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that when it is heated during printing operations will emit VOC. Printing shops heavily
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operate these devices (machines) and often several of them at the same time and this
will cause the VOC level inside the premises to be higher compared to home and offices
that have similar equipment. This study estimates the VOC, particularly toluene,
concentration, and distribution inside a printing room, by using Computer Fluid
Dynamic (CFD) analysis approach software. The software aid in physical modelling of
the emission flow based on copiers machine numbers and influence of parameters like
concentration levels and anthropometric data. Despite implementing ventilation and
at a minimum number of operating copiers, the study reveals that toluene emissions

Keywords: exceed the recommended limit, particularly among females who have higher exposure
CFD simulation; IAQ; VOC emission; than males due to height. The quantity of copiers and the positioning influenced the
room office; photocopiers dispersion of toluene in the investigated area.

1. Introduction

The awareness of indoor air quality (IAQ) among the public has been on the increase as more and
more individuals are spending their time working in offices and recently in their homes due to COVID-
19 lockdowns. But only a handful pay attention to this issue and decided that this issue should not
be underestimated. IAQ has broad definitions in multiple forms. According to the definition by
Department of Safety and Health (DOSH) Malaysia [1], indoor air is the air inside a building, including
air which is within a room and air which is removed from a room by mechanical means. This term
applies and not limited to offices, lecture hall, shopping complexes, homes, and hospitals. While
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) stated that the
IAQ is the air in and surrounding the building, particularly the air that affects the health quality and
well-being of the occupants [2].
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VOCs are one of the various chemicals that contribute to the degradation of indoor air quality
(IAQ). VOC, short for volatile organic compounds, denotes organic molecules with a vapour pressure
exceeding 10 Pascals (Pa) at 25 degrees Celsius (2C), a maximum boiling point of 260 2C at 1
atmospheric pressure (atm), and a maximum of 15 carbon atoms [3]. Printing devices, such as
printers, fax machines, photocopiers, and all-in-one printing devices, are considered significant
sources of VOC. They are frequently used by students, lecturers, teachers, and office workers [4-6].
VOCs are also produced by computers and notebooks, although the emission levels are relatively
insignificant (ranges from 100 to 200, ,ugh_l) [7, 8]. Additionally, laser printers emit a range of VOCs,
including hazardous substances like toluene, benzene, and chloroform which can lead to chronic
health problems through prolonged exposure [9, 10]. This proves that people typically inhale VOCs
without realizing it in their daily routines.

The concentration of VOCs, specifically toluene, was measured during working hours at
photocopy centres in Tehran [11]. According to the findings, indoor toluene levels are notably higher
than outdoor levels during business hours, providing evidence that rooms with photocopiers contain
increased VOC levels. As a result of this alarming information, several studies were conducted to
investigate the link between VOC exposure and human health. A specific discovery has indicated that
individuals employed in printing facilities are more susceptible to chronic cancer throughout their
lifetime [12]. Moreover, exposure to toluene can result in memory impairment, eye irritation,
increased drowsiness [11], and may even induce effects resembling alcohol consumption if the
substance is misused [13]. In a separate study on toluene exposure, a group of participants were
exposed to 100 parts per million (ppm) of toluene for a duration of 6 hours. As a result, the
participants reported experiencing discomfort, including irritations of the eyes, nose, and throat, as
well as drowsiness and fatigue [14].

One method for measuring the VOC concentration involves the utilization of a qualified individual
(Hygiene Technician 1) to perform on-site air quality monitoring [15]. Although considered the most
precise approach, its adoption in businesses and premises exempted from Occupational Safety and
Health (USECHH) Regulations 2000 entails substantial financial implications [16]. Therefore, in order
to accurately measure VOC emissions in a cost-effective manner, the utilization of Computational
Fluid Dynamics (CFD) analysis is recommended [17]. There are multiple factors that contribute to the
selection of CFD as an investigation method. For instance, engineers can utilize CFD to anticipate
product performance without the need for physical fabrication, thereby exposing potential critical
flaws that could have severe consequences in real-world scenarios [18]. Additionally, as mentioned
earlier, the utilization of Computational Fluid Dynamics (CFD) can substantially decrease the financial
burden of performing experiments or analyses. This is achieved by eliminating variables such as
material prices, equipment setup costs, time, and other expensive procedures [19]. Moreover,
Computational Fluid Dynamics (CFD) has the ability to offer valuable insights into large-scale
experiments or scenarios, generating results such as eddy dissipation, mass fraction, and vorticity
that may be challenging or even unattainable through experimental means [18, 20, 21].

