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Abstract: A large amount of mixed dust exists in grain, which can easily stimulate the respiratory
system and cause diseases. This study explored contamination levels and health effects of this grain
dust. A total of 616 dust samples from different stages and types of grain were collected in China—in
Hefei (Anhui), Shenzhen (Guangdong), Chengdu (Sichuan), Changchun (Jilin), and Shunyi (Beijing)—
and analyzed using the filter membrane method and a laser particle size analyzer. A probabilistic
risk assessment model was developed to explore the health effects of grain dust on workers in the
grain storage industry based on the United States Environmental Protection Agency risk assessment
model and the Monte Carlo simulation method. Sensitivity analysis methods were used to analyze
the various exposure parameters and influencing factors that affect the health risk assessment results.
This assessment model was applied to translate health risks into disability-adjusted life years (DALY).
The results revealed that the concentration of dust ranged from 25 to 70 mg/m?, which followed
normal distribution and the proportion of dust with a particle size of less than 10 um exceeded
10%. Workers in the transporting stage were exposed to the largest health risk, which followed a
lognormal distribution. The average health risks for workers in the entering and exiting zones were
slightly below 2.5 x 107°. The sensitivity analysis indicated that average time, exposure duration,
inhalation rate, and dust concentration made great contributions to dust health risk. Workers in
the grain storage and transportation stage had the health damage, and the average DALY exceeded
0.4 years.

Keywords: grain dust; health risk assessment; Monte Carlo simulation; disability adjusted life year

1. Introduction

Grain is an important foundation of national security. The scale of grain storage
and the function of facilities determine the national grain circulation capacity. There are
many occupational hazards that can affect the health of workers in the process of grain
storage. Grain contains a large amount of mixed dust, including grain husks, bacteria, pests,
microorganisms, and mixed fine sand [1]. Grain dust is a companion in the whole life cycle
of modern grain, from purchase to storage, transportation, and processing. It is produced
due to friction, collision, extrusion, crushing, etc. [2]. The particle size distribution of
dust is approximately normal, ranging in size from 0 to 9.6 x 10° nm, with a true density
within the range of 1.1-1.8 g/m3 [3]. During the storage process, grain is constantly
tumbling, and the dust particles are continuously separated under the influence of air
flow. The instantaneous contact mass concentration can reach up to 1000 mg/m?3, and the
time-weighted average allowable concentration is about 40 mg/m?. Workers are often
exposed to inhalable dust of >10 mg/m?3, and higher exposures can be found at the grain
in-warehousing and out-warehousing stages [4].
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Dust can cause serious environmental pollution, grain quality decline, mechanical
equipment wear, and, more importantly, it also threatens the health of grain warehouse
operators. Studies have shown that long-term exposure to high-concentration grain storage
dust can easily irritate the respiratory system [5]. When accumulated after inhalation,
it can cause allergic reactions [6] and cereal fever syndrome [7]. In severe cases, it may
cause respiratory diseases such as pneumoconiosis, hardening of the respiratory organs,
and recurrent nocturnal asthma [8]. Dust can also enter the blood with human cells, which can
cause further cardiovascular and cerebrovascular diseases [9]. Due to its potential hazards,
monitoring grain dust, studying its distribution rules, and quantifying the health damage
are important steps in effectively recognizing and measuring the health hazards of dust.

Researchers have recently begun to pay more attention to the physical and chemical
properties [10], sources [11], explosive characteristics [12-14], prevention measures [15],
and mycotoxin content [16,17] of grain dust. When conducting occupational hazard
analysis, the toxicological characteristics [18], the mechanism of action on the respiratory
tract [19], and the clinical manifestations of diseases [20] related to grain dust have mostly
been analyzed from a medical perspective, and there is a lack of quantitative evaluation of
its health damage.

