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Abstract

Green manufacturing is increasingly important to industrial competitiveness, environmental protection,
and sustainable development in emerging economies. This article reports a mixed-methods assessment
of green manufacturing adoption in six Nigerian manufacturing firms and proposes an integrated
sustainable production framework for wider industry application. The study drew on 108 valid ques-
tionnaire responses from technical manufacturing personnel and six semi-structured interviews with
senior managers across food and beverages, metals and engineering, chemicals and pharmaceuticals,
building materials, plastics and packaging, and textiles and apparel. The findings show that awareness is
higher than implementation: 74.1% of respondents were at least moderately familiar with green manu-
facturing, while only 5.6% reported full implementation. Material-use optimization, preventive
maintenance, hazardous-waste disposal, and emissions monitoring were the most established practices.
Renewable-energy use and energy-conservation training were the least implemented. Cost-reduction
opportunity was the strongest adoption driver, followed by management commitment, government reg-
ulation, and employee health and safety. The most severe implementation constraints were high initial
investment costs, limited financial resources, and inadequate technical expertise. Reported outcomes
indicate that green manufacturing has generated positive environmental, social, and economic benefits,
especially reduced waste generation, improved worker health and safety, improved corporate reputa-
tion, and lower operating costs. Building on these findings, the article advances a six-stage framework
that integrates Life Cycle Assessment, Environmental Management Systems, cleaner production,
circular-economy practices, enabling finance and skills, and continuous performance monitoring. The
framework is designed for phased implementation in Nigeria’s infrastructure- and capital-constrained
manufacturing environment.

Keywords: green manufacturing; sustainable production; Nigeria; cleaner production; circular
economy; life cycle assessment; environmental management systems; resource efficiency; industrial
sustainability; sustainable development

1 Introduction

Manufacturing is indispensable to employment creation, technological advancement, and national
economic development. However, conventional production systems are also associated with high
material and energy consumption, emissions, process waste, hazardous effluents, and resource
depletion. Green manufacturing provides an alternative industrial approach that seeks to reduce
these impacts while protecting productivity, quality, profitability, and worker welfare (Abualfaraa et
al,, 2020; Khalfallah and Leitdo, 2024; Polo et al., 2025).

Green manufacturing extends beyond pollution control. It involves integrating environmental consid-
erations throughout product design, material sourcing, production, maintenance, distribution,
recovery, and end-of-life management. This orientation is consistent with the principles of cleaner
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production, resource efficiency, Environmental Management Systems (EMS), Life Cycle Assessment
(LCA), and circular economy practices. Firms that integrate these principles can reduce waste,
improve process efficiency, strengthen compliance, and build long-term industrial resilience (Chen
and Rojniruttikul, 2025; Setyadi et al., 2025; Zhang et al., 2024).

Nigeria's manufacturing sector is strategically positioned to support industrial diversification and
employment but faces persistent challenges related to unreliable energy supply, aging machinery,
financial constraints, weak access to clean technologies, limited technical capacity, and fragmented
environmental-management practices. Although Nigeria’'s Energy Transition Plan establishes a
national net-zero ambition toward 2060, industrial implementation requires practical frameworks
that translate policy commitments into plant-level action (Energy Transition Office, 2022; Manufac-
turers Association of Nigeria [MAN], 2023).

Existing evidence in Nigeria indicates growing awareness of sustainability and green practices, but
adoption remains uneven across firms and subsectors (Mohammed, 2025; Nwamekwe et al., 2025;
Oke et al,, 2025). The challenge is not merely awareness; it is the absence of a context-sensitive
implementation pathway that combines environmental assessment, management systems, cleaner
technology, circular resource flows, financing, skills, and monitoring.

This article is derived from Usak’s (2026) thesis, Integration of Green Manufacturing Principles for
Sustainable Production System in Nigerian Manufacturing Industries. It presents the empirical
findings in publication format and develops an operational framework for Nigerian industry. The
article has four objectives:

1. To assess the level of green manufacturing awareness and adoption among selected Nigerian
manufacturing firms.

2. To identify key drivers and barriers influencing adoption.
3. To examine reported environmental, economic, and social outcomes.