The use of CFD tools can significantly enhance indoor air quality management by accurately
forecasting the impact of various factors on the concentrations of indoor toluene and other VOCs
[22, 23]. The validated CFD model considers factors such as air exchange, which can decrease toluene
levels by improving the adsorption performance of building materials [24]. By predicting the
influence of air exchange rate, adsorptive material loading factor, and convective mass transfer rate,
the CFD model provides a better understanding of toluene removal efficiency, which is crucial for
optimizing indoor air quality management.

Toluene was picked as a representative for VOC emissions from photocopiers in this research
because it is commonly found in toners and has been extensively studied as a volatile organic
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compound [25, 26]. Moreover, toluene is noteworthy compared to other VOCs because of the
extensive research conducted on its properties, health effects, and emission rates, as well as the
accessibility of this information [27, 28]. This makes it an appropriate selection for representation
and examination. Raising awareness about the risks of toluene exposure is essential for employers
and government entities to implement control measures. Therefore, it is necessary to provide
monitoring and education for photocopier operators to mitigate the hazards and risks associated
with photocopying. In light of this concern, the present study was undertaken to investigate the issue
using a CFD analysis approach. The main objective was to investigate the dispersion of VOC, with a
specific focus on toluene, and measure the concentration of toluene emitted by photocopiers. To
make observations on toluene concentration, anthropometry data, specifically sitting and standing
height of Malaysians, were used. The goal of this research is to establish a reference for a photocopier
centre, ensuring the safety of both workers and visitors in the room or space.

2. Methodology
2.1 Geometry and Meshing

A Kuala Lumpur-based printing shop with different numbers of operational photocopiers was
chosen to showcase the variation in toluene emissions. A three-dimensional geometry was
constructed based on the actual room geometry as shown in Figure 1(a) with a dimension of 19.86
m x 6.7 m x 4.0 m. As stated before, a basic photocopier was used in this simulation with a dimension
of 0.617mx0.62mx1.1mand0.69 mx1.731 mx 1.213 m respectively. The exhaust fan dimension
was 0.24 m x 0.24 m, and the air conditioner inlet was 0.95 m x 0.95 m. The door and counter
dimensions on the hand were based on assumption using similar furniture dimensions, as shown in
Figure 1(b). All the item designs are constructed as basic three-dimensional rectangles to shorten the
time taken to design them and to simplify number and size of the element during meshing (see Figure
2). The values obtained were grid independent. To observe the best meshing results, all three-
relevance centre sizing (fine, medium and coarse) were tested. A total of 495,732 meshing was done
for the fine model, while 251,322 and 150,411 meshing were done for the medium and coarse
models, respectively. Based on the data presented in Table 1, it can be concluded that choosing the
fine meshing model resulted in the most favourable outcomes during the simulation. The selection
of the fine meshing model was based on its slightly higher density and mass fraction values,
suggesting that it would yield the most favourable simulation outcomes. According to the findings in
Table 1, opting for the fine meshing model yielded the most favourable results in the simulation [8].