Dust health damage assessment has been carried out with reference to coal mines,
construction, atmospheric environment, and other fields using deterministic analysis
methods. For example, Behrooz et al. assessed the carcinogenic and non-carcinogenic
health risks for three exposure pathways in airborne dust samples (TSP and PM;5) in
Zabol, Iran during the summer dust period [21]; Guney et al. characterized contaminated
soils (n = 6) and mine tailings samples (n = 3) for As, Cu, Fe, Mn, Ni, Pb, and Zn content
and assessed elemental lung bioaccessibility in fine fraction [22]; Donghua et al. proposed
an occupational health hazard risk assessment matrix method to rank the hazards of
various risk factors in mining and mineral processing [23]; Lim et al. investigated the
contamination levels and dispersion patterns of heavy metals and assessed the risk of
health effects on the residence in the vicinity of the abandoned Songcheon Au-Ag mine,
Korea [24]; Kan et al. calculated the health damage of air particulate pollution based on
the epidemiological exposure-response function [25]; Zhang M. et al. assessed particulate
pollution risk and quantified the public health damage caused by air emissions in Beijing in
the period 2000-2004 [26]; Liu E. et al. labeled the indicative metals relating to non-exhaust
traffic emissions and assessed anthropogenic sources of metals in TR dusts, combining their
spatial pollution patterns, principal component analysis, and Pb isotopic compositions [27];
Zhang Y. et al. analyzed eight heavy metals (Cr, Ni, Cu, Cd, Pb, Zn, Mn, and Co) in the
PM2.5, collected during four different seasons in Taiyuan, a typical coal-burning city in
northern China [28]; Chen X. et al. established a health risk assessment system based on
on-site measurements and assessed the health risks for a tunnel machine employee [29];
Zheng et al. investigated the heavy metal contamination in the street dust due to metal
smelting in the industrial district of Huludao city and elucidated the spatial distribution
of Hg, Pb, Cd, Zn, and Cu in the street dust [30]; Tahir et al. described the estimation of
particulate matter (cotton dust) with different sizes in small-scale weaving industry (power
looms) situated in district Hafizabad, Punjab, Pakistan, and the assessment of health
problems of workers associated with these pollutants [31]; Zazouli et al. investigated
the mineralogy, micro-morphology, chemical characteristics, and oxidation toxicity of
respirable dusts generated in underground coal mines and assessed the health risk by
EPA’s health risk model [32]; and Li X et al. introduced the disability-adjusted life year
(DALY) model for damage to human health caused by construction dust, to evaluate
the environmental impact during the construction process [33]. Scholars have studied
the health risks of dust from the perspective of components of heavy metals and the
construction of a risk assessment model, which have laid the foundation for the risk
assessment of grain dust. However, there are few studies evaluating the health damage
caused by grain dust, despite the importance of grain storage and transport in the process
of ensuring grain security. This study is particularly timely, as the circulation of grain in
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the market is accelerating, so a large amount of grain dust will be generated in specific
areas. Inhalation is considered to be the main route of human exposure to grain dust [34].
The present research is of great significance for understanding the health status of grain
warehouse personnel, as there is a need to evaluate the hazard to human health posed by
the grain dust present in granaries.

Current research on quantitative occupational health risk assessment in other indus-
tries has yielded instructive conclusions and methods [35-37]. In fact, risk assessment
methods include deterministic analysis methods and uncertainty analysis methods. The ac-
curacy of the conclusions drawn from the deterministic method cannot be guaranteed, as
the method calculates the health risk through the most probable and maximum value of hu-
man exposure parameters and pollutant content [38], resulting in large or small results [39].
However, the problem of uncertainty is inherent in health risk assessment and runs through
the whole process [40,41]. The operation area, time, and season of the grain warehouse
make the dust concentration uncertain. The uncertainty of human exposure parameters,
temperature and humidity changes, and meteorological conditions in the relatively open
working environment of the grain warehouse also causes uncertainty in the evaluation
results. Hence, this study used the uncertainty analysis method (i.e., the Monte Carlo
method) to evaluate the health damage caused by grain dust in warehouses.

To address the uncertainty in grain dust health hazard assessment, a total of 616 sam-
ples were collected in China in Hefei (Anhui), Shenzhen (Guangdong), Chengdu (Sichuan),
Changchun (Jilin), and Shunyi (Beijing). Additionally, a risk assessment model for the
health damage caused by grain dust through inhalation was proposed, considering the
dust concentration and the uncertainty of the exposure parameters, and grouping them
according to different operation processes and grain varieties (i.e., maize, rice, and wheat)
based on the current health risk evaluation system of the United States Environmental
Protection Agency (USEPA). The Monte Carlo simulation and Crystal Ball 11.1 software
were used to quantify the health damage and to analyze the impact of various parameters
on health risks. The results provide guidance for occupational health risk management in
the grain storage industry. To our knowledge, this is one of the first studies to analyze and
evaluate the hazards of grain dust to human health through inhalation by the uncertainty
analysis method.

2. Materials and Methods
2.1. Dust Sampling and Analytical Method

Five grain storage warehouses in China—in Hefei (Anhui), Shenzhen (Guangdong),
Chengdu (Sichuan), Changchun (Jilin), and Shunyi (Beijing)—were selected as samples
due to their representative and relatively standardized management, large storage capacity,
complete variety of grain, and high-quality personnel (see Figure 1 for location informa-
tion). As national reserves, the low-temperature storage method was used in these five
grain storage warehouses with the same management mode. Additionally, the warehouse
types were tall, square warehouses. The equipment used for grain storage and transporta-
tion were similar, including belt conveyor, grain raking machine, etc. These five grain
warehouses are the example for evaluating the hazards of dust during grain storage, as well
as the occupational health risks caused by that dust.

