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Abstract: Currently, sustainability is considered a priority by society, with the household appliances
being one of the economic sectors involved in achieving sustainability. However, the existence of
several issues (e.g., energy and water consumption, reliability, initial cost, and illuminance, among
others) together with the diversity of brands and models on the market, make the consumer’s
decisions regarding sustainable options difficult, according to their concerns and related to each
sustainability dimension (economic, environmental, and social). By combining evolutionary
algorithms (EA) with multicriteria techniques, it is possible to achieve sustainable solutions for the
consumer based on their requirements. In this paper, a method is presented to support the consumer
by obtaining a set of sustainable household appliances on the market that suit their preferences,
concerns, and needs. By using a case study to apply the approach developed here, a set of
sustainable appliances from the market is obtained, where several benefits are achieved (e.g., energy
and water consumption savings, avoidance of COz emissions) during the lifecycle of each appliance,
chosen from the appliance’s industry.

Keywords: sustainability; energy efficiency; cyberphysical system; decision support systems;
lifecycle cost analysis (LCCA); multi-attribute value theory (MAVT); multi-objective optimization;
soft computing; evolutionary algorithm

1. Introduction

According to [1-4], the consumption of energy should be reduced in order to achieve
sustainability. Approximately 38% of the final energy consumption is related to the building sector,
and from that percentage, approximately 18% is related to the residential sector [4], which thereby
represents a relevant sector for which to achieve sustainability.

With regard to household appliances, some measures have been made not only in Europe but in
other world regions as well, in order to promote sustainability in this sector.

One of such measures, adopted in this context, is mandatory labeling [5-8], which allows
informing the consumers about information related to each electrical appliance, such as heat capacity
(air conditioner), water and energy consumption (dryer machine), and initial investment (lighting),
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among others. The goal of such a measure is to adjust each available solution to the consumer’s needs
[6-8].

Besides energy labeling, there are also eco-design policies, with both acting as essential tools to
drive the shift from a “linear economy” to a more “circular” one that also promotes sustainable
development [9,10].

Furthermore, and by including eco-design and energy labeling measures, the European Union
has changed the way that our products are designed, bringing substantial reductions in terms of
greenhouse gas (GHG) emissions and the corresponding consumption costs [4,5].

By 2020, and based on [9], the European Commission estimates that the energy consumption
costs for each household in Europe will be approximately reduced by €300 per year, due to the
adoption of such policies, with GHG emissions also seeing a reduction of approximately 319
megatons of CO: (equivalent) per year.

According to some studies, which include the EU’s recommendations, increasing the durability,
reparability, and recyclability of the products and, in particular, electrical appliances, represents an
opportunity to improve eco-design and energy labeling measures with respect to the promotion of a
circular economy [3-6].

Although sustainability is a goal to be achieved, the circular economy is a way to achieve such
an end, therefore being a road map that should lead society to reach sustainability [4]. However, some
studies argue that the circular economy will not be enough to achieve sustainability [4,8], since it only
focuses on technological progress to solve economic and environmental problems, making it a
“weaker” sustainability approach [9,10].

On the other hand, the rise of new developments resulting from the combination of information
technologies with decision support systems, together with new business models of product service
systems as well, could also help to satisfy the need for cultural change in order to reach a “stronger”
sustainability approach [5,8,9].

The circular economy is a means to achieve sustainability since it helps (directly and indirectly)
meeting targets of the Sustainable Development Goals defined by the United Nations [11].

As mentioned before, energy labeling policies, as well as eco-design, are essential tools to drive
the shift to a circular economy [12].

Several studies regarding the circular economy and sustainable development issues have been
developed by considering several contexts (e.g., market surveillance of resource efficiency [9], energy
renewables [13], circular economy performance indicators [12,13]).

In recent years, several entities, including governments, associations, and manufactures, have
also used measures in an attempt to sensitize the population to the problem of energy efficiency in
the residential sector [14-16].

Despite the existence of such measures, it becomes difficult for a decision-agent (consumer) to
acquire the best solution adjusted to its needs and preferences, given the diversity of options from
the market (brands and models) as well as the diversity of the appliance’s own features [14-16].

In this sense, the use of multicriteria techniques can support the consumer in making sustainable
choices that not only address the consumer’s preferences, but also their concerns and needs according
to three dimensions of sustainability, namely economic, environmental, and social wellbeing. In
addition, the use of multi-attribute value theory (MAVT), combined with optimization techniques,
could also help to define the consumer’s decision space and the corresponding objective functions in
order to maximize the three objective functions mentioned above.

Based on previous work, evolutionary algorithms (EA) and, more specifically, the non-
dominated sorting genetic algorithm II (NSGAII) have been successfully deployed to solve
optimization problems with more efficiency than other methods by providing different and feasible
solutions, given their stochastic nature [17-22].

Therefore, this work presents an integrated method, based on NSGAII and MAVT, with the aim
of supporting the decision-agent (consumer) in finding sustainable solutions from the market based
on different needs and concerns.
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The method proposed here can also provide other sustainable (optimal) and alternative
solutions to the consumer.

The applicability of the proposed approach will be demonstrated through a case study, where a
set of sustainable (and alternative) solutions is obtained, given the consumer’s issues, which include
preferences and needs, on behalf of their economic, social, and environmental wellbeing.

The presented approach also includes economic (e.g., budget), social (e.g., minimum value of air
conditioner heat capacity), and environmental (e.g.,, CO2 emissions) constraints, related to each
energy service (household appliance) considered in this work.

This paper is organized as follows: Section 2 contains the literature review and the paper’s
contribution. Section 3 contains the research method used, namely the adopted criteria regarding the
three dimensions considered in this approach, the problem formulation, the strengths, weaknesses,
and limitations of the work, and ending with a brief presentation of NSGAII. Section 4 presents and
discusses the obtained results. Section 5 presents the conclusions and further work.

2. Literature Review and Paper’s Contribution

2.1. Literature Review

Methods based on simulation (e.g., [23]) are commonly applied to simulate a restricted set of
alternatives.

Other approaches are mainly economic, allowing consumers therefore to acquire the highest
energy savings for the same initial investment (e.g., [17,18]), while others exploit issues based on the
building’s thermal performance by using evolutionary algorithms to optimize the building’s
parameters, thereby achieving GHG emission savings, among other perceived benefits (e.g., [22,23]),
with some of them being also integrated with technologies (e.g., [24,25])

However, such approaches can be considered somehow limited because they do not consider
other important issues (e.g., environment, energy labeling, and consumer’s satisfaction, among
others) to achieve solutions suitable for the consumer’s needs. They also do not account for the criteria
regarding each household appliance existing on the market, which can differ based on the number of
household building occupants.

Presently, some works have created multicriteria decision-making (MCDM) approaches to
support consumers with measures regarding buildings by accounting for energy efficiency and
comfort in buildings (e.g., [6,26]), while other approaches were performed by ranking the different
available options (e.g., [23]).

Some approaches promote sustainable measures by using the game theory model to maximize
environmental and utility objectives with respect to the energy production sector (e.g., [21]), while
other works promote sustainability measures by using fuzzy logic applied to the transportation sector
while considering not only environmental issues (pollution), but also customer satisfaction (e.g., [21]).

In the literature, other MCDM models can be found as well as multiple-attribute value theory
(MAVT) methods that allow combining optimization with multicriteria methods in order to obtain
feasible solutions through according to a set of criteria (e.g., [18-20]).

However, these methods do not account for the different criteria regarding each household
appliance, from the market, suitable for the consumer’s needs.

Optimization methods based on metaheuristics have been also considered to solve energy
problems by providing feasible solutions, such as genetic algorithms (GAs) (e.g., [20,22]) and particle
swarm optimization (PSO) (e.g., [19,24]), among others.

However, such methods are not integrated as a combined approach to enable selection, from the
market, of a set of sustainable appliances for the consumer (decision-agent) that are based on a set of
criteria.

2.2. Paper’s Contribution



Appl. Sci. 2020, 10, 3206 4 of 24

Based on the literature discussed above, there is a gap regarding sustainable measures for
buildings, involving household appliances, that allow supporting a household consumer in choosing
a set of sustainable solutions from the market.

