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ABSTRACTS

The study examines the application of Digital Twin technology as a strategic means to promote
sustainability in the automotive paint plants. To manufacture a car, automotive paint shops are
among the resource-intensive processes, more so in terms of energy depletion, large use of water,
and a lot of volatile organic compound (VOC) emissions. This study examines how Digital Twins,
virtual models, allow real-time performance, predictive analytics, and process simulation to
optimize the consumption of geographical resources, minimize pollution and wastage, as well as
alternative uses of materials to keep production uninterrupted.

The investigation adopts an interpretivist perspective of knowledge and the inductive approach to
the methodology that will involve a qualitative approach of conducting surveys with semi-
structured interviews with engineers, plant managers, sustainability officers, and digital
transformation specialists. Findings reveal that there is strong agreement on the ability of Digital
Twins to support energy efficiency, maximize the use of resources, and promote proactive
management of the environment. However, the salient barriers, i.e., high implementation costs,
intricacies involved in system integration, and organisational preparedness, remain significant
barriers.

The study concluded that through the adoption of Digital Twins, switching to sustainable and
definitive production of the automotive industry can be immensely helped, as adoption aids
decision-making processes more data-driven and focused on continuous improvement of
operations. It suggests allocating more funds to digital infrastructures, human training, and
management determination to break the patch of implementation and fully exploit the
sustainability capability of Digital Twin technology.

Keywords: Digital Twin, Sustainability, Automotive Paint Facilities, Energy Efficiency, Industry
4.0
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CHAPTER ONE

1.0 Background of the study

The automotive industry is experiencing an essential change because manufacturers meet
escalating customer needs for sustainable solutions. The automotive industry gets most of its
public attention for electric vehicle development, but the paint process remains one of the most
resource-consuming parts during car manufacturing. The painting process delivers a substantial
impact on vehicle eco-footprint through massive energy consumption, together with large water
usage and VOC emissions release. The growing environmental regulations worldwide have pushed
automakers to evaluate newmethods that decrease the environmental impact of their paint facilities
due to customer demands and corporate sustainability requirements (Kushwaha & Sharma, 2016).

The industrial metaphor of twins encompasses actual facility pairs, which are exact duplicates, and
digital computer models that imitate physical systems. Both interpretations in the field of
sustainability present effective approaches. Physical twin facilities enable direct real-time
performance reviews as operators and researchers can study the effects of variations in
environmental factors or operational and managerial strategies. Digital twins help organizations
create predictive examination environments for outcome predictions while testing sustainability
improvements, as well as optimizing operations without stopping production processes. A digital
twin handles decision-making in sustainable facility management through integrated sensor data,
an automation system, and energy model information (Fantozzi et al., 2025).

Automotive paint lines originally built for maximal efficiency and quality delivery have
sustainability as their trade-off. Real-time control over airflow, humidity as well and temperature
remains elusive for numerous facilities, which leads to decreased efficiency in their operations.
Operations gain data points from disparate systems that become difficult to assess regarding which
methods lead to optimal environmental results. The main hurdle is both technological and
managerial because better data integration and real-time feedback systems, and cross-facility
learning modules need implementation. The twin-based approach stands out by presenting an
organized structure that helps organizations address these constraints (Botín-Sanabria et al., 2022).
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The twin-based systems create an environment for facilities to conduct experiments with best
practices through safe and beneficial research and development activities. A twin-based system
enables one paint facility to test new low-temperature curing methods or solvent recovery systems
by using its control operation as measurement criteria. The twin-based system speeds up
innovation development while simultaneously strengthening employees’ faith in sustainable
modifications. The exchange of experimental outcomes between twin facilities provides
companies with two benefits: decreased duplication in research activities and shortened times for
product development and green technology adoption (Botín-Sanabria et al., 2022).

Current twin systems rely on modern analytics methods, machine learning, and IoT infrastructure
to operate. Design tools use the physical digital link to optimize predictive maintenance, as well
as real-time energy management and faulty system detection. The prediction of energy usage and
emission impacts from small adjustments in spray booth pressure or paint viscosity is performed
by artificial intelligence models through thousands of simulation scenarios. Relying on twin
facilities permits the verification and improvement of sustainability strategies with data from
actual performance to create precise methods for achieving sustainability (Yao et al., 2023).

Facilities that adopt twin-based sustainability models create fundamental industry changes
throughout the automotive sector. Before competition, companies can deal with shared threats to
the environment by collaborating and setting common standards and open systems of data. The
findings in the twin-based research will be used to draft better policies at the citizen level,
performance-oriented policies, and reimbursement programs. The future of the industrial world
with the twin-based approaches will revolutionize industrial practice, as it will be an essential part
of the green manufacturing revolution, redefining the terms of efficiency and sustainability.
(Sajadieh & Noh, 2025).

To achieve success with the implementation of digital twins, it is critical to achieve technical and
environmental milestones, as well as human and organizational requirements of success. The
culture of Taiwanese companies to make the concepts of twins strategic requires overcoming the
organizational culture, as it is required to promote openness to the data, the fostering of increased
cooperation between teams, and the founding of consistent educational programs. The training
should be provided to the employees at all levels to understand and gain confidence in the data
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generated through twin systems to allow them to apply this effectively. The multifunctional
effectiveness of operations is comprised of the systematic assistance of organizational leadership
and its total consistency in the implementation of sustainability regarding operational performance
objectives (Fuller et al., 2020). Employees across all levels of the organization can experiment to
extract insights from twin comparison results, which can lead to an agile and resilient system.

The scalability of previous twin-based systems is further enabled with a significant reduction in
sensor costs, computing power, and overhead of connectivity. The envisaged developments of
twin-linked networks will bring into effect a holistic process of collaboration across the production
chain of the automobile industry, including both upstream suppliers to the finishing assembly
sequence. Companies can get ahead by applying this infrastructure to create strategies for
optimizing reduction opportunities in their supply chain, tracing of the internal carbon stock, and
simulation of a circular painting process with a net-negative production cycle. Furthermore, the
normalization procedures in industry, together with the interoperative protocols, also create an
environment in which it is possible to make the switching of data effectively between involved
parties in collaborative work. The sustainable transition of the main industry is realised by means
of twins and not just reflecting sunlight (Yao et al., 2023).

1.1 Statement of the problem

Within the vehicle manufacturing sector, auto paint facilities stand as some of the highest energy-
consuming facilities that simultaneously result in tremendous environmental harm owing to their
high-water consumption rates and energy needs, as well as their VOC emissions. Many paint shops
face difficulties in achieving sustainability targets because they maintain manufacturing principles
and automation despite continuing to experience operational problems. Companies pursue
optimization measures without a combination of predictive analysis and adequate data integration
between systems that would let them understand operational environmental effects fully (Farsi et
al., 2020).

The difficulty for manufacturers exists in their inability to conduct effective comparisons and
replication of sustainable practices across their multiple facilities. Differences between facilities
in location, together with equipment variation and climate conditions, and operational methods,
hinder the establishment and validation of reliable benchmarks for assessing sustainable
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improvements. Unconnected comparisons between facilities hinder companies from stripping out
repeated efforts while allowing them to identify crucial interventions. This fragmentation impedes
both internal progress and broader industry transformation toward sustainable production models.

Automotive paint operations miss potential sustainability acceleration through inadequate use of
twins as part of either physical or digital strategies. Modern twin simulation facilities allow
organizations to track innovation as well as exchange best practices so they can establish
continuous facility-to-facility learning connections (Jeong et al., 2022). A wide range of
organizations struggle to establish defined structures and systems needed for implementing and
expanding this method. Research examines the integrated use of twin facilities to establish an
agent for lowering resource usage together with environmental efficiency while making
automotive paint facilities adhere to worldwide sustainability standards (Madni et al., 2019).

1.2 Rationale of the study

The foundation of this investigation emerges from an acute imperative to develop sustainable
manufacturing methods for the automotive industry through their critical manufacturing sites,
especially paint facilities. Efforts to find sustainable approaches for automotive painting matter
because this procedure uses substantial amounts of resources and generates environmental
pollutants. The implementation of twins, either digital replicas for simulation or facilities
monitoring other facilities operating under different conditions, represents a new approach to
discovering sustainable solutions. Real-time evaluation enabled by twins creates a model for
institutional efficiency analysis, which produces better sustainable intervention guidelines than
individual facility assessments alone.

The implementation of twin-based approaches became more precise while their costs decreased
thanks to digital technology integration, including IoT, AI, and advanced analytics systems. Digital
twins establish a strong simulation basis that enables systematic forecasting of operational
outcomes while optimally using resources during running processes. The research investigates
methods to incorporate technological systems into a systematic twin system that enables
sustainable development and promising innovation through measurable improvements for
automotive paint facilities.
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Manufacturers across the industry now understand that sustainability actions need to gain practical
benefits to enhance competitive positioning. Organizations with lower environmental footprints
that simultaneously achieve operational performance enhancement will succeed in the market shift
toward eco-awareness. Standardized sustainable operational frameworks emerge from systematic
twin-based approaches that automotive manufacturers apply to their manufacturing processes. The
research serves as the theoretical basis, along with applicational value for implementing these
models, which help advance environmentally responsible manufacturing.

1.3 Research Question

 How does the implementation of Digital Twin technology contribute to enhancing sustainability
outcomes such as energy efficiency, emission reduction, and resource optimization in automotive
paint facilities?

 What are the main organizational, technical, and cost-related barriers that hinder the adoption of
Digital Twins in automotive paint operations?

 How do different stakeholders (e.g., engineers, managers, sustainability officers, IT specialists)
perceive the role, benefits, and challenges of Digital Twin adoption in achieving long-term
sustainability goals?

1.4 Aim and Objectives

1.4.1 Aim: The study aims to assess the worth of dual systems based on digital and physical
structures, which enhance sustainability within automotive paint facilities. The research
investigates the potential of twin facilities and virtual simulation comparison to decrease energy
use and environmental emissions while maximizing resource efficiency for sustainable automotive
production.

1.4.2 Objectives:

 To evaluate the potential of Digital Twin technology in optimizing resource utilization and
reducing the environmental impact of automotive paint facilities.
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 To examine the organizational, technical, and financial challenges affecting the adoption
of Digital Twins in automotive painting processes.

 To assess stakeholder perceptions, readiness, and collaborative requirements for successful
Digital Twin implementation in promoting sustainability.
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CHAPTER TWO
Literature Review

2.0 Introduction to Digital Twins in Industry

Digital twins have become a rapidly adopted concept that industries use, especially in
manufacturing and industrial operations. Physical assets have virtual digital clones that obtain
real-time data to generate a continuously updated representation. Modern technology permits
sophisticated system simulations and analyses while monitoring everything without interrupting
real operations. The aerospace industry first adopted digital twins, but they subsequently became
vital integration tools in Industry 4.0 to connect physical assets with digital information, which
improves operational management (Hu et al., 2021).

Industrial organizations use digital twins to bridge physical systems with virtual models that help
them test different scenarios and optimize processes and failure predictions. Machine and
operational workflows obtain detailed interactive models through digital twins, which process
information from sensors along with historical data and artificial intelligence algorithms.
Engineers and operators can track real-time performance scores through this capability, which
enables them to perform expensive tests on physical equipment (Singh et al., 2021).

