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ABSTRACT

As Men spend about 90% of their time inside enclosed spaces, a healthy and comfortable indoor
climate is a basic premise in al buildings. Taking into consideration that in the EU, buildings
account for about 40% of the total energy consumption (35% in Portugal), it is mandatory to control
the energy consumption in the building sector, while maintaining, or even improving, the indoor
environmental quality.

As the buildings are complex systems, where all aspects are interconnected and influence each other,
it is necessary an integrated and comprehensive approach to the building in order to enhance indoor
health and comfort besides only energy savings concerns. An environmentally sustainable approach
should then be followed. Heating, cooling, daylight, indoor air quality (IAQ), acoustic behaviour and
energy strategies should be meshed at an early stage with the other buildings requirements to ensure
their overall comfort conditions.

To accomplish this goal, it is necessary to predict the thermal, acoustic, daylight conditions and IAQ
behaviour of the buildings, on the design phase, in order to be able to do the right choices, regarding,
for instance the geometry, space organization, fenestration strategies, construction solutions and
materials, to improve the occupants overall comfort and, at the same time, reducing the energy costs.

In this work, it is presented a multi-criteria analysis, suitable for the design phase that balances all
these aspects, with the potential of becoming a valuable tool to assist the designer in the most
appropriate selection of design alternatives, construction solutions and materials.

1. INTRODUCTION

As EU buildings account for 40% of the total energy consumption, it isimportant to take measures to
reduce these needs and, consequently, reduce the EU energy dependency as well as reducing the
greenhouse gas emissions, in accordance with what is prescribed in the EU Directive 2002/91/EU on
Energy Efficiency in Buildings (EPBD), recently reinforced with the "EPBD-recast” (EPBD, 2002;
EPBD-recast, 2009).

Besides the energy efficiency, buildings must guarantee a healthy and comfortable indoor climate
as Men spend about 90% of their time inside closed spaces. Thus, it is mandatory to control the
energy consumption in the building sector, while maintaining, or even improving, the indoor
environmental quality (IEQ). But, as buildings are complex systems, where al aspects are
interconnected and influence each other, an integrated and comprehensive approach to the buildings
design that enhance indoor health and comfort besides the energy savings and environmental
sustainability, should be followed. This aim leads to the analysis of severa aternative solutions,
which differ geometrically, technologically, environmentally and economically, and aso in terms of
indoor environmental quality and energy efficiency. However, these goals are often in conflict and
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there is not a unique criterion that describes the consequences of each alternative solution adequately
and there is not a single solution that optimizes all criteria simultaneously. Therefore, heating,
cooling, daylight availability, indoor air quality, acoustic behaviour and energy reduction strategies
should be meshed at an early stage with the other requirements to ensure the buildings overall
comfort conditions and energy efficiency. To do so, it is necessary to predict the thermal, acoustic
and daylight conditions and also the IAQ behaviour of the buildings, on the design phase, in order to
be able to do the right choices, regarding, for instance the geometry, space organization, fenestration
strategies, construction solutions and materials, to improve the occupants overall comfort and, at the
same time, reduce the energy costs. Furthermore, to make a conscious selection of the possible
design alternatives, it is necessary to balance the positive and negative aspects of each solution into
the global behaviour of the building.

Multi-criteria analysis is, in this way, an important tool in such problems, since it employs
mathematical models that evaluate alternative scenarios, in this case, design aternatives, that include
geometry, construction solutions, fenestration strategies, etc., taking into account both their objective
characteristics (like thermal behaviour, daylight factor, energy consumption of the building) and the
preferences of the decision makers regarding the objectives and constraints of each project.

The aim of this study was to investigate the viability of the use of multi-criteria analysis to
improve the indoor environmental quality and the energy efficiency in buildings. A simple case study
was studied to demonstrate the feasibility of the approach using the multi-criteria analysis method
Electre 11l (Roy, 1978).