Therefore, the main contribution of this paper is the design of an approach to support a
consumer to identify sustainable options for household appliances that exist on the market that
attends to their needs, as well as a set of requirements, namely:

1) Maximization of a consumer’s economic wellbeing (water and energy consumption savings,
investment savings, etc.);

2) Maximization of a consumer’s social wellbeing through their preferences (e.g., design, quality
perceived, noise, and number of functions, among others);

3) Maximizing the consumer’s environmental wellbeing (avoidance of CO: emissions, water
savings);

4) Providing a methodology that allows obtaining several alternative sustainable solutions, which
allow tackling some contingencies that eventually may occur (e.g., an out-of-stock electrical
appliance initially recommended by the method).

In order to fulfill the previously identified gap, this work presents a decision support approach
that provides the consumer (decision-agent) with a set of household appliances obtained from the
market according to their preferences and needs.

The method presented here also promotes the circular economy by promoting sustainable
options that exist on the market.

The presented approach also includes economic (e.g., budget), social (e.g., minimum value of air
conditioner heat capacity), and environmental (e.g., COz) restrictions related to each energy service
(household appliance type) considered in this study.

3. Material & Research Method

3.1. Problem Statement and Case Study

The problem presented in this work considers a household consumer (decision-agent) who
wants to acquire different electrical appliances, existing in the market, for their household.

Thus, and regarding the case study used in this work, seven different energy services/electrical
appliances to be acquired by the consumer were considered, namely dryer machine, lighting, air
conditioner, dishwasher machine, electric oven, washing machine, and refrigerator.

The same consumer had a restricted budget of €2500, to acquire seven types of household
appliances, with the goal of achieving a set of sustainable equipment that maximized their social,
environment, and economic wellbeing according to a set of three relative importance weights,
respectively w, (economics), wg (social), and w. (environment). In this case study, these were
considered using values of 0.65, 0.25, and 0.1, respectively.

In total, the building has four occupants. Given the consumer’s intention to buy an air
conditioner, the corresponding cooling and heating needs were calculated based on the
corresponding room area (living room).

Regarding the remaining assumptions, they are presented on Table 1, with the emission factor
obtained from [27], while the consumer’s usage profile is presented on Table 2, based on a Portuguese
study [7].

Such a profile was adopted and based on a typical consumer’s profile, considering the work in
[7] and regarding the use of each household appliance type to be acquired.

However, the consumer can also create their own usage profile based on their needs or using
the profile shown in this work by default.

Table 1. Emission factor and other assumptions considered in this work.

Emission Factor (gCO2/kWh) 675.00 Discount Factor (%) 7.00
Lifecycle (usage phase) (years): 10.00 Annual Factor 7.03
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Electrical Energy tariff (7, ) (€/kWh) 0.16 Water tariff (7 1,0 ) (€/m3) 1.19

Table 2. Consumer usage profile (considered).

Energy Service Hours
Day Week Month Year
Dryer machine 1.5 4.0 15.0 183.0
Washing machine 1.2 4.3 16.0 189.0
Fridge/freezer 11.0 76.3 329.1 4007.0
Oven (electric) 1.1 1.9 8.0 97.0
Dishwasher machine 1.0 4.1 16.0 193.0
Air conditioning 2.1 12.1 47.0 587.0
Lighting 5.0 35.2 150.1 1823.0
Energy Service Usage Frequency
Day Week Month Year
Dryer machine 1 3 14 185
Washing machine 1 2 14 181
Fridge/freezer 1 6 28 359
Oven (electric) 1 2 7 94
Dishwasher machine 1 3 14 189
Air conditioning 1 4 22 276
Lighting 1 6 28 359

Both set of assumptions shown on Tables 1 and 2, were considered when performing a lifecycle
cost assessment (LCCA) related to each individual solution/appliance, which is described on next
section.

3.2. Dataset

Based on the data presented before, namely the consumer’s profile presented in Table 2, as well
as the remaining assumptions, it was some calculations were performed using an LCCA approach in
order to achieve savings for each appliance, regarding energy and water consumption, for each
appliance considered in the decision space (Figure 1). The lifecycle period was also considered in this
study (10 years). This was done by using the consumer profile, as considered in Table 2, and by
comparing the consumption from each candidate solution (regarding each energy service) with the
corresponding less-efficient one in terms of energy consumption, considered here as a “standard
solution”.

Data from the appliance’s market was also considered, such as initial investment, brand and
model, power, and noise, among other appliance issues regarding each appliance, and based on the
criteria, as presented in Table 3.

In Appendix A, the adopted attributes regarding each obtained solution are presented.

In Appendix B, the final attribute values based on MAVT are presented.

3.3. Proposed Approach

The method presented in this work has been designed to support a consumer who intends to
purchase, from the market, a set of appliances for their household (Figure 1).

This set is formed by individual solutions regarding each energy service to be acquired and is
obtained from a group of candidate solutions previously selected using MAVT according to the
consumer’s preferences, needs and concerns, and regarding each sustainability dimension (Figure 1).
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Figure 1. Proposed method.

Such an approach can be better described through a detailed view, as presented in Figure 2. The

first phase starts with pre-selection of a set of potential solutions (%) from the market and based on
specific criteria. Although the corresponding attributes/criteria remain the same, the corresponding
values vary according to the number of occupants.

The adopted criteria used here allows for the pre-selection of household appliances available in
the market, so the decision space can be reduced by considering only these options that are adjusted
to the consumer needs as well as through increasing the efficiency of NSGAII by acquiring optimal
and feasible solutions within less time.
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According to Figure 2, the first stage starts with the pre-selection of a set of candidate solutions
( x.-,-)' existing in the market, which are based on specific criteria and according to the number of

occupants of the building. Regarding the adopted criteria, it is the same, with the corresponding
attribute’ values varying based on the occupant number. An example of such criteria, considering the
case studied in this work, is shown on Table 1.

Therefore, each candidate solution ( x!./.) is then considered as an option i related to household

appliance type j, to be bought from the market by the consumer.
By considering a consumer’s profile, (e.g., Table 2), the approach involves performing a lifecycle
cost assessment (LCCA) regarding each household appliance in order to calculate the respective

savings as regarding energy consumption (s, ( ?97))' water consumption (S, ams, (xij)), and the

.Cons; ;

initial investment (5 ( xy_)). The equivalent CO: emissions were then calculated according to [26].

All of the parameters mentioned above, are savings, and they result from the comparison of the
efficient and the related standard solution (less sustainable one).

Through the diversity of issues related to each energy service and household appliance, together
with the consumer’s economic, environmental, and social concerns, a set of attributes was defined
based on the consumer’s preferences and related to each appliance type/energy service for the three
problem dimensions considered, i.e., A—Economics, B—Social, and C—Environment. Such
attributes are shown in Table 3.

Table 3. Adopted criteria to define problem dimensions according to the household appliance (energy
service) type.

Household Dimension Dimension Dimension
Appli — Ref. Ref. — Ref.
ppliance A . e B—Social e .C e
Type Economics Environment
COze
Energy . (Avoided)
Efficiency Ilu.A1 Durability [u.B1 emissions [u.C1
. [h) .
Labeling during the

usage phase

Percentage of

T recycling Nu.C2
Tlu—light material [%)
COze
Energ}f Cons. Color (Avoided)
Savings Rendering emissions
Lif le— Mu.A Nu.B Tu.
(Lifecycle u-AS Index (CRI) u-B5 during the u.C3
Usage Phase) o .
[%) production
[€] h
phase
COze
Eificien Noise emiaions
Y ACAl  (Indoor)  ACBI ) AC.C1
Labeling [dB) during the
AC—Air (Heating) production
Conditioning phase
Products can
be repaired by ACC2
other

professionals
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Ener COze
Ef ficiei}; Customer (Avoided)
. Y AC.A6 Service AC.B9 emissions AC.C3
Labeling (Warranty) during the
uri
(Cooling) el &
usage phase
COze
Energy (Avoided)
Efficiency FE.A.1 Design FE.B1 emissions FE.C.1
Labeling during the
usage phase
iy
(Electric) . FEC2
repaired by
other people)
Perceived CQze
Investment Satisfaction (Avoided)
v FE.A5 At FE.B.5 emissions FE.C.3
cost[€) (by other .
. during the end
clients)
use phase
COze
Energy (Avoided)
Efficiency = MLL.A.1 Design MLL.B.1 emissions MLL.C.1
Labeling during the
usage phase
COze
(Avoided)
MLL— emissions MLL.C2
Dishwasher during the end
use phase
Durability MLL.C3
Water. Cons. Perceived Water
Savings Satisfaction Consumption
(Lifecycle— MLL.A.6 MLL.B.6 . P MLL.C4
(by other (Lifecycle—
Usage phase) .
©) clients) Usage phase)

The preferences regarding the social dimension were based on previous works from [20,28], as
well as the ones from the economics dimension. The ones from the environmental dimension were
chosen based on the works of [29].

