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Abstract: In this paper, an integrated model that coupled CONTAM and WUFI was developed
to assess the indoor air quality (IAQ), moisture, and thermal comfort performance. The coupling
method of CONTAM and WUFI is described based on the exchange of airflow rate control variables
as infiltration, natural and mechanical ventilation parameters between heat and moisture flow
balance equations in WUFI and contaminant flow balances equations in CONTAM. To evaluate the
predictions of the integrated model compared to single models of CONTAM and WUFI, four scenarios
were used. These scenarios are airtight-fan off, airtight-fan on, leaky-fan off, and leaky-fan on, and
were defined for a three-story house subjected to three different climate conditions of Montreal,
Vancouver, and Miami. The measures of the simulated indoor CO2, PM2.5, and VOCs obtained by
CONTAM; the simulated indoor relative humidity (RH), predicted percentage of dissatisfied (PPD),
and predicted mean vote (PMV) obtained by WUFI; and those obtained by the integrated model
are compared separately for all scenarios in Montreal, Vancouver, and Miami. Finally, the optimal
scenarios are selected. The simulated results of the optimal scenarios with the integrated model
method (−28.88% to 46.39%) are different from those obtained with the single models. This is due to
the inability of the single models to correct the airflow variables.

Keywords: integrated model; CONTAM; WUFI; indoor air quality performance; moisture perfor-
mance; thermal comfort performance

1. Introduction

A building can be defined as a system that balances the energy, air, and moisture flows
with its surroundings. Indoor air quality, moisture, and thermal comfort are important
parameters for buildings that can be controlled based on energy, air, and moisture flows
characteristics. Currently, there are many tools that can be used for determining energy,
indoor air quality, and moisture building performances. Residents’ satisfaction with the
thermal condition of the indoor environment increases the performance of the buildings [1].
Energy models are accurate tools for optimizing active and passive building systems [2–4].

Thermal comfort measures have been developed since the 1960s to calculate building
performance and the predicted mean vote (PMV) has been used as one of the numerical
measures of thermal comfort [5]. ASHRAE Standard 55 [6] is one of the most important
international thermal comfort standards. Many tools have been developed by researchers
to calculate thermal comfort as an indicator of building performance. Some of these tools
such as FTCR (Functions for Thermal Comfort Research) [7] and pythermalcomfort [8] are
open source tools that require prior coding skills.
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Another tool called the Center for the Built Environment (CBE) was developed by
Tartarini et al. [9] that can visually calculate the thermal comfort measures according to
the ASHRARE 55 standard without the need for having to write code. Chen [10] used
indoor air quality calculation tools to calculate building indoor air quality performance.
It has been concluded that CFD models were the most popular and can be coupled with
other ventilation models to increase their accuracy in calculating the indoor air quality
performance of a building. In another study, Wang and Chen [11] concluded that with the
help of coupling CONTAM with CFD models, the errors created by some assumptions can
be solved and they validated their results with experimental data.

Some researchers have used the coupling method between energy models with indoor
air quality models to increase the accuracy of performance calculation for the double skin
facade system in natural ventilation [12]. Gao et al. [13] developed a high-precision model
by combining thermal comfort and indoor air quality (IAQ) models.

Chang et al. [14] used WUFI (Wäme und Feuchte instationär) Pro 5.3 [15] to perform
a moisture risk assessment based on a hygrothermal properties analysis for the ply-lam
cross-laminated timber (CLT) house envelope. The WUFI program can calculate the thermal
and moisture properties of a building material as hygrothermal performance by calculating
heat and moisture flow balances [16]. The performance calculation of thermal and moisture
properties of building materials using WUFI tools was performed in 2003 by Canada
Mortgage and Housing Corporation for more than 45 building simulation programs [17].
In most studies, WUFI tools were used to minimize moisture problems in preventing mold
growth risk at indoor envelope surfaces in order to calculate moisture performance [18].
The problem with moisture performance simulation tools for building materials is that these
tools can only estimate hygric behavior and do not predict pollutant behavior, for example,
for building materials with a moisture buffering capacity [19]. Relative humidity (RH) is
the main parameter needed for evaluating thermal comfort and moisture performance.
One of the passive methods to keep moisture in the acceptable level in order to improve
thermal comfort is to use building materials with a moisture buffering capacity [20]. Some
researchers have concluded that building materials such as gypsum board, ceiling tiles,
furniture, and carpet with adsorption/desorption capability of indoor VOCs can affect the
indoor air quality [21] Hemp concrete is one of the materials with high moisture buffering
capacity that with hygric and pollutant behavior can increase the performance of a building
in terms of moisture and IAQ, as well as thermal comfort [22]. Researchers have concluded
that this dual behavior of porous media materials is due to the similarity between the
properties of moisture transfer and indoor contaminants such as VOCs [23].

Le et al. [19] developed a coupled moisture, air, and pollutant transport model. In that
model, the similarity between adsorption/desorption effects for moisture and VOCs was
presented by materials with the potential of buffering capacity, which relative humidity
and temperature can affect both.

According to the literature review’s results, it can be concluded that because of
temperature, airflow, and the relative humidity (RH) on each of the measures of thermal
comfort, indoor air quality, and moisture performance, all three measures need to be
integrated to allow for simultaneous correction for the common variables. The study
of the results of the single research session of the CONTAM [24–26] and WUFI [27–29]
models concluded that there is a need to develop an integrated model for a more accurate
calculation of building indoor air quality, moisture, and thermal comfort performances.

In this research project, an integrated model is developed, in which the first part,
related to coupling the energy and indoor air quality, was presented in a previous paper [30].
This paper presents the second part of the research project related to the development
of the integrated model to couple the indoor air quality, moisture, and thermal comfort
performances. In addition, the results obtained with single models (i.e., CONTAM [31] and
WUFI [32]) are compared with those obtained with the present integrated model.

The innovation of this research project is the development of a new model with
integrated indoor air quality, moisture, and thermal comfort performance predictions with
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high accuracy. The accuracy of this integrated model was verified using a paired sample
t-test. This method was performed by Heibati et al. [2,3,33] for integrated energy models.
Single models’ predictions are made separately for indoor air quality performance or
moisture, while thermal comfort performances and airflows with its dependent variables
are defined as input data by the user [32,34]. In the integrated model, however, airflows are
exchanged and modified as control variables between CONTAM and WUFI sub models.
The reason for this advantage of airflows is due to the integrated calculation of heat,
moisture, and contaminant equation balances. Finally, the interactions between the indoor
air quality, moisture, and thermal comfort performances are balanced and the accuracy of
the predictions of this new model is increased.

2. Methodology

An integrated model is developed to simultaneously assess the building performance
related to: (1) indoor air quality and (2) moisture with thermal comfort. For this purpose,
two single models of CONTAM (ContamW and ContamX, version: 3.2.0.2) [31] and WUFI
(WUFI Plus, version: 3.2.0.1) [32] are used. In the first phase, the capability of each of the
CONTAM and WUFI models for a case study is evaluated. In the second phase, with the
help of coupling method, an integrated model is developed to calculate simultaneously the
performance of indoor air quality, moisture, and thermal comfort.

For this purpose, the approach used in this study consists of three sections. Section 1
describes the coupling method of CONTAM and WUFI. In Section 2, the governing equa-
tions of the single models as well as the coupling equation are described. In Section 3,
a case study is conducted to compare the building performance obtained with the single
models and the integrated model at the three different climates of Montreal, Vancouver,
and Miami.

2.1. Coupling Method of CONTAM and WUFI

The coupling mechanism of the two CONTAM and WUFI models is conducted by
exchanging control variables and converting the output and input data formats of each
model. When one or more output variables can act as readable input for another model
and vice versa, and because of this exchange, the variable(s) is/are updated. This process
is called a co-simulation mechanism, which is presented in Figure 1. The main variable
in this study is airflow rate and the sub-variable is geometry data, which are exchanged
between both CONTAM and WUFI models according to Figure 1.

CONTAM mainly consists of two separate programs. These two programs are:
1-ContamW and 2-ContamX. ContamW provides a graphical interface for the user to
view the results simulated by ContamX. ContamX can simulate files in PRJ file (project
file) format. After entering graphical and numerical data by the user through ContamW,
this data is stored in the format of PRJ files. It is then provided as an input file to Con-
tamX for processing and simulation, and finally these results can be viewed graphically
through ContamW.

In the airflow rate exchange between CONTAM and WUFI, the output of the air
change rate simulated by ContamX [31] in an ACH (air change rate) file format is first
converted to a TXT (text) file format by Microsoft Excel. This simulated output contains
daily and average annual data for airflow through the paths and ducts. After changing
the format, this output is provided to WUFI as input information. In WUFI, this data is
used in the natural and mechanical ventilations. The airflow rate outputs simulated by
WUFI, which include updated hourly ventilations data, are then converted to an XLSX
(Excel Workbook) file via the Excel exporter menu, after which the natural and mechanical
ventilations parts are separated. In ContamW [31], the airflow element models selected for
the infiltration and mechanical ventilation are the leakage area of the power law model
and the constant mass flow fan model, respectively [35]. WUFI output data related to the
mechanical ventilation part is then used as the design flow rate of the fan model according
to Figure 1. The natural ventilation–infiltration air–volume flow rate (

.
Q) as an output part
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is converted to ELA (effective leakage area) by the Excel convertor airflow to ELA, based
on the converter factor, and then used as an input data leakage area model of ContamW.
The converter factor tool is executed according to Equations (1)–(3) [36,37].

