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Indoor and outdoor particles in an air-conditioned building during
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Abstract

Particles released from biomass burning can cart&ito severe air pollution. We monitored
indoor and outdoor particles in a mechanically ¥ated and air-conditioned building during
and after the 2013 haze event in Singapore. Qamti monitoring of time-and size-resolved
particles in the diameter range 0.01-10 um was ucted for two weeks in each sampling
campaign. During the haze event, the averagedresdved outdoor particle volume
concentrations (dd(logDy)) for diameters larger than QuBn were considerably higher than
those during the post-haze days (9-185 pm® versus 1-35 purhcmi®). However, the
average number concentration of particles with étns in the range 10-200 nm was
substantially lower on the hazy days than on tret-paze days (11,400 to 14,300 particles
cm® for hazy days, versus an average of 23,700 pastioi® on post-haze days). The
building mechanical ventilation system, equippethWERV 7 filters, attenuated the
penetration and persistence of outdoor particlestie monitored building. Indoor particle

concentrations, in the diameter ranges 0.3-1.0 palaD-2.5 um, closely tracked the
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corresponding patterns of outdoor particle conegioins. For particles in the size range
0.01-1.0um, the size-resolved mean indoor/outdoor (I/Opsatvere in the range 0.12-0.65
with the highest mean I/O ratio at u& (0.59 in AC on mode and 0.64 in AC off mode).
The air conditioning and mechanical ventilationtegswith MERYV 7 filters provided low
single-pass removal efficiency (less than ~ 30% p#aoticles with diameters of 0.01-1.0 um.
During the haze, for particles larger than ~ 0.2 jawer I/O ratios and higher removal
efficiencies occurred with the air conditioning ogteng as compared to with mechanical
ventilation only. This observation suggests thesguility of particle loss to air conditioning

system surfaces, possibly enhanced by thermopbaretiiffusiophoretic effects.

Keywords. Indoor-outdoor relationship, Aerosol, Landscapesf Pollutants, Particulate

matter

1. Introduction

Two types of large, uncontrolled combustion cantigbuate to regional-scale air pollution
episodes. Wildfires are common seasonal occurseeggecially in semiarid regions such as
the western United States and Australia. The G ge-scale biomass burning to clear land
for agriculture is an important environmental issu&outheast Asia. Such burning causes
air quality problems because of the heavy emissibieembustion byproducts followed by
atmospheric transport and dispersion plus photoataitnansformation processes that create
regional pollution episodes. Prior studies hawesatigated certain characteristics of airborne
particulate matter associated with uncontrolledrizies burning, such as the organic and

elemental carbon (OC/EC) composition of air [1,i#hmass burning signatures of individual
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particles [3], trace elements in particulate mgd#eb] and particle-bound polycyclic

aromatic hydrocarbons (PAHS) [5, 6].

Particles originating from biomass burning mightdaignificant impacts on human health.
For example, such particles are demonstrated todrye toxic to lung macrophages than
other ambient particles [7]. Particles from witdf can induce pro-inflammatory responses
[8] and contribute to oxidative stress [9]. A langildfire in southern California was found
to result in a “significant increase in hospitalexgency room visits for asthma, respiratory
problems, eye irritation, and smoke inhalation”][1Because of their potential contributions
to the degradation of public health, it is worthighp pursue a deeper understanding of

airborne particulate matter associated with uncodliett biomass burning episodes.

Particle size is a key parameter, not only influegaynamic behavior but also for assessing
human health risks [11]. A few studies have doauerthat biomass burning activities can
alter the airborne particle size distribution ie impacted area [12, 13]. Increases in particle
mass concentrations are observed in the accumulampae (0.1-2.0 um). Particles in this
size range contribute strongly to visibility impaent, a commonly observed adverse impact
of large-scale biomass burning. Increases arerefswted for the coarse mode (> 2.0 um).
However, decreases have been observed in the hianleaode (diameter smaller than 0.1
pnm). These findings highlight the importance ohayic processes that influence the
evolution of the particle size distribution. Foaenple, growth induced by the condensation

of semivolatile vapors would tend to shift nucleatmode particles toward the accumulation
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mode. It is important to better understand the digiibutions of airborne particles

associated with biomass burning events.

The penetration and persistence of particles fratdamr to indoor air is important with

regard to health because people spend a largefraafttheir time indoors [14]. When
outdoor pollution levels are high, as during biombarning episodes, people may be advised
to curtail activities and remain indoors as a “srein-place” strategy. For an office

building, the major pathway connecting the indaovieonment to outdoor air is the heating,
ventilating and air-conditioning (HVAC) system [15For tropical climates such as in
Singapore, heating is seldom or never needed, @titesanalogous term, which we shall use

in this paper, is the air-conditioning and mechalnentilation (ACMV) system.