Three months of regular site monitoring was carried out from March 2021 to May 2021
due to the increased in-warehousing, out-warehousing, and transporting at the grain
storage warehouses in spring, which is convenient for sampling. The sampling plan was
designed according to China National Standards GBZ 159-2004 and GBZT 192.1-2007,
and the concentration of grain dust was calculated using the filter membrane incremental
method. A combination of fixed-point and individual sampling was used at three operating
stages for three different grains—maize, wheat, and rice—including in-warehousing, out-
warehousing, and transporting. The dust concentration of each warehouse was maintained
within a certain range during our sampling process, and there was no systematic reduction
in individual warehouses. The sampling height was set to 1.5 m (the breathing height of the
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workers), and the sampling time was set to 60 min. The gas flow rate was set to 2 L/min.
A total of 616 samples were obtained. The detailed information is shown in Table 1.
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Figure 1. Location of sampling points.

Table 1. Sample information.

Grain Stage Sample Size
Out-warehousing 57
Maize In-warehousing 62
Transporting 79
Out-warehousing 73
Rice In-warehousing 81
Transporting 67
Out-warehousing 83
Wheat In-warehousing 61
Transporting 53

The monitoring tool was a dust sampler (AKFC-92 A) made in Changshu, China.
The AKFC-92A determines dust concentration, the size of the sampler inlet was 19.63 cm?,
and has the advantages of pulsating airflow, negative pressure, large load capacity, automatic
timing sampling, and being explosion proof. The main instrument is shown in Figure 2.
The operation procedure was as follows. First, the filter membrane was numbered and
weighed to record its quality before sampling. Second, the sampler was fixed horizontally
on a tripod platform and placed at the sampling point close to the operator. Third, a trap
with the filter membrane was installed on the sampling head, and a certain volume of dusty
air was extracted to keep the dust in the filter membrane. Fourth, the filter membrane was
removed in a clean area, the dust-receiving surface was folded twice, and then the samples
were accurately weighed in the laboratory with an electronic balance (the test accuracy
can reach 0.01 mg/m?) after drying and removing static electricity. Finally, the total dust
concentration per unit was calculated from the weight gain of the filter membrane.

Dust sampler: Sampler fixed: Dust collection: Weighing:
AKFC-92A tripod filter membrane electronic balance

Figure 2. Dust concentration measuring instrument.
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2.2. Health Risk Assessment Model

The dust samples used for evaluation in this study came from the warehouses of a
large grain storage company to assess the health risks for workers. The inhalation risk
assessment model in the Risk Assessment Guidance for Superfund: Human Health Evaluation
Manual, Part F, Vol. 1, issued in 2009 by the USEPA [42], was selected to evaluate the
occupational health risks of the grain storage dust. The key to the model is that the human-
absorbed dose is quantified by exposure parameters. Determining the route of exposure
is thus a prerequisite for risk assessment. The main exposure pathways for dust that can
affect the health of workers are inhalation, which refers to breathing in air containing dust;
ingestion, which refers to consumption of food, water, or soil containing dust; and dermal
contact, which refers to physical contact of the skin with water or soil containing dust.
As an air pollutant, dust mainly enters the human body via inhalation [43], so this study
focused on the respiration-based health risks to workers.

An occupational health damage model was constructed with reference to the USEPA
modeling principles on health risk and damage quantification. This model included the
range determination, dust concentration analysis, health risk characterization, and health
damage analysis. The dust generated in rice, wheat, and maize during in-warehousing,
out-warehousing, and transporting were the evaluation objects; the collected grain dust
data were simulated to select the best distribution; the probability of dust to harm the
human health was calculated according to the dose-response relationship; and the dust
concentration was transformed into a health risk [44], which was in turn transformed into
a life loss caused by disease, expressed in DALY [45]. The dust damage model is shown in
Figure 3.

Range determination Dust analysis Health risk characterization Health damage analysis
1 Y 1 Y 1
oo Y R
| Disease . i
. . ! i o~ e
Grain Operation o Dust | Uncertainty analysis
! I i .
i ot < Death
- S concentration !
* Com » Grain input | T o - ,
v | - s Health risk - = € luu_mc obstructive pulmonary | | Sensitivity analysis —» DALY
Rice  [«>» » Grain output ] — N'" + Cardiovascular 1 / 7 |
* Wheat » Transport i | | Exposure ' . o )
i ) i < Cerebrovascular
! parameters i .
| < Acute respiratory infection
|
H
Monte-Carlo simulation

Figure 3. Dust damage model.

