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Nowadays the buildings sector is one of the key sectors to achieve sustainability, with the
correspondent consumers, in particular, the household consumers, having the need to
perform sustainable choices every day, regarding the appliances to be acquired from the
market. This is not only due to government’s growing concerns about sustainability but also
with the consumers on having sustainable solutions, given the different economic, social
(including their comfort) and environmental needs. However, the existence of several
electrical appliances on market, with all their different issues, brands and models, together
with the several tradeoffs referred before, difficult the consumer’s choices, on having
sustainable solutions in the market. Therefore, this work, presents an approach, by using
Multi-Attribute Value Theory (MAVT), integrated with metaheuristics, which uses
Evolutionary Algorithms (EA) to provide suitable and sustainable market solutions to a
consumer, according to its own needs. Based on the achieved solutions and considering the
relative importance, given to each consumer, and regarding each dimension of
sustainability, it’s possible to achieve several savings, namely electrical and water
consumption, CO; emissions, among others. A case study shall be shown, to demonstrate
the applicability of the proposed approach.

1. Introduction

establishing reglementary labeling measures, to provide relevant
information to the consumer.
Some of these issues include energy consumption, machine’s

This paper is an extension of work [1] originally presented in
2019 International Young Engineers Forum (YEF-ECE), held in
Nova University, Costa da Caparica, Lisbon, Portugal.

Sustainable measures are relevant to reach environmental and
economic sustainability, particularly regarding the reduction of
energy production dependency from fossil fuels, where buildings
account for about 3043 % of the final energy consumed [2-3].

Based on [4], and from the percentage referred above, the
household’s sector represents approximately 18 % of the final
electric energy consumed in the world, which represents an
important sector to be improved in terms of energy efficiency, and
through the adoption of sustainable appliances.

According to [5-7], there were some improvements regarding
energy efficiency, and related to electrical appliances, by
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noise, refrigerator capacity, water consumption, among others [7].

According to [7], such measures, have been arisen, not only in
the European countries but as well as in other world regions, such
as Africa, America and Asia.

Although the importance of such measures to reach
sustainability, there are too much options available in the market,
which makes it difficult to know what’s the best solution to choose,
in order to attend the consumer’s needs [6-7].

The difficulty raises, when each appliance has its own set of
features, which can be different according to the appliance’s brand
and model to acquire [4-5].

Considering the diversity of options from the market, and
related to each energy service (e.g. lighting, air conditioners,
refrigerators, etc.), the number of possible combinations could
exponentially rise.
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The use of optimization algorithms, to assist the consumer on
its decisions, allows the achievement of efficient and even
sustainable solutions, regarding the household appliances to
acquire.

However, and due the high combinatorial nature of the problem
referred before, the use of traditional optimization techniques,
could present some disadvantages, regarding the efficiency on
reaching a feasible solution, as well as with the number of potential
and feasible solutions available to the consumer [8]. This could
happen, since that some optimization techniques, based on
gradient methods, could be stuck into to a local maxima or minima,
limiting therefore, the exploitation of the entire feasible region [8-
9].

An alternative way to surpass such disadvantages, could pass
by using Evolutionary Algorithms (EA), given the widely use,
reflected on the number of works from the literature, on solving
optimization problems in less time than other traditional
optimization methods (e.g. [8-12]).

Other approaches have been used by the authors, in order to
develop an integrated approach that allows to achieve sustainable
solutions.

In [1][13-14] the authors have started to use a single objective

approach to achieve efficient solutions from the market of
household appliances.
The successful contribution to the main goal of their research, have
led them to adapt the first approach into a Multiobjective one,
given the several dimensions of sustainability (referred before) to
attend, and considering each household appliance, related to each
energy service to be acquired, namely; Economic, Social and
Environment.

In order to consider other kind of consumer’s issues, such as its
social preferences (e.g. reliability, design, performance, among
others) we’ve applied multiple-attribute value theory (MAVT).
This theory allows to model the consumer’s choices, as well as
other preferences regarding the environment (e.g. CO2 savings,
water savings, noise, among others) and the economic dimension
(e.g. initial investment, noise, water consumption, among others)
[15].

All the dimensions referred above have some constraints,
suitable to each case (e.g. number of building occupants, area of
the room to be climatized, the type of division, among others), such
as the ones related with human comfort (e.g. minimum illuminance
to achieve visual comfort, noise, minimum air conditioner to
achieve heating comfort), with economy (e.g. budget, water
consumption), and environmental (e.g. water savings, CO>
savings, among others). To maximize each dimension, modelled
according to MAVT, it was used optimization techniques to get
sustainable solutions from the market to the consumer, by acting
on three dimensions (or objective functions) referred before.

According to [16], Evolutionary Algorithms (EA), have been
applied with success, to solve many optimization problems within
less time, when compared with other methods. However, such
methods, uses too many control parameters, which makes them,
quite sensitive to the input values, therefore, the need to adjust
them [16-17], by preforming some robustness and sensitive tests.

The aim of this research, is to propose an approach, where
MAVT is integrated with Non-Dominated Sorting Genetic
Algorithm II (NSGAII) [18], based on genetic algorithms (GAs),
in order to provide the consumer with sustainable solutions from
the market, that not only attends it needs, but as well the tree
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dimensions referred before; Economic, Social and Environmental.
To pursue this goal, we’ve tested, validated and presented in [1], a
first approach, which has consisted in one objective function
regarding the economic dimension, where it was tried different
problem formulations, to study their influence in terms of results.

