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	 The indoor air quality of a fully enclosed office can be improved by using an energy 
recovery ventilator (ERV) and a voltage adsorption dust collection device (VADCD).  The 
effects of the indoor pollutant location and equipment setup on pollutants are analyzed by 
recording and observing the changes in indoor pollutant concentration, and by simulation using 
a computational fluid dynamics (CFD) approach.  The experimental and simulation analysis 
results show that the CO2 concentration increases with the number of people indoors.  The 
diffusion of CO2 can be gradually removed if an ERV is installed in an indoor room to recycle 
fresh air.  Pollutants in the form of PM2.5/PM10 (particulate matter: PM) suspended particles 
also enter the room as another pollution source when the ERV introduces external air into 
the room convection.  At the same time, a VADCD can be installed in the room to absorb the 
indoor PM2.5/PM10 suspended particles and reduce their concentration to meet the standard 
specifications.  The ERV and VADCD work together to improve the indoor air quality of fully 
enclosed offices and enhance the physical and mental health of office users.

1.	 Introduction

	 Because particulate matter (PM) has been discharged by combustion-fired power plants and 
by sandstorms in China, poor outdoor air quality has directly and indirectly affected Taiwan 
(R.O.C.) in recent years and, accordingly, poor air has permeated indoor spaces, reducing 
indoor air quality.  Therefore, Executive Yuan of the Environmental Protection Administration 
issued the Indoor Air Quality Management Act(1) on November 23, 2012, to improve indoor air 
quality and protect public health so that people can enjoy a healthier environment while indoors.  
Nowadays, most commercial buildings have replaced traditional windows with glass curtains or 
stone to decorate the outer walls of the buildings.  However, the decoration causes the removal 
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of windows adapted to introduce fresh outdoor air.  When people work in indoor offices for a 
long period of time, CO2 and other pollutants may have a cumulative effect, leading to chronic 
poisoning.  In addition, the American Society of Heating, Refrigeration, and Air-Conditioning 
Engineers suggested the minimum amount of fresh air for people working in different fields.(2,3)