2.2.1. Dust Exposure Dose

The dust exposure dose refers to the assessment of individual exposure parameters,
which is calculated by monitoring the concentration of dust, exposure duration, and
exposure method. However, China has not yet established a complete human exposure
parameter database, therefore, due to this lack, the exposure parameter method proposed
by the USEPA was used to convert the monitored grain dust concentration into the average
daily exposure dose (ADD) of the grain warehouse workers. The calculation formula is as

follows [46]:
CxIR xED x EF xXET
ADD = BW x AT ’ )

where ADD is the average daily exposure dose of grain storage workers (mg/kg-d!);
C is the dust concentration on site (obtained by sampling, mg/m?); IR is the inhalation
rate of workers (obtained by on-site interview and testing, m3/h); ED is the exposure
duration (obtained by on-site interview, a); EF is the exposure frequency (obtained by
on-site interview, d/a); ET is the exposure time (obtained by on-site interview, h/d);
BW corresponds to the average worker (adult) weight (kg); and AT is the average time
(AT = ED x 365 days for health risk, d).
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2.2.2. Quantizing the Health Risk of Dust
Due to the “threshold” effect, the hazard index R represents the hazard of grain storage
dust to the human body. The formula is as follows:

_ ADD
~ RfD

x 107° 2)

where RfD is a reference dose of dust and R is the health risk of dust. The reference doses for
different compounds in the workplace air differ, and the exposure parameter manual issued
by the USEPA has been divided. The reference dose standards for different types of dust
are different. The RfD of silica, cement, wood, and gypsum dust have been calculated as
0.40, 1.20, 1.60, and 3.20, respectively, and a health risk assessment has been completed [47].
However, grain dust contains organic and inorganic substances such as protein, starch,
cellulose, and ash, and elements such as Si, Ca, K, Ti, and Cr. The composition is complex,
and the RfD of grain storage dust is not given. In the present study, dibutyl phthalate (DBP)
was selected as a reference for calculation. With reference to the linear relationship between
grain dust concentration and DBP in GBZ 2.1 Occupational Exposure Limits for Hazardous
Agents in the Workplace [48], considering that the standard value of exposure dose and the
standard value of environmental concentration have a certain proportional relationship,
and the calculation method of Li X.D. [35], it is believed that the linear relationship between
DBP and the exposure dose of grain dust is still satisfied, so the RfD value of grain dust
was calculated to be 1.6 mg/(kg-d).

2.2.3. Dust Health Damage

The DALY model was jointly proposed by Murray and the World Health Organization
to quantify the extent of human health damage [49]; it is composed of years of life lost
(YLL) and years lived with disability (YLD) [50,51]. The parameters of the DALY are
clear, and have been applied to construction, automobile casting, and other industries [52].
Its feasibility and operability have been verified. As dust mainly causes death, chronic
obstructive pulmonary disease, cardiovascular disease, cerebrovascular disease, and acute
respiratory infections, for this study the damage caused by dust was divided into these
five types according to a certain proportion, and the normalized conversion DALY was
used to characterize the damage. The formula is as follows:

DALY =nx RxPx) Qi x W; X L; 3)

where Q; is the disease risk factor for disease category I; W; is the effect factor of disease
i and takes values between 0 and 1; L; is the damage factor for disease i (years); P is the
number of people affected by specific diseases; and 7 is the amount of human exposure,
namely, the days of operation (days).

The risk and effect factors for the five types of health damage were obtained by
referring to the literature [35,37]. The value of the damage factor depends on the evaluated
objects. For the five grain warehouses sampled, most of the operators were men from all
over China. The life value used in the calculation was derived from the China Statistical
Yearbook [53]. The values are shown in Table 2.

2.3. Exposure Parameter Determination

Exposure parameters are important in health risk assessments, including exposure
time, exposure frequency, average time, and exposure duration. Factors such as workers’
labor intensity and region have an impact on the assessment results and can interfere
with exposure parameters. On-site interviews were conducted with workers in the grain
warehouses in five different cities. Additionally, inhalation rate testing was carried out.
A total of 45 workers were selected in the in-warehousing operational stage, 49 in the
out-warehousing operational stage, and 52 in the transporting operational stage. Their pa-
rameter characteristics were obtained, including personal information such as age, gender,
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height, and weight, as well as work information, such as daily working and rest hours.
Crystal Ball 11.1 was used to analyze the survey data in combination with the relevant
literature [54-56]. Crystal Ball is a Monte Carlo simulation software launched by Oracle,
which can be used for predictive modeling, prediction, simulation, and optimization, ran-
dom simulation and uncertain risk analysis. It provides a realistic and easy-to-understand
uncertainty modeling method, which can achieve the goal and improve the understanding
of impact risk by analyzing data and making correct tactical decisions [57]. The results
showed that inhalation rate, exposure duration, exposure frequency, exposure time, and av-
erage time formed a triangle distribution; body weight followed a normal distribution [58].
The distribution characteristics for the exposure parameters of grain warehouse workers
are shown in Table 3.

Table 2. Health damage parameter values.

