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The building sector is one of the largest consumers of natural resources and energy in the world. Design stra-tegies to improve the energy 
efficiency can decrease the negative impacts of a building. In order to evaluate and select the most appropriate design strategies for buildings, 
they should be analysed through a multidisciplinary approach based on sustainable development. The objective of this study is to propose a 
method that combines adaptive thermal comfort, climate change, life cycle assessment, life cycle cost analysis and multi-criteria de-cision 
making to help selecting the best design strategies to improve the sustainability of buildings. The method presented herein is based on a system 
of indicators that allows a comprehensive evaluation of design strategies. A multi-family social building, located in Milan, northern Italy, was 
used as a case study considering a 100-year lifespan. Six design strategies were evaluated. The EnergyPlus computer programme was used to 
estimate the annual energy demand for air-conditioning alone, with and without the design strategies. Three different da-tabases were used to 
perform the life cycle analysis. For the life cycle cost analysis, the cost of each strategy was estimated based on the pricelist of the Milan 
Chamber of Commerce (Camera di Commercio di Milano). The results show that there will be an average increase of 53% in the cooling 
energy demand and a decrease of 49% in the heating energy demand in 2080 compared to the consumption in 2017. The design strategy with 
the highest level of sustainability was a reinforced concrete frame with rectified bricks, followed by a reinforced concrete frame with cellular 
concrete blocks and by cross-laminated timber (X-Lam) and wood fibre. This research highlighted the need for the use of a multi-criteria 
method to ensure the right selection of design strategies to obtain more sustainable buildings.

1. Introduction

The building construction sector is considered one of the largest
consumers of natural resources and energy. Buildings consume 30–40%
of all primary energy and natural resources over their lifespan (con-
struction, operation, maintenance and demolition) and account for 30%
of the global emission of greenhouse gases [1,2]. An appropriate choice
of design strategy reduces the energy demand of buildings [3–5] and
improves the indoor comfort conditions for the inhabitants [6,7]. Assaf
and Nour [8] stated that through the correct use of energy efficiency
strategies the energy demand can be reduced in 38% in new residential
and commercial buildings. Perez et al. [6] studied passive design stra-
tegies in buildings through the adaptive thermal comfort model. The
use of passive techniques, like natural ventilation and solar control
systems, can decrease thermal discomfort. In these studies, the build-
ings were frequently analysed over their operational phase [8,9].
However, a greater amount of materials and resources are required in

order to obtain better indoor conditions and a more energy-efficient
building. As a consequence, the environmental impact of the building
over its construction, maintenance and demolition phases is greatly
increased [10–16]. Therefore, some authors have investigated a more
holistic approach, which covers the period from the production of the
materials used for the construction all the way to the demolition and
recycling phases. Through a methodology based on the sustainable
design of buildings, it is possible to reduce their environmental impact
and improve the quality of life of the inhabitants. In recent years, dif-
ferent methods have been developed. One of these is life cycle assess-
ment (LCA), which is used to analyse the environmental impacts during
the life cycle of products and services [17]. By means of LCA it is
possible to analyse different environmental impact categories asso-
ciated with the construction, use, maintenance and demolition of a
building. In recent studies, different approaches applying LCA to
buildings have been described. Stazi et al. [18] studied 70 residential
buildings in Italy; five case studies were monitored and one case
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2. Method

The method considered the three pillars of sustainable development
(social, environmental and economic factors) to evaluate the design
strategies for buildings. Four parameters were analysed: number of
hours in which there is internal thermal comfort, primary energy de-
mand over the life cycle, carbon dioxide emissions over the life cycle
and cost over the life cycle. The method encompasses a combination of
LCA, LCCA, indoor comfort conditions, future effects of climate change
and MCDM to analyse the design strategies (Fig. 1).

The method is divided into five main parts: (i) evaluation of the
thermal performance of the building through the adaptive comfort
method; (ii) life cycle energy assessment (LCEA); (iii) life cycle carbon
dioxide emissions assessment (LCCO2A); (iv) evaluation of the design
strategies through life cycle cost analysis (LCCA); and (v) multi-criteria
decision making (MCDM).

In this method, only the design strategies are analysed through LCA
and LCCA. Other materials that make up the building are not evaluated.
The recycling phase is not considered in LCA and LCCA. The EnergyPlus
computer programme was used to evaluate the energy demand and the
indoor comfort conditions over the operational phase. The method was
applied in a multi-family social building located in Milan.

2.1. Adaptive thermal comfort

The first parameter assessed was the indoor comfort in the building.
By means of the adaptive comfort method [26], it was possible to de-
termine the number of hours in which there is internal thermal comfort
in the building in a one-year period, with and without design strategies.
This was carried out using the EnergyPlus computer programme, ver-
sion 8.4. The analysis consists of verifying if the use of the design
strategies allows for an improvement in the internal thermal comfort.
Eq. (1) shows how the upper limit of the comfort zone is obtained [26].

Ulim= 0.31 × tpma +21.3 (1)

where Ulim is the upper limit of the comfort zone (°C) and tpma is the
mean outdoor air temperature (°C).

Eq. (2) shows how the lower limit of the comfort zone is obtained.

Llim= 0.31 × tpma +14.3 (2)

where Llim is the lower limit of the comfort zone (°C) and tpma is the
mean outdoor air temperature (°C).

By considering the limits of the comfort zone, it is possible to de-
termine if the design strategies can improve the thermal comfort con-
ditions in the building. Eq. (3) shows how to determine the number of
hours in which there is internal thermal comfort when using a design
strategy.

Hcomfort =Ha - Hb (3)

where Hcomfort is the increment in the number of hours in which there is
internal thermal comfort over one year when a design strategy is used
(h), Ha is the number of hours in which there is internal thermal
comfort over one year when using a design strategy (h), and Hb is the
number of hours in which there is internal thermal comfort over one
year without the use of a design strategy (h).

2.2. Life cycle energy assessment

The primary energy demand was analysed through the LCA. This
enabled the energy balance to be identified, i.e., the energy saved over
the building life cycle due to the use of the design strategies (Eq. (4)).

LCEb=OEs – (EE + ME + DE) (4)

Fig. 1. Flowchart of the method.