4. To propose an integrated sustainable production framework suitable for phased
implementation in Nigerian industry.

The study contributes to the literature by providing empirical evidence from six manufacturing
subsectors and by translating the findings into a practical framework based on LCA, EMS, circular
economy, cleaner production, skills development, finance, and performance monitoring.

2 Methodology

2.1 Research design

The study adopted a sequential explanatory mixed-methods design, combining a structured
quantitative survey with qualitative interviews of senior manufacturing managers. Mixed-methods
research is appropriate where numerical patterns require contextual explanation from organizational
decision-makers and operational experience (Creswell and Plano Clark, 2018).

The quantitative component measured green manufacturing awareness, policy status, implementa-
tion practices, adoption drivers, implementation barriers, sustainability outcomes, future intentions,
and required support mechanisms. The qualitative component provided managerial perspectives on
institutional readiness, investment constraints, energy challenges, operational practices, and the
conditions needed for scale-up.
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2.2 Study population and scope

The study focused on six manufacturing subsectors with substantial resource use and environmental
relevance:

Food and beverages

Metals and engineering
Chemicals and pharmaceuticals
Building materials

Plastics and packaging

A T o e

Textiles and apparel

Six formally registered manufacturing firms were selected, representing the six subsectors. The
survey targeted technical employees involved in production, operations, quality assurance,
maintenance, and environmental or sustainability functions.

A total of 120 questionnaires were administered, and 108 valid questionnaires were returned,
producing a 90.0% response rate. In addition, all six planned senior-manager interviews were
completed, yielding a 100% qualitative response rate.

2.3 Sampling procedure

A multistage sampling approach was used. At the institutional level, firms were purposively selected
based on operational history, formal registration, workforce size, sectoral representation, and
willingness to participate. Within firms, respondents were selected from production, operations,
quality, maintenance, and environmental-management functions.

The sample-design logic was informed by Yamane’s (1967) sample-size principles and stratified re-
spondent selection to ensure that participants possessed relevant knowledge of production systems,
resource use, maintenance, waste management, and sustainability activities.

2.4 Data collection instrument

The questionnaire used a five-point Likert scale:

Table 1. Five-point Likert scale used in the questionnaire.

Scale Interpretation

1 Very low / strongly disagree / never
2 Low / disagree / rarely

3 Moderate / neutral / sometimes

4 High / agree / often

5 Very high / strongly agree / always

The instrument covered four implementation domains:

Table 2. Implementation domains and key indicators covered by the instrument.

Domain Key indicators

Resource efficiency Material-use optimization, water conservation, recycling, process optimization
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Domain Key indicators

Waste minimization =~ Waste reduction, recycling, hazardous-waste disposal, lean practices
Energy optimization Efficient equipment, energy monitoring, renewable energy, conservation training

Pollution Environmental materials, cleaner technologies, emission monitoring, preventive
prevention maintenance

The questionnaire was reviewed by academic and industrial experts. Pilot testing and internal-
consistency procedures were applied before full deployment. Reliability evaluation was guided by
Cronbach’s alpha standards, with a = .70 considered acceptable for multi-item measures (Cronbach,
1951; Hair et al,, 2019).

2.5 Data analysis

Quantitative data were analyzed using descriptive statistics, including frequencies, percentages, and
mean scores. The study also used ranking logic to compare drivers, barriers, and implementation
practices. Qualitative interviews were transcribed, coded, and analyzed thematically in line with
Braun and Clarke’s (2006) thematic-analysis approach.

The study used the following conceptual pillars:

« ISO 14040/14044 Life Cycle Assessment for environmental hotspot identification;

«ISO 14001 Environmental Management Systems for governance, documentation, and
continuous improvement;

e Circular economy principles for recycling, recovery, reverse logistics, and waste minimization;
and

¢ Triple Bottom Line performance for environmental, economic, and social outcomes (ISO,
20064, 2006b, 2015; Jali et al., 2025).

