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ABSTRACT

Indoor Air Quality (IAQ) plays a significant rolenibuilding related sicknesses, termed as Sick Buld
Syndrome (SBS). Several researchers have identtfiedbuilding materials as sources of indoor pwmutduring
construction and operation. Various types of pdiatee been studied for IAQ related emissions. Pphjser covers a study
carried out on emissions generated from water béSetlsion) and solvent based (Enamel) paints &eddispersion
pattern of prominent pollutants such as Total M@abrganic Compound (TVOC), Carbon Monoxide, Cartizioxide,
Nitrogen Dioxide and particulate matter. A sevam@act was observed from TVOC concentration. TheeefivOC
emissions were used to develop a computational nagleg IAQX software. Since the computational nokas not
converged well with the experimental dispersionveura further attempt was made to develop a mattiesthanodel,
which is of an exponential nature. However the cotafional model was used to predict the variatibpeak TVOC
concentrations and time of dispersion under diffekentilation rates. The mathematical model hanlrecommended to
work out the building flush out period and variatiof TVOC concentration with the area of paint &mglon. This model

will benefit the building planners to create heglilidoor environments for the occupants.

KEYWORDS: Computational Model, Experimental Model, MathemaltiModel, Solvent Based Paint, Water Based
Paint

1. INTRODUCTION

The emission from building materials used in cargton and maintenance causes a significant impadébdoor
air pollution. With the industrial revolution, pdepprefer to use synthetic building materials ratti&an conventional
building materials considering some of the advaegaguch as durability, cost effectiveness, betteéshf and speedy
construction. However most of the synthetic buiddimaterials could be a main source of indoor alluon. This can
include products like partition boards, carpetsnisacleaning products, wallpapers, furnisher aindresheners etc. [1-8].
The most common types of causative agents fromabwve sources are Total Volatile Organic CompoyfidéOC),
Carbon Dioxide (Cg), Carbon Monoxide (CO), Nitrogen Dioxide (MO Particulate Matter (Ph and PMg) and
undesirable temperature inside the building [9)tiker modern building operational practices, sushrastricting natural
ventilation and use of air conditioners with poatintenance, has aggravated the situation [10]. @mghasizes that the
indoor air quality can influence the health of teeupants since people spend 90 % of their timearsd[11]. If the health
condition of occupants is affected due to the imdeavironment of any building, it is consideredths sick building
syndrome (SBS). “A 1984 World Health Organizati®HO) committee report suggested that up to 30 pereEnew
and remodeled buildings worldwide may be the subjéexcessive complaints related to indoor airliggia[12]. The
symptoms due to the sick building syndrome are helael nausea, irritation of the eyes, mucous memebraand

problems in respiratory system, drowsiness, fatigig general malaise [13]. Also long term exposui@ the pollutants
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can cause more serious health effects [14].

Meanwhile, growing attention is placed on greenlding concepts since majority of people understéma
importance of better houses on the planet in or@eninimize the prevailing environmental issues aithare occurred
during pre and post construction stages such agyeneastage, unhealthier indoor environment anéresive use of
natural resources etc. This in turn has resultati ttie green building concepts incorporate envimmia considerations
into every stage of the building construction. Toan be illustrated by the green rating system, DEEeadership in
Energy and Environmental Design) [15] which concatied on 6 main aspects, namely sustainable sitdsy efficiency,
energy and atmosphere, material and resourcesprirettovironmental quality and LEED innovation credifurther this
rating system assigns 15 points to indoor air ¢paind from these 15 points, 4pointsare assignedeémh of the

following;
* Low emitting materials - Adhesives and sealants
* Low emitting materials - Paints and coatings
* Low emitting materials —Flooring systems
* Low emitting materials—Composite wood and agrifipevducts [15].

Out of the above four categories of materials, thsearch has been focused on investigating thatioer of
indoor environment due to wall paints. There arenigatwo types wall paints considered in the stutiater based

(Emulsion) paint and Solvent based (Enamel) paint.

Water based paint contains polymers which are efimaldin water, hence it is known as emulsion paigually
this paint type is used for interior painting sinténherits the quality of super resistance tolkimg and chipping due to
excellent adhesion of them to most of the substratery little odor and simple water and soap algacan be mentioned

as some of the physical observations of this paint.