Besides the energy efficiency classification label implicit in the attributes presented on Table 3

and referring to each energy service/appliance type considered, all the adopted attributes can be
applied into other regions. In this case, the European Union’s Energy Labelling Framework
regulation (2017/1369) was adopted, considering previous research from [20,28,29]. However, with
the corresponding adjustments mentioned before, it can be applied into other regions around the
world.

The consumption profile was derived by making a set of assumptions based on the hours, which
was then extrapolated to a weekly and year base. However, the consumer can also establish their
own usage profile based on their needs, or even by using the profile considered in this case study as
default values.

As mentioned before, MAVT is employed to support the consumer by assessing a set of
alternative solutions based on a set of attributes. These attributes were established on behalf of the
three considered dimensions of sustainability (Table 3). Based on Figures 1 and 2, a mathematical
model was then defined to obtain the objective functions to be further optimized using NSGAIL
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gjt)

Through these attributes (Table 3), it a decision variable xi( ; ¥ was established that is related to

each alternative solution/appliance i regarding a certain appliance type/energy service j . This
variable is defined based on criteria t, associated with the energy service/appliance type j and
problem dimension g considered (A-Economics, B-Social, and C-Environmental), i.e.,

&<l |88 8, f0lC 0o, )] (1)
with

g={4.8.Chnj= (1.2, T ar={{1.20m, Jo{L20m, o {12, fan, ot je N 2

The numbers n, , n, ,and n. areregarded with respect to index t as the number of the last
J J J

criteria t associated to energy service/appliance type j and problem dimension g .
Following the notation presented above and according to the criteria established before (Table
3) as well as the assumptions shown in Tables 1 and 2, regarding the case study considered here, the

corresponding decision variable regarding each considered attribute (xl.(jgj t)) can be aggregated and

framed into a set of pay-off/behavior tables regarding each energy service j. An example of this table
is shown in Figure 3a regarding the energy service/appliance type “Air Conditioning”. The

corresponding table, regarding the corresponding decision values ( ( (&) )) , can be achieved

using MAVT, and the following relation:

(g;1) (g:) (g (g
Xy () w0 (S /z)ER/\ZJEN\{O} 3)
where
(g/‘/) (g,/)
(&) ‘ ij ij(worst)
VU(X J ): &0 o (4)
Jt Jt
xff(beu) xt/ (worst)

. .. (ge . . . .
Since each decision value ( ( G )) works with different scales and units, an expression was

used to define the relation between the new and the previous value of x( 9it) @ t))

, respectively v(z) (xl. ;

and v(l) (xi(]‘.q”)) ( ( (é’t)) (1)( &) )) , by also using the corresponding worst and best

results for a given criterion g e 1.,
V) —— 2 () w/ PP (G eRAGLjeNV0) ()

where

1) (g;) (g;1)
VI/ (xi/'/ )_vworsqi (xi/'/ )‘

(&) (g;0)
vbetter,-/- (‘xij ) - vwnrxt,-/- (‘xij

(2) (x(g,, ) _

(6)

The new values of v, (x; (&) )(ze V. ( (g/’)) (2)( (&) )) fill a new evaluation table belonging

to each energy service j. On Figure 3b, an example is shown of a table regarding the energy service
“Lighting”.
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- vm(\'f;:":') ’im(-"fgn:') ’im(-‘f;::)) "'131(-"1:5’;:'4]) "‘131("{9(1:1])
a)
An, B.1, B2, .. Bn, c1,
WO w0E ) el  mR D wGiET)
vaGE™) vt Gl ) el

X Gl ™) e G eGET) - meGRT) 4Gl e  ueGiR™)
b)
Figure 3. Example of evaluation table (Air Conditioner energy service)): (a) xj(gj 0, (b) vy (xl.(gj t)).

Through the value attributes mentioned before, and by using an additive model to aggregate
them, a unique model was obtained, represented by an aggregated objective function which was
further optimized using the NSGAII algorithm.

As it referred to earlier, the nature of this problem is combinatorial, with the number of
combinations being dependent on the size of the sample (22 million combinations considered in this
case study).

Additionally, there is a set of constraints that will be considered here to adjust the consumer
needs and obtain feasible solutions. These constraints are presented below.

Thus, the problem p here can be presented as follows:

max V,(x), c/m=4,B,C
subject to x e X clV (x)= [VA (x),V(x),V, (x)]T @)
with x being the decision variable vector, which is defined as
xeX:xe{x;/A"‘), !.(/.B”),x;/c”)}/\t,i,jeN (8)

where
J={L.,10} A j={1,2,., 7} At ={{1,..,nA]}U{1,..,nB/_}U{l,..,ncl}}/\nA/_,nB],nC] eN (9

with p (x), v,(x), and p_(y) being the objective functions related to each considered

sustainability dimension, i.e., A—Economics, B—Social, and C—Environment.
Each aggregate objective function is given by

n,
1 g

V,(x)= ZZvj(xﬁg"‘)) w/g={4,B,C} /\vj(xﬁg”))/\nj,ngj ,t,jeN (10)
J=1 t=1
Thus, and through (10), the corresponding objective functions regarding each sustainability
dimension can be defined as

Economic Well —being : max V,(x) = z D, (xj.Aﬂ ) (11)
j=1 =1
Social Well —being : max Vy(x) = z z v, (xj.B” ) (12)

j=1 =1
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n
n; "p;

Environment Well —being : max V,(x) = z Z(l -V, (xj.C”))) (13)
j=1 =1
The first and third objective functions are based on the works from [21] and [29] respectively.
The second objective function (Social Wellbeing), is defined based on the attributes established in this
work.
Through the use of an additive model developed using MAVT, we have combined the value
functions V,(x), V,(x), and V.(x) into a unique aggregated expression which will be the

model’s objective function. This objective function will be pondered by a weigh factor (w,),
expressing, therefore, the relative importance given by the consumer to each sustainability
dimension, thus resulting in

Vet (x) = V(I/A(X)EVI/B(X)?VC(X)) =0, V,(xX)+ 0, V,(x)+ .V .(x) . )(14)

Therefore, and based on Expression (3), Expression (13) can be described as

ny, (x(A/’) _ ) s, (x(B”) L ®0 ) ne, (x(c,,) NCH )

efect.j pior.j

n/
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Jj=1 (=1 (x =X ) (=1 (x o—x ) (=1 (x =X )
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which is subject to a set of constraints regarding economic, social, and environment wellbeing
dimensions, namely
Economic—Budget

Ly L} ”/ A/-’l 25
r Z I, (x j) <availablebudget (1, ) < Z ng- i xfj* ) < Naisp. (16)
j=1 j=1
Jj#=2

Lighting Comfort (minimum illuminance)

(BIS)

A
r: K 2E . (17)
Heating/Cooling Requirements
. (B23)
r3 N x2 ” P QtlLAquea(proj.) (18)
B,
r4 :xg #) 2 ch.Arrqf.(proj.) (19)
Environment—Noise
%5 zxleH) < Noise,
Ty :xff”) < Noise,,,
c/li=5ej={23,457]| (20)
Ty xff i) < Noise,;
i :xf?‘) < Noise, ,
Water Consumption
o x5 <1/ 10 < Cur
(21)

. (475)
Ty < Xi7 XI/THZOSCML
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3.4. Strengths, Weakness, and Limitations of the Work

The approach presented here uses a lifecycle cost assessment (LCCA) method to predict the cost
regarding each solution during its usage phase and according to the consumer’s profile.

