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Abstract: The socioeconomic costs of occupational accidents represent an important factor in the
safety and healthy development of a country’s economy. Insurance payments (which cover workplace
incidents, such as wounds or illness, disability and fatality) can be considered a proxy for the
socioeconomic cost of occupational accidents. Occupational accidents in different industries cause
important variations in these three socioeconomic costs—for example, in their frequency and severity.
One of the most commonly used mathematical programming approaches that analyze the performance
of inputs, economic outputs and occupational accidents is data envelopment analysis (DEA), which
has also been used in recent years to estimate the relative performance related to occupational injuries.
This study measures the safety and healthy economic performance of Taiwan’s 17 industrial sectors by
incorporating the varying importance of the three socioeconomic costs of occupational accidents into
a weighted DEA Model. The empirical results demonstrate that integrating the varying importance
of the three socioeconomic costs of occupational accidents in the evaluation of safety and healthy
economic performance is very important. To improve the occupational safety and healthy economic
performance of Taiwan’s main industrial sectors, efforts should focus on reducing fatalities, which are
very costly. These findings could help Taiwan’s policy makers effectively improve their safety and
healthy economic performance, based on the specific context of each industry, especially the mining
and quarrying industry.

Keywords: data envelopment analysis; occupational injury; occupational safety and healthy economic
performance; socioeconomic costs; undesirable output

1. Introduction

Industrial occupational accidents are important factors to consider in the safety and healthy
development of a country’s economy [1,2] because occupational injuries can result in considerable
socioeconomic costs [3,4]. Some of these costs can usually be identified as economic costs, such as lost
workdays or medical costs, while other costs are difficult to quantify monetarily, such as negatively
affected market goodwill [5]. Occupational accidents have been acknowledged to have a major impact
on economic costs [1], and to lead to enormous economic costs, thereby inhibiting economic growth
and affecting a country’s competitiveness [3,6]. Thus, the socioeconomic costs of occupational accidents
are considered to be an undesirable (unwelcome) output in the development of safety and health
economic activities, and they negatively impact safety and healthy economic performance.

In general, insurance payment amounts can be regarded as a proxy for the socioeconomic costs of
occupational accidents. Labor insurance is mandatory in Taiwan and is managed and operated by the
government. It aims to protect the livelihoods of employees and their families and to promote social
security. Injured employees might be permanently unable to work or to work for the same remuneration
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as earned prior to the injury, and they might experience either a complete loss of economic income
or a disruption to their lives. Thus, Taiwan’s labor insurance provides benefits to employees injured
in an occupational accident. These benefits can be categorized based on three severity levels, which
are wounds or illness benefits, disability benefits and fatality benefits, and these benefits are payable
in cash. The loss of income associated with wounds or illness can be reimbursed via cash payments,
and the cash benefits paid after a disability are based on the severity of the occupational injury. If an
employee dies because of an occupational injury or illness, his or her family may be able to obtain
death benefits. Taiwan’s labor insurance also provides cash benefits when an employee is incapacitated
due to an occupational accident. Compared to those of other countries, the Taiwanese government’s
legislative and regulatory policies on occupational health and safety are relatively weak [7]. The
Taiwanese government is seeking more effective strategies for managing and improving the safety and
healthy economic performance of major industrial sectors.

Performance measurements constitute an important task in strategic planning, and they are
performed to better understand the various resource inputs and economic outputs of a decision-making
unit (DMU), such as an organization or a firm, and to plan an improvement strategy [8,9]. Among these
measures, data envelopment analysis (DEA), which is a mathematical programming approach, has been
widely used to measure the relative performances of DMUs, such as industrial sectors (e.g., in [2,10,11])
or departments (e.g., in [12]). In general, DEA automatically assigns weights to each input and/or
output, which is one of its main advantages because the subjectivity of the performance assessment is
reduced. However, weight restrictions represent management’s preferences for the relative importance
of various resource inputs or economic outputs. In addition, general DEA can be classified into
radial or non-radial methods. Radial methods assume either an input or output orientation and
thus focus on input-side or output-side performance, respectively. In specific, an input orientation
analysis provides the information as to how much proportional decrease in inputs is necessary while
maintaining current output levels for an inefficient DMU to become efficient. On the other hand, an
output orientation provides the improvement strategy on how much proportional increase in outputs
is necessary while maintaining the current levels of inputs for an inefficient DMU. Accordingly, many
indirect methods have been proposed to incorporate undesirable outputs into either input-side or
output-side performance. Although these indirect methods can reduce undesirable outputs to the
greatest possible extent, they do not correspond to actual business activities [10]. In this situation,
ascertaining the proportional adjustment of resource inputs, economic outputs and undesirable outputs
may be impractical. The non-radial slack-based measure (SBM) proposed by Tone [13] can directly
capture all aspects of performance. The SBM model also allows for the non-proportional adjustment of
different resource inputs, economic outputs and undesirable outputs. Thus, the SBM model has a good
ability to address undesirable outputs [14].

