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ABSTRACT: Occupational injuries and illnesses are major risk
factors for human health impacts worldwide, but they have not
been consistently nor comprehensively considered in life cycle
impact assessment (LCIA) methods. In this study, we quantified
occupational health impacts as disability-adjusted life years
(DALYs) for nonfatal injuries and illnesses in all US industries.
We further applied an economic input−output model of the US
economy to develop a new data set of characterization factors
(CFs) that links direct and indirect occupational health impacts to
product life cycle final demand. We found that the CF data set
varies significantly by industry, ranging from 6.1 to 298 DALYs per
billion dollars. About 20% of final demand in the US economic
system contributes nearly 50% of the total impacts of occupational health, suggesting occupational health impacts are concentrated
in a small portion of industries. To verify the feasibility of the CFs and demonstrate their importance, we included a case of an office
chair. The occupational health impacts caused by nonfatal injuries and illnesses during the production of an office chair are of the
same order of magnitude as those caused by chemical emissions across the chair’s life cycle, with 1.1 × 10−5 and 1.4 × 10−5 DALYs
per chair, respectively. Results and data sets derived from this study support the integration of occupational health impacts with
LCIA methods.
KEYWORDS: work environment, life cycle impact assessment, disability-adjusted life years, economic input−output model

■ INTRODUCTION
Life cycle assessment (LCA), a framework standardized by
ISO 14040:2006,1 is commonly used to evaluate the potential
life cycle environmental impacts of a product or service and is
increasingly used to support environmental management
decisions.2−4 Within LCA, life cycle impact assessment
(LCIA) uses characterization factors to translate an inventory
of physical inputs (e.g., freshwater used) and outputs (e.g.,
chemical emissions) into potential impact to human health,
ecosystems, and natural resources. These characterization
factors are generally developed by modeling underlying
environmental mechanisms from cause (e.g., chemical
emissions) to effects (e.g., carcinogenic effect on humans).
From a human health perspective, LCIA generally focuses on
environmental health impacts, i.e., impacts to the general
population from environmental issues (e.g., chemical pollution,
particulate matter formation, and climate change).5−7

The disability-adjusted life year (DALY) is often used in
LCIA as an indicator of potential damage to human health.
One DALY is equivalent to losing one year of healthy life due
to premature death or living with a disease or disability.8

Weidema and Fantke estimated that a prominent LCIA
method accounts for approximately 150 million DALYs (2012
reference year) attributed to environmental risks.9 As a
comparison, the annual global burden attributed to behavioral,
environmental, occupational, and metabolic risks is estimated
to be more than 1 billion global DALYs. This indicates a
substantial undercounting of human health impacts in LCA.9

For example, occupational risks, which account for approx-
imately 70 million DALYs in 2019 (exceeding drug use, low
physical activity, etc.),10 are not generally included in LCIA.

The minority of studies that include occupational health
impacts in LCA used one of two methodological approaches.
The first approach models the cause−effect chain for an
occupational hazard, from worker exposure (e.g., chemical
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concentrations) to effects (e.g., dose−response relationships)
and damage to workers (e.g., DALYs), similar to the approach
generally used to assess environmental health impacts in
LCIA.11−13 These studies tend to account for damage related
to long-term exposures, for example, from indoor chronic
chemical exposures14 to organic chemical exposures.15 The
second approach estimates occupational health impacts based
on incident data typically reported by workplaces and
governments. These studies tend to quantify impact by
summing relevant case statistics (e.g., fatalities, lost work-
days)16−18 or by calculating damage (DALYs) using case
statistics.19,20 This body of research has provided several case
studies that include aspects of occupational health; however, it
has not yet resulted in a standard approach or set of
characterization factors for LCA.

We built on prior studies15,20,21 to develop a set of
characterization factors for occupational health impacts from
nonfatal injuries and illnesses. First, we extended the method
developed by Scanlon et al.,20,21 which developed industry-
level characterization factors for human health damage due to
nonfatal injuries and illnesses per physical industry output
(e.g., DALY per kg material produced) based on the number of
incidents, age of workers at the time of the incident, the
severity of the injury or illness, and duration of time lived with
the outcome of the injury or illness. While that study provided
characterization for industries included in a case study,20 we
derived characterization factors for all US industries. In
addition, our characterization factors instead relate damage
to gross industry output and final demand, as was done by
Kijko et al.,15,22 which derived hazard-based characterization
factors in DALY/$ for long-term occupational exposure to
organic chemicals based on measured concentration and labor
hours for US manufacturing industries. This approach makes
the characterization factors suitable for use in environmentally
extended input−output (EEIO) models (e.g., USEEIO,23

CEDA24), which are commonly used in LCA. We then
updated the LCA case study performed by Kijko et al.15 to
include occupational health impacts from acute nonfatal
injuries and illnesses.

