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ABSTRACT

Occupational health risk assessment is a tool for evaluating health hazards associated
with different levels of exposure to workplace hazards. This study evaluated the health
risk from municipal solid waste incinerators (MSWIs) for workers in Phra Nakhon Si
Ayutthaya and Rayong provinces. Hazardous pollutants released from MSWIs
included arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), nickel (Ni), lead
(Pb), mono- to tri-chlorinated dibenzodioxins (CDDs) and dibenzofurans (CDFs).
Concentration over 8-h workday was estimated by the air quality model. The finding
of 8-h concentration of contaminants in working environment did not exceed
standards. Carcinogenic and non-carcinogenic risk assessment was calculated by
direct inhalation pathway. The results showed that worker contaminant exposure
concentration was found to be Pb, Cd, Cr, Ni, Hg, As, CDD, and CDF, in decreasing
order of magnitude. Carcinogenic risk quantification showed that Cr and total
contaminants exceeded the reference level. However, non-carcinogenic hazard
quotient risk was below the acceptable limit, representing an absence of non-
carcinogenic risk to workers. These findings may be helpful in identifying health risks
and providing appropriate preventive measure to ensure worker safety.

Keywords: municipal solid waste incinerators; heavy metals; dioxins and furans; occupational
health risk assessment; workers

metals; mono- to tri-chlorinated dibenzodioxin (CDD) and
dibenzofuran (CDF) in the form of chlorinated organic

Because of the numerous serious problems that result
from improper disposal, municipal solid waste (MSW)
management has now become a vital challenge in Thailand.
Waste management has been recognized as a national
priority that requires immediate attention. Mixed wastes,
including hazardous compounds such as heavy metals,
chlorinated organic chemicals, and other toxic chemicals,
are often put into municipal solid waste incinerators
(MSWIs). According to the compilation of air pollutant
emission factors (AP-42) by the United States (U.S.)
Environmental Protection Agency (U.S. Environmental
Protection Agency, 1995), the hazardous air contaminants
emitted in significant concentrations by waste combustors
are arsenic (As), nickel (Ni), lead (Pb), cadmium (Cd),
chromium (Cr), and mercury (Hg) in the form of heavy
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chemicals. The dioxin group, in particular, has been found
in systems with insufficient controls (Ravindra et al,
2008). In China, the carcinogenic and non-carcinogenic
risks of heavy metals in the soil found around the MSWIs
were not acceptable, suggesting that the MSWIs had a
noticeable effect on human health (Ma et al, 2018).
Further, it was reported that modern incinerators had
fewer recorded health effects, possibly because of a lack of
time for adverse effect to manifest, together with the need
to remain aware (Tait et al,, 2020). In Thailand, heavy
metals and chlorinated organic chemical groups were
found to be at unacceptable levels (via inhalation and
breast milk mostly), ranging from 1.35x10-6 to 2.51x10,
thus involving carcinogenic agents, especially in people
who lived near the MSWIs (Srivieng et al., 2021a).
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A human health risk assessment (HHRA) has been
proposed as a tool for addressing health impacts
associated with interactions with multi-risk contaminants
and as a guideline for assessing risk management
approaches. The risk assessment paradigm is aided by the
following major steps: 1. hazard identification to evaluate
the contaminants in the working environment that have an
adverse health effect; 2. dose response as the magnitude of
contaminants that cause an adverse health effect; 3.
exposure assessment to evaluate the receptors; employees
working in MSWIs, exposed the contaminants via 3 major
routes; and 4. risk characteristics to quantify the risk as
carcinogens and non-carcinogens (U.S. Environmental
Protection Agency, 2021). Two of the HHRAs were
included in this study. Carcinogenic risk, as a cancer risk
(CR), has been defined as the probability of developing
cancer throughout the duration of a person's lifetime as a
result of being exposed to a potential carcinogen” (U.S.
Environmental Protection Agency, 1991). Non-carcino-
genic risk, as a hazard quotient (HQ), has been defined as
the level of a potential substance exposure at a threshold
at which no harmful effects are expected to be chosen in
study (U.S. Environmental Protection Agency, 1989).

