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Abstract: The article shows that effective organization of occupational health and safety 
(OHS) at industrial enterprises have not only social, but also technical and economic 
consequences. Analysis of the dependences of the frequency and the severity coefficients of 
occupational injuries on the cost of OHS measures allowed to draw an important 
conclusion, that with insufficient funding for injuries protection, the level of injuries 
remains high enough, and with increasing OHS funds the level of injuries decreases 
significantly. However, there comes a situation, when further economic stimulation of 
injuries protection measures does not yield significant results. Definition of technical and 
economic criteria for assessing the production system from occupational safety indicators 
is proposed using the apparatus of the probability and queuing theories. An example of 
calculating the downtime of process equipment due to occupational injuries in the shop of 
mechanical engineering plant is considered. 
Keywords: occupational health and safety (OHS), occupational injuries, queuing theory, 
industrial productivity, equipment dowtime 
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1. Introduction 

Industrial production is undergoing global changes in the 21st century. The main 
reason for the changes is a comprehensive globalization that affects the structure of jobs, 
how jobs are done, and occupational health and safety (OSH). Despite significant 
achievements in improving OSH in the last century, it is estimated [9,14] there are 317 
million non-fatal professional injuries and 321,000 professional deaths in the world every 
year, i.e. there are 151 work-related accidents every 15 seconds. The high level of 
production hazard is a significant problem for employers and creates as social and also 
technical and economic consequences. The International Social Security Association 
(ISSA) [7] has estimated that the cost of accidents in various industries and the expenses of 
preventing and eliminating them is approximately 4 percent of the world's gross domestic 
product (GDP) annually! 

Occupational safety and health are perhaps the most commonly promoted through 
social arguments [4]. Decisions about safety and health measures have usually been 
negotiated as part of the general conditions of employment and, therefore, have been 
implemented without any technical and economic considerations [3]. The employer is most 
often motivated by a system of fines and penalties, but not by the economic and 
technological benefit from improving safety conditions. But this approach to the safety 
solution is not always correct. And I will try to prove it in this article. 

The purpose of economic analysis in occupational health is to facilitate the 
identification of that level of safety investment, which is efficient. It is ineffective to behave 
as if all workplace health risks can be completely eliminated. The risk of injury must be 
eliminated primarily where it is most dangerous to the life and health of workers and, cost-
effectively for the employer. Thus, safety is characterized not by the absence of risk at all, 
but only by the absence of unacceptable risk. Standard [6] defines acceptable risk as "the 
optimal balance between safety and the requirements that a product, process or service must 
satisfy, as well as factors such as user benefit, cost effectiveness, customs, etc." The 
standard [1], often used by enterprises, treats acceptable risk as “the risk reduced to the level 
that the organization can tolerate, given its legal obligations and its own health and safety 
policy”. A typical risk analysis compares the probability (frequency) of any risks occurring 
by the consequence (severity) if they do occur. This can be done either in a qualitative or 
quantitative manner as numerical values of the frequency and severity of injuries 
coefficients. 

The international standard for the development of Occupational health and safety 
management systems (OH&S) ISO 45001:2018 was recently published and implemented 
to transform the enterprise’s labor relations. It is expected that the new international 
standard will contribute to improving the security of work at industrial enterprises, reducing 
the number of injuries and diseases, increasing the employer's responsibility for ensuring 
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working conditions in the workplace. The ISO 45001 standard is intended to integrate with 
other management system standards such as ISO 9001 (quality management) and ISO 
14001 (environmental management). The new standard for health and safety management 
systems, developed on the basis of common elements, contains a typical quality 
management method (PDCA). The introduction of this model allows to minimize the risk 
of industrial injury. 

The technical and economic indicators of the production activities of organizations 
largely depend on the state of labor protection, which is one of the most important factors 
in increasing production efficiency [11, 12]. OHS as a system of measures aimed at ensuring 
the safety and preserving the health of workers, contributes to reducing injuries and 
occupational diseases at work, increasing labor productivity and brings significant social 
effect. It is most economically profitable for manufacturing enterprises to implement 
measures, the costs of the implementation of which are paid off by saving in production 
costs, as well as reducing deductions from the company's profits [2]. 