However, the LCCA calculations only accounts for the cost in terms of water and CO2 emissions
involved, and do not consider the materials involved in the production and final phase of the product
itself. Further developments regarding this issue should be accounted for in future.

Issues such as the minimal lighting illuminance requirements, the dishwasher capacity, and the
air conditioner thermal power (among others) are also accounted for in order to support the
consumer with suitable appliances from the market and according to their needs.

Besides the economic and environmental concerns, the consumer’s social preferences, such as
comfort requirements related to different dimensions (thermal, acoustic, and visual) are also
considered here together with different preferences regarding such issues as the (perceived) quality
of the product and reliability, among others. The consumer’s relative importance, regarding each
dimension (economics, social, and environment) are also accounted for here.

Another advantage from the use of this approach is the diversity (although still optimal) of
solutions from the market, which allows facing a contingency problem with the availability regarding
a specific appliance (e.g., when it is out of stock).

However, the model to calculate the consumer’s needs in terms of the air conditioner capacity
needs to account not only for the dimensions of the divisions to be climatized but also other issues
(e.g., wall materials, the windows, the facade orientation) to increase the precision in obtaining the
results by using the model.

Still regarding the lack of precision in the estimation of air conditioner capacity, the model
should also account for the dynamics in terms of interdependence between air conditioner and the
new lighting system, since that a new lighting system could impact the requirements in terms of
building’s thermal needs.

Regarding the weakness and strengths already discussed here, there were some limitations
within this work. One had to do with dimensions of the database (and, therefore, the sample) that
was used, and by considering only the Portuguese market, although the main purpose here was (as
an initial phase) to validate the proposed model.

Some attributes used here are only adjusted to the European Union context (e.g., the use of
European Union’s Energy Labelling Framework as an energy label classification framework), which
brings about the requirement to make necessary (and future) adjustments of the method to account
for other contexts with respect to the countries or regions involved.

The lack of previous research studies on this topic, given the issues referred to before, also
represents a limitation, due to the lack of other approaches to be used as a mean to compare the
obtained results for example. Therefore, such limitations have allowed for the identification of new
gaps in the literature, which point to the need for further developments.

3.5. The Optimization Method Non-Dominated Sorting Genetic Algorithm II (NSGAII)

As it mentioned before, NSGAII was used in this work as a multiobjective optimization method
based on evolutionary algorithms. The motivation for its use is based on its success in other
approaches, which are related to problems of the same nature, in addition with its perceived
advantages [19,29].

Thus, the method presented in this work uses NSGAII to deal with a set of candidate solutions,
which are assessed by using an approach of multicriteria analysis integrated with MAVT.

Regarding NSGAII and the individual’s codification, the adopted was realistic given the nature
of the decision variables used in this work.

The corresponding individual’s framework is presented as follows in Figure 4.
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Figure 4. Individual framework.

According to [21,29], the NSGA'’s iteration process, applied here, uses several steps (Figure 5)
consisting of initialization, crossover, and selection. Parameters such as the size of population, the
iteration size, and crossover rate were determined empirically through a robustness analysis together
with statistical analysis.

Combine parents and
offspring

Figure 5. Non-dominated sorting genetic algorithm II (NSGAII) flowchart.
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Based on Figure 5, the stopping criterion is defined by the variable “gen” regarding the
maximum number of generations of NSGAIIL

After the achievement of the feasible solutions/individuals, regarding each generation, they are
selected from the parents and offspring. The last solution, results from the application of crossover
and mutation. The process is finished, whenever the maximum number of iterations (defined by the
user as a stop criteria) is surpassed.

The corresponding Pareto frontier is then obtained when we are dealing with a NSGAII with
two objective functions, while a Pareto surface is found when we are dealing with a NSGAII with
three objective functions.

4. Results and Discussion

The proposed model was then applied to the case study considered here. After defining the
calculations according to LCCA, and regarding each individual solution as well as the corresponding
attributes according to MAVT (Appendix A and B), the optimization process took place using the
NSGAII algorithm. The corresponding algorithm was then coded on MATLAB software, by
accounting for the following parameters:

e Selection method: tournament
e Crossover method: double point
e Mutation method: random mutation (one point)

The remaining parameters, namely the initial population, crossover, and mutation rate, were
established after several trials.

The first parameter to be tested was the stopping criterion “max number of generations”, where
several runs were performed considering the corresponding values of 80 and 90 (Figure 6a,b
respectively).

A maximum number of iterations (generations) of 80 was also defined, which was achieved
given the neglectable difference obtained between the corresponding Pareto fronts (Figure 6a,b)
regarding both scenarios, i.e.,; Economics & Environment (wa = 0.65, ws = 0.00, and wc = 0.35) and
Economics & Social (wa = 0.65, ws = 0.35, and wc = 0.00),

Other parameters were also determined, such as the size of population (150 individuals), the size
of tournament (10), the rate of crossover (0.75), and the rate of mutation (0.25).

In order to better analyze the fitness behavior considering different values of mutation and the
crossover rate, a robustness test was performed considering two scenarios and regarding the
considered case study, ie., Economics & Environment (wa = 0.65, ws = 0.00, and wc = 0.35) and
Economics & Social (wa = 0.65, ws = 0.35, and wc = 0.00)). The fixed parameters were the size of
population (100 individuals) and the size of the tournament (12 individuals).

The rates regarding the mutation and crossover operators were then changed by performing
several trials of crossover and mutation values (Table 4).

Table 4. Crossover’s and mutation values considered.

Trial Crossover Mutation
Value Value
1 0.75 0.15
2 0.75 0.25
3 0.85 0.15
4 0.85 0.25

All the trials shown in Table 4, were executed by setting a maximum number of iterations (90).

The respective results are shown on Figure 7a,7b, for each considered scenario. It is noted that a
small change in the value of each parameter, has a negligible effect in the obtained results,
considering both scenarios.
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Therefore, the parameters NSGAII that were used to show the sustainable results obtained in
this case study, were tournament size (10), max iteration (90), population size (100), mutation rate

(0.1) and crossover rate (0.9).

*  Max Number of Generations: 90

« Max Number of Generations: 90 s
. " * N + Max Number of Generations: 100
. *  Max Number of Generations: 100 L b
=, s
.
o
“ < s
2 0
= S L]
2 o 3 L]
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= . ~ L]
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= t

Vs(x)—Social V.(x)—Environment

(a) (b)

Figure 6. Pareto frontier regarding the 80t and 90t generations. (a) (wa = 0.65; ws = 0.35; wc =
0.00); (b) (wa = 0.65; ws = 0.00; we = 0.35).
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. « Crossover rate= 0,85, Mutation rate= 0.25 . + Crossover rate=0.85, Mutation rate=0.25
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Figure 7. Pareto frontier considering different values of crossover and mutation rate. (a) (wa = 0.65;
ws = 0.35; wc=0.00); (b) (wa = 0.65; ws = 0.00; wc =0.35),

After performing NSGAII calculations, a Pareto frontier is obtained by accounting for the
scenarios described above for Economics vs, Social (wa = 0.65, ws =0.35, and wc = 0.00) and Economics
vs, Environment (wa = 0.65, ws = 0.00, and wc = 0.35) (Figure 8a,b respectively).
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Figure 8. Pareto frontier: (a) (wa = 0.65; ws = 0.35; wc = 0.00); (b) (wa = 0.65; ws = 0.00; wc = 0.35).

Each point (or node) represents a global sustainable solution of the problem formed by a set of
sustainable (and individual) solutions (household appliances) regarding each appliance type to be
acquired by the consumer.

Although the Economic wellbeing decreases, the Social one increases (Figure 8a), with the same
trade-off, being observed in Figure 8b, by considering only Economic and Environmental wellbeing
dimensions.

Regarding the case study considered here and based on both trade-offs presented above, a
scenario was considered with three dimensions and their corresponding consumer’s relative
importance, represented by the corresponding weights, i.e., wa =0.65, ws=0.25, and wc = 0.10.

