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Abstract: 13 

The fine particulate matter, generally known as PM2.5, has great impact on the air quality 14 

and human health. Although closing external windows can help prevent outdoor PM2.5 15 

going into indoors, many studies have shown that a significant number of particles can 16 

still pass the building façade through the cracks around the window. In order to quantify 17 

the influence of the external window crack structure and some relevant parameters, such 18 

as room dimension, on the indoor PM2.5 mass concentration, this paper introduces an 19 

updated model from a previously published paper by the authors (Zhao et al., 2015). The 20 

model was developed based on two-month field measured data from five unoccupied 21 

offices located in the central area of Beijing (capital city located in northern China), and 22 

then was validated against a new dataset measured in Guangzhou (a major city located in 23 
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southern China). The model can be used to quantify the indoor PM2.5 mass concentration 1 

based on the instant outdoor PM2.5 level, considering influences from external window 2 

crack structure, room dimension and outdoor meteorological conditions, i.e. outdoor wind 3 

speed and relative humidity.  4 
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1. Introduction 9 

In the past few decades China has experienced a rapid development in both urbanization 10 

and industrialization, especially in the Beijing-Tianjin-Hebei (BTH) region. This fast 11 

growth of economy has brought many development opportunities but meanwhile has also 12 

led to serious air pollution issues. The fine particulate matter (PM2.5) is currently of 13 

greatest concern in China in terms of both atmospheric air quality and human health [1]. 14 

According to the China Environmental Status Bulletin published in 2015 [2], PM2.5 is the 15 

primary pollutant in the BTH region recently, which is the most polluted area in China. 16 

In Beijing, the central area of the BTH region, the annual mean value of atmospheric 17 

PM2.5 mass concentration was 80.6μg/m³, over two times of the annual allowance 18 

recommended by the WHO (35μg/m³) [3]. Epidemiologic evidence has revealed the 19 

significant impact of the exposure time under PM2.5 pollution on human’s heath, as it may 20 

lead to serious health problems, such as asthma, chronic obstructive pulmonary disease 21 

and lung cancer [4]. In current society, most people are spending over 90% time inside 22 
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buildings. Therefore, providing an indoor environment with acceptable PM2.5 mass 1 

concentration is essential for a good built environment.  2 

 3 

Figure 1: Main routes for outdoor PM2.5 going into the indoor environment 4 

 5 

Existing studies have suggested three principal routes of outdoor PM2.5 going indoors [5]. 6 

These include mechanical ventilation, natural ventilation and infiltration, as shown in 7 

Figure 1. Mechanical ventilation is usually driven by fans to achieve the exchange of air 8 

between indoors and outdoors. During this process many particles can still go into the 9 

indoor environment through the system although filters are popularly used in real 10 

applications, aiming to stop the pass of pollutants. Natural ventilation can be driven by 11 

both wind pressure and temperature difference and generally there is no filters installed 12 

to prevent the pass of pollutants. Under this system, the most popular way of preventing 13 

PM2.5 going into indoors is closing all external windows to reduce the air exchange 14 

between indoors and outdoors [6]. Infiltration refers to those air exchanges through the 15 

cracks and small holes inside the building fabric. Although this part of air exchange is 16 
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small, the amount of particles imported through infiltration is also sufficient to cause 1 

indoor air pollution [7]. PM2.5 penetration through this part, however, is almost not 2 

controllable by people’s interaction with the building systems.  3 

 4 

Most existing studies on the barrier property of buildings’ fabric against PM2.5 pollution 5 

were based on field measured data from real buildings. These studies have been carried 6 

out in various buildings, such as education buildings [8-15], office buildings [16-21] and 7 

residential buildings [22-25]. These studies mainly focused on evaluating the correlation 8 

between indoor and outdoor PM2.5 mass concentrations, under various physical 9 

conditions. Although many useful results have been gained from these studies, their 10 

application is much dependent on the experimental conditions when and where the data 11 

were collected so cannot be used in a more general situation. 12 

 13 

In order to cover the above issue, some studies have tried to develop models that can link 14 

indoor and outdoor pollution levels based on important influential factors [26-36]. These 15 

factors include outdoor meteorological conditions [26-30], building façade properties 16 

[31-35] and occupant behavior [35, 36]. In order to evaluate the barrier property of 17 

important building façade components against outdoor pollutants, such as for the external 18 

window crack structure, Liu et al. [32] have proposed a theoretical model for calculating 19 

the penetration factor (P) of building fabric crack under various particle sizes. Following 20 

this model, Tian et al. [33] proposed a correction method for the crack roughness used in 21 

the model, based on the boundary layer thickness. Then Chen et al. [34] carried out a 22 
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further development on this method, enabling the calculation of the particle penetration 1 

factor under various particle sizes for actual engineering applications. These models, 2 

however, are all dependent on the particle sizes and cannot be used to calculate a mean 3 

penetration factor for all particles less than 2.5μm, which are those considered as PM2.5. 4 