2. METHODOLOGY

To achieve an adequate |EQ it is necessary to consider either the overall comfort conditions (thermal,
acoustic, visual and Indoor Air Quality) as well as energy efficiency in buildings. It is then essential
to optimize the building envelope, by improving construction solutions and insulation levels, glazing
type and shading devices, optimizing the thermal and acoustic behaviour, the natural ventilation and
daylighting use techniques through an appropriate design. But the solutions adopted in buildings,
usually, only optimize no more than one of the necessary comfort requirements. In many cases, the
best solutions to accomplish different comfort requirements are not compatible, especially in what
concerns natural ventilation and lighting strategies and the acoustic and thermal performance. For
instance, the type of window used (frame and glazing part, way of opening) can have a strong and
opposite influence on the thermal and acoustic performance of the building, just not to mention its
interference with the IAQ.

The design phase is the ideal moment to mesh and implement all these principals as it is ill
possible to implement modifications on the project. So, it is during the design phase that the
sustainable and efficient building concepts should be applied, by a judicious selection of materials,
technol ogies and construction methods to be used.

To assess this integrated approach, two dwellings with three bedrooms, representative of the
conventional Portuguese buildings, were studied, estimating the heating and cooling needs, the
acoustic behaviour of the envelope (estimating the weighted normalized airborne sound insulation
index, measured at 2m from the fagcade), the daylight factor, the percentage of time considered
comfortable by the buildings occupants and the index PPD which means the percentage of people
dissatisfied with the lAQ.

The analysis considered all the factors that have influence on the behaviour of the buildings, such
as frame and glazing type, area and orientation, shading devices, construction solutions, thermal
inertia, number of air changes per hour (ach), etc..

To predict the energy consumption and the thermal comfort conditions of the selected dwellings,
it was used dynamic simulation. As in Portugal, in general, residential buildings are only
acclimatized during occupied periods, the HVAC system was set up to maintain an indoor



temperature of 20°C in winter and 25°C in summer (in accordance with the Portuguese legislation -
RCCTE, 2006) only during this period that is between 7 pm and 8 am.

2.1 Simulation Tools

The prediction of the building thermal behaviour was done using the EnergyPlus simulation code,
estimating the heating and cooling needs, for different construction solutions for the envelope and for
the partition elements (Crawley, 2002; Crawley, 2005). The buildings had mixed ventilation, with air
inlets on the windows frames of the main rooms and with mechanical ventilation in the kitchen and
in the WCs. In summer, during night periods, the buildings were ventilated using the cooler outside
air to reduce indoor temperature.

The therma comfort conditions of the occupants were determined according to EN 1SO 7730 and
EN 15251. The comfort period (number of hours during the occupied period where the occupants
were comfortable) was ascertain by EnergyPlus according to ASHRAE 55 - 2004 graph (Section
5.2.1.1) (ASHRAE 55, 2004; EN 1SO 7730, 1994; EN 15251; 2007).

The acoustic behaviour was considered estimating the weighted normalized airborne sound
insulation index of the facade, measured at 2m from them (Dom nt, w), according the to the EN
12354-3 standard, using the Acoubat Sound Program, asthisis the only requirement that the building
elements of single detached family houses have to fulfil (EN 12354-3, 2000; RRAE, 2008).

The visual comfort was accessed through the daylight factor, for the most unfavourable situation,
using the Desktop Radiance Tool, for the 21st of December and for the 21st of July considering the
existence of a light-colour curtain in every window (Estes, 2004). The daylight factor is the
International Commission on Illumination (CIE from its French title) recommended method to
determine the performance of a daylighting system, and is independent on the window design and
location, outdoor obstructions, optical characteristics of inner surfaces and windows. It is useful for
estimating the amount of glazing needed to illuminate a space.

To assess the Indoor Air Quality it was applied the Fanger method to predict the number of
persons dissatisfied with the IAQ, taking into account the number of ach, predicted using Comis
studio program, the number of occupants and the materials used (low-polluting or non low-polluting)
(Fanger, 1988; CEN CR 1752, 1998, Feustel, 1998).

2.2 Building Characteristics

The buildings under analysis, used to test the methodology, have three south oriented bedrooms. The
kitchen and the dining and living room are north oriented, in building 1 and South oriented in building
2 (Figurel).
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Figure 1: Schematic plan of the studied buildings.

The WCs are mechanically ventilated and two Situations were analyzed: windows with and
without adjustable air inlets in the frame to guarantee the ventilation of the dwelling.