The corresponding Pareto surface is obtained in Figure 9.
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Figure 9. Pareto surface (wa = 0.65; ws = 0.25; wc = 0.10).

Based on the obtained Pareto surface (Figure 9), the crowding distance that resulted from each
individual solution is higher in the region where the Economic dimension has more dominance,
followed by the Social and, at last, the Environmental one. Such an order of dominance between each
dimension of sustainability is somehow expected, given the relative importance values (weight)
considered in this case for each dimension (wa = 0.65, ws = 0.25, and wc = 0.10).

One of the nodes from that region is shown on Table 5, regarding a sustainable solution obtained
by considering a budget constraint of €2500 and a consumer lifecycle of 10 years.

Table 5. One of sustainable solutions achieved from the Pareto surface (wa =0.65, ws = 0.25, and wc =
0.10).
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. Stand-a rd  Sust. Energy Water CO:
Electrical Solution sol. Inv. .
. Consump. Consump. Emissions Model
Household Total Total Saving . . . Manuf.
. Savings  (avoided) (avoided) Type
Appliance Invest, Invest © © ) (ke)
© © 8
Light 16.88 49.04 5.35 62.20 - 27.60 Phillips ~ LEDspo
Ad
o 352.00 279.00  69.00 1319.50 - 1322.60  Samsung AQV09
conditioning
Refrigerator 234.00 399.00 -265.00 709.30 - 9.72 Becken  Bc20161
Wash¥ng 272.20 249,90 33,00 5.60 322.10 95.10 INDESIT EWE7”1
machine
Dishwasher
. 310.00 349.00 -39.00 3.20 423.00 6.90 LG DF212F
machine
Oven 171.00 701.00  -28.30 2.82 - 2.33 Electrolux EZC243
Clothes 36300 44900 6800 1020 - 1.82 Bosch ~ WTES41
dryer
Total 1724.80 247594 -262.65 2112.30 745.10 1458.90 - -

The avoided CO: emissions for each appliance are also shown, and they result from the
comparison between the “sustainable” solution achieved and the “less sustainable” one, i.e., the
standard solution.

The investment as well as the consumption savings were also obtained based on the difference
between the “sustainable” solution achieved and the “less sustainable” one, and by also considering
the lifecycle period regarding each energy service. Therefore, the corresponding monetary flows were
then discounted to the present period in order to calculate the present value of each investment as
well as each consumption value regarding the sustainable and less sustainable solutions.

Considering the results presented on Table 5, the consumer can achieve energy savings of
around €2112.30 regarding the considered lifecycle.

Based on this value, we can estimate a consumption average value of 211.23 €/year (previous
result divided by the considered lifecycle), which is lower than the average value of 300 in [9),
although still significant, thus highlighting the importance of achieving energy savings during the
lifecycle of each equipment.

During the considered lifecycle, the consumer can also avoid 1458.90 kg of CO2 emissions and
avoid consumption of approximately 745.10 liters of water, with both resulting in savings.

5. Conclusions & Future Work

In this paper, a decision support method was presented to provide sustainable household
appliances from the market to a consumer by considering three dimensions of sustainability, namely,
economics, social, and environmental wellbeing.

The proposed approach has made use of a set of established criteria, in order to pre-select a set
of candidate solutions from the market, and by following the consumer requirements. The use of such
criteria (adjustable to each consumer’s requirements), allows for definition of the decision space,
composed by a set of candidate solutions according to each type of appliance to be considered by the
consumer.

Additional criteria were used and integrated with MAVT in order to model the consumer
preferences according to the three problem dimensions presented here. The main purpose of these
procedures was to maximize consumer wellbeing by acting on the three problem dimensions referred
to above, and according to the relative importance given by the consumer.

After modeling the preferences of the consumer, where the ecological impact (e.g., CO2 and
water savings) and economic issues (energy consumption and initial investment savings) based on
the lifecycle cost assessment (LCCA) of each household appliance were also taken into account,
NSGAII was then applied to maximize the three objective functions referred to earlier.
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The method presented in this work allows for maximizing all three dimensions of sustainability
by acquiring a set of sustainable (and alternative) appliances from the market suitable for each
consumer’s preferences and concerns. This also allows the consumer to achieve a set of savings
regarding energy consumption, COz2emissions, and water consumption.

There are some limitations, as pointed out earlier, as well as weaknesses that could be improved
in the model in future, in order to make it more precise and suitable for the consumer.

Thus, and based on the limitations mentioned before, all of the adopted attributes can be used
in other regions, although with necessary adjustments, given the existence of some differences
regarding the region or country involved (e.g., energy labeling classification frameworks).

Besides the limitations identified earlier, which can be used as a basis to develop future work,
the approach developed here can also be extended into other energy services with a relevant impact
in terms of sustainable development, such as regarding information technology equipment (e.g.,
computers, printers, among others).

