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governmental regulations, and the aware-
ness of social and environmental issues.[2] 
Besides, this concept, which is rapidly 
gaining importance, causes several risks 
while creating various opportunities to the 
organizations. Businesses that redesign 
their production processes and reorganize 
their products by assessing the risks and 
taking measures against them are to gain 
a competitive advantage. For this reason, 
they aim to develop a new market demand 
by diversifying their products in order to 
produce more sustainable and greener 
products.

Moreover, various methods exist to 
measure and evaluate the effects of 
product sustainability. However, most 
of them do not consider and evaluate 
three main sustainability aspects, which 
are environmental, social, and economic 
aspects. Several methods have been sug-
gested to obtain a more extensive evalu-
ation, which can take interrelations in 
three dimensions to fulfill the need of 
such a method, and it is suggested to do 
research covering social and economic 

impacts and the environmental effects as well. As a result, life 
cycle sustainability assessment (LCSA) appears as a new study 
field. However, LCSA does not cover the analysis of feedback 
mechanisms and interrelations between system components 
and requires systems notion applications. Besides, most of the 
presented methods related to measuring product sustainability 
have remained static when analyzing the behavior models of 
variables changing over time. However, system dynamics (SD) 
models can handle uncertainties via scenario-based analysis. 
Besides, SD models are effective in making future decisions as 
it uses cause-effect relationships.[3]

Rebs et al.[1] conducted a comprehensive literature review on 
the SD for sustainable supply chain management based on the 
systems thinking approach. The results show that risk man-
agement studies did not mention or formalize economic, envi-
ronmental, or social sustainability. Among 62 papers, 8 papers 
used SD models that cover a formalized risk construct and  
13 papers included risk by sensitivity and scenario analyses, 
and 19 papers mentioned managing risks. However, SD models 
mainly consider economic risks, but do not evaluate environ-
mental and social risks. Besides, SD models are beneficial to 
evaluate uncertainties and deal with risks. At least, scenario 
analyses are performed to analyze the model behavior based on 
parameter changes.[1]

Measuring product sustainability plays a significant role to gain competitive 
advantage. Nevertheless, while achieving sustainable products, all related 
risks associated with sustainability should be considered. Previous studies 
are limited by the lack of the dynamic and multidimensional approaches. 
However, as the decision-making environment is constantly changing in the 
real world, a dynamic decision-making approach is required. The aim of this 
study is to develop a dynamic and risk-driven approach to investigate the 
product sustainability risks. The proposed approach considers all the related 
risks and interactions with a holistic view covering environmental, economic, 
and social sustainability. To deal with the dynamic and multidimensional 
nature of product sustainability, system dynamics is proposed. The results 
show that increasing the production capacity of the company and main-
taining the production emphasizing innovation have led to improvements on 
both product sustainability and the main dimensions of sustainability. The 
realization of Industry I4.0 applications can be an effective strategy for the 
business to increase product sustainability. This study is supported with a 
case study implemented in the manufacturing industry to confirm the appli-
cability of the model. This paper is useful for industry and policy makers to 
observe the potentials impacts of products sustainability risks.
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1. Introduction

Sustainability has become a significant issue for businesses 
to gain competitive advantages. Sustainability aims to achieve 
effective utilization of natural resources and environmental 
effects, economic growth, and social awareness.[1] Therefore, 
companies have acquired a responsible point of view in finan-
cial, environmental, and social issues.

Nowadays, sustainable product development is a highly 
important issue because of the rapid depletion of raw mate-
rials, increasing social and environmental impacts of products, 
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This study aimed to explain the following research objective:

• To assess product sustainability risks with a holistic view 
that tackle with environmental, economic, and social 
sustainability

To achieve these objectives, an SD model is developed to 
analyze the interactions of product sustainability risk indicators 
related to the main dimensions of sustainability over time.

The remainder of this study is organized as follows: section 
two presents product sustainability, product sustainability risks, 
SD approach, and the literature review about sustainability. Sec-
tion three presents research methodology. Section four includes 
the application of the proposed approach and the results of the 
study are discussed. In the section five includes discussion and 
implications. Finally, section six discussed concluding remarks 
and several ideas for future research, respectively.

2. Theoretical Background and Related Literature

This section first focuses on the concept of sustainability, 
product sustainability and product sustainability risks and then 
related studies are presented.

2.1. Product Sustainability Risks and TBL Approach

Sustainability has been widely adopted in various industrial 
fields. Therefore, many definitions exist for this concept. The 
first known definition of sustainability is “meeting the needs of 
the present without compromising the ability of future genera-
tions to meet their own needs”.[4] According to this definition, 
accurately analyzing the needs of future generations and the 
consumption of resources are vital to provide with an efficient 
way.

Sustainability can only be achieved considering both eco-
nomic benefits and the environment and society. Therefore, 
sustainability is a framework that incorporates economic, envi-
ronmental, and social dimensions holistically.[1] Fiksel et  al.[5] 
provided the first framework to measure the sustainability per-
formance and suggested that three dimensions of sustainability 
should be considered as a whole. Thus, various approaches 
are used to assess sustainability. Triple bottom line (TBL), a 
well-known approach, considers sustainability in a frame-
work encompassing three different dimensions as economic, 
social, and environmental. Similarly, these three pillars of sus-
tainability are defined as planet, profit, and people in various 
studies.[6]

The economic aspect has been regarded crucial in produc-
tion processes since the beginning of the 20th century. Recently 
the social and the environmental aspects have gained signifi-
cance. However, to reach the ultimate sustainability goal, an 
assessment should consider the economic dimension, and also 
the social and environmental aspects. These three main dimen-
sions are strongly interrelated and should be considered simul-
taneously and evaluated systematically. Organizations should 
integrate their process into employees, customers, and share-
holders to provide a sustainable manner. Nowadays, as industry 

and technology develop and the population increases, resources 
need to be managed efficiently.[7]

Besides, organizations should also integrate sustainability 
into their new product development cycles, their current prod-
ucts, and decision-making processes. The notion of sustainable 
systems and sustainable products are created based on this 
assumption. Business should create values for shareholders 
such as customers, employees, investors, and the society by 
producing sustainable products. Establishments, which can 
produce sustainable products, increase customer satisfaction 
by producing environmentally friendly products and create a 
positive effect on its employees and the society through social 
changes they accomplish, besides acquiring economic advan-
tages. Therefore, businesses are trying to produce more sustain-
able products by developing and reorganizing their production 
processes.[8]

Sustainable products are those which provide environmental, 
societal, and economic benefits while protecting public health, 
welfare, and environment from raw materials to dispose.[9] 
Dinh et  al.[10] defines a sustainable product as a concept that 
reduces resource consumption, minimizes waste, and creates 
customer satisfaction by meeting the customer’s needs. Sus-
tainable products intend to minimize environmental impacts 
and provide the highest possible customer satisfaction. Besides, 
these products give companies various advantages like on-time 
delivery, lower raw material costs, betterment of occupational 
health and safety, the provision of high demand and customer 
satisfaction, and environmental regulations.