The area of the windows was defined in order to optimize the solar gains during winter and the
daylight availability and minimize the unwanted solar gains during summer, according to the
[lluminating Engineering Society of North America (IESNA) recommendations, corresponding to a
Window - Wall Ratio, WWR, of about 30% (15% of the floor area) (IESNA, 1999; IESNA, 2000).
The Window - Wall Ratio is a percentage that resultsfrom dividing the glazed area of the wall by the
total wall area. The gIaZ| ng area corresponds to 3.36 m? on the kitchen, 5.15 m? on the dining and
living room, 2.75 m?, 2.20 m? and 2.75 m? for the bedrooms.

2.3 Construction Characteristics

Severd options were defined for the opague part of the fagades walls and for the windows (frame and
glazing type) and the existence, or not, of roller shutter box and air inlets. The floors have pre-stressed
concrete “T” beams and 25 cm hollow brick pots, with 5 cm regularization layer, 0.5 cm of
polyethylene foam and wood as top surface finishing. The partition walls selected were single pane
hollow brick wallswith 11cm, finished with plaster on both sides.

The alternatives selected for the walls, were based on different construction solutions (single and
double pane walls) and materials (concrete, brick, mineral wool, MW, expanded polystyrene, EPS,
and expanded extruded polystyrene, XPS).

The first eight solutions were defined for building type 1 (option 1A to 1H) and the last two for
the building type 2 (options 2A and 2B). Option A corresponds to a single pane facade wall with
15 cm of concrete, options B, C and D to single pane hollow concrete block or brick and options E, F
and G correspond to double pane facades. Option H corresponds to a ventilated wall.

The windows, with different Window - Wall Ratio (WWR), had an adjustable shading system
(venetian blinds) on the outside to maximize the solar gains during winter and minimize the
unwanted solar gains during summer and at the same time allowing the control of daylight, thus,
avoiding the use of artificial lighting.

The Option type varies aso according to the characteristics of the painting materials (low
polluting or no low-polluting) and according to the occupants (non-smokers, 20% or 40% smokers).

The construction solutions analyzed for the facade walls and floors are shown in Figure 2 and
listed in Table 2, where S stands for single wall with insulation on the outside or inside and D for
double pane wall with insulation placed in the air cavity.
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Figure 2: Vertical cross-section of the different walls and for the floor considered on the study



Table 2: Construction solutions studied for the fagade

Building Insulation material Glazing 0 .
Options - Wall type vl i Current or voof — Materid

type Type Thickness Loca WWR Low-e Smokers  Type

1A 15 cm of concrete 1 S XPS 6cm Outside 60% Current 0% LOV\./'
poluting
1B 20 cm hollow 1 S XPS 6cm  Outside 30%  Current 200  NoLow-
concrete block poluting

1C 22 cm hollow brick 1 S EPS 4cm Inside  30% Current 40% LOV\.I'
poluting
1D 22 cm hollow brick 1 S XPS 4cm Outside 30% Current 20% pcI;I(l)J\?i%g
1E 11cm+ 15cm 1 D MW  6cm Al a0%6  Current 0%  Nolow-
hollow brick cavity poluting
1F 1lcmbrick +11em D XPS 4cm Al 6006  current 400  NOoLow-
hollow brick cavity poluting

20 cm of hollow Air Low-

1G concrete block + 1.3 1 D MW 6cm cavit 60% Low-e 0% olutin
cm Plasterboard Y P 9
ventilated wall with Air No L ow-

1H 5 cm of graniteand a 1 D XPS 8cm cavit 60% Low-e 20% olutin
15 cm concrete wall y P 9

2A 15 cm of concrete 2 S XPS 6cm Outside 60% Low-e 0% LOV\."
poluting
oF 11cm+ 15cm 2 D MW  6cm Al 3096 Current 200  NoLow-
hollow brick cavity poluting

2.4 Multi-criteria analysis

The multi-criteria decision analysis (MCDA) defines flexible approach models to help the decision
maker, and/or the design team, selecting the most adequate solutions between a large number of
options and possibilities. The problem of the decision maker is a multi-objective optimization
problem (Ehrgott and Wiecek, 2005) characterized by the existence of multiple, and in several cases
competitive, objectives that should be optimized, taking into account a set of parameters (criteria)
and constraints.