These concepts are being described in order to achieve
a full understanding of the potential health impacts of the
MSWI emissions, but only in terms of the regional-scale
effects of the contaminants. The MSWI worker should also
be taken into consideration when it came to adverse health
effects. The few studies examined showed that some
workers were exposed to high levels of organic chemicals
and metals (such as dioxins, furans, and Pb) that caused
toxic concentrations in the tissues of the body. However,
the health effects of the exposures have not been assessed
thus far through systematic monitoring of these workers
(National Research Council, 2000). Furthermore, a biomo-
nitoring of the MSWI workers found that there were
concentrations of 18 metals (e.g., As, beryllium, Cd, Cr, Hg,
Ni, platinum, and zinc, etc.) in their urinary systems, and
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that certain levels of Pb were quantified in their blood
(Benaetal, 2020). One of a cohort study of people who live
near the Italian incinerators found that it was associated
with cancer mortality among women, in particular for all
cancer target organs (Ranzi et al,, 2011). The other health
impact on the mother who live over 10 years near MSWIs,
also found higher body burden of polychlorinated diben-
zo-p-dioxins (PCDD)/ furans (Fs) and PCBs. It could affect
their children because of breast milk feeding (Xu et al,, 2019).

The purpose of this research was to estimate both
carcinogenic and non-carcinogenic risks from the
proposed MSWIs in the provinces of Phra Nakhon Si
Ayutthaya and Rayong, as well as the distribution of those
risks along the direct exposure pathway and their signifi-
cantly negative health effects on MSWI workers as the
receptors, as already known the impact for people who
live near MSWIs (Srivieng et al,, 2021a). It would be one of
the sources of evidence used to convince the government
and the MSWI authorities to take the appropriate action to
protect the workers.

2. MATERIALS AND METHODS

2.1 Study area

In the present study, two locations situated in the central
region of Thailand were selected, where there is a
particularly large cluster of waste, with a capacity of over
500 tons per day, according to Buranasingh (2015). The
first site selection was located in Phra Nakhon Si Ayutthaya
and was designated as Ayutthaya MSWI. The Ayutthaya
MSWI was placed in the Bang Ban district, with coordinates
14° 20’ 28.8” N and 100° 29’ 51.3” E. The second site was
located in the Rayong and was designated as Rayong MSWIL.
The Rayong MSWI was placed in Mueang Rayong district
with coordinates 12° 44’ 58.9” N and 101° 14’ 17.4” E, as
shown in Figure 1.

Thailand

14°20'28.8'N 100°29'51 3'E

Figure 1. Locations of municipal solid waste incinerators in Phra Nakhon Si Ayutthaya and Rayong
Note: The map was retrieved from https://earth.google.com/web/ search/12.74969614,+101.2381581/@12.15904162,102.12178549,-
2.979699382,1965721.21338129d,35y,-0h,0t,0r/data=CigiJgokCbCcGgkehCIAETq4LU40eyl AGVpapgS2T11AlaZgiSEHT11A
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2.2 Occupational health risk assessment

Health risk assessment (HRA) was adapted to the method
established by the U.S. Environmental Protection Agency
(1991). By use of this assessment, it was estimated that the
emitted contaminants of the MSWIs were coming from the
stack, with a potentially serious impact on public health.
The emitted contaminants were identified through the
compilation of air pollutant emission factors (AP-42) from
the U.S. Environmental Protection Agency (1995) as both
criteria air pollutants and hazardous air pollutants (HAPs).

In this study, HAPs were the main focus of our HRA. The
pollutants of interest included As, Cd, Cr, Hg, Ni, Pb, mono-
to tri-CDD and CDF. The concentration of these pol-lutants
was simulated by the air quality model (AERMOD version
16216). All eight of the aforementioned pollutants were
capable of inflicting adverse health effects onto the people,
who were residing in the area around the MSWIs. They
were assessed for their non-carcinogenic and carci-
nogenic effects.