Solvent based paints contain water insoluble pofgménherefore paint must be mixed with organic eotvat
required consistency to achieve properties of ehgaiat. Several air pollutants are emitted inte thdoor environment
during evaporation of paints after application ba surface [16]. Frequently this paint is appliedimterior surfaces of
wood and metal and especially the places whichnasstly in wet condition in the designed life. Wheansidering the
comparison between these two types, solvent basied fades away rapidly when exposed to the brggint light and it
has a noticeable prolong odor. Also the paintesrgea use some organic solvent (Turpentine or Térnio clean the

brushes and other utensils [17].

This research paper presents the variation of thiestons from water based paint and solvent basad with
time. Based on these results, it is possible tméhtce a building flush out period by consideringpérsion curves of the
paints. This is very important for building desighsince they can come up with the entire buildlogh out period by
considering the impact of building materials ondad air quality. Further above mentioned findings doe used to
recommend a desirable paint (Greener version) dgpending on the stage of application (construatiomaintenance).
The material manufactures can rank the paintsgts Innedium or low emitting sources based on emisdaia [18]. Also
they can improve their products to suit for thelding designers’ requirements and to meet the gbediding market by

considering occupants’ health including environraépbllution. An attempt was made to develop batimputational and
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mathematical models for the emission from solvexrsgdl paint so that the building planners can use the prediction of
dispersion time and the magnitudes of the problgated to IAQ. Since TVOC has been identified a&srttost significant

causative agent based on experimental data, hées used to develop the models.

2. OBJECTIVES

The main objective of this study is to measure amélyse the concentration of Total Volatile Organic
Compounds (TVOC), Carbon Dioxide (¢ Carbon Monoxide (CO), Nitrogen Dioxide (MGand Particulate Matter

(PM, ) due to the application of water based and soleased paints under controlled conditions.
The study covered in this paper is aimed at foll@nspecific objectives:
» Develop a dispersion model for the solvent baséuat pa

« Find the optimum ventilation rate to have the mimimconcentration and dispersion time for the patita from

the solvent based paint
3. EXPERIMENTAL PROGRAMME

The test chamber was created inside an educatimlaling which was constructed 30 years ago. Irepitd
witness the maximum effect of the paint, the aress wnade fully enclosed with minimum ventilation @fL. ACH
(Average air movement rate in test chamber 0.05amdsair exchangeable area 0.4.r8ince the test chamber is a part of
a building which is 30 years old, there were nd gin source materials inside the test chamber. éfber pollutants

generated in the experiment can be entirely fragragbplication of paint.

The layout of the test chamber is shown in FigureThe water based paint was applied on the de=idnsall
area (shaded area) and the instruments were ogecatdinuously at the center of the chamber um@ pollutant
concentration disperses to the ambient conditiamestest procedure was repeated for the solveedbgaint and the
indoor air quality parameters were recorded witheti The solvent based paint was applied with dcserft time gap so

that no emissions from water based paint mixed itip tvat of solvent based paint.

1160 |

Door ; 110
Window 170 —

Equipment

Painted Area

Figure 1: Plan View of the Test Chamber (Dimensionére in Meters)

The two pieces of equipment used in this study wedeor Air Quality Monitor (IQM60 Environmental Mutor
V5.0 — Figure 02) and Haz-Dust Particulate Air Moni(Figure 03). Indoor Air Quality Monitor was usé& measure the
concentrations of Carbon Dioxide (g0 Carbon Monoxide (CO), Nitrogen Dioxide (MO Total Volatile Organic
Compounds (TVOC), Temperature and Relative Humiditgz- Dust Particulate Air Monitor was used to mea the

concentration of the particulate matters whichteeing the diameter less than 2in
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Figure 2: Indoor Air Quality Monitor  Figure 3: Haz -Dust Particulate Air Monitor

The equipment wamountedon the center of the chambatr a height of 1 m from the ground level in orde
simulate a seated person on a ch@aérthe base casehe measurements were taken prior to the applicafigraint: with
the two pieces of equipment on various causatiemi@ginside the test cham. Table 01 shows the average results of

base case obtained from several trials.