ACH =

(
3600×

.
Q
)

V
(1)

NL = ACH (2)

NL = 1000·ELA
A f
·
(

H
2.5

)0.3
(3)

where ACH,
.

Q, V, NL, ELA, A f , and H correspond to the air change rate (h−1), natural
ventilation–infiltration air–volume flow rate (m3/s), building net volume (m3), normalized
leakage, effective leakage area, floor area (m2), and building height (m), respectively.

It is assumed in WUFI that the natural ventilation–infiltration air–volume flow
rate is a function of the internal and external temperatures’ difference. The reason for
this relationship is presented according to Equations (4)–(6). The natural ventilation–
infiltration air–volume flow rate is calculated based on the amount of heat flow from
natural ventilation–infiltration according to Equations (4) and (5). Conversely, heat flow
from natural ventilation–infiltration is a function of the internal and external temperatures’
difference based on Equations (4) and (5) [38].

.
mnat−in f iltration =

.
Q·ρ (4)

.
qnat−in f iltration =

.
mnat−in f iltration·(hi − he) (5)

hi − he = (1006 + xe·1840)·(θi − θe) (6)

In Equations (4)–(6),
.

mnat−in f iltration, ρ,
.
qnat−in f iltration, hi, he, xe, θi, and θe correspond

to the airflow of natural ventilation–infiltration (kg/s), air density of internal air (kg/m3),
heat flow from natural ventilation–infiltration (W), specific enthalpy internal air (J/kg),
specific enthalpy external air (J/kg), moisture content of external air (kg/kg), internal air
temperature (◦C), and external air temperature of (◦C), respectively.

In this coupling method, it is assumed that in the ContamW sub model section, the
infiltration model is based on the following empirical (power law model [39]) relation-
ship between the natural ventilation–infiltration air–volume flow rate and the pressure
difference across a crack or opening in the building envelope (see Equation (7)). ContamW
is able to calculate natural ventilation–infiltration air–volume flow using the power law
model in Equation (7) and by using the component leakage area formulation through
Equations (8) and (9) [39], which has been used to characterize openings for infiltration
calculations. Equation (8) presents the relationship between ELA and a series of pressuriza-
tion tests in which the airflow rate is measured at a series of reference condition pressures.
Conversely, ELA relates to the natural ventilation–infiltration air–volume flow rate based
on the power law model through Equations (7)–(9).

.
Q = C·(∆Pr)

n (7)

ELA =
.

Qr·

√
ρ

2·∆Pr

Cd
(8)

C = ELA·Cd·
√

2·(∆Pr)
1
2−n (9)

In Equations (7)–(9), C, ∆Pr, n,
.

Qr, and Cd correspond to the flow coefficient
(m3/(s · Pan)), reference pressure difference (Pa), flow exponent, predicted airflow rate at
∆Pr (m3/s) (from curve fit to pressurization test data), and discharge coefficient. There
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are two sets of reference conditions for the discharge coefficient: Cd = 1 and ∆Pr = 4 (Pa)
or Cd = 0.6 and ∆Pr = 10 (Pa) [39]. Additionally, the effective leakage area is used in
ContamW at a pressure difference (∆Pr) of 4 Pa, flow exponent (n) of 0.65, and discharge
coefficient (Cd) of 1 [37]. According to Figure 1, both WUFI and CONTAM models use the
simulated airflow rate simulation data instead of the assumed input variable of airflow
rate. Consequently, the co-simulation for this main control variable is completed.

In the next step, the geometry data simulated by ContamW is converted from a PRJ
file (project file) to a IDF file (input data file) with the help of Contam3D Exporter. The IDF
file can be read by the importer of OpenStudio SketchUp Plug-in and the details of this
geometry can be controlled and modified. It is then read as a WPS file (WUFI Plugin in
SketchUp file) by WUFI SketchUp Plug-in importer as an input geometry file to WUFI. In
this procedure, the simulated geometry data is controlled and modified as a sub-variable
by CONTAM in Sketchup, and then is used as input data in WUFI. Finally, the exchange
of both the airflow rate and geometry control variables, as shown in Figure 1, between
CONTAM and WUFI completes the co-simulation process in this part of the study.

The governing equations of the integrated model, which include the coupling of
the flow rates of heat, moisture, and contaminant, are provided by Equations (10)–(12) [35,40].
Equations (10) and (11) provide the heat and moisture balance equations by WUFI, respec-
tively. Equation (12) represents the contaminant flow balance equation by CONTAM in
this combination.

dQheat,i

dt
= ∑j

.
qopaque

component,j + ∑j
.
qtransparent

component,j +
.
qsolar +

.
qinternal +

.
qnat−in f iltration +

.
qmech−ventilation (10)

dWmoist,i

dt
= ∑i

.
wcomponent,j +

.
windoor +

.
wnat−in f iltration +

.
wmech−ventilation (11)

dmα
cont,i

dt
= ∑

j

.
mair−inward(j,i)

·
(

1− ηα
j, i

)
·Cα

j + Gα
i + mairi ∑

β

Ki
α,β·Cβ

i −∑
j

.
mair−outward(i,j) ·C

α
i − Rα

i ·Cα
i (12)

In Equation (10), dQheat,i
dt ,

.
qopaque

component,j,
.
qtransparent

component,j,
.
qsolar,

.
qinternal ,

.
qnat−in f iltration, and

.
qmech−ventilation correspond to the heat flow rate in zone i (room) (W), heat transfer flow
over opaque component j (W), heat transfer flow over transparent component j (W), short-
wave solar radiation leading directly to heating the internal air or interior furnishing and
components surface (W), convective heat sources in the room (W), heat flow from the
natural ventilation–infiltration (W), and convective heat flow from the building mechanical
ventilation systems (W), respectively [40].

In addition, in Equation (11), dwmoist,i
dt ,

.
wcomponent,j,

.
winternal ,

.
wnat−in f iltration, and

.
wmech−ventilation correspond to the moisture flow rate in zone i (kg/s), moisture flow be-
tween inner wall surface j and the room air (kg/s), moisture source in the room (kg/s),
moisture flow due to the natural ventilation–infiltration (kg/s), and moisture flow due to
the building mechanical ventilation systems (kg/s), respectively [40].

In Equation (12),
dmα

cont,i
dt ,

.
mair−inward(j,i)

,
.

mair−outward(i,j) , Cα
i , Cβ

i , Cα
j , Gα

i , mairi , ηα
j,i, Ki

α,β,
and Rα

i correspond to the contaminant of α flow rate in zone i (kg/s), inward flow rate
of air from zone j to zone i (kg/s), outward flow rate of air from zone i to zone j (kg/s),
concentration of contaminant α in zone i (kg/kg), concentration of contaminant β in zone i
(kg/kg), concentration of contaminant α in zone j (kg/kg), generation rate of contaminant
α in zone i (kg/s), mass of air in zone i (kg), filter efficiency for contaminant α in the path
from zone j to zone i, kinetic first order chemical reaction coefficient in zone i between
contaminant α and β (s−1), and removal coefficient of contaminant α in zone i (kg/s),
respectively [35].
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Figure 1. Co-simulation mechanism for CONTAM and WUFI. Abbreviations: ACH: air change rate; PRJ: project file; XLSX:
Excel Microsoft Office open XML format spreadsheet file (XML: extensible markup language); ELA: effective leakage area;
CONTAM: contaminant transport analysis; IDF: input data file; and WPS: WUFI plugin in SketchUp file.

The variables dependent on the heat flow rate in zone i ( dQheat,i
dt ) are calculated based

on Equations (13)–(21) [40]. A transmission heat flow over opaque component j (
.
qopaque

component,j)
is calculated based on Equation (13). In this equation, AC, Rsi, θi, and θsi correspond to the
surface of the opaque component (m2), heat transfer resistance interior (m2 ·K/W), internal
room air temperature (◦C), and interior surface temperature (◦C), respectively.

.
qopaque

component,j= AC·
1

Rsi
·(θi − θsi) (13)

In addition, a transmission heat flow over transparent component i (
.
qtransparent

component,j) is
calculated based on Equation (14).

.
qtransparent

component,j =
[
(θe − θi)− E·

(
Il,e − σ·T4

)
·Re + Il,i·Ri

]
·UW ·AW (14)

In Equation (14), θe, E, Il,e, Il,i, σ, T, Re, Ri, Uw, and Aw correspond to the external
temperature (◦C), emissivity (average of glazing and frame), long-wave radiation balance
of exterior surface (W/m2), long-wave radiation balance of interior surface (W/m2), Stefan
Boltzmann constant 5.67·10−8 (W/m2·K4), temperature of the exterior surface (K), heat
transfer resistance, exterior (m2·K/W), heat transfer resistance, interior (m2·K/W), heat
transfer coefficient of the entire window (W/m2·K), and total surface area (window frame
+ glazing) (m2), respectively. In Equation (15), short-wave solar radiation (

.
qsolar) (W) is
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calculated by the summation of
.
qsolar,i and

.
qsolar,c, which are solar-gain for the internal air

or interior furnishing (W), and solar- gain for the components surface (W), respectively.