Thiskind of analysisis able to reflect the objectives and limitations of each one of the alternatives
to be studied, but it is necessary to be thorough on selecting the criteria that should be exhaustive but
not redundant (no more than 12) and must be coherent (which are the criteria to be maximized and to
be minimized) (Roy and Bouysson, 1993; Roulet et a, 2002).

The selection of the best options to optimize the sustainability through energy performance, and
the IEQ of buildingsis atype of problem that fits the purposes of a multi-criteria analysis.

The multi-criteria methodol ogy selected in this work to help the decision maker selecting the most
adeguate solutions to optimize the building IEQ and energy efficiency was the Electre 111 model asiit
may be considered as a decision-aid technique suited to the appraisal of complex civil engineering
projects (Papadopoulos and Karagiannidis, 2008). This method requires the definition of weights,
which allows the decision maker to provide his scale of values, according to the objective.

2.4.1 The Electre 111 method

Electre 111 is a multi-criteria decision analysis method (Roy, 1978) that takes into account the
uncertainty and imprecision, which are usually inherent in data produced by predictions and
estimations. The construction of an outranking relation amounts at validating or invalidating, for any
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pair of alternatives (a, b), the assertion "a is at least as good as b". This comparison is grounded on
the evaluation vectors of both alternatives and on additional information concerning the decision
maker's preferences, accounting for two conditions: concordance and non-discordance.

The Electre Il method is based on the axiom of partial comparability according to which
preferences are ssmulated with the use of four binary relations: I, indifference; P, heavy preference;
Q, light preference and R, non-comparability. Furthermore, the thresholds of preference (p),
indifference (g) and veto (v) have been introduced, so that relations are not expressed mistakenly due
to differences that are less important (Roy, 1978).

The model permits a genera ordering of alternatives, even when individual pairs of options
remain incomparable where there is insufficient information to distinguish between them. Also, the
technique is capable of dealing with the use of different units, the mix of both quantitative and
qualitative information and when some aspects are “the higher the better” and others are “the lower
the better”, as occurs within an engineering project appraisal .

The rank of a building in a series does not change much when the weights given to the various
criteria or the threshold levels for veto, preference or indifference are changed within a realistic
range (Roulet et a., 1999, Roulet et al., 2002).

The Electre Il method does not allow for compensation, which may occur when using
methodologies based on performance indexes, due to the use of the veto threshold. Compensation
occurs when a criterion with poor rating according to one parameter is compensated by fair results on
severa other parameters. Using this method, a building which shows too poor resultsin one criterion
cannot be ranked in a higher position (Roulet et al., 1999, Roulet et a., 2002).

3. RESULTS

In the study performed, the Electre 11 method was applied to the evaluation of five alternatives, based
on two types of buildings, with one and two facades with glazing, on the basis of five criteria covering
energy needs, comfort period, acoustic insulation, Percentage of People Dissatisfied with the IAQ and
Daylight Factor (DF).

Table 1 lists the different criteria, thresholds and weights that are needed to use the Electre 111
method. The weights and thresholds are presented here just as an example. These values must be
defined by the project team according to the objectives and constraints of the project.

Table 1: Criteria, weights and thresholds (criteriato: - minimize; T — maximize)

Category - - Threshold
(Criteria) Units Weight Preference  Indifference  Veto
Therma Comfort .

(Percentage of Comfortable Time) (*0) T 25 20 10 50
Acoustic Insulation

(D 2m,nt,w, D, w @andfor L o w) (dB) T 22 5 2 10
Indoor Air Quality .

(Percentage of People Dissatisfied, PPD) (%0 + 18 5 2 15
Visual Comfort .

(Daylight Factor, DF) (%) ) 15 05 0.2 2
Energy Needs kWi(mPyear) 1 20 50 10 100

The criteria that were selected are the ones that are related to the sustainability of the buildings
like the energy consumption and the most important characteristics of the IEQ. They were selected
also because it is possible to define them in a non subjective way. These criteria are also ones of the
few that are possible to predict in the design phase and are under the designer scope.

The percentage of comfortable time, that characterizes the thermal comfort, the Dom, nr, w, that
characterizes the acoustic insulation, and the daylight factor, that represents the visual comfort, are



criteria that should be maximized. The PPD with the IAQ and the Energy needs are criteria to be
minimized in order to optimize the buildings performance and reducing the running costs.