Based on the works presented on [1] we’ve selected the
objective function with the best results and tested the entire
model’s robustness, regarding the influence of GAs parameters.
Some results are presented with this preliminary approach.

The 2" approach presented here, will integrate the
developments achieved with the 1% one, into a Multiobjective
model by using NSGAII optimization method, where not only
economic dimension will be included, but also the environmental
one as well. For this purpose, new attributes will be added to the
model, regarding the environmental dimension, whose diversity
and the correspondent units involved, will be integrated into a
unique model by recurring to MAVT.

Finally, it will be obtained a combined solution that attends the
economic and environmental dimensions, in order to pursue the
main goal referred before. A case study will be presented here, to
illustrate the applicability of the method, by presenting an example
of a set of a feasible and sustainable solutions, suitable to the
consumer needs.

2. Literature review

Several methods such as scenario’s analysis (e.g. [19]), are
frequently used to simulate a constrained set of solutions.

However, some methods are essentially economical, by
allowing the consumers to obtain highest values of energy savings,
given the same value of investment (e.g. [17]). Other methods,
existed on literature, allows to deal with different issues (e.g.
savings with Greenhouse Gas (GHG) emissions, benefit-cost
analysis, initial investment costs, among others). Such methods are
mainly related to retrofitting measures (e.g. [20]), where some of
them are even combined with technologies too (e.g. [21]).

However, there is some limits with these approaches, since
they don’t consider other relevant factors, such as the environment,
the labelling system and legal and social issues as well, to find
suitable solutions, to fulfill the requirements of the occupants of
the building. These methods also don’t consider the attributes,
regarding each electrical appliance, which varies according to the
number of building’s occupants.

Recently, some works are based on multi-criteria decision-
making (MCDM) methods, in order to help a consumer to solve
his problems regarding the measures of retrofitting with their own
building’s, by accounting not only energy efficiency factors, but
also assuring the comfort of the building’s occupants (e.g. [15]).

Regarding other works from the literature, there is other
MCDM models, based on MAVT approaches, allowing therefore,
the integration of optimization with multicriteria methods, which
allows the achievement of feasible solutions, selected based on a
set of attributes, organized according to a set of criteria (e.g. [15]).

However, these methods don’t account the different attributes,
related to each electrical appliance existed on market and adjusted
to the individual needs of the occupants.

The use of Metaheuristics to achieve from the energy
problems’ solving, a set of feasible solutions (e.g.[8], by using
particle swarm optimization, e.g. [11], by using genetic algorithms,
among others existed on literature), have been increased in the last
years. However, none of these approaches, have been considered
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into a combined method, that allows the consumer, to pick from
the market, a set of sustainable appliances, based on its
preferences.

3. Objectives

In order to fulfill the gap referred on literature review, the main
objective of this research work is to present an approach to assist
an household consumer, who wants to buy sustainable appliances,
existed on market, for its home, that not only allows to fulfill its
needs, but also allows to accomplish a set of requirements
regarding sustainability, based on the three dimensions of
sustainability referred before, namely, the Consumer’s economic
well-being, social well-being and Consumer’s environment well-
being.

Additionally, it will be presented two approach, which allows
to obtain several and alternative solutions from the market, facing
therefore, some contingencies that eventually may occur, namely
the situations of “out of stock” for instance, given an electrical
appliance initially recommended by this method.

The approach developed here, also considers economic, social
and environment constraints, regarding each energy service
considered in this work.

4. Research Method
4.1. Problem description and case study

The problem presented in this work has considered a consumer,
who is intended to acquire a set of household appliances, available
on market.

The pre-criteria, considered by the algorithm to pre-select a set
of appliances existed on market (Table 1), were instantiated
according to the number of occupants, existed in the building. In
this case study, it was considered a family (which includes the
decision-agent) of 4 occupants.

Table 1: Criteria used

Criteria nsed Appliance Quantity
» Ay conditioners (tvpes) « MMono sphit
considerad: Air Multisplit,
. Zone_tn be }:_ugated.-' cooled by Eun&iﬁﬂner Pqn_:able
the air conditioner * Living room
» Capacity (minimmm) » 4023 TBTU
® Capacity, based on the ok
mumber of | household's Ezﬂf *5ks
occupsnts
* Load capacity. Dishwasher & 10 Cutleries
* TJzeful volume, available for
cooking bazed on the mumber Oven s« 4 2emx618em
of ocoupants
» Type of dryer machines Dryer * By condensation ;
s [ oad capacity machine ®Gko
» Halogen
* Technology Lighting = CFL
» Fluorsscent
s Capacity of the fridze » 120 liters
» Type of fiidee, based on the | Refrigerator | » Refrigerator
number of occupants Combined type.

However, the values regarding each attribute, can be modified,
based on the number of occupants, existed in the building.
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Thus, the appliances, was pre-selected from the market, by
using the criteria presented on Table 1, in order to reduce the
decision space, considering therefore, only the suitable solutions
to the consumer needs. This was done, in order to increase EA’s
efficiency, regarding both approaches, by achieving optimal
solutions with less time.

4.2. I*" Approach — Single objective model

The 1% approach, proposed in this work, can be seen on
Figurel, where each consumer’s option (X;), regards to an existent
solution from the market, which can be defined as a choice i,
belonged to a certain type of appliance (energy service) j, to be
acquired by the consumer. Considering the trade-offs referred
before, together with the diversity of features, related to each
solution, the consumer will deal with a problem of combinatorial
nature, whose number of combinations are dependent on the
number of options to be considered, regarding each dimension.
The 20 million combinations (approximately) considered in this
work, can be reduced, by considering that the consumer cannot
perform any choices (Xij), given its limited budget.

