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Abstract: Housing and its indoor environment influence its inhabitants” comfort, productivity,
and health. For this reason, it is becoming increasingly important to investigate the factors that
affect indoor environmental quality. Thus, numerous sustainability assessment systems have been
developed to evaluate building performance. This paper presents a model for evaluating the indoor
environment of housing located in the Biobio region of Chile, integrating aspects that influence its
overall quality. The research methodology proposes a strategy to identify appropriate evaluation
criteria and contextualized standards. The application of the model made it possible to identify
the level of performance of studio dwellings for each category, namely air quality, thermal comfort,
acoustics, and lighting, as well as the overall evaluation of the IEQ. The results reflect that the lowest
levels of performance in the three houses were with respect to the acoustic evaluation criteria, while
the highest levels of performance were for the air quality evaluation criteria.

Keywords: indoor environmental quality; building sustainability assessment systems; weighted IEQ
assessment scales

1. Introduction

Reaching sustainable development has been one of the largest concerns in the last
decade, attracting academics’ and professionals” work worldwide. Sustainable develop-
ment is the balanced performance of social, environmental, and economic dimensions of
human life for the benefit of present and future generations [1]. Therefore, the responsible
management of a healthy built environment by the efficient use of ecological principles
and resources has become fundamental for human impact on the environment and citizens’
quality of life [2]. However, rising constantly are the construction industry’s impacts over
the environment, society, and economy [3], as it is an industry with high consumption of
energy and natural resources and is a source of environmental pollution [4].

To face this problem, Building Sustainability Assessment (BSA) systems have been
developed in order to certify the reduction of the environmental impact generated by
buildings [5]. Since the appearance of the first BSA system, BREEAM certification, in 1990
and the later arrival of new international systems, it has been proven that buildings have
progressed towards sustainability, introducing changes in the conventional constructive
processes, improving the environmental performance, and offering a lower cost of operation
with higher quality of internal environment for its habitants [6,7].

Whilst there are various BSA systems worldwide with different approaches, some
authors have pointed that only certain systems have been able to excel due their influence
worldwide [8,9], which are characterized for targeting three basic categories: materials,
energy, and interior environmental quality (IEQ) [10]. Thus, IEQ assessment has become
an important concern for sustainable development, so much so that health and social
well-being depend on its quality [11,12]. Table 1 presents the BSA systems focused on
residential use and their evaluation criteria.
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Table 1. Evaluation criteria for residential BSA systems.

BREEAM
Multi-Residential

LEED-H

VERDE NB (Residential
and Commercial)

CASBEE (New
Construction)

Qualitel

Natural lighting

Combustion ventilation

Toxicity in interior
finishing

Sound environment

Outdoor acoustics

Views outside

Moisture control

Implementation of a
process of purging

Thermal comfort

Interior acoustics

Glare control

Ventilation

The efficiency of natural
ventilation

Lamps and lighting

Visual comfort

High-frequency lighting

Local extraction

Thermal comfort with
natural ventilation

Air quality

Spaces and common
premises

Internal and external
lighting levels

Distribution of heating
and cooling

Natural lighting

Service capacity

Indoor air quality

Natural ventilation
potential

Air filtration

Protection against outside
noise enclosures

Durability and reliability

The temperature in
summer

Indoor air quality

Control of contaminants

Protection against the
noise of facilities

Flexibility and adaptation

Accessibility and livability

Volatile organic
compounds (VOCs)

Radon protection

Protection against noise
from other rooms

Optional performance

Thermal comfort

Garage pollutant
protection

The efficiency of the
spaces

Thermal zoning

Maintenance management
plan

Microbial contamination
prevention

Universal accessibility

Accessibility

Right to sunlight

Home office

Access to private open
spaces

Acoustic isolation

Protection of views inside
housing

2. Interior Environmental Quality IEQ

People spend around 90% of their lives in indoor spaces [13], which is why they
become vulnerable to any dangerous agent that could propagate in their surroundings,
and currently, with the COVID-19 pandemic specifically, the IEQ has been tightly linked
with people’s health [14,15]. The impacts that indoor environments can have on their
occupants have been studied across the globe. The World Health Organization’s report
attributes approximately 180,000 deaths in America and Europe to pollution of the domestic
environment [16].

Usually, a deficiency in the IEQ can be the result of poor quality in residential build-
ing [17], as is the case of the residential park located in the Bio-Bio’s region in Chile, where
the majority of houses are detached (69.51%) [18], and diagnosis studies have determined
that, either in winter or summer, indoor temperature and humidity levels are out of comfort
range due to issues regarding the building’s thermal envelope, causing discomfort to its
habitants [19]. This poor performance in housing also generates higher demands of energy,
as the houses that have higher levels of environmental humidity require more energy to
heat the air [20].

Numerous studies about the effects of IEQ’s poor performance have been developed.
However, there’s limited research about how variables that affect the IEQ of housing
interact between each other [13]. Despite these limitations, it is known that the stimuli
affecting the way that people perceive the internal environment are related to the thermic,
visual, acoustic, and air quality variables [21].

In recent years, there have been observations involving the strong growth of exper-
imental and numerical studies addressing the complexity of the interactions between
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these four stimuli, which are based upon BSA systems to propose assessment models as
contributors to determine interior environment quality (IEQ) [22,23].

Models of Assessment of Interior Environment Quality IEQ

The acceptance of the IEQ is crucial for the development of sustainable buildings, as it
is possible to achieve substantial savings in the construction and operation costs if housing
is designed to achieve a good performance in the internal environment [24]. Therefore, it is
important that the availability of assessment models are readily understood and accessible
for the public and building designers, the same way as the BSA [25].

Contributing to this purpose and in order to overcome the absence of universal and
objective weighting of the IEQ variables (thermic, visual, acoustic comfort, and air quality),
the study by Rohde, Steen Larsen [26] focused on developing a certification applicable to
Danish social housing through consulting regional experts and determined the following
order of priorities of the variables: noise from the building, daylight, influence from the
building and materials, and temperature outside the heating season. Another study focused
on the importance of the users’ perception of public and private high-rise residential
buildings in Hong Kong [23], which determined that IEQ variables weighting are 33.82%
towards thermic comfort, 23.05% acoustic comfort, 22.90% air quality, and 20.23% odor in
the environment.