The progress of the digital twin technology can be explained by the progress in data analytics,
cloud computing, as well as the innovation in Internet of Things (IoT). These inventions are
intermediaries to the organized gathering and examination of the enormous information created
by industrial systems. As a result, there has been an increase in the use of digital twins in various
industrial settings, such as aerospace production, automotive production, energy systems control,
urban formation planning, and healthcare service provision. They have achieved the things they
have done through being embraced at large by society as being in the indispensable category of
improving organizational effectiveness, innovation, and sustainability-related practices ( Fang et
al., 2022).

Production line design, monitoring, and optimization occur through digital twins, which address
fundamental operations such as painting, assembly, and quality control. The digital models
accurately replicate real manufacturing conditions to allow manufacturers to conduct new
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configuration tests, troubleshoot, and make corrections that would not interfere with running
production processes. The application of digital twins in paint plants will allow good simulation
of airflow variables and temperature and chemical consumption variables, resulting in sustainable
and cost-effective operations (Zhuang et al., 2017).

The practice of the automotive industry has changed due to the implementation of digital twin
technology that has brought smart manufacturing systems in the sector. Digital Twins holds a vital
technological elements for future applications as a result of the visibility through sustainable
management and control practices. This sector seeks a soultion to the mounting waste, energy
demands and efficiency through digital twins, which offer both practical and advanced solutions.
Their growing utilization insectors such as automotive maufacturing, highlights the significance
for research and investment in this groundbreaking technology (Singh et al., 2021).
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Fig 2.1: Digital Twin Cycle (Mauro & Kana, 2023).
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2.1 Sustainability Challenges in Automotive Paint Facilities

The automotive paint facilities rank as the most environmentally impactful and resource-intensive
facilities in vehicle manufacturing factories. The processes require the widespread use of water,
energy chemical substances and this can lead to the appearance of dangerous waste products and
dangerous emissions. The traditional painting process, where pretreatment, coating with a primer,
the layer of color, and another layer with clear coats are complete, has a great impact in making
the manufacturing plant passive in relation to the environmental effects. Another area where
vehicles take sustainability seriously is concentrated on the car paint shop facilities (Royo et al.,
2021).

Primary sources of volatile organic compounds (VOCs) are spray painting and drying processes,
which are the main concern in sustainability. The release of VOCs leads to the compromise of air
quality and health hazards not only to occupational groups of people, but also to other people living
in nearby areas. Although measures are put in place, such as waterborne coating processes and
advanced ventilatory controls, the unacceptable water contamination of the environment is
sustained, and high levels of environmental impact are nurtured. As a result, international
industrial regulatory agencies are putting in place binding caps on VOC emissions, forcing the
manufacturing companies to find a greener manufacturing process and introduce improved control
systems (Almomani et al., 2025).

Apart from air pollution, automotive paint facilities require high energy. With high quality and
high production, accuracy in temperature and humidity is necessary in the facility, thus leading to
the continuous use of climate control systems. The painting process of the industry involves a
significant amount of energy by use vast ovens to carry out the baking process. The paint facilities
are also contributing to a high level of carbon emissions due to the intensive use of fossil fuel
energy, which contradicts the achievement of decarbonization goals (Kamran et al., 2022).

The usage of water creates sustainability challenges in automotive paint shops. During surface
preparation for painting operations, automotive facilities use extensive quantities of all
pretreatment and rinsing steps. The wastewater produced in these processes contains harmful
chemicals such as heavy metals, together with solvents, which need proper treatment for disposal



11

or reuse. Water management quality and its reduced overall usage serve as essential environmental
and financial requirements for automotive companies (Sajadieh & Noh, 2025).

Material waste stands as a major difficulty in the troubleshooting process. Overspray of paint,
which misses its target and enters the atmosphere, creates notable material loss. The combination
of wasted materials, outdated machinery, and poor mixing procedures results in unnecessary costs.
Plant operations show that time-wasteful procedures augment business expenses as they create
unnecessary waste circuits that need power consumption, together with resource utilization for
their disposal (Chancharoen et al., 2022).

The necessary actions to tackle these sustainability challenges include process optimization and
technological innovation, and real-time monitoring. Automation allows businesses to transform
their automotive paint manufacturing facilities by adopting digital twin technologies. Virtual
process simulation and analytical adjustment allow manufacturers to decrease air emissions and
reduce energy use and water consumption while cutting down waste levels. The strategic need to
transform paint shops into environmentally friendly operation systems has emerged because of
rising environmental regulations and expanding consumer interest in sustainable products (Mihai
et al., 2022).

2.2 Benefits of Digital Twins in Automotive Manufacturing

The application of digital twins in automotive manufacturing creates substantial advantages that
help businesses enhance operational efficiency and minimize productivity losses while handling
operational issues. Manufacturers use virtual models to reproduce their physical assets, production
processes, and operations lines, which enables real-time operational control and monitoring. The
real-time physical world representation helps produce better decisions because it reveals how
systems operate and where maximized performance can be achieved (Piromalis &Kantaros, 2022).

Digital twins and automotive manufacturing are a breakthrough technology that provides
optimizations of the processes as the key benefit. Through workflow simulation and scenario
modeling, the engineering workgroups will be able to predict any disruption in the current
production, thus allowing intensive inspection of line configuration changes, scheduling scheme,
and resource management structure. By nature, digital twins create fewer coworkers in production
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and neutralize rates of material flow.. Digital twins in paint facilities enable engineers to study
airflow and paint spray patterns to find the best operational conditions that minimize overspray
and deliver uniform coating quality (Attaran & Celik, 2023).

The main advantage stems from the capability to perform predictive maintenance. The real-time
sensor information collection enables digital twins to detect initial indications of machinery
deterioration before it escalates. The predictive functions of digital twins allow producers to
determine equipment deterioration early, which enables them to prevent unplanned shutdowns and
increase system longevity. This approach lowers operational expenses and decreases raw material
requirements. Predictive maintenance that depends on continuous monitoring of sensors embedded
in equipment enables automotive paint shops to operate with high precision and efficiency (Chen,
2022).

The adoption of digital twins produces notable benefits for sustainable projects. Manufacturers
monitor energy consumption together with emissions, alongside material usage, in real time to
identify wasteful practices as they base their enhancements on data. The application of digital
twins enables companies to find precise oven curing durations and temperatures, which reduces
both energy expenditure and maintains paint bond quality. The tracking systems enable accurate
monitoring of paint and water flow, which helps businesses maximize their resource use and reduce
their environmental impact (Augustine, 2020).

Teams work together effectively and innovate better through digital twins because they create a
single comprehensive platform that brings engineers and designers under one virtual environment.
Operations managers, engineers, and designers access a single digital design model from which
they solve problems and exchange information. The transparency function enables innovative
testing through virtual approaches that take place before actual implementation. Manufacturers
gain their primary competitive advantage through their ability to rapidly innovate new products
because their operations remain reliable in the competitive automotive sector (Rahmani et al.,
2024).
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2.3 Integration of Digital Twins in Paint Facilities

Digital twin implementation in automotive paint facilities creates a major advancement in smarter
and sustainable industrial manufacturing. Paint shops comprise among the most complicated and
sensitive portions of production facilities since small temperature as well as humidity fluctuations,
along with airflow control and chemical reactions, directly impact manufacturing quality and
process efficiency. Digital twins deliver a strong technological answer through digital spaces,
enabling precise variable observation and management and simulation functions. The
implementation of IoT sensors serves as the first step in the integration process, where real-time
data acquisition occurs from facility equipment together with environmental systems and materials
(Chancharoen et al., 2022).

Process simulation combined with optimization forms one of the main digital twin applications for
paint facilities. The virtual model of paint line infrastructure, including tanks, spraying units, and
ovens, becomes available for creating real-time simulations of process conditions, which leads
engineers to discover optimal operational parameters. The testing of spray booth airflow helps
minimize overspray, while conveyor speed adjustments optimize baking effectiveness, and the use
of oven temperature simulation ensures consistent baked quality. Manufacturers benefit from
simulated processes to optimize operations directly through virtual assessment, which does not
require production disruptions, along with resource-saving benefits (Woitsch et al., 2022).

Digital twins generate significant advantages when applied to quality control systems. Operational
weaknesses, which generate paint defects including runs and sags and poor adhesion, prove
difficult to identify through conventional monitoring systems. A digital twin constantly tracks
performance indicators as it correlates them with quality results to enable earlier preventive
adjustments before defects appear. The continuous collection of data drives better control over
processes, which establishes more dependable operations that minimize the need for spending
money on rework steps while boosting initial quality outcomes (Tariq et al., 2023).

System interoperability stands as the main element for achieving successful integration. The paint
shop sector depends on equipment from multiple vendors that operate using their control systems
with different data formats. The creation of a single digital twin demands the integration of separate
systems into a shared platform and normally depends on middleware and industrial edge
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computing approaches. The integration of real-time analytics with coordinated control becomes
possible because data passes smoothly from physical components to digital platforms in the entire
facility (Curl et al., 2019).

Digital twins within paint facilities produce both rewards and encounter multiple obstacles during
implementation. Some manufacturers face implementation challenges because digital twin
technologies involve considerable up-front expenses, together with demanding data integration
requirements and specialized workforce needs. The rise of interconnected systems makes
cybersecurity protection and data integrity essential because these two elements become more
crucial each day. Successful implementation of digital twins in paint facilities demands planned
investments in professional training together with technological provider partnership to develop
scalable, secure systems (Qazi et al., 2022).

The first companies that integrated digital twins into their paint facilities established concrete
benefits. Top automotive companies have reached better results regarding paint material waste
control and energy efficiency, and process visibility improvements via their digital twin
implementation studies. The results generated from digital twin integration yield financial benefits
and help organizations achieve their sustainable goals. Manufacturers expect digital twin
applications to establish themselves as standard operating procedures for paint shops to create
efficient, environmentally friendly facilities (Coronado et al., 2018).

2.4 Environmental Impact Assessment: Traditional vs. Digital Twin-Enabled Paint
Facilities

Painting facilities that use a traditional approach present the highest level of environmental impact
in the vehicle manufacturing process. Such institutions are characterized by high use of power,
water, and chemicals coupled with the emission of volatile organic substances (VOCs), carbon
dioxide (CO2), and an assortment of other pollutants. Environmental impact assessment of these
locations has shown that advanced paint-curing ovens require the use of a lot of energy, the
preliminary techniques cause serious water contamination, wastage rates are high due to
ineffective processes, and overspray. Traditional manufacturing systems are characterized by a
limited ability to collect real-time information and make their controls operational because the
system lacks highly needed mechanisms of continual improvement.(Ai & Ziehl, 2025).
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Digital twins can be used as an advanced tool for assessing and enhancing environmental
outcomes. Digital twins enable the incorporation of real-time monitoring, data collection, and
predictive analytics, which enable users to receive a more balanced view of the material and energy
flows and emissions within the paint manufacturing world. The digital twin platform allows users
to develop simulations of how energy usage patterns can change when running different curing
temperature conditions and cycle time scenarios. Through digital twin implementation, companies
achieve strategic process adjustments that decrease energy waste levels while maintaining product
quality standards (Wang et al., 2023). Digital parameter testing through virtual methods creates a
smaller environmental impact since it surpasses conventional trial-and-error practices (Tang et al.,
2025).