	 Different countries in Asia stipulate different rules for indoor air quality because of factors 
such as latitudes and geographical locations.  In Taiwan, the criteria related to pollutants 
specified in the Indoor Air Quality Management Act have been issued, and the management 
regulations for indoor air quality inspection(4) have been published, which include regulations 
for periodic inspections(4) and continuous monitoring.(4)  In China,(5) the National Standard 
issued environmental indicators and limits for indoor air pollutants in public places.  In 
Singapore,(6) the concentration index of air pollutants has been proposed for commercial 
buildings.  In South Korea,(7) guidelines for air quality management in office premises have 
been produced.  In Hong Kong,(8) guidelines for the inspection of indoor air quality in offices 
and public places have been issued.  In Japan, there are two references, namely, the indoor 
chemical concentration index(9) and the Building Sanitation Management Standards,(10) for 
indoor air quality pollutant index and standards.  The air quality monitoring network of the 
Environmental Protection Administration, Taiwan,(11) was established to monitor the outdoor 
air quality, whereby the daily air quality index (AQI) is obtained from the concentrations of O3, 
PM2.5, PM10, CO, SO2, and NO2.
	 CO2 is a colorless and odorless gas(12) in the earth’s atmosphere with a concentration of 
about 350 to 500 ppm.  Its concentration increases gradually in a closed space because of the 
respiration of people, and the increase in CO2 concentration may make people feel dizzy, vomit, 
feel excessive sleepiness, and even lose consciousness.  Formaldehyde (HCHO) is a colorless 
gas and is generally used as a preservative in building materials, such as paint, furnishings, and 
coatings.  This gas can be released slowly inside houses for up to ten years.  HCHO increases 
the risk of cancers, such as nasopharyngeal carcinoma, and the production of leukocytes.(13)  
The World Health Organization (WHO)(14) classified HCHO as a Group 1 carcinogen.  The 
WHO(14) reported that the exposure of humans to polluted air containing PM2.5 or smaller 
particulates increases the incidence of cancers, cardiovascular diseases, respiratory diseases, 
and death.  Particulates, namely, PM2.5 and PM10,(15) get into the blood system without being 
blocked by the human nasal cavity, pharynx, and larynx, causing pathological changes in the 
lungs and trachea and even cancers.  Choi(16) analyzed more than 10000 antepartum Korean 
women and found that the probability of premature birth increased many times upon exposure 
to an environment with an increased concentration of PM2.5.  Shou et al.(17) reported that 
PM2.5 particles cause pathological changes in the central nervous system, such as Alzheimer’s 
disease, and can further enter the gastrointestinal tract, possibly causing gastrointestinal tract 
system disorders and central nervous system diseases.  Yue et al.(18) subjected mice to surgical 
operations to confirm that they had chronic left ventricular failure.  When they were exposed 
to an experimental environment with PM2.5 and to an environment with purified air for three 
weeks, it was found that the short-term exposure to PM2.5 did not greatly affect the chronic 
left ventricular failure, whereas the exposure worsened their pulmonary vascular structure 
and pulmonary fibrosis.  Accordingly, an environment polluted by PM2.5 has adverse effects 
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on living organisms.  Total volatile organic compounds (TVOCs) are odorous and pungent,(19) 
and they cause symptoms such as immune system disorders, dizziness, and headaches, affect 
central nervous system functions, and even cause damage to the liver and hematopoietic 
system.  Therefore, how to reduce the accumulation of these pollutants is an important issue.  
Lin(20) used an energy recovery ventilator (ERV) and adjusted the positions of wind inlets and 
outlets.  It was concluded that changing the positions where wind is introduced directly affected 
the CO2 concentration.  Le(21) used a needle discharge electrostatic precipitator to carry out in-
depth research and discuss the efficiency of collection.  Lai(22) used particle image velocimetry 
to study the tracks of charged particles in a two-stage electrostatic precipitator.  In this study, 
we used a voltage adsorption dust collection device (VADCD) to replace the high-efficiency 
particulate air filter and cooperate with an ERV, thereby recording and observing the measured 
values of indoor pollutants.  At the same time, we used computational fluid dynamics (CFD) to 
simulate the distribution of the pollution.  We found that the indoor air quality in an office can 
be improved to attain environmental quality improvement and reduce the energy consumption.  
A flow chart of this study is shown in Fig. 1.

Fig. 1.	 Flow chart of this study.
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2.	 Computational Theoretical Equation

	 CFD can use computational programming languages.  The motion diagrams of CFD 
can be generated by visualization, and the computation of solutions should comply with the 
law of conservation of mass, the law of conservation of energy, and the law of conservation 
of momentum.  By using the technology of grid generation and setting the initial and 
boundary conditions appropriately, a valid result can be achieved after the convergence of the 
computation.

2.1	 Basic assumptions of numerical simulation

	 To simplify the computation of the simulation, the following settings are adopted:
1.	 The fluid in the space is an ideal gas in an incompressible flow field.
2.	 The effect of gravitation is considered.
3.	 The flow field is subjected to a transient analysis using a standard k-ε turbulence model.
4.	 The walls are assumed to be insulating, regardless of the roughness of the wall surface.
5.	 Three-dimensional rectangular coordinates are used.
6.	 The target is set as the wall surface.

2.2	 Finite volume method (FVM)

	 The FVM is a control volume method.  This method divides a computational area into 
continuous and unrepeatable control volumes, and uses integral calculus to calculate the surface 
flux of each control volume and subject the volume to mathematical discretization.

2.3	 Semi-implicit method for pressure-linked equations (SIMPLE) method

	 The SIMPLE method was developed by Patankar and Spalding,(23) and Patankar(24) as a 
method of calculating the compressible and incompressible flow fields.  The basic concept of 
the SIMPLE method is that after a pressure field is determined, a solution to the momentum 
equation after mathematical discretization is obtained to determine the velocity field.  In this 
simulation, the adopted governing equation is divided into a continuity equation, a momentum 
equation, and an energy equation.