A. Invidiata et al.

underwent an in-depth environmental evaluation. The authors con-
sidered the global warming potential, ozone layer depletion and acid-
ification potential in the analysis of the buildings. Motuziene et al. [14] 
analysed the life cycle of a single-family house in Lithuania considering 
three impact categories: primary energy demand, global warming po-
tential and ozone layer depletion. The goal of the study was to improve 
the energy efficiency of buildings, given the impact on the environment 
over the life cycle. Atmaca and Atmaca [19] studied the life cycle of two 
residential buildings in Turkey considering two impact categories: the 
primary energy demand and the carbon dioxide emissions. These stu-
dies demonstrate different ways of analysing buildings through the LCA 
method. The impact category most frequently used is the global 
warming potential and this is followed by the energy demand 
[14,18,19]. This is because the energy efficiency aspect is the most 
relevant parameter according to researchers who have assessed build-
ings through LCA. Often, the LCA method is associated with life-cycle 
cost analysis (LCCA) to evaluate the cost of the building over the life 
cycle [20–22]. Studies employing LCCA have been conducted to iden-
tify the best choice and determine which phase presents the highest cost 
[20–22]. However, frequently, the application of LCA and LCCA to 
buildings does not facilitate the selection of the best design strategy 
[14,23,24]. In this context, multi-criteria decision making (MCDM) 
appears to be a suitable tool to complement LCA or LCCA [14,24]. 
There are many ways to apply different multi-criteria analysis methods. 
One of the most commonly used is the analytic hierarchy process 
(AHP). AHP was first proposed by Saaty [25] as an MCDM tool, aimed 
at the determination of weighting factors for the criteria under con-
sideration through pairwise comparisons. MCDM is an effective tool for 
the analysis of different parameters in the same case study. However, its 
application in LCA is not common. With the use of MCDM, LCA and 
LCCA, Motuziene et al. [14] analysed three different types of envelopes 
in a single-family house in Lithuania. The results show that the MCDM 
method is an important tool for the analysis of different parameters in 
buildings. The appropriate selection of design strategies for buildings 
needs to be based on the analysis of several factors rather than con-
sidering a single factor. Thus, the objective of this study was to propose 
a method that combines adaptive thermal comfort, climate change, life 
cycle assessment, life cycle cost analysis and multi-criteria decision 
making to help selecting the best design strategies to improve the sus-
tainability of buildings. This paper shows a small part of an extensive 
research; therefore, it has some limitations that will be addressed in 
section 5.1.



LCO2b=OCO2s -(ECO2+MCO2+DCO2) (5)

where LCO2b is the carbon emissions balance (kgCO2e); OCO2s is the
carbon emissions saved over the operational phase due to the use of the
design strategy (kgCO2e); ECO2 is the carbon emissions embodied in the
design strategy (kgCO2e); MCO2 is the energy associated with the de-
sign strategy over the maintenance phase (kgCO2e); and DCO2 is the
carbon emissions associated with the design strategy over the demoli-
tion phase (kgCO2e).

2.4. Life cycle cost analysis

The cost of each design strategy was analysed applying LCCA.
Through the economic balance it is possible to define the cost for the
use of the design strategy during the life cycle of the building. The
savings obtained by decreasing the energy demand during the lifespan
of the building were subtracted from the initial costs, maintenance costs
and final demolition costs (Eq. (6)).

LCCb = CS - (CI + CM + CD) (6)

where LCCb is the economic balance (€); CS is the savings gained in
relation to the electricity bill during the operational phase due to the
use of the design strategy (€); CI is the initial cost of the design strategy
(€); CM is the maintenance cost of the design strategy (€); and CD is the
demolition cost of the design strategy (€).

2.5. Multi-criteria decision making

Multiple-criteria decision making (MCDM) can be applied for
complex decisions involving many criteria. As mentioned above, there
are a lot of MCDM used in international studies. Among them, the

COPRAS method is acknowledged by scholars as one of the most reli-
able and accurate, and it is used to solve different engineering and
management multi-attribute problems [31,32]. In order to find the best
design strategy for the building, the AHP and multi-criteria decision-
making method known as the complex proportional assessment (CO-
PRAS) were applied [31]. The COPRAS method was first introduced in
1994 by Zavadskas and Kaklauskas [32]. This method assumes direct
and proportional dependence of the significance and utility degree of
investigated versions on a system of criteria adequately describing the
alternatives and on values and weights of the criteria. The COPRAS
method can be successfully applied for dealing with complex selection
problems. In this study, by using COPRAS, it was possible to define the
best design solutions giving to the four parameters used (indoor comfort
hours, primary energy demand, CO2 emissions and costs) a different
weight in the construction sector.

To analyse the four parameters used in this study, 30 experts from
three different areas (design, research, administrative/technical) of the
construction sector from the region of Lombardia, Italy, were selected.
The experts participated in the survey by setting the weightings for the
criteria and determining their priority. Following the Saaty comparison
scale of nine levels [25], they filled in the pairwise comparison matrix
with the following parameters and their corresponding weights (w):
indoor comfort hours (x1), primary energy demand (x2), CO2 emissions
(x3) and cost (x4) (Table 1).

The scale of the relative importance ranged from 1 to 9. The pre-
ference scale for the pairwise comparison of two parameters ranged
from the maximum value of 9 to 1/9. In order to ensure the consistence
of the comparison matrix, the consistency ratio (CR) must be de-
termined and the condition CR < 0.1 must be satisfied.

The first step to obtain the final decision using the COPRAS method
is the formation of the normalised decision-making matrix, where the
goal is to obtain the non-dimensional weighted values from the com-
parative parameters (Eq. (7))
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where dij is the non-dimensional weighted values; xij is the value j of
criterion i in the decision value; m is the number of criteria; n is the
number of compared evaluations; and qi is the significance of criterion
i.

Eq. (8) shows how the sums of minimising S+ and maximising S−
normalised indicators are obtained.
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where d+ij and d-ij are the non-dimensional weighted values; xij is the
value j of criterion i in the decision value; m is the number of criteria; n
is the number of compared evaluations; and qi is the significance of
criterion i.

The relative importance Qj of each alternative aj is evaluated using
Eq. (9).
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where S-min is the minimum value of S-j.

Table 1
Comparison matrix of the four parameters.

Parameters weight x1 x2 x3 x4

x1 w1 1
x2 w2 1
x3 w3 1
x4 w4 1
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where LCEb is the life cycle energy balance (kWh); OEs is the energy 
saved over the operational phase due to the use of the design strategy 
(kWh); EE is the energy embodied in the design strategy (kWh); ME is 
the energy associated with the design strategy over the maintenance 
phase (kWh); and DE is the energy associated with the design strategy 
over the demolition phase (kWh).