Table 1: Concentration of Causative Agents inside the Room (Befor&pplying the Paint)

Name Concentration
Carbon Monoxide (CC 0 ppm
Carbon Dioxide (Ct) 325 ppm
Total Volatile Organic Compounds (TVO 0 ppm
Particulate Matter (P).c) 0.023 mg/m
Temperatur (Average) 28C
Relative Humidit' (Average) 77 %

4. RESULTS AND ANALYSIS

The results obtaineduring the experiment have shc different pattems of concentrationwith time. The effect

of solvent basegaint on indoor air quality is much morignificant than that of water basedint.
4.1 Variation of Pollutant Concentration Dueto Application of Paints

Charts 1 an® show the variation cTVOC concentration with time due to theater base and solvent based
paints respectivelyThe summary of tt results is presented in Tal?ewith the maximum concention and dispersion

time of TVOC concentratiogenerated from both types of pair
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Chart 1: TVOC Variation with Time - Water Based Paint
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Chart 2: TVOC Variation with Time — Solvent Based Raint

As the Chart 2 illustrates, the concentration ofOG/ has drastically increased due to the solvenédasint.
Further, maximum concentration of TVOC is beyoné thermissible indoor value (0.75 ppm- OSHA) [19}
considerable period for both the paints. During fieriod occupants are exposed for this adverseoanvental condition,
especially during the maintenance or renovatioropesf a building. Hence it is important to intradua building flush out

period for the paint application depending on tfpetof paint together with other precautionary mees.

Table 2: Maximum Concentration and Dispersion Timeof the Paints

Maximum Dispersion Time to Dispersion Time to the
Paint Type Concentration the Ambient Threshold Value (0.75
Condition (0 Ppm) Ppm — OSHA)
Water based paint 4.64 ppm 21 hr 8 hr 40 min
Solvent based paint 45.58 ppm 140 hr 45 hr 30 min

According to the results, the concentrations of, M and NQ have increased due to the water based and
solvent based paint application. However the marinconcentration values are within the thresholdealefined for the

indoor environment.

The result obtained from the experiment did notvslamy difference in the variation of BN temperature and
relative humidity due to the application of pairddthough the pollutant levels for GOCO and NGhave been affected
with an increase due to the both types of paintliegion, the most significant impact was made bg fTVOC
concentration generated from the solvent basedt.péiverefore it has been selected for the detadiedlysis for the

development of computational and mathematical nsdel
4.2 Computational Model for TVOC Dispersion from the Solvent Based Paint

Since the objective of the research is to develafspersion model for the solvent based paint, sthigware
named as IAQX (Simulation Tool Kit for Indoor Air U@lity and Inhalation Exposure) was used to develop
computational model [20]. This software was devetbfppy U.S.EPA National Risk Management Researclolzbry.
The application of this software is to develop tigpersion model and introduce to the building p&as after validating
with experimental data. Further this model can beduto find the optimum ventilation rate to havenimum exposure

time for the occupants and painters who are exptustite adverse environmental condition.
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The IAQX is comprised of several sub categoriesctvidire named as GPS.EXE, VBX.EXE, SPILL.EXE, SLABEand
PM.EXE.

VBX.EXE was used for this experiment since it caadict VOC emission from solvent-based indoor cuati

materials based on product formulation. The inpuameters based on experimental data are predarifettle 03.

Table 3: Inputs for the VBX.EXE Software

Parameter Value Parameter Value
Chamber volume 135.87°m | Wet film thickness 83.48 um
Sink material 0 Coated area 79.315
Ventilation 0.1 ACH Room temperature 30
Analysis type Bulk Analysis| Air velocity 2 cm/s
TVOC content 819.31 mg/g| Simulation period 170
Product density 0.796 g/cm | Output data points 100

TVOC content, product density and wet film thickeegere calculated from the laboratory experimentarder
to calculate TVOC content and wet film thicknesscps of glass were applied with the solvent baséat and measured
the weight until it became constant under the samgronmental conditions [21]. Headspace gas chrognaphy was

used to find the ingredients of paint with percgetaonstituent materials (Table 04).

