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Abstract: Material emission and ventilation are two aspects influencing indoor air quality. In this
study, a model predictive control (MPC) strategy is proposed for intermittent ventilation system in
office buildings, to achieve a healthy indoor environment. The strategy is based on a dynamic model
for predicting emissions of volatile organic compounds (VOCs) from materials. The key parameters of
formaldehyde from panel furniture in the model are obtained by an improved C-history method and
large-scale chamber experiments. The effectiveness of the determined key parameters is validated,
which are then used to predict the formaldehyde concentration variation and the pre-ventilation
time in a typical office room. In addition, the influence of some main factors (i.e., vacant time,
loading ratio, air change rate) on the pre-ventilation time is analyzed. Results indicate that the
pre-ventilation time of the intermittent ventilation system ranges from several minutes to several
hours. The pre-ventilation time decreases exponentially with the increase in the vacant time, the
air change rate, and with the decrease in the loading ratio. When the loading ratio of the furniture
is 0.30 m2/m3 and the vacant time is 100 days, the required pre-ventilation time approaches zero.
Results further reveal that an air change rate of 2 h−1 is the most effective means for rapid removal of
indoor formaldehyde for the cases studied. The proposed strategy should be helpful for achieving
effective indoor pollution control.

Keywords: intermittent ventilation; furniture; formaldehyde emission; pre-ventilation time; model
predictive control

1. Introduction

People spend 87% of their time indoors [1]. Indoor air pollution has been recognized
as one of the main risks to human health [2–4]. A recent survey [5] showed that indoor
air pollution emerges in about 80% of office buildings, and 69% of the office staff are not
satisfied with the current office environment. Much attention has been paid to the indoor
pollution caused by the emissions of volatile organic compounds (VOCs) from building
materials and furniture [6–11]. Numerous studies have revealed that one of the most
effective ways to dilute VOCs is by ventilation [12–15]. In addition, air purification is also
important for indoor pollution control [16–18].

For the study on the VOC emission characteristics, it generally requires the establish-
ment of suitable models to simulate the emission behaviors. Existing models are mainly
aimed at building materials and can be classified into an empirical model and mass transfer
model [10,19]. Although the first type of model has simple form and is easy to use, the
empirical parameters involved have no actual physical meaning, and rely heavily on the
specific test conditions, which cannot be extended to other emission conditions. There-
fore, the development of mass transfer model is particularly important. The multi-layer
emission model can be applicable for multi-layer material structures [20]. However, the
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semi-analytical solution of this model is relatively complicated, which prevents its wide
use in engineering applications.

There are three key parameters in the model, i.e., the initial emittable concentration
(C0), the diffusion coefficient (Dm), and the partition coefficient (K) [6,10,19]. Accurate
determination of these parameters is the premise of using models for prediction. According
to the definition of these key parameters, various methods have been proposed, such as the
porosity method, twin-chamber method, C-history method, alternately airtight/ventilated
emission method [11,21–27]. Most prior studies focus on the emissions of VOCs from building
materials, while that of furniture has seldom been examined. Compared with building materi-
als, the structure and emission mechanisms of entire furniture items are more complicated.
Due to the difference in the small wood-based boards and real furniture, there is still a gap
between the VOC emissions in chamber tests and that in realistic indoor settings.

As far as the ventilation strategies are concerned, much work targets at develop-
ing energy-efficient ventilation models [28]. For instance, Rackes et al. [29] proposed a
multi-contaminant model for analyzing the impact of mechanical ventilation strategies
on the indoor air quality of offices. Some studies focus on natural ventilation [30], hybrid
ventilation [31], or mechanical ventilation [32]. There are also investigations focusing on
developing ventilation optimization in the design phase [33,34]. However, less attention
has been paid to the optimal control of ventilation over a long period. To achieve a healthy
indoor environment with minimum energy consumption, it is necessary to simultaneously
analyze the indoor air quality when considering ventilation, that is, by combining VOC
emission characteristics and ventilation control strategies.

The mechanical ventilation system of office buildings often adopts intermittent opera-
tion mode. During the period when the ventilation system is closed, the VOC concentration
increases. Especially for the newly renovated office, there is a potential threat to the health
of the employee. How to determine the pre-ventilation time to ensure the safety of the
indoor environment, during working hours, is an important issue needing to be considered.