■ METHODS AND DATA SOURCES
Data Sources. We obtained incident data for nonfatal

injuries and illnesses from 2014 to 2018 as reported to the US
Bureau of Labor Statistics (BLS) via the Survey of Occupa-
tional Injuries and Illnesses (SOII).25 For each industry, we
collected total number of cases and breakdown of cases by
nature code, age stratum, and median days away from work.
BLS codes industries according to the North American
Industry Classification System (NAICS) and nature codes
according to the BLS Occupational Injury and Illness
Classification System (OIICS), which describe the principal
physical characteristic of the injury or illness (e.g., sprain,
fracture, burns).26 BLS estimates that more than 90% of
reported cases are injuries from easily identifiable acute
incidents, and the rest are illnesses from acute illnesses.27

While evidence suggests that SOII underestimates occupa-
tional injuries and illnesses (perhaps substantially),28 it is
currently the most autoreactive data source for nonfatal
occupational injuries and illnesses in the US.

To estimate DALYs, it was necessary to estimate the amount
of healthy life lost from reported incidents. To do so, we
obtained relevant data for health outcomes (sequelae)
evaluated by World Health Organization (WHO) Global

Burden of Disease (GBD) studies.29−32 This included the
fraction of cases that result in short-term or lifelong health
outcomes, severity weights for short-term and lifelong
durations, and duration of time for short-term health outcomes
(as available). GBD data and sources are listed in Supporting
Information (SI) Tables S1−S3.

To convert annual DALYs into characterization factors, we
obtained 2012 economic data from the US Environmentally
Extended Input−Output (USEEIO) v2.0 model.23 This model
was developed by the US Environmental Protection Agency
(EPA) using economic data from the US Bureau of Economic
Analysis (BEA).33 To derive industry-level characterization
factors, we used the industry output vector from the USEEIO
model.23 To use these characterization factors to estimate
supply chain impacts, we used the direct requirement matrix
(A) from the USEEIO model.23 Data and nomenclature of
USEEIO used in this study are further explained in Tables S1
and S5, respectively.
Estimating Annual DALYs from Occupational Injuries

and Illnesses. We used more recent data and a modified
version of the method used by Scanlon et al.20,21 to estimate
DALYs according to years lived with disability (YLD). YLD
represents the diminished quality of life from living with a
disability or disease, accounting for the severity of the disability
or disease and duration of time lived with the disability or
disease. One YLD is equal to one DALY. Four major
modifications of our approach to estimating DALYs, as
compared to Scanlon et al.’s approach, include (1) updating
the severity weights with recent GBD reports34,35 and literature
reference;32 (2) assuming the same severity weights for
different age strata as most severity weights are the same
across different age strata;21 (3) using the unisex life
expectancy for each age strata, by taking the average life
expectancy of males and females, as the difference of life
expectancy between males and females for each age strata is
not a critical determinant (only 3.2% age difference between
males and females based on the WHO report);36 and (4) using
three WHO age strata (age 15−44, 45−59, 60−80) for
calculating the lifelong health impacts instead of five age strata
(age <4, 5−14, 15−44, 45−59, 60−80) used in Scanlon et al.’s
work,20 because there is no data for the age strata under the
age of 14.

For each industry, BLS reported thirteen types of injuries
and illnesses (represented as nature codes). To combine the
BLS and GBD data, we first matched the BLS nature codes
with the GBD health outcomes. For each of the injuries and
illnesses, we assigned severity weights for short-term and
lifelong health outcomes, and duration of time for short-term
health outcomes, the fractions of cases that have short-term
and lifelong health outcomes based on values published in
GBD reports.32,34,35 Specific values used in this study with
specific sources are provided in Tables S1−S4.

For each year (2014 to 2018) and each NAICS industry (n),
we calculated annual YLD as the sum of YLD from short-term
(ST) and lifelong (LL) health outcomes for all thirteen nature
codes (c) (eq 1).

YLD (YLD YLD )n
c

c n c n
1

13

, ,LL , ,ST= +
= (1)

To calculate YLDn (eq 1), we estimated the occupational
health damage for each industry from injuries and illnesses in
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nature code (c) with short-term health outcomes (YLDc,n,ST in
eq 2) and lifelong health outcomes (YLDc,n,LL) in (eq 3).

I f W DYLDc n
a

c a n c c c a, ,ST
1

3

, , ,ST ,ST , ,ST= × × ×
= (2)

I f W DYLDc n
a

c a n c c c a, ,LL
1

3

, , ,LL ,LL , ,LL= × × ×
= (3)

where Ic,a,n represents different occupational injuries and
illnesses (I) in nature code (c), age stratum (a), and industry
(n) using the NAICS code (in cases). The BLS nonfatal
injuries and illnesses data are categorized into eight age strata.
The GBD health outcomes are categorized into five age strata.
This made it necessary to overlay the BLS and GBD age strata
and establish a single age strata classification (provided in
Table S6) for our calculations.

