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ABSTRACT

Objectives: This study aimed to assess exposure to black carbon(BC) among forklift operators and to identify environmental and
occupational factors influencing their BC exposure.

Methods: We studied a total of 23 forklift operators from six workplaces manufacturing paper boxes. A daily BC exposure
assessment was conducted during working hours from January to April 2017. A micro-acthalometer was used to monitor daily BC
exposure, and information on work activities was also obtained through a time-activity diary(TAD) and interviews. BC exposure
records were classified into four categories influencing BC exposure level: working environment, workplace, forklift operation, and
job characteristics. Analysis of variance(ANOVA) was used to compare average BC exposure levels among the four categories and
the relationships between potential factors and BC exposure were analyzed using a multiple linear regression model.

Results: The operators’ daily exposure was 12.9 ug/m*(N=9,148, GM=7.5 pg/m®) with a range: 0.001-811.4 ug/m’. The operators were
exposed to significantly higher levels when they operate a forklift in a room < 20,000 m*(AM=12.3 pg/m’), in indoor
workplaces(AM=16.3 pg/m®), when they operate a forklift manufactured before 2006 (AM=13.2 pg/m’), a forklift with a loading limit
of four-tons(AM=27.1 pg/m?), with a roll and bale type clamp(AM=17.1 pg/m®), and with no particulate filter(AM=15.7 pg/m®).
Conclusions: Occupational factors including temperature, smoking, season, daytime, room volume(m?®), location of operating, and
manufacturing era and model of forklift influenced the BC exposure of forklift operators. The results of this study can be used to
minimize the BC exposure of forklift operators.
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Table 1. Selection of environmental, occupational and forklift characteristics related to black carbon exposure of forklift operator

Factor Classification
® Type of job ¢ Officer, forklift operator
¢ Employment duration, years e < 10, 10-19, = 20
Worker information ® Smoking ® Yes/no
e Location e Indoor, outdoor
o Work type ® Moving of box, moving of product material
* Month ® January, February, April
Environmental conditions * Weat.her * Ralny, sunny
® Daytime ® Morning, afternoon
L]

Temperature/relative humidity

Company
Volume of workplace, m®
® Work location

Workplace conditions

e a b yc de f

e < 20,000, > 20,000

o Office, cafeteria and resort area, outside workplace,
inside workplace

Type of lift
Enclosure of forklift
Forklift information

Running velocity, km/hr
Ratio of forward and backward

The year of forklift manufactured
Loading weight limit of forklift, ton

Installation of diesel particulate filter(DPF)
Running hours before forklift start, hrs
Average loading weight by forklift, ton

< 2006, > 2006

< 3.0,3.0 - 40, = 4.0

Fork, roll and bale

Half-opened, fully opened

Yes/no

< 10,000, 10,000-20,000, > 20,000
<2, >2

<10, >10

Forward, backward, same

m.Z =

L X|AIxt 272 7ol S4dnp E=3iFH=(BC) &2 247
Table 2= 2| A%} SHY 7|9l EH=E BC =&
= vlwgt Aojrh 22 7 AY, A o, AR
(AHReE &4, A5 FE Y] M BC =& vEe
FAA SR o] Sl AolE E 3 tH(p<0.0001).
AAA ALY Hit BC =3 HE(AM=12.9 pg/m’,
GM=7.5 pg/m’)7} AFRA ZHAHAM=3.1 pg/m’, GM=
2.5 ngm)Ect o5k Eodch o] 104 o
199 olskel ol 7MY =& BC =& 5%
(AM=16.2 ug/m’, GM=10.0 pg/m’ S =l 54 &
Y9 BC =2 % Z(AM=13.5 pg/m’, GM=9.1 pg/m’)
L H|ZAZHAM=12.3 pg/m’, GM=6.4 pg/m’)¢| 1|3

s
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Table 2. Exposure to airborne BC by worker characteristics(ug/m®)

N Range AM SD GM GSD 95% CI Multiple
comparison
Forklift operator 9,148 0.001-8114 129 190 7.5 3.0  73-7.7
Type of job < 0.0001
Officer 2,525 0.186-203 3.1 18 25 20 2526
Employed <10 4,769 0.001-565.5 102 17.1 6.1 29 5963
duration of 10-19 2443 0.066-811.4 162 228 100 2.8 9.6-104 < 0.0001
forklift operator
(years) > 20 1,936 0.017-178.1 151 17.1 86 33 8291
No 5084 0.001-565.5 123 193 64 33  62-6.6
Smoking < 0.0001
Yes 4,064 0.017-811.4 135 187 9.1 25 8994
Indoor 7,249 0.008-8114 139 17.0 88 28  8.6-9.0
Location < 0.0001
Outdoor 1,899  0.001-565.5 87 249 40 32 3842
Moving of box 6,408 0.001-811.4 128 170 80 28  7.8-82
Work type . . < 0.0001
Moving product material 2,740  0.010-565.5 13.0  23.1 6.4 34 6.1-6.7
Total 11,673 0.001-811.4 107 173 59 31  58-6.0

Abbreviations: N, number of samples; AM, arithmetic mean; SD, standard deviation; GM, geometric mean; GSD, geometric standard

deviation; CI, confidence interval.
"Different letter indicates significantly different for BC exposure.