This limits their applicability of estimating the barrier property of an actual building 5 

façade against outdoor PM2.5. Additionally, due to the significant impact of external 6 

window air-tightness level on the correlation between indoor and outdoor PM2.5 mass 7 

concentrations [18, 37], penetration factors (P) calculated under various particle sizes 8 

cannot quantify the individual influence of external window air-tightness level, external 9 

window crack structure and other relevant parameters, such as room dimension, on the 10 

indoor PM2.5 mass concentration. Therefore, a suitable evaluation method that can handle 11 

the above issues are highly required to be developed. 12 

 13 

According to the research issues mentioned above, the research team of this paper has 14 

already carried out a study in one office building in Beijing, China, and developed a 15 

predictive model considering the combinational influence of external window crack 16 

structure, room dimension and outdoor meteorological conditions [18]. In that model, a 17 

comprehensive structure characteristic coefficient, A, has been adopted to reflect the 18 

influence of two important parameters, i.e. external window crack structure and room 19 

dimension, on the indoor PM2.5 mass concentration (details can be found in Section 2.1). 20 

However, the coefficient A in that model is a value combining the influence of both 21 

external window crack structure and room dimension and developed by statistical 22 
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analysis method. Therefore, when one parameter is changed new field data have to be 1 

collected for developing another A for the new application, which limits the flexibility of 2 

the method. Additionally, as the coefficient A combines the impact of two influential 3 

parameters, i.e. external window crack structure and room dimension, on the indoor PM2.5 4 

mass concentration, the individual contribution of each parameter cannot be separately 5 

reflected by the model. Under this condition, a more general method to link A with some 6 

easy-to-obtain parameters, such as building properties (e.g. window crack structure and 7 

room dimension), is highly required. 8 

 9 

In order to make the existing method more flexible by considering the individual 10 

influence from external window crack structure and room dimension, this study adopted 11 

a method that can be used to calculate the value of A based on the building’s external 12 

window crack structure and room dimension, which is easier to be obtained. The method 13 

was developed using field measured data from six different buildings (five buildings were 14 

used to provide data for the model development, while one building was used for model 15 

validation), monitored continuously in a two-month period. With this method, the updated 16 

model can then be used to analyze the indoor PM2.5 mass concentration under various 17 

external window crack structures and room dimensions. 18 

 19 

2. Methodology 20 

2.1 Existing model description 21 

A detailed introduction of the existing model has been published recently [18], and the 22 
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model can be expressed as Equation 1,  1 

 2 

                   

C

i

i

B

i

i

i

i

RH

RH

U

U
A

O

I






























)ln(exp)ln(exp
     (1) 3 

 4 

where Ii/Oi is the mean Indoor/Outdoor ratio; Ui is the outdoor wind speed around the 5 

sampling site (in m/s) and RHi is the outdoor relative humidity around the sampling site 6 

(in %). A is the coefficient mentioned above, considering the combinational influence of 7 

the external window crack structure and room dimension. B, C are two correction factors 8 

for outdoor wind speed and relative humidity, respectively. In the published paper, the 9 

reliability of using this method to predict the I/O ratio of PM2.5 mass concentration has 10 

been demonstrated. 11 

  12 

2.2 Further development of coefficient A 13 

In order to solve the two issues described in the introduction section, the coefficient A in 14 

Equation 1 was further developed in this study, linking it with the two important 15 

parameters, i.e. external window crack structure and room dimension.  16 

 17 

2.2.1 Linking coefficient A with the two parameters 18 

Studies have justified that the amount of pollutants entering indoors is dependent on three 19 

main factors [38], namely, air infiltration rate (a), penetration factor (P) and deposition 20 

rate (k). During the infiltration process, the indoor PM2.5 mass concentration follows the 21 

mass balance principle defined by Equation 2, ignoring any coagulation and phase change 22 
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process and indoor pollutant source, 1 

 2 
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 4 

where Cin, Co are indoor and outdoor PM2.5 mass concentrations, respectively (in μg/m³); 5 

a is the air infiltration rate (in ACH); P is the particles’ penetration factor (dimensionless); 6 

k is the particles’ deposition factor (in h-1). 7 

 8 

Under steady-state conditions, it is acceptable that Equation 2 equals to 0 [39], so 9 

 10 
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 12 

Rearranging Equation 3 can get Equation 4, which links I/O ratio with a, P and k, 13 
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Substituting Equation 4 into Equation 1 can obtain the relationship defined by Equation 17 