For the typology of office buildings with air conditioning in the U.K., monitoring
and survey methods determined that the weighting of each parameter contributing to the
perceived IEQ are 34% air quality, 24% thermic comfort, 23% lighting, and 19% acoustic [27].
In the same building typology, Mujan, Licina [28], through a combination of continuous
measurements and perception surveys of its occupants, determined that the average interior
air quality has a weighting of 35%, followed by thermal comfort with 28.5%, acoustic 19.5%,
and lighting 17%. Finally, the research of Wei, Wargocki [29], through the revision of credits
that are assigned to the variables of internal environment by the BSA certification schemes
for office buildings and hotels, determined that the IEQ grade for non-residential buildings
has the following weightings: 27% thermic comfort, 34% air quality, 22% lighting, and
17% acoustic.

It can be observed that these investigations have tried to bridge the gap in developing
an IEQ assessment methodology, as there is no registered tool for this purpose given the
difficulties associated with integrating weighting to the variables, knowing that the priori-
ties of a sustainable building vary based on each context, where its establishment depends
on the historic, geographic, political, and cultural particularities of each region [4,30]; this
also shows in the lack of consistency of the weightings’ values from the investigations
aforementioned.

3. Methods

This article’s objective is to propose an IEQ assessment model for housing located
in the region of Bio-Bio, Chile. Integrating variables such as thermal comfort, air quality,
acoustics, and lighting, the investigation’s methodological design is composed of three
stages: (a) identify and define evaluation criteria and categorize them, drawing on estab-
lished international systems; (b) evaluate dwellings in the region to select and contextualize
the evaluation criteria; and (c) define regional priorities among the evaluation issues. These
three stages have been used in similar investigations that have managed to develop tools
and contextualize the evaluation [4,30-32]. It is important to point out that the data ob-
tained by site measurements and surveys and used to determine the relative importance
of each one of the contributors for IEQ were taken during the years 2013 and 2014 and
have been utilized for developing the current assessment model given the pertinence of the
study region, especially with the COVID-19 pandemic.
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3.1. Identification of Evaluation Criteria

In order to identify IEQ evaluation criteria, the most globally recognized BSA systems’
literature has been revised [8,9], and as they have regional influence [33], other international
systems were therefore ruled out. The systems considered for the study are BREEAM Multi-
residential [34], LEED-Home [35], Certificacion Verde NB [36] (GBCe, 2012), CASBEE-New
Construction [37], and Qualitel [38]. Table 1 shows the analyzed criteria.

3.2. Housing Assessment

Table 2 shows the criteria that were used for the evaluation of dwellings. The most
appropriate evaluation criteria were selected and defined for reference levels leading to a
qualification. The evaluation criteria for two situations were excluded as not applicable:

1. Type of housing: for example, criteria were excluded that evaluated conditions of lifts;
2. Features of the local housing: for example, criteria were excluded that assess the HVAC
since 85% of homes in the study area use natural ventilation in their enclosures [39].

Table 2. Example of the analysis. Daylighting evaluation criteria.

BREEAM

VERDE CASBEE QH&E

Method of Evaluation

e  Calculate the daylight factor

(DF).
° Check % of work surface
that receives direct natural

Check for the living room and

master bedroom: ) )
. Calculation of the opening

. Angle of visible sky

e Areailluminated by
windows (depth “P”)

. Relationship between the
surface of window and the

e  Calculate the daylight factor
(DF).

. Employs angular projection
factor in three dimensions

index (lo): relationship
between the area of opening
(including carpentry and
glazing) and the floor area
of room to living room,

light. room L) kitchen, and bedroom
. Length of window and . Verification of aspects
room . Calculation of DF
. Light transmission of
window glass
Indicators
. Angle © C e L
e  DF (%) e % of surface e Angular projection in three e  Opening index (lo)
. % of work surface . P = meters dimensions U (%) factor . DF (%)
. Verification of conditions

Requirement Level

1: Kitchen > 2.4%

2: Living rooms, dining rooms,
and studies > 2.4%

3: At least 80% of work surface of
the kitchen, living room, dining
room and study room to receive
direct sunlight

1: Meet in the living room
2: Meet in the bedroom
>50°

P<45m

>20%

>0.5

>0.7

1: (factor) < 0.5%
2:0.5% < (factor
3: 1.0% < (factor
4: 1.5% < (factor
5: 2.0% < (factor

<1.0%
<1.5%
<2.0%

=222

[uy

: Minimum openings:

Living room lo > 15%
Kitchen lo > 10%.
Bedroom lo > 15%

: Quality of natural light:

N o o o

Risk reduction in glare and
light distribution

3: DE:

. Living room

DF > 1.5%

. Bedroom

DF > 2%

. Kitchen lo > 15%

To date, there have been few studies of this type, and many of those have generally
focused on the analysis of a single style of housing [40-43]. This study focuses on three
(Table 3) since similar studies have shown that the proper selection of three different
housing can lead to improved results [44]. This study’s analyzed dwellings were part of a
group of ten homes, of which three were selected by geographic dispersion, orientation
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of facades, condition of housing (clean and furnished), occupation status (to ensure the
opening and closing of windows), and the use of traditional means of heating in the houses
of the region.

The equipment used for the monitoring were data sensors manufactured by Onset
Computer Corporation for its HOBO applications, with the following measurement kits:

U12-013: Data-logger 2 analogic + T°/HR internal;
U12-012: Lux Data-logger + T°/HR internal;

U12-006: Data-logger 4 analog ports;
CABLE-2.5-STEREQ: Cable for interface to ZW;
BHW-PRO-CD: HOBOWare communication software.