Table 3. Exposure to airborne BC by environmental characteristics(ug/m’)

N Range AM  SD GM GSD 95%Cl P Multiple
comparison
Month
Jan. 3,531 0.010-565.5 146 237 75 31 7378 A
Feb. 4394 0.001-811.4 112 169 66 31 6468 < 0.0001 B
Apr. 1,223 0226-656 135 7.1 1.6 18  112-12.0 C
Weather
Sunny 7,925 0.001-811.4 128 203 7.0 31 6872
< 0.0001
Rainy 1,223 0226-656 135 7.1 1.6 18  112-12.0
Daytime
Morning 3,249 00178114 184 269 119 26 115123
< 0.0001
Afternoon 5,899 00012322 98 117 58 30 5.6:6.0
Total 9,148 00018114 129 190 75 30 7377

Abbreviations: N, number of samples; AM, arithmetic mean; SD, standard deviation; GM, geometric mean; GSD, geometric standard

deviation; CI, confidence interval.

"Different letter indicates significantly different for BC exposure .

pug/m’, GM=3.0 pg/m’)3} 2] ZFYZHAM=8.5 pg/m’,
GM=3.9 pg/m’)Er} o} AAadE o] 9l BC k&
FE AolE B

2IL=2(BC) =& A

JQl At A=, HAsHE, AAX; FH],
AAR}F L o} 5, DPF 2k of 5, 2] A2} mdlo] whe}

oz [N

http://www.kiha.kr
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Table 4. Exposure to airborne BC by workplace characteristics(ug/m®)

N Rangg AM  SD GM GSD  95% CI Multiple |
comparison
Company
a 1,997  0.055-48.5 6.3 4.9 4.9 2.1 4.7-5.1 A
b 1,764  0.01-811.4 122 21.6 8.8 2.3 8.5-9.2 B
c 1,347 0.001-43.8 4.7 4.7 2.8 3.1 2.7-3.0 < 0.0001 C
d 1,283  0.059-168.6 16.8 154 10.8 2.8 10.2-11.4 ’ D
e 1,223 0.226-65.6  13.5 7.1 11.6 1.8 11.2-12.0 D
f 1,534 0.01-565.5 254 32.4 13.2 3.7 12.4-14.1 E
Volume of workplace(m®)
< 20,000 3,643  0.010-168.6 12.3 10.7 8.4 2.7 8.1-8.7 < 0.0001
> 20,000 4,061 0.059-811.4 15.0 20.6 9.4 2.7 9.1-9.7 )
Work location
Office, cafeteria and lounge 1,476 0.008-41.2 4.5 4.6 3.0 2.7 29-32 A
Outside workplace 1,796  0.001-565.5 8.5 25.1 3.9 3.1 3.7-4.1 < 0.0001 B
Inside workplace 5,764 0.122-811.4 16.3 18.1 11.6 2.3 11.3-11.8 C

Total 9,148 0.001-811.4 129 19.0 7.5 3.0 7.3-7.7
Abbreviations: N, number of samples; AM, arithmetic mean; SD, standard deviation; GM, geometric mean; GSD, geometric standard
deviation; CI, confidence interval.
"Different letter indicates significantly different for BC exposure.

Table 5. Exposure to airborne BC by operator characteristics(ug/m®)