5, 18 
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For a given building, air infiltration rate (a) reflects the amount of air exchanged between 1 

indoors and outdoors through infiltration, so it also determines the amount of outdoor 2 

particles getting through the cracks around external windows. According to the basic 3 

ventilation theory [40], under infiltration condition, the air exchanging rate (a) is mainly 4 

dependent on the pressure difference between the two sides of an external window, caused 5 

by wind force and buoyancy force. Therefore, it is mainly influenced by outdoor 6 

meteorological parameters [41-44]. Penetration factor (P) is defined as the fraction of 7 

particles in the infiltration air passing through the window crack, and it is directly linked 8 

with the external window crack structure [32, 45-47]. The deposition rate (k) reflects the 9 

indoor suspended particles concentration decay rate since natural sedimentation, and it is 10 

mainly affected by the zonal dimension and structure under stable conditions (no 11 

ventilation and air disturbance) [48-50]. According to these, it can be generally 12 

considered that in Equation 5, the infiltration rate (a) is mainly dependent on the terms 13 

related to outdoor weather conditions, i.e. a=f(U, RH); the coefficient A is mainly 14 

dependent on the P and k, i.e. A=f(P, k), so A=f(external window crack structure, room 15 

dimension). 16 

 17 



10 

 

Figure 2: Schematic diagram of an example external window 1 

 2 

2.2.2 Correlating A with external window crack structure 3 

Figure 2 above depicts a schematic drawing of a typical external window, in order to show 4 

important parameters that will be used in the following analysis. As described already, 5 

linking A with external window crack structure was mainly achieved through the 6 

penetration factor (P). Generally, there are three kinds of resistance when particles 7 

penetrating through a window crack, and they are gravity sedimentation, brown diffusion 8 

and inertial impaction [32-34]. Existing studies have shown that the inertial impaction is 9 

not an important particle deposition mechanism for airflow through building cracks and 10 

so it was ignored in the study. The penetration factor, therefore, was calculated based on 11 

gravity sedimentation (Pg) and Brown diffusion (PB), as shown in Equation 6, 12 

 13 

g BP P P                (6) 14 

 15 

where Pg and PB can be calculated by Equations 7 and 8 following [32-34], 16 
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 21 

where, z and d are the depth and height of the external window crack (in m). um and vs are 22 
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the air flow speed and the gravitational sedimentation velocity in the crack (in m/s). φ is 1 

a dimensionless coefficient and 2

4

p m

Dz

d u
  . D is the Brown diffusion coefficient (in m2/s) 2 

and dp is the particle diameter (in m). 3 

 4 

It should be noted that relevant studies have demonstrated that the air flow alongside a 5 

slender crack can be considered as laminar flow, and under this condition um is mainly 6 

influenced by the crack structure (z and d) [32, 51]. Besides, although the vs and φ are 7 

dependent on the particle diameter, Popescu et al. [52] and He et al. [53] have suggested 8 

that the particles diameter has little impact on both penetration factor and deposition rate 9 

when the diameter is within 0.1-2.5μm. Therefore, the influence caused by the particle 10 

diameter was also ignored in this study, as this is the range defining PM2.5.  11 

 12 

Based on this assumption and Equations 6 to 8, z and d can suitably reflect the structural 13 

characteristics of external window cracks and particle penetration performance. Therefore, 14 

in this study, a characteristic dimension of penetration factor, noting as Ap, was suggested. 15 

It was defined as the ratio of the window crack sectional area, denoted as FP (PM2.5 16 

accessible area, in m2) to the surface area alongside the depth of the window crack, 17 

denoted as Fz (PM2.5 deposition area, in m2), as expressed in Equation 9. This value will 18 

be used later to couple the influence of external window crack structure to the coefficient 19 

A: 20 

 21 
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 2 

2.2.3 Correlating A with room dimension 3 

Figure 3 depicts a schematic drawing of a typical room, in order to show important 4 

parameters that will be used in the following analysis.  5 

 6 

Figure 3: Schematic diagram of a typical room 7 

 8 

As mentioned already, linking A with room dimension was mainly achieved through the 9 

deposition rate (k), because room dimension has a significant impact on the indoor 10 

particle deposition performance when there was no mechanical ventilation and internal 11 

disturbance (e.g. occupant behavior). According to a formula proposed by You et al. [54] 12 

for particle deposition velocity (Equation 10), a characteristic dimension of the deposition 13 

rate has been proposed in this study, noting as Ak. It was defined as the ratio of the room 14 

cross-sectional area in parallel to the external window, denoted as Fwid (in m2), to the 15 
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deposition-weighted internal surface area, denoted as Fwei (in m2). This definition was 1 

based on an assumption that particles pass through the external windows perpendicularly 2 

and then deposit onto each internal surface independently, as expressed in Equation 11. 3 

 4 
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 8 

where φi is the deposition-weighted proportion factor (in %) as defined by Abadie et al. 9 

[55]; Fi is the surface area of each building internal surface (in m2).  10 

 11 

In the above equation, when defining the deposition-weighted internal surface area, Fwei, 12 

the particle deposition proportion to each surface was considered to be discrepant. 13 