3 Results and discussion

3.1 Response rate and firm characteristics

The 90.0% survey response rate indicates strong participation by the selected firms. The complete
participation of senior managers also strengthened the qualitative component by ensuring that
strategic views on sustainability investment, technology adoption, and operational constraints were
represented.

The largest proportion of respondents came from food and beverages firms (34.3%), followed by
metals and engineering (22.2%) and chemicals and pharmaceuticals (18.5%). Building materials,
plastics and packaging, and textiles and apparel accounted for 12.0%, 8.3%, and 4.6%, respectively.

Most respondents worked in medium- and large-sized companies. Firms with 101-250 employees
represented 38.9% of the sample, while firms with 251-500 employees represented 25.9%. More
than half of the surveyed firms had been in operation for over 20 years, suggesting that the study
largely captured established companies with substantial production experience and legacy operating
systems.
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3.2 Green manufacturing awareness, policy and implementation gap

The study identified a substantial awareness-to-implementation gap. A total of 74.1% of respondents
were familiar, very familiar, or moderately familiar with green manufacturing principles. However,
only 5.6% reported that green manufacturing practices were fully implemented within their compan-
ies.

Table 3. Environmental policy and implementation status among participating firms.

Indicator Category Frequency Percentage

Environmental policy Formal written policy 50 46.3
Informal guidelines 32 29.6
Under development 18 16.7
No policy 8 7.4

Green manufacturing implementation Fully implemented 6 5.6
Partially implemented 32 29.6
Beginning implementation 28 259
Planning to implement 26 24.1
No implementation 16 14.8

Note. Adapted from Usak (2026).

The result demonstrates that many organizations have developed environmental policies or informal
sustainability guidelines, yet these commitments have not consistently translated into comprehensive
shop-floor implementation. Similar gaps between sustainability intention and operational execution
have been reported in developing-country manufacturing contexts, where investment risk, weak
infrastructure, and constrained technical capacity slow the transition from policy to practice (Kato
and Manchidi, 2025; Liang et al., 2023; Zhang and Li, 2025).

3.3 Implementation of green manufacturing practices

Preventive maintenance to avoid spills and leaks had the highest mean score (M = 3.83), followed by
proper hazardous-waste disposal (M = 3.76), material-use optimization (M = 3.65), and regular
emissions monitoring (M = 3.57). The lowest-scoring practices were renewable-energy use (M =
2.65), energy-conservation training (M = 2.89), and cleaner-production technologies (M = 3.00).
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Lean manufacturing 3.02
Cleaner-production technologies 3.00
Energy-conservation training 2.89

Renewable-energy use 2.65
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Mean score (1 = very low, 5 = very high)

Figure 1. Mean scores for green manufacturing practice implementation among 108 respondents. Preventive
maintenance, hazardous-waste disposal, and material-use optimization were more established than renewable-energy
use, energy-conservation training, and cleaner-production technologies. Source: Field survey, 2026; adapted from
Usak (2026).

The results indicate that Nigerian firms tend to prioritize practices with immediate operational
relevance and relatively low capital requirements. Preventive maintenance, material optimization,
waste reduction, and emissions monitoring can often be implemented through better procedures,
supervision, housekeeping, and incremental equipment improvement. In contrast, renewable-energy
systems and cleaner production technologies require larger capital investments, technical expertise,
supplier access, and more reliable infrastructure.

This pattern is consistent with research showing that lean-green approaches often begin with
operational efficiency and waste reduction before progressing to capital-intensive decarbonization
technologies (Abualfaraa et al., 2020; Elemure et al., 2023; Khalfallah and Leitao, 2024).

3.4 Drivers of green manufacturing adoption

The highest-ranked driver was cost-reduction opportunity (M = 4.20), followed by management
commitment (M = 4.07), government regulations (M = 4.05), and employee health and safety (M =
4.04). Competitive advantage (M = 3.56) and customer requirements (M = 3.67) were comparatively
less influential.

