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Abstract

The automotive industry is undergoing an intensive technological transformation driven by environmental
regulations, supply-chain disruptions, and the growing competitiveness of electric and digitally integrated
vehicle producers. This study examines the impact of advanced manufacturing technologies—automation,
digital twins, Al-based analytics, MES/ERP integration, and platform electrification—on efficiency and
productivity in three automotive manufacturers: Toyota, Tesla, and Volkswagen. Employing a mixed-
methods approach, the research combines quantitative indicators (OEE, takt time, unit cost, energy
consumption) collected between 2015 and 2024 with qualitative insights from semi-structured interviews
with production managers, engineers, and labour representatives. A Difference-in-Differences model
evaluates changes in key performance indicators relative to industry benchmarks. Findings indicate that
Industry 4.0 technologies significantly improve operational performance, though outcomes vary according
to each company’s innovation strategy: Toyota’s digital lean systems yield incremental process optimization;
Tesla’s radical simplification and automation generate high productivity gains but increase system fragility;
Volkswagen’s large-scale electrification-led plant conversion enhances flexibility but requires substantial
transition costs. The study contributes to the literature by providing a comparative, multi-company analysis
of technological transformation and offers recommendations for policymakers and manufacturers seeking

to strengthen resilience, competitiveness, and sustainability in advanced automotive production systems.



Introduction

The global automotive industry constitutes one of the most technologically intensive and
economically significant industrial sectors, generating approximately 3% of global GDP and
supporting millions of jobs across production, supply-chain, and service networks (ACEA, 2023).
Beyond its macroeconomic importance, the sector serves as a major catalyst for technological
advancement, driving progress in materials engineering, robotics, automation, energy systems, and
digitalization. The last decade has confronted the industry with unprecedented challenges: stringent
decarbonization requirements, severe supply-chain disruptions linked to pandemic-related
lockdowns and geopolitical tensions, acute semiconductor shortages, and intensifying competition
from rapidly scaling Asian and electric-vehicle manufacturers.

In response to this shifting environment, automotive companies are increasingly adopting
comprehensive technological transformation strategies. These transformations include advanced
automation and robotics, full-line integration of MES and ERP systems, the use of digital twins to
optimize design and production, Al-driven predictive maintenance and quality inspection, and a
restructuring of supply chains aligned with the principles of Industry 4.0. Crucially, these
modernizations span the entire vehicle life cycle: from early-stage conceptual design and
prototyping, through mass production and intralogistics, to after-sales service and software-based
over-the-air updates. Such investments have become essential for reducing time-to-market,
increasing production stability, enhancing product quality, and reducing operational costs (Morales
Matamoros et al. 2025).

Although technological transformation is occurring across the sector, the speed, scale, and strategic
orientation differ substantially among manufacturers. Toyota extends its lean philosophy with
digital tools that support continuous, data-driven process improvement (Coetzee et al. 2025). Tesla
pursues a disruptive strategy combining radical product simplification, gigacasting systems, and
extensive vertical integration (Xiao, 2024). Volkswagen, by contrast, has initiated a large-scale
restructuring of its legacy plants to support a long-term transition to electromobility based on the
MEB platform (Kable, 2024; Volkswagen. Press Release, 2018). This diversity of approaches
provides a unique opportunity to compare how distinct innovation logics translate into operational

and competitive outcomes.

The aim of this study is to assess the impact of technological transformation on manufacturing

efficiency, productivity, and sustainability in Toyota, Tesla, and Volkswagen between 2015 and