1.	 Continuity equation
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3.	 Energy equation
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4.	 k-ε turbulence model

	 The turbulence kinetic energy k satisfies the equation
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the dissipation rate ε of the turbulence kinetic energy satisfies
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and the Reynolds stresses in the k-ε equation are given by
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where k = 0.419, Cµ = 0.09, σk = 1.0, σε = 1.22, σε1 = 0.09, σε2 = 1.92, and σε3 = −0.33.

5.	 Equation of the concentration diffusion

	 ( ) ( ) ( )1 1
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ρ
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+ − =
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where D1 is the diffusion coefficient, ρvm is the flow density of the concentration convection, S 
is the formation rate of the concentration per unit volume, and D1 gradm1 is an expression taken 
from Fick’s law.
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6.	 Discrete phase model (DPM)-equation of particle motion and boundary

	 We have used the equation of the DMP method to solve the behavior modes of particle 
motion and particle boundary collision (Fig. 2).  The equations listed below are used in the 
calculation methods.

	
( ) ( )1 1p
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p p

d v
F F F F

dt m m
= = + +


   

	 (10)

mp = mass of particle

pF


 = net force added to particle

dragF


 = resistance subjected by particle

pressureF


 = flow pressure of particle

gravitationF


 = gravity acting on particle

3.	 Computational Model

	 The office where this study is carried out is measured and defined as an analytic model 
of a simulated site.  Then, it is also used as an experimental verification site.  The model is 
1500 cm in length, 710 cm in width, and 260 cm in height.  Six sets of office desks and chairs 
are arranged with a partition separating each person from another person to simulate an 
actual office environment as shown in Figs. 3 and 4.  The grid is an important part of the CFD 
simulation.  The details of the grid such as the density, the quality, and the number of grids can 
affect the result of the simulation.  The shapes of a grid can be two-dimensional quadrilaterals, 
triangles, hexahedra, rhombi, polyhedral, and three-dimensional tetrahedral.  In the simulation, 
there are 3037344 grids, the maximum slope is 0.87, and a hexahedron grid is adopted, as 
shown in Fig. 5.  Numerical simulation and modeling analysis must set the boundary and initial 
conditions as computational parameters, including the pollutant concentration, the ERV, the 

Fig. 2.	 (Color online) Relationship between motion of particle and boundary.
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Fig. 3.	 (Color online) Model of enclosed office. Rectangular parts represent office staff with a square mouth with 
dimensions of 3 × 3 cm2.

Fig. 4.	 (Color online) Model of office staff. Fig. 5.	 (Color online) Grid number of enclosed 
office model: 3037344 grids.

VADCD, the initial setting of environment, the CO2 breathed out by people, the wind outlet of 
the ERV, the wind inlet of the ERV outflow, and the wall boundary, as shown in Table 1.

4.	 Results and Discussion: Computational Simulation Analysis

4.1	 Simulation result for natural convection indoors

	 Figure 6 shows the result for natural convection, where CO2 produced by six office 
staff accumulated for 8 h in an environment without any outdoor air and without using air 
conditioning.  The CO2 concentration in the main office area reached 1530 ppm and that at 
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other points reached 1700 ppm.  In this simulation, the average concentration in the whole office 
reached 1600 ppm after 8 h in the enclosed office space with an area of 81.5 m2.  

4.2	 Simulation with ERV in open state

	 Figure 7 shows that the highest CO2 concentration was observed around the seats of the 
staff in the space.  Because the ERV induced convection, a walkway without touching the wind 

Fig. 6.	 (Color online) X–Z plan view showing 
concentrat ion f ield of CO2 for natural indoor 
convection.

Fig. 7.	 (Color online) X–Z plan view showing 
concentration field of CO2 under operation of ERV.