Furthermore, and based on Table 1, all the equipment’s, were
pre-selected according to the number of occupants, in order to
meet the consumer requirements (e.g. washing machine capacity,
capacity of the fridge, etc.). Issues, such as air conditioner
minimum capacity, minimum illuminance among others, was
also considered here and compiled in a set of criteria (Figurel).

Additionally, it was also considered the influence of the
consumer usage profile, regarding each potential solution/option
xij, based on the assumptions presented on Table 2, for the case
study considered.

Such assumptions have included the number of hours that each
household appliance will perform for each day, which was then
extrapolated for a monthly and yearly basis.

Table 2: Assumptions, according to consumer usage profile

Dizcount Factor 10
[%]

11 Annual Factor 7.1

Emission factor [gC0./kWh]

Life cycle (usage phase)
considered [vears]:

Electrical Energy tariff [€/EWh] 017

674.6

Profile of Usage (h)

Electrical appliance Day | Week | Month | Vear
Air Conditioning 3 14 &0 a9
Drver Machine 1.2 5.4 32 361
(Electric) Oven T T il 360
Refrigerator 1 76 333 3960
Lighting 31 i 94 1080
Dish Washer Machine 1.1 7 iz 360
Washer Machine 1.5 105 ) 358

These parameters have some influence on consumption,
regarding each household appliance. Therefore, their savings, was
achieved through the comparison of each efficient solution with
the correspondent standard one. The consumer can also define its
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own profile of usage, according to its needs, or by using the profile,
considered in this work, by default.
Regarding each individual efficient solution ( X, ) , it was

determined the correspondent savings, § ( xi/,) and § ( x’,j),
5,5 \ i i

respectively for the consumption and investment and regarding
each option 7, belonging to an appliance type j. Both savings, were
obtained, based on the comparison between the efficient values of
consumption and investment, and the correspondent standard
solution (i.e. less efficient), regarding to an appliance/energy
service type j. The value, resulted from this difference, was then
discounted, according to the life cycle period (usage phase)
considered, by applying a discount factor (Table 2).

Based on the approach, shown on Figurel, the decision
variables are:

X, :j(appliancetype) = {l..7 }/\ i(options) = {1 ”,} (1)
With the objective to maximize V), (xij) ,l.e.:

max V,(x,):V, €l Ax, €{0,1} 2)

Based on work of [22], the value of Vy, can be achieved by:

Air Conditioner

Lighting| APpliances, selected

Oven from the market,

|

|

|

: Washing Machine
| Dish Washing Machine
| Dryer Washing
|

|

|

|

|

|

|

|

|

. |
according to |
multicriteria (Table 1) |
and conssumer inputs |
|

|

|

|

|

|

Refrigerator

< R‘”"S.J X Iinv.e;, Xij
VRW_Z[P ((x,//))} ;( e

i=1 invy; stdj

+IZII [ 1;;»0;;‘;,_2 (xiZ ) J Imv.ef;, (‘xiZ ) X, 4 27: Z cons, (xy ) . Iinv.e/,, (x,j ) x, 3)

inv, 5 (xiZ ) I

total Jj=3 i=1 Pimv,_,

Given that only one option i, can be chosen, regarding each
appliance, the correspondent constraints are:

20

R(x,): Y x, =1 Ax, €l,Vi={1.20} Ax, ={0,1} 4)
i=1
11

Ry(x,): ) %, =1 Ax, el ,Vi={l.11}ax, ={0,1} 5)

i=1

R,{(xy):ixij =1 Ak={3.7}ax, ={0,1},Vi={1..10},/={3.7} (6)

The budget constraint, can be modeled by using the total
investment (budget) and according to the following expression:

20 i 7 10
RS(x[j) i (xg) = zxn * [ef,, +Z Xip * 143/;2 +22xij *]e/;/ Low €0 (7)
i1 i1

Jj=3 i=1

On Figure2, it’s presented the EA’s individual framework.

|
'Option | '
|
Xij - |
Options available / Eficient Solutions
onmarket N
I [ ] ': . Air Conditioner | Optimal Solution
I P (%) | o =SS Lighting| Nr. Of Options /Ener
Ar Conditioner — — 7 :_.' i e ’ Oven Senril:esp fenere
f et P |x . "
Lighting : m ' } | ===y -r=y S Washing Machine | Suitable according
] 0\:‘&n ———————— 1 Dish Washing Machine | 1o consummer nesds)
Washing Machine Multi Criteria Investment and Consumption Optimization Dryer Washing
Dish Washing Machine savings, regalrding each Xij GAs Refrigerator
Dryer Machine appliance
Refrigerator *
Consumer inputs Consumer inputs Consumer inputs

= Nr. of occupants
+ Room area to be climatized
= Energy services to be acquired

= Consumption Profile

« Available budget

Figure 1(a): 1* Approach — Single objective approach

X1t Xot Xt X12 Xpp X102 X13 Xo3 X103 Xt4 Xpa  Xqo4 Xt5 Xp5  Xtos X16 Xos X106 X7 Xz Xawy
ohti Air Clothes Dryer Clothes Washing . '
Lighting Conditioning Machine Macize Refrigerator Oven Dishwasher