Because the occurrence of occupational injuries may be considered to be an undesirable output
and a random event, performing analytical calculations based on a parametric approach is difficult. A
non-parametric statistical approach allows random variations in input–output data [15]. Therefore, DEA
has been widely used to estimate the relative performance related to occupational injuries [2,11,16,17].
Previous studies adopted the number or rate of occupational accidents as undesirable outputs, and these
undesirable outputs were assigned equal weights regardless of the relative importance of occupational
accidents in different industries. However, Liu et al. [18] showed that industry is related to the working
environment and that different industries influence the volume of occupational diseases and injuries.
For example, the construction sector is more responsible for fatal accidents than other industrial sectors
due to unsafe working conditions and the inherently hazardous nature of construction work [19]. Thus,
different industries have different numbers of occupational accidents, which differ in the degree of
severity [2,20], thereby resulting in different socioeconomic costs and variations in the importance
of the three socioeconomic costs. The proportion of socioeconomic costs can be used as a weight to
represent the varying importance of different categories of occupational accidents in each industrial
sector. Thus, considering the socioeconomic costs of occupational accidents in a study is advantageous
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because the differences among industrial sectors can be clearly defined by their cost proportions. To
integrate the proportion of socioeconomic costs of occupational accidents into safety and healthy
economic performance measurements of Taiwan’s main industrial sectors, a weight must be assigned
to each undesirable output rather than assigning weights through optimization. This method could
represent a better approach to significantly improve the safety and healthy economic performance of
Taiwan’s main industrial sectors and reduce the costs of occupational injuries in a specific industrial
sector because, as the proportion of socioeconomic costs increases, the number of accidents in this
category increases.

The rest of this paper is arranged as follows. The next section reviews performance measurements.
The proposed weighted SBM model is presented in Section 3, and how the model can be adopted to
perform safety and healthy economic performance evaluations in subsequent studies is explained.
The research sample and data collection are described in Section 4, and the empirical results and a
discussion with respect to the safety and healthy economic performance of Taiwan’s industrial sectors
are provided. Finally, concluding remarks are presented in the last section.

2. Materials and Methods

2.1. General Data Envelopment Analysis (DEA)

The DEA approach is a good strategy tool that compares similar elements based on various
resource inputs and produces economic outputs. This tool uses the ratio of total weighted economic
outputs to total weighted resource inputs to generate a single measure of performance score (ρ). In this
basic context of DEA, to be an efficient DMU means producing more economic outputs with a given
level of resource inputs relative to other DMUs (output-oriented model) or, alternatively, using fewer
resource inputs with a given level of economic output relative to other DMUs (input-oriented model).
Thus, the efficient DMUs are obtained and used as benchmarks for comparison with other DMUs.
These efficient DMUs are connected by a line called the efficient frontier. These DMUs on the efficient
frontier have a performance score (ρ) of 1, whereas inefficient DMUs have a performance score (ρ) of
less than 1 but greater than 0. An inefficient DMU can be improved by projection onto the efficient
frontier. The disadvantage of the basic DEA model is that inefficient DMUs’ resource inputs and
economic outputs cannot be non-proportionally adjusted simultaneously, and the model cannot contain
all slacks. Slacks can be estimated based on the differences between the inefficiency of a DMU and a
benchmark DMU. The use of the SBM model can simultaneously deal with the resource input slack
(excess) and economic output slack (shortfall) and projects each inefficient DMU to the furthest point
on the efficient frontier in the sense that the performance scores (ρ) of the objective function are to be
minimized by determining the maximum of all slacks.