Disease Endpoints Q W L/a
Death 0.13 1.00 42.2

Chronic obstructive pulmonary disease 0.16 0.15 10
Cardiovascular disease 0.16 0.24 37.2
Cerebrovascular disease 0.20 0.20 372
Acute respiratory infections 0.35 0.08 0.04

Table 3. Chinese residents (adults) exposure parameter characteristic.

Exposure Abbreviation Unit Distribution Probable Min Max SD
Parameters Value
Inhalation rate IR m3/h Triangular 1.8 0.9 2.75
Body weight BW kg Normal 56.8 42.1 71.6 5.8
Exposure duration ED a Triangular 15 5 25
Exposure frequency EF d/a Triangular 104.31 98.62 110.54
Exposure time ET h/d Triangular 5.9 4 6.5
Average time AT d Triangular 5475 1825 9125

3. Results and Discussion
3.1. Dust Concentration and Dispersity

After dust sampling, the agglomeration phenomenon in the transportation process was
eliminated by ultrasonic treatment, and then the original sample was screened. The particle
size distribution of the different grain dust samples was obtained by a laser particle size
analyzer. The calculated sample dust concentration data were input into Crystal Ball 11.1
software for fitting, and the results are shown in Table 4.

Table 4. Distribution characteristics of grain dust concentration.

Dust Concentration

Grain
Workplace Distribution ~ Mean (mg/m®) SD

Out-warehousing Normal 41.86 14.31
Maize In-warehousing Normal 35.92 13.12
Transporting Normal 67.25 11.57
Out-warehousing Normal 32.54 15.32
Rice In-warehousing Normal 30.91 12.69
Transporting Normal 59.68 10.67
Out-warehousing Normal 35.29 13.29
Wheat In-warehousing Normal 26.43 12.67
Transporting Normal 55.61 11.12

The dust concentration was at a relatively high level near the conveyor, between
100 and 500 mg/m?, during the continuous monitoring of the dust concentration. The prin-
ciple of sampling was to be as close as possible to the working area of the operator, and the
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position of the sensor was a certain distance from the conveyor, so the concentration of the
dust reached 25-70 mg/m?, which seriously exceeded the standard. Long-term work in
such an environment would certainly cause great harm to health. The concentration of
maize at each stage was also generally greater than that of rice and wheat, which may be
related to the true density.

The three kinds of grain dust have a wide particle size distribution, ranging from
0.6 pm to 950 pm. The deposition sites of the different size particles in respiratory system
are also different. Smaller particles can be deposited more deeply and cause greater harm
to the human body. It is generally believed that particles with a diameter of less than 2.5 pm
have the most impact on human health as they can enter the trachea, bronchus, and alveoli.
The proportion of grain dust particles smaller than 2.5 pm exceeded 2%, which could
seriously threaten the workers’ respiratory system.

3.2. Dust Health Damage Analysis
3.2.1. Health Risks

During risk assessment, uncertainty arose from human parameters and dust con-
centration. These factors could affect the real reflection of the calculation results to the
actual risk values to different degrees, resulting in uncertainty [59,60]. The Monte Carlo
simulation effectively solves the problem of uncertainty in risk assessment. Combined
with the above formulas, the Crystal Ball 11.1 software was used to simulate and calculate
the dust health risk for three kinds of grain and three operation states using the Monte
Carlo method. The number of random simulation iterations was set as 10,000, and the
confidence level was determined as 95% [61]. The risk results were processed and mapped
with OriginPro 9.0. The acceptable risk value recommended by USEPA is 1 x 1076 [47].
If the risk value for pollutants is less than 1 x 107, it is considered acceptable; if it is greater
than 1 x 1074, the risk is unacceptable. The results for the dust health risk at different
stages for each grain were obtained by this running simulation, as shown in Table 5 and
Figures 4 and 5.

Figure 4. Distribution of health risk values in different storage stages for each grain. Remarks:
CO refers to the out-warehousing stage of maize; CI refers to the in-warehousing stage of maize;
CT refers to the transporting stage of maize; RO refers to the out-warehousing stage of rice; RI refers
to the in-warehousing stage of maize; RT refers to the transporting stage of maize; WO refers to the
out-warehousing stage of maize; W1 refers to the in-warehousing stage of maize; and WT refers to
the transporting stage of maize. The rest of the paper is the same.
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Table 5. Statistical values of health risk in different stages of each grain.