Furthermore, the use of indicators, such as the European Smart Readiness Indicator (SRI), can
also be considered here as a future development by integrating the method developed in this paper
into the SRI framework in order to better adjust each building (and it units) to each consumer’s needs.
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) Pat.Son.  Capac. Nominal Capac.Mominal Funcio » Qualidade Nr. ) Assistencia Pos-
Marca Modelo Tipo Potson. fIncligBl UL e i) e (0] demm, FITOAT ] Design
Sol.Ref. SLE;J.:ETR:.E ARTIZ Spliter 42,00 42,00 315 33 Hgo Sim 3212 88.92 36.00 93.00
SAMSUNG  ARTZFSSVAWTN | Muli Spiter E0.00 53,00 552 000 Sim Sm 21 §8.92 35.00 §5.00
2 SAMSUNG  AGVOSPSEN Mt Spiier 36.00 36.00 243 12.00 Sim Sim 3212 88.92 35.00 85.00
4 OBERGOZO  FKOR 3505KBTU  Muli Spliter 56.00 55.00 5.28 130 Hio Hio 96.26 52527300 54.00
3 . |samsuns FE Multi Spliter 57.00 56.00 330 18.00 Sim Sim a7.30 9352 38.00 85.00
B| & [wHRLPOOL PacwsHP Parnati 64.00 §3.00 300 EE] Ngo Hgo 3212 88.92 27.00 35.00
Sl 3 |w= SBTUS PMOSSP 141 Spliter 57.00 56,00 250 933 Sim Sim 57.98 84.92 35.00 83.00
B3 HSENSE  AST- Spliter 62,00 60.00 264 978 Sim Sim 30,05 86.92 16.00 4100
BECKEN  SbrisBac2321Ml  Splter 54.00 50.00 250 E Hgo Hgo 36.26 9232 13.00 §7.00
Inwerter Aze3uiEk Spliter 52,00 52,00 270 ER Sim Sim 86.95 §3.92 20.00 85.00
MITSUBISH _ DxK0325 11 Splitet 27.00 27.00 264 3.00 Hgo Sim 53.02 §5.32 40.00 §8.00
" Capacidade Qualidade Nr. Design " Assistencia Pos-
Marca Modelo Ruida Hominal [kgs] (Fiabilidade) _Funcionalidades vends (Garantia
Sol.Ref [INDEST WISz 56.00 .00 TNDESIT 530 86,33 87 8
WHRLFOOL w00 053 46,00 700 WHRLPOOL F3.00 66 33 69.09 ES
WHRLPOOL FWG 71284 W 43.00 7.00 WHRLPOOL #3.00 86,33 53.09 &7
ZANUSSI ZWFTI050W 45.00 6.00 ZANUSSI 33.00 30.21 33.33 o4
s |oEmEns  wneazzzes 45,00 7.00 SIEMENS 34.00 9115 9494 52
& [MDEST  EwWE7IZS2wWEUN 60.00 7.00 INDESIT 53,00 86.33 §9.89 &7
S kg Kum3485 55.00 .00 KINFT #5.00 82.45 85.55 34
SAMSUNG  WW/T0JS355MM 62,00 7.00 SAMSUNG 57.00 84.39 67.57 5
AEG L74272TL 57.00 7.00 AEG 33,00 30.21 93.93 33
BECKEN  Bwm32l5 55,00 7.00 BECKEN 54.00 8148 54.54 37
HOTPOINT _ FMGT23ME 62,00 7.00 HOTPONT 86,00 8342 86.56 83
Solugio Critério Social [Conforto, Gostas, P
Marca Maodelo Tipo Pot.Son.Sec. [dB] S Lrims (= Design e
Mominal [kgs] L )
Sol.Ref. [HOOVER __ HNC 180 ploondensagdo 60.00 5.00 35,00 6645 g3 5100
o NDESIT  IDVTS exzusio £3.00 .00 34.00 8554 g7 §7.00
5 KUNFT Kdm2733 A exaumdo 63.00 7.00 35.00 86.45 85 34.00
21 . |eaar 358758 enaustio 65.00 600 35,00 86.45 64 50.00
2 & |wHRLPOOL DDLX 70112 ploondensagdo 70.00 7.00 35,00 86.45 63 35.00
A & |zamussl  zoeTaozez ploondensagdo 65.00 7.00 35,00 83.30 &7 54.00
E| = |eecrrow eoeoovarow ploondensagio 64.00 7.00 35.00 8930 82 93.00
g 7 |[EoscH  wrEsdwEe ploondensagio §4.00 5.00 37.00 916 83 33.00
H SMEG DHTS3LIN Bomba de Calor 65,00 7.00 s3.00" 8811 96 38.00
ELECTROLU EDH368STOW Bomba de Calor 66.00 .00 35.00 8930 92 93.00
ZANUSS| __ ZDHB333W Bamba de Calar 6300 .00 35.00 83.30 37 34.00
Solugio Critario Social [Conforto, Gostas, Pt 5
Marca Modelo o Vol. util (>-62C) Vol util {«-62C) c:::’::'r'; Qualidade. Wr. - Assistencia Pos-
m 0 . [ )
Sol.Ref. | WHIFLPODL ARTEET-5 43.00 203.00 02,00 4.00 9200 B3.24 54.00 5.2
CANDY CFET 6184 XPU 43.00 Z15.00 74.00 14.00 90.00 67,30 82.00 a3}
CaNDY CFETE182W 42.00 227.00 .00 14.00 30.00 87.30 82.00 adf
o o« |BECKEN  Bo2OB 43.00 222,00 35,00 14.00 33,00 96.03 84.00 B
2 EN3330MOW 43.00 192.00 3100 20.00 3100 88.27 88.00 7
E o EALAY 3KSBS410 33.00 134.00 34.00 13.00 35.00 9215 £6.00 a0}
£| = |[eosch KGV33ULITS 33.00 192.00 34.00 23.00 35,00 32.15 37.00 7]
3 |moEsT  UroFFix 45,00 183,00 36.00 17.00 100 88.27 83.00 &7]
HOOVER  HDCF 184 WD 43.00 213.00 74.00 18.00 85.00 85.36 33.00 2]
SAMSUNG  AE2IFSANDSA 33.00 192.00 38.00 17.00 35,00 32.15 33.00 &)
CANDY CF 18 SWIFIM 43.00 218.00 74.00 14,00 20.00 87.30 92.00 36|
Solugio Critério Social [Conforto, Gostas, P 5
Marea Madelo Tino Vol. util comp. Qualidade . Design | AsistenciaPos-
n L )
Sol.Ref, | Misle H3938 60 92.00 34.76 &7 a2
* EZE3430A0K &0 B7.350 83,92 3 E
® E2C2430A0% 57 §7.30 83.92 [ =
3 BOSCH o
t| § [|HBAd3s380 HBA43SIE0E 36.03 33.91 0 a7l
il 5 |oata Cme 7007 % i 85.27 90.92 a5 7
a| & |zwss zzezemy 60 3215 54.91 a4 54)
5| I |eoscn veaciEesoe &1 3215 54.91 ko] a5
& |BOSCH  HBA42RISOE 61 85.27 90.92 k(] a7]
EBALAY IHBSSTEM 60 89.36 8792 a6 a2}
SEMENS  HE2ZARSZIE il 34.72 .56 ] 2]
SEMENS __ HB42ARSSSE il 8373 92,42 a3 a2l
Solugio Solugio Critéria Social [Conforto, Gostos, Percepcdes)
(Capacidade - - .
Marca Madelo Ruida (dB) [servigos- G - Design e
louga] & 4
SolRef. |ZANUSSI  Dwea3 56,00 12.00 54.00 55 6] a3 4.6
... BOSCH  SMS4EGWOTE 45,00 Z00 37.00 58,90 a5 86.7]
& DAEWOD  DDW-MOTZ1S 43.00 .00 83.00 0,78 a7 88.74
S, |SEMENS  iSensoric 45,00 12.00 35.00 6.3 £ 9732