Table 1
Simulation and settings of concentration in space containing CO2, PM2.5, and PM10 by using ERV and VADCD.
Transient status Setting condition Specification or dimensions

Initial setting of environment
(initial condition)

Dry bulb temperature 24 °C
Relative humidity 60%

Pressure 1 atm
CO2 concentration 470 ppm

People breathe CO2 out
(boundary condition)

Size of mouth 3 × 3 cm2

Wind velocity 1.36 m/s
Concentration 42000 ppm

Wind outlet of ERV
(boundary condition)

Size of air vent Two circular holes of 10 cm diameter
Wind velocity 2.5 m/s

CO2 concentration 525 ppm
PM2.5 concentration 10 μg/m3

PM10 concentration 15 μg/m3

Wind inlet of ERV
outflow (boundary condition)

Size of air vent One circular hole of 15 cm diameter
Wind velocity Outflow

CO2 concentration Outflow
Wall boundary (boundary condition) Wall Trap
Note: By changing the concentrations of PM2.5 and PM10 at the wind outlet, it is possible to analyze and simulate the 
statuses of PM2.5 and PM10 subjected to filtering by the VADCD.
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outlets can have a lower CO2 concentration, preventing the diffusion of CO2 away from the 
seats of the staff.

4.3	 Concentration field of PM2.5 in X–Z direction when operating both ERV and VADCD

	 Figure 8 shows the result obtained when outdoor fresh air was introduced by the ERV and 
the polluted indoor environment was subjected to filtering by the VADCD when the PM2.5 
concentration in the introduced outdoor air reached 40 μg/m3.  The pollutants diffused around 
the wind inlets and accumulated in corners of the ceiling; this area did not have air flow of the 
wind outlets and inlets.  The seat area of the office staff is less than 10 μg/m3, so there is less 
pollution caused by PM2.5.

4.4	 Concentration field of PM10 in X–Z direction when operating both ERV and VADCD

	 Figure 9 shows that when the particulate PM10 subjected to filtering was introduced into 
the office, PM10 reduced the cumulative number of many pollution sources, although they 
suspended on the ceiling, and the PM10 concentration around the office staff decreased to 
20 μg/m3.  Therefore, a notable improvement in the environment was attained.

4.5	 Analysis of simulation results for different positions of wind inlets and outlets

	 The CO2 concentration was simulated by CFD.  By comparing the conditions of natural 
convection with those of mandatory convection induced by the ERV, the highest daily CO2 
concentration among the measured points of the simulated office decreased by 27%, from 
1600 to 1167 ppm, when the ERV was used.  Therefore, the introduction of outdoor fresh air 

Fig. 8.	 (Color online) Concentration field of PM2.5 
in X–Z direction under operation of both ERV and 
VADCD.

Fig. 9.	 (Color online) Concentration field of PM10 
in X–Z direction under operating of both ERV and 
VADCD.
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can efficiently reduce the CO2 concentration in a polluted indoor space.  However, all the 
experiments and simulations employed a ventilation frequency of 0.7 times per hour, which is 
insufficient to meet the needs of offices.  Therefore, we suggest that an enclosed office design 
should introduce fresh air to indoor convection air-circulation to prevent and reduce CO2 
concentration and take into account external guests or visitors to ensure high air quality.  When 
the PM2.5 concentration was simulated by CFD, it was observed that when a high concentration 
of unfiltered PM2.5 particles was introduced into the office, the particles accumulated in dead 
corners inside the building but diffused within the main working area.  The introduction of 
indoor fresh air reduced the concentration of PM2.5 after filtering.  In the simulation, indoor 
particulates moved gradually to the wind inlets to improve the air quality of the working space, 
but the air quality of the indoor space where PM2.5 remained did not improve.  Accordingly, it 
can be inferred that increasing the amount of ventilation can reduce the PM2.5 concentration 
after filtering.  As shown from the simulation result in Fig. 10, the CO2 concentration differed 
with the outlet position.  When the positions of the air vents were all turned toward the working 
area of the staff, the CO2 concentration in the working area decreased by 5%, but there was 
an increase in the concentration in the unoccupied walkway.  Figure 11 shows the simulated 
distribution of PM2.5 in the interior of the office for different positions of the air vent with the 
ERV and VADCD on.  When a high concentration of outdoor PM2.5 particles that had been 
filtered entered the office, the particles diffused within the walkway situated in the lower 
right corner and accumulated on the upper right wall.  However, there is a notable reduction in 
the concentration of the diffused PM2.5.  Figure 12 shows the simulated distribution of PM10 

inside the office for different positions of the air vent with the ERV and VADCD on.  When 
high-concentration outdoor PM10 particles were filtered and entered the office, they became 
concentrated within the walkway situated in the lower right corner.