Several studies have reported that submicron partianber concentrations in office
buildings closely follow the corresponding outdeoncentrations in the absence of a strong
indoor source [16, 17, 18]. Among the factors trat affect the particle indoor/outdoor
ratios (1/0O) are particle size [19], air-exchangier(AER) [19], and filter efficiency [16].
Indoor concentrations of particles originating adds can be reduced by improving filter
efficiency [20]. _Shi et al. [21] have reported dastory tests that document the size-
dependent particle removal efficiency of filtersrononly used in ventilation systems.
However, indoor-outdoor relationships have not bedensively reported for office

buildings in relation to air pollution episodes sad by uncontrolled biomass burning. It is

worthwhile to better understand the performanceasimally used filters in office buildings
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for removing particles of outdoor origin, espegiallhen the outdoor levels are episodically

elevated, as during the 2013 haze in Singapore.

During the Southeast Asia haze episode of June,28&®utdoor PMsconcentrations rose
to 250pg i on the most polluted days. This order-of-magretatbvation above the
normal ambient PMsconcentration of 15-2fg m provided an opportunity to investigate
the relationship between indoor and outdoor pateVels in a mechanically ventilated and
air-conditioned building when the outdoor partigeel was unusually high. The current
study presents monitoring results and their inetgiron considering size- and time-resolved
indoor and outdoor particle concentrations bothrduthe 2013 haze and on low-pollution
days after the haze episode. The study aims todaanformation and contribute new
knowledge regarding four important features atiiersection of regional air pollution
episodes, building environmental systems, and hugrposure: 1) size-resolved outdoor
particle volume and number concentrations measar8thgapore with and without episodic
haze; 2) size-resolved indoor and outdoor parteionships in a typical office building; 3)
influence of ACMV operation modes on these relalops (i.e., with and without operating
the air-conditioning cooling coil); and 4) perfornta of a typical ACMV system on

reducing the penetration and persistence of outdadicles indoors.



106 2. Material and Methods

107  2.1. Monitoring sites

108 Outdoor and indoor monitoring was undertaken orcdmapus of Nanyang Technological

109  University (NTU). The NTU campus, located in west8ingapore, is bordered by forested
110 land to the north and west, by industrial areatéosouth, and by residential areas to the east.
111  On hazy days, the adjacent areas are not likeiate contributed substantially to the

112  outdoor particle concentrations, as evidenced bysthall variation in Pl concentrations

113  across the five government-operated monitoringostatthat span the city [22]. The

114 sampling sites were on the western side of the ocapgituated about 200 m from the forest.
115 Vehicular traffic on the campus is small, consgtmainly of light-duty passenger cars for

116 commuters. There are no other noteworthy partmlgces on campus.

117  The present study reports results from two momtpdampaigns, with conditions that we

118  will refer to as “hazy” and “clear sky,” respectiye The hazy campaign spanned 14-29 June
119 2013 and the clear sky campaign took place 13-2§us1i2013. Monitoring sites were the
120 same for both campaigns. The outdoor monitoriagast was sited on the balcony of a

121  lecture theatre, with the air inlet positioned 12bove the ground. The indoor station was
122 20 m away from the outdoor monitoring station abhdwd 1.2 m above the floor. The fresh
123  air intake of the ACMV system was situated at gjhieof 21 m above the ground and at 20
124  m horizontal distance from the outdoor monitoritegien. Given the strong regional impact
125  of the air pollution episode and the small conttidyu of local sources, we believe that the

126  outdoor monitoring results reflect accurately tbaditions prevailing in the ventilation air
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supplied to the indoor site. The room where tliwar station was placed had a hard-surface
floor of area 19 and was part of a staff office. The office hachaga of 300 fhand had
been unoccupied for more than one year. Polywhldride flooring covered five-sixths of
the office’s floor surfaces and the remaining flaoga was carpeted. The office also
contained basic furniture such as tables, cabiaetchairs. There were no obvious indoor
particle sources. The room had casement windodgariains; windows and doors were

closed throughout both monitoring campaigns.

The air-handling unit (AHU) that served the offitad an independent ventilation system
(Figure 1), so the office was isolated from otlems in the same building. When the
mechanical ventilation was operating, make-up @oanted for ~ 10% of the volume flow
rate of supply air. The make-up air mixed with tbeirculated air first and then the air
mixture passed through the filter and coil as showiigure 1. When the MV system was
on, the office was slightly pressurized by the digplair; such pressurization would have
prevented outdoor air from substantially infiltragiinto the office, making flow through the
ACMV system the dominant pathway of fresh air sy@pid outdoor particle penetration.
The filters in the AHU had a grade of MERV 7, whitleans its nominal removal efficiency
is 25-35% for particles with diameters of 0.3-1A0. In addition, its minimum removal
efficiencies for particles with diameters of 0.8-um, 1.0-3.0um and 3.0-10.@um are 17%,

46% and 50%, respectively [23].
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When air conditioning was employed, chilled watecwdating through the coil had a
temperature of 7 °C. In normal practice at NTUefs are replaced and cooling coils are
cleaned concurrently at intervals of three monfasom June to August 2013, the filters were
not replaced and the cooling coils were not cleaiéaen the mechanical ventilation was on,
the air exchange rate of the office was 3'8whereas when the system was off, the average

air exchange rate (owing to leakage) was 0’5 h

The ACMYV system was operated in three different esoduring the two monitoring
campaigns. During weekdays of both the hazy aedéar-sky periods, the ACMV system
was on (Mode 1: air conditioning and mechanicatietion on) from 7:30 to 18:30.
Overnight during the haze period, i.e. 18:30 td08 the next day, the AC was off but the
MV system continued to operate (Mode 2: air conditig off, mechanical ventilation on).
During the weekday overnight intervals of the clsky period, the ACMV system was off
(Mode 3: air conditioning and mechanical ventilataff). For weekends (both daytime and
overnight), Mode 2 was applied during the hazegaeaind Mode 3 was applied for the clear-

sky days.