The main weakness in digital twins involves the management of VOC and emissions. Industrial
systems with traditional methods perform emission control after the production process, but digital
twins enable preemptive emission management. Digital twins enable scientists to predict VOC
production and distribution by modeling paint compositions and spray operations, and ventilation
management methods. Through digital twins, manufacturers gain knowledge to select production
practices that reduce emissions from their sources rather than depending only on emissions control
technology. Multiple sustained harmful emission reductions become possible through proactive
measures that endorse better environmental regulation compliance (Vatankhah Barenji et al.,
2021).

The application of digital twins enhances resource efficiency through optimized usage of paint and
water. The tracking capabilities of digital twins allow companies to monitor resources in real-time,
thus allowing them to make precise paint dosages and optimize spray paths while doing predictive
maintenance to reduce water usage. These enhancements simultaneously minimize environmental
effects along with cost reductions, which strengthen sustainability's business imperative (Gupta et
al., 2024).

Environmental assessments demonstrated how digital twin adoption creates substantial benefits
for the transformation of paint production facilities. Through digital twins, organizations transition
their sustainability approaches to proactive management by using real-time data for constant
performance enhancement. Automotive manufacturers now require digital twins to reduce their



16

environmental impact while adopting circular economy practices because they build essential
capabilities for designing sustainable manufacturing processes. Recent evidence shows digital
twins will revolutionize sustainable automotive manufacturing when fully adopted (Bakopoulos
et al., 2024).

2.5 Internet of Things (IoT) and Machine Learning (ML) Applications in Digital Twins for
Paint Facilities

Digital twins in automotive paint facilities exist through synergistic implementation of IoT and
ML, AI, and cloud computing. These technological systems operate collaboratively to obtain
physical data, which enables the digital twin technology to become an intelligent representation of
the facility. Digital twins exist merely as static models instead of interactive operational tools
because of the absence of this technological foundation (Qazi et al., 2022).

The basis of digital twins stems from IoT, which delivers the sensing components required to track
current factory operational conditions. Multiple sensors, including those monitoring temperature
and humidity and measuring air pressure as well as paint viscosity and spray angles, are deployed
across the production line. The digital twin platform receives real-time data measurement inputs
from sensors and displays the information on its platform. The real-time data collection enables
painters to execute immediate corrections and perform predictive analysis with accurate diagnostic
features that automotive paint shops depend on (Zayed et al., 2023).

Through machine learning algorithms, this information becomes more valuable as the systems
detect abnormal behavior, recognize patterns, and generate predictions. The integration of ML
models allows organizations to forecast equipment failure times through vibration and temperature
patterns and identify paint defects by processing surface and spray data. The algorithms acquire
enhanced accuracy through continuous data learning, therefore converting descriptive digital twins
into prescriptive digital twins. Paint facilities can benefit from implementing the technology by
forecasting nozzle obstructions and curing irregularities, as well as coating thickness deviations,
which might negatively affect product quality (Abed & Gaafar, 2025).

The power of artificial intelligence simulations allows users to analyze various scenarios through
digital simulations. The use of AI models allows engineers and operators to perform operating
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condition simulations for changes such as oven temperature levels, paint flow rates, and ventilation
configuration adjustments by showing estimated effects. Sales simulations help manufacturers
maximize their resource allocation and minimize environmental impacts, and improve energy
efficiency without creating operational disruptions. The paint shop benefits from this technique
because process modifications become safer and less expensive to implement after validating
results.

The infrastructure of cloud and edge computing systems allows organizations to store and process
the fast-growing real-time data streams. Cloud computing enables scalability and powerful
analytics, but edge computing makes decisions with low latency because it processes information
at or near its origin. A paint facility benefits from a hybrid solution that enables instant spray nozzle
adjustments and enables the identification of substantial energy-saving potentials spanning
multiple locations. Their combined monitoring supports a smooth operational response of digital
twin systems (Abed & Gaafar, 2025).

Integration with existing industrial control systems as well as interoperability functions, are
fundamental technological elements. The existing automotive manufacturing landscape includes
complex PLCs and MES, and ERP systems operated by many manufacturers. A functional digital
twin requires perfect integration with industry control systems so it can deliver complete
operational visibility. The integration of digital twins with physical facilities requires
communication protocols and middleware solutions, as well as unique interface development to
connect digital and physical operational layers (Dimitrov, 2024).

In the automotive paint plant sector, which has deployed digital twins, the technology has
developed to be sophisticated and is highly developed. Internet of Things (IoT) sensors provide
sensory data, whereas machine-learning algorithms support the intelligent data processing together
with cloud-edge computing infrastructures, thus providing prompt responsibilities and scalability.
The given technologies form the basis of the digital twin construction, which allows manufacturers
to add their paint operations to adaptive ones. The future advances in the technologies of artificial
intelligence and the sensors will improve the functions of digital twins, provide more accurate
control and produce more analytical data, and provide further contributions to sustainability in the
automotive manufacturing. (Visconti et al., 2024).
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Fig 2.5: How the Internet of Things and Digital Twins work together (Al Zami et al, 2025).
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2.6 Future Directions and Innovations in Digital Twins for Sustainable Automotive Paint
Facilities

Digital twin technology's maturity will result in substantial growth of its sustainability impact on
automotive paint facilities. Digital twins possess a dual mission to optimize business performance
through operational improvements while developing predictive environmental management
techniques and enhancing the entire production network, and building automated systems. The
newly developed innovations follow trends in the industry that promote smart manufacturing and
circular economies, together with net-zero emission targets (Mihai et al., 2022).

Real-time sustainability metrics form a principal development opportunity that targets integration
within digital twin platforms. The next generation of systems will actively monitor operational
KPIs such as cycle time and uptime, together with metrics related to carbon footprints, water
intensity, and VOC emissions, alongside energy source breakdown information. Embedded
sustainability metrics enable decision-makers, in coordination with real-time competency, to
evaluate both the environmental effects and efficiency in production. Operators have the
opportunity to use environmental conditions to make changes to process parameters in real-time,
like line speeds or curing temperatures, to create the optimal balance between energy use and
production goals (Bruck, 2022).

AI models will transform from their current function of data analysis into a capability to generate
completely new process frameworks. The generative design algorithms can generate new
alternative patterns along with robotic trajectories and curing methods to enhance the quality and
environmental footprint of the paint processes simultaneously. The innovation pushes forward the
development of autonomously optimizing paint processing lines as they continuously optimize
both efficiency and sustainability (Kaiblinger & Woschank, 2022).

Digital twins gain value through new deployments of augmented reality (AR) and virtual reality
(VR) interfaces. The immersive technologies permit operators, engineers, and sustainability teams
to access intuitive three-dimensional visualizations for both process data and simulations. Digital
overlays of system diagnostics operated through maintenance technicians' AR glasses, together
with the sustainability officers' ability to visualize carbon emissions during the painting process
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(Ucar et al., 2024) . The developed tools enhance operational effectiveness by making complex
information easier to access and utilize.

The future digital twins will establish interconnected capabilities through a "digital thread" system.
The paint shop digital twin will link to upstream design and materials systems while also
connecting to downstream logistics and quality control processes. The digital thread concept
enables performance data collection in the paint shop to send feedback that guides vehicle design
processes and supplier management decisions, along with product lifecycle decisions needed for
sustainable manufacturing (Panyaram, 2024).

Sustainable production benefits from web-based traceability through blockchain technology.
Blockchain integration with digital twins enables organizations to generate permanent records
regarding the painting process, energy use, and material acquisition, and the release of emissions
throughout production levels. The innovation has key applications for both compliance
requirements and meeting consumer demand for sustainability and carbon credit trading..
Integrating blockchain enables detailed automotive product assessment, which leads to more exact
lifecycle evaluations of complete vehicles and all their components (Tzachor et al., 2022).

Self-learning automated systems emphasize the development of the digital twin innovation as the
most developed perspective of future application. Nobody had thought of digital twins with
reinforcement learning and effective robotics, which allows researchers to create autonomous
paint lines that identify the problem of performance and repair operations independently, and also
take care of servicing directly. Independent systems are each used to enhance operational
efficiency by using data to improve decision-making, therefore reducing negative effects on the
environment at the same time (Alojail & Khan, 2023).

Digital twins of the automotive paint plants' offices can share a bright and probably long-term
perspective of dynamic innovation.With the utilization of artificial intelligence, augmented reality/
virtual reality, blockchain technology, and autonomous systems when working together, these
digital twins are expected to become strategic assets that can construct new and better approaches
to the manner of painting vehicles and producing them. It is expected that the current improvement
of this technology will help increase the capabilities that are needed to plan sustainable
manufacturing systems so that these systems become essential in achieving the factory demands
of the future (Sajadieh & Noh, 2025).
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2.7 Lifecycle Impact of Digital Twin Adoption in Automotive Paint Processes

Scales of changes are achieved through the influence of digital twins in paint manufacturing of
vehicles compared to what upgrades can bring to the manufacturing process. The main advantage
of this technology consists in its ability to integrate all phases of the production process i.e. facility
life-cycle management, manufacturing processes and product development. The implementation
of digital twins, in turn, can allow the automotive companies to better decide at every stage of the
product life, particularly at its design and production and its maintenance and ultimate
decommissioning (Mugge et al., 2023).

Manufacturers employ digital twins for design and commissioning purposes to study a wide range
of paint line configurations and energy models, and material flows, before executing physical
construction. The design phase simulation platform reduces excessive engineering investments
while cutting material usage, along with verifying operational compliance and efficiency at the
project's beginning. Design-phase modeling enables designers to incorporate sustainable
technologies following virtual tests that occur before physical implementation (Brück, 2022).

Digital twins function in monitoring ongoing lifecycle enhancements after deployment. The
tracking and analysis of energy consumption and material use, along with emissions tracking,
assist with creating a feedback system that enhances sustained operational efficiency. Digital twins
detect ongoing inefficiencies in curing ovens and various spray booth deviations from the optimal
function, which leads to immediate corrective actions. Over time, the continued accessibility of
facility data allows improved resource control and enables sustainable environmental
documentation and credentials through a facility's complete operational span (Rahmani et al.,
2024).

Digital twins serve to improve both facility maintenance operations and the process of facility
upgrades during the lifecycle stages. Digital twins facilitate equipment maintenance predictions
alongside virtual systems testing to minimize environmental impacts that occur from system
downtime, part replacement, and system overhaul activities. Before installation, facility managers
can use digital simulation to evaluate the environmental impact of new systems like energy-saving
ovens and VOC filtration systems to ensure positive sustainability outcomes. The predictive
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functionality helps minimize waste while prolonging equipment lifecycles and saves money on
costs that would be unnecessary (Chancharoen et al., 2022).