= & |BOSCH  SMs2SAI00E 45,00 12.00 37.00 98.34 £ 933§
3 & |eoscH  smszeAwozE 50.00 10.00 37.00 98.34 - 83.75
£l & |eAar VI 50.00 12.00 36.00 9732 £ 933§
gl § [|oEMEMS  iSensonc 45.00 10.00 35,00 6.3 S 87.74
H BALAY 3VSA03BP 50.00 11.00 36.00 5782 a7 88.74
ELECTROLU ESLT34dRO 45.00 1200 36,00 5782 a3 075
® ESFS208LOX 43.00 1200 3800 gr.92 a3 30.73
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Solugio Critério Ambiental
Marca Modelo/Ref: Tipo Uso - EmissBes CO2e [horz.temp.) [kg] Fabrico - EmissBes CO2e [kg] Final - Emissbes COZe [kg]
Sol.Rek. |Lesman Pef: 3782637 Halagenia H5.07 23625 23625
OSRAM Ref: 3316242 Halogenio 254.42 23563 23563
Philips Softone Fluor. Compacta foychei) 21025 21025
2 w  |Lesman Ref: 3629536 Led us.07 27589 27589
gl £ |= EFL23W Fluor. Compacta 234.01 2155 21456
E L LED G45 Led 166.94 23488 23468
= io Phillips ND7 Led 446.53 234885 23488.5
u_q- OSRAM Fagility Fluorescente el bar 2351 z3sm
GE 7237307 Fluor. Compacta 204.12 235335 235335
OSRAM Dulu: Circalux Flucrescente 32T 23556 23556
WM OPAL Led 73113 235785 235785
Marca Modelo Tipo. Uso - Emissdes CO2e [horz.temp.)[kg] Fabrico - Emissies CO2e [kg] Final - Emisses CO2e [kg]
GENERAL
SelRet. J° oo ARTEZ Spliter 0T 23625.00 23625.00
SAMSUNG  ARTZFSSYAWTN  Muli Splter 0.00 23569.00 23569.00
3 SAMSUNG  AGQWOIPSEN Wulti Spliter 60.75 21025.00 21025.00
4 OBERGOZO  FKOR 350 SKETU  Multi Spliter 6275 27583.00 27583.00
= . SAMSUNG  FE Muli Spliter E1.03 21456.00 21456.00
B| £ |wHRLPOOL PaCWSHP Portati 55.17 23466.00 23466.00
3 A SETUS PMO3SP 141 Spliter 5233 23488.50 23488.50
S HISENSE AST- Splirer 48.26 23511.00 235100
BECKEM  9btusBac2321Tl  Splier 50.29 23533.50 23533.50
Irwerter #sedui Ek Spliter 50.23 23556.00 23556.00
MITSUBISHI  O<K0325 141 Siplirer 101.25 23573.50 2357550
Uso - EmissBes CO2e [horz.temp.) [ke] Fabrico - EmissBes CO2e [ke] Final - Emissbes CO2e [kg]
Marca Modelo
Sol fef_JINDEST W52 4175 0.25 0.08
WHIFLPOOL AW/OD 053 155.25 0.23 0.07
WHIFLPOOL | FWG 71284 W 155.25 0.23 007
ZAMUSSI  ZWFTI0S0W 143,50 0.25 0.08
5 SIEMENS WHZAZZZES 148,50 0.23 oor
T |moEST EWE T1252 WELI 124.68 0.23 007
I L Thg Kum3485 124.53 0.25 0.08
SAMSUNG W TOJS3SEM BB.85 0.23 oor
AEG LrazreTL B8.85 0.23 007
BECKEM  Bum3215 143,50 0.23 0.07
HOTPOINT _ FMGTZ3ME 148.50 0.23 007
SDIUESD Critério Ambiental
Marca Modelo Tipo Uso - Emissiies CO2e [horz.temp.)[kg] Fabrico - Emissiies CO2e [kg] Final - Emissbes CO2e [kg]
Sol Ref. |HOOVER HNC 180 ploondensagdo 348.98 0.25 0.06
. NOESIT  1DV7S enausio 0.00 0.25 0.08
3 KUNFT Kdm2739 Ay exaustio 175,50 0.29 .07
2 w  |BALAY 35B75E enaustio 135.00 0.25 0.08
8 % WHIRLPOOL DOLx 70112 ploondensagéo ET.50 0.23 oor
A & |zamussi  eDPreczRz plcondensagde 128.25 0.23 007
E[ = [eLecTRowy eppeovapon ploondensagda 183.00 0.23 0.07
g ] BOSCH WTESOTEE ploondensagéo 183.00 0.z1 0.0s
-3 SMEG OHTE3LIN Bomba de Calor 175.50 0.23 007
ELECTROLU EDH3885TOW Bomba de Calor 54.00 0.25 0.08
ZAMUSSI __ ZDHE333W Eomba de Calot 175.50 0.23 0.07
Sn\ugin Critério Ambiental
Marca Modelo Uso - EmissBes CO2e [horz.temp.) [kg] Fabrico - EmissBes CO2e [kg] Final - Emissbes COZe [kg]
Sol.Ref. |WHRLPODL ARTE5T-G 1587.50 23625.00 23625.00
CANDY CFET 5164 XPU 436743 23569.00 23569.00
CANDY CFET 6162 W 3037.43 21025.00 21025.00
N o |BECKEM  Bo20lk 263393 27533.00 27583.00
Z % EM3330MO 474518 21456.00 21456.00
5| 2 [eesr IKSEI4 3104.93 23466.00 23466.00
| © |BoscH KGW33UL3IS 370568 23488.50 23488.50
] INDESIT LITOFF1= 37243 23511.00 Z3sn0n
HOOVER  HOCF 184 WO 390243 23533.50 23533.50
SAMSUNG  FB23FSRHDSA 357743 23556.00 23556.00
CANDY CF 18 5 WIFIH 506243 23578.50 23578.50
Sn\ugin Critério Ambiental
Marca Modelo Tipo Uso - Emissdes CO2e [horz.temp.)[kg] Fabrico - Emissdes CO2e [kg] Final - Emissbes CO2e [kg]
sol.Ref. |Misle H3396 20.33 23625.00 23625.00
® EZB343040% 15.85 23569.00 23563.00
® EZC243040% 15.35 21025.00 21025.00
g BOSCH
: §  |HBA43SI60 HBA4ISIEOE 22.82 27589.00 27569.00
g 5 |ceta Crme 7007 % 17.55 21456.00 21456.00
2 é ZAHUSSI ZZBZB0TY 1833 23486.00 23468.00
s| = [posc HBAZIB2S0E 1B6.74 23488.50 23468.50
#  |eoscH HBA4ZR350E 24.17 23511.00 2351100
BALAY 3HESETAM 2160 23533.50 23533.50
SEMENS  HBE2ZARS2IE 18.90 23556.00 23556.00
SEMENS __ HB42ARSSSE 24.17 23576.50 23578.50
Solugio Solugio Critério Ambiental
Marca Modelo Uso - Emissiies CO2e [horz.temp.)[kg] Fabrico - Emissiies CO2e [kg] Final - Emissbes CO2e [kg]
sol.Ref. |zamUssI  OwEs3 343.33 23625.00 23625.00
BOSCH SMS4EGWOTE 175.50 23569.00 23563.00
5 DAEWOD  OOW-MOIZ4S 175.50 21025.00 21025.00
3 n SIEEMENS iSensoric ET.50 27583.00 27583.00
H £ |eoscH SMS2SAIN0E B7.50 256,00 214956.00
a4 & |eoscH SMS24ALTZE 183.00 23466.00 23466.00
g T EALAY V3303 183.00 23488.50 23488.50
gl §  [SEMERS  iSensoic 175.50 23511.00 235100
= BALAY 3US303BP 175.50 23533.50 23533.50
ELECTROLU ESLT344R0 178.50 23956.00 23556.00
X ESFSZ0EL0x 17850 23578.50 23578.50