The weights were defined taking into account the relative importance of each criterion. The
weight of the energy consumption was established based on the targets defined by the "EPBD-recast"
(EPBD-recast, 2009). The weights established for the 1EQ criteria were defined according to the
relative importance of each one to the occupants based on studies performed in Portugal and
according to literature (Monteiro Silva, 2009; Rohles et al., 1987; Kim et a. 2005). These studies
showed that the thermal comfort is the most valued criterion, followed by the acoustic comfort and
IAQ. Thevisua comfort isthe less valued criterion.

The thresholds were defined according to the criteria characteristics, for example a 2dB
difference is not perceptible to the human ear, but 5 dB isasignificant difference.

Severa design alternatives were selected, based on two different buildings, shown in Figure 1,
Building 1 and Building 2. The buildings have similar areas, but the glazings have different
orientations, leading to different solar gains and energy needs.

The study was performed considering that there are four households and the HVAC system was
set up to maintain an indoor temperature of 20°C in winter and 25°C in summer, working between 7
pm and 8 am, as stated before. The ventilation rate was 0.98 ach. All the options fulfil the Portuguese
regulations.

Table 3 lists the results of the prediction of the buildings behaviour according to the five criteria
selected to outrank the design alternatives.

The acoustic insulation of the facade and the daylight factor shown in Table 3 are from the dining
and living-room that is the most unfavourable room of the building. The other criteria are from the
whole building.

Table 3: Criteriafor the different design alternatives (criteriato: 4 - minimize; T — maximize)
Comfort period  Acousticinsulation PPD withthe|lAQ Daylight Factor Energy needs

Options [9%] [dB] [9%] [%] [KW/mP.year]
T i) J T J
1A 38 35 125 2.0 445
1B 40 37 21.7 12 46.7
1C 35 34 17.2 12 44.3
1D 36 34 15.0 12 473
1E 42 39 19.4 12 53.4
1F 48 39 23.4 20 456
1G 50 38 12.5 17 44.4
1H 55 36 21.7 17 432
2A 60 35 12.5 18 412
2E 50 39 21.6 15 51.6

Option 1H and 2A are the ones with best behaviour according to the thermal comfort and energy
needs. Options 1E, 1F and 1G are the ones with best acoustic insulation and option 1A, 1F and 2A
are the ones with best performance according to the daylight factor.

The results of the outranking using Electre 111 method are presented in Table 4. The dwelling with
2 facades, with optimized construction solutions, option 1F, was ranked as the best action.

The best ranked option was not the one that had the best performance in the criteria with highest
weights, was in the forth position in the highest weighted criterion. This option had the best
performance in two of the criteria, but other option had the same performance.

As Tables 3 and 4 show, the option 2A, that has the higher comfort period and the lower energy
needs (which are the criteriathat has the highest weight and the third higher rate), is not the one best
ranked.



Table 4 Credibility degrees matrix

Non-Dom  Ranking
Options 1A 1B 1C 1D 1E 1F 1G 1H 2A 2E A u(A) Options

1A - 082 084 097 067 067 08 065 075 062 1A 0.67 1F
1B 0.85 - 100 100 100 08 08 072 060 095 1B 0.72 1H
1C 085 0.78 - 100 077 038 058 045 060 046 1C 0.38 2E
1D 08 075 099 - 064 040 060 045 060 045 1D 04 1G
1E 08 098 100 100 - 073 08 076 065 094 1E 0.73 1E
1F 100 100 100 100 1.00 - 100 100 095 100 1F 112 1B
1G 09 082 084 097 08 077 - 082 100 082 1G 0.77 2A
1H 095 100 100 100 093 088 100 - 100 0.93 1H 0.88 1A
2A 100 082 082 09 066 067 093 0.82 - 0.67 2A 0.72 1D
2E 08 100 100 100 100 08 100 100 095 - 2E 0.85 1C

This example shows that applying this methodology, due to the use of weights and thresholds, the
best action is not the one associated to the highest weight, even if it is the one that has the best
performance in that criterion. The methodology is sensitive to small changes, associated to the area
of the building, the energy needs, etc..