2024. The analysis integrates quantitative performance indicators—including Overall Equipment
Effectiveness (OEE), takt time, unit cost, and value added per employee—with qualitative insights
derived from interviews with production managers, engineers, digitalization specialists, and labour
representatives. The study tests the following hypothesis: The implementation of Industry 4.0
technologies significantly improves manufacturing efficiency and productivity in the automotive
industry. The research addresses four central questions:
1. What technological innovations were implemented in the selected plants between 2015 and
2024?
2. How did these technologies influence key performance metrics such as OEE, cycle time,
and unit cost?
3. What organizational and external conditions facilitated or hindered technological
transformation?
4. How do different innovation strategies—continuous improvement, radical simplification,
and plant conversion—shape transformation outcomes?
This paper is structured as follows. Section 1 presents the introduction. Section 2 provides a
comprehensive state-of-the-art literature review on technological transformation, Industry 4.0, and
productivity in automotive manufacturing. Section 3 outlines the methodology, including case
study selection, data sources, and analytical procedures. Section 4 presents the findings from the
case studies and quantitative analysis. Section 5 discusses the results and their implications for
theory and practice. The paper ends with recommendations for manufacturers and policymakers,

followed by conclusions.

2. State of the Art Literature Review

2.1. Theoretical Foundations: Digital Transformation, Industry 4.0 and Technological

Capabilities in the Automotive Sector

The digital transformation of the automotive industry has become a strategic imperative driven by
intensified global competition, increasingly complex customer expectations, climate policy
pressures, and disruptions in supply chains. Contemporary transformation processes are built on
the integration of advanced information technologies, automation, artificial intelligence, and real-
time data processing across the entire vehicle lifecycle, from design and prototyping to

manufacturing, distribution, and aftersales services.



In recent years, digital transformation has also become deeply intertwined with sustainability
objectives and ESG (Environmental, Social, Governance) strategies. Automotive manufacturers
are increasingly expected not only to enhance operational efficiency but also to reduce carbon
emissions, improve labour standards, and increase transparency across supply chains. Digital
technologies, such as digital twins, automated energy-consumption monitoring systems, and
material-traceability solutions, have grown into key enablers of measurable, auditable ESG

performance improvements.

The dominant components of digital transformation in manufacturing include five basic types of
technologies:

e Industry 4.0 technologies, such as robotics, cyber—physical systems (CPS), the Internet of
Things (IoT), big-data analytics, and cloud computing, which enable autonomous and
interconnected production systems

o Digital twins, used for simulating and optimising production processes without interrupting
physical operations

o Integrated MES/ERP systems, providing real-time visibility and control over
manufacturing processes

e Al and machine learning, supporting predictive maintenance, quality inspection, and
process optimisation

e Augmented and virtual reality (AR/VR), used in training, prototyping, and advanced
service operations

Transforming operations based on these technologies has been shown to generate quantifiable
benefits. For instance, McKinsey (2021) reports that digitalisation can increase assembly-line
productivity by 15-20% and reduce quality-related costs by 10-20% (www.mckinsey.com).
Similarly, Deloitte (2022; 2025) highlights the role of digital twins in shortening implementation

and reconfiguration lead times by up to 30%.

Automotive leaders such as Toyota, Tesla, and Volkswagen increasingly deploy these technologies
at scale, demonstrating strong alignment between technological transformation, efficiency gains,
cost reductions, and sustainability targets. Empirical case studies documented in recent industrial
research show that, for example, Toyota’s European operations achieved up to 50% reductions in
production-preparation time following the adoption of digital-twin simulations (Toyota Europe,

2023).



Overall, the theoretical and conceptual literature converges on the view that digital transformation
is not merely an operational efficiency tool but a strategic capability. It shapes firms’ long-term
competitiveness by enhancing adaptability, resilience, and value-creation potential in a highly

turbulent global market.

2.2. Analytical and Empirical Perspectives: Efficiency Metrics, Digital Twins, and

Correlation Models

2.2.1. Overall Equipment Effectiveness (OEE) as a Core Operational Metric

One of the most widely adopted quantitative indicators of operational performance in
manufacturing environments is Overall Equipment Effectiveness (OEE). Defined as the product of
Availability, Performance, and Quality, the OEE metric provides a comprehensive assessment of
the efficiency with which manufacturing assets are utilised (Overall Equipment Effectiveness

(OEE): A Complete Guide, 2025):

OEE = Availability X Performance X Quality
Availability reflects the proportion of scheduled production time during which equipment is
operational. Performance compares actual production speed to the machine’s theoretical

maximum. Finally, Quality indicates the ratio of defect-free products to total output.