The risk assessment paradigm was aided by the
following steps; hazard identification, dose-response
assessment, exposure assessment by AERMOD, and risk
characterization. For carcinogenic risk, CR can be referred
to the probability of developing cancer while exposed to
the contaminants. For non-carcinogenic risk, HQ for a
single chemical and the hazard index (HI) for a multi-
contaminants were the potential exposure to the
contaminants.

2.2.1 Hazard identification and dose-response
assessment

As, Cd, Cr, Hg, Ni, Pb, CDD and CDF were classified as
contaminants having an adverse impact toward health.
Only through the inhalation route was acute exposure
likely to occur for an on-site worker. Such exposure was
analyzed under the assumption that the worker was
exposed at the location of maximum estimated onsite effects
across the entire exposure event, as required by our HRA.

The stack technical parameters, stack feature, terrain
processor as AERMAP and local weather conditions as
meteorology pathway (AERMET) were used to calculate an
8-h average of contaminated ground-level air concentra-
tions from the MSWIs stack emissions by air quality model:
AERMOD. Table 1 presents the rate of emission released
from the MSWIs. The data were used to simulate the
ground level concentration (GLC) of contaminants.

One of the four steps involved in evaluating the HRA
was the determination of dose response, defined as an
estimate of daily inhalation caused by the exposure of the
workers to the contaminants. The values of unit risk of
contaminants are shown in Table 2. The inhalation unit
risk (IUR) was determined by a comparison to the rate of
intake by inhalation to estimate CR. IUR is an estimate of
the increased CR from inhalation exposure to a concen-
tration of 1 pg/ms3 for a lifetime CR. For the purpose of
estimating potential carcinogenic effects, on the other
hand, the reference concentration (RfC) evaluation was
conducted to determine the HQ, which was useful for
estimating possible non-carcinogenic effects. RfC estimated
a continuous inhalation exposure to the receptors that is
likely to be without an appreciable risk of deleterious
effects during a lifetime. It is noticed that IUR and RfC
data came from different sources and different years
(Table 2).

Silpakorn Universtiy

Table 1. Rate of emission released from the municipal solid
waste incinerators stacks in Phra Nakhon Si Ayutthaya and
Rayong

Emission rate (g/s) Site

Phra Rayong

Nakhon Si

Ayutthaya
Arsenic 6.62E-04 1.14E-03
Cadmium 1.69E-03 2.91E-03
Chromium 1.39E-03 2.39E-03
Mercury 8.66E-04 1.49E-03
Nickel 1.22E-03 2.10E-03
Lead 3.31E-02 5.71E-02
Mono to tri-chlorinated 2.58E-07 4.45E-07
dibenzodioxin
Mono to tri-chlorinated 2.58E-07 4.45E-07

dibenzofuran

Note: Adapted from to the compilation of air pollutant
emission factors (U.S. Environmental Protection Agency,
1995)

Table 2. Summary of unit risk of contaminants in terms
of both carcinogenic and non-carcinogenic effects

Contaminants Inhalation Reference
unit risk concentration
(per ug/m?3) (mg/m3)
Arsenic 4.30E-032 1.50E-05P
Cadmium 1.80E-032 1.00E-054
Chromium 1.20E-022 2.86E-052
Mercury n/a 3.00E-04-
Nickel 2.40E-04~ 9.00E-054
Lead 1.20E-05°P n/a
Mono to tri-chlorinated 3.30E-01¢ 2.0E-09¢
dibenzodioxin
Mono to tri-chlorinated 3.80E-01P 3.5E-03¢

dibenzofuran

Note: Data is from zintegrated risk information system (U.S.
Environmental Protection Agency, 2021), bLb2office of the U.S.
Environmental Protection Agency (1989), dAgency for Toxic
Substances and Disease Registry (2005), eMichigan Department of
Environmental Quality (2015).