The main purpose of this study is to examine the effect of an intermittent ventilation
strategy on controlling formaldehyde concentrations in office rooms. A model predic-
tive control (MPC) strategy is proposed for intermittent ventilation systems to achieve a
healthy indoor environment. The strategy is based on a dynamic model for predicting
VOC emissions. The three key parameters in the model are obtained by large-scale cham-
ber experiments and an improved C-history method. Dynamic simulation based on the
determined key parameters is then applied for a typical office room to analyze the control
characteristics of an intermittent ventilation system. The influence of some major factors
(i.e., vacant time of the room, loading ratio and air change rate) on the pre-ventilation time
is analyzed and compared.

2. Methods
2.1. Model for Predicting VOC Emissions

To simplify the analysis of the problem for VOC emissions from material, the following
assumptions are introduced: (1) the VOC concentration inside the material is uniform;
(2) the initial VOC concentration in the chamber is zero; (3) the emission of VOCs from the
material is one-dimensional; (4) the partition process at the material/air interface obeys
Henry’s law; (5) the inlet VOC concentration to the chamber or the room is zero.

Based on the above assumptions, the emission process of VOCs inside the furniture
material follows Fick’s law, which can be described by the one-dimensional diffusion
equation [6]:

∂Cm(x, t)
∂t

= Dm
∂2Cm(x, t)

∂x2 (1)

The initial condition and boundary conditions are:

Cm(x , 0) =C0 (2)
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−Dm
∂Cm(x, t)

∂x

∣∣∣∣x=L = hm(Cs(t)− Ca(t)) (3)

∂Cm(x, t)
∂x

∣∣∣∣
x=0

= 0 (4)

where, Cm is the VOC concentration in the furniture, µg/m3; Dm is the diffusion coefficient
of VOCs inside the material, m2/s; C0 is the initial emittable concentration, µg/m3; x is the
distance in the diffusion direction, m; t is the emission time, s; Ca is the gas-phase VOC
concentration in the chamber or the room, µg/m3; Cs is the VOC concentration in the air
adjacent to the material surface, Cs(t) = Cm(L,t)/K, µg/m3; L is the thickness of the material,
m; K is the partition coefficient, dimensionless.

The above Equations (1)–(4) are not closed because of the existence of Ca. An equation
containing Ca is given as follows based on mass balance of VOCs in the chamber or
the room:

Vr
dCa(t)

dt
= Fhm(Cs(t)− Ca(t))−QCa(t) (5)

with the initial condition
Ca(t)|t=0 = Ca,0 (6)

where, Vr is volume of the room, m3; Q is the ventilation rate, m3/s; F is the effective
emission area of the furniture material, m2.

Now the system of Equations (1)–(6) is closed, and the VOC concentrations in the
room air can be solved analytically (when Q is constant) or numerically (by finite differ-
ence method).

2.2. Improved C-History Method for Determining the Key Parameters

In this study, an improved C-history method [35] is applied to determine the three
key parameters (C0, Dm, K) of VOC emissions from furniture. The principle is briefly
introduced here. By combining the above Equations (1)–(6), Yang et al. [35] derived an
analytical solution to describe the VOC emissions under constant ventilation rate. This
analytical solution is then simplified into the following form when the emission is in the
mid-term stage:

ln Ca(t) = A·t + B (7)

A = −DmL−2q1
2 (8)

B = ln
(

2C0β
q1 sin q1

G1

)
(9)

q1 tan q1 =
α− q2

1

Kβ + (α− q2
1)KBi−1

m
(10)

G1 = [Kβ + (α− q2
1)KBi−1

m + 2]q2
1 cos q1

+[Kβ + (α− 3q2
1)KBi−1

m + α− q2
1]q1 sin q1

(11)

where, A and B are the slope and intercept of Equation (7), respectively, which are functions
of C0, Dm and K, as is shown in Equations (8) and (9); q1 is the first positive root of
Equation (10) in the range of 0-π/2; β = FL/Vr; α = QL2/VrDm; Bim (= hmL/Dm) is the
mass transfer Biot number; hm is the convective mass transfer coefficient, m/s, which can
be calculated by empirical correlations [36].