Over the operational phase only the consumption for air-con-
ditioning was considered [27,28]. The heating and cooling energy de-
mand represent more than 40% of the consumption in residential 
buildings in Europe [27,28]. Furthermore, the design strategies ana-
lysed in this study are design strategies typically used to reduce and 
improve the energy consumption for heating and cooling in residential 
buildings. For transportation of the design strategy from the manu-
facturer to the retailer, three distances were adopted in the primary 
energy demand and the carbon dioxide emissions parameters (50 km, 
250 km and 1000 km) to analyse the impact of the transportation on the 
LCA. For transportation of the workers to the construction site, a dis-
tance of 50 km was adopted in the different LCA phases. In this case 
only one distance was adopted because workers generally live close to 
the construction site. For the transportation of the design strategy to the 
closest landfill site, a distance of 50 km was adopted. Also, in this case 
only one distance was adopted because the waste disposal site closest to 
the construction site is generally used. The re-use phase involves 
complex analysis in the LCA [29,30]. Therefore, the re-use phase of the 
design strategies was not considered.

2.3. Life cycle carbon dioxide assessment

Following the evaluation of the design strategies using the primary 
energy demand parameter, the design strategies were analysed con-
sidering their life cycle carbon emissions. Only the design strategies 
were analysed. The carbon emissions (CO2e) balance is the CO2e saved 
over the life cycle of the building due to the use of the design strategies 
(Eq. (5)).



The final step is to calculate the ranking (utility degree) of each
design strategy (Eq. (10)).

⋅=N
Q

Q
100%j

j

max (10)

where Qj is the relative importance; Qmax is the maximum relative
significance value. The index value Nj is used to obtain the ranking of
the different design strategies.

Through the normalisation of the four parameters used in the study,
it is possible to obtain the relative importance Qj of each design strategy
and the utility degree Nj of each alternative.

3. Case study

The method was applied to a multi-family social building located in
Milan (Fig. 2). A lifespan of 100 years was considered for the case study
[33]. The Cenni di Cambiamento complex was designed by Studio Rossi
Prodi Associati in 2013 to be highly energy efficient and obtained level A
on the Italian energy certification scale [34]. The complex is comprised
of four buildings. In this study, only one building was evaluated. The
building has nine stories and a basement floor. The basement was not
evaluated. On each floor there are four flats of different sizes. The in-
ternal and external walls are made of cross-laminated timber (X-Lam).
Rock wool was used in the envelope of the building. Aluminium
window frames with triple glass windows and argon gas, with a thermal
transmittance of 0.60W/m2K, are installed. Aluminium shading devices
are in place to reduce the solar radiation on the building. Table 2 shows
the thermal characteristics of the envelope of the building.

3.1. Design strategies

To apply the proposed method to the case study, five design stra-
tegies were analysed and compared with the actual design of the
building. Recent projects of multi-family social housing in Italy were
analysed to identify the design strategies [35–41]. Three different
structures of the building were evaluated: X-Lam, reinforced concrete
frame and steel frame. A simplified method to calculate the dimensions
of the structures was used. The three structures were analysed with
different insulations or envelope materials. A total of six design stra-
tegies (cases) for the building were evaluated: X-Lam and rock wool
(actual case), X-Lam and wood fibre, reinforced concrete frame with
cellular concrete blocks, reinforced concrete frame with rectified bricks,
steel frame and drywall with rock wool, and steel frame and drywall
with wood fibre. With regard to the roof of the building, only the in-
sulation was analysed. In the different design strategies the same

thermal transmittance as the actual envelope was maintained. As
mentioned above, only the design strategies were evaluated using the
LCA and LCCA. Table 3 shows the characteristics of the six design
strategies evaluated.

Table 4 shows the database used in the case study. The embodied
energy of the design strategies was obtained from three different da-
tabases: ICE database [42], Ecoinvent 3 and the EPD certification of
building materials. The average value and the standard deviation were
used to analyse the design strategies.

Table 5 shows the lifespan of the design strategies based on a lit-
erature review [19,20,44–49].

In the cost parameter, the cost of each strategy was obtained
through the pricelist of the Milan Chamber of Commerce [50]. The cost
of maintenance and replacement of material took into account the
average inflation in the last ten years in Italy, which was 1.34% a year
[51].

3.2. Computer simulation

In order to assess the energy demand and the indoor comfort con-
ditions, the EnergyPlus computer programme, version 8.4, was used.
The building was evaluated disregarding the influence of other build-
ings in the area and considering constant use and occupation by the
users. Details on the occupation, thermal load and use pattern were
obtained based on the Italian regulation for energy efficiency in
buildings [52]. The equipment and lighting system were operated with
100% load over the working hours. The building was evaluated under
two different conditions: (i) while naturally ventilated to get the com-
fort hours; and (ii) operating with an air-conditioning system to get the
energy demand of the building. The naturally-ventilated flats were
analysed considering 20 °C as the indoor temperature controlling the
opening or closing of the windows. When the flats were operating with
air-conditioning, the operation period of the air-conditioning system
was established according to the indoor occupation of the flat (bed-
rooms and living room). It was considered that when users are not at
home, the rooms are naturally ventilated and the indoor temperature
adopted to control the opening or closing of windows was 20 °C. In
order to obtain the energy demand for air-conditioning, the set-point
temperatures were taken as 20 °C for heating and 26 °C for cooling [52].
The air-conditioning system was defined based on a Baseline HVAC
System Types from ANSI/ASHRAE Standard 90.1. The air-conditioning
system considered for this study refers to System 2—PTHP (Packaged
Terminal Heat Pump). The air-conditioning coefficient of performance
was defined according to Section 6 of ANSI/ASHRAE Standard 90.1,
i.e., 3.52W/W.

Fig. 2. Multi-family social complex of buildings: “Cenni di Cambiamento”.



3.3. Climatic data and tool to assess climate change

The effect of climate change was investigated in the case study.
Recent studies show the importance of evaluating the effect of climate
change on buildings [7,53,55]. For this reason, to analyse the design
strategies considering the four parameters, the effects of climate change
on the building were studied. The tool Climate Change World Weather
File Generator [54,55] was used for the A2 (medium high) emissions
scenario for three future time slices, the 2020s, 2050s and 2080s [56].
The building was evaluated based on the current climate data (2017)
and the three sets of future climate data generated for the city of Milan,
using the weather data file in the Italian climatic data collection “Gianni
De Giorgio” (IGDG) [57]. Recent publications provide further details on

the operation of this tool [7,55].

4. Results and discussion

4.1. Climatic data analysis

Fig. 3 shows the annual outdoor air temperature, relative humidity
and global horizontal radiation in Milan given in the four climate data
files: 2017, 2020, 2050 and 2080.