.
qsolar =

.
qsolar,i +

.
qsolar,c (15)

.
qsolar,i = fsa·

.
qsolar,G (16)

.
qsolar,c = (1− fsa)·

.
qsolar,G (17)

.
qsolar,G = ∑w[(Is, dir· fsh,dir·SHGCdir + Is,di f f · fsh,di f f ·SHGCdi f f )·Aw· f f (18)

Both
.
qsolar,i and

.
qsolar,c are calculated based on Equations (16) and (17), and the overall

heat gain of the solar radiation through all transparent components (
.
qsolar,G) is calculated

by Equation (18). In Equations (16) and (17), fsa is the assigned radiation coefficient
air as proportional heat gain due to entering radiation directly into the room air. In
Equation (18), Is, dir, Is,di f f , fsh,dir, fsh,di f f , f f , SHGCdir, SHGCdi f f , and Aw correspond to
the direct solar radiation on the component surface (W/m2), diffuse solar radiation (W/m2),
shading coefficient direct radiation, shading coefficient diffuse radiation, frame coefficient
(percentage of transparent area), direct solar heat gain coefficient (depending on angle),
solar heat gain coefficient of the diffuse radiation, and window area (m2), respectively.
Convective heat sources in the room (

.
qInternal) are calculated according to Equation (19) by

the summation of all individual convective heat sources.

.
qInternal = ∑k

.
qIndividual,k (19)

In Equation (19),
.
qIndividual,k is the heat production from the kth heat individual source

in zone (W) and heat flow from natural ventilation–infiltration (
.
qnat−ventilation) is obtained

from Equation (20).
.
qnat−in f iltration =

.
mnat−in f iltration·(hi − he) (20)

In Equation (20),
.

mnat−in f iltration, hi, and he correspond to the airflow of natural
ventilation–infiltration (kg/s), specific enthalpy internal air (J/kg), specific enthalpy ex-
ternal air (J/kg), respectively. The convective heat flow from the building mechanical
ventilation systems (

.
qmech−ventilation) is calculated by Equation (21).

.
qmech−ventilation =

.
msupply·(hi − he)·(1− ηHR) (21)

In Equation (21),
.

msupply and ηHR correspond to the airflow of the supply mechanical
ventilation (kg/s) and heat recovery rate, respectively.

Other parameters related to moisture flow rate in zone i dWmoist,i
dt are defined in Equa-

tions (22)–(25). Moisture flow between inner wall surface j and the room air (
.

wcomponent,j) is
calculated based on Equation (22).

.
wcomponent,j = AC·β·

(
Pp − Pp,c

)
(22)

In Equation (22), β, Pp, and Pp,c correspond to the water vapor transfer coefficient
(kg/m3·s·Pa), partial water vapor pressure in zone (Pa), and partial water vapor pressure
on component surface (Pa), respectively. The moisture source in the room (

.
winternal) is

calculated based on Equation (23).

.
winternal = ∑k

.
windividual,k (23)

In Equation (23)
.

windividual,k is the moisture production from the individual moisture
source in the zone (kg/s) and the moisture flow due to the natural ventilation–infiltration
(

.
wnat−in f iltration) is defined according to Equation (24).

.
wnat−In f iltration =

.
mnat−In f iltration·(xe − xi) (24)
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In Equation (24), xe and xi correspond to the moisture content external air (kg/kg)
and moisture content internal air (kg/kg), respectively. The calculation of moisture
flow due to the building mechanical ventilation systems (

.
wmech−ventilation) is shown in

Equation (25).
.

wmech−ventilation =
.

msupply·(xe − xi)·(1− ηMR) (25)

In Equation (25), ηMR is the moisture recovery rate and other variables are defined
similarly to Equations (24) and (21).

The balance of contaminant α flow rate in zone i (
dmα

cont,i
dt ) consists of two main parts [41].

The first part is related to the equations of removing contamination α from zone i, which
includes:

1. the outward contaminant α flow rate from zone i with the rate of ∑j
.

mair−outward(i,j) ·C
α
i ;

2. the contaminant α removal in zone i with the rate of Rα
i ·Cα

i ; and

3. the first-order chemical reactions with contaminant β at the rate of mairi ∑β Ki
α,β·Cβ

i .

The second part contains the equations of adding contamination α to zone i. This sec-
tion includes: (1) inward contaminate α flow rate to zone i with the rate of
∑j

.
mair−inward(j,i)

·
(
1− ηα

i
)
·Cα

j and (2) generation of contaminant α in zone i with the rate of
Gα

i [41].
The integrated model in this study is based on the coupling of CONTAM and WUFI.

The coupling method between the governing equations of CONTAM and WIFI is shown in
Figure 2. In Equations (10)–(12), all three heat, moisture, and contaminant flow rates can be
connected by airflow rate. By exchanging airflow rate as a common control variable, the
coupling mechanism between the governing equations of CONTAM and WUFI have been
achieved for the developing of an integrated model. According to Figure 2 in WUFI, the
control variables include infiltration as well as natural and mechanical ventilation in the
process of heat and moisture flow rate balances. In CONTAM, the control variable includes
inward and outward airflow rates related to the contaminant balance.

In the integrated model, the airflow rate control variables for CONTAM and WUFI are
exchanged with each other using Equations (26) and (27), and according to
Figure 2, resulting in heat, moisture, and contaminant balance equations being coupled
with a common airflow rate.

.
mair−total =

.
mnat−in f iltration +

.
msupply (26)

.
mair−inwardtotal

=
.

mair−outwardtotal
=

.
mair−total (27)

In Equations (26) and (27), by the summation of airflow rates of infiltration–natural
ventilation (

.
mnat−in f iltration) and supply mechanical ventilation (

.
msupply), simulated by

WUFI, the new airflow rate of
.

mair−total is obtained. When this
.

mair−total is equal to the
total of the inward and outward airflow rates of

.
mair−inwardtotal

and
.

mair−outwardtotal
, they can

be used as new airflow rates in CONTAM. This procedure can be reversed, in which case
WUFI can use the output results of the CONTAM airflow rates. As a result of this two-way
exchange, according to Figure 2, an integrated model with airflow rates influenced by both
WUFI and CONTAM models has been developed.

2.2. Description of the Case Study

In this study, a three-story house was used as a case study. This house has three levels:
basement, main floor, and bedrooms floor. The main assumptions include those that are
described below. The basement includes zones, a utility room (area: 3.24 m2, volume:
9.72 m3), an exercise room (area: 18.65 m2, volume: 55.95 m3), parking (area: 12.97 m2,
volume: 38.91 m3), and a staircase (area: 0.81 m2, volume: 2.43 m3) with the first level total
area of 35.67 m2 and volume of 107.01 m3. The main floor includes zones of the living room
with a kitchen (area: 34.88 m2, volume: 104.64 m3), a washroom (area: 1.62 m2, volume:
4.86 m3), and a staircase (area: 1.62 m2, volume: 4.86 m3) with the second level total area
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of 38.12 m2 and volume of 114.36 m3. The bedrooms floor includes three bedrooms (area:
18.10 m2, volume: 54.30 m3), two bathrooms (area: 3.78 m2, volume: 11.34 m3), a hall (area:
12.43 m2, volume: 37.29 m3), and a staircase (area: 1.62 m2, volume: 4.86 m3) with the third
level total area of 35.93 m2 and volume of 107.79 m3. The floor-to-floor height is assumed
to be 3 m for all levels.

Figure 2. Coupling method between CONTAM and WUFI equations.

It is important to emphasize that the ultimate goal of this study is to simultaneously
assess the indoor air quality, moisture, and thermal comfort performances with the present
integrated model and then to compare the obtained results using this model with those
obtained using the single models (i.e., CONTAM and WUFI). To arrive at this goal, the case
study of a three-story house as described above was selected in which the first level has



Energies 2021, 14, 4915 10 of 36

a total area of 35.67 m2 and a volume of 107.01 m3, second level a total area of 38.12 m2

and volume of 114.36 m3, and third level a total area of 35.93 m2 and volume of 107.79 m3.
This three-story house is commonly built in many locations in North America. However,
the present integrated model can also be used to assess the indoor air quality, moisture,
and thermal comfort performances of other types of one, two, and three-story houses.
Most recently, the EnergyPlus model was successfully coupled with the present integrated
model developed in this study so as to simultaneously assess the energy, indoor air quality,
moisture, and thermal comfort performances for the same three-story house considered in
this study, subjected to the climatic conditions of Montreal, Vancouver, and Miami [42].

The number of occupants of this house are five persons with two adults and
three children of ages 4, 10, and 13 years.

The contaminants considered in this case study are indoor CO2, indoor PM2.5, and
indoor VOCs. The only source for indoor CO2 is assumed to be the respiration of the
occupants. The source of indoor PM2.5 is in the kitchen through cooking and in the
living room through kitty litter. Indoor VOCs are available through the dining table, sofa,
desk chair, bedside table, and cabinet. VOCs are assumed to include benzene, toluene,
ethylbenzene, xylene, and styrene.

The air handling system (AHS) is simple and a recirculating type. The total volumetric
airflow is 0.35 m3/s. In this AHS, a typical furnace filter of MERV (minimum efficiency
reporting value) with the rating of 4 in a single pass is used. The maximum space heating
capacities of 5.2 kW, 5.2 kW, and 7 kW, and also the maximum space cooling capacities
of 18.16 kW, 15.10 kW, and 10.59 kW for Montreal, Vancouver, and Miami, respectively,
have been used [43,44]. An exhaust fan with a capacity of 24 L/s is considered in on or off
positions. In addition, the minimum and maximum zone temperatures of 20 ◦C and 26 ◦C,
and the minimum and maximum relative humidity (RH) of 30% and 70%, respectively, are
assumed as the design conditions.