Therefore, the deposition-weighted proportion factor, φi (in %), was brought into the 14 

equation, defined according to [55] for common wall components: most particles deposit 15 

onto the floor (φfl=60.6%±8.4%), followed by those onto the vertical walls 16 

(φve=28.4%±3.0%), with those onto the ceiling to be least (φce=11.0%±5.4%). Fwid=Hr·Wr, 17 

denoted as the width area; Fdep=Hr·Dr, denoted as the depth area; Ffl=Dr·Wr, which is the 18 

floor area (see Figure 3). 19 

 20 

2.3 Method development 21 
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In order to reflect the individual influence of P and k, shown in Equation 5, on the 1 

coefficient A, Equation 12 was developed, 2 

 3 
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 5 

where γ1, γ2 are correction factors for AP and Ak, respectively, which are dimensionless. 6 

 7 

Then substituting Equation 9 and 11 into the above equation can obtain, 8 
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 11 

Apparently, Ap, Ak can be calculated using existing building parameters, such as external 12 

window crack structure and room dimension. As described by Zhao et al. [18], A can be 13 

derived from statistical analysis on field measurement data. However, γ1, γ2 are unknown 14 

variables in the equation. Thus, for n buildings, the following matrix can be established, 15 

 16 
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Matrix 14 was rewritten as, 1 

 2 
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 4 

Then the above matrix can be described as Aγ=b (where, A is the Coefficient Matrix, γ is 5 

the matrix of unknown parameters and b is the Augmented Matrix). Since there are n 6 

equations and 2 unknowns only in the above matrix, according to the matrix theory, the 7 

Least Squares Method [56] can be used to solve the equations, given as γ=(ATA)-1(ATb). 8 

The model solution and validation are expressed in Section 3.2, using the data introduced 9 

in Section 3.1. 10 

 11 

3. Case study 12 

3.1 Data collection 13 

In this study, data have been collected from six offices located in Beijing and GuangZhou, 14 

China. The data collected from Beijing offices were used to solve the above model while 15 

the one collected from GuangZhou was used for model validation. Details of the method 16 

can be found in the following sections. 17 

 18 

3.1.1 Sampling sites 19 
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Figure 4a depicts the locations of the five sampling sites (five offices) of this study in 1 

Beijing, China, numbered from Sampling Site 1 (SP1) to Sampling Site 5 (SP5), and all 2 

the five sampling sites are located in the central area of Beijing. Figure 4b depicted the 3 

location of sampling site in Guangzhou, China, numbered as Sampling Site 6 (SP6). It is 4 

located in the central area of Guangzhou. In the study, all six offices have been monitored 5 

for about 2 months in winter with respect to both indoor and outdoor PM2.5 mass 6 

concentrations. Throughout the monitoring period, all sampling sites were unoccupied, 7 

and had no air-conditioning and ventilation (with closed external windows and internal 8 

doors). Additionally, all walls of the six sampling sites were concrete construction, with 9 

insulation layer on the outer wall surface (the external walls of SP1-SP5 had 50mm 10 

insulation layer, and the external wall of SP6 had 30mm insulation layer). In addition, all 11 

walls had good compactness and there were no holes or cracks on the surfaces. According 12 

to these, it was considered in the study that the external window crack was the only route 13 

of air infiltration from outdoors to indoors. Meanwhile, in order to get rid of the air 14 

leakage from internal openings such as internal doors, all internal openings were closed 15 

during the measurement and all cracks around them were sealed using tapes. 16 

 17 

Additionally, no electronic devices were running except the monitoring devices, in order 18 

to get rid of pollutants generated from those devices. 19 
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 1 

a) Locations of SP1-SP5 and the two GAW stations in Beijing 2 

 3 

b) Location of SP6 and the GAW station in Guangzhou 4 

Figure 4: Locations of the six sampling sites and the three GAW stations 5 

 6 

Some detailed information about the external window crack structure and room 7 

dimension of the six sampling sites has been provided in Table 1. From Table 1, it can be 8 

found that the selected samples have various characteristics and locations, aiming to 9 
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justify the impact of various characteristics on the value of coefficient A, as well as the 1 

variation of γ1 and γ2 under different building conditions.  2 

 3 

Table 1: The information about the six sampling sites in detail 4 

Table 1 5 

 6 

Samplin

g Site 

Room 

dimension 

(Hr×Wr×Dr, 

mm) 

Windo

w types 

Window 

air-

tightness a 

Window 

size 

(H×W, mm) 
b 

Crack depth 

z (mm) 

1 
2800×4500×440

0 

Caseme

nt 
4 1150×700 50 

2 
3000×6000×400

0 

Caseme

nt 
8 1200×900 70 

3 
3700×4400×590

0 
Sliding 3 1070×1160 62 

4 
2800×11800×86

00 

Caseme

nt 
5 1800×1500 70 

5 
3300×6000×300

0 

Caseme

nt 
6 1700×900 70 

6 
2800×4000×400

0 

Caseme

nt 
4 1100×550 55 

 7 
a The air-tightness of all external windows was evaluated by the China National Standard 8 