The same monitoring equipment was installed on the first level (living room, dining
room, kitchen, and outside) and on the second level (master bedroom, second bedroom,
and outside). It is important to mention that the monitored data were used solely for the
purpose of developing this evaluation model, and the monitoring was carried out in the
following manner:

1. Monitoring of outdoor temperatures (°C), indoor temperatures (°C), surface tempera-
tures (°C), and indoor and outdoor relative humidity (% RH), measured during two
periods (summer and winter);

2. Simulation of illumination (lux) (DF) through the Autodesk software Ecotect Analysis,
version 2011;

3. The estimation of noise levels through the constructive systems of housing’s en-
velopes against the sound” impact was performed considering local regulation for
acoustic isolation.

Table 3. General information about the selected housing.

Housing 1 Housing 2 Housing 3

Location Portal de Sap l'fedro /Pasaje San Pedro de l.a. Paz/Camino Concepcion/Tierras
Lago Tintilco 293 Club Militar 110 Coloradas 222
Area 65.15 m? 88 m? 109.38 m?
Winter monitoring 26 September-3 October 2013 11-18 July 2012 9-16 September 2013
Summer monitoring 21-28 January 2013 3-23 September 2012 14-21 January 2013
Materiality Concrete/Wood Concrete/Wood /SIP Panel Concrete/Wood

3.3. Definition of Regional Priorities

The study region was chosen by a consensus of experts of the lack of similar research
in the general area [45]. To achieve this consensus, the researchers applied the methodology
of Thomas Saaty’s analytic hierarchy process (AHP) [46] decision-making framework,
useful for its utility in identifying the interests of society [23,47]. Following the structure
of the AHP method, we applied a survey questionnaire that considered 17 situations of
comparison (between criteria and sub-criteria); these were evaluated using Saaty’s scale.
Calculations were performed on a (symmetrical) positive reciprocal matrix built with
Microsoft Excel software, and importance weights were obtained by the arithmetic mean of
the vectors of priorities for all respondents.
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The expert panel used intentional sampling techniques and comprised members from
the following interest groups and participating institutions: (a) universities: University of
Bio-Bio, Pontifical Catholic University of Chile, and the University of Chile; (b) certification
companies: Institute of Construction, CITEC, Efficiency Energy Certification University
Higher (Temuco), and GBC Chile; and (c) public institutions: DITEC, MINVU, and SERVIU
Region Bio-Bio. The total number of participants was 20: 5 academics, 7 certifiers, and
8 public officials.

4. Results and Discussion
4.1. Identification of Evaluation Criteria

The evaluation criteria that were integrated into the model were objective, feasible,
measurable, and appropriate for the type of housing in the city. Because there are no tools
for the identification and contextualization of evaluation criteria [33], the authors choose to
impose six parameters that must be met as the evaluation criteria to be selected (Table 4):

The evaluation criteria are compatible with the characteristics of the dwellings;
The evaluation criteria contributed to overcoming problems in housing;

The method for evaluating was feasible to apply;

The requirements levels were in line with local conditions;

The type of evaluation performed was based on performance;

The evaluation criteria helped improve the comfort of dwellings.

SANRANE IR A

Table 4. Selection of evaluation criteria.

Selection Trials

1 2 3 4 5 6

Evaluation Criteria

1. Lighting
BREEAM
Natural lighting | | | | | [
Lighting levels u u u n n
Glare control | | | [
Views outside | n | [
VERDE
Daylighting in primary occupation spaces u u n
CASBEE
Natural light | | u | | [
Lighting levels | | | | [
Daylight control | | | [
QH&E

Natural lighting and visual relationship with the
external environment

Artificial lighting u n | [
2. Indoor air quality
BREEAM

Indoor air quality u u | [
VERDE

In spaces with natural ventilation efficiency | | u | [

Toxicity in the interior finishing materials u u u n
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Table 4. Cont.

Selection Trials

1 2 3 4 5 6

Evaluation Criteria

CASBEE

Natural ventilation performance | u n | n
3. Acoustic
BREEAM

Acoustic isolation | u n | | n
VERDE

Protection of enclosures protected against noise u u u u n n
CASBEE

Background noise levels | | | | | [
4. Thermal comfort
LEED

Distribution of heating and cooling in spaces |

Humidity control u u n n
BREEAM

Thermal comfort | | | | | [
VERDE

Thermal comfort in spaces with natural ventilation W | n | n
CASBEE

Environmental temperature u u u u n n

Humidity control | u u | | n

Perimeter performance | | | | | [ |

We selected the criteria that yielded a “yes” response to four or more of these pa-
rameters, obtaining the following: natural lighting, artificial lighting, glare control, views
outside, natural ventilation, pollutants control, outdoor airborne noise, impact noises,
environmental temperature, humidity control, and building envelope performance.

4.2. Housing Assessment Results
4.2.1. Natural Lighting

The international systems assessed this through the “daylight factor” (DF), with ranks
ranging from 0.5% to 2.4%, according to the method and required compliance for living
room, kitchen, and bedrooms. Evaluated dwellings obtained values higher than 2.4% DF
(Table 5).

4.2.2. Artificial Lighting

Noncompulsory national standards set a temperature of 3500 k maximum color and
an index of chromatic yield of no less than 70 for LEDs and no less than 80 for the rest of
the luminaires. International systems evaluate by checking points of lighting available in
the rooms. It was found that the study homes complied with these requirements.
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Table 5. Simulation of the factor daylight to the main rooms.

Scale
DF

Living Room—Dining Room Kitchen Second Bedroom Master Bedroom

Housing 1
%
21.0+
19.0
17.0

9.0

0

10

DF =4.75% / LUX = 354.41 DF =4.91% / LUX = 365.92 DF =3.53% / LUX = 265.08 DF =4.01% / LUX = 298.89

Housing 2

= |w | © =z 2
= = = e e "

DF =7.23%/LUX = 542.14 DF =7.57% / LUX = 585.94 DF =4.16% / LUX = 312.05 DF =5.50% / LUX = 418.42

Housing 3
%
21.0+

BEEE: -

~

DF =5.38% / LUX = 404.15 DF =3.53% / LUX = 249.75 DF =3.11% /LUX = 232.33 DF =5.80% / LUX = 434.97

4.2.3. Environmental Temperature

International systems establish temperature ranges for master bedrooms based on
systems of cooling and heating ranging from 18 °C to 24 °C for winter and from 23 °C to
28 °C in summer. National thermal regulations have established minimum values within
the concept of heating degree days (a measure of how warm or cold a region is) annually,
defining its standard as 15 °C and providing a comfort level between 18 °C and 20 °C, with
normal operating regime gains and solar earnings for the winter season [48]. The winter
season results for the main rooms of houses 1 and 3 showed average temperature values,
with the highest percentage of hours for the ranges between 18 °C to 20 °C and 18 °C to
24 °C. For the summer season results, the same spaces showed average temperature values;
however, the highest percentage of hours fell outside the range from 23 °C to 28 °C (see
Table 6).