Table 4: Ingredients of Paint with Percentage Conguent Materials

VOC Name Percentage VOC Name Percentage VOC Name Percentage
Pentane, 2-methyl 0.64 Octane, 2-methyl 4.08 Hepta3-dimethyl 0.96
Hexane 1.45 Benzene, 1,3-dimethyl 8.27 Dodecane 459
Cyclopentane, methyl 0.55 Octane, 3-methyl 3.96 ylB#nzene 6.53
Hexane, 3-methyl 0.99 p-Xylene 4.35 Benzene, 4tethg-dimethyl 1.38
Heptane 2.19 Nonane 9.83 Cyclohexane, ethyl 1.67
Cyclohexane, methyl 1.87 Cyclohexane,propyl 1.20 nzBee, 1,2,3-trimethyl 1.52
Heptane, 2-methyl 2.23 Octane, 3,6-dimethyl 3.08 tafe, 2-methyl 1.22
Toluene 2.14 Benzene, 1-ethyl-2-methyl 1.61 Decane 13.58
Heptane, 3-methyl 1.72 Nonane, 4-methyl 2.42 Octane 3.68
Cyclohexane, 1,2-dimethyl-, tranis 1.63 Nonane, Syie 2.47 Benzene, 1,3,5-trimethyl 4.54
Cyclohexane, 1,4-dimethyl-, cis 0.54 Benzene, }Aekmethyl 1.78

The result of the simulation is shown in Chart @&h a variation of TVOC concentration with time.

In order to find out the optimum ventilation rasame model was simulated with different ventilattomditions.
Results obtained from the software are graphigaiyesented in the Chart 04. TVOC variation has Ipbetted with time

for varying ventilation rates in Chart 04 and tlensnary of the maximum concentration and dispersiioe is presented

in Table 05.
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Chart 3: Computational Model of IVOC Chart 4: IVOC Variation with Different Ventilation
Dispersion Due to Solvent Based Paint Conditions from the Software Bsd Results
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Table 5: Summary of Dispersion Time with Respect tthe Ventilation Rate (ACH)

_— Maximum TVOC Dlspers_lon_ e e Dispersion Time to the
Ventilation Rate . Permissible valLue L=
Concentration Initial Indoor Value
(ACH) (ppm) (0.75 ppm — OSHA) (0 ppm)(hr: min: sec)
(hr: min: sec) ) :

0.1 24.15 50:29:00 149:36:00

0.2 20.67 26:21:00 78:12:00

0.3 18.87 18:22:00 54:24:00

s0.4 17.27 14:17:00 42:30:00

0.5 15.85 11:54:00 35:42:00

When the ventilation rate increases to 0.5 ACH Whi@s found as the minimum ventilation rate foidestial
buildings from the several researches [22-24];mla&imum TVOC concentration and dispersion timehtinitial indoor
value have come down to 15.85 ppm and 1 ¥ dayec#sply. Therefore it is recommended to maintditeast 0.5 ACH
ventilation rate in the maintenance cycle of buigdiwith a reasonable flush out period so that tbeupants are not
affected by the indoor pollution due to buildinqnogation. Although the dispersion curve is simildwe peak values of
experimental and computational models are not agivg (Chart 05). Therefore few more trials are desk for the

verification of the computational model.
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Chart 5: TVOC Variation for Solvent Based Paint from Experimental and Software Based Results

Since the peak concentration values are not coingeemough, the computational model could not bdidently
used to predict the emission and time of dispersidrerefore the study has been extended to dewelo@thematical

model.
4.3 Mathematical Model for TVOC Dispersion from theSolvent Based Paint

Development of mathematical model was carried ma¢ims of TVOC variation with time and distancenfrthe

point of application.
4.3.1 “TVOC Concentration” Variation with Time

Mathematical model for the solvent based paint etisipn was derived with the use of MATLAB software
(MATLAB R2014a). The reason for the selection dEthoftware over the other packages is dependdtieorize of the
data set, time for the analysis and model verificatwith related statistical parameters. The “Timeid “TVOC
concentration” obtained from the experiment, weseduas the inputs for the MATLAB and the formuladi¢ated in the

table are the outputs of the analysis.
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Table 6: Mathematical Models Generated from MATLAB