The outdoor air temperature is predicted to increase over the next
few decades in Milan. Thus, by 2080, the annual average outdoor air
temperature is expected to increase by 3.6 °C compared to the current
temperature. On the other hand, the annual average relative humidity

Component of the building Materials Thermal transmittance (W/m2K) Thermal capacity (kJ/m2K) Solar absorptance (%)

Roof Waterproofing (0.1 cm) 0.20 354 0.30
Concrete (7.0 cm)
Rock Wool (11 cm)
X-Lam Panel (20 cm)
Plasterboard (1.5 cm)

External wall Fibre Cement Panel (1.5 cm) 0.21 203 0.30
Cavity (> 5.0 cm)
Rock Wool (11 cm)
X-Lam Panel (16.0 cm)
Plasterboard (1.5 cm)

Floor Ceramic Floor (0.75 cm) 0.55 345 –
Under Floor (2.0 cm)
Concrete (7.0 cm)
X-Lam Panel (20 cm)
Plasterboard (1.5 cm)

Windows Glass 0.60 – 0.56 (solar factor)
Cavity with Argon gas
Glass
Cavity with Argon gas
Glass

Table 3
Design strategies analysed.

Structure Case External walls Roof Internal walls

X-Lam 1 - Actual X-Lam (20 cm) – Rock wool (11 cm) Rock wool (12 cm) X-Lam (12 cm)
2 X-Lam (20 cm) – Wood fibre (12 cm) Wood fibre (14 cm) X-Lam (12 cm)

Reinforced concrete frame 3 Cellular concrete block (30 cm) Rock wool (12 cm) Perforated bricks (8 cm)
4 Rectified bricks (45 cm) Rock wool (12 cm) Perforated bricks (8 cm)

Steel Frame 5 Drywall - Rock wool (15 cm) Rock wool (12 cm) Drywall (10 cm)
6 Drywall - Wood fibre (17 cm) Wood fibre (14 cm) Drywall (10 cm)

Table 4
Embodied energy and CO2 emissions in the three databases used.

Material Embodied Energy (MJ/kg) Embodied Emissions (kgCO2/kg)

ICE EPD Eco-inv. Average Std. Deviation ICE EPD Eco-inv. Average Std. Deviation

Rock wool 16.8 27.1 16.6 20.2 6.0 1.12 1.30 1.36 1.26 0.12
EPS 88.6 92.0 106.4 95.7 9.4 3.29 3.32 4.61 3.74 0.75
XPS – 88.4 91.0 89.7 1.8 – 2.9 3.51 3.21 0.43
Wood fibre 20.0 36.4 23.9 26.8 8.6 0.98 −0.93 1.93 0.66 1.46
Concrete frame 1.9 – – 1.9 – 0.19 – – 0.19 –
Brick 3.0 4.2 2.9 3.4 0.7 0.24 0.3 0.25 0.26 0.03
Concrete block 0.7 3.6 0.9 1.8 1.6 0.09 0.41 0.11 0.20 0.18
X-Lam 16.0 27.5 29.6 25.8 8.6 1.09 −1.5 0.75 0.21 1.24
Aluminium 155.0 146.0 129.0 143.3 13.2 9.16 7.7 9.96 8.94 1.15
Fibreboard 10.4 8.8 8.5 9.2 1.0 0.9 0.5 0.61 0.67 0.21
Mortar 1.1 0.8 1.5 1.1 0.4 0.18 0.09 0.19 0.15 0.06
Plasterboard 6.7 5.06 1.7 4.5 2.5 0.39 0.25 0.22 0.29 0.09
Concrete 1.0 1.7 1.4 1.4 0.4 0.16 0.23 0.22 0.20 0.04
Steel 20.1 11.19 22.4 17.9 5.9 1.46 0.76 2.04 1.42 0.64

Over the operational phase, the average generation factor used to convert the electricity consumption into carbon emissions was 0.3524 kgCO2e/kWh [43].

A. Invidiata et al.

Table 2
Thermal characteristics for each component of the building.



is predicted to decrease in this period and by 2080 it is expected to be
5.7% lower compared to the current levels. Finally, by 2080 the
average global horizontal radiation is expected to increase by 7.2 Wh/
m2 compared to the current levels. The analysis of the future climate
conditions in Milan highlights the future effects of climate change and
these directly affect the energy and thermal performance of buildings,
as demonstrated by recent international studies [7,54,55]. For this
reason, it is important to consider the climate change effects when
analysing the life cycle of buildings.

4.2. Effect of climate change on the building

Considering that climate change directly affects the energy and
thermal behaviour of the building, Fig. 4 shows the comfort hours in the
building, considering the six design strategies, currently and over the

next few decades. In all cases, by comparing 2080 to the current year,
the internal heat discomfort hours will increase 185% on average. The
increase in the heat discomfort will cause an average reduction of 7% in
comfort hours, however, simultaneously, the internal cold discomfort
hours will decrease 47% on average. The best design strategy in terms
of comfort hours was case 4, i.e., reinforced concrete frame with rec-
tified bricks.

Fig. 5 shows the heating and cooling energy demand of the building
with the six design strategies, currently and over the next few decades.
In all cases, comparing 2080 to the current year, the energy demand
will increase 13% on average. This increase is due to the considerable
growth in the cooling energy demand due to the warmer conditions in
the future. On the other hand, climate warming has a direct positive
effect on the heating energy demand, which will decrease by 50% on
average. Case 4 was again the best design strategy in terms of comfort

Table 5
Lifespan of materials.

Material/Component Lifespan (Years)

SBSA [44] Takano et al.
[45]

Atmaca and
Atmaca [19]

Rauf and Crowford
[46]

Lewan-dowska
et al. [47]

Mithra-ratne and
Vale [20]

Inter NACHI
[48]

Sche-uer
[49]

Average

Reinforced concrete
frame

60 – – 150 – 100 100 – 102

Steel frame – – – 150 – 100 100 75 131
Wood frame 60 – – 150 100 100 100 – 102
Thermal insulation – – – – 50 100 100 75 81
Brick – 50 25 150 100 100 – – 85
Fibre cement panel – 50 – – – 50 100 – 67
Ceramic floor – – 15 – 20 30 – 30 24
Wood panel – – – – 30 – 75 52
Plaster – 50 – – 50 100 – – 67

Fig. 3. Climate data for Milan over four different periods.



hours.