4.2.4. Humidity Control

International systems define reference levels by ranges of relative humidity in the
interior through dehumidification systems. LEED requires a level less than or equal to 60%,
which could be met in winter by the spaces of housing 1, while in summer, the spaces in
housing 2 and 3 obtained better performance, with spaces in housing 2 room being the only
ones that did not meet the specifications (Table 7). CASBEE sets a range between 40 and
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70%, which is not met by spaces in housing 2 in winter. National regulations on the subject
do not exist; however, the official technical guides establish an interior level between 30

and 60%.

Table 6. Monitoring of temperature in summer and winter.

International Systems E::lfll;:ilons
Winter Summer Winter Summer Winter
Range Range Range
18-24 °C 23-28 °C 18-20 °C
(% hours) (% hours) (% hours)
Average (°C) Outside Inside Outside Inside Outside Inside
Housing 1:
Living room (°C) 20.5 20.3 0.0 100.0 95.9 41 75.0 25.0
Master bedroom (°C) 20.1 21.1 0.0 100.0 88.3 11.7 48.0 52.0
Second bedroom (°C) 204 21.0 0.0 100.0 924 7.6 62.0 38.0
Kitchen (°C) 19.0 20.9 30.0 70.0 91.9 8.1 67.0 33.0
Outside temperature (°C) 11.3 18.3
Housing 2:
Living room (°C) 16.4 17.6 100.0 0.0 99.6 0.4 100.0 0.0
Master bedroom (°C) 16.7 20.7 719 28.1 95.2 4.8 754 24.6
Second bedroom (°C) 159 18.5 92.8 7.2 99.6 0.4 92.8 7.2
Kitchen (°C) 16.6 19.2 79.6 20.4 99.7 0.3 79.6 20.4
Outside temperature (°C) 10.9 13.2
Housing 3:
Living room (°C) 18.8 21.2 36.9 63.1 71.6 28.4 53.0 47.0
Master bedroom (°C) 18.4 21.9 43.5 56.5 73.2 26.8 70.2 29.8
Second bedroom (°C) 20.0 21.6 9.5 90.5 70.7 29.3 58.9 411
Kitchen (°C) 18.6 21.5 46.4 53.6 100.0 0.0 59.5 40.5
Outside temperature (°C) 10.0 19.2
Table 7. Monitoring relative humidity in summer and winter.
Exterior Living Room Master Bedroom Kitchen
(%) (%) (%) (%)
Winter
Housing 1 65.63 45.35 49.92 48.12
Housing 2 87.13 81.10 72.06 71.00
Housing 3 77.19 59.96 66.21 58.56
Summer
Housing 1 70.59 65.56 59.15 62.28
Housing 2 71.01 62.44 57.36 58.77
Housing 3 64.64 59.03 59.64 59.49

4.2.5. Air Quality

For the evaluation of natural ventilation, international systems provide different levels
of reference. For example, VERDE requires window openings to be a minimum of 5% of the
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floor area of the rooms and the distances between two openings of opposite facades to be a
maximum of five times the height of the room. All three dwelling satisfactorily fulfilled this
requirement. BREEAM requires the minimum surface of windows to be one-eighth of the
usable area in the main rooms, while CASBEE sets a range from one-tenth to one-sixteenth
for the window opening with respect to the area of the room. This level could not be
reached by the three houses in this study. National regulations for this criterion establish
minimum conditions requiring the use of windows for the different areas of the house
and, under certain conditions, the use of ventilation ducts or air conditioning systems.
However, official technical guides for the prevention of diseases establish minimum levels
of exchanges of air from the outside between 3.0 and 3.6 m3/h per m? of premises.

4.2.6. Acoustics

For aerial noise from outside, international systems establish levels that exceed local
standards in a range of 3 to 10 dB(A). The national regulations require only elements
that separate or divide housing units, establishing a sound-reduction index minimum
of 45 dB(A) [49]. Impact noise levels are required to overcome the local rules in a range
from 3 to 15 dB. Domestic regulations set a maximum of 75 dB normalized impact sound
pressure level. None of the three housing exceeded the national levels.

The results of the evaluations showed that international systems do not evaluate
all of the factors that influence the indoor environment and that their evaluation criteria
have different levels of demand. The study found that it was not possible to apply all the
assessment criteria due to the characteristics of the houses of the region. Therefore, the
dwellings obtained different performances depending on the system applied (Figure 1).

The results of the evaluations showed that there were different levels of performance,
which could be awarded allocation for compliance as follows [50]:

Standard practices: 1 point;
Best practices: 3 points;
Superior practices: 5 points.

With this scale of linear scores, qualifying the level of performance of the houses,
we worked on two aspects to define reference levels (benchmarks) for each evaluation
criterion. First, for the standard reference level, we used the requirements laid down in
the national regulatory framework and standards for different technical documents that,
although not mandatory, were identified by institutions or the government as expected and
socially accepted, as in the case of the code of the sustainable construction for housing [51].
Second, based on the critical analysis of the evaluation of dwellings described and for the
purpose of guiding sustainable practices, we set benchmarks for best practices and superior
practices. By way of example, Figure 2 shows the benchmarks for the evaluation criteria of
natural lighting, environmental temperature, humidity control, and natural ventilation.