4. CONCLUSION

This methodology alows, in an easy and quick way, to outrank design options according to a set of
criteria pre-established and based on the weight and thresholds assigned to each one.

The possibility to change the criteria, weight and thresholds according to the objectives and
constraints of the project enable the use of this methodology to a vast set of possibilities (different
areas, selection of construction solutions, materials, etc.).

Using this methodology, the design team can compare design alternatives based on different
criteria, for example, the useful area, space organization, glazing area, etc., select and compare
materials and construction solutions, considering, for example the U-value, acoustic insulation level,
thickness, weight, embodied energy, just to name a few. The criteria, weight and thresholds should
be selected by the design team according to the aims of the project.

The design team, once optimized each one of the different components of the building, can
compare different design alternatives (using the same criteria, weight and thresholds as the study
presented or select other that best adjusts to the study under analysis), compare locations (orientation,
shading due to other buildings, amenities, accessibility to public transportation, and so on).

As it is necessary to compare a large set of alternatives, to be able to select the best one, the
number of areas under analysis (thermal, acoustic, IAQ, natural lighting behaviour of buildings), the
use of detailed simulation methods to increase the rigor of the study, that not all the design teams are
acquainted with and also due to the time needed to perform such detailed analysis, are some of the
disadvantages of the methodology.

This handicap may be overcome by using ssimplified methods to estimate the energy needs, for
example the national energy codes based on the EPBD. The study may also be carried out in phases,
in afirst phase, with many alternatives, are used simplified analysis to select the most suitable ones
and afterwards the best ranked solutions are object of a detailed analysis.

Thus, the use of a multi-criteria decision analysisis away of helping the decision maker to select
the most suitable design alternative regarding different aspects that affect Indoor Environmental
Quality (IEQ) and energy performance of the buildings.



The example here presented allows a robust analysis of the buildings as it comprise a detailed
study of each alternative through a detailed simulation and analysis of the main factors that affect the
IEQ and also the sustainability, based on the energy needs of the buildings.

Throughout the multi-criteria analysis performed, it was possible to verify that the overall comfort
exigencies are not restrictive, because there are a large number of constructive solutions that, when
adequately used, will assure all the needs, being only necessary to integrate the exigencies of al the
different requirements.

The proposed multi-criteria method, which can easily be applied using building simulation
software, allows buildings to be rated according to their energy use and comfort conditions, or by
using a more complete set of parameters involving environmental factors. This methodology may be
used in the design phase or to evaluate rehabilitation or retrofitting scenarios.

Using the Electre 111, buildings, design aternatives or retrofit scenarios can be ranked according
to severa criteria and weights representing the preferences of the decision maker.

REFERENCES

ASHRAE, 2004. ANSI/ASHRAE Standard 55-2004, Thermal environmental conditions for human occupancy. American
Society of Heating, Refrigerating, and Air Conditioning Engineers, Inc.. Atlanta.

CEN, European Standard CEN/CR 1752. 1998. Ventilation for Buildings. Design Criteria for the indoor environment.
CEN - European Committee for Standardization, Brussels.

CEN, European Standard EN 12354-3: Building acoustics - Estimation of acoustic performance in buildings from the
performance of elements - Airborne sound insulation against outdoor sound, Belgium, 2000.

CIE 29, 1975 Guide on Interior Lighting. CIE - International Commission on Illumination (Commission Internationale de
L’ Eclairage.

Crawley, D. B., Lawrie, L. K., Winkelmann, F. C., Buhl, W. F., Pedersen, C. O., Strand, R. K., Liesen, R. J., Fisher, D.
E., Witte, M. J., Henninger, R. H., Glazer, J., and Shirey, D. B.. EnergyPlus. New, Capable, and Linked. eSim 2002
Conference, Montreal, Quebec, Canada, |BPSA-Canada, 10 pp.. 2002

Crawley, Drury B., 2005. Contrasting the Capabilities of Building Energy Performance Simulation Programs, U S
Department of Energy, Washington, DC, USA.

Ehrgott, M. and Wiecek, M.M. 2005. Multiobjective programming, in: J. Figueira, S. Greco, M. Ehrgott (Eds.), Multiple
Criteria Decision Analysis: State of the Art Surveys, Springer, New York, , 667—722.