Fig. 10.	 (Color online) Numerical simulation of CO2 
concentration at different vent positions.

Fig. 11.	 (Color online) Concentration field of PM2.5 
at different vent positions when ERV and VADCD are 
in operation.
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5.	 Experimental Approach

5.1	 Introduction to experiments

	 The following data about the air quality of the office are recorded: CO2, carbon monoxide (CO), 
HCHO, TVOCs, PM2.5, PM10, dry bulb temperature, and relative humidity.  The indoor air 
quality is measured to record the changes in the values of pollutants and, at the same time, the 
ERV and VADCD operation statuses are considered.  The monitoring and recording frequencies 
of the apparatus for the sources of indoor air quality pollution are continuously recorded on a 
database all day long for the analysis and interpretation of measurement data.

5.2	 Experimental equipment

A.	VADCD
	 The VADCD shown in Figs. 13 and 14 includes an insect-proof filter at the front end to 
filter larger outdoor pollutants, such as insects and visible dust.  Fine dust is mainly filtered 
by passing an air flow through a dust-collecting board disposed in the core of the device.  The 
operating principle of the core is that electric filaments using the principle of corona discharge 
give fine particles, namely, PM2.5/PM10 to carry positive charges, which then flow into the 
dust-collecting board.  The dust-collecting board comprises multiple metal boards placed in 
a certain arrangement.  One side of each metal board is a positive pole and the other side is a 
negative pole.  Because opposite poles attract each other and positive poles repel each other, 
the flowing fine particles with positive charges are adsorbed to purify air.  A single-phase 
220 V/60 Hz power source is used, the air volume is 150 CMH, the power consumption is 12 W, 
the efficiency of dust collection and adsorption is above 95%, and the loss of static pressure is 
20.5 Pa.

Fig. 12.	 (Color online) Concentration field of PM10 at different vent positions when ERV and VADCD are in 
operation.
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B.	 Principle of needle discharge
	 Needle discharge is one of the corona discharging phenomena.  Its principle is that air 
around the needle of the conductor flows through the high-pressure electric field, and when 
voltage is sufficiently high, the air flowing around the conductor is ionized.  The device adopted 
in this study used the needle discharge to allow the air to be ionized and carry charges when 
the air flows through the high-pressure metal wire.  By considering the equation of theoretical 
efficiency of the VADCD, the voltage adsorption device used the Deutsch–Anderson equation 
as follows.

	 1
A v
Qeη

 ×
− 
 = − 	 (11)

η: efficiency of dust collection
Q: air volume
A: area of the dust-collecting board
v: velocity of particles with charges to the dust-collecting board

Fig. 13.	 (Color online) Working principle of VADCD (I).

Fig. 14.	 (Color online) Working principle of VADCD (II).



Sensors and Materials, Vol. 32, No. 12 (2020)	 4311

	 According to the above equation, η is directly proportional to the area of the dust-collecting 
board, but it is inversely proportional to the amount of wind.  Therefore, the adopted VADCD 
should match the amount of wind of the device used to attain the best effect.

C.	 Principle of ERV
	 As shown in Fig. 15, the ERV has four air vents in connection, namely, an outdoor inlet for 
external air, an outdoor outlet for indoor air, an indoor feeding hole for external air, and an 
indoor outlet.  This novel concept for buildings focuses on healthy air and the energy saving 
effect.  The ERV performs the mandatory ventilation by using the motor configured to induce 
the introduction and discharge of air.  Because the core is paper, latent heat and prominent 
heat can be exchanged while introducing and discharging air.  Accordingly, cold or hot air 
can remain indoors while introducing and discharging air, and this feature prevents the air 
conditioning system from being overloaded when introducing external air in summer to save 
energy.  A single-phase 220 V/60 Hz power source is used, the air volume is 150 CMH, the 
power consumption is 145 W, and the efficiencies of temperature exchange and enthalpy 
exchange in a cold room are 69 and 58%, respectively.
	 There are two formulas for calculating the air volume:
A.	In accordance with the technical guide for indoor air quality improvement.(25)  This formula 
is expressed as

	
( ) ( )

3
6

3

1 0

people  0.0002 10
person

m
minmQ

min C ppm C ppm

 
× ×  ×   =   − 

,	 (12)

where C0 is the average CO2 concentration of the outdoor area, C1 is the ideal CO2 concentration 
in the room, and Q is the amount of external air required by the room.