4.3. Definition of Regional Priorities

The expert panel issued different values for each factor that influences the IEQ and
evaluation criteria (Table 8), indicating that some things were viewed as more important
than others.

The values of the weights that each group of experts issued were similar (Figure 3)
and thus represented a consensus on the priorities and interests for the IEQ of dwellings.
The order of priorities and the values of the weights were as follows: (a) air quality
0.37; (b) thermal comfort 0.32; (c) acoustics 0.16; and (d) illumination 0.15. These results
are consistent with those of similar studies of office buildings [27]. With respect to the
evaluation criteria, it seems logical that natural ventilation (0.2294), the performance of
the envelope (0.1568), and control of contaminants (0.1406) would represent 53% of the
total value of the weightings; therefore, these criteria were considered to have the greatest
influence on the quality of the indoor environment.
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Housing 1:
-
Thermal Artificial
comfort lighting
Acoustic Air quality
Housing 2:
Nan;'al lighting
Thermal Artificial
comfort lighting
Acoustic Alr quality
Housing 3:
g
Thermal Artificial
comfort lighting
Acoustic Air quality

s VERDE
s CASBEE

w====BREEAM
s VERDE
s CASBEE
~ QH&E

Figure 1. Comparison of the performance levels of the housing in the most representative

evaluation criteria.
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Natural lighting

Humidity control

Natural

ventilation

Symbology

Natiooal requirements: article 4.1.2 of the OGUC and Chapeer 6 of
wwahwmmm»

chasacteristics of openings and interios spaces.

Mt the standard level and staedasd of ighting

o Kirchen 150 - 300 lux
¢  Living rooen — Dindeg room 50 - 300 lux

*  Bedrooe 100 dux

Mewt the previous requizesnents and comply with daydight factos

© (DF) of 2% for kinchen, living rocen - dining rocen and bedrooms.

Bzandhmhgwwl&map‘bbdmw
setpolng Seanperature,

- Mewt the standard and foe susnumes demand: passive stzategles to

achieve a comndort atrip between 20°C 1o 24°C.

mwastes  of antfcondensation heaters for wates

Propooe
Insulation in envelopes.

Avallable systems to evaluate or reduce water vapor In sources, In

the following mannes:

. Bathroome - ktcher: Inmediate steam evacuation system

{passive or active)
*  Heating: systems of combustion exhaust to the outside.

Natioeal sequirements: Article 4.1.2 of the OCGUC and Chapites 6

- of Technical Standards of the Habitabllity Program with respect to

chazactortanics of openings and Interios spaces.

Meowt the standard and comply to the maln rooms in the howsing
*  The cccupant contral

openings
T e Mindmume surface of opening windows of 5% of the useful

azea of the roam.

Meet the main rooms In the housting:

*  The ccoupant control openings

*  Minimum sarface of opendng windows 1/10 (10%) of the
useful asea of the room.

Standard practice | Superior practice

Figure 2. Example of reference for the evaluation criteria levels.
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Table 8. Overall results of weightings.
Category Weighting Evaluation Criteria Weighting
L: Lighting 15% NL: Natural Lighting 0.42
AL: Artificial Lighting 0.24
GC: Glare Control 0.15
VO: Views Outside 0.19
AQ: Air Quality 37% NV: Natural Ventilation 0.62
PC: Pollutants Control 0.38
A: Acoustic 16% OAN: Outdoor Airborne Noise 0.67
IN: Impact Noise 0.33
TC: Thermal Comfort 32% ET: Environmental Temperature 0.23
HC: Humidity Control 0.28
BEP: Building Envelope Performance 0.49
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Figure 3. Comparisons of values of weights by interest group.

4.4. Proposed Assessment Model

The proposed model has a hierarchical structure in which the factors influencing the
IEQ (categories) group the evaluation criteria and, on the basis of the model of Ncube and
Riffat [27], establish a relationship between the perception of the quality and the categories.
The proposed evaluation model is expressed by a function that integrates the four categories
of IEQ and is explained by means of a formula or mathematical expression (1). The model
is based on the linear relationship between the fulfillment of the requirements for each
category through the allocation of score [49] and the perceived importance (Table 8 weights)
(2). That is, the objective of the model is expressed by the air quality (3); thermal comfort
(4); acoustics (5); and lighting (6), as shown in the following expressions:

[EQ=1 !i"i 1)

I'1-! 4 are scores based on the level of performance of the four categories of the indoor
environment, and " is the weighting assigned as the coefficient of importance. Therefore,
the quality of the indoor environment can be expressed using a multivariate model in the
following way:

IEQ = (AQ x 0.37) + (TC x 0.32) + (A x 0.16) + (L x 0.15) @)
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where AQ is air quality, TC is thermal comfort, A is acoustics, and L is lighting. These
categories are fed by expressions composed of scores based on the reference level of each
evaluation criterion (Table 8) and its weighting in the following way:

AQ = (NV x 0.62) + (PC x 0.38) 3)

TC = (ET x 0.23) + (HC x 0.28) + (BEP x 0.49) 4)

A = (OEN x 0.67) + (IN x 0.33) (5)

L=(NL x 0.42) + (AL x 0.24) + (GC x 0.15) + (VO x 0.19) (6)

where NV is natural ventilation, PC is pollutants control, ET is environmental temperature,
HC is humidity control, BEP is the building envelope performance, OEN is outdoor airborne
noise, IN is impact noise, NL is natural lighting, AL is artificial lighting, GC is glare control,
and VO is views outside.

The rating is obtained in a unique value by applying the model that represents the
overall performance of the indoor environment of the housing and is grouped by rating
ranges. The ranges are obtained by the points that issue the evaluation criteria at the three
performance levels by their weighting. In order to obtain thresholds with integers greater
than 100 points for the value of the coefficient " in each rating range, it was decided to
replace its percentage value with its integer (called weight). The threshold score for each
reference range is:

e  Standard practice: 100 points;
e  Best practices: 240 points;
e  Superior practices: 330 points.