The parameters fc,LL and fc,ST are the fraction of cases that
result in short-term or lifelong health outcomes (unitless) for
an injury or illness, regardless of industries. For each nature
code, fc,ST and fc,LL sum to 1: fc,LL is 1 for nature codes with only
lifelong impacts (e.g., amputations and tendonitis), fc,ST is 1 for
nature codes with only short-term impacts (e.g., sprains, cuts,
and bruises), and fc,ST and fc,LL are both nonzero for nature
codes with both lifelong and short-term impacts (e.g., soreness,
pain, and both heat and chemical burns).

The parameters Wc,ST and Wc,LL are the severity weights for
short-term and lifelong (permanent) health outcomes,
respectively, for nature codes (c) (unitless). Severity weights
range from 0 to 1, where “0” indicates perfect health and “1”
indicates death. Note that severity weights of nonfatal injuries
or illnesses would never reach 1.

The parameter Dc,a,ST is the duration (in years) of health
outcomes for injuries and illnesses in nature code (c) and age
stratum (a) with short-term duration. For nature code with
available duration data from GBD reports, we used those
values directly. For nature codes with no available duration
data from GBD, we used median days away from work
reported in BLS as an estimate of the health outcome duration,
which is a proxy method applied by Scanlon et al.24 Specific
values of injury duration are provided in Tables S2 and S3. The
parameter Dc,a,LL (in years) is the duration of health outcomes
for injuries and illnesses in nature code (c) and age stratum (a)
with lifelong health outcomes. We calculated Dc,a,LL by
subtracting the average of the age strata from the unisex life
expectancy according to the US Life Tables from National
Vital Statistics Reports.37

Characterizing Characterization Factors (CFs) of
Occupational Health Impacts. The nonfatal character-
ization factors or occupational risks are determined from the
effective occurrence of occupational nonfatal illnesses and
injuries and expressed as damage in DALYs per $ output or $
demand of the considered industry. Specifically, we calculated
the direct impact factors (in DALYs/$output) and further
calculated direct CFs (CFD, in DALYs/$demand) and supply
chain CFs (CFSC, in DALYs/$demand). Direct impact factors are
defined as occupational health impacts occurred in a specific
industry corresponding to the total economic value of final
goods and services (i.e., total output); direct CFs (CFD) are
defined as the direct occupational health impacts occurred in a
specific industry corresponding to the values of purchases
made by final consumers (i.e., final demand). Supply chain CFs
(CFSC) are defined as indirect occupational health impacts

from supply chain on a specific industry. The sum of CFD and
CFSC equals to CFtotal.

The equations to calculate these CFs are as follows (eqs
4−7). By convention, in the following equations, we represent
vectors using characters with an upper arrow, diagonal matrices
with hat based on a vector (e.g., ĝ), and represent matrices
with bold characters. An economic input−output (EIO) model
is needed to create CFD and CFSC from direct impact factors.
To this end, we utilized the YLDn calculated from eqs 1−3,
which is yld

÷÷÷÷÷
, standing as an n-dimensional vector for n

industries. We also constructed the normalized conversion
matrix (CONVnorm), interference matrix (B), obtained direct
requirement matrix (A), and commodity production vector (x⃗)
from USEEIO v2.023 to first calculate CFtotal, and then
separated CFtotal into CFD and CFSC. The mathematical
formations of direct impact factors, CFD, CFSC, and CFtotal are
provided in eqs 4−7; the detailed calculations for obtaining eqs
4−7 are provided in the following paragraphs.

g yCONVdirect impact factor yld norm
1=

÷÷÷÷÷
(4)

B I A yCF yld ( ) CF CFtotal
1

D SC= = +
÷÷÷÷÷

(5)

B yCF yldD =
÷÷÷÷÷

(6)

B I A A yCF yld ( )SC
1=

÷÷÷÷÷
(7)

According to Leontief’s work,38 the commodity production
vector x ⃗ (in $ per functional unit) can be represented as a
matrix constructed by (I − A)−1 and vector y.⃗ x ⃗ stands for the
economic values (in $) for each industrial commodity of 397
industries needed for the production of a functional unit.

I Ax y( ) 1= (8)

where (I − A)−1 is the Leontief inverse matrix and each
column of the matrix represents the total production of
different industries required to produce one dollar of that
good, and the units of its rows are all in dollars ($/$). The
vector y ⃗ is the final demand vector for each good in the
manufacturing stage in $ per good ($/functional unit).