Table 4. Drivers of green manufacturing adoption.

Rank Driver Mean score

1 Cost-reduction opportunities 4.20
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Rank Driver Mean score
2 Management commitment 4.07
3 Government regulations 4.05
4 Employee health and safety 4.04
5 Corporate social responsibility 391
6 Brand-reputation enhancement 3.81
7 Customer requirements 3.67
8 Competitive advantage 3.56

Note. Scale: 1 = not important; 5 = very important. Adapted from Usak (2026).

The dominance of cost reduction as a driver suggests that green manufacturing should be communic-
ated to Nigerian firms as a resource-efficiency and operational-improvement strategy, rather than
only as an environmental obligation. This does not diminish environmental responsibility; rather, it
recognizes that investment decisions in resource-constrained settings are strongly influenced by
measurable financial outcomes.

Management commitment is equally critical because green transformation requires changes in pro-
curement, maintenance, production planning, employee training, environmental reporting, and
investment allocation. Prior research supports the role of leadership commitment and green
orientation in translating sustainability initiatives into improved organizational performance (Chen
and Rojniruttikul, 2025; Kouser et al., 2025).

3.5 Barriers to green manufacturing adoption

High initial investment cost was the most serious barrier (M = 4.09), followed by limited financial
resources (M = 3.96), lack of technical expertise (M = 3.94), limited access to green technologies (M =
3.83), and inadequate infrastructure (M = 3.81).
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(a) Leading adoption drivers

Cost-reduction opportunities 4.20
Management commitment 4.07
Government regulations 4.05
Employee health and safety 4.04
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(b) Leading implementation barriers
High initial investment cost 4.09
Limited financial resources 3.96
Lack of technical expertise 3.94
Limited access to green technologies 3.83
Inadequate infrastructure 3.81
T T T T 1
0 1 2 3 4 5

Mean score (1 = very low, 5 = very high)

Figure 2. Comparison of the strongest reported adoption drivers and implementation barriers. The results show that
firms are motivated by potential cost savings but constrained by finance, technical skills, technology access, and
infrastructure. Source: Field survey, 2026; adapted from Usak (2026).

The result highlights a policy paradox: firms recognize the benefits of green manufacturing and are
willing to adopt it, but they cannot easily finance or technically implement the required transition.
This challenge has also been reported across Sub-Saharan Africa, where industrial sustainability is
affected by infrastructure limitations, high cost of capital, limited access to low-carbon technologies,
and insufficient regulatory or financing support (Aquilas et al., 2024; Mohammed, 2025).

The findings suggest that awareness campaigns alone are insufficient. Effective interventions must
address financing, technology access, energy reliability, workforce capability, and practical
implementation support.

3.6 Environmental, economic, and social outcomes

The study recorded positive outcomes across all Triple Bottom Line dimensions. Environmental
performance had the highest overall mean score (M = 3.82), followed closely by social performance
(M = 3.79); economic performance was positive but lower (M = 3.42).
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Environmental performance 3.82
Social performance 3.79
Economic performance 3.42
I T T T T 1
0 1 2 3 4 5

Mean score (1 = very low, 5 = very high)
Figure 3. Comparative Triple Bottom Line outcomes of green manufacturing implementation. Environmental and social
outcomes were stronger than immediate economic outcomes, suggesting that financial returns may require a longer

investment horizon. Source: Field survey, 2026; adapted from Usak (2026).

Table 5. Reported sustainability outcomes of green manufacturing implementation.

Dimension Outcome Mean score
Environmental Decreased waste generation 3.94
Reduced material consumption 3.85
Reduced emissions and pollution 3.85
Lower energy consumption 3.65
Economic Reduced operational costs 3.57
Enhanced competitiveness 3.52
Improved profitability 3.37
Increased market share 3.20
Social Improved worker health and safety 3.96
Enhanced company reputation 3.87
Better community relations 3.70
Increased employee satisfaction 3.63

Note. Scale: 1 = strongly disagree; 5 = strongly agree. Adapted from Usak (2026).