Digital twins provide support for decommissioning and recycling strategies at the end of system
usability. Manufacturers achieve responsible dismantling and recycling of system components
through their maintenance of complete digital records, which include equipment performance data
alongside material compositions and environmental information. A complete data-driven strategy
for sustainable manufacturing becomes achievable by sending lifecycle information back to the
design phase for future facilities. The systematic value of digital twins extends past production
activities because it functions as a vital instrument that enables environmental sustainability and
operational reliability for automotive applications (Lim, 2023).

2.8 Interoperability Standards for Digital Twin Platforms in Automotive Manufacturing

The key role of digital twins in automotive manufacturing, specifically in paint facilities, makes
system interoperability a vital necessity. Different devices and platforms, and software systems
maintain interoperability through their ability to exchange data and smoothly communicate. Real-
time interoperability makes digital twins workable by streamlining the process of integrating actual
sensor input with PLC outputs, MES functions, and ERP tool operations into a single digital
representation. Interoperability serves as a critical requirement because digital twins require it to
achieve their complete potential of gaining insight while becoming efficient and sustainable (Vogt
et al., 2021).

Current paint facilities face a challenge because they operate with various hardware and software
setups. Different manufacturers supplying equipment to these facilities maintain their data
schemes, which combine with their unique communication methods and integration tools. An
effective digital twin requires data unification from these systems with no compatibility problems
or data silos (Visser et al., 2024).

IT security and interoperability depend on open standards, which include OPC UA (Open Platform
Communications Unified Architecture) and MQTT with standardized APIs.. Secure vendor-
independent communication pathways exist between machines and digital twin platforms because
of these technological solutions (Klar et al., 2023).
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Various industrial organizations, including Digital Twin Consortium and Industries 4.0 and
ISO/IEC Smart Manufacturing Standards, collaborate to establish global interoperable frameworks
and protocols. These industry initiatives drive the development of unified data structures,
knowledge systems, and technical interfaces that enable digital twins to connect various
manufacturing deployment layers between sensors and cloud systems. Automotive facilities
require these standards to optimize their operations and establish viable production network
integration across worldwide distribution systems (Almeaibed et al., 2021).

The concept of system interoperability will help organizations obtain real-time information on
various environmental sectors at different locations, including energy usage rates, emission rates,
and waste reports. The transparency can help promote such things as proper reporting about
sustainability, regulatory matters, and informative decision-making. In that regard, by exporting
real-time data feeds of paint systems and HVAC into the digital twin, this can discover process
enhancements that should result in better energy efficiency and product quality. Hoewever,
organizational implantation prevents access to these holistic visions and thus limits their possible
sustainable performance (Ferko et al., 2023).

The future of digital twin technologies is expected to provide benefits from cross-company
collaboration, allowing easy integration of new technologies. Automotive industries will be able
to integrate third-party sustainability tools, connect with logistics providers to enhance supply
chain sustainability, and deploy carbon-emission tracking applications without extensive
programming (Campolo et al., 2024).

2.9 Digital Twins and Circular Economy Strategies in Automotive Coating Processes

The automotive sector now requires the essential implementation of circular economy processes
to achieve sustainability goals, and this economy pursues three major initiatives, which include
waste reduction, product lifecycle extension, as well as material reuse and recycling. Automotive
paint processes utilize digital twins to achieve their management goals through real-time data
monitoring, which enables efficient resource management. Industrial processes that employ digital
twins monitor every step of painting activity to track paint material consumption and find
operational inefficiencies, which results in waste minimization and resource utilization
enhancement (Mügge et al., 2023).
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The core element of circular economy applications requires material reuse specifically directed at
paint substances and solvents. Paint shops generate major amounts of nonrecyclable waste through
their excessive coating application, which produces substantial overspray. Phase-frame virtual
realities enable the assessment of various painting approaches and optimized patterns alongside
exact application methods for minimizing wastage. By this, digital twins serve to inspect the
quality of recycled paint materials by assessing their suitability for reuse according to necessary
standards before reintegrating them into the painting process (Pehlken et al., 2024).

Digital twins technologies have significant roles in energy efficiency, which contributes to the
strategic goals of a circular economy. Simulations of operations like drying or curing ovens are
manipulable by digital twins that seek to find energy recovery or a source of heat exchange. The
constructed systems use waste heat produced by some of the of processes to drive other energy-
intensive operations, hence enabling the energy circle. Monitoring of the continuous flow of energy
that can be managed over time allows optimization of its work and the decrease of waste (Pehlken
et al., 2024).

The automotive industry benefits from enhanced end-of-life management through digital twins
because these systems monitor vehicles and their components throughout their lifecycle. Digital
twins enable advanced vehicle lifecycle management through periodic coating condition checks,
which help channel accurate strategies on decision-making for recycling operations (Liu et al.,
2025).

The application of digital twins delivers performance metrics that involves coating degradation,
and thus, engineers may be able to establish the moment when the component may require repair
or replacement. Closed-loop system. The combination of accurate traceability and data-driven
decision making allows automotive producers to reuse materials and parts or take part in
refurbishment or suitable recycling efforts, thus reducing the effects of environmental conditions
(Van Dyck et al., 2023).

2.10 Cost-Benefit Analysis of Implementing Digital Twins in Automotive Paint Shops

Application of the digital twin technology within car painting facilities enhances efficiency and
sustainability, but the organizations must incur a huge investment upon initial installation. A cost-
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benefit analysis is imperative to identify whether the use of digital twins in the automotive paint
process offers worthwhile long-term benefits that outweigh the installation costs. The expense of
deploying digital twins is mostly in terms of sensor buying costs, IoT technology deployment,
software platform buying, and integrating different systems into a single digital platform. Second,
deploying digital twins also comes with the cost of employee training as well as ongoing expenses
for maintaining the digital twin infrastructure and data privacy and security procedures (Zhu et al.,
2024).

The application of digital twins is highly advantageous, especially in terms of the assessment of
operational effectiveness in conjunction with sustainability initiatives. Digital twins provide
enhanced management of paint application by means of real-time data processing, and overspray
is minimized, resulting in enormous savings of costly and environmentally unfriendly paint
materials and as well guarantee accurate monitoring of chemical and solvent materials, which
translates to lower waste management expenditures while meeting the requirements of tough
environmental legislation. The decreased material and regulation compliance expenses facilitate
direct improvement in return on investment (ROI) numbers (Esekhaigbe et al., 2020).

The technology allows for substantial energy conservation. Automotive paint facilities operate
with high energy consumption since they use substantial amounts in drying and curing procedures.
The quality of paint finishing remains intact as digital twins enhance parameter optimization,
which leads to decreased power consumption. Digital twins operate through simulation to
determine energy configuration results and suggest methods to recover wasted energy. Digital
twins deliver financial benefits through reduced energy expenses, and they reduce carbon
emissions, thus corporations can access tax incentives for selecting this technology (Sanz et al.,
2021).

Software predictions within predictive maintenance lead to quantifiable financial improvements.
Real-time monitoring in conjunction with machine learning algorithms through digital twins
creates predictive maintenance, which decreases the expenses linked to equipment unexpected
downtime and equipment maintenance, and replacement. Digital twins leverage historical and
real-time data to make predictive breakdown forecasts so organizations can proactively conduct
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maintenance. By extending the operation time of critical equipment, businesses can reach lower
capital expenditure targets across multiple production cycles (Ives et al., 2024).

Study results indicate the lengthy benefits derived from automotive paint shop digital twins
outweigh initial costs since they produce major savings across material waste reduction, energy
reduction, and maintenance expense reduction. Initial price appreciation seems high, yet digital
twins deliver financial sustainability alongside process optimization as well as enhanced
sustainability and operational price reductions that attract various automotive manufacturers.
Industry-wide digital twin systems deployment will gain momentum because technology
evolution, combined with easier access to digital twin solutions, strengthens the financial
justification (Kulkarni et al., 2019).
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CHAPTER THREE
3.0 Overview
The research onion, a research methodology proposed by Saunders et al. (2007), has emerged as a
widely accepted framework within the realm of business, management, and digital innovation
research. To ensure a structured and comprehensive approach to methodology, this method guides
the selection of research philosophy, approach, strategy, and data collection techniques appropriate
to evaluating the role of Digital Twins in improving sustainability within automotive paint
operations. By the use of the onion research methodology, this chapter aligns with the different
layers it encompasses, giving an complex and methodical approach to the research.

3.1Research Philosophy
Interpretivism, as a research philosophical, gives high value on subjective meanings and context
comprehension of complex technological and social phenomena. For this study, taking an
interpretivist approach allows for a better examination different stakeholders perceive knowledge
and perception of Digital Twins technology, and and the way its being put to use to enhance
sustainability in the manufacturing processes.

This viewpoint is most appropriate when studying how plant operators, digital transformation
managers, sustainability officers, and engineers perceive the contribution and place of Digital
Twins in enhancing resource utilization, minimizing environmental impacts, and maximizing
operational effectiveness. Interpretivism recognizes that these stakeholders derive meaning from
their unique career histories, organizational settings, and personal experiences. The persepctive
especially applicable when analyzing how engineers, digital transformation managers,
sustainability officers, and plant operators perceive the role and contribution of Digital Twins to
enhance the utilization of resources, lower environmental impacts, and enhance operating
efficiency. Interpretivism acknowledges that such individuals gain meaning from their specific
experiences, career background, and organizational cultures. Taking an interpretivist perspective,
this study unveils the meaningful, rich insights, interpretations, and perceptions of the stakeholders
concerning the adoption of Digital Twins towards sustainability objectives. The study utilizes
methods such as thematic coding, document analysis, and semi-structured interviews to gather
ample qualitative data that captures the diverse realities and subjective knowing of participants
involved in the process of implementation.
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This approach is consistent with the perspective of Elbardan & Kholeif (2017), who posit that
interpretivist researchers involve the respondents in open-ended interviews to gather their beliefs,
experiences, and challenges. In this case, respondents are encouraged to make comments on the
technical, organizational, and sustainability dimensions of implementing Digital Twins in a real
industrial setting.

Moreover, interpretivism aligns with the development of context-specific descriptions that
illustrate the effect of social, technological, and institutional elements on the adoption and
effectiveness of digital innovations within the automotive paint facilities. From this perspective,
the research aimed to cultivate a thorough understanding of how Digital Twins are utilized not only
as a technological remedy but as a strategic enabler of sustainable transformation in the automotive
painting operations.

3.2 Research Approach

Based on the study, research approach it commences with the activity of gathering and analyzing
the real-world data and then proceeds to the stage of theory formulation or conceptual frameworks
against the recognized patterns. Since the use of Digital Twin in automotive painting plants is, to
an extent, pioneering, and its recent application to the sustainability strategy is relatively new, the
inductive approach offers the needed flexibility in gathering robust observations on empirical data.
It is a bottom-up approach that perfectly fits in the research of new technological advancements in
the complex work environment.