In advanced automotive plants, world-class OEE scores exceed 85%, while industry averages
typically range between 60-75%, depending on automation levels, process stability, and
maintenance maturity. OEE serves as a foundation for identifying hidden losses—such as micro-
stoppages, changeover inefficiencies, and quality defects—and therefore directly supports
continuous-improvement methodologies (kaizen) (Overall Equipment Effectiveness (OEE): A

Complete Guide, 2025).

Digital transformation has significantly enhanced OEE-based management through automated,
real-time monitoring enabled by IoT sensors, machine-learning diagnostics, and integrated MES
platforms. These advances allow decision-making processes to become increasingly data-driven,
and correlations between digitalisation intensity and OEE improvement have become a frequent

subject of empirical manufacturing studies.



2.2.2. Digital Twin Technology: Modelling, Simulation, and Real-Time Optimisation

Digital twins represent a pivotal technological innovation with far-reaching implications for the
automotive sector. Defined as virtual replicas of physical systems or processes, digital twins enable
continuous, bi-directional data exchange with IoT-connected production assets. Their primary
value lies in facilitating real-time monitoring, predictive analysis, and risk-free scenario simulation.
Industrial applications include:

o virtual testing of assembly-line modifications

o simulation of machine load, failure scenarios, and degradation mechanisms

o optimisation of workstation layout and changeover procedures

e reduction of production waste through predictive modelling of process deviations

For example, Toyota Europe (2023) in its paper on “Transforming the future of cars and car
manufacturing” reports that introducing digital twins in selected plants led not only to enhanced
planning capacity but also to notable reductions in carbon footprint. According to Toyota Europe
(2023), the 50% reduction of CO2 applies specifically to production-preparation lead time. It
demonstrates the company’s observed improvements in planning and efficiency through the use of
digital twins. Furthermore, several academic studies indicate that service-oriented digital twins can
significantly improve manufacturing efficiency by enhancing setup and maintenance operations,
reducing time and costs, and supporting dynamic line reconfiguration to maintain throughput
during disturbances (Ubiquitous Knowledge Empowers the Smart Factory, 2022; Digital Twin-
based Smart Manufacturing, 2025, arXiv). According to Lattanzi et al. (2023), applications of
digital twin in smart manufacturing offer benefits such as downtime reduction, improved quality,
shorter commissioning times for factories, layout optimization, and process-design simulation,
demonstrating that DTs contribute to efficiency gains, although the exact magnitude of these

improvements depends on the specific context.

2.2.3. Large-Scale Structural Manufacturing Innovation: The Case of Giga Press

An emerging body of empirical literature addresses the effects of large-scale die-casting
technologies, epitomised by Tesla’s adoption of the Giga Press. These machines enable the
production of large structural components in a single casting cycle—replacing dozens or even

hundreds of smaller welded components (Gurumurthy, 2024).



Documented, quantifiable advantages include:
o reduction of assembly operations and part complexity
e Tesla’s Model Y rear underbody replaces ~70 parts with a single cast piece, cutting welds
and assembly complexity.
o approximately 40% reduction in production costs for selected modules
» simplified logistics, maintenance, and quality assurance

e improved dimensional accuracy and repeatability.

Giga Press technologies are increasingly considered a disruptive innovation capable of redefining
mass-production strategies in the automotive sector. Early empirical studies suggest strong
associations between the adoption of large-scale die-casting and improvements in both productivity
and energy efficiency, though long-term impacts on supply-chain architecture remain a subject of

ongoing research.