Thus, if the gas-phase VOC concentrations are treated as the form of the logarithm of
excess concentration in Equation (7), A and B can be obtained by performing linear curve
fitting with the experimental data. An initial value of K is estimated by correlations [37] and
taken as known, then the parameters C0 and Dm can be obtained by solving Equations (8)
and (9).
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2.3. Control Strategy for Intermittent Ventilation

An important criterion in intermittent ventilation control is to ensure indoor envi-
ronment healthy with minimal energy consumption. Model predictive control (MPC) is
considered to be one of the most effective strategies for achieving this goal [38]. The main
difficulty in the application of model predictive control technology is the establishment of
prediction models, which can be divided into physical models [39,40], data models (also
known as black box models) [41,42], and semi-physical models [43]. Generally, the detailed
and complex physical models are mainly appropriate for the simulation of control charac-
teristics of the system, while the simplified semi-physical models or black box models are
suitable for the development research of the controllers. This study proposes to use the
VOC prediction model (solve Equations (1)–(6) numerically in Section 2.1) that takes into
account the physical transport of VOCs from the furniture, for studying the ventilation
control strategy.

The objective of the intermittent ventilation control strategy is to reduce the runtime
of the system while maintaining a healthy indoor environment during working hours. The
ventilation system uses its maximum capacity for the initial pre-ventilation stage. Once
the VOC concentration is reduced to below the healthy limited value, the system adjusts
the rate of ventilation to meet the air volume requirements for normal air conditioning
operation. The curve of indoor VOC concentration on a typical working day for this control
strategy is shown in Figure 1. The pre-ventilation time in Figure 1 denotes the time that the
intermittent ventilation system needs to run in advance before the staff’s working hours.
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Based on the key parameters obtained from experiments, the physical model described
in Section 2.1 and the control strategy shown in Figure 1, the following optimization
problem is proposed:

Known: office room and VOC source information, including the structural sizes of
the furniture and the key parameters of VOC emission from the furniture, which can be
measured by the large-scale chamber experiments and the improved C-history method, as
well as field investigations of office rooms.

Unknown: start schedule of the ventilation system, indoor VOC concentration.
Objective: minimize the runtime of the ventilation system.
Constraint conditions: indoor gas-phase VOC concentration is lower than the limit of

the healthy level (less than 0.1 mg/m3 for formaldehyde) during working hours (9:00–17:00).
It should be noted that the analytical solution derived in Section 2.2, requires a basic

assumption of constant ventilation rate. However, in the study of control strategy for
intermittent ventilation, the ventilation rate is a dynamic parameter. Therefore, the ana-
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lytical solution and the linear regression method (improved C-history method) is used
for determining the key parameters in Section 2.2. Compared with the nonlinear fitting
technique, the linear fitting in the C-history method can escape the problem of multiple
solutions, thus is applied in the present study. In Section 2.3, numerical solutions are used
by finite difference method to examine the effect of ventilation strategy.

3. Experiments and Simulation Cases
3.1. Experimental System

A schematic diagram of the experimental system for measuring the three key param-
eters based on the improved C-history method is shown in Figure 2. The experimental
system consists of three parts, as follows: a ventilation system, a temperature and humidity-
controlled chamber, and a sampling system. The ambient air was purified, and then
introduced into the chamber. We measured the background concentrations of targeted
VOCs in the chamber before the tests, and the background concentration levels met the re-
quirements of ASTM Standard D6670 [44]. The 0.5 m3 stainless-steel chamber was equipped
with a fan to ensure the air was well mixed, with mixing degree greater than 90% obtained
from the test [44]. The chamber experiments were performed at controlled temperature
(24 ± 0.5 ◦C), relatively humidity (50 ± 5%), and air change rate (0.5 h−1). The tested panel
furniture (Figure 3; area: 1.46 m2; thickness: 20 mm; double surface emission) was put in
the chamber to emit freely to reach the equilibrium. Formaldehyde was selected as the
target pollutant, due to its high health risk and concern. The gas-phase formaldehyde
concentrations were sampled at the outlet of the chamber with a photoacoustic gas monitor,
INNOVA-1412i, and the total experimental time was 150 h. Before the experiment, the
INNOVA-1412i was calibrated with high performance liquid chromatography (HPLC) for
formaldehyde measurement.
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10- furniture; 11-heat exchanger; 12-evaporator; 13-throttle valve; 14-condenser; 15-compressor;
16-sample connection; 17-INNOVA-1412i; 18-processor.