The potential occupational health impacts of a product are
not only from the production stage but also from across the
supply chain represented by a broader economic system. To
analyze product life cycle impacts covering all supply chains in
an economic system, we constructed an interference matrix B
(1/$) to connect CFD and IO analysis (i.e., indirect
occupational health impacts). In this way, our equation
becomes (eq 9)

B xCF yldtotal =
÷÷÷÷÷÷÷÷÷÷÷÷÷÷ ÷÷÷÷÷

(9)

where CFtotal
÷÷÷÷÷÷÷÷÷÷÷÷÷÷

represents the total CFs for occupational health

across all US industries. yld
÷÷÷÷÷

represents direct impacts across
different industries calculated in eq 1, which is an n-
dimensional column vector where each element corresponds
to a YLD of an industry (YLDn).

Since the IO table uses the industry classification codes
(EIO codes) from the US Bureau of Economic Analysis to
classify different industries and the NAICS codes were
previously used to calculate yld

÷÷÷÷÷
, the interference matrix B

constructed in the study requires a transformation matrix to
convert the yld

÷÷÷÷÷
represented by the NAICS codes into yld

÷÷÷÷÷
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represented by EIO codes. Due to the different ways of
dividing industries, multiple industries represented by 6-digit
NAICS codes need to be mapped into multiple industries
represented by EIO codes. In this study, yld

÷÷÷÷÷
of corresponding

industries is also mapped into multiple industries represented
by EIO codes by the same mapping in proportion to the total
output of industries, and with this method, a conversion matrix
between NAICS (as rows, m NAICS industries) and EIO (as
columns, n BEA industries) industries i and j can be
constructed consisting of convnormi,j elements of a normalized
conversion matrix CONVnorm that is specified by the following
equation (see Section S2.4 for details about this conversion)

g

g
conv

conv

convi j
i j j

k
n

i k k
norm ,

,

1 ,
=

×

×= (10)

where convi,j is a binary parameter representing the mapping
result between NAICS industry i and BEA industry j; if NAICS
industry i belongs to BEA industry j, convi,j equals to 1,
otherwise 0. This parameter comes directly from BEA data. gj
is the total production in $ for the industry j in the BEA code.
∑k=1

n convi,k × gk represents the total production in $ for
industry i in the NAICS code. It is worth mentioning that eq
10 indicates that one BEA industry might match multiple
NAICS industries.

Afterward, we transformed the IO industry table into the IO
commodity table based on a make matrix (V) from USEEIO
v2.023 and included this transformation in the interference
matrix B in the following equation (eq 11)

B Vg qCONVnorm
1 1= (11)

where g 1 is the inverse of the diagonal matrix of the total
output of the different industries in units of the inverse of the
dollar (1/$). V is a make matrix with IO industries as rows and
IO goods as columns, in which each element vi,j represents the

total output of j commodity in i industry. q 1 is an inverse
diagonal matrix based on the total output of commodities in
different industries (1/$).
Case Study. To verify the feasibility of the developed CFs

and demonstrate their importance, we expanded the case study
performed by Kijko et al.15 to include our characterization
factors to more fully compare occupational and environmental
health impacts across a product’s life cycle. The functional unit
(FU) is defined as the use of an office chair for 5 years. Data
on material and energy consumptions are provided by Kijko et
al.,15 and we used Monte Carlo simulation to quantify the
uncertainty and provide 95% confidence intervals on results.
The office chair for this case study is a fabric, wood, foam, and
metal piece of furniture designed for breakrooms and informal
meeting rooms. This study uses the human health impacts
(e.g., chemical emissions affecting the general population)
from the case study of Kijko et al.22 and compares the new
occupational impacts with the previous findings to investigate
the importance of including the occupational health impacts
from a life cycle perspective. In our study, we assumed that US
occupational injury rates apply throughout the supply chain,
regardless of location.
Structural Path Analysis (SPA). SPA is an important

method to study the transfer influence and path relationship
between different factors in the production supply chain and
has been widely used in the analysis of IO models.39,40 We

applied SPA to extract the individual supply chain pathways
that contribute to the workplace occupational health impact for
each production layer, using the Taylor expansion of the
Leontief inverse matrix (see Section S2.5). By combining the
input−output model with SPA, the main contributions along
the supply chain paths leading to occupational impacts can be
quantified.
Uncertainty and Sensitivity Analysis. We considered

uncertainty in the duration and severity of each injury or
illness. Specifically, the distribution of severity was collected
from both James et al.32 and GBD reports.34,35 For the
distribution of duration, no studies are reporting such
information. To this end, we assumed uniform distributions
for the duration of injuries by varying ±10% of mean values as
lower and higher ends. The distributions of severity weights
were assumed as log-normal distributions given that the data of
severity weights from GBD are based on surveys.41 The
specific type of distribution of severity and duration for the
specific injury or illness is provided in Table S8. The standard
deviation of log-normal distributions for each injury is
calculated for short-term and lifelong injuries in the GBD
report (Table S9). We conducted Monte Carlo simulations
(1000 samples) for each of the 5 years of data and obtained
95% confidence intervals for each industry.