/rﬁ\ " 08m
I Air-conditioner inlets / /

Counter
o

\\
. P ™~
. Photocopiers ““Exhaust fan

. I

\ )
~ | .
S [ o
7

™~ 08m
(a) (b)

Fig. 1. (a) Dimension of door outlet and counter (b) Dimension of door outlet and counter
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Fig. 2. Meshing geometry

Table 1
Grid independence study for male standing, two copiers at workers' area
Number of Size of elements Volume Average .
. 3 Mass fraction [-]
elements (mm) density [kg/m™]
215011 3.5 0.2647 0.2407
425232 2.5 0.2662 0.2437
594100 1.0 0.3006 0.3289

2.2 Geometrical Models and Boundary Conditions

In this study, the Turbulence k- model was selected as the turbulence model. The selection was
made based on the measurement of copier emissions within the room fluid domain, with the
assumption that both the air flow and VOC emission were positioned away from the walls. Another
reason for selecting this model is that it is recommended for simulating scenarios involving flows with
chemical mixture, multi-phase flow, and combustion. This model can create a rough yet accurate
estimation of the flow field [29]. The boundary conditions for this simulation comprise two velocity
inlets, represented by two cassette air-conditioners positioned at the ceiling of the room, with
identical airflow velocities. An exhaust fan for the ventilation purpose and a door was set as an outlet.
In addition, numbers of copiers have been designated as the source of mass flow inlet, contributing
to the release of toluene emissions within the room. The toluene rate value was derived by referring
to the study conducted by Kowalska et al., [30] and supported by Destaillats et al., [28]. Table 2 and
Table 3 below present the specifics of the equations and boundary conditions of the toluene
associated with the selected model.

Table 2

Summary of mathematical equation

Equation Mathematical equations

Kinematic

edd k?

vichsity, Ve = Cﬂ? (@)
Vi

Turbulence

kinetic %_l_ﬁ_%:i[(V*‘Vtﬂ . T@ (2)
energy (k) dt 7ox; 0x;| op 0x; Y ox;’

Turbulence

dissipation ¢ N ﬁ'ﬁ _ 0 [wHv E] 3 i‘r@ 3 i (3)
rate () ot Jox; oOxj| o, 0x; Sk Vax, Pk’

The Prandtl numbers used for k and € was g, = 1.0 and
o, = 1.3 respectively. The remaining constant in this
model are C, = 0.09, C,, = 1.92.
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Table 3

Boundary condition of toulene

Details of Inlet Boundary Condition Value
Chemical formula CsHs

Mass flow rate [kg/s] 3.06 x 10
Initial Gauge Pressure [Pa] 0
Turbulent Intensity [%] 5
Reference temperature [°C] 25

2.3 Toluene Emission Investigation

Three different cases were used in this simulation to analyze the emission of toluene from the
photocopiers. Table 4 illustrates the different numbers of photocopiers used as the emission source
in each of these cases. The dispersion of toluene throughout the room was determined using the
path lines graphic method. Several plane surfaces were utilized on the ZX axis to visualize the
contours of the mass fraction and generate a report averaging the mixture density and toluene mass
fraction. The location of the plane surfaces used in the simulation is derived from a previous study
on Malaysian anthropometric measurements [31], as stated in Table 5 below. Once the models were
selected and the boundary conditions were established, the solution was computed using a pressure-
based solver in a steady state, considering the influence of gravity acceleration along the Y-axis. By
examining the mixture flow, multiple data such as molar concentration, density, and mass fraction
with respect to position can be extracted.

Table 4
Description of simulation for each case
Case Descriptions
1: 2
Case .TWO @) Simulated the emission during a slow working day which the printing shop has less
operational

photocopiers customer than usual and only uses two photocopiers, as shown in Figure 3(a).