Moreover, sustainable society is only possible through sus-
tainable products. Therefore, various methods are necessary to 
evaluate product sustainability. In product sustainability, the 
TBL approach, one of these methods, can be applied to each 
phase in a product’s life cycle. Because of the encouragement of 
producing sustainable products and the demand of sustainable 
products by shareholders, businesses should integrate sustaina-
bility into their production cycles.[11] In order to be successful in 
this approach, it is necessary to redesign product life cycles and 
adopt an eco-design approach. In the “Eco-design” or “Design 
for Environment” approach, while the environmental aspect is 
considered, the social and health aspects are mostly ignored. A 
multidimensional approach is needed which includes various 
components like environmental risk management, product reli-
ability, waste management, and conservation of resources.[12]

The EU 2017 states that creating framework is necessary for 
action to consider people, planet, prosperity, and peace.[13] Thus, 
the industrial transformation process should adapt to provide eco-
nomic development, social equality based on ecological consid-
eration. Industrial organizations also change their conventional 
manufacturing to new production process that provide sustain-
able value creation. I4.0 concept, which emerged as a paradigm, 
provides companies with various advantages in order to create 
sustainable value. I4.0 has a significant effect on the interrela-
tionships of industrial value creation for entire the life cycle of 
a product.[7,14] The fourth industrial revolution has the ability to 
achieve social and ecological boundaries as well as focusing on 
the economic dimension, such as increasing production capacity 
to ensure a more sustainable future. With I4.0, you will contribute 
to sustainable development by providing more flexible production 
and benefiting from renewable energy sources.[15]
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Besides, though I4.0, the resources in the process are used 
more efficiently by monitoring the entire supply chain and 
obtaining data, which supports the implementation of the cir-
cular economy. Nara et  al.[16] analyzed TBL approach for sus-
tainable development. They investigated the impact of digital 
technologies on key performance indicators on sustainable 
development with fuzzy TOPSIS multi-criteria method. In 
order to create a balance between three aspects of sustainability, 
business need to emphasis on sustainable development. When 
making capital investment decisions by applications I4.0 tech-
nologies, it is significant to analyze the relationship between 
society and sustainability.[17,18] The potentials of I4.0 tech-
nologies make significant contributions to social sustainable 
development.[16]

Besides, businesses should develop a risk-oriented approach 
in an ever-changing dynamic decision-making environment. 
Risk is the presence of a possibility which can prevent any of 
an establishment’s strategic, financial, and operational goals. 
Within a product cycle, there exist both environmental and 
production-related risks. Environmental risks should be inves-
tigated from the point of sustainability, which is only possible 
through risk management approaches. Ghobakhloo[7] stated 
that business have difficulty for conducting their strategies 
since they only focus on economic dimensions of TBL perspec-
tive. Therefore, sustainable development can achieve when 
environmental and social dimensions are considered. Digital 
technologies should also be realized by focusing not only on 
economic sustainability, but also on three dimensions to bal-
ance in TBL for sustainable development.[19,20]

As the TBL approach argues, in the context of sustainability 
risks, the environmental, social, and economic risks and the 
interactions between these risks are determined. For instance, 
while a late delivery, which results in customer complaints, 
causes a loss of reputation for the company, an increase in such 
complaints will create a non-value adding cost, and leading to 
a risk of a higher cost in production. In studies about sustaina-
bility, it is necessary to predict and categorize the environmental 
impact of possible risks.[21] Risk management approaches are 
useful in providing the creation of more sustainable systems 
to consider in a holistic way, which can be effectively applied. 
Hence, to achieve sustainability, three major dimensions that 
are substantial in the TBL- economic, environmental, and 
social-should be integrated to risk approaches.

Related studies are discussed in the next section.

2.2. Literature Review on Product Sustainability

Studies on sustainability have increased in recent years. Sarkar 
et al.[6] discussed three dimensions to evaluate product sustain-
ability during the design stage. The LCSA method is applied as 
a sustainable measurement method to classify these bottles into 
three groups as disposable bottles produced for recycling, reus-
able metal bottles, and plastic repackaging bottles, and investi-
gated the effects of these different bottles in social, economic, 
and environmental dimensions. Shuaib et  al.[22] suggested the 
use of product sustainability index to measure product sustain-
ability for the whole life product life cycle. Feng and Mai[23] 
used the fuzzy multi-criteria decision-making method to assess 

functionality, manufacturability, and reusability to deal with 
three main dimensions of sustainability.

Studies related to the integration of sustainability to risk 
management and product sustainability have gained promi-
nence in recent years. Various approaches have been adopted 
and several studies have been conducted to measure product 
sustainability. Yılmaz and Flouris[24] present a conceptual 
framework for sustainability risk management. This study con-
siders the combination of financial, environmental, and social 
justice performance based on the TBL. With the use of the TBL 
approaches, product value should be maximum while risks 
encountered in environmental and social dimensions are mini-
mized. Sabaghi et  al.[25] applied fuzzy technique for product 
sustainability assessment based on environmental, economic, 
and social effects of product life cycle. To tackle with uncer-
tainty and fuzziness associated with sustainability problems, 
Giannakis and Papadopoulos[26] considered the sustainability 
risks encountered in supply chain in their study and intended 
to designate which risks are more important to devise effective 
sustainability strategies. Göçer et al.[27] argued that the risks are 
interrelated and these risks should be considered in a holistic 
way through a dynamic process.