Figure Al. Definition of the attribute table associated with the options available in the market,

considered in this work.
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Appendix B

Solugdo Tipo A - Critério Economico B - Critério Social C - Critério Ambiental
o A S ViA[s]] MuE1 uB1 luBS ViBfz]] IuC1 Gz Z
SolRe| Loman Bt siazEGT Hologerie - B - B - 5 - B B - B B B - -
SR Fef. Got6E4Z Hologenie T =S o D oL ERT] G0 o0 60 [ (=] Toe [ oW EET En
Philip: Saron: Fluer. Compacts | 100 010 05T 033 030 500 0,35 040 20 100 e
Lexman e 3523536 Led a0 100 037 083 000 250 0,35 020 o020 050 058
i o EFLes Finor Compacrs | 190 028 05 ot otz 5o om  Gm om  om  om
£ g |fum 545 Led a0 081 032 0,08 0,05 250 1,00 020 .00 0,00 05
s B | eriips CrePre LEDapothly ND Led a0 061 0t 024 033 250 0.5 020 .00 100 .00
. 5 |ase Dulus Intelligene Faciliey Fluerescents a0 0£s 051 ) 051 250 03 000 .00 053 100
F e 2375 OT FLEZOTEY Fluor, Compaets | 030 042 e 2100 003 Z30 o8 540 o0z0 o0&t 053
Phillps Satone Fluer, Compacs | 030 w00 w00 100 100 250 035 o0 a.z0 100 Qs
L sPIRAL Fluer Compaers | 090 0.4 0,57 233 216 250 035 040 .20 2,00 53
Ar Condicionads i ACAT _ACAZ _ACAS ACAL _ACAS _ACAS WiAfz)] ACB1 ACEZ2 ACBS ACBA AGCBS AGCBG6 ACBT AGCBS ACBIACEHI
Sl Re| GENERALELECTR] AR 112 Spliter - - - - - - - - - - - - - - - - - - - - - -
SAMMEUNG ART2FSETAWTH Serie ¥ | Wi Spliar [E o0 o0 058 [ o0 550 [ [ 5 500 00 o0 [ G5 085 08 35 532
SAMSUNG AQVOSPSEN Wult Spliter a0 050 o4 100 0.00 024 z24 024 028 .00 061 100 1100 050 050 035 0sl 1353 150
CEERGOZO FKDR: 350 3KETU Huli S ot T 03 520 ois 021 %04 ors ate 100 053 Q.00 w00 050 as0  0p0 038 g2 a1
SHIMSUNG FE ARDIHSSFEWKNEL | Muli Splicar 100 w50 aan ot 025 ot 3.5 0.8t a5t 0z 100 100 100 100 100 ast oar 073 299
WHIRLFOOL FaC SHE Portatil as0 030 045 w62 a4 0,01 524 100 100 ais ass a.00 w00 ase 056 o 035 123 ez
3 La FETUS P03 101 Splitar a0 100 04z w00 100 003 saz 0.8 a1 a0 55 100 100 o on LECRE) 121 .98
= HISERSE AST-DIUWASVETEIO Splitar a0 100 oz ot 058 w00 3t 0,35 0oz 0,05 54 100 100 033 033 000 000 123 250
D BECKEN Fbtuc Bac232! 11 Splitar as0 100 050 0.95 o w00 533 013 el a0 05 a.00 000 100 190 000 gzt 128 152
El Tovartar HITASU | Aecsui €k Splitar 1100 100 050 031 o om0 352 05 059 oot 051 1100 b 0,00 coo oo oor 121 e
MITSUBISHI DXK03Z5 11 Splter a5 090 000 058 03 2,00 301 000 000 0.05 as0 .00 100 045 o40 000 029 175 835
Miaguiss Lavar Rowps - ivEri MIR AT MIRAZ MIRAS MIBAL MIBAS MIRAG ¥iA(z]| WMIRG1 MIREBE? MIRES MIRGS MIRES MIREG ViC[z)| ¥(x]
SelR[INDEST isE = - - B - B B - B B - B B - B - B B B : =
“WHIRLPOOL A w00 055 B Te0 [ [E3 ToG [ o0 G G0 o0 =] 050 Tes 25 5 o0 [ TS EES]
WHIRLPOOL PG 11268 - a0 o00 ors 021 et 100 EX) 019 100 050 50 100 020 100 100 100 a0 | was
Zmnuss) ZWFTIOSOW - a0 s nsz 015 o 9z 218 o 06 a0 0,30 055 000 o o0 o8 124 135
SEMENS “wit2h2z2ES - a0 s 000 100 100 092 530 0s 100 100 100 055 naz 035 100 0,85 563 63
& |moesm ENE T1252 WELIY : 100 035 100 000 0,3 05 33 g8 100 56 056 05e 000 031 1,00 0,54 553 10,79
| euner Thg Kum3485 : 100 035 098 002 00z 05 5,02 0, 06 003 011 051 050 05 o000 0,85 236 519
8 |samsunc W TOUSEE - oan 100 06 036 036 000 5,26 1,00 100 0t 0,83 051 067 000 100 0,00 100 808
LesaraTL s 1m0 100 et 073 03 000 a3 06 100 02 100 050 100 035 100 0,35 170 048
EECKEN Bumazis - 00 008 sz 015 05 a2 o 1,00 000 0,00 085 00 023 1,00 023 a3 83
HOTPOINT FMGIZIME i 100 008 ot 024 024 042 100 100 0,00 0,00 100 0,25 40 X 0,40 212 3,20
Maquiaa Secar Roupa- it SR A WMSRAD MSRAD MSRAL MSAAS MSRAG MSRE 1 MSR.C1 MSRC2 MSRC3 ViC[z]] ¥[s)
SolRre[HoOvER: I 150 3 - B B B B B - - B B - - B -
= IHOESIT IO 75 et T Ton =3 TS G5 Ta0 EKE B =0 [ Ton Tt
2 KUNFT Kdm2733 v exaustio 080 o007 1,00 0,00 0,00 083 250 405 |08 1,00 100 233 958
= ALAT ssEaTSE rze na2s ot 053 0a3 o a3 203 [om 0o 050 1 153
-4 3 |wmreoo DDLU Ton2 pileondensacho oes oz 0as 038 036 298 spe |0z 1,00 100 236 sas
3 £ |zanusa ZoPizn2PZ pleondenzagio 032 057 033 033 08 503 55 |06 1,00 100 e 855
] 3 |eEcTRowx | EDPaoTapDw pleondenzagio 000 o5 043 100 503 z12 |00 1,00 100 a00 5.6
g ) BOSCH WTESLIOTEE pieondensnglo 0.00 0.58 042 1.00 32 365|100 0.00 0,00 1.00 18
= 2 |smes DHTE3LN Eitmibs da Calor a1 000 100 053 +.00 zs [0 1,00 100 233 10,12
% ELECTROLUX | EDHIsssTDW Eiemba de Calar an 008 Y 028 ey s28 |o2s o0 50 123 839
= ZoMs3ETY Eismibs de Galor a0t 0.2 oT2 0.33 352 sis fo. 1.0 X 235 10,13
igor ricir RIGA FRIGAZ FRIGAS FRIGAS FRIGAS FRIGAG ¥iA[T]| FRIGE] FRIGE.? FRIG.E.J FRIG.E4 FRIGES FRIGE.6 FRIGET FRIGES ViB{z]| FRIG.C.1 FRIG.C.2 FRIG.C.3 wicz)| wixn)
SolRel WHIRLEDOL z - B - B B B - B B B B - - B B P B B B B -
Tl B 60 o0 [ [ 3] 50 3 [ T 5 T () TiE .00 5 I 5 [E] =]
CANDY = ato 053 038 o4 o ar 254 os0 100 a4z 000 o1 032 000 053 202 [oe w00 .00
g EECKEN - a0 at 180 200 000 030 z30 057 a1 ass 000 100 100 0,08 100 44z [o00 1,00 100
£ 5 | EecTROW: - 100 w6s ol 0,51 05T 0,31 351 057 a0 a3 a1 043 034 a3t Q.00 w83 [ost w0t a1
= E |Batar - 100 as3 LES o air 041 X 000 o 053 a6 100 100 a3 042 s1s [on 057 a1
E 2 |soscr - 100 53 0.7 043 04z 041 000 i 083 100 100 oz 031 a9 260 [0z 0se 038
z & | woes - a0 03 0g0 020 na0 0.31 100 no0 050 0,33 048 0,51 as0 oS sz [oz0 038 038
g | 3 [woow= 2 100 oo s et st 000 st orr o0 o opa s 0z o 29 [oise s 0n
SAMSUNG : a0 000 063 037 0,57 100 0,00 00 100 0,33 06 04z 100 082 sae [o57 033 033
CANDY - a0 Py 00 I 100 o4z 057 or .00 .00 051 .00 o0 0,35 zis [1o0 038 059
ac Electrico- Sa FEA1 FEAD FEAS FEAL FEAS FEE FEG? FEBS FEBL FEBS iy FEC2 FEC3
Toicle 13336 - 5 - = - B - B 3 5 = T B = 5 -
ELECTROLUN | 263450505 B G0 = = o w0z o e [ Tt oo
ElecTROoL: | EzCzas0aox o o030 0 0,00 100 003 0,73 018 0,73 05 073
g EOSCH HBA43556] HEA43S360E . 100 018 056 L 08z 100 100 100 05 073
§ 5 [oeme me F007 3 - o080 09 0,85 o5 o1 0 05 0,31 100 1,00
& £ |zanuss ZzE21B0Y - o0 078 100 0,00 02z o0 073 015 0,53 08
g 2 |BoscH HE#21E250E - 0,30 1,00 0,75 022 0,00 100 013 0,73 0,00 072
g I |eoscH HE#AZFIS0E - a0 0,00 ez 038 1,00 180 028 2t 0,00 010
Sl 3 |saar aHESETRM i s 03 034 oie 065 o o3 em o1 ors
i SEMENS HE22ARE21E : a0 on 0t 024 023 100 on 053 032 01z
SIEMENS iSenzoric HE4ZARSSTE . .50 000 oss 0,45 1.00 100 008 .20 000 .00
Miaquina Lavar Louga- ieénn LLAT MILAZ WILAS MILAS MILAS MILAG MLLE] WLLEZ MLLES MILES MILES WMILBG
SolRe] ZanUssl Duwiess = - - - - - - - - - - - - -
z EOSCH SMSAEEWOTE = 60 [ [ [Ed [E [ 323 [ o0 =] [ [ 500
DAEWOD OO TAG214S - a0 ol 0ra 021 0zt 058 a0 o 032 180 s 100 044
= SEMENS iSenzoric SN2ISIOTAE - 100 100 04z 057 0T w00 a5t as0 100 o50 ais 05 000
£ |oscn SMS2AMWORE - a0 w00 0sz 05 ols 100 %08 100 053 100 ais 05t it
; B [amar avsanar i o oo s 00s oos 1o s | 100 wo o wo o om0
& | siemens iSancoric SRESMESEL - a0 o 045 054 054 LE] e oo0 053 o0 100 05 100
i 3 |eaar B - o on 100 .00 000 053 210 100 09z 100 0,00 050 100
= ELECTROLUX ESLIZ44R0 - 100 on 0,00 100 100 059 400 0,00 100 050 056 063 0,95
= ELECTROL ESFE206L0% - a0 ot 074 026 026 059 Xy o5 100 100 056 100 096

Figure 1. Definition of the table of values associated with the options available in the market that was considered in this work.
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