The DEA approach usually assumes that more economic outputs with fewer resource inputs
improve the performance of DMUs. Undesirable outputs have recently attracted considerable attention,
and it is well known that they play a major role in performance measurement. The use of the general
SBM model can simultaneously measure the total resource input, total economic output and total
undesirable output slack variables. Thus, this model might be more suitable than other general models
for considering undesirable outputs.

Industrial economic growth is accompanied by an increase in occupational injuries [1,21]. The
socioeconomic costs of occupational accidents can negatively impact economic productivity [4,22],
thereby negatively affecting the level of safety and healthy economic development [1]. The
socioeconomic costs of occupational accidents can be considered to be an undesirable output yu

kj.
This study assumes that J DMUs must be assessed. Each DMU j (j = 1, . . . , J) has I resource

inputs xi j(i = 1, . . . , I), produces R economic outputs ye
rj (r = 1, . . . , R) and has K socioeconomic

costs of occupational accidents yu
kj (k = 1, . . . , K, K = 3). Therefore, the safety and healthy economic

performance score (ρ) is defined as follows.
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where s−i is the slack in the ith resource input, s+g
r is the slack in the rth economic output, and sb

k is the
slack in the kth socioeconomic cost of occupational accidents. In this general model, 0 < ρ∗ ≤ 1, s−∗i , se

and su∗ = 0 and ρ∗ = 1 are representative of DMU0 with SBM efficiency.
The above model assigns a uniform weight ( 1

R+K ) to undesirable outputs; however, their relative
importance degrees may not be uniform. In reality, each industrial sector attributes varying importance
to different categories of occupational accidents.

2.2. Incorporating the Socioeconomic Costs of Occupational Accidents into a Weighted DEA Model

The resource input and/or economic output weights are set exogenously and could reflect the
actual variables to a degree of relative importance. A weighted SBM model assigns weights to the
resource inputs and/or economic outputs that correspond to the relative importance degree of the
variables based on the ratio of each socioeconomic cost divided by the sum of all DMU-socioeconomic
costs. However, the relative importance degrees of undesirable outputs are usually ignored in most
DEA studies.

The impacts of different occupational accidents with differing importance on safety and healthy
economic performance should be addressed separately. Thus, the proportion of the socioeconomic
costs of occupational accidents can be used as a weight to represent this varying importance of different
categories of accidents. This study proposes an approach that directly incorporates the different
proportions of socioeconomic costs of occupational accidents (PSu

k0) as weights into the objective
function of the SBM model.

Minimize ρ =
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r0 (2b)
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J∑
j=1

λ jyu
kj + su

k = yu
k0 (2c)

λ ≥ 0, s− ≥ 0, se
≥ 0, su

≥ 0

This model provides the safety and healthy economic performance score ρ of industrial sectors,
and the relative importance is based on the proportion of socioeconomic costs of occupational accidents
(PSu

k0).
This weighted SBM model implies that serious damage to the safety and healthy economic

performance score (ρ) caused by a unit of socioeconomic cost (PSu
k0) with a larger weight is greater than

this damage caused by a socioeconomic cost (PSu
k0) with a smaller weight. Thus, if policymakers wish

to improve safety and healthy economic performance quickly, they should first focus on occupational
accidents with larger weights.

In addition to estimating the safety and healthy economic performance score ρ in the above SBM
model, the slack variable of socioeconomic costs of occupational accidents su

k is defined as the difference
between an inefficient DMU and the benchmark. In particular, the slack ratio index of the socioeconomic
costs of occupational accidents (SRu

k ) is calculated as the ratio of the excess socioeconomic costs of
occupational accidents (su

k ) to the actual socioeconomic costs of occupational accidents (yu
k0).