Torén & Sterner [13] have classified regulation and incentives in their article (see 
fig. 1, in which compensating wage differentials have been added and OEL it is the 
occupational exposure limit). 

 

Fig. 1. Regulation and incentives for occupational safety and health 

The purpose of this paper is to offer the most effective technical and economic analysis 
for the successful management of OSH in mechanical engineering production, and to 
suggest directions for future work in such studies. That is, it is proposed to conduct an 
economic feasibility study of measures to ensure safety and improve working conditions at 
a machine-building enterprise based on statistical studies of the potential risk of injury at 
certain workplaces and an analysis of the technological and economic consequences of 
potential injuries. An objective economic assessment of measures to improve OHS 
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contributes to the development of recommendations for improving equipment, 
technological processes, collective protective equipment and making decisions on the 
development of investment programs to improve working conditions at the enterprise. In 
addition, a quantitative assessment of the costs of OHS measures and the benefits of the 
enterprise from actions for the safety of production processes can serve as a justification for 
making management decisions to optimize the working conditions of employees. 

2. Cost-effectiveness management tools to reduce risks of 
injury, illnesses, fatalities in machine-building plant 

The overall economic effect of the introduction planning system of measures to prevent 
occupational injuries will be provided if: 

 0E S− >  (1) 

where E is the economic benefit from implementation of measures on improvement of 
working conditions; S is the costs to implement these measures. 

Since the value of the effect is relative, i.e. is determined in comparison with the 
average OHS costs for the previous year (or previous years), it is necessary to analyze the 
dependence of the main indicators of injuries in the enterprise on the total costs for OHS 
measures. Determination of correlation equations allows to extrapolate with considerable 
adequacy of the values of coefficients of severity and frequency of injury from the expenses 
for labor protection which are forecasted. 

To evaluation the optimal value of OHS costs should be solved next optimization task: 
to define arg max (E - S) on conditions that Si < [S], 

that is, to set the value of total costs for OHS measures that will ensuring the maximum 
economic benefit, provided that the predetermined maximum level of costs [S] will be not 
exceeded. 

Analysis of the dependences of the frequency (Kf) and the severity (Ks) coefficients of 
occupational injuries on the cost of OHS measures [12] showed that with insufficient 
funding for injuries protection (0.4 - 0.6% of total capital investment), the level of injuries 
remains high enough, and with increasing OHS funds the level of injuries decreases 
significantly. However, there comes a situation, when further economic stimulation of 
injuries protection measures does not yield significant results. That is, we can assume that 
there is an objective level of injury, expressed by the boundary coefficients of frequency 
([Kf]) and severity ([Ks]), which does not change at any additional OHS financing. 
Obviously, this is caused not by technical but by subjective reasons, such as non-compliance 
with production and technological discipline, fortuitous accidents, and so on. 



 Technical and economic analysis of the consequences of occupational injuries …  

5 

( ) [ ]( )          
  

1000
fі f sі s

hp

K K K K L S
E

  ⋅ − − ⋅ ⋅
=

( [ ])
1000

sі s k
rp

K K L PЕ µ− ⋅ ⋅ ⋅
=

To establish the optimal level of OHS costs should be considered in detail the structure 
of the benefit of protection measures. The total economic effect EΣ can be calculated as the 
sum of the following components: 

         hp rp cc ipЕ Е Е Е ЕΣ = + + +  (2) 

where Ehp is the economic effect of reducing the cost of medical and hospital payments, 
workers’ compensation due to injuries and diseases; Erp is the economic effect of reducing 
penalties imposed on enterprises owing to cases of occupational injuries, illnesses and 
fatalities; Ecc is the economic effect achieved by reducing the cost of compensation to 
workers who worked in hard and harmful conditions; Eip is the economic effect obtained by 
increasing productivity caused by a decrease in occupational injuries and diseases. 