The inductive process started with the collection of qualitative data in the form of cumulative
knowledge gathered from professionals involved in digital innovation, sustainability, and
manufacturing operations in automobile painting factories. The respondents included engineers,
digital transformation specialists, sustainability leaders, and plant managers. The collection of the
data was in the form of semi-structured interviews, observation notes, and document analysis, and
the subject of which was the knowledge perception, adoption, and praccticeal usage of Digital
Twins for improving the sustainable manufacturing outcomes.
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During the analysis stage, the researcher adopted and used the open coding techniques to test and
categorize the collected data, identifying the common patterns, opportunities, and challenges
associated with the implementation of Digital Twin technology. Themes that were identified
included the reduction of energy usage, emission monitoring, predictive maintenance, digital
process simulation, and system integration barriers.

The discussion revealed hidden perspectives on the technical capabilities and barriers to
organizational operations that relate to the use of Digital Twins on sustainability. These findings
offered grounds on which first approaches and theoretical insights of how digital twin technologies
can support the achievement of sustainability in high-intensity factory settings like automotive
painting were developed.

These insights were gradually developed and deepened over the course of the study by conducting
repeated comparisons of the feedback provided by the participants and other applicable documents,
resulting in the emergence of new themes that comprise a conceptual framework. This framework
explains the conditions in which Digital Twins would be able to do the best job in supporting
sustainable practices in the automotive industry. To construct the validity and richness of research,
the research utilized data triangulation in the style of comparison of results from different sources,
like interviews, company papers, and best practices witnessed, to set the general trend of Digital
Twin implementation approaches. The method helped in clarifying the variances that exist in the
organizational environments, the sizes of plants, and the levels of digital adoption.
The study examined the broader context conditions that influence the use of Digital Twins, such as
environmental policies, corporate sustainability initiatives, expense, and digital transformation
readiness. The multiplicative association between these outside variables allows the research to
present a comprehensive depiction of inherent as well as systemic elements and limitations, hence
improving the applicability and utilization of the conclusions made by industry as well as academia.

3.3 Case Study

Adoption of Digital Twin technology in the automotive manufacturing industry, specifically in the
paint shops, is drawing attention because the manufacturing industry is seeking to enhance
sustainability, efficiency, and cost-effectiveness in its production processes. Automotive paint
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shops are some of the most resource-intensive parts in the production of a car due to their they
consume a lot of energy, water, and chemicals. They therefore provide an ideal source of
implementation of digital innovation strategies to reduce environmental effects as well as
operational wastage.
The strategic value of sustainability for automotive companies means that the analysis of the Digital
Twins adoption and application in automotive paint shops can deliver important information on
the digitalization, a much wider approach among various automobile companies. Digital Twins, as
system descriptions of physical systems, give real-time visibility, predictive analytics, and process
modeling, allowing proactive measures to enhance efficiency and decrease emissions.
Paint plants are unique challenges of digital innovation based on their sensitive technical
complexity, regulatory control, and powerful role in quality assurance. The use of Digital Twins is
intricate and necessary due to process variability, stricter environmental laws, and the necessity to
have high throughput and precision. These functional settings comparison enables it to be plausible
to study the relationships and interplay of digital models, human operations, automated systems,
and sustainability metrics.

These processes involve a convergence of inputs from a range of concerned stakeholders, such as
the production engineers, sustainability experts, IT team, and equipment suppliers. Embracing the
realization of the awareness of the perception and involvement of these stakeholders towards the
use of Digital Twin solutions will allow light to be shed upon the multidisciplinary nature of digital
innovation as well as organizational preparedness, which is imperative to make an implementation
successful.

Some car manufacturers are producing according to global sustainability and digitalization
guidelines based on environmental regulations, i.e., ISO 14001, national legislative standards, and
company internal performance expectations. For this purpose, the context of this study is not
characterized only by technical aims, i.e., removal of speckles or emissions, but by strategic needs
to meet the demands of the ESG (Environmental, Social, and Governance).

The analysis of the case study that was conducted in the given research centred on the use of Digital
Twins in a particular company setting, which focused on drawing out actionable insights, exploring
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smart implementation strategies, and outlining the aspects of success that could be applied to other
manufacturing fields in their efforts to connect the idea of digital transformation with the concept
of sustainability.

The automobile paint business is one marked by very secretive and delicate information; hence,
this allowed expert views that were identified in surveys, interviews, documentary evidence, and
process analysis, which allowed an in-depth understanding of the Digital Twins activities in the
identified settings. The underlying framework upon which such construct is enabled is based on
the recommendations on how to improve the digital integration, extend sustainability reporting,
and enhance the efficiency of operations.

3.4 Design

Qualitative research gives the broad structure of the analysis of the complex dynamics of the
application and utilization of Digital Twins in car paint facilities, particularly regarding
sustainability goals. As a result of the Digital Twin technologies' complexity and also of sustainable
manufacturing practices, qualitative research, such as semi-structured interviews, focus groups,
and document analysis, needed to be used to build an integrative explanation of how the
stakeholders perceive and engage with this digital innovation.

It is expected that the methodology will allow for a multiplicity of stakeholder attitudes, including
plant engineers, sustainability officers, experts in digital transformation, IT product integrators,
and operations management. It is expected that using the approach of participation (individual
interviews) and a consistent and proposed use of the response given by the participants, the study
seeks to address experiential insights, perception structure, motivational framework, and concerns
of these parties in the context of deploying Digital Twin technology to experience real-time
monitoring, emission mitigation, process optimisation, and effective use of energy (Schwartz et al.,
2020).

The richness or depth of context of qualitative research also enables an analysis of how the
promotion of the Digital Twin technologies or their narrower aspects is conjectured for its relevance
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by institutional, economic, and regulatory factors at a large scale in the environment of the
automotive manufacturing industry. Through inquiry into the particular environment of the painting
business in the car industry, this study can trace the context-specific difficulties, like limited funds,
a change-averse climate, data integration difficulties, and being environmentally friendly.

A qualitative investigation allows understanding of the organizational culture, routine, and internal
operations through which Digital Twins are applied and implemented. The research outlines the
contribution of leadership priorities and employee training interventions, cross-departmental
collaboration, and already existing legacy systems to the performance of digital innovation in the
paint manufacturing industry, with deep interviews and systematized document examination.

The skills gained in this investigation will not be based on any simple exploration but rather that
they are rooted on a substantive, practical base, upon which evidence-based suggestions are put
into form and action. The results can therefore be used to educate stakeholders, policymakers, and
sustainability planners working in the industrial sector so that they can come up with stringent
guidelines and models that will need to be applied in integrating the Digital white collar
successfully into manufacturing sustainability models.

Most importantly, the study encourages the construction of knowledge since it is a collaborative
process of engaging participants in reflective discussion of their roles, perceptions, and
experiences. The methodology that is based on collaboration enhances the shared understanding,
underlines good practices, and triggers creative thinking aimed at addressing sustainability issues
with digital transformation.

3.5 Method of data collection

The original data of the current study were collected through a survey tool designed to help draw
empirical findings on the part of stakeholders who are currently involved in the implementation,
operation, and strategic management of Digital Twin technologies in the automotive paint facilities.
The questionnaire tool consisted of consecutive questions that followed the key dimensions, and
responses attained by the respondents were effectively categorized into four different areas of
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themes, which were technical integration, sustainability effects, organisational preparedness, and
perceived worth.

 Digital Twin Stakeholder Perception Survey

This survey aimed to explore stakeholder perception and awareness of the role, benefits, and
constraints of Digital Twin adoption in paint plants. The respondents were operations managers,
digital engineers, environmental compliance managers, system integrators, and production
supervisors. The survey questioned the understanding of Digital Twin functions, perceived
environmental advantage, estimated cost savings, and primary inhibitions to extensive
adoption.

 Technology Integration and Operational Effectiveness Survey

This survey assessed the effectiveness with which Digital Twins have been used in routine
operations throughout the paint plant and the extent to which they impacted process
improvement. Questions queried the real-time monitoring feature, predictive maintenance
benefit, workflow digitization, and data-driven decision-making facilitated by Digital Twin
solutions.

 Sustainability Impact Assessment Survey

In this Survey, feedback was gathered by the stakeholders relating to the Economic and
Sustainability measures that were involved with the implementation of Digital Twins. It
analyzed how well Digital Twins enabled emissions, energy, and chemical shipping, and water
savings. Respondents have also expressed their own opinion about sustainability key
performance indicator improvements after implementation.
 Risk and Challenge Identification Survey

This survey focused on identifying technical, organizational, and strategic risks associated with
the deployment of Digital Twins in automotive paint facilities. It covered risks such as data
integration difficulties, cybersecurity concerns, change resistance, and uncertainty in ROI.
Respondents provided insights on risk mitigation practices and operational bottlenecks.
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 Compliance and Standards Survey

This survey examined the degree of compliance with digitization frameworks, data governance
policies, and sustainability standards in the context of Digital Twin implementation. Questions
explored alignment with ISO standards, internal IT/data protocols, and external regulatory
benchmarks for sustainable manufacturing.

 Organizational Capacity and Readiness Survey

This survey evaluated the technical and institutional capacity of automotive manufacturers to
effectively implement and manage Digital Twins. Areas covered included staff expertise,
training availability, digital infrastructure, and budgetary allocation for innovation and
sustainability initiatives.

 Stakeholder Satisfaction Survey

This survey measured stakeholder satisfaction with Digital Twin implementation processes
and outcomes. Participants assessed their satisfaction with system usability, impact on
productivity, environmental reporting, and overall value delivery.

3.6 Description of the study area

The global automotive industry, recognized by continuous innovation in automotive production
and industrial advancement, offers an exemplary environment for investigating the application of
Digital Twin technologies in automotive painting facilities. The national investment into Industry
4.0, green manufacturing, and advanced robotisation has driven the rapid shift to the
implementation of digital solutions, one of which is the use of Digital Twins, in some of the most
important industries.

New trends in rich technological engineering and environmental protection of industrial practices
are two distinct phenomena in the automotive paint manufacturing industry, used as an example
in the global market. Paint shops form an essential part of the production of vehicles; therefore,
this operation requires a lot of energy, such as large volumes of water, energy, and chemicals.
Therefore, they are among the key areas where digital optimization and sustainable improvements
can be achieved through real-time simulation, predictive maintenance, and process automation
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through Digital Twins. By considering various geographical areas, it is possible to gain valuable
knowledge regarding how top car producers and supply chains use Digital Twin technologies in
a bid to enhance energy efficiency, minimize their ecological impact, and make their processes
transparent. Both national interest in the carbon neutrality project and a deep legacy of excellence
in engineering offer a receptive environment in which to address the issues underpinning the path
towards specialization of the Digital Twin, and also the creative solutions involved in its
application in complicated manufacturing systems.

The study contributes to the existing body of knowledge about best practices, issues, and
quantifiable results in the integration of Digital Twin technologies into the paint shop
sustainability. The results should not just inform the manufacturers but also provide a nimble, yet
global, integration roadmap in a series of heterogeneous industrial ecosystems, especially those of
developing countries, with the ambition to increase their production processes. A sample size of
50 participants was then purposely chosen to constitute a heterogeneous sample of stakeholders in
the field of automotive and digital innovation and in different regions of the world.

Altogether, the views of these people will offer nuances of the challenges, advantages, and
opportunities related to Digital Thunder in promoting the efficiency and sustainability of
operations in automotive paint factories.