Equation Coefficients Adjusted Sum of Square | Root Mean Square
q R%Value Error (SSE) Error (RMSE)

a=3206b=-

Cm) = a%exp(b*) + crexp(@) | 2202992 0.9949 590.5 0.4002
d =-0.001559

C(t) = a*exp(b*t) a=138.2
b = -0.002678 0.9645 4089 1.053

C(t) = a*t"b a = 5.238e+07
b=.226 0.989 1266 0.5859
a = 4.249e+07

C(t) = a*t"b+c b =-2.227 0.9892 1247 0.5815
c =-0.09869

_ a = 4809

City=(a)/(t+b) b=-4016 0.9572 4933 1.156
a=-1.382

Cty=(@*t+b)/(t+c) b =6919 0.9878 1410 0.6184
c =-364.9

As indicated in Table 06, first form of equationxf@®nential function with two terms) has been seléas the
most suitable statistical model since it inherhie best fitting parameters as highestaRd lowest SSE and RMSE
(R? = 0.9949, SSE = 590.5 and RMSE = 0.4002) for tgeemental data with 95% confidence bounds. Thixleh
(equation 1) shows the relationship of TVOC condign with time.

C( t) =3206 e—0.00969t+ 42.89 e—0.001559t (1)

The statistical hypothesis test called chi squageddness of fit ) was used to quantify the deviation of
expected values from the statistical model withdheerved values from the experimental data. Thiehgpothesis was

made such that the experimental data follows afergimned distribution which is shown in equation 01

(0;—Ep*
E;

X2 = 25:1
Wherey?=Pearson's cumulative test statistic
O= An observed frequency
E;= An expected frequency

k= Sample size

According to the chi squared test statistic witlgrée of freedom ok-1,x2<y2,_; ,, with the probability value
(a)of 0.99(x2 = 2239,x2y_1 o, = 2522, k-1 = 2690) [25]. Therefore null hypotlsesias accepted.

4.3.2 “TVOC Concentration” Variation with Time and Distance

In order to find out the relationship between théOIC concentration and distance, the data generayed
changing the position of equipment from the soitise sample paint application) was used. This data was collected
under similar environmental conditions as thattfa time variation, in the same test chamber. &imnfdrm of equation
(1) has been used for the data set which was gedeirmm the sample painted area and obtaineddtiation of the two

coefficients &, ¢ with the distance which are with the Euler's n@m(@). The relationships for the variation of coeffitie
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with the distance from the source are indicategguations 2 and 3 which were obtained from the (dar

a(x) = 94.78 € *?*(R?=0.999) (2)
c(x) = 15.13¢%!¥(R?=0.965) (3)
a0
L a — e

V= 04 FThe I
R?=0.999

Coefficient values
=
[=]

¥=15.13 016

20
. RZ=0.965
10 -_u_'_-—"_‘—‘—-—-—.—.____,_'____‘_'___
0 2 4 [ g

Distance {m}

Chart 6: Coefficients (A, C) Variation with the Distance

Further it was observed that the TVOC concentraisoproportional to the painted area. Therefore fthal
outcome is presented as equation 4 which has beeved by combining the above two relationshipsmeein TVOC

concentration together with time and distance fasetion of the painted area.
C(x, t) = S [1.399 g ©24+0.0096%,  0g7 g (018x:0.00155%) equation (4)
WhereC(x, t) = TVOC Concentration (ppm) as a function of diseand time
S = Painted Area (f
x= Horizontal distance from the source (m)
t = Time relative to starting time of the paint dpgtion on surface (min)

The equation 4 can be put forward as the proposetEhof TVOC dispersion with time and distance frtra

source point. This has been expressed as a furdftitve painted area.

5. CONCLUSIONS

The detailed experimental programme carried oat test chamber with solvent based and water basatsghas
shown a significant impact on I1AQ with solvent bé&gmint. TVOC has been identified as the most pnemt pollutant
due to the solvent based paint application witleakpvalue of 45.58 ppm which has taken more thdays to disperse up

to the ambient condition.

In order to establish dispersion curves for the TD/&ncentration, both computational model and @harattical
model were developed. The mathematical model obeeaptial nature has been identified as a bett@edsson model for
the benefit of building planners to work out theianning arrangement with required ventilation saaed building flush

out periods during construction and also duringvation periods.

The developed model can be used to predict thalihgilflush out period in new buildings. A safe diste of

operation for the occupants from the painted asgaatso be worked out by the proposed model ifbthieling renovation
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stage. Building planners can maintain a comfortabid healthy indoor environment using the proposediel with
confidence. Further refinement of the proposed rhasleébeing carried out with different ventilatiorates for the

development of a set of curves for the variatiom@OC concentration with time and distance.
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