2.2. Instruments

During both campaigns, size- and time-resolved epntrations of both indoor and outdoor
particles with diameters in the range O to 10um were concurrently monitored for
multiple days. Particles with diameters of Ot to 0.2um were measured with TSI

Nanoscan SMPS Nanoparticle Sizers (Model 3910,JA&) Shoreview, USA). The SMPS



166  uses isopropyl alcohol (purity99.7%, Sigma-Aldrich) as the reagent and can nreasu
167  particle number concentrations in the range 10040 cnt. For larger particles, 0.3-10
168 um in diameter, TSI optical particle sizers (OP®del 3330) were employed. These can
169 measure particle concentrations up to 3,000 amd optically resolve particles into 16 size
170 channels. Temperature and relative humidity wesasured using TSI VelociCalc Air

171  Velocity meters (model 9545-A). Monitoring was doeted continuously every day and
172  measurement results were recorded at intervalswihl However, with high water vapor
173  content in Singapore’s air, we found that the SM&3g functioned properly (i.e. without
174  reporting error) during some portions of each d@pnsequently, we have relatively small

175 datasets from the SMPSs in the current study.

176  An InfraRan Specific Vapor Analyzer (Wilkes Entasgr Inc., East Norwalk, USA) was used
177  to measure the air exchange rates of the indoar@maent based on the tracer gas decay

178 method, using sulfur hexafluoride as the tracer.

179  2.3. Outdoor weather conditions

180 In accordance with expectations for Singapore’gita climate, the outdoor weather

181 conditions were similar during each sampling campaiTable S1 presents a summary of
182  selected outdoor atmospheric parameters angsPMss concentrations for the two

183 campaigns. The PMmass concentration presented in Table S1 of eaclwda calculated
184  based on outdoor sized-resolved particle numberesdrations monitored by outdoor OPS

185 and SMPS with assumed particle density of 1.0 § [@8]. During the hazy period,



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

temperatures were between 25 and 35 °C and thevestaumidity was 40-90%. The
average daily wind speed was mainly in the rangekB h* (except for 19-20 June) and
from the southwest. Though it was during the monsseason, there were only four
precipitation events (June 16, 24, 25 and 26).ifguhe clear-sky campaign, air
temperatures were mainly between 27 and 32 °Cealative humidity was mainly between
50 and 90%. Mean wind speeds were mainly 4-8 Rrarid were primarily from the south.
There were six precipitation episodes during tlearckky monitoring campaign. Given the
similar weather conditions, the influence of metéogical conditions on outdoor particles is

expected to be comparable for the two campaigns.

2.4. Data analysis and quality assurance

A clear difference is seen between the overall @utd®M sconcentrations of these two
campaigns (Table S1). According to data reporie8ihgapore’s National Environmental
Agency (NEA), during the 2013 haze episode, thiydaieraged outdoor PM
concentrations ranged from 38 to 368 m* and the average PMconcentration was 96g
m3. Utilizing NEA data, and based on the daily-agerautdoor PMsconcentrations, we
classified the hazy days into three categoriesnhbaze (PMs > 150ug m*), moderate
haze (60-15Qug m>) and light haze (35-6fig m>). During the clear-sky periods, the daily
averaged outdoor PMconcentrations normally ranged from 10 top80ni° and the average

PM, sconcentration was approximately g9 ni>,

10
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Measured particle, temperature and RH results firstgorocessed to exclude errors owing
to instrument malfunction. Indoor and outdoor daggie then paired as linked time series.
For particles in the diameter range 0.01gh®, count concentrations were converted to
volume concentrations based on the method reportédou et al [22]. All data were
arranged day-by-day and days that had completewdtitaut evidence of error (i.e. owing to
instrument malfunction) were chosen to compute @utdize-resolved particle volume
concentrations (ddlog Dp) and number concentrationd\{dlog Dp). Size-resolved outdoor
particle data for 19-22 June were averaged to septehe heavy haze days; data for 16-18
and 23 June were averaged to represent moderaebaditions, data on 24-25 and 27-29
June were used to represent light-haze days, aadureaments from 16-17 and 21-23 August
were applied to represent the clear-sky conditidnsll, seventeen days were selected for
further analysis, considering data availabilityttzes major criterion. Days that had
continuously valid data for less than three houesenexcluded to limit errors in determining
I/O ratios owing to lag time. In preliminary dgieocessing, we only accepted data for which
there was no error reported by either particle-rtmoimg instrument or otherwise recorded in

our logbook.