3.7 Data analysis

For the provision of a rigorous and effective analysis of data related to the usage of Digital Twins
in automotive paint shops, the information obtained through the use of Google Forms was
integrated into a basic descriptive statistics analysis. The methodological approach allowed
obtaining a synthesis of relevant trends and opinions of shareholders and, as a result, useful
information on how Digital Twins play a role in the performance measures of sustainability.

The results of the survey were built systematically to look forward to the overall thematic
dimensions that were inherent to the study, and were very much in line with the energies of energy
efficiency, minimization of emissions, optimization of processes, and preparation of the stocks.
Further analysis would utilize a series of analytical tools of the consumption type, more
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specifically, the charts, to reveal and explain the data trends, thereby increasing the prospects of
interpretability, since such trends would have been lost otherwise.

The analysis was conducted using s systematic methodological framework, which started with
data reduction where the responses were classified in a bid to extrapolate on the Digital Twin
impact character in discrete terms of predictive maintenance, openness, and operational
enhancement. Data representation then followed, which included the use of graphical
representation to present the results such that results were easily compared between facilities,
departments, and the role of the respondents. The conclusion reached based on the abstracted data
facilitated inferences that were performed to conclude the potential transformation of Digital Twin
technology to optimize the sustainability goals, thus giving real-world recommendations that can
be followed to ensure faster usage of the technology in the motor vehicle production industry. The
discussion will be an informative commentary on the practical benefits and detailed preparatory
steps needed to utilize or implement the Digital Twin technology in manufacturing complexes,
and specifically in the large and well-developed automotive manufacturing plant.

3.8 Ethical Consideration

Ethical implications of the digital-twin research and development relate to the suitability of the
activities that impinge on the rights and dignity of individuals whose data, behaviors, or settings
are collected or watched/anticipated with the employment of digital-twin technologies (Bruynseels
et al., 2018). This paper was conducted in strict accordance with the basic ethical principles
throughout the lifecycle of the digital twin, including data collection, creation of the model,
analysis, and deployment.

3.9 Limitations of the study
The results of this Digital Twin study could have a low degree of generalization to various
international settings due to the relatively small and non-representative sample size (that is, 50
respondents). Although attempts were made to achieve regional and professional diversity, the
sample may not adequately represent the extensive array of technological infrastructures,
regulatory frameworks, and organizational practices that affect the deployment of Digital Twin
systems in diverse countries and industrial sectors.
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Moreover, the research's concentrated examination of a singular urban deployment location
restricted its capacity to encompass the wider challenges and prospects linked to the adoption of
digital twins in different geographical or industrial settings. The paper failed to discuss the issue
of regional variations in data governance, stakeholder participation, and data digital maturity
comprehensively and, therefore, restricted the scope of its findings and applicability thereof.
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CHAPTER FOUR

4.1 Overview

This research presents the findings related to the implementation and impact of Digital Twin
technology on enhancing sustainability within automotive paint facilities. The study's analysis
centers on the primary concept of how virtual representations of the paint shop's operations, which
incorporate real-time data, process simulations, and predictive analytics, can be employed to
optimize resource usage, reduce the environmental impact of these activities, and improve
operational efficiency. It examines some of the most pressing sustainability issues currently faced
by automotive painting, such as excessive energy use, significant quantities of water and
chemicals, and the emission of volatile organic compounds (VOCs), and discusses how Digital
Twins can address these challenges through data-driven decision-making and proactive
optimization of processes.

To have a systematic and rigorous study, the study used a research onion model developed by
Saunders, Lewis, and Thornhill that determines the research philosophy, approach, strategy, and
methods to use. The interpretivist approach implemented in the present research made it possible
to get a better grasp of the views of the stakeholders, having grasped the voice of engineers, plant
managers, sustainability officers, and digital transformation experts on how to incorporate the
Digital Twins in the sustainability strategy. The methodology involved an inductive approach
where the patterns and concepts were able to develop due to the empirical data received with the
aid of surveys, semi-structured interviews, and document analysis.

Organizing the methodology in such a way that it follows the layers of the Research Onion
philosophy, approach, strategy, methodological choice, time horizon, and techniques, the research
was both in-depth and broader, analyzing the technical, organizational, and sustainability aspects
of the Digital Twin implementation. The overall perspective promoted not only achieving a clear
idea of perspectives and obstacles to adoption, but also the perspectives to formulate a feasible
plan to implement the Digital Twins to fulfil environmental and operational goals in an automotive
paint plant.
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4.2 Analysis and Presentation of Findings

This section shows the findings obtained after the administration of the surveys and interviews that
were conducted to evaluate the role of the Digital Twin technology in improving the sustainability
of the automotive paint facilities. The gathered data were analyzed to note the overall themes,
measure the perceptions of the stakeholders, and point out the advantages and disadvantages, as
well as difficulties linked with implementation.

The participants were asked questions linked to the main thematic areas: Technology
implementation, performance, ecological Information, identification of risks, compliance,
organizational capacity, and general satisfaction. Respondents have been able to express their
degree of agreement to each of the questions based upon a five-point scale: strongly agree, slightly
agree, neutral, slightly disagree, and strongly disagree. This gave a defined structure to issues
about attitude quantification and gave a chance to get descriptive information with free responses.

Survey and interview data were analyzed on a three-step process. Topic-oriented collectives were
energy efficiency gains, emissions reduction, process optimization, and barriers to adoption.
Results were graphically presented in a series of graphs and charts, enabling differentiation to be
made easily between different stakeholder groups (e.g., managers and engineers) and facility
types. Certain patterns and correlations, supported by evidence, were discovered that can
potentially illuminate the actual and perceived impacts of Digital Twin adoption on ecological
performance.

4.3 Response rate

Among the potential 80 surveyed stakeholders, 50 surveys were to the stakeholders in different
regions, including car manufacturing, through the application of Google Forms. The response rate
was adequate to a point of 62.5 normally, which can be considered adequate to conduct a detailed
analysis, especially taking into account the stringent in which the participants are expected to
work. The exceptional audience interaction thus indicates the existence of a strong intrinsic
interest, not to mention the increased interest in the activities of digital transformation in the sector.
Besides the survey, 8 participants in such strategic roles as plant managers, sustainability officers,
digital transformation leads, and process engineers faced a semi-structured interview. These two
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interviews provided more qualitative information about the pragmatic implementation of Digital
Twin technology. Themes related to perceived sustainability benefits, the integration workload of
old systems, and the role of predictive analytics in waste reduction were examined, as well as the
question of the organization's cultures having the necessary readiness to adopt the new digital
tools. The qualitative data retrieved and combined with the survey data provided insight into
contextual and specialized viewpoints in the form of the industry, which extended the
interpretation of the setting under which Digital Twin technology is being established and
embraced in the automotive paint sector.

The results are reported in a descriptive form and include a summary of statistical findings, as well
as a thematic reflection of the qualitative data. The quantitative findings can show the capacity to
explain the real-life trends of adoption preparedness and the perceived impact, but the thematic
analysis can clarify the complexity of perceptions held by industry stakeholders about the
processes of change management, the complexities of the integration, and how change-
management products align with the sustainability goals of organisations.
The following sub-sections outline the findings by the major thematic regions with the
involvement of visual representations and interpretive commentaries to reflect the overall picture
of stakeholder opinions and operational realities when promoting Digital Twins to sustain
automotive painting processes.

Table 1: Response rates
Category Frequency Percentage (%)

Response 50 62.5

Non-response 30 37.5

Total 80 100
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4.3.1 Years of experience

The above chart reveals that most of the respondents have significant work experience, more so in
mid- and late-career levels, thus providing the study with expertise of those people who are likely
to have been exposed to numerous technological and operational shifts in the automotive
production. Their level of experience in the industry makes their views on digital twin adoption
more credible since these respondents will be able to compare the latest innovations with past
practice.

The more experienced respondents, who are represented by 36%, have 1-10 years of experience
and can introduce fresher perspectives, which can be more in line with the newly emerging digital
trend, possibly more open to innovation as well, to benefit the more experienced ones because of
their practical knowledge. Those with over 21 years have been found as 8 percent, and they provide
the strategic and historical view at a high level, but the smaller percentage implies less influence
on aggregated perceptions.
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4.4 Data Analysis

The use of an interpretivist epistemology makes it possible to investigate subjective experiences
of the stakeholders on the subject matter, as intending to apply Digital Twin technology to
automotive paint facilities, as observed by Kober et al. (2025). This method sheds light on the
technical, organizational, and sustainability dynamic, which drafts and accommodates an
implementation to the extent that it is characterized by knowledge bases and professional
backgrounds of who is involved and the institutional environments of operation. The generalized
conclusions gained through inductive discovery of particular observations enabled explaining
phenomena related to the issues of integration, sustainability benefits, and operational bottlenecks,
therefore, developing a base of knowledge regarding Digital Twin application in a complex
industrial environment.

The survey method of a case study survey made it possible to conduct a comprehensive exploration
of the Digital Twin rollout in both qualitative aspects and quantification of the perceived
improvements in the environment and operation, and business readiness values added. To add-on
the descriptive aspect, document- based analysis and in-depth interviewing have been used,
imparting a touch of keenness on how the environmental regulation, the digital maturity capability,
and the change-management capability drive the success of the Digital Twin activities. A cross-
sectional design was employed to explain controlling company practices, issues, and positioning
for success in an effort to contai a sonund basis of operational and strategic proposals that may be
proposed to be enacted within the short term.

The use of research methodology demanded a fragile balance between information richness in
narrative data and positive rigor, and, consequently, it was important to combine Google Forms to
conduct surveys with the assistance of the extensive analytical instruments, like thematic coding
and descriptive statistical methods. The juxtaposition was used to explore the intended data layer
in greater detail and provide the key insights, and view the Digital Twin application and the opinion
of stakeholders on a large scale. As a result, the findings were used to set the strategic priorities
that will improve sustainability performance in the automotive paint manufacturing plant.
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The in-depth interviews served their value as a complement to the data collected from the survey
since they provided additional insight into the viewpoints of the stakeholders regarding the use of
Digital Twin technology within the automotive paint plants. For this research, there was
participation from a sustainability officer, a process engineer, and a digital transformation lead,
who shared various experiences and viewpoints. The only recurring theme that was seemingly
across the interviews was indispensable positive optimism around applying nascent sustainability
with Digital twins, and every one of the interviewees put forward the fact that technology can
reduce greatly the amount of energy being consumed, waste, for paint as much as for water usage,
and even be at the center of addressing VOC emissions. The participants also told us that Digital
Twins enabled by predictive analytics and continuous monitoring would enhance process
improvement and help the facilities to adapt to the scenario of mounting stern environmental
regulations.

The awareness of challenges was revealed in the interviews. The key hurdles that were identified
included financial aspects and involvement of integration, which the respondents mentioned that
legacy systems in the paint facilities generally require significant change before the successful
execution of Digital Twins. Outside the technical difficulties, organizational readiness was an
adjustable challenge: a number of the interviewees had doubts either whether their business
operations had the necessary digital awareness, financial capacity, or managerial dedication to
encircle all the action and use of the technology. Although most of the interviewees stated that
there is a rapidly growing interest in sustainability-oriented revolutions at the executive level,
others responded with a lack of adequate top-level involvement, an ingredient that may serve as a
hold-up factor.