The component assembly RSI (R-value system international) required for the case
study based on ASHRAE Standard 90.1 [44] has been defined for the three climate zones
of 6-A, 5-A, and 1-A for Montreal, Vancouver, and Miami, respectively. The RSI value for
the ground floor of 13.221 m2·K/W, 10.671 m2·K/W, and 5.241 m2·K/W; below grade wall
of 5.445 m2·K/W, 3.695 m2·K/W, and 0.695 m2·K/W; above grade wall of 7.070 m2·K/W,
7.070 m2·K/W, and 4.445 m2·K/W; intermediate floor–ceiling of 6.801 m2·K/W,
6.801 m2·K/W, and 0.651 m2·K/W; roof of 10.488 m2·K/W, 10.488 m2·K/W, and
4.678 m2·K/W; reflected double glazed windows of 0.366 m2·K/W, 0.366 m2·K/W, and
0.277 m2·K/W; external door of 0.350 m2·K/W, 0.350 m2·K/W, and 0.350 m2·K/W; and
interior wall of 1.2 m2·K/W, 1.2 m2·K/W, and 1.2 m2·K/W in Montreal, Vancouver, and
Miami, respectively, have been assumed.

The thermal bridge for the wall to floor with a linear thermal transmittance of
0.03 W/m·K and for the wall to roof with a linear thermal transmittance of 0.04 W/m·K
have been assumed as 25 (m) + 25 (m) = 50 (m) length.

The lists of all assumptions (see Table 1) are presented separately for CONTAM and
WUFI models. This data is also used for the integrated model that couples CONTAM
and WUFI. According to Table 1, the assumptions input data required for the COTAM
model include: parameters related to the status of the envelope leakage area, flow rate of
exhaust fan, number of envelope paths, number of zones, types of contaminants, outdoor
contaminants’ concentration, number of indoor contaminant source elements, generation
rates of contaminants, and air handling system (AHS). In addition, the assumptions input
parameters required for WUFI according to Table 1 include: geometry, thermal resistance of
components (RSI), internal load, design conditions temperature, infiltration and ventilation
rates, and HVAC load and capacities. The assumptions input parameters for weather
data files for CONTAM and WUFI are presented in Table 2. CONTAM uses weather data
sources of EnergyPlus [45]. For CONTAM, the EPW (energyplus weather data file) file
must be converted to a WTH (weather file) using the CONTAM Weather File Creator [46].
Finally, WUFI uses the weather data files from its database.
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Table 1. The list of all assumptions’ input data parameters to each of the CONTAM and WUFI models as well as the
integrated model as a coupling method.

Program Parameter Values

Weather Data Montreal, Vancouver, and Miami: CONTAM (WTH file);
WUFI (database)

C
O

N
TA

M

Envelope Effective Leakage Area (m2 @4 Pa,
Exponent: 0.65, Discharge Coefficient: 1) [37]

Airtight = 0.04
Leaky = 0.3

Exhaust Fan (L/S) Fan On = 24, Fan Off = 0

Number of Envelope Paths 42

Number of Zones 15

Contaminants, 3 CO2, PM2.5, and VOCs

Outdoor Contaminant Concentration (mg/m3)
[47–50]

CO2: 665.8 (Montreal), 665.8 (Vancouver), and 630 (Miami).
PM2.5: 0.027 (Montreal), 0.027 (Vancouver), and 0.035 (Miami).
VOCs: 0.132 (Montreal), 0.322 (Vancouver), and 0.100 (Miami)

Number of Indoor Contaminant Source Elements 21

Indoor CO2 Source Generation Rate (mg/s) [48]

Awake: [11 (adult male), 9.8 (adult female), 8.6 (child 13 years
old), 6.8 (child 10 years old), and 3.8 (child 4 years old)].

Sleeping: [6.6 (adult male), 6.2 (adult female), 5.2 (child 13 years
old), 4.1 (child 10 years old), and 2.3 (child 4 years old)]

Indoor PM2.5 Source Generation Rate
(mg/h) [51,52]

Kitchen cooking: [65.45 (breakfast), 40.90 (lunch), and
8.18 (dinner)]. Living room: [5.5 (kitty litter)]

Indoor VOCs Source Generation Rate
(mg/h·unit) [53]

10 (dining table), 3 (sofa), 2 (desk-chair), 1 (bedside table), and
0.5 (cabinet)

Filtration-Minimum Efficiency Reporting Value
(MERV) rating 4

Occupants 5 (An adult male, adult female, and three children of ages 4,
10, and 13 years old)

Air Handling System (AHS) Airflow Rate (m3/s) 0.35 (supply), 0.35 (return)

W
U

FI

Geometry
Total floor area 109.72 (m2), net volume 329.16 (m3),

floor-to-ceiling height 2.7 (m), orientation 0◦–180◦,and
window-to-wall ratio: S, E, N, 40%

Component Assembly RSI (m2·K/W) [44]

Montreal: 13.221 (ground floor), 5.445 (below grade wall),
7.070 (above grade wall), 6.801 (intermediate floor–ceiling),

10.488 (roof), 0.366 (reflected double glazed windows),
0.350 (external door), and 1.2 (interior wall)

Vancouver: 10.671 (ground floor), 3.695 (below grade wall),
7.070 (above grade wall), 6.801 (intermediate floor–ceiling),

10.488 (roof), 0.366 (reflected double glazed windows),
0.350 (external door), and 1.2 (interior wall)

Miami: 5.241 (ground floor), 0.695 (below grade wall),
4.445 (above grade wall), 0.651 (intermediate floor–ceiling),

4.678 (roof), 0.277 (reflective aluminum frame-fixed windows),
0.350 (external door), and 1.2 (interior wall)

Internal Load Category Family household (5 persons)

Design Temperature (°C) 20

Infiltration and Ventilation Rates (h−1) [37]
Airtight: 0.4 (fan off) and 0.7 (fan on); Leaky: 3.2 (fan off) and

3.5 (fan on)

HVAC Load Capacity [43,44]
Montreal: 18.16 (heating load) and 5.2 (cooling load);

Vancouver: 15.10 (heating load) and 5.2 (cooling load); and
Miami: 10.59 (heating load) and 7 (cooling load)

HVAC Airflow Capacity (m3/s) [54] 0.4 (Montreal), 0.365 (Vancouver), and 0.377 (Miami)
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Table 1. Cont.

Program Parameter Values

Building Envelope Conditions
(outside to inside)

Ground floor: XPS surface skin (heat conductivity: 0.03 W/mK; bulk
density: 40 kg/m3; porosity: 0.95; specific heat capacity: 1500 J/kgK; water

vapor diffusion resistance factor: 450; and typical built-in moisture:
0 kg/m3); XPS Core (heat conductivity: 0.03 W/mK; bulk density:

40 kg/m3; porosity: 0.95; specific heat capacity: 1500 J/kgK; water vapor
diffusion resistance factor: 100; and typical built-in moisture: 0 kg/m3); XPS

surface skin, concrete (w/c: water-cement-ratio of 0.5; heat conductivity:
1.7 W/mK; bulk density: 2308 kg/m3; porosity: 0.15; specific heat capacity:
850 J/kgK; water vapor diffusion resistance factor: 179; and typical built-in
moisture: 100 kg/m3); PVC roof membrane (heat conductivity: 0.16 W/mK;
bulk density: 1000 kg/m3; porosity: 2E-4; specific heat capacity: 1500 J/kgK;
water vapor diffusion resistance factor: 15000; and typical built-in moisture:

0 kg/m3); EPS (except for Miami) (heat conductivity: 0.04 W/mK; bulk
density: 30 kg/m3, porosity: 0.95; specific heat capacity: 1500 J/kgK; water

vapor diffusion resistance factor: 50; and typical built-in moisture:
0 kg/m3); and gypsum-fiberboard (heat conductivity: 0.32 W/mK; bulk
density: 1153 kg/m3; porosity: 0.52; specific heat capacity: 1200 J/kgK;

water vapor diffusion resistance factor: 16; and typical built-in moisture:
35 kg/m3). Below grade wall: mineral plaster (stucco, A-value:

0.1 kg/m2h0.5; heat conductivity: 0.8 W/mK; bulk density: 1900 kg/m3;
porosity: 0.24; specific heat capacity: 850 J/kgK; water vapor diffusion

resistance factor: 25; typical built-in moisture: 210 kg/m3; reference water
content: 45 kg/m3; free water saturation: 210 kg/m3; and water absorption

coefficient: 0.0017 kg/m2s0.5); oriented strand board (heat conductivity:
0.13 W/mK; bulk density: 630 kg/m3; porosity: 0.6; specific heat capacity:

1400 J/kgK; water vapor diffusion resistance factor: 650; and typical built-in
moisture: 95 kg/m3); wood-fiber board (heat conductivity: 0.05 W/mK;

bulk density: 300 kg/m3; porosity: 0.8; specific heat capacity: 1400 J/kgK;
water vapor diffusion resistance factor: 12.5; and typical built-in moisture:

45 kg/m3); EPS (except for Miami); polyethylene-membrane (poly;
0.07 perm; heat conductivity: 2.3 W/mK; bulk density: 130 kg/m3; porosity:

0.001; specific heat capacity: 2300 J/kgK; water vapor diffusion resistance
factor: 50000; and typical built-in moisture: 0 kg/m3); chipboard (heat

conductivity: 0.11 W/mK; bulk density: 600 kg/m3; porosity: 0.5; specific
heat capacity: 1400 J/kgK; water vapor diffusion resistance factor: 70; and

typical built-in moisture: 90 kg/m3); and gypsum board (heat conductivity:
0.2 W/mK; bulk density: 850 kg/m3; porosity: 0.65; specific heat capacity:
850 J/kgK; water vapor diffusion resistance factor: 8.3; and typical built-in
moisture: 6.3 kg/m3). Above grade wall: mineral plaster (stucco, A-value:

0.1 kg/m2h0.5); oriented strand board; wood-fiber board; EPS;
polyethylene-membrane; chipboard; and gypsum board.