Data records for the time period 10:00 to 18:0@ays with valid data were chosen for
calculating I/O ratios for Mode 1. Data recordsfir20:00 to 6:00 of their next day were
chosen for analysis for Mode 2 conditions. Datarded close to the transition periods of
the ACMV system (i.e., 6:00-10:00 each weekday nmgrand 18:00-20:00 each weekday

evening) were excluded to avoid potential biasesed by time-varying indoor

11
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temperatures. One-way ANOVA tests were perfornoecbinpare size-resolved 1/O ratios
under different ACMV operation modes. We appligat@bability of 0.05 as the threshold in

testing for statistical significance (SPSS 22, IBid., USA).

We conducted side-by-side tests for both the SM#PEOPSs during light-haze and clear-
sky periods with outdoor PM concentrations between g m® and 60ug m>. Adjustment
factors based on these comparisons were applieihimize the differences between
individual instruments throughout the whole monitgrperiod. The side-by-side tests were
carried out in the room where the indoor statios wiaced. The test duration for the SMPSs
was 22.5 h and that for the OPSs was 21 h. Itetts, the monitors recorded data at 1-min
intervals, which was consistent with the indoor anttloor monitoring experiments. We
calculated the adjustment factor for each chansielguthe average of readings in that
channel from the paired monitors as a referenagevaln each channel, the reference values
were averaged over the whole test period and teeage was divided by average of readings
from each monitor. The calculated adjustment facame listed in Table S2. The paired
monitors were reasonably consistent with each dtrdsoth SMPSs and OPSs with most

differences smaller than 15%.

2.5. Estimates of particle removal efficiencies of the ACMV system
We estimated size-resolved single-pass particl®vaiefficiencies of the ACMV system,
which are believed to be mainly attributable to MRV 7 filters. Various ACMV

components, including filters, coils, and ductinggy contribute to particle removal when the

12
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system was operating; however, filters are beligeezbntribute the most to removal as other
components should play limited roles, especialhfifoe particles [24, 25]. The filters

remove the majority of coarse particles as theyladirst layer of defense in the ACMV
system (as shown in Figure 1) and they have mugiehiremoval efficiency for coarse

particles than for fine and ultrafine particles.

Equation 1, based on material balance, descrilgesnie dependent indoor particle number

concentration:

IN. .
Niin d’-’" - /'{Ni_m”(l -n,)- /1,.N,;,-,,’7,- _ﬁiNi.in _A’Niju @)
1

Here,N;nis the indoor number concentration of particlethisi™ size bin (particles cf¥); t

is time (h);N; ot is the outdoor number concentration of particleth@i™ size bin (particles
cm®); A is the air-exchange rate'J(h n; is single-pass removal efficiency of the ACMV
system for particles in size birfunitless);/; is the recirculation rate of the indoor air in the
ACMV system (i'); andj is the indoor deposition rate of particles in tAsize bin (F). In
developing Equation 1, we assumed balanced volioriktws (appropriate for near-
isothermal conditions), no particle resuspensiogesreration indoors, no coagulation of
particles, and no phase-change processes. Wasdamed that during monitoring, when the
mechanical ventilation was on, there was no partidiltration from outdoors to indoors that
would bypass the filter. In addition, we assuntet the air-exchange rate of the indoor

environment was constant. We treated the filtBciefhcies for particles of specific sizes to

13



264  be identical for makeup and recirculated air, sitheze are no separate prefilters in the

265  system.

266 To solve Equation 1, we apply time averaging, n&glg any change of particle number
267  concentration in the indoor environment and assgrthatN; ;, andN; o: are not correlated in

268 time with A, 1, A, or B. The result is Equation 2:

Ni.in _ A’(l_r’,)
N, AN +B+A

(2)

iout

269  Here, N, is the indoor time-averaged number concentratigadicles in thé™ size bin

n

270  (particles cnt) and N, .« s the corresponding outdoor value (particles’xnConsidering

271 N;;, /N, =(1/0),, we transformed Equation 2 to Equation 3 for daltng removal

272  efficiency of the ACMV system for particles in easile bin:

A= (B + )1 10),
= A+2.(110), ©)

273 Here,(1/O); is time-averaged ratio of indoor to outdoor péetioncentrations in thé' size
274  bin (unitless). Before undertaking the calculasione first estimated the size-resolved
275 indoor particle deposition rateg). In this study, thg values are based on the deposition

276  model developed by Riley et al. [26]. Table S3spres the calculatef] value for each

277  effective particle size. In the indoor environmexd shown in Figure 1, the air exchange rate
278  was 3.8 H and the recirculation rate was 34:2 ISize-resolved particle removal efficiencies

279 of the ACMV system when it was operated in both Blddboth AC on and MV on) and

14



280 Mode 2 (AC off and MV on) were computed based @ndbrresponding measured particle

281 /O ratios, utilizing Equation 3.

282 3. Results and Discussion

283  3.1. Summary of indoor and outdoor particle number concentrations

284  Table S4 summarizes the time-weighted and sizdwedindoor and outdoor particle

285 number concentrations during and after the 2018.h&pr all haze levels, particles smaller
286  than 0.37um account for most particles by number. In eazl sange, the indoor

287  concentrations were always lower than the corredipgroutdoor concentrations.