Using the proposed model, we assessed the study dwellings to obtain the overall IEQ
rating. Table 9 presents the results of housing 1, 2, and 3. The grades obtained ranged from
176.52 to 198.60 points, placing them at the level of standard practice. You can see that
housing 1 and 3 obtained better performance. In addition, it is observed that the lowest
levels of performance in the three houses were with respect to the acoustics evaluation
criteria, while the highest levels of performance were for the air quality evaluation criteria.

Table 9. Results of the qualification of housing.

Housing 1 Housing 2 Housing 3
NV Points 3 3 3
Weighting 0.62
Points 1 1 1
Air Quality PC
Weighting 0.38
Weight Category 37
The Category Qualification 82.88 82.88 82.88
ET Points 3 0 3
Weighting 0.23
HC Points 3 3 3
Thermal Weighting 0.28
Comfort ;
BEP Points 0 0 0
Weighting 0.49
Weight Category 32

The Category Qualification 48.96 26.88 48.96
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Table 9. Cont.

Housing 1 Housing 2 Housing 3
Poi 1 1 1
OAN oints
Weighting 0.67
Points 3 3 3
Acoustic IN
Weighting 0.33
Weight Category 16
The Category Qualification 26.56 26.56 26.56
NL Points 5 5 5
Weighting 0.42
AL Points 1 1 1
Weighting 0.24
Points 1 1 1
Lighting GC
Weighting 0.15
VO Points 1 1 1
Weighting 0.19
Weight Category 15
The Category Qualification 40.20 40.2 40.2
QUALIFICATION IEQ 198.60 176.52 198.60

5. Conclusions

After evaluating the BSA systems, it was possible to observe that the assessment
criteria varies from one system to another due the way each poses its levels of exigency and
performs its assessments. For that reason, during the application of the BSA’s assessment
criteria into the case studies, different results were obtained for a single criteria according
to the BSA. Secondly, systems such as BREEAM, VERDE, and CASBEE were the ones that
could apply their assessment criteria into the case studies.

From the BSA evaluation, eleven assessment criteria were identified along with their
proper performance levels for the existing housing in the region of Bio-Bio. Additionally,
through the consensus with experts, it was possible to define local priorities for the IEQ
assessment in order to establish categories such as air quality (AQ) and thermal comfort (TC)
and assessment criteria such as natural ventilation (NV), building envelope performance
(BEP), and outdoor airborne noise (OAN), which altogether have more importance and
influence on the quality of the internal environment of the region’s houses.

On the basis of those results, we propose a model of evaluation of indoor environment
quality (IEQ) that integrates performance and weights the importance of the different
evaluation categories. In this sense, the model is a tool for predicting the future performance
of an indoor environment and provides support for residential architectural design.

As regards the methodology of investigation used, since there is no international
agreement on the process to be followed for the generation of BSA, this research proposes
an approach for the development and contextualization of BSA systems to be structured in
three stages:

1. Identify evaluation criteria within an international framework;
2. Select and contextualize evaluation criteria through field assessments;
3. Define regional priorities with the participation of experts.

Future efforts should continue to conduct and refine this type of research to contribute
to the objective of sustainable housing. It is important to define how IEQ contributes
to the goal of sustainability and at the same time to integrate energy efficiency without
compromising its standards. In addition, future research must continue to develop and
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improve methodologies that enable building assessment schemes and other spatial scales
to be placed in different contexts.

Author Contributions: Conceptualization, F.Q.-M.; Methodology, FQ.-M.; Investigation, F.Q.-M.;
Writing—original draft, F.Q.-M.; Writing—review & editing, FQ.-M. and S.A.-C.; Project adminis-
tration, EQ.-M. and S.A.-C.; Funding acquisition, S.A.-C. All authors have read and agreed to the
published version of the manuscript.

Funding: The project “Contextualization of Sustainable Indicators for Neighborhoods in the city
of Cuenca-Ecuador” was funded by the Vice-rectorate of Research of the University of Cuenca,
Cuenca-Ecuador. Grant number 2040000 07 1636. And The APC was funded by the Vice-rectorate of
Research of the University of Cuenca.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors wish to express their gratitude to the University of Cuenca and its
Research Vice-rectorate (VIUC) for providing the necessary funds for the research project “Contextu-
alization of Sustainable Indicators for Neighborhoods in the city of Cuenca-Ecuador”. Moreover, we
thank Rodrigo Garcia for the opportunity to collaborate on his project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Geissdoerfer, M.; Savaget, P.; Bocken, N.M.P,; Hultink, E.]. The Circular Economy-A new sustainability paradigm? . Clean. Prod.
2017, 143, 757-768. [CrossRef]

2. Kibert, CJ. Establishing Principles and a Model for Sustainable Construction. In Proceedings of the First International Conference
on Sustainable Construction, Tampa, FL, USA, 6-9 November 1994.

3. Hossaini, N.; Hewage, K.; Sadiq, R. Spatial life cycle sustainability assessment: A conceptual framework for net-zero buildings.
Clean Technol. Environ. Policy 2015, 17, 2243-2253. [CrossRef]

4. Assefa, S.; Lee, H.-Y,; Shiue, F.-J. A building sustainability assessment system (BSAS) for least developed countries: A case of
Ethiopia. Sustain. Cities Soc. 2022, 87, 104238. [CrossRef]

5. WGBC. Home-World Green Building Council. Available online: https://worldgbc.org/ (accessed on 12 October 2022).

6.  Thatcher, A.; Milner, K. Is a green building really better for building occupants? A longitudinal evaluation. Build. Environ. 2016,
108, 194-206. [CrossRef]

7. Wong, ] KW,; Zhou, J. Enhancing environmental sustainability over building life cycles through green BIM: A review. Autom.
Constr. 2015, 57, 156-165. [CrossRef]

8.  Alyami, S.H.; Rezgui, Y. Sustainable building assessment tool development approach. Sustain. Cities Soc. 2012, 5, 52-62. [CrossRef]

9. Lee, W.L. A comprehensive review of metrics of building environmental assessment schemes. Energy Build. 2013, 62, 403-413.
[CrossRef]

10. Doan, D.T.; Ghaffarianhoseini, A.; Naismith, N.; Zhang, T.; Ghaffarianhoseini, A.; Tookey, J. A critical comparison of green
building rating systems. Build. Environ. 2017, 123, 243-260. [CrossRef]

11. Mendell, M.].; Fisk, W.J.; Kreiss, K.; Levin, H.; Alexander, D.; Cain, W.S.; Girman, ]J.R.; Hines, C.J.; Jensen, P.A.; Milton, D.K; et al.
Improving the health of workers in indoor environments: Priority research needs for a National Occupational Research Agenda.
Am. ]. Public Health 2002, 92, 1430-1440. [CrossRef]

12.  Weschler, C.J. Changes in indoor pollutants since the 1950s. Atmos. Environ. 2009, 43, 153-169. [CrossRef]

13.  ASHRAE. Interactions Affecting the Achievement of Acceptable Indoor Environments; ASHRAE Guideline; ASHRAE: New York, NY,
USA, 2016.