Atmosphere 2022, 13, x FOR PEER REVIEW 6 of 17 
 

 

was put in the chamber to emit freely to reach the equilibrium. Formaldehyde was se-

lected as the target pollutant, due to its high health risk and concern. The gas-phase for-

maldehyde concentrations were sampled at the outlet of the chamber with a photoacous-

tic gas monitor, INNOVA-1412i, and the total experimental time was 150 h. Before the 

experiment, the INNOVA-1412i was calibrated with high performance liquid 

chromatography (HPLC) for formaldehyde measurement. 

14

17

2 3

4

5

6

7

8

9

10

11

12

13

15

16

1

18

 

Figure 2. Schematic of the VOC emission testing system. 1-purification module; 2-heating coil; 3-

cooling coil; 4-mixed box; 5-humidifier; 6-ventilator; 7-air outlet; 8-fan; 9-environmental chamber; 

10- furniture; 11-heat exchanger; 12-evaporator; 13-throttle valve; 14-condenser; 15-compressor; 16-

sample connection; 17-INNOVA-1412i; 18-processor. 

 

Figure 3. Tested panel furniture for the VOC emissions. 

3.2. Office and VOC Source Description 

The size of the studied office room is 5 m × 4 m × 3 m. The layout of the room is shown 

in Figure 4. The sources of VOC emissions in the room are desks (panel furniture). The 

structural sizes of the desks are: length, 1700 mm; width, 900 mm; height, 750 mm; thick-

ness, 20 mm. 

Figure 3. Tested panel furniture for the VOC emissions.



Atmosphere 2022, 13, 102 6 of 15

3.2. Office and VOC Source Description

The size of the studied office room is 5 m × 4 m × 3 m. The layout of the room is
shown in Figure 4. The sources of VOC emissions in the room are desks (panel furniture).
The structural sizes of the desks are: length, 1700 mm; width, 900 mm; height, 750 mm;
thickness, 20 mm.
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3.3. Ventilation Scenarios and Simulation Cases

The setting of ventilation scenarios is divided into two stages. Stage I: after the new
desks (panel furniture) are put in, the office room is kept vacant for a period of time
(defined as the vacant time), and the VOC concentration is diluted by natural ventilation.
Figure 5 gives the relationship between the air change rate and window opening degree.
The variations of the air change rate, at a certain window opening degree, are due to the
dynamic external meteorological conditions (e.g., variable wind speed). In this study, the
window opening degree of 25% is selected, with an air change rate of the room about 5 h−1.
Stage II: after the office is normally running, the intermittent mechanical ventilation is
carried out according to the control strategy described in Section 2.3.
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For the purpose of analyzing the impact of the main factors (i.e., the vacant time,
loading ratio, and air change rate) on the pre-ventilation time, simulations are performed
for four groups of cases as summarized in Table 1. Among them, cases II-A to II-C use the
standard case I-A as reference.

Table 1. Simulation cases.

Cases Vacant Time of the Room
(day)

Furniture Loading Ratio
(m2/m3)

Air Change Rate
during Pre-Ventilation

(h−1)

I-A 80 0.30 1
II-A 80–100 0.30 1
II-B 80 0.17–0.30 1
II-C 80 0.30 1–12

4. Results and Discussion
4.1. Measurement of the Key Parameters

By performing chamber experiments on the panel furniture, the gas-phase formalde-
hyde concentrations were measured at regular intervals for about 150 h. The experimental
data at typical time points during the emission period (30 h, 48 h, 54 h, 72 h, 78 h, 96 h)
are selected for analysis with the improved C-history method. Figure 6 shows the linear
curve fitting results by applying Equation (7) to treat the experimental data. The square of
correlation coefficient (R2) is 0.98, implying high regression accuracy. Based on the slope (A)
and intercept (B) of the regression line and a pre-determined K (obtained by correlations in
Yang et al.’s study [37]), the two key parameters C0 and Dm can be determined by solving
Equations (8) and (9). The obtained key parameters of formaldehyde emission from the
tested panel furniture are: K = 3289; C0 = 2.07 × 105 µg/m3; Dm = 1.18 × 10−10 m2/s.
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According to the survey, the selected panel furniture is one of the most common and
major VOC emission sources in Chinese offices. In addition, the emissions of VOCs from
furniture have also been conducted in prior chamber studies [11,45,46]. By comparison,
the determined key parameters in this study are within the range of previous results (C0
in 104–108 µg/m3, Dm in 10−11–10−8 m2/s, K in 102–104). Additionally, the gas-phase
formaldehyde concentrations also change similarly with that in a prior study [47]. The
above analysis implies that although just one kind of panel furniture is tested, the present
study can still be regarded as representative.
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4.2. Validation of the Measured Key Parameters

The measured C0, Dm and K are substituted into an analytical solution [48] to calculate
the gas-phase formaldehyde concentration in the chamber, and these results are then
compared with the experimental data during the whole time, to evaluate the effectiveness
of the method.