- GB/T 7106-2008, and more information can be found as follows. 9 
b This size accounted the openable area of the window, while fixed windows were 10 

considered as a part of the external walls. 11 

 12 

One of the biggest challenges of this study was to estimate the window crack height (d) 13 

for the windows in each sampling site, because this parameter is scarcely possible to 14 

measure using conventional measuring devices. To solve this issue, this study proposed a 15 

method based on the relationship between the window air-tightness level and the 16 

corresponding air infiltration rate on unit crack length (ql, in m³/(m·h)), which has been 17 

defined in the China National Standard - GB/T 7106-2008 Graduations and test methods 18 
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of air permeability, watertightness, wind load resistance performance for building 1 

external windows and doors [57] (Table 2 has listed the mandatory indexsspecified in 2 

GB/T 7106-2008). Using the Table 2, the window crack height (d) was inversely 3 

calculated by subsituting the corresponding ql to Equation 16, which is a common 4 

equation used by researchers when defining the relationship between the airflow rate and 5 

the crack structure [51]. Using this method, the calculated window crack heights for all 6 

six sampling sites were obtained and listed in Table 3. 7 

 8 

It is worthy of noting that in order to get rid of the uncertainties caused by using 9 

theoretical values for real applications, all sampling sites were carefully chosen so their 10 

actual situation can strictly follow the Table 2 in the standard [57]. The considerations 11 

during the selection procedure included: 1) all windows’ air-tightness were strictly 12 

determined by the standard when the buildings were designed and constructed; 2) all 13 

windows’ air-tightness level has been inspected at the manufacturer to ensure strict 14 

compliance with the standard; 3) all buildings are newly-built so corrosions caused during 15 

the operation phase can be neglected.  16 

 17 

  2

3 2

1.512

2
l l

nz
p q q

d d

 
          (16) 18 

 19 

where, μ is the dynamic viscosity of air (in kPa·s); ρ is the air density (in kg/m³); n is the 20 

number of right-angle bends in the window crack; Δp is the pressure difference between 21 

the two window sides (in Pa).  22 
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 1 

Table 2: Air-tightness level of external window in GB/T 7106-2008 2 

Table 2 3 

 4 

Air-tightness level a 1 2 3 4 5 6 7 8 

ql 
b 3.5~4.0 3.0~3.5 2.5~3.0 2.0~2.5 1.5~2.0 1.0~1.5 0.5~1.0 ≤0.5 

 5 
a Air-tightness of external windows is defined as the property of infiltration air prevention 6 

when the external window is closed. The experimental condition used to develop the 7 

above table was under 10Pa pressure difference between the two sides of the window, at 8 

typical temperature (20℃) and pressure conditions (1atm). 9 
b ql represents the air infiltration rate on unit crack length, in m³/(m·h). In this study, the 10 

mean value for each air-tightness level was adopted when estimating the window’s crack 11 

height. 12 

 13 

Table 3: Window crack heights for all six sampling sites 14 

Table 3 15 

 16 

Sampling Site 1 2 3 4 5 6 

Window crack height (d) (mm) 0.912 0.599 0.910 0.819 1.054 0.939 

 17 

3.1.2 Monitoring and data processing 18 

In this study, both indoor and outdoor PM2.5 mass concentrations were concurrently 19 

measured and recorded using LD-5C(R) line particle monitors, with a measurement range 20 

of 1 to 104μg/m3 and sensitivity of 1μg/m3. The sampling interval was 20 minutes, chosen 21 

based on a consideration of equipment maintenance. Although it is longer than that 22 

popularly adopted in previously studies, which is 5 minutes, a pilot study has 23 

demonstrated that there is no significant difference for data measured at 5 minutes interval 24 

and 20 minutes interval.  25 

 26 
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In the study, outdoor meteorological parameters, i.e. outdoor wind speed (Ui) and relative 1 

humidity (RHi), were collected by regional Global Atmosphere Watch (GAW) stations at 2 

an hourly basis (http://data.cma.gov.cn/). In both Beijing and Guangzhou, there are a 3 

number of such stations distributed inside the city and the closest station for each 4 

sampling site was chosen as data provider. In order to handle the difference between local 5 

outdoor environment, especially for wind speed, and that at a nearby weather station, the 6 

ASHRAE method has been adopted to correct the wind speed values obtained from the 7 

station, as shown in Equation 17. This method has considered the impact of the height of 8 

the window, the local building terrain and the local wind boundary layer thickness of both 9 

the weather station and the sampling site, when correcting the data measured at a local 10 

weather station to be applicable for a local field application. 11 

 12 
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 14 

where, Umet is the wind speed measured at weather station, in m/s; δmet and δi are the local 15 

wind boundary layer thickness of the weather station and the sampling site, respectively, 16 

in m, and the values have been determined according to [58]; hmet and hi are the height of 17 

the weather station and the sampling site, respectively, in m; αmet and αi are the exponent 18 

of the local building terrain of both weather station and the sampling site, which is 19 

dimensionless, and the values used in this study were also coming from [58]. Table 4 has 20 

listed all values chosen in this study for the calculation of Equation 17.  21 

 22 



22 

 

