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Abstract: The global concerns about fossil fuel utilization in the transport industry have made it imperative to consider alternative fuel options like compressed natural gas (CNG) for strategic energy planning. This study analysed strategic parameters of CNG utilization in Nigeria’s transport sector as policy intelligence for the national CNG initiative. An energy planning and foresight analysis framework was used over a 10-year time frame. The study determined that over 10 years, 226.65 billion litres of petrol would be used in the national transport sector which would require 152.56 Megatonnes of CNG. The CNG utilisation was projected to have 97.42 Megatonnes of CO2 emissions savings. The key factors militating against the utilization of CNG in Nigeria’s transport sector were identified as Inadequate Infrastructure (Mean rating: 9.43), High initial capital costs (9.11), Technical and safety concerns (8.98), Policy and regulatory limitations (8.72), Public resistance to change (8.70), Limited public awareness (7.96), and Security concerns in gas-producing regions of the country (5.23). The study recommended that the militating factors be addressed to facilitate the utilization of the CNG option. The study concluded that CNG utilization in the national transport sector was technically and environmentally feasible, and appropriate as an alternative transport fuel in Nigeria.
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1. Introduction
The transportation sector is vital in any nation’s economy concerned with the movement of people, goods, and resources over roads, water, pipelines, railways, and airspace, from one location to another. It is essential to socio-economic growth, linkages and interactions; as well as promoting trade, enhancing accessibility, and fostering global connectivity (Rodrigue et al., 2016). The transport sector includes the logistics industry (the planning and implementation of efficient transportation and storage of goods from source to consumption points) and the provision of transportation infrastructure (Stocchetti and Volpato, 2010; PwC, 2023). The sector consists of companies such as airlines/air freight, trucking, rail, marine/shipping, and logistics firms, and their respective infrastructure (PwC, 2023). The transport sector contributed 5% and 6.7% of the gross domestic product (GDP) of the EU and US respectively (BTS, 2023; EU, 2023; Statista.com, 2024). The sector, which is heavily dependent on fossil fuels, is a significant source of CO2 emissions globally.
In Nigeria, the transportation sector, which is grouped into four basic categories: rail, road, water and air transport, accounts for about 3% of GDP (Tradingeconomics.com, 2024). The sector is critical to the movement of people, goods and services, and is extremely vital to the national economy (Oxford Business Group, 2023). Nigeria’s roads are the backbone of the national transport network, handling an estimated 90% of all passenger and freight traffic (Oxford Business Group, 2023). This sector is also heavily dependent on fossil fuels like petrol and diesel, and is a significant source of CO2 emission in Nigeria (Aba et al., 2023)
The transport sector is arguably the largest consumer of fossil fuel in Nigeria, accounting for almost 100% of the domestic daily consumption of 50 million litres of petrol (NMDPRA, 2023). This huge fuel consumption is attended by concerns about availability, affordability and environmental consequences. In Nigeria, the national ideal aspiration is fuel supply, which is readily obtainable, inexpensive and environmentally friendly. This ideal situation, it is believed, would foster rapid socio-economic development and enhance the status of the country in the comity of nations. There is however a different reality. The transport fuel supply is erratic and cumbersome, very expensive, and contributes significant CO2 emissions.
Over the years, with fluctuating global oil prices, rising fuel costs, and growing environmental concerns, Nigeria urgently needed a more sustainable and cost-effective fuel alternative. The Federal and State Governments in Nigeria planned and developed several initiatives to address the transport sector and fuel supply challenges in the country, including promoting alternative transport modes, encouraging public transportation such as the bus rapid transport (BRT) system, and advocating public transport and energy policy measures such as alternative energy development including the biofuel and compressed natural gas (CNG) initiatives. 