SRu
k =

su
k

yu
k0

(3)

Furthermore, the different proportions of the socioeconomic costs of occupational accidents (PSu
k0)

are calculated as follows:

PSu
k0 =

yu
k0∑q

k=1 yu
k0

(4)

where
∑q

k=1 yu
k0 indicates the total socioeconomic costs of occupational accidents, and PSu

k0 satisfies the
condition

∑q
k=1 PSu

k0 = 1.
By multiplying the slack ratio index of the socioeconomic costs of occupational accidents (SRu

k ) (3)
by the proportion of socioeconomic costs of occupational accidents (PSu

k0) (4), this study can obtain an
index called the slack share of the socioeconomic costs of occupational accidents (SSu

k0).

SSu
k0 = SRu

k0 × PSu
k0 =

su
k

yu
k0
×

yu
k0∑q

k=1 yu
k0

=
su

k∑q
k=1 yu

k0

(5)

This index (SSu
k0) indicates the impact of the inefficiency slack variable (su

k ) of each industrial
sector on the total socioeconomic costs of occupational accidents.

3. Assessing the Safety and Healthy Economic Performance Scores of Taiwan’s 17 Major
Industrial Sectors

In this section, we examine the safety and healthy economic performance scores (ρ∗) calculated by
Equations (1) and (2) by using data on the 17 industrial sectors in Taiwan in 2017.

Data Sources and Variables

The socioeconomic costs of occupational accidents are expressed by the amounts paid for three
severity levels of occupational injury cash benefits (yu) [23]. Taiwan’s Bureau of Labor Insurance
provides an employee with a cash benefit for a covered accident if an employee suffers an occupational
wound or illness (yu

1), disability (yu
2) or fatality (yu

3). The cash benefits for an occupational wound or
illness (yu

1) include the loss of earnings because of a temporary inability to work due to the wound or
illness. Occupational disability cash benefits (yu

2) consist of cash payments for a complete or partial
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inability to participate gainfully in the labor market due to disability. If an employee dies because of a
work-related injury or illness, then his or her family may be able to obtain fatality cash benefits (yu

3).
The three socioeconomic costs of occupational accidents (yu) are unwelcome by-products of economic
outputs (ye). The value of industrial production (ye) measures the actual economic output for an
industrial sector’s production [24]. Thus, the three socioeconomic costs of occupational accidents (yu)
and the value of industrial production (ye) are considered to be undesirable outputs and economic
outputs, respectively.

To protect the health of an insured employee, Taiwan’s Bureau of Labor Insurance also provides
occupational disease prevention benefits (x1), such as medical check-ups, to employees to prevent
and treat occupational diseases in the early stages. Thus, the occupational disease prevention benefit
input (x1) can improve the socioeconomic costs of occupational accidents (yu). In addition, labor is an
important input for industrial production (ye) [24]. This paper considers working hours (x2) as an input
rather than the number of employed laborers because working hours (x2) can best explain the situation
of the industrial economy. For example, an industrial economic downturn leads to a reduction in
business operations, which subsequently slows the pace of work and reduces working hours (x2). When
the industrial economy shows a cyclical upturn, working hours (x2) increase correspondingly [21].
Studies have also shown that an increase in working hours (x2) leads to work-related fatigue, which is
the key factor in increasing the socioeconomic costs of occupational accidents (yu) [25].

This study assesses safety and healthy economic performance by using the above input and
output variables from Taiwan’s 17 major industrial sectors in 2017. Taiwan’s 17 major industrial sectors
were classified according to the Standard Industrial Classification system.

The amounts of benefits paid out for the three severity levels of occupational injury (yu) plus
occupational disease prevention benefits (x1) were collected from official statistics provided by the
Taiwan Ministry of Labor (http://statdb.mol.gov.tw/statis/), and the other variables were obtained from
the Statistics Committee of the Directorate General of Budget, Accounting and Statistics, Executive
Yuan of Taiwan (http://ebas1.ebas.gov.tw). These official records have been extensively adopted in
academic research (e.g., in [2,7,11]).