One major assumption in this study is the fraction of cases
that result in short-term or lifelong health outcomes of certain
injuries and illnesses (e.g., heat burns and pains) based on
GBD reports29−32 and the study by Scanlon et al.21 that
matched the BLS nature codes for the incident cases of
nonfatal injuries and illnesses with GBD sequelae. Communi-
cable illnesses were assigned as having short-term duration,
noncommunicable illnesses were assigned as having lifelong
duration, and injuries were assigned in accordance with GBD
with some injuries having short-term durations, some having
lifelong duration and several with a fraction assigned to each.
After reviewing all of the fractions of cases that result in short-
term or lifelong health outcomes used in Scanlon et al.’s study,
we adjusted the fraction of “Soreness, pain” and “All other
nature” and we have these noted in Table S4. Even detailed
nature codes, such as those available in the US, provide
ambiguous information for certain work-related injuries and
illnesses. To evaluate whether the different fractions of short-
term or lifelong duration assignments would impact the results
(e.g., CFtotal ranking for different industries), we conducted a
local sensitivity analysis by changing the fraction of lifelong
health outcomes for each injury or illness by 10% (except for
“Amputation” as we assumed its impact is always lifelong) and
compared the results with the baseline. The values of fractions
of short-term or lifelong cases are provided in Table S4.

■ RESULTS AND DISCUSSION
Direct Impacts of Occupational Health Across

Industries. To compare nonfatal injuries and illnesses
among major industry groups, we investigated the reported
cases and associated occupational health impacts (in DALYs/
year) across the 404 US industries reported by the BEA. To
facilitate the comparison of different industries, we aggregated
404 industries into 20 industry groups. Note that we took the
average of the 5-year data with the number of cases and
resulting DALYs for each year are provided in Section S3.3.
Overall, the mix of nonfatal injuries and illnesses within each
industry and the ranking across industries were relatively
consistent. Our use of averages represents typical levels of
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workplace hazards (i.e., central tendency values). As shown in
Figure 1, the total number of reported cases varies greatly
among industry groups�this is mainly a function of the
hazards inherent to the industries. For example, the industry
group “Health care and social assistance” reports the largest
number of cases (156,000 cases/year), while “Government”
reports almost no cases. The main reason is that the workers in
this industry group “Health care and social assistance” are at a
high risk of injuries due to lifting and repetitive tasks,
workplace aggression and violence, and exposure to infectious
diseases and hazardous chemicals.42 The result also shows that
the types of injuries represented are closely related to the
characteristics of the industry itself. For example, the
proportion of fractures and lacerations in “Manufacturing” is
much higher than in other industries, while the service industry
(e.g., retail trade, accommodation, food services) is charac-
terized by sprains and strains. This is because “Manufacturing”
has many physical hazards associated with work tasks such as
cutting and handling, while the service industry has fewer types
of hazards associated with work processes (e.g., office tasks),
with a correspondingly lower risk of injuries and illnesses.43

Among the available data, the highest-risk industry group is
“Transportation and warehousing” (gray dots in Figure 1).
This high injury risk could be due to the frequent occurrence
of traffic accidents and hazards in the process of moving goods

in this industry group. There is no clear pattern between cases
(bars) and their risks (gray dots). This variability is largely
because injury risks are not only associated with cases but also
dependent on the number of employees. Similar results are
observed in the relationship between the number of cases and
the health impacts (in DALYs/year) of occupational health,
because the duration and severity of injuries and illnesses vary
and so do their occupational health impacts. A related figure
displaying the cases and health impacts can be found in Section
S3.1 and Figure S2.

We further analyzed direct human health impacts of the
entire US economy. Cell size in Figure 2 represents the values
of the direct impacts coupled with demand (in DALYs/year)
in a specific industry group or industry, while the color of each
cell represents direct impact factors (DALYs/$output, darker
colors indicating larger direct impacts). Figure 2 is a
representation of this manuscript’s new data set of direct
impact factors from all US industries. The full data set can be
found in Section S5.1. The data show that “Accommodation
and food services” and “Manufacturing” industry groups have
the largest direct impacts in DALYs/year. This is because these
industry groups have a high value of output (781 billion $ and
5765 billion $, respectively) and a large number of reported
cases: close to 80,000 and 120,000, respectively.