The analytical solution derived by Xu and Zhang [48] is as follows:

Cm(x, t) = KCa(t) +
∞
∑

n=1

sin(fln L)
γn

2(γn
2+H2)

L(γn2+H2)+H cos(γnx)

×
[
(C0 − KCa(0))e−Dmγ2

nt +
∫ t

0 e−Dmγ2
n(t−τ)KdCa(τ)

] (12)

where, H = hm/KDm, γn (n = 1, 2, . . . ) are the positive roofs of

γn tan(γnL) = H (13)

The gas-phase VOC concentration Ca(t) can be calculated by combining these two
equations and the mass balance, Equation (5).

Figure 7 shows the comparison between the model prediction and experimental
data. The figure reveals that most of the experimental data are located in the emission
curve predicted by the analytical model. The performance of the model is evaluated
by four statistical parameters recommended by the ASTM Standard D5157 [49], i.e., the
correlation coefficient (R), the normalized mean square error (NMSE), the fractional bias
(FB), and a similar index of bias (FS). The evaluation results listed in Table 2 demonstrate
the effectiveness of the measurement method. It is also demonstrated that the improved
C-history method, which is proposed for small chamber tests, can be extended to the key
parameter measurement of furniture emissions in the large-scale chamber.
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Table 2. Model performance evaluation results.

R2 NMSE FB FS

Results in this study 0.95 0.0032 0.0159 −0.1255
Values of indicative of adequate

model performance [49] ≥0.81 ≤0.25 ≤0.25 ≤0.5

According to the principle of the improved C-history method, just the experimental
data in the mid-term emission stage can be used for data fitting. Therefore, in Figure 6,
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just the experimental data during this stage (6 points) are used to perform the linear curve
fitting, which are then used to determine the key parameters in the formaldehyde emission
model. Figure 7 is used for validating the determined parameters. So, all the data are
plotted in Figure 7. Since the data for validation are more than the data for deriving the key
parameters, the good agreement between model predictions and all the experimental data
in Figure 7 convincingly demonstrates the effectiveness of the measurement method and
the model.

4.3. Formaldehyde Concentration Variation and Pre-Ventilation Time

For simulation case I-A, based on the intermittent ventilation control strategy and
VOC emission model, the formaldehyde concentration variation is predicted during four
weeks after the office is normally occupied. The results are shown in Figures 8–10.
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Figure 8 shows that the indoor formaldehyde concentrations gradually decrease after
the ventilation system is opened, and gradually increase when the ventilation system is
stopped. The peak concentration gradually decreases with the time. Correspondingly, the
time required for pre-ventilation gradually reduces. Figure 8 also represents that the indoor
formaldehyde concentrations during working hours are effectively controlled below the
limit value regulated by WHO guidelines (0.1 mg/m3), even though the indoor formalde-
hyde concentrations will exceed the limit value for some times during the unoccupied
period. A recent study [50] also indicated that the indoor VOC concentrations increased
when the ventilation system was off and decreased when the ventilation system was on.
This change pattern occurs in several cycles, which is consistent with the results in the
present study (as Figure 8 shows).

Figure 9 reveals that, for the four consecutive weeks, the pre-ventilation time on
Mondays shows a trend of exponential decay, from 2268 min on Monday of week I to
22 min on Monday of week IV. For the same week, the pre-ventilation time on Monday
is obviously larger than that on other days, e.g., the pre-ventilation time is 126 min on
Monday of week III, and the time is decreased to 40 min on Tuesday of the same week. The
pre-ventilation time from Tuesday (40 min) to Friday (20 min) also shows an exponential
decay, as indicated in Figure 10. In this figure, the x-axis represents four consecutive
working days (from Tuesday to Friday) in week III. Numbers 1–4 correspond to these four
days, respectively, and are used for the formula fitting.