4. Results and Discussion

The consumption of fixed capital (x), the gross value of industrial production (ye) and three
socioeconomic costs of occupational accidents (yu) for Taiwan’s 17 major industrial sectors in 2017
are summarized in Table 1. The findings in this table show that work is particularly dangerous for
Taiwanese employees in the Manufacturing, Wholesale and Retail Trade, and Construction sectors;
in these three sectors, the total amounts paid out for injury benefits were NT$ 9,401,027,891, NT$
4,430,040,914 and NT$ 3,145,445,699, respectively, and these values all exceed the national average of
NT$ 1,685,701,247. Past research has found that the possibility of different levels of injury severity for
each occupational accident can be affected by different industrial working environments [26]. Thus,
these three sectors may have different working environments with different hazards.

http://statdb.mol.gov.tw/statis/
http://ebas1.ebas.gov.tw
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Table 1. Relative input and output data from 17 industrial sectors in 2017.

Industrial Sectors

Inputs Economic Output Undesirable Outputs

Occupational
Disease Prevention
Benefits (NT$) (x1)

Total Working
Hours (h/Month)

(x2)

Industrial
Production Value

(NT$ Millions) (ye)

Amount of Wound
or Illness Benefits

(NT$) (yu
1)

Amount of
Disability Benefits

(NT$) (yu
2)

Amount of
Fatality Benefits

(NT$) (yu
3)

Total Socioeconomic
Costs of Occupational
Accidents (NT$ 1000)

Mining and Quarrying 112,265 170.4 24,272 1,362,313 1,510,012 17,387,007 20,259,332
Manufacturing 215,388,251 175.8 18,313,507 924,362,144 1,558,214,203 6,918,451,544 9,401,027,891

Electricity and Gas Supply 1,400,023 176.5 702,902 5,219,281 18,503,800 99,806,470 123,529,551
Water Supply and Remediation Activities 1,602,151 167.8 247,876 23,435,998 38,870,495 144,704,864 207,011,357

Construction 4,281,146 163.8 1,373,575 536,755,395 576,576,308 2,032,113,996 3,145,445,699
Wholesale and Retail Trade 16,486,352 164.7 4,078,721 450,410,535 720,984,153 3,258,646,226 4,430,040,914
Transportation and Storage 1,979,576 172.1 1,269,344 239,088,140 345,520,485 1,334,737,686 1,919,346,311

Accommodation and Food Services 208,189 160.4 855,672 181,083,066 212,667,626 784,489,704 1,178,240,396
Information and Communication 209,122 162.7 931,214 37,468,506 87,154,012 607,805,505 732,428,023

Finance and Insurance 79,170 164.6 1,687,366 65,561,522 163,953,823 935,547,240 1,165,062,585
Real Estate Activities 63,225 169.1 1,787,797 32,587,311 67,805,810 310,184,421 410,577,542

Professional, Scientific and Technical Services 3,216,811 165.2 615,848 66,353,615 136,123,355 714,111,525 916,588,495
Support Service Activities 1,508,034 179.2 391,661 141,239,485 210,856,287 846,211,366 1,198,307,138

Education Services 82,921 132 847,437 30,383,770 93,502,649 357,100,981 480,987,400
Human Health and Social Work Services 20,951,497 166.8 866,299 95,450,851 172,227,925 742,031,046 1,009,709,822

Arts, Entertainment and Recreation 55,480 164.4 240,351 27,483,651 57,339,037 232,002,772 316,825,460
Other Services 867,485 180 669,773 195,181,309 393,878,417 1,412,473,553 2,001,533,279

Average 15,793,629.2941 166.7941 2,053,153.8235 179,613,346.5882 285,628,729.2353 1,220,459,170.9412 1,685,701,246.7647
Standard Deviation 51,782,401.5125 10.7407 4,290,705.5771 245,906,279.8081 383,953,994.4815 1,677,302,404.7800 2,296,980,624.2784
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This paper proposes a weighted SBM model that directly incorporates the weights of the different
proportions of the socioeconomic costs of occupational accidents (PSu

k0) into objective function (2).
Based on the data from Table 1, the weights for the different proportions of the socioeconomic costs of
occupational accidents (PSu

k0) can be obtained by using Equation (4) (see Table 2). The proportion of
fatalities to socioeconomic costs (PSu

3) is relatively large, whereas the proportion of wounds or illness to
socioeconomic costs (PSu

1) is relatively small. The proportion of fatalities to socioeconomic costs (PSu
3)

is larger than the proportions of other costs of occupational accidents, which indicates that fatality
cash benefits (yu

3 ) have a larger impact on the safety and healthy economic performance scores (ρ∗) of
Taiwan’s industrial sectors.