Fig. 15.	 (Color online) Working principle of ERV.
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B.	 The formula in ASHRAE S62.1-2010,(3) which is

	 Vbz = (Rp × PZ) + (RA × AZ),	 (13)

where Vbz is the required air volume, Rp is the required amount of outdoor air (CMM/person), 
PZ is the number of persons, and RA is the required amount of outdoor air per unit area 
(CMM/m2) and AZ (m2).
	 In this study, the air volume is calculated in accordance with the indoor air quality 
improvement manual(26) as

 

3
6

3 3 3
m6 (people)  0.0002 1 0

m m mmin person 2.4 144 150
1000 (ppm) 500 (ppm) min h h

Q CMM CMH CMH
× ×      ×= = = ≈          −      

	(14)

where 150 CMH is selected as the amount of wind passing through the ERV.
	 The formulas used to calculate the ventilation frequency in the space are as follows: 
A.	Air volume/volume of space = frequency of ventilation (number of air changes/h).
B.	 Ventilation frequency (number of air changes/h) = 150 CMH/211.9m3 (without deductions for 
volume of furnishings) = 0.7 time per hour ≈ 1.0 time per hour.

5.3	 Measurement apparatus and their specifications

A.	Name of apparatus: multipoint gas analyzer (iAeris 14)
	 The iAeris 14 apparatus measures and records the following factors: CO2, CO, TVOCs, 
HCHO, PM2.5, PM10, dry bulb temperature, and relative humidity.  This measurement apparatus 
also has six-pollution source range specifications, as shown in Table 2.
B.	 Name of apparatus: multifunction ventilation meter with differential pressure sensor (TSI 

9565-P)
	 The TSI 9565-P apparatus uses a hot wire sensor type and measures and records the 
following factors: velocity for probe, velocity for Pitot tube, differential pressure, dry bulb 
temperature, wet bulb temperature, operating temperature, and relative humidity.  This 
measurement apparatus also has seven-item range specifications, as shown in Table 3.

Table 2
Basic specifications of iAeris 14 apparatus.
Factor Monitoring scope Resolution
Dry bulb temperature −40–+125 ℃ ±0.1 ℃
Relative humidity 0–100%RH ±1 %RH
CO2 400–5000 ppm ±1 ppm
CO 0–1000 ppm ±1 ppm
PM2.5/PM10 0–500 μg/m3 ±1 μg/m3

TVOCs 0.13–2.5 ppm ±0.01 ppm
HCHO 0.00–5.00 ppm ±0.01 ppm
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5.4	 Experimental area

	 The experimental area is a working place with an area of 81.5 m2 and a height of 260 cm.  
As shown in Fig. 16, there are six seats in the office, where outdoor air is introduced to pass 
through the VADCD and then to the ERV, before finally entering the indoor space.

6.	 Results and Discussion: Experimental Data

6.1	 Concentrations of pollutants when both the ERV and the VADCD are in operation

	 The experimental apparatus start time to operate the ERV and VADCD is between 09:00 
AM and 18:00 PM from the first day to the seventh day per week.  As shown in Fig. 17, the 
maximum concentration of indoor CO2 is 1200 ppm, and most of the concentrations obtained 
are lower than 1000 ppm when both the ERV and the VADCD are in operation.  The measured 
concentrations on the second day and fourth day exceeded the recommended concentration 

Table 3
Basic specifications of TSI 9565-P apparatus.
Factor Monitoring scope Resolution
Velocity for probe 0.0–50.0 m/s ±0.01 m/s
Velocity for Pitot tube 1.27–78.7 m/s ±0.01 m/s
Differential pressure −3735 – +3735 Pa ±0.1 Pa
Dry bulb temperature −10–+60 ℃ ±0.1 ℃
Operating temperature −10–+60 ℃ ±0.1 ℃
Wet bulb temperature 5–60 ℃ ±0.1 ℃
Relative humidity 5–95% ±0.1%