Table 4: Detail values in Equation 17 for the six samplings sites and the three GAW stations 1 

Table 4 2 

 3 

Location hmet or hi (m) δmet or δi (m) αmet or αi 

GAW 54433 10 270 0.14 

GAW 54511 15 210 0.1 

GAW 59287 15 370 0.22 

SP1 28 460 0.33 

SP2 45 370 0.22 

SP3 30 370 0.22 

SP4 23 370 0.22 

SP5 20 370 0.22 

SP6 25 460 0.33 

 4 

A number of existing studies have revealed a strong inverse relationship between wind 5 

speed and outdoor PM2.5 mass concentration, that is to say a high outdoor wind speed 6 

leads to a low level of pollution [14, 15, 29]. Due to the target of this study, only high 7 

pollution circumstances have been used for the later analysis (concentration >115μg/m3). 8 

Under this condition, the wind speed was low, which leads to an ignorance of the impact 9 

from wind direction, as suggested in [44]. 10 

 11 

Due to the different sampling intervals of PM2.5 mass concentrations (both indoors and 12 

outdoors) and meteorological parameters, in the later data analysis, the measured PM2.5 13 

mass concentrations were averaged on the basis of every hour, in order to be consistent 14 

with the measured outdoor meteorological parameters.  15 

 16 

3.1.3 Measurement conditions 17 

This study focused on the winter time, as it has the most serious PM2.5 pollution of the 18 
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year in both Beijing and Guangzhou [2]. The monitoring data of SP1 and SP2 were 1 

selected between 1st Nov to 30th Dec, 2015. Meanwhile the monitoring data of SP3-SP5 2 

were selected between 1st Jan to 29th Feb, 2016. The monitoring data of SP6 were selected 3 

between 1st Dec, 2014 and 30th Jan, 2015. Beijing is located in northern China (39.8°N, 4 

116.5°E), belonging to the zone of typical continental monsoon climate. During the 5 

monitoring period, the outdoor temperature was ranging between -16.8℃ and 16.0℃, 6 

with a mean value of -0.4℃. The relative humidity was ranging between 10% and 95%, 7 

with a mean value of 56%. The measured wind speed was mainly falling within 0 and 8 

6.6m/s, with a mean value of 1.3m/s. Guangzhou, however, is located in the southern 9 

coastal area of China (23.1°N, 112.9°E), belonging to the zone of typical subtropical 10 

monsoon climate. This choice can reflect the applicability of the developed model in 11 

another location or climatic condition. During the monitoring period, the outdoor 12 

temperature was ranging between 1.3℃ and 24.2℃, with a mean value of 12.7℃. The 13 

relative humidity was ranging between 15% and 99%, with a mean value of 69%. The 14 

measured wind speed was mainly falling within 0 and 6.1m/s, with a mean value of 1.1m/s. 15 

 16 

Figure 5a depicts the outdoor PM2.5 mass concentration for the whole monitoring period 17 

in Beijing (Nov, 2015 to Feb, 2016). The highest PM2.5 mass concentration reached 18 

558μg/m³, and the mean PM2.5 mass concentration was 103.7μg/m³. In Guangzhou, 19 

Figure 5b depicts the outdoor PM2.5 mass concentration for the whole monitoring period 20 

between Dec, 2014 and Jan, 2015. The highest PM2.5 mass concentration has reached 21 

294μg/m³, and the mean PM2.5 mass concentration was 91.3μg/m³. According to the 22 
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classification method proposed by the Chinese National Standard - GB-3095-2012 1 

Ambient air quality standards [59], the detail PM2.5 pollution level classification 2 

described in Table 5.3 

 4 

(a) Outdoor PM2.5 hourly-average mass concentration in Beijing 5 

 6 

(b) Outdoor PM2.5 hourly-average mass concentration in Guangzhou 7 

Figure 5: Outdoor air quality during the monitoring period 8 

Table 5: PM2.5 pollution level classification in GB-3095-2012 9 

Table 5 10 

 11 

PM2.5 pollution level PM2.5 mass concentration (μg/m3) 

Acceptable 0-75 

Slightly polluted 75-115 

Moderately polluted 115-150 

Severely polluted 150-250 

Seriously polluted >250 

 12 
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 1 

3.1.4 Relationship between indoor and outdoor PM2.5 mass concentrations 2 

Figure 6a-6f compare both indoor and outdoor PM2.5 mass concentrations for SP1-5 when 3 

the outdoor air quality was classified as acceptable, slightly/moderately polluted and 4 

severely/seriously polluted (since there was only one sampling site in Guangzhou, SP6 5 

was not involved in comparison). Table 6 has listed some detailed data obtained from 6 

these figures. The results show that when outdoor air quality was classified as acceptable, 7 

the indoor air quality at all five sampling sites (mean Cin=25.8μg/m³, 20.5μg/m³, 8 