Simulated the emission during a normal business operation which the printing shop

Case 2: Four (4 . .
() has the usual number of customers and only uses four photocopiers, as shown in

operational

. Fi 3(b).

photocopiers igure 3(b)

Case 3: Six (6) Simulated the emission during busy season where the shop must use all the six
operational printers to meet the demand of their customers, as shown in Figure 3(c).

photocopiers

- o
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(c)
Fig. 3. (a) Case 1: Two photocopiers (b) Case 2: Four photocopiers (c) Case 3:
Six photocopiers

Table 5

ZX plane surfaces

Name Y-axis (m)
Male standing height 1.679
Male sitting height 0.835
Female standing height 1.534
Female sitting height 0.779

3. Results and Discussion

The following results show the dispersion range and concentration level of the toluene vapour in
the room, which were influenced by the number of operational photocopiers. Anthropometric data
from Table 5 was used to measure toluene concentration at various height levels. Subsequently, the
data derived from the results were compared to previous studies and the The National Institute for
Occupational Safety and Health (NIOSH) Standards in the United States [32] to reveal potential health
risks stemming from exposure to the harmful emission.

3.1 Comparison with OSHA PEL and STEL Standards

The concentration values in parts per million (PPM) were established through simulation, which
determined the mass fraction and mixture density. Figure 4 to Figure 7 display the toluene
concentration in cases 1, 2, and 3 respectively, along with the comparison to recommended exposure
limit (REL) set by NIOSH.

In all cases, the concentration of toluene for male and female standing at the printing area is
lower than the customer and worker area. The air flow transported the toluene particle from the
printing area throughout the room, thus decreasing the toluene concentration in the printing area.
However, it is of utmost concern to see a significant increase in the concentration of toluene when
the number of operational photocopiers surpasses double the recommended exposure limit (REL)
set by NIOSH. The workers and customers will probably experience SBS that includes symptoms such
as headache, nausea, and runny nose [33] because of the poor IAQ caused by high toluene
concentration in the air.

The data presented in Figure 4 to Figure 6 throughout Case 1, 2, and 3 reveal a noticeable increase
in the average toluene concentration at standing height (ranging from 73.49 ppm to 223.53 ppm) in
comparison to sitting height (ranging from 118.83 ppm to 416.7 ppm) across all genders and
locations. The reason for this could be that toluene vapor, being denser than air, tends to accumulate
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at higher levels. Based on its location, it is consistently observed that the printing area displays the
highest concentrations of toluene. The printing area exhibits the highest concentration at standing
height (416.7 ppm), while comparatively lower concentrations are observed at sitting height (73.49
ppm) in comparison to other areas. One possible explanation for this could be that the source of
toluene emissions in the printing area is situated at a closer proximity to a standing height level. With
respect to gender, it can be inferred that there is no discernible pattern associated with toluene

concentration.
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Figure 4 until Figure 6 also utilises bars chart to illustrate the comparison of result from this study
to result of a previous study conducted by a team led by A. Nandan et al., [34]. The validation for this
current research was based on their study, as they used toluene as the emission material and
employed CFD as the simulation tool. In their study, they focused on the printing rate parameter,
which was converted to toluene mass flow rate in the current simulation. Therefore, their findings
serve as a suitable benchmark for assessing the impact of photocopiers on indoor air quality. Among
the cases studied, Case 1 had the closest toluene concentration, while Cases 2 and 3 had higher
values compared to Nandan's study due to increased toluene emissions from multiple printers.
Among the cases studied, Case 1 had the closest toluene concentration, while Cases 2 and 3 had
higher values compared to Nandan's study due to increased toluene emissions from multiple
printers.

The maximum toluene concentration value of 416 ppm can be seen in Figure 7, which displays
the anticipated outcome for Case 3 where there were 6 operational copiers. This peak concentration
occurs at the sitting height of females. The expected outcome of the lowest concentration of toluene
is observed during Case 1 when there are 2 operational photocopiers.