4.3. Design strategies based on the four parameters

Fig. 6 shows the results for each design strategy according to each
parameter. Case 1 represents the actual building design. The results
show a different behaviour for each design strategy. The influence of
the three different databases on the design strategies (indicated by a
vertical line) showing the highest and lowest values in Fig. 6 was
analysed for the parameters energy demand and CO2 emissions. The
comfort parameter in case 4 (reinforced concrete frame with rectified
bricks) obtained the best result, with more than 6000 indoor comfort
hours per year, while case 5 (steel frame and drywall with rock wool)
obtained less than 5000 h per year. For the energy demand parameter,
the best design strategy was found to be case 3 (reinforced concrete
frame with cellular concrete blocks) with 1500MWh, while case 2 (X-
Lam and wood fibre) was the least attractive option (3400MWh over
the life cycle). Among all design strategies, the embodied energy re-
presents the largest part of the energy consumed over the life cycle. In
case 4 the embodied energy represents 91% of the total energy.
Maintenance is also a relevant phase in the energy life cycle of the
design strategies, accounting for 30% of the total energy demand in
case 5. In all design strategies, the demolition phase represents less than
2% of the energy consumed over the life cycle. Fig. 6 shows that the use
of different databases may impact the results of the life cycle by 30%.
Thus, it is clear that the selection of the correct database is one of the

main issues in a LCA, as shown in international studies [11,13]. The
results for the carbon dioxide emissions show that the two design
strategies using an X-Lam frame are the best choices, with just over 230
tCO2e. Case 4 (reinforced concrete frame with rectified bricks), ob-
tained the highest emissions (630 tCO2e) over the life cycle. The em-
bodied emissions represent the main part of the total emissions. The
maintenance phase accounts for 34% of the life cycle emissions in the
case of X-Lam structures, between 20% and 23% for the steel frame
design strategies and only 8% for the reinforced concrete frame. The
demolition phase represents around 3% of the life cycle of the design
strategies. For the emission parameter, the variation due to the three
databases is significant; for instance, over the entire life cycle of the X-
Lam design strategies the results may vary by 200%. As for the cost
parameter, the best design strategy was case 4 (reinforced concrete
frame with rectified bricks), with a cost of € 2,500,000, while case 2 (X-
Lam and wood fibre) was associated with the highest cost of €
2,927,000 over the life cycle. In relation to the final cost, considering all
the design strategies, the initial phase represents 43–49%, the main-
tenance phase 46–54% and the demolition phase 1–5%. An interesting
finding is that labour accounts for 40% of the life cycle costs, which is a
high contribution compared to the energy and emission parameters.

4.4. Design strategies applied to the building

After analysing the design strategies according to the four para-
meters, the application of the design strategies to the building was

Fig. 4. Annual comfort hours for each design strategy and climate data.

Fig. 5. Cooling and heating energy demand for each design strategy and climate data.



investigated. The results for the energy simulation of the building with
different design strategies show a similar behaviour due to the constant
thermal transmittance of the envelope. Fig. 7 shows the results of the
design strategies compared to the actual building design. The results
represent the entire lifespan of the building (100 years). For the comfort
parameter, only the two design strategies with a steel frame obtained
negative comfort hours compared to the actual building design, due to
the low thermal capacity of the steel frame. Case 4 (reinforced concrete
frame with rectified bricks) provided the best result, increasing the
number of hours in the life cycle of the building in which there is in-
ternal thermal comfort by up to 69,000 h (11%), around 700 h per year,
in comparison to the actual design. The greater thermal mass ensures a
better thermal performance, increasing the comfort hours. For the en-
ergy demand parameter, case 2 obtained a negative energy balance,
while case 3 resulted in the greatest reduction in the energy demand
compared to the actual building design. Case 3 (reinforced concrete
frame with cellular concrete blocks) allowed energy savings of ap-
proximately 1300MWh over the life cycle. The actual design and case 2
obtained the worst performances due to the highest embodied energy of
the wood structure in X-Lam. With regard to the carbon emissions
balance, only case 2 improved the performance of the building. The
other design strategies obtained a negative CO2e balance compared the
actual design. The X-Lam uses natural materials in the envelope of the
building which reduces the carbon emissions. The databases used for
the analyses of CO2 emissions and embodied energy of the X-Lam ma-
terial show significant differences, which leads to contrasting results for
both parameters. Finally, for the economic balance, all design strategies
applied to the building obtained a positive balance and the best design
strategy was the reinforced concrete frame with rectified bricks, with
cost savings of over € 290,000. This result shows that the use of con-
solidated construction solutions, such as reinforced concrete structures

and walls in brick blocks, is still the best economic solution compared to
more recent construction solutions.

4.5. Multi-criteria decision making

In order to find the best design strategy for the building, the AHP
and multi-criteria decision making method COPRAS were applied.
Firstly, the results of the survey were analysed. Through a survey it is
possible to understand which of the parameters used is the most re-
levant among professionals. Table 6 shows the weighting and priority
for each parameter. The 30 experts were divided into three groups
according to their activities. The results show that among the three
groups of professionals there are different perceptions regarding the
importance of the four sustainability parameters. This is due to the fact
that the 30 experts come from three distinct construction sectors and
have a different approach. Despite this, all three groups of professionals
participate in the implementation and development of the construction
sector. For this reason, the average of the results was used. For the
researchers, comfort is considered the most important parameter, fol-
lowed by CO2 emissions, cost and energy demand. The cost parameter is
the most relevant for the administrative and technical professional,
followed by energy, CO2 emissions and comfort. For the designers, cost
is also considered the most important parameter, followed by energy
demand, comfort and CO2 emissions. Finally, among the 30 experts the
cost parameter was the most relevant, followed by energy, emissions
and comfort. To ensure the consistency of the comparison matrix, the
consistency ratio (CR) was determined and the condition CR < 0.1 was
satisfied. The results show that the average priorities of the criteria (and
weightings) are as follows: cost (0.306), energy demand (0.258),
comfort (0.233), and carbon dioxide emissions (0.204).

Table 7 shows the results for the five design strategies compared to

Fig. 6. Comfort, energy demand, CO2 emissions and costs for the design strategies over the life cycle.



the actual building design. Through the relative importance Qj the
ranking of the six case studies can be obtained, where the design
strategy that obtained the best Qj will have a utility degree of 100%.
The best design strategy was case 4 (reinforced concrete frame with
rectified bricks, 100%), followed by case 3 (reinforced concrete frame
with cellular concrete blocks, 75.4%), and case 2 (X-Lam and wood
fibre, 20.8%). For cases 6 and 5 the results obtained were similar to
those for the actual design strategy of the building, despite a positive
result in the cost parameter (most influent parameter). Case 5 obtained
a negative utility degree (−7.1) despite having a positive cost.

The results obtained are strongly influenced by the survey. In order
to apply this method on a large-scale, it is necessary to apply the
questionnaire to a greater number of professionals and not only from
the Milan region. In this way, the method may be used in different
regions and just considering the data from a single group of profes-
sionals based on the specific objective of the study.