14. Agarwal, N.; Meena, C.S.; Raj, B.P; Saini, L.; Kumar, A.; Gopalakrishnan, N.; Kumar, A.; Balam, N.B.; Alam, T.; Kapoor, N.R; et al.
Indoor air quality improvement in COVID-19 pandemic: Review. Sustain. Cities Soc. 2021, 70, 102942. [CrossRef] [PubMed]

15. Patial, S.; Nazim, M.; Khan, A.A P; Raizada, P; Singh, P.; Hussain, C.M.; Asiri, A.M. Sustainable solutions for indoor pollution
abatement during COVID phase: A critical study on current technologies & challenges. J. Hazard. Mater. Adv. 2022, 7, 100097.
[CrossRef]

16. Gibson, ].M.; Brammer, A.S.; Davidson, C.A.; Folley, T.; Launay, E]J.P.; Thomsen, ].T.W. Burden of Disease from Indoor Air

Pollution. In Environmental Burden of Disease Assessment; MacDonald Gibson, J., Brammer, A., Davidson, C., Folley, T., Launay, E,
Thomsen, J., Eds.; Springer: Dordrecht, The Netherlands, 2013; pp. 109-132. [CrossRef]


http://doi.org/10.1016/j.jclepro.2016.12.048
http://doi.org/10.1007/s10098-015-0959-0
http://doi.org/10.1016/j.scs.2022.104238
https://worldgbc.org/
http://doi.org/10.1016/j.buildenv.2016.08.036
http://doi.org/10.1016/j.autcon.2015.06.003
http://doi.org/10.1016/j.scs.2012.05.004
http://doi.org/10.1016/j.enbuild.2013.03.014
http://doi.org/10.1016/j.buildenv.2017.07.007
http://doi.org/10.2105/AJPH.92.9.1430
http://doi.org/10.1016/j.atmosenv.2008.09.044
http://doi.org/10.1016/j.scs.2021.102942
http://www.ncbi.nlm.nih.gov/pubmed/33889481
http://doi.org/10.1016/j.hazadv.2022.100097
http://doi.org/10.1007/978-94-007-5925-1_5

Sustainability 2023, 15, 1276 17 of 18

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

44.

45.

46.
47.

48.

Diaz Lozano Patino, E.; Siegel, J.A. Indoor environmental quality in social housing: A literature review. Build. Environ. 2018, 131,
231-241. [CrossRef]

INE. Instituto Nacional de Estadistica. Available online: https://www.ine.gob.cl/ (accessed on 11 January 2013).

MINVU. Estudio de Patologias en la Edificaciéon de Viviendas Bésicas 1996-1997. In II Tecnologia de la Construccion; Ministerio de
Vivienda y Urbanismo: Santiago de Chile, Chile, 2004.

Al-Rawi, M,; Ikutegbe, C.A.; Auckaili, A.; Farid, M.M. Sustainable technologies to improve indoor air quality in a residential
house-A case study in Waikato, New Zealand. Energy Build. 2021, 250, 111283. [CrossRef]

d’Ambrosio Alfano, ER.; Olesen, B.W,; Palella, B.L; Riccio, G. Thermal comfort: Design and assessment for energy saving. Energy
Build. 2014, 81, 326-336. [CrossRef]

Ismaeel, W.S.E.; Mohamed, A.G. Indoor air quality for sustainable building renovation: A decision-support assessment system
using structural equation modelling. Build. Environ. 2022, 214, 108933. [CrossRef]

Lai, ] HK,; Yik, EW.H. Perception of importance and performance of the indoor environmental quality of high-rise residential
buildings. Build. Environ. 2009, 44, 352-360. [CrossRef]

Wong, L.T.; Mui, K.W,; Tsang, T.W. An open acceptance model for indoor environmental quality (IEQ). Build. Environ. 2018, 142,
371-378. [CrossRef]

Steinemann, A.; Wargocki, P.; Rismanchi, B. Ten questions concerning green buildings and indoor air quality. Build. Environ. 2017,
112, 351-358. [CrossRef]

Rohde, L.; Steen Larsen, T.; Jensen, R.L.; Larsen, O.K,; Jensson, K.T.; Loukou, E. Determining indoor environmental criteria
weights through expert panels and surveys. Build. Res. Inf. 2020, 48, 415-428. [CrossRef]

Ncube, M.; Riffat, S. Developing an indoor environment quality tool for assessment of mechanically ventilated office buildings in
the UK-A preliminary study. Build. Environ. 2012, 53, 26-33. [CrossRef]

Mujan, I; Licina, D.; Kljaji¢, M.; Culi¢, A.; Andelkovié, A.S. Development of indoor environmental quality index using a low-cost
monitoring platform. J. Clean. Prod. 2021, 312, 127846. [CrossRef]

Wei, W.; Wargocki, P; Zirngibl, J.; BendZalova, J.; Mandin, C. Review of parameters used to assess the quality of the indoor
environment in Green Building certification schemes for offices and hotels. Energy Build. 2020, 209, 109683. [CrossRef]
Al-Jebouri, M.F.A ; Saleh, M.S.; Raman, S.N.; Rahmat, R.A.A.B.O.K,; Shaaban, A.K. Toward a national sustainable building
assessment system in Oman: Assessment categories and their performance indicators. Sustain. Cities Soc. 2017, 31, 122-135.
[CrossRef]