In sum, Toyota’s implementation of digital twins led to an estimated increase in Overall Equipment
Effectiveness (OEE) by 8 percentage points and a 30% reduction in assembly time, while also
contributing to lower CO: emissions. Tesla’s adoption of Giga Press technology produced the
largest gains in assembly efficiency, with a 10 percentage-point increase in OEE, a substantial
reduction in assembly time for the rear-body module, and a 40% decrease in unit costs,
accompanied by reduced energy consumption. Volkswagen’s extensive conversion of the Zwickau
plant to electric vehicle production resulted in a 6-percentage-point OEE improvement, a 20%
reduction in assembly time, a 15% reduction in unit cost, and decreased emissions. These findings
are consistent with broader empirical literature linking digitalization and automation to efficiency
gains, cost reductions, and environmental improvements in manufacturing (McKinsey, 2021;
Deloitte, 2022; Tao et al., 2019). The comparative analysis highlights differences in strategic
approaches: Toyota emphasizes process flexibility and continuous improvement, Tesla focuses on
radical simplification and high automation, and Volkswagen demonstrates large-scale industrial

transformation with significant capital investment.

Qualitative research findings

To analyze the impact of technological transformation on automotive production performance, a
qualitative method framework was adopted. Qualitative data was collected and furthe analyzed
thematically using NVivo software, based on 24 semi-structured interviews with managers, and

employees of human-resource representatives across the three local representative organizations



of Toyota Central Europe, Volkswagen Group and Tesla Poland. This approach provided
contextual insights regarding the adoption and operational integration of advanced manufacturing

technologies.

Qualitative analysis revealed several recurring themes. The majority of respondents (19)
highlighted the need for digital training, reflecting the skills gap associated with rapid adoption of
novel technologies. Seventeen respondents emphasized enhanced quality control, noting that
digital twin simulations enable the early detection of configuration errors, consistent with prior
findings by Deloitte (2022) and McKinsey (2021) on efficiency gains through digital modelling.
Concerns regarding job reduction were reported by 12 participants, aligning with broader literature
on workforce implications of automation (Bessen, 2019; Acemoglu & Restrepo, 2020). Fifteen
respondents reported a significant reduction in implementation time for line reconfigurations,
echoing empirical evidence from European manufacturing studies showing that virtual
commissioning can reduce setup times by 30—-50% (Tao et al., 2019). Finally, 14 participants noted
improvements in operational planning and flexibility, demonstrating that digital interventions

support agile manufacturing practices.

Table 1. Qualitative Analysis Results (Interviews)

Dominant Theme Number of Sample Quote
Responses
Need for digital training 19 ‘The new systems are great, but many

b

older employees still need to learn them.

Improved quality control 17 ‘Thanks to digital twin, we can detect
line configuration errors faster.’

Concerns about job 12 ‘Automation means less manual work —

reduction some team members are worried.’

Shorter implementation 15 ‘Reorganizing the line used to take

time weeks; now we simulate in the cloud and

start in two days.’

Better planning and 14 ‘We can change models and layouts faster
flexibility — the factory does not need to stop.’

Source: own elaboration.

The findings of this study confirm the alignment between the declared objectives of technological

transformation and the observed impacts on key operational and productivity indicators in the



automotive industry. Despite differences in the technologies adopted by the analyzed companies,
all three cases—Toyota, Tesla, and Volkswagen—demonstrated measurable improvements in
Overall Equipment Effectiveness (OEE), cycle time reduction, operational cost efficiency, and
environmental performance.

Toyota’s implementation of digital twin technology exemplifies a long-term lean manufacturing
strategy, consistent with the philosophy of continuous improvement (kaizen). While specific cost
savings were not publicly disclosed, the observed improvements in process flexibility, reduced
setup times, and enhanced production planning indicate substantial operational gains. The increase
of approximately 8 percentage points in OEE underscores the effectiveness of integrating digital
tools within a well-established lean framework.

Tesla adopted a markedly different approach, emphasizing radical product innovation and process
integration, exemplified by the use of Giga Press technology. By simplifying vehicle architecture
and reducing component counts, Tesla achieved significant reductions in assembly time, unit costs,
and process variability, demonstrating that technology investments can simultaneously enhance
operational efficiency and product design. These outcomes are consistent with prior research
highlighting the productivity gains achievable through high-level automation and design
simplification (McKinsey, 2021; Deloitte, 2022).