The finding that waste reduction scored highest among environmental outcomes is important. It
suggests that many firms are obtaining early sustainability benefits through material management,
improved process control, disposal practices, and maintenance. These interventions can reduce
material losses and disposal costs while building internal confidence for larger sustainability invest-
ments.

The social-performance result is also notable. Improved worker health and safety received the
highest score of all outcome indicators (M = 3.96). Green manufacturing should therefore be
understood not only as an environmental strategy but also as an occupational-health, employee-
welfare, and stakeholder-relations strategy. This aligns with Triple Bottom Line theory, which argues
that sustainable organizational performance requires simultaneous attention to environmental,
economic, and social value creation (Jali et al., 2025).
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3.7 Future adoption intentions and support requirements

Future adoption intentions were strongly positive: 44.4% of respondents selected “definitely yes,”
while 31.5% selected “probably yes,” producing a combined positive intention of 75.9%. Only 11.1%
expressed negative adoption intentions.

The most preferred support mechanisms were government incentives or subsidies (63.0%), technical
training and expertise (57.4%), access to green technologies (51.9%), and financial assistance or
loans (48.1%).

Table 6. Preferred support mechanisms for green manufacturing adoption.

Rank Required support mechanism Frequency Percentage
1 Government incentives/subsidies 68 63.0
2 Technical training and expertise 62 57.4
3 Access to green technologies 56 51.9
4 Financial assistance/loans 52 48.1
5 Industry best-practice guidelines 46 42.6
6 Research and development support 40 37.0
7 Regulatory clarity 36 333
8 Customer-demand creation 28 25.9

Note. Adapted from Usak (2026).

The high willingness to adopt indicates that Nigeria has a favorable foundation for sustainability
transition. However, willingness must be matched by enabling institutions. Government incentives,
concessional green finance, industry training, technological partnerships, and university-industry
collaboration can reduce perceived risk and support credible implementation.

4 Proposed green manufacturing adoption and sustainable production framework

The proposed framework integrates the empirical findings with internationally recognized sustainab-
ility practices. It is designed as a cyclical, phased model rather than a one-time compliance exercise.
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Nigeria context

Reliable energy * green finance ¢ regulation « industrial clusters ¢ university-industry collaboration

1. Diagnostic baseline and LCA 2. EMS and governance 3. Cleaner production and
resource efficiency

Energy, material, water, waste ISO 14001 policy, leadership, targets,
and emissions mapping roles and documentation Maintenance, process optimization,
efficient equipment

Sustainable production outcomes

Environmental « Economic * Social

6. KPI monitoring, audit and 5. Skills, technology and 4. Circular economy and
continuous improvement finance enablers waste valorisation
Dashboards, reviews, corrective Training, green finance, technology Reduce, reuse, recycle, recovery

action and reporting transfer and partnerships and reverse logistics

Figure 4. Proposed Green Manufacturing Adoption and Sustainable Production Framework for Nigerian industry. The
framework integrates baseline assessment and LCA, EMS-based governance, cleaner production, circular economy
practices, skills and finance enablers, and continuous monitoring. The model is designed for gradual implementation,
beginning with low-cost operational improvements and progressing toward capital-intensive technology upgrades.
Source: Developed from Usak (2026) and adapted from ISO 14001, ISO 14040/14044, circular-economy, and
sustainable-manufacturing literature.

4.1 Framework interpretation

4.1.1 Diagnostic baseline and life cycle assessment

Firms should begin by measuring material use, energy consumption, water use, waste generation,
emissions, maintenance losses, and hazardous-material streams. LCA provides a systematic basis for
identifying environmental hotspots across a product’s life cycle and prioritizing areas where
intervention will have the greatest effect (ISO, 2006a, 2006b; Lizarzaburu-Aguinaga and Benites
Alfaro, 2026).