Based on the reviews related to sustainability concept, 
socio-ecological structures are mostly ignored. However, sus-
tainability is closely connected with industry, society, and 
government.[28] There are limited studies that use the SD mod-
eling approach. For instances, Lee et al.[29] suggested the need 
for a multidimensional and dynamic structure to measure sus-
tainability. They developed an SD model on a public bicycle 
system, and observed the behavior of five different compo-
nents through time and provide improvements in the system 
through scenario analysis. Marvuglia et al.[30] presented a study 
emphasizing the need to create an SD model. Onat et  al.[31] 
developed an SD model to analyze the impact of alternative 
vehicle technologies on sustainability. They composed a causal 
loop diagram to show the economic, social, and environmental 
impacts on a transportation system. In an attempt to evaluate 
the sustainability of Brazilian ethanol production, Guevara 
et al.[32] developed causal loop diagrams to exhibit the relation-
ships in the system and proposed a SD model. Liu and Zeng[33] 
developed an SD model to investigate the risks in renewable 
energy investment projects. Elsawah et  al.[34] contributed to 
the more effective conducting of SD models by using five dif-
ferent case studies. Onat et  al.[3] made an extensive literature 
review to reveal the current difficulties and latest developments 
in LCSA applications. Alamerew and Brissaud[35] created an SD 
model in waste electrical and electronic equipment for product 
recovery management system to observe the interrelations of 
economic, social, and environmental aspects in addition to 
considering administrative and regulatory factors by using 
feedback loops. Yao et al.[36] proposed a method integrated espe-
cially for waste cell phone management and recycling. Initially, 
the indicators were determined through the LCSA approach 
and then an SD model was developed to analyze different sce-
narios. Williams et al.[37] carried out a comprehensive literature 
review which encompassed systems thinking and the concept 
of sustainability.

As mentioned above, numerous risk management 
approaches such as enterprise risk management, multi-criteria 
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decision-making techniques, and simulation tools have been 
used to measure sustainability. However, the structural com-
plexity of sustainability and the interrelations of social, envi-
ronmental, and economic dimensions necessitate a systematic 
multi-dimensional approach.[1] However, only a limited number 
of researchers study this concept holistically through the 
concept of system approaches, especially considering social 
dimensions.

In order to fill the gap, this study uses the SD modeling 
among system simulation tools to analyze the risks, dynamic 
relations between the risks, and the effects of the long-term 
decisions. The future impacts are investigated through scenario 
analysis.

3. Research Methodology

In order to analyze the system, determine product sustainability 
risks in the company and identify relationships between them 
first in-depth case-study approach is used. Then, to success 
mentioned research objective of this paper, the SD approach is 
proposed by considering three aspects of product sustainability 
in the paper. Thus, the SD approach is employed to measure 
product sustainability in this study.

Sterman[38] defines a network containing feedback loops, 
problem cause and effect relationships in the SD approach. 
The structure of a system is explained through feedback loops, 
which are positive feedback loops and negative feedback loops. 
While positive feedback loops reinforce the system, negative 
ones balance it. The SD was initially defined by Jay Forrester 
in the 1950’s as “industrial dynamics”.[39] Forrester explained 
the SD as “a way of studying the behavior of industrial sys-
tems to show how policies, decisions, structure, and delays are 
interrelated to influence growth and stability”.[39] The approach 
of “Limits to growth” by Meadows et  al.[40] were suggested in 
2013, aiming to tackle complex socio-ecological problems. This 
approach is still commonly used in sustainability measures. 
The structure of the system is analyzed by expressing the inter-
relations of all the variables in the system through feedback 
loops. The SD is beneficial for decision makers by providing 
possible future conditions in changing decision-making envi-
ronments with policy and scenario analysis.[41]

Figure  1 illustrates the steps for the SD modeling process. 
In the first step, system boundaries are determined. The struc-
ture of the system is designed by creating the feedback loops 
and the variables regarding the problem. In the second step, 
a causal loop diagram illustrating the defined variables and 
feedback loops is formed. Interacting variables are determined 
and how they influence each other is investigated. A diagram 
systematically illustrates these relationships. In the third step, 

a SD simulation model is created by giving values to the vari-
ables. The system is operated to observe the behaviors of the 
variables in time. In the fourth step, the system structure is 
tested. In this phase, the model is improved through alternative 
scenarios. The accuracy of the model is tested in the fifth step.

The SD indicates the structure of the system by addressing 
issues such as feedback, stock, and delay, and enables the anal-
ysis of the system through simulation. The SD approach is the 
process of effectively understanding and managing the interre-
lations of the system and its nonlinear complex nature.

The matters of sustainability also have a dynamic process 
due to changing environmental conditions. A structural model 
must be established that is adaptable to changing conditions. 
Größler and Strohhecker[42] imply that the SD approach is 
suitable for sustainability studies and can be applied to many 
issues in sustainability. By analyzing scenarios, companies have 
the option to take the necessary precautions against them in a 
proactive approach or decide to adopt that particular policy or 
not by means of the prepared analysis. Via SD simulation mod-
eling tools, it is possible to effectively realize decision making 
in a real-world environment.

Moreover, risk management is a difficult process due to the 
complex and dynamic structure of the risks. In the risk assess-
ment process, using static evaluation models leads to an inef-
fective assessment of the process. The dynamic structure of 
the risks can be illustrated with the SD approach, one of the 
methods used to observe and analyze the change of risks in 
time. The difference of SD as opposed to other approaches in 
the analysis of the structure of complex systems is the usage of 
feedback, stock, and flow, which makes it possible to analyze the 
structure effectively.[33] The interrelations of three major dimen-
sions of sustainability can be seen through systems thinking 
approach. SD models are used to help better understand and 
have a better decision-making process.[34,43] Therefore, the SD 
model is developed to measure product sustainability by con-
sidering all the risk interrelations in this study.

4. Implementation: A Case Study in 
Manufacturing Industry
This section presents information about the firm where the 
application is conducted. Then, the implementation steps of 
the proposed SD model are presented.

4.1. Company Profile

The company was established in 1945 and was renamed as a 
manufacturing and trading company in 1976. Its production 

Figure 1. SD methodology. Reproduced with permission.[42] Copyright 2012, World Scientific Publishing.
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range includes all types of suspension springs for light, 
medium, and heavy commercial vehicles. It was recognized 
as a research and development center in 2010. Being a global 
brand, the company accepts working through awareness of 
social responsibility in all activities, which is a fundamental 
aspect of work ethics and respect for people and the environ-
ment. Besides, employees strive to fulfill their social responsi-
bilities as individuals. The company creates innovative design 
solutions to meet customers′ demands for optimum perfor-
mance, durability, and efficiency in various commercial vehicle 
applications, to develop the most advanced design, production, 
and management technologies, to create a healthy work envi-
ronment, and to maintain sustainable relationships with stake-
holders by working for humanity, environment, and nature.