Table 2. Proportions of the socioeconomic costs of occupational accidents by industrial sector.

Industrial Sectors

Weights

Proportion of
Wounds or Illness
in Socioeconomic

Costs (PSu
1)

Proportion of
Disabilities in
Socioeconomic

Costs (PSu
2)

Proportion of
Fatalities in

Socioeconomic
Costs (PSu

3)

Mining and Quarrying 6.7244% 7.4534% 85.8222%
Manufacturing 9.8326% 16.5749% 73.5925%

Electricity and Gas Supply 4.2251% 14.9792% 80.7956%
Water Supply and Remediation Activities 11.3211% 18.7770% 69.9019%

Construction 17.0645% 18.3305% 64.6050%
Wholesale and Retail Trade 10.1672% 16.2749% 73.5579%
Transportation and Storage 12.4567% 18.0020% 69.5413%

Accommodation and Food Services 15.3689% 18.0496% 66.5815%
Information and Communication 5.1157% 11.8993% 82.9850%

Finance and Insurance 5.6273% 14.0725% 80.3002%
Real Estate Activities 7.9369% 16.5147% 75.5483%

Professional, Scientific and Technical Services 7.2392% 14.8511% 77.9097%
Support Service Activities 11.7866% 17.5962% 70.6172%

Education Services 6.3170% 19.4397% 74.2433%
Human Health and Social Work Services 9.4533% 17.0572% 73.4895%

Arts, Entertainment and Recreation 8.6747% 18.0980% 73.2273%
Other Services 9.7516% 19.6788% 70.5696%

Average 9.3566% 16.3323% 74.3111%
Standard Deviation 0.0351 0.0306 0.0574

To illustrate the advantageous characteristics of the weighted SBM model, we compare its results
with the results obtained by the general SBM model. Table 3 provides the results for the safety and
healthy economic performance scores (ρ∗) of all the industrial sectors as calculated by the general
SBM model and the weighted SBM model. For four industrial sectors with efficiency scores (ρ∗) equal
to 1.0000 (i.e., the Manufacturing, Electricity and Gas Supply, Wholesale and Retail Trade, and Real
Estate sectors), the results are the same for both models, which indicates that these four industrial
sectors are not affected by the different proportions of socioeconomic costs of occupational accidents
(PSu

k0). This also means that these four sectors (with ρ∗ = 1.0000) constitute the most efficient ones—i.e.,
the ones who are on the efficient frontier. In the other industrial sectors, for which the weights of
the different proportions of socioeconomic costs of occupational accidents (PSu

k0) are integrated, all
the inefficient industrial sectors’ safety and healthy economic performance scores (ρ∗) increase, and
considerable changes occur. The safety and healthy economic performance score (ρ∗) is higher for
the weighted SBM model than for the general SBM model because the weighted SBM model uses the
different proportions of the socioeconomic costs of occupational accidents (PSu

k0) as weights. Therefore,
the weights of the different proportions of the socioeconomic costs of occupational accidents (PSu

k0) on
safety and healthy economic performance (ρ∗) are highly sensitive. The results showed that the SBM
model, which took into account the weights of the different proportions of the socioeconomic costs of
occupational accidents (PSu

k0), led to improved efficiency scores (ρ∗), but they did not affect the relative
efficiency rankings for most industrial sectors.
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Table 3. Comparison of the general SBM model and the weighted SBM model.

