesses (0 to
40 cm), from an energy point of view, the optimal thermal insulation thickness is greater
than 40 cm for all types of buildings and climates. This is a consequence of the fact that
increasing thermal insulation thickness always leads to a decrease in energy consumption
for heating and an increase in energy consumption for cooling, as shown by the results
of this study (figures not shown) and what is reported in the bibliography [2,11,24,25,33].
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Additionally, the rate of decrease in energy consumption for heating is greater than the
rate of increase in consumption for cooling, which is reflected in a continuous decrease in
energy consumption for air conditioning with the increase of thermal insulation thickness.
Clearly, this statement is valid only for the situations analyzed here. In the authors’ opinion,
a reversal of this trend can occur in buildings with high internal thermal loads and low
thermal mass that are located in regions with hot or warm climates. The buildings in this
study have a high thermal mass, so eventually, a thermal insulation thickness that leads to
a minimum of energy consumption does not exist.

Buildings 2023, 13, x FOR PEER REVIEW 19 of 26 
 

  

  

  

Figure 6. Economic equivalent annual cost per unit area to maintain thermal comfort conditions. 

  

0

15

30

45

60

75

90

105

120

0 5 10 15 20 25 30 35 40

Ec
o

n
o

m
ic

 c
o

st
  [

€
/(

m
2

ye
ar

)]

EPS thickness [cm]

Apartment  Very cold (Iceland)

 Cold (Poland)

 Moderate (Spain)

 Warm (Portugal)

 Hot climate (Spain)

0

15

30

45

60

75

90

105

120

0 5 10 15 20 25 30 35 40

Ec
o

n
o

m
ic

 c
o

st
  [

€
/(

m
2

ye
ar

)]

EPS thickness [cm]

Detached house  Very cold (Iceland)

 Cold (Poland)

 Moderate (Spain)

 Warm (Portugal)

 Hot climate (Spain)

0

15

30

45

60

75

90

105

120

0 5 10 15 20 25 30 35 40

Ec
o

n
o

m
ic

 c
o

st
  [

€
/(

m
2

ye
ar

)]

EPS thickness [cm]

Private clinic  Very cold (Iceland)

 Cold (Poland)

 Moderate (Spain)

 Warm (Portugal)

 Hot climate (Spain)

0

15

30

45

60

75

90

105

120

0 5 10 15 20 25 30 35 40

Ec
o

n
o

m
ic

 c
o

st
  [

€/
(m

2
ye

ar
)]

EPS thickness [cm]

Private school

 Very cold (Iceland)

 Cold (Poland)

 Moderate (Spain)

 Warm (Portugal)

 Hot climate (Spain)

0

15

30

45

60

75

90

105

120

0 5 10 15 20 25 30 35 40

Ec
o

n
o

m
ic

 c
o

st
  [

€
/(

m
2

ye
ar

)]

EPS thickness [cm]

Bank branch  Very cold (Iceland)

 Cold (Poland)

 Moderate (Spain)

 Warm (Portugal)

 Hot climate (Spain)

0

15

30

45

60

75

90

105

120

0 5 10 15 20 25 30 35 40

Ec
o

n
o

m
ic

 c
o

st
  [

€
/(

m
2

ye
ar

)]

EPS thickness [cm]

Supermarket

 Very cold (Iceland)

 Cold (Poland)

 Moderate (Spain)

 Warm (Portugal)

 Hot climate (Spain)

Figure 6. Economic equivalent annual cost per unit area to maintain thermal comfort conditions.



Buildings 2023, 13, 279 19 of 24

Table 7. Optimal EPS thickness [cm] from energy, environmental, and economic perspectives.

Climate
Building Perspective Hot Warm Moderate Cold Very Cold

Apartment Energetic >40 >40 >40 >40 >40
Environmental 12 14 20 30 >40
Economic 5 5 10 12 25

Detached Energetic >40 >40 >40 >40 >40
house Environmental 14 16 25 35 >40

Economic 8 8 14 16 25

Private Energetic >40 >40 >40 >40 >40
clinic Environmental 12 14 20 30 >40

Economic 0 0 6 14 20

Private Energetic >40 >40 >40 >40 >40
school Environmental 5 8 14 20 30

Economic 0 0 0 10 14

Bank Energetic >40 >40 >40 >40 >40
branch Environmental 3 5 8 16 25

Economic 0 0 0 6 0

Super- Energetic >40 >40 >40 >40 >40
market Environmental 6 8 16 25 35

Economic 0 0 6 14 16

As Table 7 highlights, there is an EPS thickness that minimizes equivalent CO2 emis-
sions, so it can be stated that there always exists an environmentally optimal thermal
insulation thickness. This optimal thickness increases with the cooling of the climate in all
types of buildings, always presenting the lowest value for a hot climate and the highest
for a very cold climate. In the situation of very cold weather, it was not possible to iden-
tify the environmentally optimal EPS thickness for buildings with permanent occupancy
(apartments, detached houses, and clinics). Even so, the evolution of emissions of CO2
equivalent clearly suggests that its value lies between 40 and 50 cm.

In global terms and for the same type of climate, the value of the environmentally
optimal thickness of buildings with permanent occupancy is substantially higher than that
of buildings with intermittent use (school, bank branch, and supermarket). According to
the environmental perspective, the detached house requires the greatest EPS thickness, and
the bank branch the smallest.