Besides, the company, which is an automotive supplier 
industry, aims to integrate digital technologies in all of its pro-
duction processes. The company aims to improve its knowl-
edge in this regard by taking part in projects involving digital 
transformation endeavors. Striving for the achievement of Sus-
tainable Digitalization, the company provides much training 
and participates in digital fairs. It aims to bring its digital 
applications to the field completely in the digital transforma-
tion process. In 2020, the case company was awarded the Dig-
ital Transformation Project Award for their projects on digital 
transformation fields. The company is still constantly exploring 
the impact of digital transformation on production processes 
and products.

4.2. Application of the Proposed Approach

This section presents the stages of the SD model application 
process for measuring product sustainability.

4.2.1. Description of the System

Due to increasing legal regulations, customers’ preference 
of environmentally friendly products, establishments’ ten-
dency to lower waste amount through recycling, and the 
need to improve working conditions, companies place a great 
emphasis on product sustainability to gain competitive advan-
tage. It should be emphasized that while measuring product 
sustainability the risks should be evaluated extensively. Con-
sidering these facts, this study proposes an SD model for 
measuring product sustainability. To confirm the applicability 
of the proposed model, an implementation is conducted in 
an international manufacturing company. Product sustain-
ability is measured by analyzing the risks, which the company 
confronts. The risks in economic, environmental, and social 
dimensions and their interrelations are considered. By consid-
ering the environmental, social, and economic dimensions, 
the risks affecting product sustainability and the indicators 
used in the analysis of these risks are identified. A total of  
31 risks and indicators are designated, 16 of which are about 
economic dimension, while 9 risks are related to the social and  
6 risks to the environmental aspect. Definitions of these risks 
and indicators about three dimensions of sustainability are 
elaborated in Table 1.

4.2.2. Causal-Loop Diagram of the Model

To analyze the interrelations of risks, it is necessary to observe 
how the risks in the system influence each other by using 
positive and negative feedback loops after defining the interre-
lations of the system's variables. Interrelationships of the vari-
ables are illustrated using a causal loop diagram in Figure  2. 
These relationships are developed by using expert opinions that 
are worked with different department such as general manager, 
supply chain manager, production department, information 
technology manager, sustainability engineering, information 
technology manager, sustainability engineering, sustainability 
environmental engineer, quality department team leader, 
production department in the case company. Risks affecting 
product sustainability have been discussed considering envi-
ronmental, social, and economic dimensions.

First, the interrelationships of risks considered in the envi-
ronmental dimension of sustainability are explained in detail. 
As the compliance of governmental laws increase, working envi-
ronment risk level effect and environmental accidents decrease. 
Thus, companies reduce their risks through improvements 
on occupational health and safety and environmental appli-
cations they put into action by conforming to governmental 
regulations. The more a company invests in governmental 
regulations, the more it complies with governmental laws by 
creating positive feedback loops. Besides, environmental acci-
dent cause pollution in the system, and the pollution caused 
by an organization has a positive relationship with working 
environment risk level. As the pollution caused by an organi-
zation decrease, working environment risk level drops also. 
For example; pollution and disorder in the work environment 
leads to many risks in occupational health and safety. There is a 
negative relationship between pollution caused by organization 
and environmental sustainability. It can be seen negative feed-
back loop B1 in Figure 2. Sustainable products are designed to 
minimize the negative effects on environment. Environmental 
pollution has negatively affected the production of sustainable 
goods. In addition, governmental laws have positive effects 
on working environment risk level. This type of risk, which is 
considered in environmental dimension, is also related to the 
employee turnover ratio in social dimension. Working environ-
ment risk level and employee turnover ratio have direct positive 
relationships. As employees do not want to work under unsuit-
able conditions, termination of employment and the number 
of inexperienced personnel increases. It can also be stated that 
there is a positive relationship between recycling and level of 
innovation. As companies give more importance to new prod-
ucts, they can produce more sustainable products. Product 
and energy waste have a negative relationship with recycling. 
When a company increases its capacity to produce recyclable 
products, product and energy waste decreases. As product and 
energy waste decreases, environmental sustainability increases 
which results in a positive feedback loop by raising the level 
of compliance with the law. Improvements in environmental 
dimension contribute to the company’s goal of producing sus-
tainable products.

When it comes to social risks and the relationships between 
them, if employee turnover ratio increases, physical load also 
increases. The rate of employees leaving their company has 
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negatively affects working competency of staff. As worker 
competency increases, physical load is decreases. Thus, this 
negative feedback loop B2 can be seen in the Figure  2. As 
human resources performance surges, the ratio of employees 
continuing to work with the company also rises. In addition, 
there is a positive relationship between working environ-
mental risk which we consider in environmental dimension 
and employee turnover ratio. Considering all these relation-
ships, it can be stated that employee turnover rate and social 
sustainability have negative relationship. As worker compe-
tency rises, employee workload goes down, and it results in 
an elevated level of social sustainability. Furthermore, worker 
competency and effective training hours per employee index 
scale up accordingly.

When effective training is given, working competency of 
employees increases. An increase in the human resources man-
agement performance also leads to an increase in this index. 
Improvements in information infrastructure and capability 
of human resources personnel augment human resources 
management performance. This increase leads to an upward 
movement in stakeholder engagement, which is also related 
to company reputation. As a company gains reputation, con-
fidence in that company is assured and stakeholders′ engage-
ment increases. An advance in stakeholder engagement and 
company reputation also increases social sustainability. As cus-
tomer claims decrease, company reputation rises. This nega-
tive feedback loop can be seen in the balancing loop B3 in the 
Figure 2.

Information infrastructure and physical load directly affect 
two main dimensions. Improving information infrastructure 
influences economic dimension by lowering order fulfillment 
errors. Companies augment their information infrastructure 
through investments. As a result, through positive and negative 
feedback loops, worker competency, stakeholder engagement, 
company reputation and employee turnover ratio influence the 
social dimension. As order fulfillment errors, which is one of 
the risks considered in economic dimension, rise up, deliveries 
experience delays.

Table 1. Definitions of sustainability risk indicators.