2.2.2 Exposure assessment

Workers were exposed to contaminants mostly by
inhalation in accordance with the exposure pathways.
Direct inhalation was the only pathway for the MSWI
workers, as shown in Figure 2. The concentration of
contaminants at the GLC level was indicated by the output
of the AERMOD, in which the worker was placed at the
location of maximal estimated worksite impacts (Table 2).

For occupational assessment, the workers normally
worked 8 h per day. To evaluate the contamination in
workplace, occupational exposure limits (OELs) were
regulation values that determined exposure levels for
contaminants in the workplace ambient. In Thailand,
there was a regulation on permissible exposure limits of
some hazardous chemicals issued by Notification of the
Department of Labour Protection and Welfare (2017),
Thailand for OELs, however, the other chemical
standard would be taken from the U.S. occupational
Safety and Health Administration (OSHA) OELs.

As a means of calculating exposure concentration
(EC) values, the U.S. Environmental Protection Agency
recom-mended dividing total exposure by average time (AT)
to arrive at an average inhalation exposure per unit time and
utilizing total-air concentrations. The AT for carcinogenic
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health effects would be life expectancy. The AT for
carcinogenic health effects was the day that receptors have
a life expectancy time. Based on a Thai life expectancy
exposure of 75.3 years (The World Bank, 2019), for non-
carcinogenic effects, the AT would be the time that the
MSWIs could operate (30 years). When determining ECs, it
is not necessary to consider inhalation rates or body
weight (Office of Solid Waste and Emergency Response,,
2005; U.S. Environmental Protection Agency, 2011). Equation
(1) presents the calculation used to determine direct
inhalation exposure concentration.

C,*EF+ED

3y —
EC (ug/m ) T AT*365 days/year (1)

where  Ca=maximum 8 haverage concentration (ug/ms3)
EF = exposure frequency (5 days x 52 weeks =
260 days/year)

ED = exposure duration (year)

AT = average time (years).

2.2.3 Characterizing Risk

The incremental probability of an individual developing
cancer over the course of his/her lifetime because of a
specific exposure to a carcinogenic contaminant could be
used to assess CR. The significant level of CR as recom-
mended by the U.S. Environmental Protection Agency
(1989; 1991) is 106, which implies that the hazardous and
damaging chemicals are likely to cause cancer (Cai et al,
2018). The inhalation pathway risk can be calculated from
Equation (2) below:

CR = EC * IUR (2)

where IUR = inhalation unit risk (per pg/m3).

MSWIs stack emission

- stack technical parameters; release height,
and stack inside diameter which depends on
size.

- stack features; emission rate, gas exit
velocity, and temperature

Meteorological data

For each contaminant, the HQ could be calculated using
Equation (3). The cumulative hazard associated with expo-
sure to all contaminants via an inhalation pathway is
referred to as a high risk factor. When the value of HQ is
more than or equal to 1, the hazardous chemicals are more
likely to constitute a true carcinogenic risk (Cai et al,
2018).

HQ = - (3)

RfC
where RfC = reference concentration (mg/ms3).

3. RESULTS AND DISCUSSION

3.1 Contaminant distribution in the workplace
The maximum 8-h GLC of each pollutant near the MSWIs
was calculated using an air quality modeling called
AERMOD. None of the GLC pollutants exceeded the OELs
established by Thai law enforcement and the OSHA,
according to the estimated concentrations listed in Table 3.

Even though the waste-incinerator plant was operating
for 8 h per day, 365 days per year for 30 years, according
to OSHA, a typical work shift was defined as a work time of
no more than 8 h throughout the day, five days a week (The
National Institute for Occupational Safety and Health,
1988). The calculation was performed in Equation (1), with
results shown in Figure 3, which described the EC via
inhalation pathway for both Phra Nakhon Si Ayutthaya and
Rayong. The carcinogenic contaminants showed a smaller
value than the non-carcinogenic contaminants, since the
ATs were higher than for the non-carcinogenic case. The
contaminant to which the workers were most exposed was
Pb.