27.7μg/m³, 22.2μg/m³, 21.8μg/m³, respectively) was also within the acceptable range 9 

(<75μg/m³) defined by the Chinese standard (shown in Figure 6a and 6b). Similarly, when 10 

the outdoor air quality was classified as slightly/moderately polluted, the indoor air 11 

quality at most sampling sites was also acceptable, except that at SP3 (mean 12 

Cin=70.9μg/m³, 56.9μg/m³, 79.7μg/m³, 69.6μg/m³, 65.8μg/m³, respectively, shown in 13 

Figure 6c and 6d). However, from here, a difference between sampling sites has started 14 

to appear. When the outdoor air quality was classified as severely/seriously polluted, the 15 

indoor air quality of all sampling sites exceeded the threshold (mean Cin=210.7μg/m³, 16 

126.7μg/m³, 200.7μg/m³, 156.2μg/m³, 136.0μg/m³, respectively), and the exceeding 17 

levels are different between them (shown in Figure 6e and 6f). 18 

 19 

The filed measurement results show a great difference of indoor air quality between the 20 

five sampling sites, under the same outdoor PM2.5 pollution conditions. This phenomenon 21 

may be contributed by a combinational effect of both external window crack structure 22 
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and room dimension. In order to identify the individual influence of the two parameters, 1 

therefore, a method that can separate the two parameters is required. 2 

 3 

Figure 6: Indoor/outdoor PM2.5 mass concentrations in different outdoor pollution level 4 

Table 6: Mean Indoor/outdoor PM2.5 mass concentrations in different outdoor pollution level from  5 

Table 6 6 

 7 

Sampling Site 
Outdoor acceptable 

Outdoor slightly/ 

moderately polluted 

Outdoor severely/ 

seriously polluted 

𝐶𝑜𝑢𝑡̅̅ ̅̅ ̅̅ (μg/m³) 𝐶𝑖𝑛̅̅ ̅̅ (μg/m³) 𝐶𝑜𝑢𝑡̅̅ ̅̅ ̅̅ (μg/m³) 𝐶𝑖𝑛̅̅ ̅̅ (μg/m³) 𝐶𝑜𝑢𝑡̅̅ ̅̅ ̅̅ (μg/m³) 𝐶𝑖𝑛̅̅ ̅̅ (μg/m³) 

1 50.5 25.8 124.0 70.9 364.3 210.7 

2 52.3 20.5 126.2 56.9 389.6 126.7 

3 45.9 27.7 126.6 79.7 309.1 200.7 

4 45.9 22.2 126.6 69.6 309.1 156.2 

5 45.9 21.8 126.6 65.8 309.1 136.0 

 8 



27 

 

3.2 Model solution and validation 1 

This study intended to use the related data (i.e. APi, Aki and Ai) from SP1-5 (located in 2 

Beijing) to solve the two unknowns (i.e. γ1 and γ2) in Equation 13, using the Least Square 3 

Solution method mentioned in Section 2.3. Then the model was validated against the data 4 

measured at SP6 (located in Guangzhou). Using the values listed in Table 1, the 5 

corresponding APi and Aki in Matrix 15 were calculated for all six sampling sites by 6 

Equation 9 and Equation 11. The values of Ai were estimated by statistical analysis of the 7 

field measurement data, using Equation 1, and the method has been detailed described by 8 

the authors in [18]. The calculation results for SP1-5 have been listed in Table 7, and these 9 

data were used in the study for solving the model. As described in Section 2.3, the Least 10 

Square Solution method was then be used to calculate γ1 and γ2 based on the calculated 11 

APi, Aki and Ai in Table 7, and then got γ1=0.194 and γ2=-0.221. The corresponding 12 

minimum residual sum of squares was calculated as 𝑆(𝜸)𝑚𝑖𝑛 = ‖𝑨𝜸 − 𝒃‖2 = 0.005.  13 

 14 

Table 7: Calculated values of Ap, Ak and A for the five sampling sites 15 

Table 7 16 

 17 

Sampling Site AP Ak A 

1 0.018 0.443 0.576 

2 0.009 0.547 0.422 

3 0.017 0.371 0.603 

4 0.013 0.315 0.520 

5 0.012 0.664 0.474 

 18 

Thus, Equation 13 becomes, 19 

 20 
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   (18) 1 

 2 

In order to validate the accuracy of the above equation, the data collected from SP6 were 3 

used. The values calculated by Equation 18 above and those calculated by the statistical 4 

analysis method mentioned in [18] have been compared in Table 8. The comparison 5 

shows a good agreement between the two values, with the relative error of 5.4%. 6 