Sustainability Risk 
Indicators

Definition

Environmental Dimension

Environmental 
accidents

All types of unintentional explosions, fires, and  
hazardous material emissions which negatively affect  

environment or human health.[26]

Product and  
energy waste

All types of used, unwanted, or hazardous materials.[26]

Compliance of  
governmental laws

Defined as the corporate decisions being in accordance with 
the law in environmental aspect and employee health.[44]

Pollution caused  
by organization

The results of any application, which causes damage to  
the environment or harms any living thing in the nature 

during the production process.[12]

Recycling Returning of the materials, which could be used again, to  
the production cycle after undergoing various processes.[45]

Working environment 
risk level effect

Any kind of risk level that employees face in their  
working environment during the production process.[46]

Social Dimension

Worker competency Employees’ fulfillment of their responsibilities  
and tasks in providing value.[47]

Employee  
turnover ratio

An indicator of how long the employees will work  
in the company.[48]

Stakeholder 
engagement

Considering the interests of all parties by including  
customers, shareholders, and employees into all  

phases of production.[49]

Human resources  
management 
performance

All efforts toward the purposes of the organization  
such as recruitment, administration, and supervision  

of employees.[50]

Physical load A measurable representation of the resources  
spent on the accomplishment of any task.[51]

Capability of human 
resources personnel

The role of human resources personnel in  
designating the right person for the right job.[52]

Effective training  
hours per employee

Providing necessary and sufficient training for the  
employees about their functions in the company.[53]

Company reputation Positive and negative opinions of people about the 
company.[54]

Information 
infrastructure

Structures supporting the information technologies  
used by the company.[55]

Economic Dimension

No-value  
added cost

Expenditure that adds to the total cost of a product but does 
not enhance its value from a consumer perspective.[56]

Order fulfillment  
errors

Any errors occurring in the reception, transportation or 
delivery of an order.[57]

Unit cost Company’s cost to build or create one unit of product.[58]

Product  
obsolescence

When a product ceases to be useful and fail to meet the 
needs of the customers.[59]

Customers  
claims

The condition of dissatisfaction with a product by a 
customer.[60]

Flexibility Amount of production which is regulated by the needs of 
customers.[61]

Quality level Defined as the condition of being fit for purpose or use, 
meeting the needs of a customer in a timely manner,  

and being conformant to the standards.[62]

Efficiency Achieving higher output in terms of volume and  
quality from the same input.[63]

Sustainability Risk 
Indicators

Definition

Level of innovation The level of the company in creating a new product,  
idea, or method.[64]

Investment 
availability

Capability of a company to find suitable investment  
opportunities in topics such as production, innovation,  

information infrastructure and conformity with the law.[65]

Production capacity Volume of products that can be generated out of  
available resources.[66]

Production cost The total costs incurred by a business when  
manufacturing a product.[67]

Late delivery The situation when the delivery of a product does not  
meet the deadline.[68]

Price An amount of money paid for a product.[69]

Profitability Company’s ratio of yielding profit.[29]

Sales The number of products the company sells in a  
particular time period.[29]

Table 1. Continued
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Flexibility is positively affected by the level of innovation. 
Advances in innovation decreases product obsolescence. As 
sales increase, the workload in social dimension goes up as 
well, however the sales continue to increase as the company 
manufactures innovative products that meet the needs of the 
customers. An increase in price causes sales to drop. The price, 
which is influenced by many factors as a result of feedback 
loops, affects sustainability in economic dimension. Moreover, 
an increase in workload in social dimension will also raise late 
deliveries. When late deliveries multiply, customer claims are 
to surge. As a result of customer claims, which cause reputa-
tion loss, returned products rise in number and it increases 
no-value added cost. If the company produces high quality 
products, the amount of customer claims decreases and it 
results in a higher level of productivity. The increase in no-
value added cost and lower levels of productivity influences 
production cost both positively and negatively. As production 
costs rise, unit costs also surge. As unit cost rises, the price 
increases and results in a lower profitability. As the profita-
bility and sales of the company mount, its capacity to invest 
increases accordingly. The company directs its investments 
toward increasing its production capacity, legal regulations, 
and information infrastructure. This balancing B4 and B5 
loop can be seen in the Figure 2.

As the company’s sales increase, the firm makes new invest-
ments and the level of adaptation to innovations increases 
with new investments. Therefore, with innovations, the firm 
increases its flexibility and this has a positive effect on sales. It 
can be seen in the reinforcing loop R in the Figure 2. Through 
positive and negative feedback loops, the effects of interrela-
tions of risks in three major dimensions on sustainability are 
shown in a causal loop diagram in Figure 2.

4.2.3. Quantification of the Simulation Model

Stock, flow, and converters, whose interrelations are defined by 
using feedback loops, are explained and the equations and param-
eters, which are designated for the quantification of the model, 
are presented in this phase of the model. In order to simulate the 
model, causal loop diagram is quantified. Stella Architect software 
is used to create the SD model via stock and flow diagram.

Stock-and-flow diagram is presented in Figure 3.
Stock, flow, and converters are mainly used in the model. 

Stocks explain the status of the system increasing and decreasing 
variables in the system are shown with stocks. The stocks con-
sidered in the model are specified as level of innovation, compli-
ance of governmental laws, information infrastructure, produc-
tion capacity, employee turnover, and sales. Flows are utilized to 
display an action or activity. Thus, in the model, the flows are 
specified as capacity change, compliance of governmental laws 
change, employee turnover change, information infrastructure 
change, innovation change, and sales change. Besides, while 
converters transform inputs into outputs, connectors are used 
to show the relationships and interactions in the system. Con-
verters in the model are specified as; average sale, capability of 
human resource personnel, company reputation, compliance 
of governmental laws effect, compliance of governmental laws 
rate, compliance of governmental laws ratio, customers claims, 
desired profitability, economic dimensions, effective training 
hours per employee index, employee turnover normal, employee 
turnover target, environmental accidents, environmental sustain-
ability, flexibility, human resource management performance, 
information infrastructure rate, information infrastructure ratio, 
investment availability, late delivery, level of innovation rate, 
level of innovation ratio, max price, no-value added cost, order 

Figure 2. Causal Loop Diagram.
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fulfillment errors, physical load, physical load effect on delivery, 
physical load effect on turnover, pollution caused by organiza-
tion, price, price effect, product and energy waste, product obso-
lescence, product sustainability, production capacity rate, pro-
duction capacity ratio, production cost, productivity, profitability 
quality level, recycling, sales target, social dimensions, stake-
holder engagement, unit cost, worker competency, and working 
environment risk level effect.