Health Risk Value Quantiles
Grain Stage
Mean SD 5% 20% 50% 90% 100%
Out-warehousing 142 x 107 914 x 1077 374 x 1077 7.09 x 1077 121 x 107® 256 x 107® 9.63 x 10~°
Maize In-warehousing  1.24 x 107® 827 x 1077 325x 1077 6.06 x 1077 156 x 107® 227 x 107 8.28 x 107°
Transporting 234x107° 1.32x107° 838x 1077 130x107® 205x107® 398 x107® 124 x107°
Out-warehousing  1.12 x 107 8.04 x 1077 1.80 x 1077 4.82x 1077 951 x 1077 214 x107® 955 x 107°
Rice  In-warehousing  1.05x 107® 720 x 1077 233 x1077 494x1077 891 x 1077 196 x 107° 6.89 x 10°°
Transporting 207 x107% 116 x107® 741 x 1077 115x107® 1.82x107® 354x107° 1.12x 107°
Out-warehousing 121 x 107 813 x 107 292 x 1077 574 x 1077 1.02x 107® 224 x107® 1.08 x 107
Wheat In-warehousing  9.03 x 107® 6.83 x 1077 125x 1077 3.84x 1077 759 x 1077 1.74 x 107® 8.09 x 10~°

Transporting

190 x 107  1.06x 107 6.89 x10~7 1.07 x107® 167 x107® 323 x10~°® 1.04 x 10>

O-W(10-90%)}
1-W/(10-90%)
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Figure 5. Health risks at different storage stages for each grain. Remarks: O-W refers to the out-
warehousing stage; I-W refers to the in-warehousing stage; and TS refers to the transporting stage.

Considering grain type, the health risk of maize in each stage of storage was the largest and
followed a lognormal distribution. The out-warehousing stage was 1.42 x 107° +9.14 x 1077,
the in-warehousing stage was 1.24 x 107® 4 827 x 1077, and the transporting stage was
2.34 % 107 4 1.32 x 10~°. The maximum values were 9.63 x 107¢,8.28 x 107¢,and 1.25 x 10~
for the out-warehousing stage, in-warehousing stage, and transporting stage, respectively, and the
average values at each stage were, respectively, 1.42, 1.24, and 2.34 times the acceptable val-
ues. The probability of exceeding 107® was 63%, 53%, and 90%, respectively, but none ex-
ceeded the upper limit of the acceptable risk value of x10~*. The health risk of maize in
each storage stage was quite large, especially in the transporting stage, and this indicates the
need to take urgent and effective dust reduction measures. The health risk of rice in each stor-
age stage is the second highest and followed a lognormal distribution. The out-warehousing
stage was 1.12 x 107% £ 8.04 x 1077, the in-warehousing stage was 1.05 x 107¢ 4-7.20 x 1077,
and the transporting stage was 2.07 x 1070 4+ 1.16 x 10~°. The median values were 9.51 x 1077,
891 x 1077, and 1.82 x 10°, respectively. For workers in the storage and transportation of rice,
the probability of exceeding value 10~ is 47%, 43%, and 86% in the process of out-warehousing, in-
warehousing, and transporting, respectively. Although these values are not more than 1 x 1074,
it is still very harmful. The health risks of wheat in each storage stage were relatively small,
with 1.21 x 107% £ 8.13 x 1077 at the out-warehousing stage, 9.03 x 1077 4 6.83 x 1077 at
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the in-warehousing stage, and 1.90 x 10~ at the transporting stage. The average value of the
out-warehousing stage was slightly higher than that of rice, which may be due to the smaller
standard deviation in the concentration distribution. In long-term wheat storage and transporta-
tion operation, the possibility of exceeding the value 10~° was greater than 35%; hence, it also
deserves attention.

Based on the storage and transporting stages, the risk of the transporting stage for
the three grains is greater than out-warehousing, which is in turn greater than the in-
warehousing stage. The health risk value for the maize transporting stage was 1.67 times
that of out-warehousing and 1.88 times that of in-warehousing. The maximum, mean,
and minimum values were greater than those in the out-warehousing and in-warehousing
stage, indicating that workers in the transporting stage are more likely to be more seriously
affected by dust. The risk value in the out-warehousing stage was 1.15 times that of in-
warehousing, which should also be controlled. The risk value produced by rice transporting
was 85% higher than out-warehousing and 97% higher than in-warehousing. The risk value
in out-warehousing was seven percentage points higher than in-warehousing. Although
the maximum risk value for wheat transporting was slightly less than out-warehousing,
the overall risk value was still greater than in the out-warehousing and in-warehousing
stages. The main reasons for the high risk in the transfer stage include the use of protective
measures (e.g., underground conveyance channels, airtight covers, and dust collectors)
and a smaller scale of grain exposure to air during out-warehousing and in-warehousing;
the grain also passes through multiple pieces of operation equipment during the trans-
porting stage, and grain dust particles are constantly produced through overturning, flow,
impact, and machinery, with particles precipitated under induction, traction, and shear
airflow. The risk value in the out-warehousing stage is greater than in-warehousing, mainly
as the fumigation and preservation of the grain after entering the warehouse creates pest
residues, residual drugs, and powder after pests eat the grain.