Other common design were tied to the importance of the preparedness of the workforce. All of the
interviewees emphasized that effective utilization of Digital Twins required an ongoing
programme of training and building digital literacy at the company employee levels. A little more
revealed that, without advanced efficiency-building initiatives, the potential of Digital twins is at
risk of being discredited through employees' gender of resistance and ignorance. Moreover, all of
them highlighted the need for cooperation among IT specialists, production staff, and sustainability
managers, characterizing the deployment of Digital Twins as a Interdisciplinary undertaking rather
than a technical correction. In general, the interview stories supported the survey results, as they
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capture a two-sided mentality in which stakeholders have great confidence in the benefits of
sustainability of Digital Twins, but on the same breath, issues of cost, complexity, and
organizational readiness remain very high.

4.4.1 My understanding includes the use of digital twins in automotive paint facilities

Figure 4.4.1: Showing results on how my understanding includes the use of digital twins in
automotive paint facilities

This distribution shows that there is a good amount of awareness of digital twin technology
amongst the stakeholders of the industry in automobile paint processes. On a strong/ slightly agree
combination of 96%, it is expected that participants are willing to engage in more discussion
towards implementation, derivations, and strategies on integration.

The involved 4% neutral constitutes a vital and minimalistic group through which capacity
building members experience the conceptually promising digital twin’s masterplan position, going
into showing practical demonstrations, instructive steps, or even pilots to convert the awareness
into action.

In change management terms, it is a good sign that there was no disharmony. This is an indication
of an open environment where the work can be done less against resistance and more efforts to



45

build support, move pilot projects, and get a cross-functional collaboration to provide greater
sustainability-influenced digital transformation.

4.4.2 The use of digital twins in my organization has directly engaged me as both an
implementer and user

Figure 4.4.2: Showing results on how the use of digital twins in my organization has directly
engaged me as both an implementer and user

The findings indicate that the majority of the respondents have had first-hand experience with
digital twin technology within their organizations as both implementers and users. Combined
scores of 84 percent (14% strongly agree, 70% slightly agree) portray hands-on involvement
showing significant practical exposure and actual operational expertise. 12 percent neutral,
suggesting little or derivative involvement, and only 4 percent show disagreement slightly, with
none disagreeing strongly. Such a distribution indicates a positive rate of active involvement,
whereby there are low rates of resistance and a small group that would be assimilated further by
special efforts such as project involvement and training programs.
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4.4.3 Digital twins create substantial sustainability improvements in the paint production
facilities of automotive companies

Figure 4.4.3: Showing results on how digital twins create substantial sustainability
improvements in the paint production facilities of automotive companies

Ninety-six per cent (26 per cent strongly agree, 70 per cent slightly agree) believe that digital twins
bring significant sustainability gains in a paint shop of an auto manufacturing facility, meaning
that the belief in the technology has little doubt relating to its environmental effects. The views of
the stakeholders are rather decisive, with 0% giving a neutral stance, 4% seeming slightly in
dissent, and 0% strongly in dissent. This high consensus represents high points of perceived value
and implies that the results of sustainability are a great motivation for the application of the digital
twin in this industry.



47

4.4.4 Digital twins can greatly reduce the environmental impact of automotive paint
processes

Figure 4.4.4: Showing results on how digital twins can greatly reduce the environmental
impact of automotive paint Processes

Ninety-eight percent of respondents (30 percent strongly agree and 68 percent slightly agree) have
confidence in the ability of digital twins to have a huge impact on reducing the environmental
impact of paints in automotive production. Stakeholders are highly convinced: there have been no
neutral responses, and 2 percent slightly disagree, which minimizes skepticism. The fact that they
can demonstrate such a large level of agreement demonstrates the potent parity between digital
twin adoption and sustainability goals in the industry of automotive paints.
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4.4.5 Becoming sustainable through digital twin adoption faces multiple acute obstacles

Figure 4.4.5: Showing results on how becoming sustainable through digital twin adoption
faces multiple acute obstacles

A total of 96 percent (30 percent strongly agree, 66 percent slightly agree) answer in the affirmative
that the problem of bringing sustainability by adopting the digital twin has numerous acute
impediments, hence, the marked agreement on the existence of formidable difficulties. There is
only minimal dismissal of these concerns, as only 2 percent are neutral and 2 percent only slightly
disagree, with no strong disagreement. The above implies that although stakeholders can see the
sustainability potential behind the use of digital twins, they equally perceive significant barriers
that include the complexity of the integration process, cost factor, and organizational preparedness
that need to be overcome to achieve successful implementation.
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4.4.6 I am concerned about the cost and complexity of integrating digital twins into existing
paint operations

Figure 4.4.6: Showing results on how I am concerned about the cost and complexity of
integrating digital twins into existing paint operations

An overwhelming 44 percent (8% strongly agree, 36 percent slightly agree) are worried that the
implementation of digital twins into the existing paint processes is an expensive and specialized
procedure, with only 42 percent sitting on the fence and suggesting there may not be a major issue
at all. It's downplaying the issue that is conducted by only 14 per cent of people (6 per cent slightly
disagree, 8 percent strongly disagree). Such a distribution implies that, even though almost half of
them admit cost and complexity as two obstacles, much uncertainty exists that can be resolved
with the help of clearer cost-benefit evidence, case studies, and step-by-step implementation plans.
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4.4.7 Implementing digital twins can lead to more energy-efficient operations in paint
facilities

Figure 4.4.7: Showing results on how implementing digital twins can lead to more energy-
efficient operations in paint facilities

The belief that the use of digital twins will enable the operations of paint facilities to be more
energy efficient is similarly overwhelming across all groups, with 96 percent agreeing (30 percent
strongly agree, 66 percent slightly) to the possibility of making paint facility operations more
energy efficient via digital twins. There are no neutral responses, which makes the stakeholders
sure of their opinions, whereas only 4 people slightly disagree, which suggests a low level of
skepticism. The high agreement points out energy efficiency as being one of the major expected
values, encouraging the adoption of digital twins in the automotive paint processes.
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4.4.8 Digital twins can improve overall resource utilization (e.g., paint, water, energy)

Figure 4.4.8: Showing results on how Digital twins can improve overall resource utilization

An overall 96 percent ( 16 percent strongly agree, 80 percent slightly agree) think that digital twins
can enhance the total use of resources, like paint, water, and energy, in the automotive paint shops.
This is indicated by the fact that the group has zero percent neutral responses with only 4 percent
slightly disagreeing, which reveals little doubt in the technology and how it will be efficient to a
great extent. Such a high level of agreement will highlight resource optimization as one of the
popular benefits of implementing digital twin technology in the field.
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4.4.9 My organization is currently well-prepared to implement digital twin technologies

Figure 4.4.9: Showing results on how my organization is currently well-prepared to
implement digital twin technologies

There is a major confidence in readiness as shown in the distribution, with 66 percent (20 percent
strongly agree and 46 percent slightly agree) of participants feeling that their company is well-
prepared to implement digital twin technologies. Nevertheless, 16 percent are undecided, and this
gives an indication that they are not sure what they can do, and 18 percent feel their organization
is not ready yet. Such a distribution indicates overall optimism but also represents the existence of
a significant minority fearing the deficit in preparedness, probably due to the infrastructure, skill,
or budget that would have to be first resolved before full-scale adoption.
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4.4.10 Senior leadership in my organization supports the adoption of digital twin solutions
for sustainability

Figure 4.4.10: Showing results on how Senior leadership in my organization supports the
adoption of digital twin solutions for sustainability

Together, 54 percent (14 percent strongly agree, 40 percent slightly agree) believe the top
managers facilitate the implementation of digital twin solutions to promote sustainability, which
is a moderate sign of support by top management. But 28 percent are neutral, indicating that they
do not know whether leadership is supportive, or that they see no evidence of that support, and 18
percent (6 percent slightly disagree, 12 percent strongly disagree) do not see any support. This
division reveals the point that, despite more than half observing leadership alignment, a
considerable number of stakeholders do not witness active promotion or think that something is
lacking that needs to be considered to implement it successfully.
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4.4.11 The use of digital twins in automotive paint facilities will become more widespread
in the next five years

Figure 4.4.11: Showing results on how the use of digital twins in automotive paint facilities
will become more widespread in the next five years

There is an overall positive attitude to the adoption speed, with a combined positive response of
72 percent (strongly/slightly agree), believing that the trend will increase in the use of digital twins
in automotive paint facilities in the next 5 years. 12 percent are either neutral, indicating an
undecided position about the overall rate or scale of adoption, whereas 16 percent (10 percent
slightly disagree, 6 percent strongly disagree) have a more negative view of the situation. This
implies a wide confidence level in expansion, but also that there is a minority that might question
the preparedness, priorities on investment in the industry, or the maturity of the technology.
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4.4.12 Digital twins will play a critical role in achieving long-term sustainability in
manufacturing

Figure 4.4.12: Showing results on how digital twins will play a critical role in achieving long-
term sustainability in manufacturing

This is the case with the strategic importance of digital twins since 90% of participants (24% and
66% strongly and slightly agree, respectively) believe that Digital Twins will play a critical role
in achieving long-term sustainability in manufacturing. The neutral on the scale is 4 percent, and
slightly disagreeing at 6 percent, with no strong disagreement, hence implying minimal skepticism.
This speaks to the overall trust in digital twins as an enabler of sustainability targets in the
automotive manufacturing industry.
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4.4.13 Digital twins need to lower VOC (Volatile Organic Compounds) emissions
throughout paint production facilities

Figure 4.4.13: Showing results on howDigital twins need to lower VOC emissions throughout
paint production facilities

A unanimous 92 percent (strongly agree - 14 percent) and (slightly agree 78 percent) believe that
digital twins should be used to reduce VOC emissions in paint manufacturing plants, with 6 percent
neutral and 2 percent slightly disagreeing on this green agenda; no one strongly objects. Such high
congruence indicates VOC reduction as a well-known and anticipated reality of digital twin
implementation choices in the production of automobiles.
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4.4.14 An organization needs proper training and digital literacy for effective digital twin
deployment

Figure 4.4.14: Showing results on how an organization needs proper training and digital
literacy for effective digital twin deployment

There is virtual unanimity on the recognition that skills development and digital literacy are key
players in the effective digital twin adoption, with 22 percent strongly agreeing and 74 percent
slightly agreeing. Slight disagreement and neutral are only 2% respectively, and there are no strong
disagreements, signifying little dissent. This agreement is significant in highlighting the fact that
specific capacity-building projects are needed to ensure that the stakeholders are in a position to
maximize the potential of digital twin technology in the automotive paint process.
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4.4.15 A successful digital twin implementation depends on collaboration between the IT
teams, production teams, and sustainability teams

Figure 4.4.15: Showing results on how a successful digital twin implementation depends on
collaboration between the IT teams, production teams, and sustainability teams

Ninety-eight percent (46 percent strongly agree, 52 percent slightly agree) agree that the key to
effective implementation of a digital twin involves a close collaboration of IT, production, and
sustainability departments, therefore, demonstrating near unanimity in believing that integration
across departments is essential. There is very little opposition, with 0% slight disagreement, and
2% strongly disagree; these numbers make this a decisive view, which is strongly presented by the
stakeholders.