N Range AM  SD GM GSD 9s% c1  p  Multple
comparison
The year of forklift manufactured
< 2006 1,772 0.001-565.5 13.2 29.5 4.5 43 4.2-4.8 < 0.0001
> 2006 7,376  0.010-811.4 12.8 15.5 85 26 8387 '
Limit weight loaded into forklift(ton)
< 3.0 5,823 0.001-811.4 9.4 13.3 64 26  62-6.5 A
3.0-4.0 2,178  0.021-168.6 14.7 14.9 87 3.1 8.3-9.2 < 0.0001 B
> 4.0 1,147  0.010-565.5 27.1 36.1 128 4.1 11.8-139 C
Type of lift
Fork 5,256  0.001-811.4 9.7 13.8 67 26  65-69 < 0.0001
Roll and bale 3,892 0.010-565.5 17.1 23.7 87 3.6 849.1 )
Enclosure of forklift
Half-opened 1,967  0.017-65.6 9.0 7.0 65 24 6267 _ 0.0001
Fully opened 7,181  0.001-811.4 13.9 21.0 7.8 3.2 7.6-8.0 )
Installation of diesel particulate filter(DPF)
Yes 5,838 0.010-811.4 11.3 144 80 24 7882 < 0.0001
No 3,310 0.001-565.5 15.7 25.0 6.7 4.1 6.4-7.0 )
Running hours before forklift starts(hrs)
< 10,000 3,232 0.010-118.3 11.0 11.7 74 24 7276 A
10,000-20,000 3,753  0.055-811.4 13.5 17.8 9.0 2.7 8.7-9.3 < 0.0001 B
> 20,000 1,391 0.001-565.5 8.6 28.4 3.1 3.6 2933 C
Average loading weight by forklift(ton)
<2 7,185 0.001-811.4 10.0 13.5 65 28  63-6.6 < 0.0001
> ) 1,963  0.010-565.5 234 296 12.7 3.5 12.0-134 )
Average running velocity(km/hr)
< 10 6,044  0.001-811.4 11.2 15.5 6.9 2.9 6.7-7.1 < 0.0001
> 10 3,104  0.010-565.5 16.1 24.1 88 32 8491 )
Ratio of forward and backward
Same 2,788  0.001-811.4 12.0 26.6 67 29 64-69 A
Backward 1,306  0.010-168.6 11.0 11.2 75 25  7.1-79 < 0.0001 BC
Forward 5,054  0.008-178.1 13.8 15.2 80 32 7.7-82 C
Total 9,148 0.001-811.4 12.9 19.0 7.5 3.0 7.3-7.7

Abbreviations: N, number of samples; AM, arithmetic mean; SD, standard deviation; GM, geometric mean; GSD, geometric standard
deviation; CI, confidence interval.
Different letter indicates significantly different for BC exposure.
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Figure 1. Daily variations of BC exposure level according to whether smoking or not
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Table 6. Multiple linear regression model to identify environmental and work factors influencing exposure to BC level

Log-BC(ng/m’)

Independent factors

B SE 95% CI P

Constant 1.27 0.08 1.12 1.42 <0.001
Temperature(°C) 0.03 < 0.01 0.02 0.04 <0.001
Employed duration(years)

<10 Ref.

10-19 0.16 0.04 0.08 0.24 <0.001

> 20 -1.50 0.06 -1.61 -1.38 <0.001
Smoking

No Ref.

Yes 0.50 0.02 0.45 0.54 <0.001
Month

Jan. Ref.

Feb. 0.92 0.05 0.83 1.01 <0.001

Apr. -0.53 0.06 -0.65 -0.40 <0.001
Daytime

Morning Ref.

Afternoon 0.40 0.02 0.37 0.44 <0.001
Volume of workplace(m®)

< 20,000 Ref.

> 20,000 -1.26 0.04 -1.35 -1.17 <0.001
Work location

Office, cafeteria and lounge Ref.

Outside workplace 0.26 0.04 0.18 0.33 <0.001

Inside workplace 1.13 0.02 1.09 1.18 <0.001
The year of forklift manufactured

< 2006 Ref.

> 2006 -0.94 0.05 -1.03 -0.85 <0.001
Type of forklift

Roll and bale Ref.

Fork 0.52 0.04 0.43 0.60 <0.001
Installation of diesel particulate filter(DPF)

Yes Ref.

No -0.48 0.05 -0.57 -0.39 <0.001
Average loading weight by forklift(ton)

<2 Ref.

> 2 2.48 0.05 2.38 2.59 <0.001
Running velocity(km/hr)

< 10 Ref.

> 10 0.39 0.03 0.34 0.44 <0.001
Ratio of forward and backward

Same Ref.

Backward -0.66 0.05 -0.75 -0.57 <0.001

Forward 0.21 0.03 0.15 0.27 <0.001

Adjusted full model(R?) 0.52(p<0.0001)

" B, estimated regression coefficient; SE, standard error; CI, confidence interval.

Ao AR, 8, AR, AR EAL QAR o)A BC mdo] gashe Aow vehpon, 2
BC =% W3HY] 52%(p<0.0001)9] Aele 744 71k F9 AR 27h A e, A7 24,
: FYSE 2717} BC wES ol aclow e

s,
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