Fig. 16.	 (Color online) Plan of indoor measurement area.(26)
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because a sudden increase in the number of persons rendered the supply of fresh air unable to 
meet the demand.
	 As shown in Fig. 18, the concentrations of indoor PM2.5 and indoor PM10 are both lower than 
the recommended maxima when both the ERV and the VADCD are in operation.  However, 
external air still affected the curved graph of indoor PM2.5 and indoor PM10, but the impact was 
only small.  It can be inferred that because the filtering operation of the VADCD executed once 
had a limited filtering effect, a few particulates still entered the office, and this entry caused the 
indoor concentration to be slightly affected by the outdoor concentration.
	 As shown in Fig. 19, the concentration of HCHO is clearly reduced when both the ERV and 
the VADCD are operated on day 1 and day 2.  However, it subsequently increases again when 
there is no ventilation or both the ERV and the VADCD are instantaneously not operated from 
day 2 to day 6, but it is still below 0.08 ppm.  Accordingly, it can be inferred that the ventilation 

Fig. 17.	 (Color online) Measured CO2 concentration, number of persons, temperature, and relative humidity.

Fig. 18.	 (Color online) Measured indoor PM2.5/PM10, outdoor PM2.5/PM10, temperature, and relative humidity.
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can improve the dilution diffusion of HCHO, which is made on the premise that the long-term 
and continuous ventilation is required.
	 As shown in Fig. 20, the CO concentration in this office is measured but found that the 
concentration is zero when both the ERV and the VADCD are operated.  This is because 
no activities whereby CO is produced are carried out in the office and the outdoor CO 
concentration is not measured.
	 As shown in Fig. 21, the TVOC concentration markedly decreases when both the ERV and 
the VADCD are operated during the day.  However, at night after the working time, the TVOC 
concentration increases again when both the ERV and the VADCD are closed.  However, the 
concentration gradually decreases when the equipment is operated during the day.  Although 
the TVOC concentrations measured in this office are far lower than the recommended 
concentration (below 0.56 ppm), increasing the ventilation can further reduce the indoor TVOC 
concentration.

Fig. 20.	 (Color online) Measured CO, temperature, and relative humidity.

Fig. 19.	 (Color online) Measured HCHO, temperature, and relative humidity.



4316	 Sensors and Materials, Vol. 32, No. 12 (2020)

6.2	 Results and comprehensive analysis of measured data

	 As shown in Fig. 22, if the volume of air adopted by the ERV is very low, there will be an 
insufficient number of air changes.  This causes the CO2 concentration to increase to 1500 ppm 
when the number of persons suddenly increases on the fifth day and the frequency of ventilation 
is insufficient.  Accordingly, to reduce the CO2 concentration by using the ERV within an 
office, a sudden increase in the number of persons should be taken into account.
	 As shown in Fig. 23, the average concentration of PM2.5 measured with operating the 
VADCD is lower than that measured without operating the VADCD.  Therefore, the cooperation 
between the VADCD and the ERV can further reduce the average PM2.5 concentration.  The 
PM2.5 introduced from outside to inside via the ERV can be filtered, and concurrently, the 
indoor PM2.5 can be removed to reduce the PM2.5 concentration inside the office and attain 
higher air quality.

Fig. 21.	 (Color online) Measured relationships between TVOC concentration, temperature, and relative humidity.

Fig. 22.	 (Color online) Comparison of indoor CO2 concentrations measured with and without operating the ERV.
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	 As shown in Fig. 24, the average PM10 concentration measured with operating the VADCD 
approaches that measured without operating the VADCD.  Because the VADCD operates with 
the ERV introduction of external air, the VADCD can filter some PM10 and stably reduce the 
number of indoor PM10 pollution sources.  The VADCD can be started immediately, which can 
effectively lower the indoor PM10 concentration to less than that stipulated in the Indoor Air 
Quality Management Act,(1) when the ERV is operating and with the introduction of outdoor air 
indoors, which may generate some suspended particles or dust.
	 As shown in Fig. 25, the operation of the ERV does not have a strong effect on the CO 
concentration in the office.  No activities produce CO in the office and no CO exists outside, so 
the reduction in CO concentration in the indoor office cannot be discussed.