Economic benefit of reducing the cost of medical and hospital payments due to injuries 
and diseases Ehp is calculated by the equation: 

 

                                                                      , (3) 

 
where Kfi, Ksi are the average coefficients of frequency and severity of injuries, provided 
that health and safety on conditions that OHS measures are funded by Fi cost; [Kfi], [Ksi] 
are the boundary frequency and injury severity coefficients determined on the basis of 
preliminary statistical studies at certain plant; L is the number of employees at a given 
manufacturing enterprise; S is the average daily wage of an employee. 

The total effect of reducing the amount of penalties Erp in connection with cases of 
occupational injuries is determined as: 

 

                                            , (4) 

 
where Pk is the average amount of penalties accrued for 1 case of occupational injurie; µ is 
the factor that takes into account the severity of accidents. 

The economic benefit of improving working conditions Ecc can be calculated by the 
formula: 

  cc hЕ Р W= ∆ ⋅  (5) 
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 ipЕ N C= ∆ ⋅

where P is the number of workers in the shop for whom the improvement of work 
environments led to the termination of allowances for hazardous and harmful working 
conditions in cases of current and boundary OHS financing; Wh is the average amount of 
surcharges for hard, hazardous or harmful working conditions. 

The economic effect caused by increased productivity Eip is determined as: 

  (6) 

where ∆N is the additional number of products manufactured in the given shop due to 
increased productivity, caused by a decrease in downtime of technological equipment as 
a result of occupational injuries in cases of current and boundary OHS financing; C is the 
profit received by the enterprise per unit of output product. 

Since the last component of the economic effect is the most significant but its 
calculation has not yet been considered in the technical literature on Occupational Safety 
and Health, it is reasonable to consider such calculation in more detail. 

3. Mathematical model of the impact of occupational 
injuries on the change in productivity of technological 
equipment 

Definition of technical and economic criteria for assessing the production system from 
occupational safety indicators can be done using the apparatus of the probability and 
queuing theories [5, 8, 10]. It is necessary to use a time distribution diagram for a production 
system served by a large number of workers for theoretically study this process. The 
analysis of the real diagram of downtime of the technological equipment at the machine-
building enterprise owing to work-related injury and temporary incapacity of employees 
showed [12] that: 
a) the duration of downtime of technological equipment due to work-related injury never 

exceeds 0.1-0.4% of the total duration of production operation of technological 
equipment; 

b) since a low probability of equipment downtime due to occupational injuries of the 
worker, it's unlikely situation when 2 or more technologically related machines are idle; 

c) frequency of work-related injuries depends on the specialization of workplace, and if 
the specialization is narrower (and therefore number of difficult operations performed 
by workers is less), then the probability level of injury is also lower; 

d) downtime of equipment in multi-machine maintenance of other workers jobs due to 
injury of one of the workers does not depend on the downtime of technologically 
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related machines, due to injury to another worker (which is unlikely according to 
paragraph 2). 
Since a wide range of products with indeterminate machining time is processed on the 

shop equipment, and the probability of injury is conditionally considered equal in any 
period of manufacturing time, the downtime of the equipment can be considered the same 
for the studied period of time (stationary principle). The possibility of replacing an injured 
worker by expanding the specialization of technologically related machines or multi-
machine maintenance of a stationary machine by another worker allows to conclude about 
the interdependence of the receipt of a number of service requirements ("absence of the 
aftereffect" principle). The low probability of simultaneous injury of workers of 
technologically dependent operations determines the principle of ordinariness. Such 
probabilistic flow that satisfies these three principles is named Markov process [8, 10]. The 
provisions of the queuing theory should be used to determine the indicators of such system. 

The nature of the occupational injuries flow corresponds to the Markov process with the 
parameter λ, and the probability of absence of workers in the production due to this reason is 
distributed according to the exponential law with the parameter µ. This means that a random 
call for a service order at a certain point in time does not depend on previous orders, i.e. on 
the course of the process in the previous period. Therefore, the load of a single-channel 
queuing system (QS) ρ with Poisson input stream is determined as follows [10]: 

 , (7) 
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of equipment due to work-related injuries and occupational diseases of workers; Tdx is the 
probabilistic time of disability of an employee serving the x-th machine ( 1,x X= ). 