Figure 1(b): EA’s individual framework (single objective approach)
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Table 3. Definition of the problem dimensions, according to each energy service considered and criteria used

Enargy Dimension Dimension Dimension
. B Eef. . Ref. - Bei.
Service A-Economics B-Social C-Environment
. {CCke Emissions (Life
g . . o Nu Al Drarakbility (h) T Bl Cycla—T1Tsage Phase) Oul
Classification : :
(k2]
Tu—lighting — —
Energy Coms. Savings 3 {02 Emissions (Life
iLife Cycdle—Llsage Ou AS Celer ) 5 IuE5 Crrle—Production Ou 3
. Index (CRI) [3]
phasa] [€] Phasz] [kg]
Energy Efficiency {CCke Emissions (Life
Classification AC AL Miodse (Indoor) [dE) ACE] Crcle—Production ACCL
AC—Afr (Healing) Phase) [kg]
Conditiomer N e . = Ernissions (Life
Energy Efficiency AC.AG Fomer Service ACBY | Cyde—UsagePhase) | aCC3
labelling {Cooling) [warrant) :
[kz]
. ke Emdssions (Lifs {CCke Emissions (Life
g . . o FEAIL Cycle—End Use FEE1 Cycla—T1Tsage Phase) FEC1
FE— Classification : :
-—Cven Phase) [kg] _ [ke]
(Electric) L L L
CCke Emdssions (Life ke Emissions (Life
Inwestment cost [€] FEAL Cycla—End Usz FEES Cryelz—End Use FEC3
Fhasg) [ke] Fhasz) [kz]
. Water Consumpidon ke Ermissions (Life
Enerzy Efficiancy
- MLL A1 ife Cyde—1L7 MLLE.1 Cyde—Tlsage phase MLLLC1
Classification (Life Cy ] =age i g J
MLL— phase) : [l
Dishvwasher Water Cons. Savings . - ‘Water Consumption
(Life Cycle—Usage | MLLAG t[:” = N "% | MILB6 | (LifeCyde—Usage | MLLC4
warrant)
phaze] [€] phase] [1]

4.3. 2" Approach — Multiobjective model involving 2 dimensions

The 2™ Approach, was pretended to study the interaction
between 2 of the three existed dimensions, regarding
sustainability, namely Economics vs Social Wellbeing and
Economics vs Environment Wellbeing. To do this, it was
included the formulation presented and studied before, regarding
economic wellbeing, and the two other dimensions, by recurring
to Multiatribute Value Theory (MAVT). This was preformed, in
order to convert the objective function (3) (Economic Wellbeing)
into a correspondent one, without units involved, to be added
further into the other dimensions (Social and/or Environmental).
After, the tests performed with multiobjective approach (2
dimensions), we have combined the three objective functions,
regarding the three dimensions referred before, into one objective
function, to achieve sustainable results, regarding the three
dimensions. The assumptions presented before, were the same as
well as the case study to apply the approach.

The criteria adopted here, are also the same, although there is
the possibility of being changed, based on the number of
occupants, existed in the building.

As it referred before, such pre-selection allows to reduction of
the decision space, by considering only the available solutions,
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adjusted to the needs of the consumer. Such pre-selection,
contributes also to rise the efficiency of NSGAIL, by getting
optimal solutions within less time. To pursue this, the proposed
approach, has been developed by starting to consider at first 2 and
then, the 3 dimensions of the problem. Both cases, are based on
the approach described on Figure 2.

Each potential solution (x” ) , 1s regarded from an option i,
which is correspondent to the energy service j to be bought by the
consumer from the market. Like the first approach, the
consumer’s consumption profile (Table 2), was considered, in
order to preform Life Cycle Cost Assessment (LCCA) to achieve
for each appliance, the corresponding savings, in terms of water

. S X, . S X,
consumption ( HZO'C”’”'-J( ”)), energy consumption ( E'C""‘“vf( i ))

. S x. .

and initial investment ( ’”‘w( ”) ). All these savings, have been
obtained from the comparison between the more efficient solution
and the less efficient one ( “standard” solution).

By considering several factors, regarding each appliance, as
well as the consumer’s social, environmental and economic
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concerns, a set of criteria was established based on the consumer
preferences,
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Energy Service criteria according
to the nr.of occupants
. L Consumer inputs
Consumer inputs
+ Nr. Occupants
« Energy services
to be acquired

. Consumption Profile « Consummer preferences 'II ——

Energy Service criteria according
to the problem dimensions

. considered [ f,(x)and £, ()}
Consumer inputs

|

|
Potential \ |
Solutions :
I-Lighting .. %-Refrigertor 7 - Dish Wash Mach. o :
optl | 1, s % i |
opr2 ¥y Y N |
i Savings |
' oyl

Cpr. 10 -
i o o Spems ¥ )i

Sioces, | Xy ] :
Sen (%))
|

Options |Lighting
available |Air Conditioner

on market, Washing Machine
regarding |Dryer Washing Machine

energy |Electric Oven
service |Dish Washing Machine
Consumer inputs
. Available budget -
« Noise requirements >

.« Air Conditioner capacity

Multi-Attribute
Value Theory N
{ MAVT) oy

(gjng.)
1'r'j xr‘j N

Optimization
NSGA v

o g o g e g e

¥y i 1 i
ARG s Oy Olar Ol
i () ¥ X ¥
&

(&g

oy Oy L
I

)

J

g g 1

Attributes
definition
according to

Energy Services
acquired
{é;gf::_lrjg, Air the
nditioner,| o ctablished
...,Dishwasher) .
criteria

Attributes
values,
established
according to
the consumer

Energy Services
acquired
(Lighting, Air
Conditioner,

...,Dishwasher)
preferences

Lighting :
Air Conditioner |
Washing Machine |
Dryer Washing Machine |
Refrigerator :
Electric Oven |
|
|
|
|
|
|

Dish Washing Machine

-®

Environmental Dimension (8]

conamical Dimension (]

2]

Sustainable Solutions

e twig
! Air Conditioner

; Optimal Solution
Vi | Washing Machine

Nr. Of Options /Energy

wf ..3..,_4 .3,.,,.f .3,.‘.‘ .‘-,.,, 4 .3,._: .;..,_.