After developing stock and flow diagram, quantification of 
the model is provided by the participation of ten experts from 
the case company using semi-structured interviews. In the 
model, the related information is gathered from one General 
Manager, one Supply Chain Manager, two engineers from the 
Production Department, two from Sustainability Engineering, 
two Information Technology Manager, one Sustainability Envi-
ronmental Engineer, and one Quality Department Team Leader 
who have more than 5 years’ experience in their area of exper-
tise. These experts are indicated in Table 2.

These participants were asked to assess the risk parameters 
weighing between 0–1 and the parameters were quantified by 
taking the average of the opinions taken from each expert. The 
average of each parameters value is indicated which are the ini-
tial values for the simulation in Table 3.

4.3. Results

The model is run using the equations and the initial values, 
and the run time of the model is 12 months. This study focuses 
on observing product sustainability risks with a holistic view 
considering environmental, economic, and social sustainability 
aspects. Thus, it is aimed to analyze product sustainability and 

Table 2. Details of Experts.

Experts Position Experience

1 General Manager 29

2 Supply Chain Manager 26

3 Production Department 15

4 Information Technology Manager 8

5 Sustainability Engineering 9

6 Information Technology Manager 8

7 Sustainability Engineering 7

8 Sustainability Environmental Engineer 6

9 Quality Department Team Leader 13

10 Production Department 19

Figure 3. Stock and Flow Diagram.
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behavior model in three dimensions with the proposed model. 
Thus, the results of the simulation indicate first product sus-
tainability and then the impact of sustainability on environ-
mental, economic, and social dimensions. Simulation results 
are presented in Table 4.

Product Sustainability and three main dimensions: Consid-
ering the TBL approach, the 12-month behavior pattern of the 
environmental, economic, social, and product sustainability is 
illustrated in Table 4.

Product sustainability indicates the same behavior pattern in 
the same direction with the social and economic dimensions, 
whereas the parameters in the environmental dimension have 
a linear relationship with product sustainability. It can be seen 
in Figure 4.

Improvements in the performance of human resources 
decrease the employee turnover rate and thus, social sus-

tainability value is positively affected by these variables in 
Figure 5.

In the system, the variable of customer claims is associated 
with both the social and economic dimensions. In this respect, 
the behavior pattern of customer claims over time is analyzed 
on these two dimensions. A decrease in customer claims 
positively affects both the social and economic dimensions. 
Figure  6 illustrates the effect of customer claims on product 
sustainability.

The company invests in four different branches. It directs 
its investments to keep up with the developments, reinforce 
its information infrastructure, increase its production capacity, 
and finally to improve the systems necessary for regulatory 
laws. Consequently, as the amount of investment has increased, 
the values related to the variables of social, environmental and 
economic sustainability have made progress in the 12-month 
period due to improvements in three main dimensions in 
Figure  7. Adapting for sustainable and digital technologies 
require significant investment. Therefore, in the first three 
months, investment availability is decreasing but after these 
months, investments are increasing dramatically when recover 
the cost of an investment.

The company's reputation affects the social and economic 
dimensions. As the company gains reputation, shareholders’ 
respect toward the company builds up, positively affecting the sus-
tainability variable in the social dimension. As the quality level rises, 
fewer customer claims occur, which results in a higher reputation 

Table 3. Parameters of the model.

Parameters Values

Compliance of Governmental Laws Ratio 0.29

Compliance of Governmental Laws 0.50

Employee Turnover Normal 0.25

Information Infrastructure 0.50

Capability of Human Resources Personnel 0.50

Employee Turnover 0.25

Information Infrastructure Ratio 0.23

Desired Profitability 0.15

Max Price 1.00

Average Sale 0.50

Level of Innovation Ratio 0.23

Level of Innovation Ratio on Flexibility 0.47

Production Capacity Ratio 0.26

Production Capacity Ratio on Flexibility 0.53

Sales 0.50

Level of Innovation 0.50

Table 4. Results of the model based on current situation.

Dimensions/Months 0 3 6 9 12

Product
Sustainability

0.536276 0.524709 0.540920 0.559629 0.579216

Economic
Sustainability

0.766406 0.746381 0.755538 0.755996 0.776946

Social
Sustainability

0.342422 0.307192 0.324886 0.347904 0.372249

Environmental
Sustainability

0.500000 0.520555 0.542334 0.564988 0.588453

Figure 4. Behavior pattern of the indicators.
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level for the company. Figure 8 indicates the behavior pattern of 
company reputation on economic and social sustainability.

When the behavior graph of the physical load variable is con-
sidered, a sharp increase in physical load can be observed until 
t = 2 (Figure 9). In the time periods after the second month, 
a decreasing growth is observed. Accordingly, economic and 
social sustainability, which decreased until t = 2, followed an 
upward trend subsequently. The graph shows that an increase 
in physical load affected the social and economic dimen-
sions considerably at the beginning of simulation. Because 
of a gradual increase in the effects of other model variables 
on social and economic dimensions over time, a drop in the 
effect of physical load on these two major dimensions can be 
seen. Physical load variable is affected by different variables 
in the economic and social sustainability such as production 
capacity, sales, and worker competences, and also it has effects 
on employee turnover and late delivery. As the physical load 
is increases, employee turnover ratio is ascended. Employee 
turnover has a direct negative affect on social sustainability in 
the company. From an economic point of view, as sales and 
production capacity increase, the workload variable increases, 
while late deliveries due to increased workload cause loss of 
customers. Therefore, changes in the system caused a dramatic 
change in physical load due to its multiple relationships with 
many variables.

Two different scenarios have been analyzed to test the alter-
native policies and structures in the next section.

4.3.1. Scenario I

As all competitive firms do, the firm in this application intends 
to measure product sustainability. The firm decided to substan-
tially minimize the risks faced in three major dimensions of 
sustainability. Thus, it needs to observe the behavior of product 
sustainability variable when the levels of innovation and pro-
duction capacity are increased.

Improvements in the level of innovation make recycling 
more possible, improving the quality level of the product. When 
the company increases its recycling activities, which reduces 
waste, it also reinforces environmental sustainability due to the 
feedback loops. Moreover, the company decreases the number 
of customer claims by increasing the quality level, which pre-
vents returned products, indirectly decreasing no-value added 
cost and allowing the company to gain reputation. As the reduc-
tion of no-value added cost influences the economic dimension 
of sustainability through feedback loops, a higher reputation 
for the company affects the social aspect. Improvements in pro-
duction capacity increases flexibility, which increases sales and 
reinforce the economic dimension by using feedback loops. An 

Figure 5. Behavior pattern of indicators regarding social sustainability.