288  3.2. Sze-resolved outdoor particle concentrations

289  Figure 2 illustrates time-averaged volume-weigtsiee distributions (d/dlog D) measured
290 outdoors for particles with diameters 0.01t4 for the four haze conditions. Overall,

291 particle volume concentrations for the heavy hamesdire approximately seven times higher
292 than on clear-sky days, with ratios ranging fromo 40 across particle sizes. Compared with
293 the clear-sky days, the total volume concentragdwo times higher for light haze and five
294  times higher for moderate haze. It is noteworttat submicron particles account for

295 approximately half (45-54%) of the total volumetdizution for hazy days, whereas the

296 percentage was smaller (35%) for clear-sky conaitioThere is an evident shift in the peak
297  of the submicron size distribution as the hazellen@eases. The peak diameter was 0.18
298 um for clear-sky conditions and progressively iasex to approximately 0.42 um for the

299 moderate and heavy haze days. This observatiarestgthe occurrence of substantial

15
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secondary growth of particles probably owing t@mbination of condensation and

coagulation during the haze episode.

Figure 3 illustrates the time-averaged and sizelved particle number distributionNddlog
Dp) for particles with diameters of 0.01-jufn, again sorted according to haze level. The
striking feature of this figure is the prominendeaa@ount-weighted peak, centered at a
diameter of about 0.07 um diameter, for clear-skyditions. For hazy conditions, the peak
shifts to a larger particle size of about 0.2 pantkter, for which light scattering would be

much more efficient.

Total number concentrations of ultrafine partide@®1-0.2um) for hazy days were less than
measured for clear-sky conditions. Specificakbydls were 13,100 £ 6,500, 11,400 £ 4,800,
and 14,300 * 10,800 particles rfor heavy, moderate and light haze days, respsygtiv
versus 23,700 + 9,200 particles Eiior clear-sky conditions. Qualitatively similar

observations have been reported by Betha et dlafj&¥ Mielonen et al. [28].

A plausible factor contributing to the shift in e&is the different sources of ultrafine
particles and the associated growth processesha@ndays, the primary source of
submicron particles over Singapore would be thecaljural fires in Sumatra, approximately
300 km to the west (as shown in Figure S1). Itidake a day or two for pollutants emitted
from this locale to travel to Singapore. The tiseale would enable the ultrafine particles to
grow to sizes larger than 0.1 in diameter [29]. Figure 3 shows that the coueighted

size distribution has a peak at approximately Quifor both the heavy and moderate haze

16
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days, whereas the peak occurs at u@i7on the clear-sky days. For clear-sky conditions,
probable sources of ultrafine particles measuresingapore would be local emissions,
including industrial and vehicular activities [30The proximity of these sources to the
monitoring station offers much less time for ulinaf particle to grow through

photochemically driven condensation.

Additional evidence about the importance of timedondensational growth of haze particles
can be found in comparing the 2013 haze episodether 2009 haze event triggered by local
biomass burning in Singapore [30]. During the 2888e, the mean hourly total particle
number concentration was 37,800 particles ¢E6-560 nm), which was<®hat in the

current study. During the 2009 haze, there wés titme for newly generated ultrafine
particles to grow to submicron particles given thase proximity between the monitoring

and emissions sites. Differences in the peak diersef the count-weighted size distribution
(0.17pm during the 2013 hazersus 0.06um during the 2009 episode) highlight the

importance of reaction time as a factor influengagticle size distributions.

The findings shown in Figures 2 and 3 indicate gaaticles larger than 0.1 um contributed
the most to the outdoor particle pollution durihg 013 haze episode. The findings
improve our understanding of the size distributiohparticles originating from agricultural
biomass burning upwind of Singapore. Becauseefrquent recurrence of transboundary
haze in Singapore, knowledge about particle sigatdutions is useful for developing

technology and policy to mitigate the adverse éffet haze particles. In Section 3.3, we
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evaluate indoor-outdoor relationships for partiélea mechanically ventilated building.
Since the ultrafine particle concentrations wersenbed not to increase during the haze, we
focus on particles with diameters of 0.3 and consider whether there are systematic

differences among the four different outdoor patintconditions.

3.3. Time-resolved outdoor and indoor particle concentrations

Figure 4 shows time-resolved indoor and outdootigarvolume concentrations (fram?)

in three size bins (0.3-1m, 1.0-2.5um and 5.0-10.@um) for one typical day each for the
heavy, moderate, and light haze conditions. luiEg, the ACMV was operating in Mode 1

(AC on + MV on) for 07:30-18:30 and in Mode 2 (A@ ® MV on) for other times.

Figure 4 frames a, b, and ¢ show that indoor gartioncentrations in the size range 0.3-1.0
pum were always lower than the corresponding outdoacentrations. Furthermore,
concentrations of these smaller sized particlekée the corresponding outdoor
concentrations closely throughout the day. Temngzatierns of indoor concentrations were
attenuated and delayed when compared with thespwneling outdoor concentrations. The
indoor concentration was approximately half of dokdoor concentration. This attenuation

is mainly attributable to the ACMV system’s filtra effects on outdoor particles in the
process of transporting air from outdoors to indaamd recirculating it; otherwise, the indoor
environment is well isolated from the outdoors b building envelope. The data also
reveal a time lag of approximately 15 min betweesden changes in outdoor concentrations

and corresponding changes indoors. That lag isist@mt expectations: it is approximately
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the reciprocal of the measured air-exchange rase®ofi'. For the three haze conditions,
indoor average volume concentrations for partislesd 0.3-1.um were 43.6 prhcm®,
20.5 puni cm®, and 5.5 prcmi®, respectively; each of these values is higher thanfor the

clear-sky conditions (4.8 pheni®).