Therefore, there is confidence that Equation 18 can give reliable results for real 7 

applications, even in different horizon, structure of external window crack and room 8 

dimension, as well as locations.  9 

 10 

Table 8: Comparison of calculated coefficient A by two different methods 11 

Table 8 12 

 13 

Sampling Site AP Ak 
Calculated using 

Equation 18 

Calculated using 

Equation1 
Error 

6 0.017 0.462 0.538 0.569 5.4% 

  14 
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 1 

Substituting Equation 18 into Equation 1 gives an updated version of the existing model 2 

mentioned in [18]. Apparently, the new version adopts more parameters related to the 3 

building (e.g. external window crack structure and room dimension) and this enhances 4 

the flexibility of the method developed already.  5 

 6 

3.3 Model implementation  7 

In order to demonstrate how the updated method can help real design applications, two 8 

scenarios have been proposed, as introduced in Section 3.3.1 and 3.3.2, respectively.  9 

 10 

3.3.1 Sensitivity analysis of the effect of external window crack structure and room 11 

dimension on indoor PM2.5 mass concentration 12 

According to Section 3.1.4, various external window crack structures and room 13 

dimensions can affect the indoor air quality under the same outdoor conditions. In order 14 

to separately analyze the contribution of the two parameters, a sensitivity analysis has 15 

been employed, using the updated method in this study. 16 

 17 

The sensitivity analysis was based on the controlling variable method, given as: when 18 

evaluating the influence of one parameter on the I/O ratio, its value was increased by 50% 19 

while keeping the other factors unchanged. Then the updated model was used to calculate 20 

the corresponding I/O ratio. Figure 7 shows the change of the I/O ratio when each 21 

parameter was changed. From the results, it could be found that the influence from the 22 
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external window crack structure (represented by d, z) was much stronger than that from 1 

the room dimension (represented by Fdep, Ffl and Fwid). The highest sensitive parameter 2 

was revealed to be the window crack height (d), with I/O ratio changing rates from 8.4%-3 

10.3% for the six sampling sites. The second parameter was the window crack depth (z), 4 

with I/O ratio changing rates between 7.7% and 9.3%. The ranking for the remaining 5 

parameters was the depth area (Fdep), the floor area (Ffl), and then the width area (Fwid). 6 

From this result, it could be found that in order to provide better indoor air quality 7 

regarding to PM2.5, more attentions should be paid on promoting the external window 8 

structure, rather than the room dimension.   9 

 10 

Figure 7: Sensitivity of I/O ratio to the parameters of external window crack structure and room 11 

dimension 12 

 13 

3.3.2 Enhancing external window regarding to both crack structure and air-tightness 14 

level  15 

In real building design applications, it may need to identify proper window air-tightness 16 

levels/window crack structure to achieve acceptable indoor air quality regarding to PM2.5, 17 
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due to the high importance identified in the above section. In this section, SP1 was 1 

selected for the demonstration, and both its air-tightness level and window crack structure 2 

were changed, as shown in Table 9. The results reflect that with the increase of window 3 

air-tightness levels, the I/O ratio are decreased so an air-tighter window can help to 4 

promote the indoor air quality, which the impact can be quantified by the updated model 5 

from this study. Additionally, the I/O ratio also shows a downward trend with the decrease 6 

of the d/z when the windows are in the same air-tightness level, and this trend could be 7 

quantified using the updated model as well. 8 

 9 

Table 9: Effect of various window air-tightness levels and crack structure on the I/O ratio 10 

Table 9 11 

 12 

Air-tightness 

level 

z=50mm I/O decrease 

rate (%) 

z=60mm  I/O decrease 

rate (%) 

z=70mm  I/O decrease 

rate (%) d (mm) d (mm) d (mm) 

6 0.679-0.782 a 3.4-6.0 0.720-0.829 5.7-8.3 0.785-0.872 7.6-9.5 

7 0.536-0.679 6.0-10.3 0.569-0.721 8.3-12.4 0.599-0.758 9.5-14.1 

8 ≤0.536 ≥10.3 ≤0.569 ≥12.4 ≤0.599 ≥14.1 
 13 

a All calculated ranges were obtained by the upper and lower bounds of ql respectively, 14 

corresponding to its air-tightness level shown in Table 2. 15 

 16 

 17 

4. Conclusion 18 

In order to quantify the influence of the external window crack structure and some 19 

relevant parameters, such as room dimension and window air-tightness level, on the 20 

indoor PM2.5 mass concentration, an existing model has been updated and introduced in 21 

this paper. The updated model includes parameters, including external window crack 22 

structure, room dimension and outdoor meteorological conditions, and can be used to 23 
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quantify the influence of changing external window crack structure, room dimension and 1 

window air-tightness level on the indoor PM2.5 mass concentration. The model has been 2 

validated against the statistical analysis method to provide confidence on its accuracy. 3 

The model is based on the I/O ratio and should be able to help both theoretical analysis 4 

of building performance and also performance prediction, such as dynamic building 5 

performance simulation.   6 

 7 
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