Industrial Sectors

General SBM Model Weighted SBM Model

Safety and
Healthy Economic

Performance
Scores (ρ*)

Rank

Safety and
Healthy Economic

Performance
Scores (ρ*)

Rank

Mining and Quarrying 0.0073 17 0.0089 17
Manufacturing 1.0000 1 1.0000 1

Electricity and Gas Supply 1.0000 1 1.0000 1
Water Supply and Remediation Activities 0.0463 16 0.0615 16

Construction 0.2385 7 0.3284 7
Wholesale and Retail Trade 1.0000 1 1.0000 1
Transportation and Storage 0.2183 9 0.2971 8

Accommodation and Food Services 0.1978 10 0.2689 10
Information and Communication 0.2379 8 0.2969 9

Finance and Insurance 0.5914 5 0.7385 5
Real Estate Activities 1.0000 1 1.0000 1

Professional, Scientific and Technical Services 0.1104 13 0.1483 13
Support Service Activities 0.0635 15 0.0877 15

Education Services 0.3377 6 0.4216 6
Human Health and Social Work Services 0.1530 11 0.1853 11

Arts, Entertainment and Recreation 0.0897 14 0.1208 14
Other Services 0.1117 12 0.1541 12

Average 0.3767 0.4187
Standard Deviation 0.3803 0.3713

This paper used the nonparametric statistical Wilcoxon matched pairs signed rank to test the
null hypothesis. The empirical results show that the Z statistic is 3.3282 (the p-value is 0.0009) at a 1%
significance level. Thus, the results permit a rejection of the null hypothesis that integrates the weights
of the different proportions of socioeconomic costs of occupational accidents (PSu

k0) into the safety and
healthy economic performance score (ρ∗) measurement, which did not yield a significant difference.
These results indicate that the different proportions of the socioeconomic costs of occupational accidents
(PSu

k0) are important for evaluating safety and healthy economic performance (ρ∗). The weighted
restrictions allow for the integration of priorities or managerial preferences in terms of the relative
importance degrees of various undesirable outputs. Therefore, the weighted SBM model is suitable for
the framework of this study because it directly incorporates the weights of the different proportions of
the socioeconomic costs of occupational accidents (PSu

k0) into the objective function (2).
By focusing on the results of the weighted SBM model, this paper finds that the average safety and

healthy economic performance score (ρ∗) of each industrial sector is approximately 0.4187. Specifically,
the Mining and Quarrying industry has the lowest safety and healthy economic performance score
(ρ∗ = 0.0089). This result shows that Taiwan’s Mining and Quarrying industry has more room to
improve its safety and healthy economic performance. Table 4 indicates that the inefficient industrial
sectors that require an adjustment in their safety and healthy economic performance (ρ∗) are determined
by using the slack ratio index. For example, the Mining and Quarrying industry has the greatest slack
ratio index for occupational disease prevention benefits (x1). Taiwan’s Mining and Quarrying industry
involves numerous underlying hazards in the working environment. In a high-hazard working
environment, many injuries result in disabilities or fatalities, and many occupational wounds or
illnesses, such as chronic lung disease and hearing loss, are irreversible. Therefore, disease prevention
(x1) has become the principal safety and health objective for the Mining and Quarrying industry.
Managers’ attitudes towards accident prevention are vital in ensuring a safe working environment [5].
Tan et al. [20] also found that increasing both safety capital input and safety labor input constitutes the
most important accident prevention approach to reduce occupational accidents in the mining industry.
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Table 4. The slack ratio index for the resource inputs, economic outputs and three socioeconomic costs of occupational accidents.

Inefficient Industrial Sectors

Resource Inputs Economic Output Undesirable Outputs

Occupational
Disease Prevention
Benefits (NT$) (x1)

Total Working
Hours

(h/Month) (x2)

Industrial
Production Value
(NT$ Million) (ye)

Amount of Wound
or Illness Benefits

(NT$) (yu
1)

Amount of
Disability Benefits

(NT$) (yu
2)

Amount of
Fatality Benefits

(NT$) (yu
3)

Mining and Quarrying 99.2354% 98.6527% 0.0000% 67.5243% 39.0359% 75.7795%
Water Supply and Remediation Activities 99.4529% 86.0277% 0.0000% 80.7211% 75.8141% 70.2797%

Construction 98.8653% 20.6834% 0.0000% 95.3355% 90.9647% 88.2725%
Transportation and Storage 97.7323% 30.2372% 0.0000% 90.3228% 86.0667% 83.5000%