4.1.2 EMS and governance

Firms should adopt an EMS aligned with ISO 14001. Key actions include creating environmental
policies, assigning management responsibility, setting measurable targets, maintaining compliance
records, conducting internal audits, and implementing corrective actions. EMS adoption transforms
sustainability from an informal activity into a managed organizational system (Castelluccio et al,,
2026; IS0, 2015).
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4.1.3 Cleaner production and resource efficiency

The first operational priorities should be practical, low-cost actions that produce immediate benefits:

e preventive maintenance;

e material-use optimization;

¢ leak and spill prevention;

e process optimization;

e waste segregation;

e energy monitoring;

« efficient lighting and motors; and

e production-loss reduction.

These measures are particularly suitable for firms facing capital constraints because they can
generate savings that support subsequent investments.

4.1.4 Circular economy and waste valorisation

The framework requires manufacturers to move from a linear “take-make-dispose” model toward
resource circulation. Practices include source reduction, reuse, recycled-content procurement,
production-waste recovery, by-product exchange, packaging redesign, reverse logistics, and industrial
symbiosis. Circular operations can reduce dependency on virgin materials while creating value from
waste streams (Davidaviciene et al., 2026; Olipp et al., 2025; Setyadi et al., 2025).

4.1.5 Skills, technology, and finance enablers

The study confirms that finance and skills are central constraints. Therefore, green manufacturing
implementation should be supported by:

 low-interest green loans;

o tax relief for clean equipment;

e industrial energy-efficiency funds;

e technical training in LCA, EMS, energy management, and cleaner production;
e university-industry technical partnerships;

e supplier partnerships for cleaner technologies; and

e industrial-cluster service platforms.

Digital tools, sensor systems, artificial intelligence, and digital twins may progressively strengthen
monitoring and decision-making, but should be introduced according to each firm'’s readiness and
financial capacity (Fan et al., 2025; Sajadieh and Noh, 2025; Shaban et al., 2026).

4.1.6 KPI monitoring, audit, and continuous improvement

A national or firm-level framework should track a small set of practical performance indicators:

Table 7. Suggested key performance indicators for monitoring green manufacturing.

KPI Suggested formula
Energy intensity Total energy consumed / units produced
Material intensity Total raw material input / units produced
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KPI Suggested formula

Waste intensity Total waste generated / units produced

Water intensity Total water used / units produced

Recycling rate Recovered material / total waste generated x 100
Emission intensity Total GHG emissions / units produced
Green-training coverage Employees trained / total employees x 100
Green-investment return Annual savings / green investment cost x 100

Monitoring should be linked to management review, internal audit, production reporting, and
investment decisions.

5 Recommendations

5.1 Establish green manufacturing finance facilities

The Federal Government, Bank of Industry, commercial banks, development-finance institutions, and
state governments should establish concessional green-credit facilities for energy-efficient
equipment, renewable-energy systems, waste recovery, cleaner technologies, and environmental
monitoring systems.

Financial interventions should include:

e low-interest loans;

e credit guarantees;

¢ equipment-leasing arrangements;

e accelerated depreciation for green assets;
e tax incentives; and

e performance-based grants for verified resource savings.

Green finance is essential because high initial cost and limited financial resources were the most
severe barriers reported in the study. Green investment should also be linked to credible
environmental-performance targets and reporting requirements (Ozoemena et al., 2026).

5.2 Strengthen technical capacity and workforce training

Manufacturers Association of Nigeria, engineering institutions, universities, polytechnics, and
environmental regulators should jointly develop modular training programmes on:

¢ LCA and environmental hotspot analysis;
¢ [SO 14001 EMS implementation;

e energy management;

e preventive maintenance;

e waste minimization;

e material-flow analysis;

e circular-economy design; and

e environmental performance reporting.
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Training should be tailored to the operational realities of SMEs and medium-sized manufacturers.
Technical capability is necessary for translating environmental policy into measurable operational ac-
tion.