3.2.2. Sensitivity Analysis

When the exposure parameters are uncertain, the health risk value may be misleading
during decision-making. The sensitivity of each parameter was therefore further analyzed
to compare the impact of each parameter on health risk. If the sensitivity analysis is positive,
this means that the parameter is positively correlated with risk; if the sensitivity analysis is
negative, it means that there is a negative correlation. The correlation is determined by the
absolute sensitivity value.

The sensitivity of each exposure parameter for the different grains at different stages
is shown in Figure 6. Among the exposure parameters that affect human health, C had
the greatest positive impact on maize, rice, and wheat in the out-warehousing and in-
warehousing stages, with sensitivities of 57%, 61%, 69%, respectively, in the out-warehousing
stage, and 64%, 62%, and 71%, respectively, in the in-warehousing stage; this was followed
by ED, with a sensitivity of 46%, 42%, 37%, respectively, in the out-warehousing stage,
and 41%, 44%, and 38%, respectively, in the in-warehousing stage. The last was IR, with a
sensitivity of about 30%. In the grain transporting stage, the most positive impact is ED,
with sensitivities of 55%, 53%, and 52%, respectively, for maize, rice, and wheat. The
sensitivity of C and IR differed from ED by about 15 percentage points. ET and EF had
relatively small effects on the risk of health damage at each stage, at less than 20% and 5%,
respectively. AT and BW had negative sensitivity and were negatively correlated with risk
results. The absolute value of the sensitivity of AT for each stage was all greater than 37%,
while the absolute value of the sensitivity of BW was less than 19%.

In general, C, ED, IR, and AT are highly sensitive to the health risks of grain storage
and transportation, and have a greater impact; BW, ET, and EF are less sensitive, and have
only a slight impact on the evaluation results. However, as the same parameters have
different effects on different stages of grain production, different measures should be
taken to reduce the health risk to workers. At the stages of grain out-warehousing and in-
warehousing, dust control should be strengthened to reduce health risks, and the average
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exposure time to high concentration dust should be reduced. At the grain transporting
stage, personnel access to high-concentration dust areas should be strictly monitored and
limited, and dust reduction and removal measures should be taken to reduce the average
exposure time.
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Figure 6. Sensitivity analysis at different stages for each grain.

3.2.3. Health Damages

The health damages and the DALY caused by dust were calculated, as shown in
Table 6, and the overall trend was obtained through simulation, as shown in Figures 7-9.
Dust caused the greatest damage to health in the maize in-warehousing stage, with an
average DALY of 1.1 years. The transporting stage of rice and wheat followed, which were
0.89 and 0.83 years, respectively. The other stages were smaller, all within 1.6 years. At the
same time, there were no significant differences in the DALY between different grains and
stages. Uncertainty analysis of the DALY showed that the DALY of maize out-warehousing,
in-warehousing, and transporting were concentrated in the range of 0.14-1.11, 0.15-0.86,
and 0.39-1.57 years, respectively; for rice, they were concentrated in the range of 0.10-0.88,
0.09-0.80, and 0.33-1.43 years, respectively; and for wheat, they were concentrated in range
of 0.15-1.01, 0.05-0.69, and 0.28-1.38 years for each stage, respectively.

Table 6. Statistical values of the DALY in different stages of each grain.

) S DALY/a Quantiles

Grain tage Min Max Mean 5% 20% 50% 90% 100%

Out-warehousing 0.01 2.76 0.63 0.20 0.35 0.57 1.07 2.76

Maize In-warehousing 0.12 3.28 1.01 0.43 0.64 0.94 1.58 3.28

Transporting 0.01 2.31 0.54 0.15 0.29 0.49 0.93 2.31

Out-warehousing 0.01 2.28 0.48 0.09 0.23 0.43 0.89 2.28

Rice In-warehousing 0.01 2.20 0.46 0.11 0.24 0.42 0.82 2.20

Transporting 0.14 3.05 0.89 0.38 0.57 0.84 1.40 3.05

Out-warehousing 0.01 2.38 0.53 0.15 0.29 0.48 0.94 2.38

Wheat In—warehousing 0.01 2.64 0.40 0.07 0.19 0.36 0.73 2.64

Transporting 0.11 2.83 0.83 0.35 0.53 0.77 1.31 2.83

According to the data, the DALY caused by dust in the coal mine production process
is more than 2 years [62]; for construction engineering, it is more than 3.4 years [37];
and for automobile casting it is more than 3.89 years [52]. By comparison, the health
damage caused by grain dust is not as serious as that cased by these three industries.
The main reason for this is that the grain storage and transportation process has a certain
periodicity, fewer workers, and only a short exposure time. Additionally, the dust of
other industries contains a large amount of heavy metal contamination and polycyclic
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aromatic hydrocarbons, which make the risk value and DALY greater [63]. It should be
noted, however, that its dust concentration is comparable to those of the other industries.
To reduce the health risk, the generation and diffusion of dust should thus be controlled as

much as possible.
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Figure 7. Maize simulation results of the DALY.
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Figure 9. Wheat simulation results of the DALY.