Fig. 24.	 (Color online) Comparison of indoor PM10 concentrations measured with and without operating the 
VADCD.

Fig. 23.	 (Color online) Comparison of indoor PM2.5 concentrations measured with and without operating the 
VADCD.
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Fig. 25.	 (Color online) Comparison of indoor CO concentrations measured with and without operating the ERV.

Fig. 26.	 (Color online) Comparison of indoor HCHO concentrations measured with and without operating the ERV.

	 As shown in Fig. 26, the average indoor HCHO concentration measured with operating 
the ERV is lower than that measured without operating the ERV, but the reduction in the 
concentration is not significant.  The concentrations measured during the working days, that 
is, day 1 to day 5, are higher than those measured on day 6 and day 7.  Accordingly, it can be 
inferred that the HCHO concentration might increase as a result of not only painted furnishings 
but also accessories of people, such as leather goods, wooden cabinet, tables, and chairs.  
Therefore, long-term and effective ventilation can protect people from exposure to HCHO.
	 Figure 27 shows the effect of the on/off operation of the ERV on the TVOC concentration.  
The indoor TVOC concentration has an average of 0.2 ppm when the ERV is out of operation, 
compared with 0.15 ppm when the ERV is in operation.  However, when the ERV is off on day 6, 
the TVOC concentration increases again to 0.3 ppm.  Accordingly, the ERV should be in long-
term continuous use to maintain a low TVOC concentration.
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7.	 Conclusions

	 From actual measurements and CFD, we showed the improvement in the distributions of 
CO2, PM2.5, and PM10 inside a space in a commercial building, and observed that different 
effects are caused by the same air vent and wind velocity as a result of different properties of 
the pollutants.  The CO2 concentration in an outdoor environment is inevitably lower than that 
in the indoor environment, and there is little variation observed among the outdoor values.  
Therefore, the timely introduction of external air can improve the air quality in an office.  The 
indoor PM2.5 concentration in the office is about 25 μg/m3 and that of the indoor PM10 is about 
35 μg/m3.  The outdoor concentrations of these particulates vary to a great extent according to 
the weather and wind directions.  After external particulates are introduced into an office, they 
accumulate at the corners and are difficult to remove.  To improve the air quality in an office, 
the effect of the external environment on the indoor environment should be taken into account, 
or the introduction of external pollutants into the indoor environment should be prevented.
	 The diffusion of CO2 was observed to be high even after changing the positions of the air 
vents in the simulation, thus reducing its concentration in the working area by 5%, whereas 
the concentration increased in the walkway.  Accordingly, it is suggested that if space and 
time permit, air vents should be placed on the ceiling above the working area of the staff.  We 
found that the positions of the air vents affected the areas where the indoor particulates spread 
and accumulated, but a filtering process reduced the PM2.5/PM10 concentrations, particularly 
around the working area of the staff.  If it is not possible to open windows to ventilate an office 
space, one approach to improve the indoor air quality is to install an ERV.  However, if the ERV 
is operated without the simultaneous use of a device capable of filtering particulates, outdoor 
particulates will be introduced, increasing the indoor concentration of particulates to approach 
the outdoor concentration of particulates.  The cooperation between the ERV and the VADCD 
can improve the overall indoor air quality.  However, it is suggested that the number of persons 
in the area and the filtering of external particulates should additionally be taken into account for 

Fig. 27.	 (Color online) Comparison of indoor TVOC concentrations measured with and without operating the ERV.
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higher indoor air quality when using external air devices in the office to improve the indoor air 
quality.  We recommend that the air volume is adopted by the mandatory ventilation device and 
calculated by totaling the air volume of the ERV and considering the number of persons × 30 
CMH × 120%.  This can solve the problems of indoor air quality and suspended particles when 
both the ERV and the VADCD are operated.
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