Figure 6. Behavior pattern of customer claims.
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increase in the production capacity influences the social dimen-
sion due to another loop. Current values in the SD model are 
0.5 for production capacity and 0.5 for the level of innova-
tion. The company designated the production capacity as 0.7 
and the level of innovation as 0.8, and wanted to observe the 
effects of these values on product sustainability and three main 
dimensions.

Thanks to the improvements, product sustainability fol-
lowed a change as presented in Figure  10. Figure  10 displays 
the effects of improvements on economic, social, and environ-
mental dimensions, respectively. Additionally, Table 5 presents 
three-month change rates of the twelve-month simulation 
results.

The initial value of product sustainability before improve-
ments was 0.54. At the end of the simulation, the value reached 
0.58 in 12 months. While the initial product sustainability value 
was 0.63 in Scenario I, it reached 0.66 in 12 months thanks to 
the improvements. If the company accomplishes the suggested 
improvements, the improvement rate will approximately reach 
8%.

Economic sustainability decreased from 0.83 down to 0.70 
in the first months of Scenario I. However, at the end of the 
12-month period, it approached its initial level by reaching 0.76 
and started an upward trend from then on. It is possible to pre-
dict that a more meaningful improvement could be achieved 
when the simulation model is run for periods longer than  

12 months. This fall was an expected result, because the com-
pany has to invest to make progress in these values and this 
result in a decrease in economic sustainability in the short-
term. Because of the effects of feedback loops in the simulation 
model, the company is to make profits out of its investments 
within a particular time period. As we have mentioned previ-
ously, the accomplishment of this improvement will have a 
positive effect on long-term economic sustainability of the 
company.

In the simulation model run, according to the suggested 
improvements, environmental sustainability increased its ini-
tial value of 0.68 up to 0.77 at the end of 12 months. As a result 
of the suggested scenario analysis, an improvement of 9% is 
accomplished in environmental sustainability.

4.3.2. Scenario II

In this scenario, according to the company’s agenda, an appli-
cation related to I4.0 is implemented.

The subject of this application, I4.0, also referred to as the 
fourth industrial revolution, involves automation systems, 
data exchange, and production technologies. This structure 
also plays an important role in smart factory applications. 
Since this revolution will allow the collection of all data in 
the production environment and make it possible to observe 

Figure 7. Behavior pattern of investment availability on the TBL.

Figure 8. Behavior pattern of company reputation on economic and social sustainability.
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and analyze this information, it will lead to the emergence of 
more productive business models. The aim of I4.0 is to pro-
duce higher quality, cheaper, and faster products while gener-
ating less waste.

Due to I4.0, increasing production speed or a higher level 
of quality will not be sufficient to gain competitiveness, so not 
the most productive businesses but the ones which best meet 
the needs of customers will prevail. Therefore, we considered 

Figure 10. Behavior pattern of sustainability a) product, b) economic, c) social, d) environmental. The blue curve (1) shows the current situation, the 
red curve (2) shows the scenario I in the above graphs.

Figure 9. Behavior pattern of physical load on economic and social sustainability.
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flexibility as the most important factor in the scenario we 
designed for the company. Moreover, as it is necessary in this sce-
nario to deploy a capable work force and to increase the amount 
of investments for the application of I4.0, the variables of “capa-
bility of human resources personnel” and “investment availa-
bility” are considered the main factors that influence the system. 
In Scenario II, the default values of 0.5 for these variables were 
modified as 0.8 for “flexibility” and “investment availability”, and 
0.7 for “capability of the human resources personnel”. The simu-
lation model is run with these changes for a period of 12 months. 
Figure 11 presents the results and simulation graphs.

The company observed the effects of the increased values 
of flexibility, the capability of human resources personnel, and 
investment availability on product sustainability and three main 
dimensions before applying I4.0.

The value of product sustainability level increased from 0.47 
to 0.61 at the end of the 12-month period. In addition, the eco-
nomic sustainability value increased from 0.54 to 0.62, social 
sustainability from 0.28 to 0.56, and finally environmental sus-
tainability from 0.58 to 0.66. Furthermore, of the other varia-
bles affected in the system, the employee turnover rate initially 
increased and then started to decline. It was observed that the 
information infrastructure developed and the innovation level 
of the company increased. Production capacity and efficiency 
also improved in Table 6.

In line with the analysis of the second scenario, possible con-
sequences that will emerge when I4.0 is applied in the com-
pany are presented for product sustainability, its three main 
dimensions, and the other affected variables in the system.

5. Discussions and Implications

The literature review shows that traditional risk analysis 
methods are used in studies dealing with product sustain-
ability. These methods often conduct qualitative evaluations, 
and they do not analyze changing conditions dynamically. In 
addition, these methods do not debate the sustainability risks 
within three main dimensions related to product sustainability 
and the interrelations between risks dynamically. Besides, these 

Figure 11. Behavior pattern of sustainability a) product, b) economic, c) social, d) environmental. The blue curve (1) shows current situation, the red 
curve (2) shows Scenario II in the above graphs.

Table 5. Results of the model for Scenario I.

Dimensions/Months 0 3 6 9 12

Product
Sustainability

Current 
Situation

0.536276 0.524709 0.540920 0.559629 0.579216

Scenario I 0.629825 0.579200 0.602270 0.629955 0.657631

Economic
Sustainability

Current 
Situation

0.766406 0.746381 0.755538 0.765996 0.776946

Scenario I 0.833147 0.699729 0.717792 0.741212 0.764400

Social
Sustainability

Current 
Situation

0.342422 0.307192 0.324886 0.347904 0.372249

Scenario I 0.376327 0.337338 0.364286 0.399763 0.435784

Environmental
Sustainability

Current 
Situation

0.500000 0.520555 0.542334 0.564988 0.588453

Scenario I 0.680000 0.700532 0.724731 0.748889 0.772708
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methods remain static and mostly ignore indirect effects taking 
place in the system. As a result, several methods have been sug-
gested to obtain a more extensive evaluation, which can take 
interrelations in three dimensions, to fulfill the need of such a 
method, it is suggested to perform research covering social and 
economic impacts in addition to environmental effects.[3]

With the digital transformation, the company is planning to 
produce faster, flexible, and low-cost production. The company 
will speed up its production processes through digital trans-
formation and ensure an efficient use of resources simulta-
neously.[70] I4.0 provides the company with more flexibility in 
production systems and processes to cope with the increasing 
product variety and supply chain complexities.[71] Because with 
this transformation, the company will experience an increase 
in productivity by providing real-time data. Moreover, the com-
pany makes a significant initial investment for I4.0, but it will 
increase its sustainable performance with the increase in the 
need for employed workforce and more importantly, with a 
qualified workforce.[72] With this transformation, the com-
pany achieves long-term sustainable competition by offering 
a customer-oriented approach with increased productivity and 
flexibility in production. In addition, digital transformation 
increases the innovation capability of the company and ensures 
a sustainable policy with continuous improvement. Thus, I4.0 
provides sustainable impacts throughout the firm and enabled 
the firm to develop sustainable policies.