- AERMET : meteorological
data preprocessor for
AERMOD

Air quality model :
AERMOD

- Terrain processor as
AERMAP of AY and RY

- The workers as the
receptors

g g
g g
= Concentration E
A of contaminants = MSWI
in working workers
environment
Occupational
health risk
assessment
-Carcinogenic
risk
-Non-
carcinogenic
risk

Figure 2. Conceptual paradigm of an occupational health risk assessment of municipal solid waste incinerators (MSWIs) workers
Note: AERMET = meteorology pathway, AERMOD = air quality model, AERMAP = terrain processor, AY = Phra Nakhon Si Ayutthaya, RY =

Rayong
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Table 3. Contaminants concentration in workplace environment

Contaminants Maximum 8-h average concentration (ug/ms3) OELs (mg/m3) Type of exposure
Phra Nakhon Si Ayutthaya Rayong limits

Arsenic 1.96E-03 1.10E-03 0.01* TWA

Cadmium 4.99E-03 2.80E-03 0.005* TWA

Chromium 4.11E-03 2.30E-03 0.1%* TWA

Mercury 2.56E-03 1.44E-04 0.1* ceiling

Nickel 3.60E-03 2.02E-03 1+* TWA

Lead 9.78E-02 5.50E-02 0.05* TWA

CDD and CDF 7.62E-07 4.29E-07 n/a -

Note: CDD = mono- to tri-chlorinated dibenzodioxin, CDF = mono- to tri-chlorinated dibenzofuran, OELs = occupational exposure limits,
TWA: time-weighted average as an 8 h working time, ceiling = at no time should this exposure limit be exceeded

*Legislated by Notification of the Department of Labour Protection and Welfare (2017)

**Permissible exposure limit standard by the Occupational Safety and Health Administration (2020; 2021)

1.50E-02

1.00E-02

5.00E-03

Exposure concentration contaminants (ug/m-)

0.00E-00

As Cd Cr Hg Ni Pb CDDCDF As Cd Cr Hg Ni Pb CDDCDF

AY

m Carcinogenic effect

RY

1 Non-carcinogenic effect

Figure 3. Calculated levels of direct inhalation of both carcinogenic and non-carcinogenic contaminants
Note: As = Arsenic, Ni = nickel, Pb =lead, Cd = cadmium, Cr = chromium, Hg = mercury, CDD = mono- to tri-chlorinated dibenzodioxin, CDF
= mono- to tri-chlorinated dibenzofuran AY = Phra Nakhon Si Ayutthay, and RY = Rayong

3.2 Health risk assessment

3.2.1 CR assessment

For each particular pollutant, the CR from direct inhalation
exposure was determined. To the cumulative lifetime sub-
sistence risk, workers contributed a portion of the total
risk. Because all contaminants can cause lung cancer,
according to the International Agency for Research on
Cancer (2021). The total CR in this study was summed by
the CR of all contaminants, as shown in Table 4. The total
in both areas exceeded the reference level (10-¢), 6.55E-06
and 3.68E-06, as defined by the U.S. Environmental
Protection Agency (1991).

Among all of the contaminants, with the exception of Cr,
the majority of the contaminants found did not exceed the
reference level. Contaminant CRs ranged from 1.34E-08 to
8.50E-07. For Cr, the highest CR was discovered in both
sites, with values of 4.66E-06 and 2.61E-06, respectively,
which exceeded the reference level. It could be predicted
that the workers might suffer an adverse cancer health
effect if they continued to be exposed consistently at a
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similar concentration of contaminants. Even though, the
concentration in the workplace did not exceed the OELs,
the CR did, which was similar to the findings of Wang et al.
(2021), who found that workers were being exposed to
chemicals at an exceeding health risk. The findings from
this study were consistent with the results of CR found for
those residing near the MSWIs (Srivieng et al, 2021b).
According to comparisons performed in China, there were
significantly elevated blood concentrations of Cr in the
local citizens also, as revealed in Li et al. (2017).