For particles with diameters in the range 1.04hg indoor concentrations were much lower
than corresponding outdoor concentrations (Figurames d, e, and f). Impaction and
interception control particle filtration efficiendy this size range and are much more
efficient for these particles than for those in @h&-1 pm diameter range, for which the
ACMV system exhibited a weaker attenuation eff@df]] For the 1.0-2.5 um diameter range,
indoor peak concentrations are approximately 20%h@torresponding outdoor peak
concentrations. Despite attenuation, indoor cotmagans were still notably higher when the
outdoor concentrations were elevated during the h&or heavy, moderate and light haze
days, the indoor mean volume concentrations ingdilzis bin were 8.1, 7.6 and 1.1 times the

clear-sky values, respectively.

For particles in the diameter range 2.5-10.0 peretlis no evident temporal covariation
between indoor and outdoor concentrations (Figdrares g, h, and i). The indoor volume
concentrations of particles in the diameter ran§el®.0 um were consistently lower than 5
um® cmi® and were comparable across the different hazedities, even though the outdoor
concentrations were markedly different for thesgsdarhese findings indicate that the

ACMV system in this building effectively protectsaupants against outdoor particles larger
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than 2.5 um. The effectiveness of the ACMV sysietimiting penetration and persistence
of these coarse particles from outdoors results fitee high proportion of recirculation flow
(90%). Even though the single-pass efficiencyhefMERYV 7 filters is only moderate, the
multiple passes of indoor air through the filterslgs a high overall effectiveness in reducing

airborne coarse particle concentrations.

In Section 3.2, we reported that particles largant0.1 pm dominated the particle volume or
mass concentrations during the haze. Here, we $temen that the ACMV system was
effective at removing particles larger than 2.5 yimder normal operation. Combining this
information, we could state that, in the absencenprtant indoor particle sources,
occupants of a building with a conventional ACM\é®m during the haze episode would
mainly be exposed to particles in the diametereah@-2.5 pm. Recognizing the importance
of adverse human health effects associated witbsexp to fine particles, it would be of
scientific and public health value to develop immo strategies to mitigate indoor fine
particle pollution from outdoor sources in thisesiange, especially during occasions of
extreme outdoor pollution such as the Singapor& 2@ke. Such information might assist
government agencies in setting policies to prdsedtling occupants from excessive particle

exposure during haze episodes.

3.4. Particle /O ratios
Figure 5 shows the time averaged and size-resd@erhtios of particles with diameters of

0.01-6.0um for two ACMV operation modes (Mode 1: both AC aviel on; Mode 2: AC off
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400 and MV on). Table 1 reports the time, date andthavels of the datasets for the 1/O ratios
401 calculation. The small number of entries in Tableccurs because we only used datasets
402  when the both indoor and outdoor SMPSs were funictgpproperly. In both modes, the

403 ACMV system is the major pathway by which outdoartjgles migrate indoors.

404 The I/O ratios for all particle sizes are smallert one, as expected given the absence of any
405 notable indoor particle source. For particleshim $ize range 0.01-Opn, the mean 1/O

406 ratios are in the range of 0.17-0.65 and thergemndency for the 1/O ratio to increase with

407 increasing particle size. For particles of 0.14In9, the size-resolved mean /O ratios are in
408 the range 0.12-0.65. The highest mean I/O ratgosiofor particle diameters of

409 approximately 0.3im. The mean I/O ratios decrease sharply whendhe|e size is larger

410 than 0.3um. The trend for size-resolved I/O ratios of paes with diameters 0.3-50n

411 generally agrees with the findings reported by @wgrtd Cheong. [32] for ACMV-dominated

412 indoor environments. These findings also aligrhviieoretically predicted results that
413  fibrous particle filters usually have minimum eféncies for diameters in the range 0.05-0.5

414  pm [11].

415  Figure 5 suggests that, in addition to mechanieatilation and active filtration, the
416  operation of air conditioning influenced the ind@artdoor particle ratio. There is a trend
417  such that when the air conditioning was on, ther#{ibs for particles between 0.17 um and

418 2.5 um were lower than when the air conditioning wi. Conversely, for particles smaller
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than about 0.1 um, there is a tendency for thedt® to be higher when the air conditioning

was on as compared to the air-conditioning offestat

We have compared the I/O ratios in these two made®) one-way ANOVA tests. The
statistical analysis reveals that the differencesstatistically significanty< 0.05) for
particles in all size bins between 0.17 um andu2rb except for the size bin 0.3-0.374 pon (
=0.29). These findings suggest that the ACMVeyshas higher removal efficiency for

particles in this larger size range with activelocwpby the air conditioning system.