« Consummer’s relative importance to Dryer Washing Machin. Services )
. . Refrigerator (Suitable according
the problem dimensions (@ ®,) 2 to consummer needs)
(URTEE AR SR LR AU RN Electric Oven
' . - - Dish Washing Machine
Figure 2: 2™ Proposed approach — Multiobjective approach with MAVT
AC. | 4, 4, 2, B,, B,, an,i2 Gy Cy 2nc,
() () Chug)  (B)  ((Bw) Bongy)_(C) ((C) (Cancy)
Xy, | X, X2 Xp X2 X2 X2 X2 X2 e Xy
() () (hug) By (By) Bangy) (Co) (Cn) (Cangy)
Xy | X2 X2 2 X2 X2 2 X2 X2 2
() () Chuy) By (By) Bug,)  (C)  (C) (Cancy)
X | X3 Xio3 102 Yo KMoz 102 XYoo Yoz 102
a)
AC. 4, 4,, AZnA: B, B, 2y, G, G, C2n(-2
(1) ) () (By) (By) (Bang, ) (Ca1) (Cn) (Coney)
X | o (™) v (™) V(X ) v (™) v () V(X ) v (™) v (™) Vi (%, )
() (4) (angy ) (Bx) (By) (Bang, ) (Cn) (C) (Cancy )
KXoy | Va3 vy (x557) V(X ) vy (X, vy (X,7) Vi (0 ) iy (X,77) v (x,™) vy (X, )
(Ay) (4) (A, (Bar) (Bx) (Bang, ) (By1) (C) (Coney)
X | Vi (05") Vi (x15>) Vip(Xi ™) V(X)) Vi (X)) Vip(Xie ™) Vie(e) Vie(e) Viga (X102 @)
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Figure 3: Example of evaluation table regarding the Air Conditioning appliance’s type: (a) x].(gj t); (b) vy (x

b) .
I_(g]t))‘
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regarding each energy service, for the three problem dimensions,
1.e., A-Economics, B-Social and C- Environment.
Some of these attributes, are described on Table 3. Then, and
based on such attributes, MAVT was used to assist the consumer,
by evaluating a set of alternative solutions, obtaining therefore, a
set of evaluation tables, each one regarding to an energy service.
On Figure 3, it’s described an example, regarding a table,
correspondent to the energy service “Air Conditioning”.
Through the value attributes, obtained by using MAVT, it
was used the additive model to aggregate all the evaluation tables.
Such model has resulted into 3 different objective functions,

regarding each one, to a sustainability’s dimension of the problem.

The three objective functions considered above, were further
optimized, by recurring to an optimization algorithm, based on
NSGAIL

As it referred on previous sections, the problem presented
here, is from the type of combinatorial nature, whose number of
combinations, is related to the dimension of the sample. In this
work, it was considered 10 alternatives per energy service.
However, the combinations’ number was reduced, since that, the
consumer cannot make any choices, given its budget.
Other constraints were also accounted in this work, namely the
appliances noise maximal requirements and the air conditioner
capacity. Thus, and after being applying MAVT, the problem
stated in this work, can be modeled as follows:

max c/D=A,B,C

V() =[V, (), ®)

v, (x),
stxeX

Where x, is the vector of decision, i.e.:

xeX: xe{x(A ) x;/.B”),x(C )}/\t 1, jell )
with,
i:{1,2,..,10}/\j:{1,2,3,..,7}/\
/\tz{{l,..,nA/}u{l,..,nBj}u{l,..,nq}}/\nAj,nB/,an el (10)

The VA(x),VB(x) and Vc(x)’ defines the objective functions,
considering each problem dimension, i.e.:

Vg(x):ZZvj(x;g”)) w/g:{A,B,C}/\vj(x;g”))/\nj,ng/,t,jeD )

Jj=1 1=l
Therefore, the objective functions are:

n; My

Economic Well —being : maxV,(x) = ZZV (x(A”) 12)
Jj=1 t=1
Social Well —being : max V,(x) = ZZV (x(B 0 13)
j=1 1=1
Environment Well —being : max V,(x) = ZZV (x(B )) (14)

Jj=1 t=1
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The 1% objective function, were based on previous work [9].