The CR was found to be higher in Phra Nakhon Si
Ayutthaya than in Rayong, presumably because Rayong is
located near the Gulf of Thailand and the weather in that
area is generally rainy and windy, allowing pollutants in
the ambient air to be diluted. Phra Nakhon Si Ayutthaya, on
the other hand, is in the central region, where it is
surrounded by fields that can induce winds and where
there is both alack of rain and periodic droughts during the
summer season. As a result of these findings, both
geographical and meteorological variables can have an
impact on the current risks (Borge etal,, 2019)
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Table 4. Exposure to contaminants of workers through inhalation, contributing to risks

Contaminants Inhalation cancer risk Inhalation hazard quotient
Phra Nakhon Si Ayutthaya Rayong Phra Nakhon Si Ayutthaya Rayong
Arsenic 7.95E-07 4.47E-07 3.10E-02 1.74E-02
Cadmium 8.50E-07 4.78E-07 1.19E-01 6.66E-02
Chromium 4.66E-06* 2.61E-06* 1.95E-04 1.09E-04
Mercury n/a n/a 2.02E-03 1.14E-04
Nickel 8.18E-08 4.60E-08 9.51E-03 5.34E-03
Lead 1.11E-07 6.25E-08 n/a n/a
Mono- to tri-chlorinated  2.38E-08 1.34E-08 9.05E-02 5.09E-02
dibenzodioxin
Dibenzofuran 2.74E-08 1.54E-08 5.17E-08 2.91E-08
Total 6.55E-06* 3.68E-06* 2.52E-01 1.40E-01
Note: *Exceeds the cancer risk reference level (10-¢)
3.2.2HQ REFERENCES

For both sites, the HI (total HQ) for non-carcinogenic risk
from the presence of contaminants was determined to be
lower than the reference level (<1) (U.S. Environmental
Protection Agency, 1991). The values for Phra Nakhon Si
Ayutthaya and Rayong, respectively, were 2.52E-01 and
1.40E-01, indicating that contaminants were not the cause
of adverse non-cancer health impacts to the employees
(Table 4) (National Air Toxics Assessment, 2017). None-
theless, it was worth mentioning that the risk assessment
was based on the highest concentration predicted by the
air quality model, which was then followed by a calculation
representing the highest inhalation exposure for the
workers (Office of Solid Waste and Emergency Response,
2005). Along with the result of health-risk assessment in
Thailand for people surround-ding the MSWIs, it was revealed
that none of the chemicals was higher than the reference level
(Srivieng et al, 2021a). The study of Vilavert et al. (2012)
monitored the dioxin and furan by using active and passive
sampling devices and found that the HQ was lower than the
maximum recom-mended guidelines. Also, from a study of the
17 PCDD/Fs and 11 heavy metals (Sb, Mn, As, Ni, Co, Cr, Cu, Hg,
Cd, Zn and Pb) in soil samples collected near MSWI plants in
Sichuan province, it was found that most of them did not
exceed the upper acceptable levels, but Ni had carcinogenic
risk values in the dermal pathway (Bo et al., 2022).

4. CONCLUSION

In terms of occupational air monitoring, the 8-h predicted
air concentration did not exceed the OELs of Thailand and
Occupational Safety and Health Administration, which
specifies the contaminants to which nearly all workers
were believed to have been repeatedly exposed every
working day for the duration of their working lifetimes,
but without adverse health effects. Among all conta-
minants, Pb was determined to be the closest to the
standard in the two research locations, hence Pb surveil-
lance monitoring should be implemented as a result. There
is no applicable workplace standard for CDD and CDF.

From the HRA that was conducted, the total CR results
have been shown not to be acceptable for workers. The
reason for this negative result could be that Cr caused an
increased risk of cancer, and the waste input at both
research sites was in the form of a large cluster Provided
that control measures, personal protective equipment
such as respirator, should be properly applied.
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