In Singapore’s tropical climate, whenever air cdioding is operating, the cooling coill

would receive a flow of condensing water from thenrd air stream passing over its cooled
surfaces. The elevated removal efficiency suggbstpossibility of enhanced removal of
particles onto the wet surface of the cooling ediken air conditioning is on. The presence of
a water film would narrow the gaps between finse plocess of condensation would also
induce net transport of particles toward the costensurfaces through the mechanism of
diffusiophoresis. There may also be a thermoplomEiuence inducing particle migration
from the warmer air toward the cooler fins. It l@en recognized that a cooling coil can
contribute to removing particles from airstream4, [23, 34]. At present, the processes and
mechanisms are not well understood and we knove giraviously published data of the type

presented in Figure 5.

For smaller particles, with diameters of 0.01-0. %4, we observe a trend of higher I/O

ratios when the air conditioning is on compared/ien it is off. However, one-way
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439  ANOVA results reveal that the differences betwdenltO ratios are statistically significant
440 (p < 0.05) only for particles in a few size bins,ZD6—-0.0365 um and 0.0649-0.154 pum.
441  This trend contradicts the theoretically prediatesults by Waring and Siegel [34]. In their
442  study, higher deposition rates were predicted fivafine particles onto a wet surface than
443  onto the dry surface of a cooling coil. We spetithat the higher 1/O ratios that we observe
444  for these smallest particles might be attributablthe growth of ultrafine particles owing to
445 condensation as the air stream is cooled. Theearminlg species could include water and
446  also semivolatile organic compounds in the airastrevhose partitioning between the gas

447  and particle phase is materially influenced by terafure.

448 The information in this study is insufficient toredusively explain these observations. In
449 future studies, laboratory tests with well-contdlloperational parameters could serve to
450 elucidate the influence of cooling coil operationgarticle behavior across different size

451 ranges.

452  Itis conceivable that variations of outdoor pdeticoncentrations might indirectly influence
453 1/O ratios. However, our data indicate that tHéedence of time-averaged outdoor particle
454  concentrations between the daytime (AC on) andttigh (AC off) conditions is relatively

455 small, i.e. less than a 10% difference. Consedyiemé consider that variations in outdoor
456 levels did not significantly affect the I/O ratibstween the two ACMV operation modes in

457  this investigation.
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3.5. Particle removal efficiencies

Figure 6 depicts the time-averaged and size-redokmmoval efficiencies of the ACMV
system for particles with diameters of 0.01-6t0 for two ACMV operation modes (Mode 1.:
both AC and MV on; Mode 2: AC off and MV on). Thmgle-pass removal efficiencies
range from 5% to 80% in both ACMV operation modeish the respective lowest and
highest efficiencies occurring at Quin and 3.7Jum in Mode 1, and 0.3@m and 6.Qum in
Mode 2. More specifically, the removal efficierxige smaller than 30% for particles of

diameter 0.01-1.fam in Mode 1 and for particles of diameter 0.0152ufin in Mode 2.

The size-resolved particle removal efficienciesalated in the current study have a similar

profile with those reported by Azimi et al. [35]igkre 5 of their paper), which were based on

the measured single-pass sized-resolved removeikeities for particles of 0.03-10m by

Hecker and Hofacre. [36].

When the mechanical ventilation system was on,ondar passed through the filters and
cooling coil an average of nine times before beamaced by outdoor air, and particle
concentrations would diminish during each passnsgquently, the overall effectiveness of
the ACMV system with MERYV 7 filters is much highéaan the corresponding single-pass
efficiency. However, the MERYV 7 filters are stillsufficient to protect indoor occupants
from fine particles of outdoor origin during thezieaepisode when considering both the low
single-pass particle removal efficiencies and thdihgs reported in Section 3.3. The low

removal efficiency of the MERYV 7 filters for ultiag particle also indicates that the filters
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may fail to protect indoor occupants from ultrafpeaticles of outdoor origin even during
clear-sky periods, when outdoor ultrafine partimlenber concentrations are elevated
(Section 3.2). The high removal efficiencies fartgcles > 3um indicate that the MERV 7
filters work effectively to remove the coarse paes. The filters’ improved removal
efficiencies for coarse particles may be influenbgéccumulated particles on the filters as

the filters are used.

Comparisons of the particle removal efficiencieth@ two ACMV operation modes reveal
that the removal efficiencies for particles of 3.3774um are significantly higher in the AC
on mode than in the AC off mode (one-way ANOVA test 0.05). The wet cooling coll
surface in the AC on mode results in increases28% in the removal efficiencies for
particles with diameters of 0.37-3.1ih when compared with the dry cooling coil surface i
the AC off mode. The findings suggest that dutimghaze episode, air conditioning
operation could contribute to the attenuation dtloor particles in this size range in indoor
air. However, it is also possible that enhancetigl@ deposition to wet cooling coil surfaces

could contribute to fouling of those surfaces averlong term.

4. Conclusions

During the 2013 haze in Singapore, the outdoor nseandistribution of particles larger than
0.2 um in diameter was remarkably higher than earallays. Overall, particles of 0.1-1.0
pm accounted for large increases, with aggregdteneconcentrations that were 5 to 60

times higher than during the clear-sky conditidret prevailed a few weeks after the haze
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episode. There was an evident size shift of tlad particle size to larger diameters within
the accumulation mode. This phenomenon mightdmaequence of secondary growth of

organic aerosol induced by photochemical reactibumgg the haze.