5. Conclusions

The results reported in this paper demonstrate the importance of
evaluating the application of design strategies to buildings, not ex-
clusively over the operational phase but during the entire life cycle
considering different parameters. The purpose of the method is to
analyse design strategies for buildings with a sustainable approach. This
article presents a new approach based on a complex system of criteria
that allows the comprehensive evaluation of the design strategies for
buildings combining the indoor comfort conditions, life cycle assess-
ment (LCA), life cycle cost analysis (LCCA) and the multi-criteria de-
cision making (MCDM). Using the proposed method, it was possible to
identify the design strategies that reduce the environmental impact,
improve the indoor comfort conditions and reduce costs. On applying
the design strategies to a multi-family social building, different levels of
performance were observed for the four parameters. In the case of
comfort and financial cost, the best strategies were those using the
traditional reinforced concrete frame. Since reinforced concrete has

Fig. 7. Comfort, energy demand, CO2 emissions and costs for the design strategies over the life cycle compared to the actual design strategy.

Table 6
Priorities for the four parameters according to the experts.

Parameters Thirty experts TOTAL

Designer Researcher/Professor Administrative and technical

Weighting Priority Weighting Priority Weighting Priority Weighting Priority

Comfort 0.254 3 0.306 1 0.213 4 0.258 2
Energy demand 0.280 2 0.189 4 0.229 2 0.233 3
CO2e emissions 0.101 4 0.292 2 0.218 3 0.204 4
Cost 0.364 1 0.213 3 0.340 1 0.306 1

CRa=0.061 < 0.1 CRa=0.061 < 0.1 CRa= 0.035 < 0.1



been in constant use for a hundred years in civil engineering, it allows
for a significant cost reduction compared to more advanced techniques.
With regard to energy demand, the concrete and steel frame strategies
provided better behaviour compared to the actual design project. In
contrast, the X-Lam design strategies showed better results for the
carbon dioxide emissions. The study shows that significant emission
savings can be achieved with the use of wood products in buildings.
Based on an initial analysis of the results, it is not clear which are the
best design strategies for application to the building studied. However,
by means of the MCDM, it was possible to identify that the best strategy
for the case study was the reinforced concrete frame with rectified
bricks.

The three databases used can completely change the behaviour of a
design strategy in terms of energy demand and CO2 emissions over the
life cycle. This is one of the problems associated with international
studies in the field of LCA. Climate change directly affects the future
thermal and energy performance of a building and thus this is another
important aspect to investigate in life cycle analysis. Only two impact
categories of the LCA were evaluated. Previous studies have shown that
the energy demand and the global warming potential are not the ca-
tegories with the greatest impact and the selection of other impact
categories can ensure a more comprehensive and accurate assessment.
Thus, the selection of the most significant impact categories can be
made by identifying the impact categories most used in studies reported
in the literature or through normalisation or considering the categories
highlighted by experts in a survey.

Selecting design strategies to be used in buildings should take dif-
ferent aspects into account. The approach presented herein is based on
a complex system of criteria that enables a comprehensive evaluation of
the design strategies. The method used can be applied to different types
of buildings, locations and building sector. The method described could
be a useful tool to aid designers, researchers and builders in selecting
the most suitable design strategies, which would decrease the en-
vironmental impact and increase the quality of life of the users con-
sidering the economic aspects.

5.1. Future work

The research reported in this paper represents a small part of a
larger study. For this reason, it has some limitations, which will be
addressed in future work:

– In the demolition phase, the re-use of the design strategies material
was not considered. Through recycling, the performance of the de-
sign strategy in terms of energy and emissions could be improved;

– In the energy demand only the consumption for air-conditioning
was considered;

– Only one of the six emission scenarios published by the IPCC [2] was
considered. Other emission scenarios will be analysed in future
studies;

– Only two impact categories of the LCA method were analysed.
Through the study of other impact categories it should be possible to
improve the analysis of the environmental impact of the building;

– Future improvements in the energy efficiency of air-conditioning

systems were not considered;
– Only 30 experts participated in the survey to determine the para-
meters of greatest priority.

Acknowledgements

The authors would like to thank CAPES, a Brazilian Government
agency for post-graduation education, for the Ph.D. scholarship granted
to Andrea Invidiata for the development of this research project.

References

[1] IEA, International energy agency, World Energy Outlook, Available at: http://www. 
iea.org , Accessed date: 20 June 2017.

[2] IPCC, Summary for Policy makers, Climate: the Physical Science Basis, Contribution 
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change, 2013.

[3] D. Griego, M. Krarti, A. Hernandez-Guerrero, Optimization of energy efficiency and 
thermal comfort measures for residential buildings in Salamanca, Mexico, Energy 
Build. 54 (2012) 540–549.

[4] E. Gratia, A. De Herde, Design of low energy office buildings, Energy Build. 35 
(2003) 473–491.

[5] E.H. Borgstein, R. Lamberts, Developing energy consumption benchmarks for 
buildings: bank branches in Brazil, Energy Build. 82 (2014) 82–91.

[6] I.O. Perez, A.H. Rodriguez, C.B. Lopez, Adaptive thermal comfort in the main 
Mexican climate conditions with and without passive cooling, Energy Build. 145 
(2016) 251–258.

[7] A. Invidiata, E. Ghisi, Impact of climate change on heating and cooling energy 
demand in houses in Brazil, Energy Build. 130 (2016) 20–32.

[8] S. Assaf, S.M. Nour, Potential of energy and water efficiency improvement in Abu 
Dhabi's building sector – analysis of Estidama pearl rating system, Renew. Energy 82 
(2015) 100–107.

[9] T. Ramesh, R. Prakash, K.K. Shukla, Life cycle energy analysis of buildings: an 
overview, Energy Build. 42 (2010) 1592–1600.

[10] A. Sharma, A. Saxena, M. Sethi, V. Shree, Life cycle assessment of buildings: a re-
view, Renew. Sustain. Energy Rev. 15 (2011) 871–875.

[11] G.A. Blengini, T. Di Carlo, The changing role of life cycle phases, subsystems and 
materials in the LCA of low energy buildings, Energy Build. 42 (2010) 869–880.

[12] J. Paulsen, R. Sposto, A life cycle energy analysis of social housing in Brazil: case 
study for the program MY HOUSE MY LIFE, Energy Build. 57 (2013) 95–102.

[13] L. Cabeza, C. Berreneche, L. Miro, M. Martinez, I. Fernandez, D. Vorsatz, Affordable 
construction towards sustainable buildings: review on embodied energy in building 
materials, Environmental Sustainability 5 (2014) 229–236.

[14] V. Motuziene, A. Rogoza, V. Lapinskiene, T. Vilutiene, Construction solutions for 
energy efficient single-family house based on its life cycle multi-criteria analysis: a 
case study, J. Clean. Prod. 112 (2016) 532–541.