The following approaches (with 2 and 3 objectives) , uses the
additive model based on MAVT, to obtain an unique objective
function, based on the 2 and 3 objective functions (according to
the approach used) pondered by the consumer’s concern (wg), ie.:

V(V (x),V, (x))= @,
—Z[a)AZV(xA ))+a)32v(x(8 ))+a>cniv(x“ﬂ> J (15)

j=1 t=1

V() +w, Vy(x)+ o,V (x)=

The constraints, regarding economic and environment well-
being/dimensions, are:

Available Budget (77, ):

Mdim Mdim

i (%)) <0 = 2o < 16)
J=1

Jj=1

With
Ajtz{AM’AZG’ A5y Ay Asys Ay 75} Angtjel  (17)

Environment—Noise:

r; : Noise; < Max.Noise, < xﬁ.Bﬂ) < Max.Noise, (18)
With:

B {324 ,335,344,354,364,375} Algnsts ] ell 19)

The NSGAII individual framework, presented on Figure 4,
regards the approach for the 2 and 3 dimensions of sustainability
presented next. For the approach with 2 dimensions, the structure
is the same, although considering only 2 dimensions each.
Instead of binary codification, regarding the 1% approach (one
objective), NSGAII’s codification have used real one. The model,
developed here, will be deployed, by using the case study referred
before, on previous section.

5. Results & Discussion
5.1. I*" Approach — Single objective model

Based on what was referred before, the 1% approach, has
consisted into an EA’s single objective approach, whose
codification used, was binary, to ensure the existence of a unique
individual solution at a time, and regarding appliance’s type.

The approach presented here, was implemented by using
MATLAB software, given its efficiency when dealing with data,
which are organized into matrices. Our previous work ([1]) has
allowed us to improve our EA’s behavior by testing different
objective functions, as well as different parameters values. To
assess the quality of EA’s solutions, it was used Simplex, which
was implemented by using General Algebraic Modeling System
(GAMS) software.

The best formulation, achieved at the time from ([1]) , was the
one presented on previous section. The results, presented next,
were achieved, by using the following parameters:
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Figure 4: Individual framework (regarding the 2 and 3 objective approachs)

Population size: 130

Selection technique: roulette method

Crossover technique: double point

Crossover ratio: 0,55

Mutation technique: bit string

Mutation ratio: 0,02

Convergence ratio: 0,002

Maximum number of iterations/generations: without limits

On previous work ([1]), it was assessed the best fitness function
(and objective function), based on the average values of the
correspondent v objective, by preforming 12 runs/budget.

'
b T T T T T T T T T T T T T
-Slrrglnt
3 MGy

Ko

1 | 1 | | | | | |

gl 1 1
1900 1900 00 200 200 20 40 X0 X0 20 A0 200 00
Budzat (€)
Figure 5: Average values of Vr, considering each value of budget constraint
scenario
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The EA’s behavior, regarding the exploitation of feasible
region, was also exploited, by using budget scenario constraint (eq.
(7)). Although SIMPLEX, provides the best values, GAs, can also
provide good solutions, considering the proximity of both values,
By considering the present objective function, EA was also more
efficient (on average) than other fitness functions assessed and
studied on [1][14]. On Fig.5, it’s presented also the average values
of Vr (objective/fitness function), regarding the present
formulation and considering both methods; GAs and SIMPLEX.

Although SIMPLEX, provides the best values, GAs, can also
provide good solutions, considering the proximity of both values,
regarding each budget constraint scenario.

23 T ’ -

22

21

] 48 60

Generations

Figure 6: Example of fitness evolution from the best individual/generation
(budget scenario of 1900 €)
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The performance of GAs is shown on Figure 6, considering a
1900 € budget constraint scenario. On average, the steady state
was achieved with 51 generations and considering 12 runs/budget
constraint scenario.

On Table 4, it’s described a feasible solution achieved with
the approach described in this study, regarding a budget scenario
constraint of 2700 Euros.

It is also shown the CO; avoided emissions (i.e. savings),
regarding this solution, by comparing it with the less efficient.

Furthermore, the consumer has the information about what brand
and model, regarding each appliance type to be acquired, as well
as other information, such as the life cycle of each equipement
and the savings in terms of electrical energy consumption, by
comparying an eficient appliance with a less eficient one.

Table 4. Solution achieved by using EA’s approach

b 4 = . [y : |
2n 8250 £y | Eu| dagl ax| ¥ 3
Dimension | S8 <54 £ .%n E .En o Eog 5 £ 5 E
Eed HS Y 8% £ oF o =
#EH KB 7] Vg v
GENIE
Lighting | 1589 | 1055 | 534 | 35844 | 2850 | 800Ch | Philips | ESAVER
11W/827
Air Condi e
t‘." one | 3680 | 2990 | 69,00 | 131560 | 131557 | 10yrs | Electro | NI12KRH
loning PORT
Refrigera- 5 - .
o 2500 | 5290 | 2790 | 70411 | 850 | 10yrs | Indesit | TANI3EFS
Dishwasher
Nochine || 3100 | 3430 | 3900 | 320 620 | 10yrs | Fagor | ILFO11S
Washing | o000 | 2940 | -3200 | 685 94,80 | 10yrs | Zanussi | FLN1009
Machine
Oven 1700 | 1990 | 2900 | 130 260 | 10vrs | Candy | FSTI00X
(fi':;:ﬁs 3490 | 4190 | 7000 | 1132 | 1,800 | 10yms | Indesit | 1SL79C
Total: 17249 | 20996 | 3747 | 210080 | 1458.0

Given the stochasticity of the GAs, as a metaheuristic method,
it was made a statistical study to evaluate the consistency of the
model, which was developed on previous works [1][13].