In a mechanically ventilated and air conditionedmoon the NTU campus, equipped with
MERYV 7 grade filters, indoor particles in the siaage 0.3-1.0 um followed the time pattern
of outdoor particle concentrations, with some at&gion and a short lag time. The
correlations between indoor and outdoor particiehe size range 1.0-2.5 um were moderate
and correlations were not observed for larger gladi Relative to the clear-sky conditions,
indoor concentrations of particles in the size m@@-2.5 um increased by factors of 2 to 14

during the haze. Any such increase for largengagt was marginal.

The mean I/O ratio and removal efficiency of theMZ system of particles was observed to
vary with particle size as would be expected. Awamtional ACMV system with MERV 7
filters is insufficient to protect building occugarirom high exposures to fine particles of
outdoor origin under extraordinary circumstanceshsas the 2013 haze. More effective

strategies to protect the public are needed fordberring transboundary haze.

We observed that both I/O ratios and particle reahefficiencies of the ACMV system
varied systematically depending on whether or hetair conditioning was on. Information
in the current study is insufficient to fully explahese observations. As yet, there is limited

scientific knowledge about how pollutants, suchipkes, semivolatile organic compounds,
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bioaerosols, and ozone, interact with cooling soifaces. More studies that advance our

knowledge of these topics are necessary.
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Figure Captions

Figure 1. Schematic representation of the air-damng and mechanical ventilation system
for the office, illustrating the flow rate®)y, fans €), filter and coil in the system. For air-
flow rates, the subscrips R andEX denote forced supply (make-up), recirculation and
exfiltration, respectively.

Figure 2. Size-resolved time-averaged outdoor @artiolume concentrations\{ft(log Dy))
sorted according to four particle pollution categer TheV value in the legend refers to
total average particle volume concentration (0.03+in) in each particle size category.

Figure 3. Size-resolved time-averaged outdoor @artiumber concentrationsNiti(log Dp))
sorted according to four particle pollution categer TheN value in the legend refers to
total average particle number concentration (0.01+h) in each particle size category.

Figure 4. Time-resolved indoor and outdoor parti@iime concentrationslY) in different
particle size ranges and for different degreesaafriess.

Figure 5. Size-resolved particle indoor/outdooDjlfatios in two different air-conditioning
operation modes (AC on and AC off). Mechanicaltifathon was provided at the same
volumetric flow rate in both cases. The error bvafer to standard deviations.

Figure 6. Size-resolved particle removal efficiesdy;) of the ACMV system in two
different air-conditioning operation modes (AC ardaAC off). Mechanical ventilation
was provided at the same volumetric flow ratesathlzases. The error bars refer to
standard deviations.
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Table 1. Time, date and haze levels used for time-averaiee-resolved I/O ratio calculations.

AC mode (MV on) Time Date Haziness
11:21-15:35 14 June 2013 light
AC on 9:00-18:00 17 June 2013 moderate
13:56-16:59 20 June 2013 heavy
13:06-17:00 27 June 2013 light
11:00-14:00 16 June 2013 moderate
AC off 21:00-24:00 22 June 2013 h_eavy
21:00-24:00 27 June 2013 light
00:00-6:00 28 June 2013 light

31



Qr= 30,780 m3 h-"

Qex = 3,420 m3 h-'
Qr = 3,420 m3 h-" EX

— Fa2
Vol. =900 m3

Filter Coil

Figure 1. Schematic representation of the air-conditioning and mechanical ventilation
system for the office, illustrating the flow rates (Q), fans (F), filter and coil in the system.
For air-flow rates, subscripts F, R and EX denote forced supply (make-up), recirculation
and exfiltration, respectively.
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Figure 2. Size-resolved time-averaged outdoor particle volume concentrations (dV/d(log D,))
sorted according to four particle pollution categories. The V value in the legend refers to total
average particle volume concentration (0.01-10 um) in each particle size category.
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Figure 4. Time-resolved indoor and outdoor particle volume concentrations (dV) in different
particle size ranges and for different degree of haziness.
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Figure 5. Size-resolved particle indoor/outdoor (I/O) ratios in two different air-conditioning operation
modes (AC on and AC off). Mechanical ventilation was provided at the same volumetric flow rates in
both cases. The error bars refer to standard deviations.
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Figure 6. Size—-resolved particle removal efficiencies (n;) of the ACMV system in two different air-
conditioning operation modes (AC on and AC off). Mechanical ventilation was provided at the
same volumetric flow rates in both cases. The error bars refer to standard deviations.



HIGHLIGHTS (Chen et al.Building and Environment, 2015)

* Monitored indoor and outdoor particles during aftdrahe 2013 haze in Singapore.
» Haze mainly causes increases in concentrationartities larger than ~ Ogm.
 ACMV system attenuated penetration and persistehoatdoor particles indoors.

» AC operation altered the indoor/outdoor concertretatios of fine particles.

 MERV 7 filters provided < 30% removal efficiencifes particles of 0.01-1.0 pum.