Intermediate floor–ceiling: oak-radial (heat conductivity: 0.13 W/mK; bulk
density: 685 kg/m3; porosity: 0.72; specific heat capacity: 1400 J/kgK; water

vapor diffusion resistance factor: 140; and typical built-in moisture:
115 kg/m3); air layer 40 mm (heat conductivity: 0.23 W/mK; bulk density:
1.3 kg/m3; porosity: 0.999; specific heat capacity: 1000 J/kgK; water vapor

diffusion resistance factor: 0.38; and typical built-in moisture: 0 kg/m3);
EPS (except for Miami); softwood (heat conductivity: 0.09 W/mK; bulk

density: 400 kg/m3; porosity: 0.73; specific heat capacity: 1400 J/kgK; water
vapor diffusion resistance factor: 200; and typical built-in moisture:
60 kg/m3); and gypsum board. Roof: 60 min building paper (heat

conductivity: 12 W/mK; bulk density: 280 kg/m3; porosity: 0.001; specific
heat capacity: 1500 J/kgK; water vapor diffusion resistance factor: 144; and

typical built-in moisture: 0 kg/m3); mineral insulation board (heat
conductivity: 0.043 W/mK; bulk density: 115 kg/m3; porosity: 0.95; specific

heat capacity: 850 J/kgK; water vapor diffusion resistance factor: 3.4; and
typical built-in moisture: 4.5 kg/m3); softwood; vapor retarder (1 perm)
(heat conductivity: 2.3 W/mK; bulk density: 130 kg/m3; porosity: 0.001;

specific heat capacity: 2300 J/kgK; water vapor diffusion resistance factor:
3300; and typical built-in moisture: 0 kg/m3); air layer 40 mm; wood-fiber

insulation board (heat conductivity: 0.042 W/mK; bulk density: 155 kg/m3;
porosity: 0.981; specific heat capacity: 1400 J/kgK; water vapor diffusion

resistance factor: 3; and typical built-in moisture: 19 kg/m3);
polyethylene-membrane (poly; 0.07 perm); and softwood.
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Table 2. List of annual weather data values’ assumptions for 2020, adapted from [55–57].

Climate Characteristics
Parameters Montreal Vancouver Miami

Altitude (m) 27 4 5
Latitude 45◦30′ N 49◦11’ N 25◦45′ N

Longitude 73◦25′ W 123◦10′ W 80◦23′ W
Average Annual Max. Temperature (◦C) 11 14 28

Average Annual Temperature (◦C) 6 10 24
Average Min. Temperature (◦C) 1 6 21

Average Annual Precipitation (mm) 1017 1167 1420
Annual Number of Wet Days 166 164 132

Average Annual Sunlight (hours/day) 5 h 05′ 5 h 01′ 8 h 03′

Average Annual Daylight (hours/day) 12 h 00′ 12 h 00′ 12 h 00′

Annual Percentage of Sunny Daylight Hours (cloudy) 42 (58) 42 (58) 67 (33)
Annual Sun Altitude at Solar Noon on the 21st day 44.8◦ 41.1◦ 64.5◦

The integrated model capability has been evaluated in comparison with the single
models of CONTAM and WUFI for three different climatic zones. Three different climates
of cold-humid, moderate-humid, and warm-humid, respectively, for Montreal, Vancouver,
and Miami have been selected. Table 2 compares the input data for geometry, temperature,
wet days, sunlight, daylight, and solar position for all three different climatic zones of
Montreal, Vancouver, and Miami. These parameters are defined in the form of a weather
data file and as other required parameters presented in Table 2 for these different climate
zones, provided to single models of CONTAM and WUFI as well as the integrated model.
Finally, the output of the modeling in the single models and the integrated model are
presented as results.

Simulated outputs by single models of CONTAM and WUFI as well as the integrated
model have been assumed as concentrations of the indoor CO2, indoor PM2.5, and indoor
VOCs, as well as the relative humidity (RH), predicted percentage of dissatisfied (PPD),
and predicted mean vote (PMV). Output-simulated indoor CO2, indoor PM2.5, and indoor
VOCs are assumed as daily values, while relative humidity (RH), predicted percentage of
dissatisfied (PPD), and predicted mean vote (PMV) are assumed to be hourly values.

2.3. Verification of the Developed Integrated Model

For the verification of the present integrated model, the statistical method of the
paired sample t-test with the help of the SPSS tool [58] was used. In this method, the
differences between actual and simulated data are compared based on statistical criteria. In
addition, the values of indoor CO2 concentration and relative humidity (RH) were selected
as indoor air quality and moisture data, respectively. The simulated and actual values of
these data for the three-story house case of the leaky-fan on in Vancouver are shown in the
Tables 3 and 4.

Table 3. Daily indoor CO2 concentration data of the 15th day of each month in 2020 for the case of the leaky-fan on in
Vancouver.

Data
((kg/kg) × 10−4)

Month

1 2 3 4 5 6 7 8 9 10 11 12

Simulated 8.24 8.79 8.82 8.29 8.84 8.85 8.35 8.87 8.87 8.33 8.83 8.78

Actual 8.44 8.72 8.74 8.48 8.75 8.75 8.50 8.75 8.73 8.45 8.68 8.61
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Table 4. Hourly relative humidity (RH) data of the 15th day of each month in 2020 for the case of the leaky-fan on in
Vancouver.

Data (%)
Month

1 2 3 4 5 6 7 8 9 10 11 12

Simulated 21.02 32.11 44.45 26.88 45.70 46.56 60.63 59.06 56.17 30.39 35.31 19.53

Actual 22.39 31.04 43.51 27.92 44.65 47.55 60.79 60.01 55.61 29.77 33.38 18.68

Table 3 shows the daily indoor CO2 concentration data for the case of the leaky-fan on
in Vancouver for the 15th day of each month for 2020. The simulated data is calculated by
the integrated model and the actual data is measured by the CO2 meter monitor.

Table 4 shows the hourly relative humidity (RH) data for the case of the leaky-fan
on in Vancouver for the 15th day of each month for 2020. In this table, the values of the
simulated data are calculated by the integrated model and the actual values are measured
by the humidity meter monitor.

A paired sample t-test is performed as a statistical verification method in two steps:
(1) paired samples’ differences and (2) paired samples’ correlations. Each simulated and
actual data are compared with each other during these two steps using the paired sam-
ple t-test method and when the results of these comparisons are positive, the accuracy
of the integrated model is confirmed and verified as per the References [3,4,59]. The re-
sults of the paired samples’ differences and paired samples’ correlations analysis for the
simulated and actual data for the case of the leaky-fan on in Vancouver are shown in
Tables 5 and 6, respectively.

Table 5. Paired samples’ differences t-test results between the simulated and actual data for indoor CO2 concentration and
indoor relative humidity (RH) in 2020 for the case of the leaky-fan on in Vancouver.

Simulated versus
Actual Data

Paired Differences

Mean Standard
Deviation

Standard
Error Mean

95% Confidence
Interval of

the Difference t-Statistic df
Significance
(Two-Tailed)

Lower Upper

1
Indoor CO2

concentration
((kg/kg) × 10−4)

0.02167 0.14212 0.04103 −0.06863 0.11196 0.528 11 0.608

2 Indoor relative
humidity (%) 0.20917 1.07103 0.30918 −0.47133 0.88966 0.677 11 0.513

Table 6. Paired samples’ correlations t-test results between the simulated and actual data for indoor CO2 concentration and
indoor relative humidity (RH) in 2020 for the case of the leaky-fan on in Vancouver.

Simulated Versus Actual Data
Measurers

N Correlation Level of Significance

1 Indoor CO2 concentration ((kg/kg) ×10−4) 12 0.965 0.000

2 Indoor relative humidity (%) 12 0.997 0.000

Table 5 reveals that the standard deviation difference between the simulated and
actual data for indoor CO2 concentration and relative humidity (RH) are 0.14212 and
1.07103, respectively (being > half mean difference), with the significance level of 0.608 and
0.513, respectively (being > 0.05). As such, there are no significant differences between the
simulated and actual data for indoor CO2 concentration and relative humidity (RH).

Table 6 shows that the correlation coefficients for the simulated and actual data of
indoor CO2 concentration and indoor relative humidity (RH) are 0.965 and 0.997, respec-
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tively (being > 0.5), with the significance level of <0.05. Thus, the simulated and actual
data are significantly correlated and in good agreements.

According to the coordination of the simulated and actual data using the paired
sample t-test method, the accuracy of the integrated model developed in this study
is validated.

3. Results

For each single model of CONTAM and WUFI compared to the integrated model,
four scenarios are defined according to Table 7. These scenarios include: (1) airtight-fan off,
(2) airtight-fan on, (3) leaky-fan off, and (4) leaky-fan on. The parameter values of each of
the four scenarios for the case of three-story house are defined in Table 1.

Table 7. Proposed scenarios for single and integrated models.

Status Airtight Leaky Fan Off Fan On

1 Scenario 1 Yes No Yes No
2 Scenario 2 Yes No No Yes
3 Scenario 3 No Yes Yes No
4 Scenario 4 No Yes No Yes

The purpose of presenting these scenarios is to assess the feasibility of the integrated
model in simulating the performance of indoor air quality, moisture, and thermal comfort
areas in comparison with single models in different climatic conditions.