[15] A. Kyilili, M. Ilic, P.A. Fokaides, Whole-building Life Cycle Assessment (LCA) of a 
passive house of the sub-tropical climatic zone, Resour. Conserv. Recycl. 116 (2017) 
169–177.

[16] C. Anand, B. Amor, Recent developments, future challenges and new research di-
rections in LCA of buildings: a critical review, Renew. Sustain. Energy Rev. 67
(2017) 408–416.

[17] ISO. International Standardization Organization, Environmental Management – Life 
Cycle Assessment – Principles and Framework, ISO 14040, (1997), p. 1997.

[18] F. Stazi, A. Vegliò, C. Di Perna, P. Munafò, Retrofitting using a dynamic envelope to 
ensure thermal comfort, energy savings and low environmental impact in 
Mediterranean climates, Energy Build. 54 (2012) 350–362.

[19] A. Atmaca, N. Atmaca, Life cycle energy (LCEA) and carbon dioxide emissions
(LCCO2A) assessment of two residential buildings in Gaziantep, Turkey, Energy 
Build. 102 (2015) 417–431.

[20] N. Mithraratne, B. Vale, Life cycle analysis model for New Zealand houses, Build. 
Environ. 39 (2004) 483–492.

[21] A. Invidiata, E. Ghisi, E. Life-cycle energy and cost analyses of window shading used 
to improve the thermal performance of houses, J. Clean. Prod. 133 (2016) 1371–
1383.

[22] R. Mora, G. Bitsuamlak, M. Horvat, Integrated life-cycle design of building en-
closures, Build. Environ. 46 (2011) 1469–1479.

Parameters Unit Weightings Case 2 Case 3 Case 4 Case 5 Case 6

Comfort hour 0.258 29602 41847 69525 −42928 −31350
Energy demand MWh 0.233 −104 1333 1058 1051 961
CO2e emissions tCO2e 0.204 52 −382 −446 −401 −274
Cost € 0.306 16,554 232,887 293,125 34,489 94,822
Relative importance Qj 0.108 0.393 0.522 −0.037 0.014
Utility degree Nj 20.8% 75.4% 100.0% −7.1% 2.6%
Priority order 3 2 1 5 4

A. Invidiata et al.

Table 7
Results of the multi-criteria analysis for the design strategies applied to the building.

http://www.iea.org
http://www.iea.org
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref2
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref2
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref2
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref3
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref3
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref3
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref4
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref4
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref5
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref5
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref6
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref6
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref6
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref7
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref7
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref8
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref8
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref8
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref9
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref9
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref10
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref10
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref11
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref11
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref12
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref12
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref13
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref13
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref13
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref14
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref14
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref14
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref15
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref15
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref15
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref16
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref16
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref16
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref17
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref17
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref18
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref18
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref18
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref19
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref19
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref19
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref20
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref20
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref21
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref21
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref21
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref22
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref22


[23] T.M. Bachmann, Towards life cycle sustainability assessment: drawing on the 
NEEDS project's total cost and multi-criteria decision analysis ranking methods, Int.
J. Life Cycle Assess. 18 (2012) 1698–1709.

[24] O. Pombo, K. Allacker, B. Rivela, J. Neila, Sustainability assessment of energy saving 
measures: a multi-criteria approach for residential buildings retrofitting—a case 
study of the Spanish housing stock, Energy Build. 116 (2016) 384–394.

[25] T.L. Saaty, Decision making with the analytic hierarchy process, Int. J. Serv. Sci. 1 
(2008) 83–98.

[26] ASHRAE, Standard 55–2013. Thermal Environmental Conditions for Human 
Occupancy, American Society of Heating Refrigerating and Air-Conditioning 
Engineers, Atlanta, GA, 2013.

[27] L. Perez-Lombard, J. Ortiz, C. Pout, A review on buildings energy consumption 
information. housing stock, Energy Build. 40 (2008) 394–398.

[28] L. Yang, H. Yan, J. Lam, Thermal comfort and building energy consumption im-
plications – a review, Appl. Energy 115 (2014) 164–173.

[29] EN15804, Sustainability of Construction Works – Environmental Product 
Declarations - Core Rules for the Product Category of Construction Products, 
European Committee for Standardization, 2012.

[30] EN15978, Sustainability of Construction Works - Assessment of Environmental 
Performance of Buildings - Calculation Method, European Committee for 
Standardization, 2011.

[31] E.K. Zavadskas, Z. Turskis, S. Kildiene, State of art surveys of overviews on MCDM/
MADM methods, Technol. Econ. Dev. Econ. 20 (2014) 165–179.

[32] A. Kaklauskas, E.K. Zavadskas, S. Raslanas, R. Ginevicius, A. Komka,
P. Malinauskas, Selection of low-e windows in retrofit of public buildings by ap-
plying multiple criteria method COPRAS: a Lithuanian case, Energy Build. 38
(2006) 454–462.

[33] ISTAT – istituto nazionale di statistica. 15° Censimento della popolazione e delle 
abitazioni, http://www.istat.it/it/files/2013/12/Nota-diffusione_delle_ 
abitazioni20122013.pdf, (2011) , Accessed date: 20 September 2016.

[34] Cenni Di Cambiamento. Classificazione energetica CENAD, http://www. 
cennidicambiamento.it/images/stories/docs/35/CENNIDICAMBIAMENTO_WEB. 
pdf, (accessed 15.09.2016).

[35] Borgo Sostenibile, http://www.borgosostenibile.it, (accessed 15.09.2016).
[36] Casa Crema più, http://www.casacremapiu.it, (accessed 15.09.2016).
[37] Verso Casa, http://www.studionomos.eu/home.html#/selectedprojects, (accessed 

15.09.2016).
[38] Social Housing Treviso, http://www.matteothun.com/project/9/prefab-social-

housing-in-treviso, (accessed 15.09.2016).
[39] Bird social housing Brescia, http://www.federcasa.info/buone_pratiche/bird-

residenze-ad-alta-efficienza-energetica/, (accessed 15.09.2016).
[40] Housing sociale a Colle di Val d'Elsa, http://www.eosconsulting.fi.it/scheda-

housing-sociale-ad-alta-efficienza-energetica-colle-vesi-28-01-2013.htm, (accessed 
15.09.2016).

[41] Progetto C.A.S.E, https://www.sistem.it/realizzazioni/edifici-residenziali/

condomini-multipiano-e-social-housing/progetto-c-s-laquila/, (accessed 15.09. 
2016).

[42] ICE database. Inventory of Carbon and Energy, http://www.circularecology.com/
embodied-energy-and-carbon-footprint-database.html, (accessed 20.02.2015).