The average value of injury-related time losses djТ  for the manufacture of one product 

by groups of equipment (lathes, milling machines, grinders, shop vehicles, etc.) is calculated 
by the equation: 
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where Tdij is the probabilistic time of incapacity of the i-th worker of the shop caused by 
injuries and occupational diseases for a year; I is the total number of employees involved in 
the production process; ijα = 1, if the i-th employee works on the equipment of the j-th 

group; ijα = 0, otherwise; Xj is the number of machines of the j-th group in the shop; Nm is 

the annual output program of the m-th machinery product; mjβ  = 1, if the m-th product is 

made on the equipment of the j-th group; mjβ  = 0, otherwise. 

For the Markov queuing system (MQS) with Poisson input flow is typical, that the 
function of the probability of the main and auxiliary technological equipment downtime is 
described as [8,10]: 

 
  (9) 

 
 

  (10) 
 
 
Probability P0 = 1 (if x = 0) means that all shop equipment works without injury-related 

losses (in the queuing theory, this term calls as "no service orders"). P1 is the probability 
when downtime of the 1 unit of technological equipment due to injury of the 1 employee. 
P2 is the intensity of downtime of 2 units of technological equipment, etc.  

Obviously, in real production conditions, the machine will not be idle because the 
injured worker will be replaced by another. However, such replacement will bring economic 
losses for the employer (in the form of additional wages, payment of insurance and medical 
expenses for injured or sick employee, etc.). These losses can be considered the financial 
equivalent of a decrease in the productivity of technological equipment. After all, lower 
productivity also causes economic losses. It is also possible that as a result of injury or 
occupational disease of one of the workers of the workshop, the redistribution of his work 
is as follows: workers of technologically related positions of the given manufacturing line 
perform both their work and the work of the absent employee ("multi-machine service"); 
shop's workers with the specialization of the absent worker redistribute among themselves 
additional work ("redistribution of functions"); expectations of the absent worker in the case 
when his absence does not significantly affect the results of production ("standstill of 
functions"). 

Let's consider the option of multi-machine maintenance of technologically related 
position in the case of downtime of at least one machine due to work-related injuries or 
occupational diseases of the worker. We assume, that the MQS is a closed waiting system 
M/M/1 type with the internal organization FIFO (first in, first out) [5,8] for the following 
reasons: each service order is obligatory satisfied (each technological operation must be 
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performed); in the case when all workers of the manufacturing line are engaged in the main 
work, the order for maintenance of the idle machine is placed in the queue and is expected 
when at least 1 worker will be free; the production system is considered closed, because the 
number of machines serviced and, accordingly, the number of orders is carried out in 
a certain technological sequence; in the presence of several unfulfilled orders the order of 
their execution is established; the designation M/M/1 shows that the nature of orders and 
the process of manufacturing products is carried out according to the Markov process, and 
the number of workers simultaneously serving one machine is 1. 

The probability of transition to a state Px from one of the possible states 1  ... xP P  
depends on the accidental receipt of service orders related to the time of the equipment cycle 
and the intensity of equipment downtime due to injury to one of the workers. According to 
queuing theory, the probability of transition to the state Px [10]: 

 
 

  (11) 
 
 

where P0 is the probability that all technological equipment of the workshop operate without 
downtime due to injury to maintenance workers [8,10]: 
 
 
  (12) 

 
 
 
The overall probability that at least one machine is idle due to operator injury is defined 

as: 
 

  (13) 
 
The average statistical number of machines waiting for service dtn  follows from the 

states 1  ... xP P  and is determined by the formula: 
 

  (14) 
 
Then the coefficient of downtime of one machine due to waiting during multi-station 

maintenance by a worker who replaces an injured worker [5] is: 
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  (15) 

 
 
Probabilistic average workload of one machine: 
 
 

  (16) 
 
 
Let's consider an example of calculating the downtime of process equipment due to 

occupational injuries in the shop of mechanical engineering plant. Let's suppose, that in 
certain shop, which employs 25 workers on 25 machines, 3 cases of occupational injuries 
were registered during the retrospective year, which caused the general incapacity of the 
shop workers for 22 working days (176 hours with one-shift work). Let us also assume, that 
the average machining time of the technological operation is 2.3 minutes (Tm = 2.3 min). 
The production program of machine-building products is 25 thousand pieces per year. 