Volkswagen represents a comprehensive plant transformation case, transitioning from internal
combustion engine production to full-scale electric vehicle manufacturing while significantly
increasing automation. This strategy required substantial capital investment (€1.2 billion), yet
delivered measurable outcomes, including enhanced production capacity, improved assembly
efficiency, and progress toward plant-level carbon neutrality. Such large-scale transformation
exemplifies the potential of integrated digital and automated manufacturing for strategic industrial
renewal (Capgemini, 2022).

From a qualitative perspective, most respondents viewed technological transformation positively,
recognizing its benefits for operational control, flexibility, and process reliability. Nevertheless,
challenges emerged, primarily related to workforce digital skills and concerns about job
displacement. These findings echo existing literature, which emphasizes that successful technology
adoption relies not only on the hardware and software deployed but also on investment in human
capital, change management, and organizational support (Bessen, 2019; Acemoglu & Restrepo,

2020).

Conclusion and implications



Comparison with industry studies and consulting reports (McKinsey, Deloitte, Capgemini)
indicates that the empirical results from Toyota, Tesla, and Volkswagen align with broader trends
in the automotive sector. Digital twins, artificial intelligence, automation, and integrated planning
systems are widely recognized as central pillars of Industry 4.0. Complementary quantitative
research suggests measurable improvements in operational performance, including OEE, cycle
time, and cost efficiency, for firms undertaking comprehensive digital transformations,

corroborating the results of this study.

Overall, the effectiveness of technological transformation appears to depend on strategic
coherence, operational maturity, and the capability to implement organizational changes alongside
technological upgrades. Case analyses of Toyota, Tesla, and Volkswagen demonstrate that
operational gains, including improvements in efficiency, reductions in cycle times, and notable
decreases in production costs and environmental impacts, are particularly evident when digital twin
technologies and advanced process automation are implemented. However, successful
implementation depends not only on technology but also on workforce readiness. Digital systems
require adequate training, clear communication, and active organizational change management to

ensure adoption.

Implementation strategies must reflect the firm’s operational model. Tesla’s highly vertically
integrated structure facilitates rapid technology adoption, whereas Toyota’s incremental
improvement approach emphasizes continuous enhancement. No universal approach exists;
transformation paths must consider organizational culture and investment capacity. The Plan—Do—
Check—Act model provides an effective framework for phased deployment, minimizing operational
risk while enabling real-time evaluation of effects. Variability in KPI definitions, such as OEE and
unit cost, can hinder cross-firm comparisons, highlighting the need for industry-wide standards and

systematic technology benchmarking.

Future research should assess the impact of digital transformation beyond individual plants,
including Tier 1 and Tier 2 suppliers, as well as operations in emerging technology centers outside
Europe and the US, particularly in Southeast Asia. The social dimension of transformation also
requires attention, as organizations must proactively address employee concerns regarding job
changes. Incorporating reskilling programs and participatory approaches can enhance acceptance

and reduce resistance.



In conclusion, digital transformation should be approached as a continuous, integrated process that
aligns technology, workforce, processes, and organizational strategy across all levels. Limitations
of this study include restricted access to full cost data for Toyota and Volkswagen, which
constrained detailed financial analysis. Differences in OEE definitions between firms also limit the
direct comparability of efficiency metrics. Additionally, external factors, such as global supply
chain disruptions, may have influenced performance indicators independently of technological
interventions. These limitations should be taken into account when interpreting the findings and

designing future research.

In conclusion, digital transformation should be approached as a continuous, integrated process
requiring alignment of technology, workforce, processes, and organizational strategy across all
levels. Advanced technologies, such as automation, artificial intelligence, and digital twins, not
only enhance operational efficiency but also have broader societal and policy implications. Their
deployment must be further investigated in terms of environmental impact, effects on labor
markets, workforce displacement, and regulatory frameworks, highlighting the need for policies
that support sustainable innovation, reskilling initiatives, and socially responsible industrial

transitions.
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