In very general terms and as expected, it can be outlined that the optimal EPS thickness
according to the economic perspective increases with the cooling of the climate; thus, the
lowest corresponds to a hot climate and the highest to a very cold climate. In terms of
type of use, buildings can be ordered from the least economically optimal thickness to the
greatest: bank branch (0 to 6 cm), school (0 to 14 cm), supermarket (0 to 16 cm), clinic (0 to
20 cm), apartment (5 to 25 cm), and detached house (8 to 25 cm). Among the situations
analyzed in the present study, it is not economically advantageous to isolate the opaque
elements of the four non-residential buildings when located in hot (Spain) and warm
(Portugal) climates. In the case of the moderate climate (Spain), this also occurs in the cases
of the school and the bank branch.

In addition to the energy demands for air conditioning, the energy efficiency of HVAC
systems, the cost of acquiring EPS, the cost of labor, and the price of purchasing energy
have also been considered in the economic analysis, which differs from country to country.
As such, the economic optimal value of thermal insulation thickness is only valid for the
type of climate and the country for which it was determined. Furthermore, it was assumed
that, for the next 50 years, energy prices would increase at a rate of 5%/year. However,
as demonstrated by Raimundo and Oliveira [2], the economic advantages of thermally
insulating the opaque elements of buildings grow with the rate of inflation of energy prices.
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Figure 7 shows the relation between the environmental impact and the economic cost
of the six buildings considered for the five types of climates. As revealed by these graphs
and by Table 7, the EPS thickness that leads to the lower environmental impacts does not
correspond to the optimal economic cost. However, as shown in Figure 7, the optimal EPS
thickness in environmental terms shows an economic cost relatively close to its optimal
value. So, in the authors’ point of view, the best option for thermal insulation thickness lies
between the optimal values of the economic and environmental costs.
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Figure 7. Relationship between the environmental impact and the economic cost.

In summary, for the cases considered in this study, the greater the thickness of EPS, the
lower the energy consumption for air conditioning. From an environmental perspective,
there is always an optimal EPS thickness below which emissions of CO2 equivalent decrease
with increasing EPS thickness. For thicknesses above this ideal value, the energy embodied
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in constructive solutions is not offset by the reduction in energy consumption for air
conditioning. The economically optimal thicknesses of EPS are significantly lower than
the corresponding ones in environmental terms. From a strictly economic perspective, the
additional investment in a thermal insulation system is only clearly offset by the reduction
in energy expenditure for air conditioning when buildings are in a cold or very cold climate.
However, the higher the price of purchasing energy, the greater the economic interest in
increasing the thickness of thermal insulation [2], so it is highly likely that in the future it
will be economically interesting to apply generous thicknesses of thermal insulation, even
in moderate climates.

5. Conclusions

An assessment of the relationship between the cost of thermal comfort in residential
and non-residential buildings and the type of building use, the type of climate, and the
thermal insulation of opaque elements was carried out using energy, environmental, and
economic analyses. Three buildings with permanent use (an apartment, a detached house,
and a clinic) and three buildings with intermittent utilization (a school, a bank branch, and
a supermarket) were selected, which were supposedly located in places with five different
climates (hot, warm, moderate, cold, and very cold).

The concepts of “economic cost of thermal insulation efficiency” and “environmental cost
of thermal insulation efficiency” were applied to the three thermal insulating materials most
widely used (EPS—expanded polystyrene, XPS—extruded polystyrene, and MW—mineral
wool). Both perspectives reveal the EPS as the most promising. Therefore, this was the thermal
insulation material selected for this study.

Regardless of the climatic region and the type of the building, the predicted values
show a continuous decrease in the consumption of primary energy for climatization with the
increase in the EPS thickness applied to opaque elements of the building’s envelope. This
decrease has an inverse exponential behavior, showing a lessening of the decreasing rate as
the EPS thickness increases. The energy cost of thermal comfort is substantially higher in
the case of the two cold climates than in the other three, and it is also in the cold climates
that there is a more significant decrease in energy consumption for air conditioning with
the increase in EPS thickness. The buildings with day and night uses have higher energy
consumption for climate control than those with only daytime occupation or occupied
during the day and part of the night.

The environmental cost of thermal comfort mainly depends on the annual primary
energy consumption for heating and cooling, with emissions associated with building
construction having a smaller influence. The buildings with permanent use have a higher
environmental cost than those with intermittent occupation, and this cost is substantially
higher for the two cold climates than for the remaining three. Clearly, it is more envi-
ronmentally advantageous to thermally insulate opaque elements of buildings located in
cold climates than in moderate, warm, or hot climates. Thus, there is a great sensitivity
to this parameter in relation to climate and building types, with a substantially stronger
relationship with the type of climate.

In general terms, the economic optimal EPS thickness increases with the cooling of
the climate, with the lowest value for hot climates and the highest for very cold ones.
Furthermore, it varies with the building’s type of use, with higher values for residential
buildings than for commercial and service buildings. Economically, the investment in a
thermal insulation system is only clearly offset by the reduction in energy expenditure for
climatization when buildings are in cold or very cold climates and/or if they are of the
residential type.

In short, it has been demonstrated that the application of thermal insulation in the
opaque constructive solutions of the building envelope is a highly efficient way of reducing
energy consumption and environmental impacts, and it is economically advantageous
in the case of residential buildings and/or all buildings located in cold climates. The
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optimal economic thicknesses of EPS are significantly lower than the corresponding ones
in environmental terms.

The optimal thermal insulation thicknesses of the opaque elements of six types of
buildings, supposedly located in different types of climates, were obtained using a unified
assessment. The results can be used to select the recommended thermal insulation thickness
to apply in a given building located in a specific climate; this fact represents the main added
value of this work. Clearly, the optimal thickness depends on the perspective considered.

It should be noted that the influence of installing electrical energy production systems
from renewable sources was not considered, which is noteworthy in environmental terms
and might become economically significant due to the probable energy price escalation.
These limitations deserve to be addressed in future work. Finally, the results of this research
provide useful insights for building professionals and policymakers.
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