3.2.4. Uncertainty Analysis

The dust concentration level in the grain storage and transportation process is af-
fected by the year, season, region, process, and equipment due to the different equipment,
technology, and processes involved in different stages of grain storage and transportation;
the sampling time for dust in this health risk assessment was from March to May, so the
parameters for dust concentration have certain limitations. However, in this study, a uni-
fied calculation of the employee exposure parameters at different stages was carried out,
which also creates uncertainty. Exposure parameters such as EF, ED, and ET also refer to
the Chinese population exposure parameter manual obtained from the 2011-2012 survey;
the use of these data after 10 years may also lead to uncertainties. The RfD in the Chinese
population exposure parameter manual differs from that provided by USEPA.

3.3. Implication and Limitations

The findings of the research presented in this paper have important significance.
Previous studies have shown that a large amount of mixed dust is generated during the
storage and transportation of grain, and this dust is seriously harmful to human beings.
This risk to human health was, however, rarely evaluated further. This study has made
a significant contribution to quantifying the health damage caused by grain dust. Based
on the analysis of parameter uncertainty, the method of probabilistic risk assessment was
used to ensure the comprehensiveness, objectivity, and accuracy of the evaluation result.
The Monte Carlo method in the Crystal Ball software was used to deal with uncertainty
in the process of risk assessment. The maximum, minimum, standard deviation, quantile,
and other numerical risk characteristics were obtained to reflect the harm level of dust from
multiple angles. The effects of AT, ED, ET, EF, BW, and C were explored by the sensitivity
analysis of the evaluation results, which can effectively help managers choose reasonable
prevention and control measures to reduce harm.

The evaluation method used in this study still has some limitations. As mentioned
earlier, dust sampling is not universal. The uncertainty caused by the exposure parameter
cannot be eliminated. The dermal contact [64,65] and ingestion pathways [66,67] also had
an impact on human health. Only the inhalation pathway was considered, which may
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cause the health risk value presented here to be smaller than the actual risk. In addition,
although the researchers tried to select the same grain warehouse for experiment and analy-
sis during the sampling process, system differences were possible between the 616 samples,
which will lead to errors in the results.

4. Conclusions

The dust concentration, levels, and sources, as well as the resulting health damage cre-
ated during transportation and storage at Chinese grain storage companies were thoroughly
investigated in this study. First, 616 dust samples from different stages (out-warehousing,
in-warehousing, and transporting) and types of grain (maize, wheat, and rice) in five
cities were collected and analyzed using the filter membrane method and a laser particle
size analyzer. A risk assessment model for grain dust inhalation was established based
on the current USEPA health risk assessment system. The health damage of grain dust
was quantified by Monte Carlo simulation and Crystal Ball 11.1 software. The DALY was
chosen as the final indicator to quantify the health damage. The results showed that the
concentration of grain dust ranged from 25 to 70 mg/m?, and the distribution was normal.
The proportion of dust with a particle size less than 10 pm exceeded 10%, which could seri-
ously threaten workers’ respiratory system. Based on grain type, the dust risk in each stage
followed a lognormal distribution, and the health risk of maize at each stage was the largest,
at 1.42 x 107® £ 9.14 x 1077 during out-warehousing, 1.24 x 107% 4+ 8.27 x 1077 during
in-warehousing, and 2.34 x 107% £ 1.32 x 10~° during transport. By stage, the health
risk of grain dust can be ranked as follows: the transporting stage > the out-warehousing
stage > the in-warehousing stage. The sensitivity analysis indicated that average time
(AT), exposure duration (ED), inhalation rate (IR), and dust concentration (C) made the
greatest contribution to dust health risk, while AT and body weight exhibited a negative
sensitivity. The DALY caused by dust during grain storage was between 0.1 and 3.3 years.
The DALY of maize was the largest during the in-warehousing stage, with an average value
of 1.01 years, while the DALY of rice and wheat were the largest during the transporting
stage, with an average value of 0.89 and 0.83 years, respectively.

The results of this study provide a new perspective for grain storage dust damage
assessment. The dust concentration, particle size, and distribution characteristics of three
kinds of grain at three storage stages were described, and preventive measures were
proposed. The maximum, minimum, standard deviation, and quantile of risk were obtained
by the probability risk assessment method to guarantee the comprehensiveness of the
results. Furthermore, the DALY can directly reflect the damage of dust to human beings.
To resolve the uncertainty of the results caused by various factors and the limitations of the
evaluation method, future studies could increase the data sampling and investigation of
exposure parameters, and assess the risk for the dermal contact and ingestion pathways to
ensure the results are more accurate.
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