4.4. Impact Factor Analysis on the Pre-Ventilation Time

In order to analyze the influence of different factors on the duration of pre-ventilation,
the pre-ventilation time on Tuesday of the first week after the vacant period of the office
room, is analyzed under different simulated cases (II-A to II-C).

(1) Vacant time of the office room

Figure 11 shows that the time required for pre-ventilation decreases exponentially
(from 848 min to 0 min), as the vacant time of the office room increases (from 80 days to
100 days). In particular, under the simulated condition of case II-A, when the room is kept
vacant and maintains proper ventilation for up to 100 days after the new desks are put in,
the required pre-ventilation time approaches zero. When the loading ratio of the furniture
is 0.30 m2/m3 and the natural air change rate is 5 h−1, the required vacant time is at least
80 days.
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(2) Furniture loading ratio

The furniture loading ratio is defined as the ratio of furniture’s VOC effective emission
area to the room volume, namely A/V (m2/m3). The furniture loading ratio has a great
impact on the formaldehyde concentration as well as the pre-ventilation time. The simu-
lation results of cases II-B show that, when the loading ratio increases from 0.17 to 0.30,
the pre-ventilation time for the first Tuesday increases from 4 min to 848 min. Figure 12
indicates that, the pre-ventilation time increases exponentially with the increase in the
furniture loading ratio.
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(3) Air change rate
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Ventilation equipment with larger capacity is helpful for ensuring that the formalde-
hyde concentration in the room is diluted to the healthy limited value faster. The simulation
results of cases II-C indicate that, when the air change rate increases to a certain extent
(e.g., more than 2 h−1), the pre-ventilation time will not decrease significantly by increasing
the air change rate, as shown in Figure 13. The reason lies in that, when the air change
rate is large enough, the indoor formaldehyde concentration can be controlled below the
health limit value in a short time (e.g., 30 min), and the space for the pre-ventilation time
continuing to reduce is limited. For example, the pre-ventilation time reduces from 30 min
to 10 min when the air change rate increases from 2 h−1 to 4 h−1. However, the energy
consumption and initial investment for the ventilation system will increase obviously by
increasing the ventilation rate. This means an air change rate of 2 h−1 is the most appro-
priate choice for ventilation for the cases studied (cases II-C). It should be noted that, the
optimal ventilation rate for pre-ventilation is related to the VOC emission characteristics of
indoor furniture and needs to be obtained according to the analysis of different scenarios.
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5. Conclusions

Based on the experiments on the emission characteristics of panel furniture and
the model for predicting formaldehyde emissions, this study explored the intermittent
ventilation strategy for the typical office room, to ensure a healthy indoor environment for
employees during working hours. By virtue of the dynamic simulation of formaldehyde
concentrations in an office room, the influences of some main factors (including the vacant
time of the office room, the furniture loading ratio, and the air change rate) on the pre-
ventilation time are analyzed. The main conclusions are as follows:

(1) The good agreement between the model prediction and experimental data demon-
strates that the improved C-history method, which is proposed for measuring the key
parameters of building materials in small-scale chambers, can be extended to be applicable
for measurement of the furniture’s VOC emissions in large-scale chamber.

(2) The key point of the intermittent ventilation strategy is to predict the pre-ventilation
time for each working day based on VOC prediction model. The pre-ventilation time of the
intermittent ventilation system ranges from several minutes to several hours.

(3) Under a certain furniture loading ratio (0.30 m2/m3) and air change rate (1 h−1), the
pre-ventilation time owns an exponential relationship with the vacant time. For example,
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the time required for pre-ventilation on Tuesday of the first week declines exponentially
(from 848 min to 0 min) as the vacant duration increases (from 80 to 100 days).

(4) Under a certain vacant time (80 days) and air change rate (1 h−1), the pre-ventilation
time increases (from 4 min to 848 min) exponentially with the increase in furniture loading
ratio (from 0.17 to 0.30 m2/m3).

(5) Under a certain furniture loading ratio (0.30 m2/m3) and vacant time (80 days),
the pre-ventilation time decreases exponentially with the increase in the air change rate.
However, when the air change rate increases to a certain extent (e.g., more than 2 h−1), the
pre-ventilation time will not decrease significantly by increasing the ventilation rate.

The conclusions are dependent on the selected typical modelling conditions. Since
the effectiveness of the measurement method and the model are demonstrated through
experiments, it should be very helpful for analyzing other scenarios by virtue of the
proposed method.
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