The results consist of three parts: (1) CONTAM results for indoor air quality perfor-
mance, (2) WUFI results for moisture and thermal comfort performances, and (3) integrated
results for indoor air quality, moisture, and thermal comfort performances.

3.1. Results of the Single Model of CONTAM

The CONTAM results for calculating indoor air quality performance are divided into
three parts: (1) results related to indoor CO2 percentage difference, (2) results related
to indoor PM2.5 percentage difference, and (3) results related to indoor VOCs percent-
age difference according to Figures 3–5. Each of these results is also simulated daily
for the three different climatic regions of Montreal, Vancouver, and Miami for a period
of one year (Figures 3–5). In each of Figures 3–5, the results of four scenarios listed in
Table 7 are simulated using CONTAM. To assess the indoor air quality performance for
these scenarios, the percentage difference method was used to compare indoor contami-
nants’ concentration with the acceptable level of ASHRAE Standard 62.1 [60]. The results
of this percentage difference of indoor CO2, PM2.5, and VOCs with ASHRAE Standard 62.1
are shown in Figures 3–5, respectively.

3.2. Result of the Single Model of WUFI

Given that WUFI can calculate heat and moisture balances simultaneously, the WUFI
simulation results consist of two main parts: (1) results related to the relative humidity
(RH) percentage difference on the acceptable level of ASHRAE Standard 160 for evaluating
the moisture performance, and (2) results related to the predicted percentage of dissatisfied
(PPD) and predicted mean vote (PMV) measures for the thermal comfort performance
assessment. These results are presented separately for different climatic conditions of
Montreal, Vancouver, and Miami, and for a one-year period daily in Figures 6–8. The
results of indoor relative humidity (RH), the predicted percentage of dissatisfied (PPD),
and predicted mean vote (PMV) simulated by WUFI for each scenario (see Table 7) are
provided in Figures 6–8. In order to assess the performance, the simulation results of
indoor relative humidity (RH), predicted mean vote (PMV), and the percentage difference
of these measures with the acceptable level of ASHRAE Standard 160 [61] for moisture
(see Figure 6), and ASHRAE Standard 55 [6] for thermal comfort (see Figures 7 and 8), are
used. Figure 7 also shows the predicted percentage of dissatisfied (PPD) simulation results
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by WUFI as an independent measure for evaluating thermal comfort performance for all
scenarios in Montreal, Vancouver, and Miami.

Figure 3. Results of CONTAM for the IAQ performance based on the comparison of the indoor CO2

percentage difference on the acceptable level of ASHRAE Standard 62.1 for Montreal, Vancouver,
and Miami.
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Figure 4. Results of CONTAM for the IAQ performance based on the comparison of the indoor PM2.5

percentage difference on the acceptable level of ASHRAE Standard 62.1 for Montreal, Vancouver,
and Miami.

3.3. Results of the Integrated Model

The integrated model developed through the coupling mechanism of CONTAM
and WUFI provides the simulation results of indoor air quality, moisture, and thermal
comfort performances. Therefore, the simulation results of the integrated model include: (1)
indoor CO2 percentage difference, (2) indoor PM2.5 percentage difference, (3) indoor VOCs
percentage difference, (4) indoor relative humidity (RH) percentage difference, (5) predicted
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percentage of dissatisfied (PPD), and (6) predicted mean vote (PMV). These results are
shown in Figures 9–14 similarly to the results of the single models for the three different
climate cities of Montreal, Vancouver, and Miami on a daily basis for one year. Along with
the results obtained by the integrated model, all three ASHRAE standards of 62.1, 160,
and 55 [6,60,61] have been used in order to calculate the percentage difference between
the simulated parameters with the acceptable level of ASHRAE standards. Therefore, the
results of the simulated performances for all four scenarios are comparable to each other as
well as to the other results (Figures 9–14).

Figure 5. Results of CONTAM for the IAQ performance based on the comparison of the indoor VOCs
percentage difference on the acceptable level of ASHRAE Standard 62.1 for Montreal, Vancouver,
and Miami.
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Figure 6. Results of WUFI for the moisture performance based on the comparison of the indoor
relative humidity (RH) on the acceptable level of ASHRAE Standard 160 for Montreal, Vancouver,
and Miami.
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Figure 7. Results of WUFI for the thermal comfort performance based on the comparison of the
predicted percentage of dissatisfied (PPD) on the acceptable level of ASHRAE Standard 55 for
Montreal, Vancouver, and Miami.
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Figure 8. Results of WUFI for the thermal comfort performance based on the comparison of the
predicted mean vote (PMV) on the acceptable level of ASHRAE Standard 55 for Montreal, Vancouver,
and Miami.
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Figure 9. Results of the integrated model for IAQ performance based on the comparison of the
indoor CO2 percentage difference on the acceptable level of ASHRAE Standard 62.1 for Montreal,
Vancouver, and Miami.
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Figure 10. Results of the integrated model for IAQ performance based on the comparison of the
indoor PM2.5 percentage difference on the acceptable level of ASHRAE Standard 62.1 for Montreal,
Vancouver, and Miami.
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Figure 11. Results of the integrated model for IAQ performance based on the comparison of the
indoor VOCs percentage difference on the acceptable level of ASHRAE Standard 62.1 for Montreal,
Vancouver, and Miami.
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Figure 12. Results of the integrated model for moisture performance based on the comparison of
the indoor relative humidity (RH) on the acceptable level of ASHRAE Standard 160 for Montreal,
Vancouver, and Miami.
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Figure 13. Results of the integrated model for thermal comfort performance based on the comparison
of the predicted percentage of dissatisfied (PPD) on the acceptable level of ASHRAE Standard 55 for
Montreal, Vancouver, and Miami.
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Figure 14. Results of the integrated model for thermal comfort performance based on the comparison
of the predicted mean vote (PMV) on the acceptable level of ASHRAE Standard 55 for Montreal,
Vancouver, and Miami.
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4. Discussion

The advantage of developing an integrated model compared to single CONTAM and
WUFI models is that this model can simulate the performances’ measures of both single
models seamlessly. For the four scenarios of different values of leakage area and ventilation
rate in the different climatic conditions (Table 7), the performance results simulated by all
three CONTAM, WUFI, and integrated models are discussed.

With CONTAM, the method of calculating the percentage differences of indoor CO2,
PM2.5, and VOCs with ASHRAE Standard 62.1 was used to evaluate indoor air quality
performance. The obtained results for the Montreal, Vancouver, and Miami climates are
shown in Figure 3a,b,c, respectively. As shown in these figures for the simulated indoor
CO2 concentration results, the minimum values on the scenarios’ curves have the highest
negative percentage difference with the level of ASHRAE Standard 62.1 (indoor CO2
< 6300 mg/m3) [60] and have the highest performances. For scenarios 1, 2, 3, and 4,
this percentage difference in Montreal resulted in values of −80.85, −81.13, −84.13, and
−84.30%, respectively; in Vancouver, in values of −80.49, −80.87, −82.93, and −83.15%,
respectively; and in Miami, in values of −80.96, −81.41, −81.82, and −81.98%, respectively.

According to Figure 4a–c in CONTAM’s indoor PM2.5 concentration simulation, the
minimum values on the scenarios’ curves have the lowest percentage difference with the
level of ASHRAE Standard 62.1 (indoor PM2.5 < 15 µg/m3) [60] and have the highest
performances. For scenarios 1, 2, 3, and 4, this percentage difference in Montreal resulted
in values of 432.26, 406.69, 378.39, and 369.03%, respectively; in Vancouver, in values of
432.26, 420.65, 432.18, and 420.65%, respectively; and in Miami, in values of 485.81, 474.27,
479.11, and 474.27%, respectively.

In the simulation of indoor VOCs concentration by CONTAM, according to
Figure 5a–c, minimum values on the scenarios’ curves have the highest performances
based on the percentage difference with ASHRAE Standard 62.1 (indoor VOCs < 300
µg/m3) [60]. For scenarios 1, 2, 3, and 4, this percentage difference in Montreal resulted
in values of −21.65, −22.77, −32.13, and −32.89%, respectively; in Vancouver, in values
of 42.45, 41.12, 35.94, and 34.98%, respectively; and in Miami, in values of −32.13, −32.89,
−35.90, and −36.47%, respectively.

In terms of WUFI, the minimum values of the scenarios’ curves of the indoor relative
humidity (RH) in Figure 6a–c show the highest negative percentage difference with the
level of ASHRAE Standard 160 (indoor RH < 80%) [61] and have the highest performances.
For scenarios 1, 2, 3, and 4, this percentage difference in Montreal resulted in values of
−41.29, −53.60, −84.18, and −85.16%, respectively; in Vancouver, in values of −22.10,
−43.06, −79.10, and −80.13%, respectively; and in Miami, in values of −11.83, −3.57,
−49.26, and −50.53%, respectively.

WUFI can also simulate the predicted percentage of dissatisfied (PPD) and predicted
mean vote (PMV) measures related to thermal comfort. The criterion for measuring the
performance of thermal comfort is the acceptable level of ASHRAE Standard 55 [6] for the
predicted percentage of dissatisfied (PPD) and predicted mean vote (PMV). The PPD value
should be less than 10%. The PMV value should be less than 0.5 and greater than −0.5.

In Figure 7a–c for the predicted percentage of dissatisfied (PPD), the minimum values
for scenarios’ curves have the highest performances in the acceptable level of ASHRAE
Standard 55 (PPD < 10%) [6]. The PPD value for all scenarios in Montreal, Vancouver, and
Miami are zero percent.