5.2. 2" Approach — Multiobjective model

In order to achieve sustainable solutions, and based on
Section 4.3, a Multiobjective method, based on NSGAII (Non-
Sorting Genetic Algorithm II) ([18]), was coded on Matlab, by
accounting the NSGAII’s parameters, regarding each NSGAII’s
phase, namely; selection (roulette), crossover (double point) and
mutation (normal random). The other parameters (crossover,
mutation rate and initial population) were established after
several simulations. Parameters such as the crossover rate, the
mutation rate and the population size (120 individuals), were also
experimented. With regards to the stopping criteria, it was chosen
a parameter value of 80, as being the maximum number of
iterations/generations allowed. It was considered
arrangements of crossover and mutation rates of NSGA-II, to
obtain a suitable arrangement ( Table 5).

several
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Table 5. Values, regarding the arrangements of crossover and mutation rates

. Crossover Mutation
Experiment Rate Rate
1 0.75 0.13
2 0.75 025
3 085 0.15
4 025 025

Therefore, it was used the following NSGAII’s parameters:
population size of 120 individuals, a maximum number of 80
iterations, a mutation rate of 0,15 and a crossover rate of 0,75.

In the Figure 7, it’s shown the pareto frontier, for different
arrangements of crossover and mutation rates.

Crossover rate= 0,75, Mutation rate= 0,15
» Crossowver rate= 0L75, Mutation Rate=0L25

35 ]

. - F Crossover rate= (L85, Mutation rate= 0,15
- Y ®  Crossover rate= 0,85, Mutation rate= 0.25
L .
25
&
o "y
= .
E 0 e
L::i .
#
| 1S "
C L]
" .
— A
B 10 1
.
5 *
3 *
-
e
0 .’
o 5 10 15 20 25 30

¥, (x)—Social

After the tuning with NSGAII’s parameters, the Pareto
frontier in Figure 9, was therefore achieved, with each one of the
16 nodes, representing an optimal solution of the problem. In
other words, each node represents a set of individual solutions
(appliances from the market), related each one, to an energy
service.

35

30

15 -

V (x)—-Economics

10

o 5 o

V.(x)— Emviramment

g =0 35 30

Figure 8. Pareto frontier (last generation) Economical vs Environmental

(0a=0,73, op = 0,00, wc = 0,27)
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Such calculations were performed, by considering a scenario
where the consumer only considers the Economic and
Environment concerns, i.e., ®a = 0,73, owg = 0,00 and oc = 0,27
(Figure 10).

The trade-off, existed between the two dimensions, can also
be noted through Figure 8, since the reduction on economic well-
being, leads to an increase of the environment well-being.

Table 6, shows the results from one of the nodes achieved here,
by assuming a budget constraint value of 2250 €.

Table 6. Solution achieved: Economical vs Environmental
(wa = 0,73, g = 0,00, ®oc = 0,27)

Through the last iteration/generation, it was obtained sixteen
feasible solutions, achieving therefore, an example of a Pareto
frontier. One of the nodes achieved with this scenario, is shown
on Table 7, by considering a budget of 2250 € and a life cycle of
10 years.

Table 7. Solution achieved: Economical vs Social
(0wa=0,73, =0,27, ©c = 0,00)

Stand. | Effic.
Soluti L
clation ;:tal Invest. | Consum. | €O, | H0
Dimension . Saving | Saving Savings Savings Brand Model
Total | Tovest | g™ | g 0
Invest. &g
(3] ®
Lighting 1589 | 6965 | 534 | 5940 | 280 05SRAM 3316242
Ai
S| 3500 | 27900 | 6900 | 131930 | 1e SAMSUNG | AQVOSPSEN
Conditioning
Refrigerator | 250.00 | 529.00 | -279.00 | 70810 | 972 Candy | CFET6I82W
Dishwasher
. 32010 | 35199 | -38.10 | 220 630 | 42302 | BALAY 3V5303IP
Machine
Washing R .
. 262.00 | 29400 | -32.00 | 650 | %510 | 317.04 | Siemens | WIL2A229ES
Machine
Oven 17100 | 70000 | 2830 | 2.82 3 Electrolux | EZC2430A0X
Clothes
drver 368.00 | 449.00 | -68.00 | 10.20 18 BOSCH WIES4107EE
Total: 1738.99 | 2673,64 | 371.06 | 2109.12 | 14890 | 740.06

According to the values on Table 7, the consumer can save up

Stand. | Effic.
Soluti L
olutien Tsontnl Invest. | Consum. | €O, | H;0
Dimension Total Tavest Saving | Saving | Savings | Savings Brand Model
otal
o ® | ©® | & | O
© €
Lighting 1589 | 09.53 53 59.40 2890 GE EFL23W
Air
- 36800 | 299.00 | 69.00 | 1320.60 | 132260 Whitlpool | PACWIHP
Conditioning
Refrigerator | 250,00 | 529.00 | -279.00 | 708.10 870 BECKEN Bc2016 Ix
Dishwasher
. 31000 | 349.00 | -39.00 320 780 429.07 Bosch SMS525AI00E
Machine
Washing
. 262.00 | 29400 | -32.00 6.90 9480 | 351.02 | INDESIT | EWE71252 W
Machine
Oven 170.00 | 198.00 | -29.00 170 13 Zanussi | ZZB21601XV
Clothes
dryer 349.00 | 419.00 | -70.0 1230 182 Electrolux | EDP2074FDW
Total: 1727.89 | 209853 | -374.66 | 211220 | s> | 780.09 -

Through the values, presented above, we can see that if the
consumer, choses the optimal solutions provided by NSGAII, he
can save 1737,54 € approximately, having also CO; and water
savings. Both values are per year, for a life cycle of 10 years.