[43] ENEA – Agenzia nazionale per le nuove tecnologie, l'energia e lo sviluppo 
econômico sostenibile. KiloWattene: Fattore di emissione di CO2 e consumo di 
energia primaria per kilowattora di energia elettrica al contatore, http://
kilowattene.enea.it/kilowattene-co2-energia-primaria.html, (accessed 18.04.2017).

[44] SBSA, Scottish building standards agency. Design life of buildings, A scoping study 
(2007), http://www.gov.scot/resource/doc/217736/0091011.pdf.

[45] A. Takano, S. Pal, M. Kuittinen, K. Alanne, M. Hughes, S. Winter, The effect of 
material selection on life cycle energy balance: a case study on a hypothetical 
building model in Finland, Build. Environ. 89 (2015) 192–202.

[46] A. Rauf, R. Crawford, The relationship between material service life and the life 
cycle energy of contemporary residential buildings in Australia, Architect. Sci. Rev. 
56 (2013) 252–261.

[47] A. Lewandowska, A. Noskpwiak, P. Grzegorz, Comparative life cycle assessment of 
passive and traditional residential buildings' use with a special focus on energy-
related aspects, Energy Build. 67 (2013) 635–646.

[48] INTERNACHI, InterNACHI's standard estimated life expectancy chart for homes, 
https://www.nachi.org/life-expectancy.htm, (2011).

[49] C. Scheuer, G.A. Keoleain, P. Reppe, Life cycle energy and environmental perfor-
mance of a new university building: modelling challenges and design implications, 
Energy Build. 35 (2003) 1049–1064.

[50] Camera di commercio di Milano. Opere di ediliza, https://www.piuprezzi.it,
(2017).

[51] ISTAT – Istituto nazionale di statistica. Prezzi al consumo per l’intera collettività, 
https://www.istat.it/it/prezzi (accessed 8.06.2017).

[52] DECRETO 26 giugno, Adeguamento del decreto del Ministro dello sviluppo eco-
nomico, 26 giugno 2009-Linee guida nazionali per la certificazione energetica degli 
edifici, http://www.gazzettaufficiale.it/eli/id/2015/07/15/15A05200/sg, (2015) , 
Accessed date: 5 March 2016.

[53] T. Frank, Climate change impacts on building heating and cooling energy demand 
in Switzerland, Energy Build. 37 (2005) 1175–1185.

[54] M. Jentsch, P. James, L. Bourikas, A. Bahaj, Transforming existing weather data for 
worldwide locations to enable energy and building performance simulation under 
future climates, Renew. Energy 55 (2013) 514–524.

[55] University of Southampton, CCWorldWeatherGen, (2009) http://www.energy. 
soton.ac , Accessed date: 9 August 2015uk/ccworldweathergen.

[56] IPCC, Summary for policy makers, Climate: the Physical Science Basis, Contribution 
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change, 2013.

[57] IGDG Milan, Italian Climatic data collection "Gianni De Giorgio" (IGDG), Weather 
Data Download -Milano-Linate 160800, https://energyplus.net/weather- location/
europe_wmo_region_6/ITA//ITA_Milano-Linate.160800_IGDG (accessed 01.08.16).

http://refhub.elsevier.com/S0360-1323(18)30252-X/sref23
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref23
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref23
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref24
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref24
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref24
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref25
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref25
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref26
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref26
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref26
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref27
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref27
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref28
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref28
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref29
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref29
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref29
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref30
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref30
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref30
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref31
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref31
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref32
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref32
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref32
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref32
http://www.istat.it/it/files/2013/12/Nota-diffusione_delle_abitazioni20122013.pdf
http://www.istat.it/it/files/2013/12/Nota-diffusione_delle_abitazioni20122013.pdf
http://www.cennidicambiamento.it/images/stories/docs/35/CENNIDICAMBIAMENTO_WEB.pdf
http://www.cennidicambiamento.it/images/stories/docs/35/CENNIDICAMBIAMENTO_WEB.pdf
http://www.cennidicambiamento.it/images/stories/docs/35/CENNIDICAMBIAMENTO_WEB.pdf
http://www.borgosostenibile.it
http://www.casacremapiu.it
http://www.studionomos.eu/home.html#/selectedprojects
http://www.matteothun.com/project/9/prefab-social-housing-in-treviso
http://www.matteothun.com/project/9/prefab-social-housing-in-treviso
http://www.federcasa.info/buone_pratiche/bird-residenze-ad-alta-efficienza-energetica/
http://www.federcasa.info/buone_pratiche/bird-residenze-ad-alta-efficienza-energetica/
http://www.eosconsulting.fi.it/scheda-housing-sociale-ad-alta-efficienza-energetica-colle-vesi-28-01-2013.htm
http://www.eosconsulting.fi.it/scheda-housing-sociale-ad-alta-efficienza-energetica-colle-vesi-28-01-2013.htm
https://www.sistem.it/realizzazioni/edifici-residenziali/condomini-multipiano-e-social-housing/progetto-c-s-laquila/
https://www.sistem.it/realizzazioni/edifici-residenziali/condomini-multipiano-e-social-housing/progetto-c-s-laquila/
http://www.circularecology.com
http://kilowattene.enea.it/kilowattene-co2-energia-primaria.html
http://kilowattene.enea.it/kilowattene-co2-energia-primaria.html
http://www.gov.scot/resource/doc/217736/0091011.pdf
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref45
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref45
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref45
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref46
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref46
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref46
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref47
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref47
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref47
https://www.nachi.org/life-expectancy.htm
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref49
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref49
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref49
https://www.piuprezzi.it
https://www.istat.it/it/prezzi
http://www.gazzettaufficiale.it/eli/id/2015/07/15/15A05200/sg
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref53
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref53
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref54
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref54
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref54
http://www.energy.soton.ac
http://www.energy.soton.ac
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref56
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref56
http://refhub.elsevier.com/S0360-1323(18)30252-X/sref56
https://energyplus.net/weather-

	Selecting design strategies using multi-criteria decision making to improve the sustainability of buildings
	Introduction
	Method
	Adaptive thermal comfort
	Life cycle energy assessment
	Life cycle carbon dioxide assessment
	Life cycle cost analysis
	Multi-criteria decision making

	Case study
	Design strategies
	Computer simulation
	Climatic data and tool to assess climate change

	Results and discussion
	Climatic data analysis
	Effect of climate change on the building
	Design strategies based on the four parameters
	Design strategies applied to the building
	Multi-criteria decision making

	Conclusions
	Future work

	Acknowledgements
	References