For the predicted mean vote (PMV) presented in Figure 8a–c, the minimum values
for scenarios’ curves have the highest performances in the acceptable level of ASHRAE
Standard 55 (−0.5 < PMV < +0.5) [6]. The percentage difference values with ASHRAE
Standard 55 for all scenarios in Montreal, Vancouver, and Miami are zero percent.

The results of the integrated model are presented in two groups to calculate the
performance of indoor air quality, moisture, and thermal comfort. In the first group, the
results of indoor CO2, PM2.5, and VOCs concentrations are presented in Figures 9–11. In
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the second group, the results of indoor relative humidity (RH), predicted percentage of
dissatisfied (PPD), and predicted mean vote (PMV) are shown in Figures 12–14.

For simulated indoor CO2 concentration results, Figure 9a–c show that the minimum
values on the scenarios’ curves have the highest performances based on the percentage
difference with ASHRAE Standard 62.1 [60]. For scenarios 1, 2, 3, and 4, this percentage
difference in Montreal resulted in values of −84.88, −84.18, −85.55, and −84.98%, respec-
tively; in Vancouver, in values of −83.61, −84.11, −84.25, and −84.29%, respectively; and
in Miami, in values of −82.31, −84.64, −82.53, and −84.65%, respectively. Whereas for the
simulated indoor PM2.5 concentration, minimum values on the scenarios’ curves have the
highest performances based on the percentage difference with ASHRAE Standard 62.1 [60].
For scenarios 1, 2, 3, and 4, this percentage difference in Montreal resulted in values of
342.98, 316.53, 303.31, and 317.42%, respectively; in Vancouver, in values of 411.21, 324.11,
377.02, and 324.11%, respectively; and in Miami, in values of −463.31, 377.74, 455.97, and
377.74%, respectively (see Figure 10a–c).

For the simulation of indoor VOCs concentration, Figure 11a–c show that the minimum
values on the scenarios’ curves have the highest performances based on the percentage
difference with ASHRAE Standard 62.1 [60]. For scenarios 1, 2, 3, and 4, this percentage
difference in Montreal resulted in values of −35.62, −33.94, −38.63, and −36.22%, respec-
tively; in Vancouver, in values of 33.05, 29.56, 30.16, and 29.12%, respectively; and in Miami,
in values of −37.63, −44.38, −38.39, and −44.42%, respectively.

For the simulated indoor relative humidity (RH) by the integrated model,
Figure 12a–c show that minimum values on the scenarios’ curves have the highest perfor-
mances based on the percentage difference with ASHRAE Standard 160 [61]. For scenarios
1, 2, 3, and 4, this percentage difference in Montreal resulted in values of −85.35, −84.96,
−81.64, and −81.25%, respectively; in Vancouver, in values of −82.52, −83.04, −84.31, and
−84.23%, respectively; and in Miami, in values of −53.05, −53.81, −54.56, and −54.94%,
respectively. Whereas for the predicted percentage of dissatisfied (PPD), the minimum val-
ues for scenarios’ curves have the highest performances in the acceptable level of ASHRAE
Standard 55 [6]. The PPD value for all scenarios in Montreal, Vancouver, and Miami are
zero percent (see Figure 13a–c). For the simulated predicted mean vote (PMV) by the
integrated model, the minimum values for scenarios’ curves have the highest performances
in the acceptable level of ASHRAE Standard 55 [6]. The percentage difference values with
ASHRAE Standard 55 for all scenarios in Montreal, Vancouver, and Miami are zero percent
(see Figure 14a–c).

In summary, the comparison of the scenarios’ results for the single models of CONTAM
and WUFI as well as for the present integrated model are presented in Figures 3–14. In
addition, the obtained results by the single models are compared with those obtained by
the integrated model for the simulated indoor air quality, moisture, and thermal comfort
performances in Tables 8 and 9.

As shown in Table 8, for simulated indoor CO2 concentration, in Montreal, scenarios
1, 2, 3, and 4 resulted in average values of −79.17, −79.62, −80.95, and −81.25% by
CONTAM, and−81.51,−83.34,−82.13, and−83.53% by the integrated model, respectively;
in Vancouver, scenarios 1, 2, 3, and 4 resulted in average values of −79.08, −79.59, −80.66,
and −80.96% by CONTAM, and −81.17, −83.33, −81.64, and −83.41% by the integrated
model, respectively; and in Miami, scenarios 1, 2, 3, and 4 resulted in average values of
−79.63, −80.14, −80.29, and −80.65% by CONTAM, and −80.63, −83.86, −80.80, and
−83.85% by the integrated model, respectively.
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Table 8. Comparison of the average percentage difference of each indoor air quality (IAQ) performance between the single and integrated model.

IAQ Indoor CO2 Indoor PM2.5 Indoor VOCs

Cities Montreal Vancouver Miami Montreal Vancouver Miami Montreal Vancouver Miami
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S1 −79.17% −81.51% −79.08% −81.17% −79.63% −80.63% 465.31% 450.39% 465.31% 464.63% 518.94% 509.56% −19.65% −26.40% 43.92% 38.55% −30.17% −34.55%
S2 −79.62% −83.34% −79.59% −83.33% −80.14% −83.86% 438.50% 339.15% 452.59% 346.59% 506.19% 400.13% −21.10% −33.11% 42.34% 30.26% −31.67% −43.70%
S3 −80.95% −82.13% −80.66% −81.64% −80.29% −80.80% 452.92% 423.43% 465.23% 457.48% 516.77% 505.07% −24.51% −28.69% 39.99% 36.92% −33.67% −35.05%
S4 −81.25% −83.53% −80.96% −83.41% −80.65% −83.85% 440.76% 339.77% 452.59% 346.59% 506.19% 400.13% −25.58% −33.65% 38.89% 30.06% −34.78% −43.67%

Table 9. Comparison of the average percentage difference of each moisture and thermal comfort performance between the single and integrated model.

Moisture Indoor Relative Humidity (RH) Predicted Percentage of Dissatisfied (PPD) Predicted Mean Vote (PMV)

Cities Montreal Vancouver Miami Montreal Vancouver Miami Montreal Vancouver Miami
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S1 −12.19% −41.06% −8.36% −32.23% 12.01% 0.73% 9.75% 13.54% 9.90% 12.81% 4.21% 5.22% 36.19% 52.98% 38.07% 50.41% 10.65% 14.93%
S2 −25.62% −41.04% −19.58% −32.34% 9.21% 0.69% 10.68% 13.72% 10.86% 12.87% 4.55% 5.24% 39.87% 54.07% 42.09% 50.67% 12.28% 14.98%
S3 −40.30% −40.62% −31.44% −32.539% 0.99% 0.65% 12.57% 14.73% 12.59% 13.26% 5.15% 5.25% 48.34% 60.75% 49.55% 52.32% 14.64% 15.04%
S4 −40.59% −40.50% −31.71% −32.543% 0.90% 0.64% 12.72% 14.85% 12.65% 13.34% 5.17% 5.26% 49.00% 61.50% 49.76% 52.73% 14.72% 15.07%
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As shown in Table 8 for the indoor PM2.5 concentration, in Montreal, scenarios 1, 2, 3,
and 4 resulted in average values of 465.31, 438.50, 452.92, and 440.76% by CONTAM, and
450.39, 339.15, 423.43, and 339.77% by the integrated model, respectively; in Vancouver,
scenarios 1, 2, 3, and 4 resulted in average values of 465.31, 452.59, 465.23, and 452.59% by
CONTAM, and 464.63, 346.59, 457.48, and 346.59% by the integrated model, respectively;
and in Miami, scenarios 1, 2, 3, and 4 resulted in average values of 518.94, 506.19, 516.77,
and 506.19% by CONTAM, and 509.56, 400.13, −505.07, and 400.13% by the integrated
model, respectively.

For indoor VOCs concentration (see Table 8), in Montreal, scenarios 1, 2, 3, and
4 resulted in average values of −19.65, −21.10, −24.51, and −25.58% by CONTAM, and
−26.40, −33.11, −28.69, and −33.65% by the integrated model, respectively; in Vancouver,
scenarios 1, 2, 3, and 4 resulted in average values of 43.92, 42.34, 39.99, and 38.89% by
CONTAM, and 38.55, 30.26, 36.92, and 30.06% by the integrated model, respectively; and
in Miami, scenarios 1, 2, 3, and 4 resulted in average values of −30.17, −31.67, −33.67,
and −34.78% by CONTAM, and −34.55, −43.70, −35.05, and −43.67% by the integrated
model, respectively.

In Table 9, the simulated indoor relative humidity (RH), predicted percentage of
dissatisfied (PPD), and predicted mean vote (PMV) are compared between the scenarios
as average values obtained with WUFI and the integrated model. For simulated indoor
relative humidity (RH), in Montreal, scenarios 1, 2, 3, and 4 resulted in average values of
−12.19, −25.62, −40.30, and −40.59% by WUFI, and −41.06, −41.04, −40.62, and −40.50%
by the integrated model, respectively; in Vancouver, scenarios 1, 2, 3, and 4 resulted in
average values of −8.36, −19.58, −31.44, and −31.71% by WUFI, and −32.23, −32.34,
−32.539, and −32.543% by the integrated model, respectively; and in Miami, scenarios 1, 2,
3, and 4 resulted in average values of 12.01, 9.21, 0.99, and 0.90% by WUFI, and 0.73, 0.69,
0.65, and 0.64% by the integrated model, respectively.