Figure 1. Cases of various injuries and risks of different injuries and illnesses in different industry groups. All 404 US industries are divided into 20
industry groups based on the US Bureau of Economic Analysis classification; injury risk (gray dots, bottom x-axis) is calculated as the ratio of the
number of reported cases to the number of 1000 workers employed in that group. Note that not all industry groups can report this ratio due to
missing data on the number of employees in some industry groups (e.g., Real estate and rental and lending).
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In terms of individual industries, “Other ambulatory health
care services” and “Community food, housing, and other relief
services” have the largest direct impact factors. Both have a
high number of reported cases but low output because they are
both social welfare industries. Tracing back from EIO codes to
NAICS codes, we found that “Other ambulatory health care
services” includes three industries (i.e., “Ambulance services”,
“Blood and organ banks”, and “All other miscellaneous
ambulatory health care services”). Their functions include

engaging in ground or airborne patient transport and medical
services, and engaging in the collection, storage, and
distribution of blood and blood products and the storage
and distribution of human organs and other ambulatory health
care services, which are high-risk. This explanation can be
supported by results from Dressner et al.44 who found out that
private industry hospital workers have a higher incidence of
injuries and illnesses than employees working in other

Figure 2. Direct impact factors in different industries. The size of the squares represent direct impacts for the industry; the shade of the color of the
squares represents direct impact factors (the darker the color, the larger the direct impacts). Note that we used the total output as the denominator
to calculate direct impact factors.

Figure 3. Characterization factors (CFs) for 397 US industries. Cumulative impact contribution represents the cumulative portion contributed by
an industry to the total health impacts in US economic system. The width of the x-axis represents the final demand of an industry. The area is
represented by the product of CFs in industries (y-axis) multiplied by the final demand (x-axis). Note that we used final demand (total output −
intermediate output) as the denominator of the CFtotal to avoid double counting of intermediate output in supply chains. CFD = direct CFs; CFSC =
supply chain CFs; and CFtotal = CFD + CFSC.
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industries by facing hazards related to lifting, moving, or
otherwise physically interacting with patients.

The second largest direct impact factor is the “Community
food, shelter, and other relief services, including reconstruction
services” industry. The occupations in this industry have a
relatively stable work environment but very high pressure of
work.45 In addition, this industry also has a large number of
reported cases (2249) and relatively low industrial output (42
billion $). Lawson and Masterson46 also confirmed that
workers in these industries have a very high risk of getting
hearing loss.

The direct impact factors and CFs developed in this study
represent workplace safety standards, economic structures, and
production technologies in the US. For other developed
countries, such as Canada and the UK that have similar safety
standards, economic structures, production technologies, and
welfare,47 our CFs should be reasonable proxies; however, they
may not be good proxies for developing countries. Our
approach can be used to estimate similar quality CFs for
countries (e.g., Japan,48 Australia49) that report injuries by
injury type and industry, but the approach would result in
lower resolution CFs for countries (e.g., European Union
countries,50 Canada51) that report injuries by industry but
without specific injury types. The approach would be
challenging to apply in those countries with no or low-quality
occupational injury reporting (e.g., Korea52). Additional
information about the availability and characteristics of
occupational injury databases in other countries is provided
in Table S12.
Supply Chain Occupational Health Impacts in the US

Economy. Figure 3 presents the direct CFs (CFD) and supply
chain CFs (CFSC) in the work environment for all 397 US
industries corresponding to the final demand of commodities
provided in USEEIO.23 Note that CFD and CFSC refer to the
CFs directly generated by the industry corresponding to the
final demand of a commodity and the CFs across a supply
chain (i.e., indirect), respectively. This figure further divides
CFSC into producer and other industries: (1) CFSC outside
producer industry�contributed by other industries that
produce intermediate products for the industry�and (2)
CFSC in producer industry�contributed by its own industry
producing intermediate products for the industry itself. The
height of each bar corresponds to the total CFs (i.e., CFtotal =
CFD + CFSC) of the corresponding final demand of
commodity. The area of each column is proportional to the
total impacts (in DALYs/year) in industries starting with the
highest CFtotal. The reason for using final demand instead of
total output is that each industry has intermediate output used
in other industries across supply chains (final demand = total
output − intermediate output), which leads to double counting
if using total output.19

To investigate the distribution of occupational health
impacts in the US industries, we note that the cumulative
impact curve shows that about 20% of final demand in the US
economy system contributes about 50% of the total impacts of
occupational health. This finding suggests that occupational
health impacts in US industries are concentrated in a small
portion of industries. Among these industries, four of them
have CFs exceeding 200 DALYs/billion $ (Section S3.2 and
Figure S3 provide a more disaggregated view of the value of
total impacts in all industries). Specifically, “Other ambulatory
health care services” reaches 298 DALYs/billion $, followed by
“Community food, housing, and other relief services, including

reconstruction services” with 292.5 DALYs/billion $. They
remain top 2 for either CFD or CFtotal, given that they have the
relatively high health impacts (in DALYs/year) and small final
demand (in $). This finding is also observed in Figure 2, which
shows only the direct CFs (CFD in Figure 3). To track the
contribution of CFtotal from supply chains, we applied
structural path analysis (SPA) to find the contribution of the
supply chain to the industries. Details about the SPA method
are provided in Section S2.5. The major supply chain
contributions of “Other ambulatory health care services”
come from restaurants (5%) and housing (3%), while the
major supply chain contributions of “Community food,
housing, and other relief services, including reconstruction
services” are recreation (4%) and education (3%).