Ali, H.H.; Al Nsairat, S.F. Developing a green building assessment tool for developing countries—Case of Jordan. Build. Environ.
2009, 44, 1053-1064. [CrossRef]

Castro, M.d.E;; Mateus, R.; Braganga, L. Development of a healthcare building sustainability assessment method-Proposed
structure and system of weights for the Portuguese context. J. Clean. Prod. 2017, 148, 555-570. [CrossRef]

Sharifi, A.; Dawodu, A.; Cheshmehzangi, A. Neighborhood sustainability assessment tools: A review of success factors. . Clean.
Prod. 2021, 293, 125912. [CrossRef]

BRE. BREEAM Multi-Residential 2008; BRE Global Limited: Watford, UK, 2012.

USGBC. LEED for Homes: Rating System; U.S. Creen Building Council: Washington, DC, USA, 2008.

GBCe. VERDE NE Residencial y Oficinas: Guia para los Evaluadores Acreditados; GBC Espafa: Madrid, Spain, 2012.

JSBC. CASBEE for New Construcction. Technical Manual, 1st ed.; JSBC: Tokyo, Japan, 2011.

CERQUAL. Qualitel, Habitat & Environnement: Certifications Habitat Neuf; CERQUAL: Paris, France, 2012.

Campos, J. Determinacion de Linea Base “Anual” Para la Evaluacion de la Inversion en Eficiencia Energética en el Sector Residencial:
Invierno 2007-Verano 2008; Instituto de la Construccion: Mayo, Ireland, 2008.

Laverge, J.; Van Den Bossche, N.; Heijmans, N.; Janssens, A. Energy saving potential and repercussions on indoor air quality of
demand controlled residential ventilation strategies. Build. Environ. 2011, 46, 1497-1503. [CrossRef]

Dili, A.S.; Naseer, M.A.; Varghese, T.Z. Passive environment control system of Kerala vernacular residential architecture for a
comfortable indoor environment: A qualitative and quantitative analyses. Energy Build. 2010, 42, 917-927. [CrossRef]

Taleb, H.M.; Sharples, S. Developing sustainable residential buildings in Saudi Arabia: A case study. Appl. Energy 2011, 88,
383-391. [CrossRef]

Kazanci, O.A.O.B. Beyond nearly-zero energy buildings: Experimental investigation of the thermal indoor environment and
energy performance of a single-family house designed for plus-energy tragets. Sci. Technol. Built Environ. 2016, 22, 1024-1038.
[CrossRef]

Brunsgaard, C.; Heiselberg, P.; Knudstrup, M.-A.; Larsen, T.S. Evaluation of the Indoor Environment of Comfort Houses:
Qualitative and Quantitative Approaches. Indoor Built Environ. 2012, 1, 1-20. [CrossRef]

Mateus, R.; Braganga, L. Sustainability assessment and rating of buildings: Developing the methodology SBToolPT-H. Build.
Environ. 2011, 46, 1962-1971. [CrossRef]

Saaty, T. The Analytic Hierarchy Process; McGraw-Hill: New York, NY, USA, 1980.

Yu, W.; Li, B,; Yang, X.; Wang, Q. A development of a rating method and weighting system for green store buildings in China.
Renew. Energy 2015, 73, 123-129. [CrossRef]

Bustamante, W.; Rozas, Y. Guia de Disefio Para la Eficiencia Energética en la Vivienda Social; Minvu, C.N.E., Ed.; MINVU: Santiago de
Chile, Chile, 2009.


http://doi.org/10.1016/j.buildenv.2018.01.013
https://www.ine.gob.cl/
http://doi.org/10.1016/j.enbuild.2021.111283
http://doi.org/10.1016/j.enbuild.2014.06.033
http://doi.org/10.1016/j.buildenv.2022.108933
http://doi.org/10.1016/j.buildenv.2008.03.013
http://doi.org/10.1016/j.buildenv.2018.06.031
http://doi.org/10.1016/j.buildenv.2016.11.010
http://doi.org/10.1080/09613218.2019.1655630
http://doi.org/10.1016/j.buildenv.2012.01.003
http://doi.org/10.1016/j.jclepro.2021.127846
http://doi.org/10.1016/j.enbuild.2019.109683
http://doi.org/10.1016/j.scs.2017.02.014
http://doi.org/10.1016/j.buildenv.2008.07.015
http://doi.org/10.1016/j.jclepro.2017.02.005
http://doi.org/10.1016/j.jclepro.2021.125912
http://doi.org/10.1016/j.buildenv.2011.01.023
http://doi.org/10.1016/j.enbuild.2010.01.002
http://doi.org/10.1016/j.apenergy.2010.07.029
http://doi.org/10.1080/23744731.2016.1208001
http://doi.org/10.1177/1420326X11431739
http://doi.org/10.1016/j.buildenv.2011.04.023
http://doi.org/10.1016/j.renene.2014.06.013

Sustainability 2023, 15, 1276 18 of 18

49. MINVU. Ordenanza General de Urbanismo y Construccion; MINVU: Santiago de Chile, Chile, 1992.

50. Quesada, F. Métodos de evaluacion sostenible de la vivienda: Andlisis comparativo de cinco métodos internacionales. Rev.
Habitat Sustentable 2014, 4, 56—67.

51. BRE. Cédigo de Construccion Sustentable para Viviendas, Chile; BRE: Santiago de Chile, Chile, 2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction 
	Interior Environmental Quality IEQ 
	Methods 
	Identification of Evaluation Criteria 
	Housing Assessment 
	Definition of Regional Priorities 

	Results and Discussion 
	Identification of Evaluation Criteria 
	Housing Assessment Results 
	Natural Lighting 
	Artificial Lighting 
	Environmental Temperature 
	Humidity Control 
	Air Quality 
	Acoustics 

	Definition of Regional Priorities 
	Proposed Assessment Model 

	Conclusions 
	References