The same, were performed, by considering a scenario where
the consumer only considers the Economic and Social concerns,
i.e., ®a = 0,73, @ = 0,27 and ¢ = 0,00 (Figure 9).

¥ (x)—Economics
L]

n
-

5 10 15 20 25 30

V. (x)- Social

Figure 9. Pareto frontier regarding the last generation; Economical vs Social
(wa=0,73, 0 = 0,27, &c = 0,00)
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to 1738.06 €, through the selection of the appliances mentioned
above. Additionally, there also savings with CO, and water as
well, with both values being expressed as savings/years and based
on the life cycle considered here.

Based on both trade-offs, presented above, it was considered
a scenario with the tree dimensions and their correspondent
consumer’s relative importance, i.e., Economical vs Social vs
Environmental (oA = 0,66, o = 0,23 and oc = 0,11).

In order to pursue the main goal, referred before, it was
performed a scenario where the consumer considers the 3
dimensions of sustainability, i.e., Economic, Social and
Environment concerns, i.e.; wa = 0,66, o = 0,23 and wc = 0,11
(Figure 10).
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L. 4 » K L
2 . p > .
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. . ] " ~ . "
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Through Figurel0, it can be seen that the crowding distance,
between the final solutions obtained, regarding the obtained
Pareto surface, is higher in the region where the Economic
dimension is more dominant. Such dominance order is followed
by the Social, and at last, the Environmental dimension. Such
dominance order, is somehow expected, given the relative
importance’s values (weight) considered in this case, and
regarding each dimension considered, i.e.; ®a = 0,66, o = 0,23
and oc =0,11.

One of the nodes, represented on that surface, are shown on
Table 8, considering a budget of 2250 €, for 10 years of life cycle.

Table 8. Example of a solution obtained from this approach. Economical vs
Social vs Environmental (0, = 0,66, g = 0,23, oc =0,11)

Stand. | Effic.
Soluti L
olution Ts;tal Invest. | Consum. | €O, | H0
Dimension Saving | Saving Savings Savings Brand Model
Total | Invest ® ® 0
Invest. (kg
(] ©
Lighting | 1683 | 4904 | 535 | 6220 | 1% Phillips | LEDspotMV
Air
i 35200 | 279.00 | 69.00 | 131950 | 131570 SAMSUNG | AQV0SPSBN
Conditioning
Refrigerator | 23400 | 399.00 | -265.00 | 70930 | 97 BECKEN Bc2016 Lx
Dishwasher
. 31000 | 349.00 | -39.00 | 320 630 | 423.00 Bosch SMS25AT00E
Machine
Washing .
. 27220 | 24990 | -33.00 | 560 9510 | 32210 | INDESIT | EWE712R2W
Machine
Oven 17100 | 70100 | -2830 | 2.82 220 Electrolux | EZC2430A0X
Clothes
drver 368.00 | 449.00 | -68.00 | 1020 17 BOSCH WTEB4107EE
Total: 1724.80 | 2475.94 | -262.65 | 211230 | 146022 | 745.10

According to Table 8, the consumer, can save up to 1849,65
€, avoiding approximately 1460,22 kg of CO» and saving 745,10
liters of water, with both values expressed as savings/years, and
based on 10 years as the life cycle considered in this study.

Through the performance of such scenarios, we can see some
coherence with the application of ma , ®s and wc.

An example is the water savings achieved, where it is more
noticed when the correspondent Environment weight (oc), is
increased.

6. Conclusions & Further Work

This paper follows a research line, where the main goal is to
present a method to provide sustainable electrical household
appliances from the market to a household consumer. On previous
work, and at a first stage, it was formulated a single objective
problem, although considering only the environmental impacts
(COs savings) and the economic savings, each one, related to the
initial investment and energy consumption. Both indicators, were
calculated, by preforming the correspondent lifecycle cost
assessment (LCCA) of each household appliance, and during the
correspondent usage phase.

It was also used Genetic Algorithms (GAs) to achieve several
and different feasible solutions, whose quality were tested through
the comparison with the results achieved from simplex method.
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Then, the approach was formulated by considering a
multiobjective problem, although by exploring 2 dimensions at a
time, and by recurring to MAVT and NSGA II methods

This approach has used a set of established criteria, in order to
perform a pre-selection of candidate solutions existed on market,
and suitable to the consumer needs. The purpose was to redefine
the decision space, composed by a set of candidate solutions, and
based on each type of household appliance considered to be
acquired by the consumer.

Furthermore, it was adopted additional criteria, to be further
integrated with MAVT, in order to achieve a model with the
consumer preferences and based on the 3 problem dimensions
presented.

The objective was to improve the consumer well-being,
regarding each sustainability’s dimension referred above, and
based on their importance, given by the consumer.

When achieving the MAVT model, it was also included the
ecological impact in terms of water and CO; savings, as well as
economic issues, such as energy consumption and initial
investment savings, based on the lifecycle cost assessment
(LCCA) of each household appliance. Social issues were also
included, by integrating the consumer’s preferences in terms of
design, reliability and other issues, including even the visual and
thermal comfort. Then NSGAIl was applied, by achieving
sustainable solutions from the market, that maximizes the tree
dimensions referred before.

The approach presented here, also allows a consumer, to
achieve a set of savings regarding issues such as; CO, emissions,
energy and water consumption.

As further work, this approach could be applied into other
energy services’household appliances, for instance, with a
relevant impact in terms of sustainable development (e.g.
information technology’s equipment’s such as computers,
printers, among others).
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