Apart from the industries with the highest CFtotal in Figure 3,
it is worth highlighting industries more commonly associated
with the life cycle of products and processes, for example,
petroleum refining and chemical manufacturing. In our
analysis, we see the CFtotal of the “Petroleum ref ineries” is
estimated as 16 DALYs/billion $. For the “Chemical
manufacturing” industry group, it is a combination of 19
industries (e.g., Printing ink manufacturing, Biological product
manufacturing). The CFtotal for the industry group ranges from
15 DALYs/billion $ to 53 DALYs/billion $. The industry with
the highest CFtotal is “Printing ink manufacturing” (53 DALYs/
billion $). The major contributions come from tendonitis and
carpal tunnel syndrome, injuries resulting from long hours or
ergonomically unsuitable work, or from exposures to a variety
of hazardous and flammable chemicals and materials.53 We see
that industries with the potential to release toxic chemicals are
not as dangerous as expected. The CFtotal for both “Petroleum
refineries” and “Chemical manufacturing” are much lower than
that of the average of all industries (62 DALYs/billion $),
which may indicate the success of safety protocols and risk
management practices. However, these industries could have
severe repercussions that considerably change the value of their
CFs if an emergency event occurs during manufacturing or
transportation, such as disaster accidentally releasing the toxic
chemical (vinyl chloride) due to train derailment in Ohio,
US.54

In general, the CFSC in the producer industry is much
smaller than the other two components of the CFtotal.
However, “Cheese production” has large CFSC in the producer
industry with 63.9 DALYs/billion $. These impacts account for
over 50% of the supply chain impacts, implying a large number
of raw materials of the products are used as the products
themselves. This is because cheese can be classified into natural
and reconstituted, where natural cheeses are directly processed
from dairy products and reconstituted cheeses are synthesized
by melting several existing types of cheeses (e.g., ricotta
cheese).55 The CFD of natural cheese is less than the CFSC,
which is only 26.2 DALYs/billion $ because the cheese
production process itself is relatively low risk. The high supply
chain impacts, CFSC, mainly come from reconstituted cheeses.
This might be because reconstituted cheeses with richer flavors
and longer shelf life have become popular and production has
increased significantly in recent years. And the contribution of
dairy products to the reconstitution cheese comes not only
from the process itself but also from its raw material (natural
cheese). The SPA result shows that these contributions are
mainly from the source of cheese production “Dairy farming
and milk production” (38%), whose contribution exceeds the
production process of the industry itself (16%).
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This study also found that the range of CFD of occupational
health in the work environment is from 2.8 × 10−3 to 283.1
DALY/billion $, while the range of CFSC is from 1.6 to 102.6
DALY/billion $ in US industries. The two CFs are of a similar
order of magnitude, but the range of the supply chain CFs is
smaller than that of the direct CFs. In addition, through
uncertainty analysis, we found that coefficients of variation
(CV) for CFtotal across industries range from 25 to 60%, which
indicates that the CFs have high variability. This high
variability mainly comes from the uncertain parameters
(severity weights and durations), which suggests future efforts
be invested in minimizing uncertainty from those parameters.
For the sensitivity of the fraction of cases that result in short-
term or lifelong health outcomes, we found that changing per
percent of fraction of short-term and lifelong coefficient for
different injuries or illnesses can result in up to 2% change on
the CFs, as compared to baseline. More details can be found in
Section S4.3. Among all injuries and illnesses, “Soreness, pain”;
“Fractures”; and “All other nature” are the top three injuries
most sensitive to results as their severity weight and cases are
relatively high. However, the CFtotal ranking for different
industries is similar in all scenarios. Therefore, this sensitivity
analysis shows that the fraction of cases we used in this study
that result in short-term or lifelong health outcomes would not
change the major findings from this study.
Case Study. The case study illustrates how potential

impacts of nonfatal injuries and illnesses are linked to the
functional unit (FU) of a product life cycle and demonstrates
the importance of occupational health impacts. To this end,
this case study compares occupational health impacts with
other potential sources of human health impacts:15 indoor
emissions during the use stage, outdoor emissions during all
life cycle processes, and chemical exposures in the work
environment (Figure 4). The chemical exposures (worker
chemical exposure) are estimates of long-term human health
effects (e.g., cancers) based on hazards of the workplace that
are unlikely to be reported in occupational health data. We
assumed that US occupational injury rates apply throughout
the supply chain for the office chair, regardless of location.