5.3 Prioritize low-cost, high-impact quick wins

Firms should not postpone green manufacturing until they can afford major technology upgrades.
Initial implementation should prioritize preventive maintenance, material-use optimization,
hazardous-waste control, waste segregation, energy tracking, efficient lighting, leak detection, and
process housekeeping.

These early interventions are likely to generate visible savings, improve employee engagement, and
create the business case for more capital-intensive investments. This phased approach is consistent
with lean-green manufacturing best practice (Abualfaraa et al., 2020; Elemure et al., 2023).

5.4 Develop industrial-cluster sustainability platforms

Industrial clusters should establish shared services for energy audits, waste processing, technical
training, environmental testing, technology demonstration, and sustainability reporting. Shared
platforms can lower transaction costs for individual firms, particularly SMEs.

Cluster-based implementation can also support industrial symbiosis, where one company’s waste
becomes another company’s raw material or energy input. Such collaboration is particularly relevant
for packaging, food processing, plastics, textiles, chemicals, and metal-processing industries.

5.5 Improve electricity reliability and renewable-energy access

Reliable and affordable electricity is essential for green manufacturing. Public policy should improve
industrial-grid reliability, while firms should be encouraged to evaluate solar photovoltaic systems,
energy storage, efficient motors, variable-speed drives, and energy-management systems.

Renewable-energy adoption was the lowest-scoring green practice in the study. Addressing this
requires reducing financing barriers, improving technical support, and strengthening access to
quality equipment and maintenance services.

5.6 Introduce standardized industry sustainability reporting

MAN, regulators, and professional bodies should develop sector-specific reporting templates for
energy, water, materials, waste, emissions, safety, and recycling performance. Standardized reporting
would help firms benchmark performance, identify gaps, qualify for incentives, and demonstrate
progress to customers and investors.

5.7 Support research, innovation, and local technology adaptation

Further research should evaluate the techno-economic feasibility of green technologies under
Nigerian operating conditions. Priority areas include renewable-energy integration, low-cost waste
treatment, circular packaging, industrial wastewater recovery, local fabrication of energy-efficient
equipment, digital monitoring systems, and green supply-chain design.

Innovation partnerships should involve universities, manufacturing firms, local technology providers,
regulators, and development partners. Research-industry partnerships are particularly important for
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adapting global technologies to Nigeria’s infrastructure and cost conditions (Vrchota et al., 2020;
Wang et al., 2025).

6 Summary and conclusions

This study assessed green manufacturing adoption in selected Nigerian manufacturing firms and
developed a practical sustainable-production framework. The findings show that green manufactur-
ing awareness and policy development are increasing, but full implementation remains limited.
Although 74.1% of respondents reported at least moderate familiarity with green manufacturing
principles, only 5.6% reported full implementation.

The practices most commonly implemented were preventive maintenance, hazardous-waste disposal,
material optimization, and emissions monitoring. Renewable-energy use, energy-conservation
training, and cleaner production technologies were less established, reflecting financial, technical,
infrastructure, and technology-access constraints.

Cost-reduction opportunities were the strongest adoption driver, while high investment cost, limited
financial resources, and lack of technical expertise were the leading barriers. The results further
demonstrate that green manufacturing provides meaningful environmental, social, and economic
benefits. Decreased waste generation, improved worker health and safety, enhanced company reputa-
tion, and reduced operational cost were among the strongest reported outcomes.

The proposed framework recommends a phased pathway built around:

Baseline assessment and LCA;

EMS and governance;

Cleaner production and resource efficiency;
Circular economy and waste valorisation;

Skills, finance, and technology enablers; and

AN

KPI monitoring, audit, and continuous improvement.

The central conclusion is that Nigeria's green-manufacturing transition should not be treated as a
purely environmental agenda. It is an industrial-efficiency, worker-safety, competitiveness, cost-
management, and national-development strategy. With targeted green finance, practical training,
reliable energy, enabling regulation, industrial-cluster collaboration, and measurable performance
indicators, Nigerian manufacturers can progressively move from fragmented sustainability practices
to integrated sustainable production systems.
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