EN ISO 7730, 2005. Ergonomics of the thermal environment - Analytical determination and interpretation of thermal
comfort using calculation of the PMV and PPD indices and local therma comfort criteria, CEN - European
Committee for Standardization e ISO - International Organization for Standardization, Brussels.

EN 15251, 2007. Indoor environmental input parameters for design and assessment of energy performance of buildings
addressing indoor air quality, thermal environment, lighting and acoustics, CEN - European Committee for
Standardization, Brussels.

EPBD. 2002. Directive 2002/91/EC directive of the European Parliament and of the Council from 16 of December, 2002
on the Energy Performance of Buildings, EPBD.

EPBD-recast. 2009. Directive of the European Parliament and of the Council, on the Energy Performance of Buildings
(recast).

Estes, James M.; Schreppler, Susan; Newsom, Tonya. Daylighting Prediction Software: Comparative Analysis and
Application. Fourteenth Symposium on Improving Building Systems in Hot and Humid Climates - May 17-18, 2004.

Fanger, P. O. 1972 Thermal Comfort. Danish Technical Press.

Fanger, O. P. 1988. Introduction of the OIf and the Decipol Units to Quantify Air Pollution Perceived by Humans
Indoors. In: Energy and Buildings. 12, 1-6.

Feustel, H.. COMIS - An International Multizone Airflow and Contaminant Transport Model, LBNL-42182, Lawrence
Berkeley National Laboratory, Berkeley CA. 1998

Illuminating Engineering Society of North America. RP5-99 Recommended Practice of Dayighting, New York (USA),
1999. (www.iesna.org).

Illuminating Engineering Society of North America. Lighting Handbook. 9th Edition. Illuminating Engineering Society
of North America. New Y ork (USA). 2000.

Kim, Sun-Sook; Yang, In-Ho; Yeo, Myoung-Souk and Kim, Kwang-Woo 2005. Development of a housing performance
evaluation model for multi-family residential buildings in Korea. Building and Environment 40, 1103-1116.

Monteiro Silva, S. 2009. Building sustainability and Comfort (in Portuguese). PhD Thesis. Guimaraes.

Papadopoulos, A. and Karagiannidis, A. 2008. Application of the multi-criteria analysis method Electre 111 for the
optimisation of decentralised energy systems. Omega - The International Journal of Management Science, 36: 766-
776.



RCCTE 2006 - Portuguese Building Thermal Legislation (In Portuguese) - Decree-Law n° 80/2006, April 4™, Lisbon,
2006.

RRAE 2008 - Portuguese Building Acoustics L egislation (In Portuguese) Decree-Law n° 96/2008, July 9™, Lisbon.

Rohles, F. H. Woods, J. E. and Morey, P. E. 1987. Occupant Perception of the Work Environment. Human Factors and
Ergonomics Society Annual Meeting Proceedings, Vol. 31, n. 10, 1105-1108(4).

Roulet, C.-A., Flourentzou, F., Labben, H. H., Santamouris, M., Koronaki, |., Dascalaki, E. and Richalet, V. 2002
ORME: A multicriteriarating methodology for buildings. Building and Environment n.37, 579-586.

Roy, B. 1971. Problems and Methods with Multiple Objective Functions, Mathematical Programming, 1 (2).

Roy, B. 1978. Electre I1I; Algorithme de classement base sur une représentation floue des préférences en présence de
critéres multiples. Cahiers de CERO, 20(1), 3+ 24.

Roy, B. 1985. Methodologie Multicriterie d’ édide ala decision, Econémica, Paris.

Roy, B. 1991. The Outranking Approach and the Foundations of ELECTRE Methods. Theory and Decision. 31, 49-73.

Roy, B. and Bouysson, D. 1993. Aid multiple aladecision: methods et cas. Econoémica, Paris.

10



	ABSTRACT
	1. INTRODUCTION
	2. METHODOLOGY
	2.1 Simulation Tools
	2.2 Building Characteristics
	2.3 Construction Characteristics
	2.4 Multi-criteria analysis
	2.4.1 The Electre III method

	3. RESULTS
	4. CONCLUSION
	REFERENCES