We used the Monte Carlo method to conduct the
uncertainty analysis on the duration and severity of each
lifelong and short-term injury and illness (see Section S4 for
more details about parameters and distributions in the

uncertainty analysis). Considering the median values of
Monte Carlo simulations, Figure 4 shows that human health
impacts from nonfatal injuries and illnesses were 9.6 × 10−6

DALYs/FU in the supply chain and 8.7 × 10−8 DALYs/FU in
the production process, respectively. The worker chemical
exposure (Kijko et al.15) is higher, 2.6 × 10−4 DALYs/FU. The
sum of occupational health impacts from nonfatal injuries and
illnesses is on the same magnitude of human health impacts
due to general population exposure. Thus, both long-term
health impacts due to worker chemical exposure and short-
term injuries and illnesses are as large or larger than impacts in
a typical LCA, underlining the need for occupational health
impacts in LCA. Comparing health impacts of general
population exposure (from Kijko et al.) with nonfatal injuries
and illnesses, we found that nonfatal injuries and illnesses (1.8
× 10−5 DALYs) are of the same magnitude as general
population exposure (1.4 × 10−5 DALYs). The latter is the
only type of impact that a current, standard LCA of this case
study would include. Through SPA, it is suggested that
engineered wood products and foam products (except
polystyrene) are the two main sources of occupational health
impacts in the office chair life cycle. In addition, supply chain
impacts are as important as the impacts directly related to the
production itself.

Considering the split between long and short-term injuries,
we found that the DALYs attributable to lifelong injuries and
illnesses were much larger than those from short-term injuries
and illnesses when tracing the contribution of lifelong and
short-term injuries and illnesses to the final outcome separately
(as shown in Figure 4). This finding is because the high
severity and long duration of lifelong injuries and illnesses are
not offset, in this example, by a higher frequency of short-term
cases.

The findings from Kijko et al.15 have shown that the supply
chain was responsible for the majority (97%) of the health
impacts due to occupational chemical exposure. Among the
supply chain, plastic manufacturing is the leading industry of
occupational chemical exposure to workers for the use of an
office chair’s life cycle. Through SPA in our study, we found
that plastic (5%) is also one of the leading industries
contributing to injuries and illnesses. Other leading industries
include wood (30%) and foam (11%). Full SPA results are
provided in Table S7. Through the case study, the results show

Figure 4. Comparison of different types of human health impacts of an office chair due to its different life cycle processes, including impacts caused
by chemical exposure to workers and users, toxic emissions to the general population, and fatal and nonfatal injuries and illnesses of workers. This
study adds nonfatal injuries, split into lifelong and short-term (green), to previous work (gray).15 Error bars are labeled with 95% confidence
intervals. FU = functional unit, i.e., the use of an office chair for 5 years in this case.
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that injuries caused by the hazards in the work environment
should be an integral part of the calculation of the total impacts
and should be considered to sum up with other categories to
better characterize the total impacts of a product on human
health. Overall, this case study evaluates occupational health
impacts in work environments for improving the utility of
LCIA methods. Our factors could be used to extend LCA-
based processes and product design, such as Khan et al.,56 by
efficiently including occupational illnesses and injuries.
Limitations and Outlook. The accurate recording of

occupational injuries and illnesses is challenging, and this
limitation cuts across any method that attempts to look at
industry or economy-wide occupational impacts. For example,
the BLS data used to account for the number, type, and
duration of work-related nonfatal injuries and illnesses does
not cover the entire US workforce, and fatal and nonfatal
injuries can be underestimated by nearly 25% for a variety of
reasons,57−59 including (1) not all industries are required to
report injury data to the BLS, (2) employees conceal their
industrial and commercial status for fear of dismissal, and (3)
the underreporting due to the delay in time between when the
work-related injuries or illnesses occur and when long-term
effects are realized. Therefore, some authors19 contend that a
correction factor of 1.5 should be given to adjust the
underestimation of cases of nonfatal injuries and illnesses.
We chose not to make these corrections for keeping the
consistency of data from BLS and GBD reports. Beyond the
reporting of injuries and illnesses, we recommended that future
work includes an uncertainty analysis of information about the
physical quantity of industry output and final demand from
BEA.20

Our study develops a system approach and new data sets to
characterize and evaluate occupational health impacts in work
environments for improving the utility of life cycle assessment.
Future occupational health studies can make advances in at
least three areas. First, more rigorous analysis is needed for the
fraction of cases that result in short-term or lifelong health
outcomes of different nonfatal injuries and illnesses. To
understand its impact on the estimate of health impacts to
yield DALYs, further investigation on the fraction of cases that
result in short-term or lifelong health outcomes should be
made in the future. Second, occupational injury data reported
to and compiled by BLS require further disaggregation. The
classification (“All other nature”) that represents injuries and
illnesses that are not otherwise classified into an existing
classification is an important part of the occupational health
impacts in the data used in the study. A more refined
classification could more accurately quantify the occupational
health impact of different industries. Third, the occupational
health impacts should better represent the global supply chain
for developing spatially explicit LCIA methods, given the fact
that most supply chains are globalized and requires global
databases representing multiple countries or regions.
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