Accommodation and Food Services 85.4648% 49.5422% 0.0000% 91.3869% 84.7400% 81.0756%
Information and Communication 84.2522% 45.8639% 0.0000% 54.6984% 59.4761% 73.4181%

Finance and Insurance 24.6264% 3.0373% 0.0000% 53.0873% 60.9666% 68.7071%
Professional, Scientific and Technical Services 99.3230% 64.7395% 0.0000% 83.0824% 82.8411% 85.0373%

Support Service Activities 99.0815% 79.3273% 0.0000% 94.9454% 92.9551% 91.9697%
Education Services 63.8579% 39.2762% 0.0000% 49.1611% 65.6258% 58.8265%

Human Health and Social Work Services 83.3314% 78.9525% 0.0000% 0.0000% 11.2740% 6.9220%
Arts, Entertainment and Recreation 84.6792% 86.1717% 0.0000% 84.0595% 84.1019% 82.0256%

Other Services 97.2695% 64.8050% 0.0000% 93.7451% 93.5507% 91.7729%

Average 85.9363% 57.4859% 0.0000% 72.1592% 71.3394% 73.6605%
Standard Deviation 21.2212% 28.8207% 0.0000% 27.3589% 24.1346% 22.2534%
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To improve the safety and healthy economic performance (ρ) of Taiwan’s industrial sectors, the
socioeconomic costs of fatalities (yu

3) with greater weight should be adjusted first. This means that
Taiwan’s policy makers should focus on how to reduce fatalities, which are very costly. The major
causes of occupational fatalities (yu

3) in Taiwan’s industrial sectors are related to unsafe working
conditions, equipment issues, poor safety management and staff factors [27,28]. Occupational accidents
can be reduced through a greater commitment from management, changes in working conditions and
practices, investments in safety tools, and changes in equipment [29]. In addition, a number of staff

factors, such as training, education and work-related mental stress, may affect these results. To reduce
the socioeconomic costs of occupational accidents in Taiwan’s industrial sectors, effective training and
education should be provided to improve all employees’ safety knowledge, safety attitudes and safety
perceptions [6,30]. Work-related mental stress, such as poor attitudes, difficulty concentrating, sleep
disorders, and difficulties related to co-workers, has a significant impact on workers’ performance and
represents a reason why personal safety is a major cause of occupational accidents [31]. The Taiwanese
government has begun to plan strategies to address work-related mental stress [7], which should be
expressly focused on the specific context of each industrial sector.

5. Conclusions

In various industries, occupational accidents can result in different levels of injury severity, thereby
resulting in different degrees of importance for different accident categories. Unfortunately, this issue
appears to be ignored by most researchers. This paper provides four major contributions. First, this
study proposes an approach that directly incorporates the different proportions of the socioeconomic
costs of occupational accidents as weights to represent the varying importance of different categories
of occupational accidents in the objective function of the SBM model. Second, this paper discusses this
approach, which involves using an empirical application to assess the safety and healthy economic
performance of the 17 main industrial sectors in Taiwan. Third, the empirical results demonstrate
that integrating the varying importance of the three socioeconomic costs of occupational accidents
into the evaluation of safety and healthy economic performance is superior. Finally, this paper uses
the slack ratio index provided by Taiwanese policy makers to improve safety and healthy economic
performance based on the specific context of each industrial sector. Specifically, policy makers should
focus on the Mining and Quarrying industry since the safety and healthy economic performance of
this industrial sector is the lowest. These industries should reduce occupational disease prevention
benefits to enhance their safety and healthy economic performance.

Although the resource inputs, economic outputs and three socioeconomic costs of occupational
accidents were collected from two different government institutions to avoid the common variance
problem, certain limitations and biases might be observed in the official records. For example, in
Taiwan, labor insurance is provided to employers but is not provided to self-employed individuals,
small enterprises or family workers [7]. In the future, panel analysis or other observations should be
considered. For example, researchers should use the dynamic DEA framework (such as the Malmquist
productivity index or dynamic SBM model) to estimate the changes in safety and healthy economic
performance over long periods of time and should further investigate the effects of external factors on
safety and healthy economic performance. Previous researchers have also confirmed that the incidence
of occupational injuries varies throughout the business cycle [21].
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