For the simulated predicted percentage of dissatisfied (PPD), Table 9 shows that in
Montreal, scenarios 1, 2, 3, and 4 resulted in average values of 9.75, 10.68, 12.57, and 12.72%
by WUFI, and 13.54, 13.72, 14.73, and 14.85% by the integrated model, respectively; in
Vancouver, scenarios 1, 2, 3, and 4 resulted in average values of 9.90, 10.86, 12.59, and
12.65% by WUFI, and 12.81, 12.87, 13.26, and 13.34% by the integrated model, respectively;
and in Miami, scenarios 1, 2, 3, and 4 resulted in average values of 4.21, 4.55, 5.15, and
5.17% by WUFI, and 5.22, 5.24, 5.25, and 5.26% by the integrated model, respectively.

Table 9 shows that for the simulated predicted mean vote (PMV) in Montreal, scenarios
1, 2, 3, and 4 resulted in average values of 36.19, 39.87, 48.34, and 49.00% by WUFI, and 52.98,
54.07, 60.75, and 61.50% by the integrated model, respectively; in Vancouver, scenarios 1, 2,
3, and 4 resulted in average values of 38.07, 42.09, 49.55, and 49.76% by WUFI, and 50.41,
50.67, 52.32, and 52.73% by the integrated model, respectively; and in Miami, scenarios 1, 2,
3, and 4 resulted in average values of 10.65, 12.28, 14.64, and 14.72% by WUFI, and 14.93,
14.98, 15.04, and 15.07% by the integrated model, respectively.

By using both single models and the present integrated model to assess the per-
formance of the three-story house described earlier when it is subjected to the climatic
conditions of Montreal, Vancouver, and Miami, the main outcomes of this study include
the following:

1. Scenario 4 resulted in the optimal scenario for the indoor CO2 performance in both
the CONTAM model and the integrated model methods in Montreal and Vancouver.
The integrated model calculates the indoor CO2 performance for Scenario 4 in Mon-
treal and Vancouver by differences of 2.80% and 3.02%, respectively, more than the
CONTAM model. The reason for this difference is because in the CONTAM model
method, the effective leakage area of 0.3 m2 and exhaust fan airflow of 24 L/s are
defined by the users as airflows input data. In contrast, the airflows in the integrated
model method are corrected by the co-simulation mechanism for CONTAM–WUFI.

2. To calculate indoor CO2 performance in Miami, the results of Scenario 4, the optimal
scenario using the integrated model method, are 3.98% different from the results
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of Scenario 2, the optimal scenario using the CONTAM model method. The reason
for this difference is that the calculation of indoor CO2 performance in Scenario 2
is defined by the user based on the effective leakage area of 0.04 m2 and exhaust
fan airflow of 24 L/s. The integrated model method in Scenario 4 calculates indoor
CO2 performance based on the corrected airflows using the co-simulation mechanism
of CONTAM-WUFI.

3. In calculating the indoor PM2.5 performance, the results of Scenario 2, the optimal
scenario by the integrated model method, are −22.65% different from the CONTAM
model method. The reason for this difference is that in the CONTAM model method,
effective leakage area of 0.04 m2 and exhaust fan airflow of 24 L/s are defined as
input airflows data by the user. Thus, in the integrated model method, with the
help of the co-simulation mechanism of CONTAM–WUFI, the airflows values have
been corrected.

4. Scenarios 2 and 4 are predicted for both Vancouver and Miami in the optimal level of
indoor PM2.5 performance. The indoor PM2.5 performance values calculated for these
scenarios by the integrated model method are −23.4% and −20.95% different from
the CONTAM model method for Vancouver and Miami, respectively. The reason
for this difference is that in the CONTAM model method, the effective leakage areas
of 0.04 m2 and 0.3 m2 and exhaust fan airflow rate of 24 L/s for Scenarios 2 and 4,
respectively, are defined as input data airflows by the user. In contrast, the corrected
airflows variables have been used by the integrated model method based on the
co-simulation mechanism for CONTAM–WUFI.

5. The values of the indoor VOCs performance for Scenario 4, the optimal scenario by
the integrated model method, are 31.54% and −22.70% different from the CONTAM
model method for Montreal and Vancouver, respectively. The reason for this difference
is that in the CONTAM model method, the effective leakage area of 0.3 m2 and
exhaust fan airflow of 24 L/s are defined as airflows input data by the user. In the
integrated model, the airflows variables are corrected by the co-simulation mechanism
of CONTAM–WUFI.

6. To calculate the indoor VOCs performance in Miami, the results of Scenario 2, the
optimal scenario through the integrated model method, are 25.86% different from
Scenario 4, the optimal scenario through the CONTAM model method. The reason
for this difference is that the effective leakage area of 0.3 (m2) and exhaust fan airflow
of 24 L/s for Scenario 4 are defined by the user as the input airflows data in the
CONTAM model method. As in the integrated model method in Scenario 2, the
corrected airflows data is used by the co-simulation mechanism of CONTAM–WUFI.

7. In Montreal, for the calculation of the indoor relative humidity (RH) performance, the
results of Scenario 3, the optimal scenario through the integrated model method, are
7.39% different from the results of Scenario 4, the optimal scenario based on the WUFI
model method. Therefore, the reason for this difference is that in the WUFI model
method, infiltration of 3.2 h−1 and mechanical ventilation of 0.3 h−1 for Scenario 4
are defined as airflows input data by the user. In addition, in the integrated model
method for Scenario 3, corrected airflows are used by the co-simulation mechanism
of CONTAM–WUFI.

8. The results of Scenario 4, the optimal scenario in calculating indoor relative humid-
ity (RH) performance through the integrated model method, are 2.55% and −28.8%
different from the WUFI model method results for Vancouver and Miami, respec-
tively. The reason for this difference is that the infiltration of 3.2 h−1 and mechanical
ventilation of 0.3 h−1 are defined by the user as the input airflows data in the WUFI
model method. In the integrated model method, the airflows data is corrected by the
co-simulation mechanism of CONTAM–WUFI.

9. In calculating the indoor percentage of dissatisfied (PPD) performance, the results of
Scenario 1, the optimal scenario through the integrated model method, resulted in
a 39.58, 29.39, and 23.99% difference in Montreal, Vancouver, and Miami, respectively,
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from the WUFI model method. The reason for this difference is that the infiltration of
0.4 h−1 is defined as the input airflow data by the user in the WUFI model method. In
contrast, in the integrated model method, air flow data corrected by the co-simulation
mechanism of CONTAM–WUFI are used.

10. In calculating the indoor predicted mean vote (PMV) performance, Scenario 1, the
optimal scenario through the integrated model method, resulted in a 52.98, 32.41,
and 40.18% difference in Montreal, Vancouver, and Miami, respectively, from the
WUFI model method. The reason for this difference is that the infiltration of 0.4 h−1

is defined as airflow input data by the user in the WUFI model method. However, the
airflow data is corrected through the co-simulation mechanism of CONTAM–WUFI
in the integrated model method.

5. Conclusions

In this research study, an integrated model was developed to predict the performances
of indoor air quality, moisture, and thermal comfort. In this model, the three balances
of heat, moisture, and contaminate flows are simultaneously coupled. The exchange of
the airflow rate parameter between CONTAM and WUFI, using a coupling method for
developing the integrated model, made it possible to control and modify this parameter
and the simulation results based on ASHRAE Standard 62.1, 160, and 55 levels. With the
integrated model, a modified airflow rate can be designed for buildings with the high
performances of indoor air quality, moisture, and thermal comfort conditions according to
ASHRAE Standard criteria.

To evaluate the integrated model in comparison with single models of CONTAM and
WUFI, simulated indoor CO2, PM2.5, and VOCs concentrations, as well as indoor air quality
measures, indoor relative humidity (RH) as moisture measures, percentage of dissatisfied
(PPD), and predicted mean vote (PMV) as thermal comfort measures were provided in
this study. The results of indoor CO2, PM2.5, and VOCs simulated by CONTAM were
compared with the integrated model, and the results of indoor relative humidity (RH),
percentage of dissatisfied (PPD), and predicted mean vote (PMV) by WUFI were compared
with the integrated model, as well.

As per the differences between the results of the single models and the present
integrated model, it can be deduced that when the integrated model method replaces the
single models’ methods, the airflows data corrected by the CONTAM–WUFI co-simulation
mechanism will replace with the airflow input data assumed by the user. Therefore, as
these airflow data in the integrated model are corrected based on the capabilities of the
coupled CONTAM–WUFI sub-models, it can accurately predict the results of the calculated
indoor air quality, thermal comfort, and moisture performance for optimum scenarios for
buildings subjected to various climatic conditions.

Considering that the accuracy of the integrated model was verified by the paired
sample t-test method, it can be concluded that the results of the integrated model can be
used as a benchmark in predicting the performances of indoor air quality, moisture, and
thermal comfort compared to other single models. Therefore, any differences between
the results obtained with the present integrated model and those obtained with the single
models (i.e., CONTAM and WUFI) suggest that the integrated model method can be
a reliable alternative to the single model method for accurately assessing the indoor air
quality, moisture, and thermal comfort performances for one-story, two-story, and three-
story buildings when they are subjected to various climatic conditions. Last but not
least, the EnergyPlus model was recently coupled with the present integrated model to
simultaneously assess the overall performance (i.e., energy, indoor air quality, and moisture
with thermal comfort performances) of the same three-story house considered in this study
when it was subjected to the climatic conditions of Montreal, Vancouver, and Miami [42].
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