It is one of the unique contributions of this study is to ana-
lyze three aspects of sustainability with the proposed model. 
This study is highlighted the sustainable infrastructure by 
digitalization and resource efficiency can be achieved. Enhance 
social sustainability, creating better life by increasing environ-
mental sustainability and strengthen economic for providing 
competitiveness advantages can be achieved considering 
holistic view of sustainability. Companies and also society have 
responsibility to develop a quality, reliable, sustainable, and 
flexible infrastructure that supports economic development and 
social welfare. Thus, the company aims to achieve these goals 
by providing innovations and digitalization. Therefore, the 
implementation is in alignment with those sustainable goals 
(SDG 9 and SDG 12) which are build resilient infrastructure, 
promote inclusive and sustainable industrialization and foster 

innovation, and ensure sustainable consumption and produc-
tion patterns.[73]

Based on our findings, employee turnover is directly linkage 
between sustainability performances of company. Reducing 
employee turnover leads to increase sustainability perfor-
mance. Therefore, training is important to achieve sustain-
ability and ensure digital technologies. Managers in company 
should increase awareness on sustainability and create posi-
tive employee attitudes for digital technologies. The personnel 
whose competence level has increased with trainings will facili-
tate the adaptation of the company to digital technologies.

In order to achieve sustainability in company, the top man-
agement needs to adapt organizational culture this manner. 
This model can be used by both managers and policy makers 
to assess the impacts of sustainability. Companies should be 
aligned their capabilities and decisions needs of considering 
environmental and society.[74] Digital technologies have sig-
nificant initial investment to enhance capacity of organiza-
tion. However, investments have valuable contribution to 
create more sustainable environment in the different stages of 
a supply chain. By increasing tracking system of components 
during product production and use, or end of-life product can 
be achieved with digital technologies.[75] Thus, managers can 
decide to invest digital technologies considering with analysis 
of the positive and negative aspects.

Besides, digitalization tools to enhance company’s environ-
mental performance by doing effecting use of resources and 
effective production planning. By adopting digital technologies 
companies can provide an opportunity to trace and track their 
supply chain to manage their sources and to identify leverage 
point and problematic stage of the process. Therefore, Block-
chain and big data technologies is beneficial for creating sus-
tainable food supply chain.[76] Governments should also invest 
in digital technologies and provide incentives to achieve their 
sustainable goals. Thus, by increasing their production and 
innovation capacity, they are able to provide global competition.

6. Conclusions

The main focus is to develop a risk-oriented approach in 
measuring product sustainability. In order to achieve this, the 
approaches considering the risks related to three dimensions 
of sustainability need to be considered as a whole. Therefore, 
three main dimensions of sustainability are considered and 
the SD modeling approach is used to design a dynamic meas-
urement structure for product sustainability. A real-life appli-
cation is presented to prove the applicability of the suggested 
approach. For this, 31 different risks and indicators, which 
are identified for the company, are considered in the designed 
model. A causal loop diagram is created to observe risk inter-
actions. By using the relationships considered in a causal loop 
diagram, an SD model is developed.

The main results of this study, it was observed that technolog-
ical investments initially increased in costs due to a significant 
amount of investment costs, but later it indicates degressive 
rate. Since technological investments provide enhancing 
production capacity, increasing flexibility and competitive 
advantage. In addition, the effects of sustainability and digital 

Table 6. Results of the model for Scenario II.

Dimensions/Months 0 3 6 9 12

Product
Sustainability

Current 
Situation

0.536276 0.465155 0.426001 0.431611 0.466696

Scenario II 0.591096 0.519150 0.499299 0.532578 0.610953

Economic
Sustainability

Current 
Situation

0.766406 0.618300 0.509109 0.495384 0.535088

Scenario II 0.787969 0.627139 0.540857 0.550049 0.621445

Social
Sustainability

Current 
Situation

0.342422 0.264899 0.238489 0.245817 0.280011

Scenario II 0.485318 0.408752 0.402862 0.450665 0.555307

Environmental 
Sustainability

Current 
Situation

0.500000 0.512267 0.530405 0.553631 0.584988

Scenario II 0.500000 0.521559 0.554178 0.597019 0.656107
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technologies on social dimensions have been analyzed in this 
paper. Adaptation to digital technologies requires both compe-
tent personnel and improvement in human resources perfor-
mance. Employee turnover rates are important in achieving the 
company’s effective sustainability goals. It has been argued that 
the increase in employee turnover has a negative effect on the 
loss of competent personnel of the firm and thus to ensure sus-
tainable development.

Besides, two different scenarios are used to observe the 
impacts of the company’s current decisions on sustainability 
and its three main dimensions. As a conclusion, for Scenario 
I, increasing the production capacity of the company and 
maintaining the production by emphasizing innovation led 
to improvements in both product sustainability and the main 
dimensions of product sustainability in the 12-month period. 
For Scenario II, through I4.0 applications, when the variables of 
flexibility, the capability of human resources personnel, and the 
investment availability were increased, product sustainability 
and other risks were positively affected. It was concluded that 
the realization of I4.0 applications could be an effective strategy 
for the company to increase product sustainability and conse-
quently to gain competitive advantage.[77]

Limitation of this study is to definition of SD model vari-
ables and the definition of variable relations are carried out by 
considering the unique structure of each firm. Thus, different 
researchers can present the model with different perspec-
tives for causality relations. As a future study, this study can 
be improved by enhancing sustainability risk indicators. This 
study can be further extended other sectors. Relations between 
these indicators can be improved and different future scenarios 
can be applied. The implementation can be applied for devel-
oped country in order to compare digital technology impacts. 
Besides, impact of specific I4.0 tools such as Big Data and 
Blockchains on sustainability can be analyzed.
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