The overarching consensus brings sound information that implementation of digital twins was
beyond a mere technical solution to the task and was a synchronized effort that requires meeting
of technology infrastructure, utilization force, and management of the tactics in the environment. .
Through this co-service, the system designs, data integration, and maximizing of the processes are
achieved in a way that can achieve both the effectual as well as maintainable aspects of the
automotive paint industry. In case there was no such cross-team cooperation, the potential of the
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technology might not be utilized to its best, or the implementation of the technology may not be
aimed at achieving the target of the organization.

4.5 Critical Reflection on Findings
Critical evaluation of the results is an objective yet incisive reflection on the revolutionary potential
and the drawbacks in applying Digital Twin technology to automotive paint shops. The results
reveal a strong consensus among stakeholders regarding the sustainability benefits of Digital
Twins, particularly in reducing energy consumption, VOC emissions, and material waste, thereby
supporting the assertion that this technology aligns with global sustainability standards. However,
this optimism is tempered by a realistic acknowledgment of significant challenges, including costs,
integration complexities, and the readiness of organizations. The data underscores that while
technological innovation is essential, its success is contingent upon human and institutional
adaptation; in this context, digital literacy, commitment from leadership, and collaboration across
departments are crucial. Furthermore, the reflection indicates that stakeholders perceive Digital
Twins not merely as tools for operational enhancement but also as catalysts for cultural and
systemic shifts towards sustainability. Consequently, this chapter critically situates the findings
within the broader narrative of data-driven innovation, highlighting both the promise and the
existing structural and strategic deficiencies that must be addressed to realize the vision of
sustainability through Digital Twin technology in the automotive manufacturing sector.
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CHAPTER FIVE
5.0 Discussion

The study findings insinuate that Digital Twin (DT) technologies can enable the realization of the
Sustainable Development Goals in the field of automotive painting. The majority of the
participants engaged in the survey have said that energy efficiency has vastly improved, emissions
have been minimized, and resources have been optimized after the adoption of DT systems. These
observations were supported by the results of the interviews, where interviewees suggested that
DT facilitated the excess paints finding alternative trade-offs, thus minimizing wastage of some
materials and rates of information defects. The results are relevant compared to those of Al Zami
et al. (2025), who observe that DTs have predictive ability that inhibits the explosion in the number
of industrial activities and dampens environmental effects. The same authors noted that precision
is directly related to sustainability performance in terms of paint shops and represents the facet of
sustainability that can be provided with the assistance of DTs, owing to prediction and real-time
carried out maintenance (Panyaram, 2024).

Despite the benefits, respondents found a list of challenges that act as impediments to the full
potential of the Digital Twins. Integration problems, high initial costs, and resistance amongst
organizations were most often pointed out to be the major challenges in the survey. Some
interviewees insisted that legacy infrastructure hindered the easy adoption of Digital Twins to be
used in the existing production lines, but the financial managers expressed their doubts about ROI.
The findings concur with those of Waqar et al. (2023), who reported that the challenge of wiring
the integration and high capital costs are among the most common hindrances to the
implementation of Digital Twin. Siraj et al. (2024) also posited that the degree of resistance to
digital transformation is notably frontline in the resource-intensive industries since there is an
issue of downtime associated with operations in the operational environment, as well as retraining
of the workforce.

The Digital Twins attitude among stakeholders depicts a spectrum of attitudes that is non-
homogeneous. An optimistic perspective is common among engineers and IT experts, as they put
the advantages of the data-driven characteristics of decision-making, production improvements,
and predictive analytics on the improvement of manufacturing processes. On the contrary,
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sustainability officers and compliance managers are more conservative, expressing an opinion on
data governance, alignment with regulations, and organizational preparedness. Such conflicting
opinions support the findings of Kober et al. (2024), who have documented that communication
disconnect among the stakeholders is often one of the obstacles that hinder the effectiveness of DT
initiatives. Van Dyck et al. (2023) posited that success would depend on the technology used, but
also the digital adoption of the organization and the ability to train its personnel and design cross-
functional activity.

Ultimately, the research underscores that Digital Twins have the potential to importantly improve
sustainability outcomes in automotive paint operations by providing a standard for process
optimization, predictive maintenance, and real-time monitoring. These results align with the
findings of Tzachor et al. (2022), who pictured a reminder that Digital Twin technologies can be
applied to many of the United Nations Sustainable Development Goals, most especially those
associated with responsible consumption and innovation in the industry. Also, there are still issues
with integration, cost, and cultural preparedness, a fact that indicates the process of widespread
adoption is not straightforward. The study by Zhu et al. (2024) is based its findings on this
observation, stating that organizational and technical barriers are still complex when it comes to
applying Digital Twins in different sectors.

While the sentiments regarding the value of Digital Twins were overall highly positive, the research
indicated that the sustainability effects are chiefly reliant upon the preparedness of companies to
integrate technology into their institutional environments and cultural contexts. Alojail & Khan
(2023) also emphasized this aspect, noting that digital transformation efforts have durable
consequences only when integrated within a favorable organizational culture and a sustainable
strategy.

The results demonstrate the advantages and issues associated with the implementation of Digital
Twin technology in automotive painting operations. While these serve as an effective means to
minimize environmental effects and improve operational efficiency, they also necessitate
significant financial investment, organizational changes, and compliance with regulations.
Resolving these hurdles through the employment of improved integration methods, capacity-
building initiatives, and stakeholder-to-stakeholder cooperation has the potential to facilitate the
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attainment of the complete sustainability potential of Digital Twins in the automotive industry and
beyond.

5.1 Conclusion
The present research was carried out to explore how Digital Twin (DT) technologies can be used
to make the automotive paint manufacturing plant more sustainable. It was found that the
application of DTs might create notable benefits in real-time monitoring, predictive maintenance,
and process simulation, which can deliver positive results in the sphere of energy conservation,
emissions reduction, and resource optimization. Among the findings is the conclusion that these
results can lead to the disdain of the most resource-intensive sections of the automotive industry
by the DTs to save costs and increase efficiency.

At the same time, the research determined that the implementation of Digital Twins is limited by
numerous challenges, including those that become apparent before the implementation. The limits
that were determined included the integration with the old systems, heavy pre-implementation
costs, and organizational structural resistance. Other concerns dealt with the probability of making
a positive balance of investments against the amount spent on the improvement of procedures and
the readiness of the organization to turn to this kind of transformative technologies.

These results support the importance of the fact that technological solutions will not suffice to help
address the problem; effective resolution would require a radical change in organisations and
leadership. Both the twin aspects of Digital Twin adoption were brought into consideration by the
perceptions of the policymakers. The engineers and the information technology specialists were
optimistic about the likely opportunities Digital Twins could provide, particularly in making data-
driven decision-making smooth sailing and improving operational integrity. However, the
compliance managers and the sustainability officers were cautious and pointed towards the issues
of digital maturity, regulatory compliance, and readiness for labour. The results indicate towards
the fact that achieving successful deployment of Digital Twins relies heavily on the readiness of
the stakeholders and culture, not to mention the inherent capability of the technology.

Digital Twins offer valuable results in terms of the sustainability of automotive paint and the
hallmark is that the physical production systems are combined with digital intelligence to make
the basis of Digital Twins that allow maximizing the use of the resources, minimizing the
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environmental footprints, and complying with more and more serious requirements of
sustainability. However, the potential of Digital Twin will be achieved upon overcoming financial,
technical, and organizational obstacles. It is imperative to make a targeted investment, develop
human resource capacities, and align regulatory regimes to allow further integration. Accordingly,
the information gained in this study can be a crucial source of information to the various industry
stakeholders and decision makers who aim at embracing the digital transformations in an attempt
to achieve sustainable manufacturing.

5.2 Managerial Implications and Recommendations

The results of this research assume that managers in the automotive manufacturing segment can
become progressive and strategically minded. It is best to pilot test from the start to prove the
success of concrete sustainability and efficiency improvements before engaging in a large-scale
rollout. Organizations have to invest in scalable digital infrastructure and work closely with tech
providers to manage technical and operational challenges that often occur during integration.
Ready organization is a very vital element of effective adoption, which can be heightened by use
of specific employee training and interdepartmental programs with engagement of information
technology, production, and sustainability functions, and executive sponsorship of the goals
associated with digital change. Also, it is also ideal that managers interact with decision makers
and regulatory organizations to establish Digital Twin activities within environmental laws and
apply incentive systems that allow the acceptance of digital innovations. All these measures will
allow automotive firms to maximize the advantages of Digital Twin technologies and realize
sustainability performance and long-term operation excellence.

5.3 Research Limitations

Despite the addition of valuable knowledge concerning the feasibility of Digital Twins technologies
in improving sustainability in the field of automotive paint shops, the study contains
methodological constraints. The research was partially based on the survey data and semi-
structured interview data, whose reliability may not be completely objective due to the possibility
of respondent bias and low applicability to other firms other than the studied sample. Also, the
cross-sectional design does not allow capturing long-term effects that Digital Twin implementation
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may entail, including energy savings in the long run or the development of organizational readiness
over the years. In addition, the emphasis on auto paint manufacturers restricts the implementation
field, hence limiting the results in other manufacturing settings. The specified areas of inadequacy
demonstrate the imperativeness of longitudinal studies and comparative research among the
industries forming the focus of Digital Twins to further develop the in-depth insights about the
contribution of Digital Twins to promoting sustainability in the context of varying business
ecosystems.

5.4 Theoretical Contribution
The current research forms an important theoretical addition to the available research on Digital
Twin technology as a socio-technical driver of sustainability in complex industrial systems, sand
paint plants in the automotive industry. Digital Twins can be used as a way to streamline
operational facilities as well as a tool of strategy that unites human, organizational, and technical
aspects; thus, reducing the links between the two theoretical paradigms; the research adapts the
modern schemas in the area. The results extrapolate the current literature on Industry 4.0 and
convergence with sustainability by clarifying the extent to which real-time data analytics
integration, predictive modeling, and cross-functional synthesis are applied to the
environmentally-responsible decision making. Further, the study suggests a model that directly
addresses a digital maturity, organization preparedness, and leader determination besides high
sustainability performance indicators, providing a serious analysis tool with which the association
between digital innovation and sustainable production is determinable. In curbing digital changes,
Digital Twins perform a set of corpus that make it easier to align the industrial development and
social welfare with technological development, and this integrative thinking has led to the research
of digital transformation in the field of scholarship.

5.5 Future Research

Future research must be longitudinal in nature with a focus on determining the long-term effects of
the implementation of Digital Twins on the achievement of sustainability and organizational
performance. Comparative test of different industries of the manufacturing sector would yield
more extensive knowledge on the issue of the transferability of results. Further investigation of
workforce adoption knowledge, executive commitment, and policy alignment can help clarify the
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social-technical forces informing the implementation of Digital Twins. Also, model-based cost-
benefit simulation to project the business case of Digital Twins investment could more completely
inform industry and government decision-makers of the short- and long-term benefits of these
systems.
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