450
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300 A
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0

Tolune concentration

Male standing  Female Male sitting Female sitting

Fig. 7. Maximum concentration in all Cases

3.2 CFD Visualization
3.2.1 Case 1: Two operational photocopiers

Figure 8 and Figure 9 illustrated the emission of toluene from Case 1, two photocopiers. The
dispersion of toluene emission was represented by the mass fraction path lines, and it was observed
that the emission from the two photocopiers spread towards the customer area. Toluene moves
mostly in the central part of the room, with little movement near the walls [22]. Due to the door
serving as an outlet with a considerably sizeable area, the toluene stream flowed towards the
customer area. It has been observed that the spread of toluene is minimally constrained within the
customer area because of the counteracting effect serving as a barrier. In this given scenario, it can
be stated that both the staff and clients were exposed to toluene emissions originating from the
photocopiers. Even if the release were acceptable, the worker or staff would be exposed to
occupational health hazards if there exists a situation of prolonged exposure.
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Fig. 8. Room geometry with emission spread for Case 1

mass-fraction
Mass fraction of c7h8

1.00e+00
9.00e-01
I 8.00e-01
+ 7.00e-01
 6.00e-01
5.00e-01
4.00e-01
3.00e-01
2.00e-01
1.00e-01
0.00e+00

Fig. 9. Top view of Case 1

3.2.2 Case 2: Four operational photocopiers

Figure 10 and Figure 11 depict the emission of toluene in Case 2. The mass fraction path lines
were utilized to illustrate the dispersion of toluene emission, showing that the emission from the 4
photocopiers extended towards both the customer area and the rear of the room. The presence of
the door and exhaust fan functioned as outlets, resulting in the toluene stream being directed
towards them. Staff and customers at the printing shop may exhibit symptoms of toluene exposure,
including dizziness, fatigue, headache, and eye irritations. Prolonged exposure to elevated levels of
toluene can cause significant health consequences, primarily affecting the central nervous system,
upper respiratory tract, and mucous membranes [35].
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Fig. 10. Room geometry with emission spread for Case 2
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Fig. 11. Top view of Case 2

3.2.3 Case 3: Six operational photocopiers

Figure 12 and Figure 13 portray the emission of toluene for Case 3. The dispersion of toluene
emissions was represented by the path lines of the mass fraction, and it was observed that the
emissions from the 6 photocopiers were able to spread throughout the shop. The worker area is
facing an overwhelming amount of toluene emission, leading to a serious health risk. It is strongly
advised to conduct health surveillance on the staff because of their exposure to high levels of toluene
emissions for approximately 8 hours daily. The staff and customers of the printing shop are at a higher
risk of experiencing symptoms of toluene exposure, such as dizziness, fatigue, headache, and eye
irritations, due to continued exposure to toluene emissions [35].
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Fig. 12. Room geometryﬂwith emissic;n spread for Case 3
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Fig. 13. Top view of Case 3
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4. Conclusions

The focus of this study was to investigate the emission of volatile organic compounds, specifically
toluene, from photocopiers in an office setting. Although toluene is a major volatile organic
compound (VOC) emitted by photocopiers, it’s important to recognize that exposure from a
photocopier is not limited to toluene alone. The presence of other VOCs may further worsen the
health effects connected to emissions.

As stated earlier in the introduction, the dispersion and concentration of toluene regarding the
number of operational copiers in the room were determined using a CFD analysis approach and
simulation software. The study revealed that toluene emissions already exceed the prescribed limits,
even with the minimum number of copiers equipped with ventilation. Most premises with
photocopiers or their operators were unaware of this and unknowingly put their health at risk. It is
imperative to educate and warn both the user and owner of the copier machine about the potential
consequences.

According to the outcomes of this study, the quantities of copiers and the positioning of barriers
are the two pivotal factors that will affect the propagation of the VOC. This is attributed to the
continuous emission of toluene by all the photocopiers throughout the simulation. The concentration
value of the scenario was the highest compared to the other scenarios. It can be inferred from the
mass fraction field that the direction of air flow towards the room's outlet affects the dispersion of
toluene. The positioning of the counter also played a significant role in impeding the dispersion of
toluene in the customer area. By manipulating these factors, exposure to the harmful substance can
be controlled to ensure that the occupants in the room are safe from the adverse health effect caused
by the said substance. However, while these results are true for these scenarios, it cannot be
generalised to other room offices and printing shop. Similar studies need to be conducted with
different room geometry and photocopiers configurations to develop a comprehensive
understanding VOCs emission.
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