Extrapolating last year's data, it is necessary to establish the loss of productivity of the 
shop due to occupational injuries that caused downtime of main technological equipment. 
Taking into account the technological unity of the shop's equipment (I = 1) and the 
invariability of the nomenclature of machined products (M = 1), we can calculate the 
average value of time loss dТ  for the manufacture of 1 part according to the equation (8): 

176 60 0.016 (min).
25 25000

І

dі
і

d

Т
Т

Х N
⋅

= = =
⋅ ⋅

∑
 

MQS loading can be calculated according to the equation (7) as: 

0.016 0.0073
25

λρ
µ

= = =
 

The probability P0 that all machines work without downtime due to the absence of an 
injured worker is determined by the formula (10): 
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That is, the probability of the presence of all employees of the shop in the workplace 
is about 82%. 

The probabilities of Px states can be determined according to recurrent formula (11): 

1

2

(25 0) 0,0073 0,82 0,15;
(25 1) 0,0073 0,15 0,025;

...

P
P

= − ⋅ ⋅ =
= − ⋅ ⋅ =

 

The results of all calculations are summarized in tab. 1. 

Table 1 
The results of calculating the probability of equipment downtime due to 
occupational injuries 

x Рх (Х - х) Рх 

0 0.82 20.5 

1 0.15 3.6 

2 0.025 0.57 

3 4.10
-3

 0.088 

4 6.10
-4

 0.012 

... ... ... 

25 1.0 24.47 

Shown calculation results give a possibility to define the following: 
− probabilistic average workload of one machine (equation 16): 

24.47 0.978
25dtА = =  (or 97.8%), 

− average value of downtime of machines due to occupational injuries of their 
employees is 1 0.022l dtА А= − =  (or 2.2 %). 

That is, economic losses of only technological nature due to employee injuries for the 
annual production program will be equal to the lost profit from the production of 550 
products per year. Therefore, this is an additional argument for employers to fund measures 
to reduce industrial accidents! 
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4. Conclusions 

1. The purpose of economic analysis in occupational health is to facilitate the 
identification of that level of safety investment which is efficient. To behave as if all 
workplace risks to worker’s health can be eradicated may be inefficient. Risks must first of 
all be eliminated, where it is most dangerous for the life and health of workers and, cost-
effectively for the employer. Thus, safety is characterized not by the absence of risk at all, 
but only by the absence of unacceptable risk. 

2. Analysis of the dependences of the frequency and the severity coefficients of 
occupational injuries on the cost of OHS measures showed that with insufficient funding 
for injuries protection (0.4 - 0.6% of total capital investment), the level of injuries remains 
high enough, and with increasing OHS funds the level of injuries decreases significantly. 
However, there comes a situation, when further economic stimulation of injuries protection 
measures does not yield significant results. Therefore, it is assumed, that there is an 
objective level of injury, expressed by the boundary coefficients of frequency and severity, 
which does not change at any additional OHS financing. Obviously, this is caused not by 
technical but by subjective reasons, such as non-compliance with production and 
technological discipline, fortuitous accidents, and so on. 

3. It is proposed to define technical and economic criteria for evaluation of the 
production system from occupational safety indicators using the apparatus of probability 
and queue theories. Mathematical interpretation of idle process equipment due to the 
absence and replacement of an injured employee is described as a Markov process in the 
queuing system M/M/1 type with the internal organization FIFO. Economic losses arising 
as a result can be considered as a financial equivalent of decrease in productivity of the 
process equipment. Reducing these losses is thus an additional argument for employers to 
finance measures to reduce occupational injuries. 
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