Policy measures for CNG inculcation in transport fuel supply include the National Gas Expansion Programme (NGEP) and the Presidential Initiative on CNG (Pi-CNG) entailing functional incentives such as stimulating investments in the gas, infrastructure development (CNG refuelling stations and conversion centres), publicity on CNG advantages, and regulatory reforms for CNG industry growth (Usigbe, 2023). These efforts recognized that CNG (primarily composed of methane) was a promising solution, offering the potential to reduce costs, minimize environmental impact, and leverage the growing market potentials of the extant vast national natural gas proven reserves of about 206.53 trillion cubic feet (TCF) located onshore and offshore with concentration in the Niger Delta region (Lawal and Adeoye, 2022; NMDPRA, 2023). Countries like India and Brazil have successfully implemented CNG technology to reduce fuel costs and environmental pollution (Ugolo et al., 2024). 
Despite these measures, Nigeria’s transport fuel supply is still heavily dependent on fossil fuels, and the domestic CNG industry is undeveloped. In fact, in recent years, with the phasing out of fossil fuel cars in the EU, the Nigerian market has absorbed these cars, and with the growing population, urbanization and urban expansions, there has been greater demand for personal vehicles and petrol supply which has made the national situation more complex. Persistent transport fuel focus on fossil fuels could constrain personal finances, restrain the national economy, and stifle techno-economic growth and development, as well as national geopolitical significance. A critical limitation to national development and utilization of CNG in the transport sector, despite Nigeria having one of the largest natural gas reserves in the world, is the inadequate public appreciation of its advantages including cost savings, environmental friendliness, and expandable business opportunities. 
Thus, Nigeria must have a strategic understanding of the advantages of CNG inculcation in national transport fuel utilization via a strategic technology assessment of CNG utilization. The policy intelligence specifics entailed determining the equivalent CNG substitution for petrol utilization in the national transport sector determining CO2 emissions comparisons between the petrol and CNG options, and analysing the challenges to the CNG utilization in the country.
2. Literature Review
Several countries around the world, including India, Argentina, Pakistan, Iran and Italy, are utilizing CNG as transport fuel (especially in public transportation) in place of petrol and diesel due to it having greater environmental and economic benefits, as well as the domestic availability of natural gas, and significant government support (Ozkaya and Koc, 2021; Riyad et al., 2022; Agarwal et al., 2022).  Other countries like the US, Russia, Egypt, Turkey, Brazil, and China have also joined the CNG train. CNG implementation is considered a strategic approach to decreasing imported fuel dependence, eliminating greenhouse gas emissions, and reducing urban air pollution (Harmsen et al., 2020; Bonaventure et al., 2021). In spite of the challenges to its utilization including supply and infrastructure, CNG adoption is expected to increase globally as a strategic measure to the transition towards sustainable transportation (Zhou et al., 2020; Nair et al., 2021; Bishop et al., 2021; Sen et al., 2021; Chien et al., 2022)
CNG use in global transportation sectors has been reported to have significant cost and environmental advantages, not only reducing transport fuel emissions of CO2, nitrogen oxides and sulfur dioxide (Lyle, 2018; Ozkaya et al., 2021) but also improving fuel efficiency, mainly beneficial in urban environments with high traffic density (Zhou et al., 2020; Riyad et al., 2022) .and maintaining driving performance (Hashemian et al., 2013; Harry, 2014; Seboldt et al., 2016; Xie et al., 2017). Further benefits include fuel cost savings (Nair, et al, 2022), and significant government provisions like subsidies, rebates and tax incentives to mitigate infrastructure and vehicle conversion costs the costs of conversion Shah et al., 2021; Sen et al., 2021; Khan et al., 2023). Igbojionu et al. (2019) analysed the technical and economic viability of CNG as a public transport fuel in South-South Nigeria and determined that while the initial capital investment (mainly for acquiring CNG vehicles and constructing refuelling stations) was substantial, its use was technically and economically viable, with the project break-even within 5 years.
The Nigerian transportation sector is a significant contributor to greenhouse gas emissions, accounting for about 10% of the nation's total emissions (Oluwole et al., 2019; Odogun et al., 2019). Projections for energy demand in transportation show a consistent rise, largely due to rapid population growth, urbanization, and higher per capita incomes, with its attending pollution considerations (Dioha et al., 2020). CNG-powered vehicles typically last 2 – 3 years longer than conventional fuel-powered vehicles due to the cleaner nature of CNG, leading to reduced maintenance needs (Ogulowo et al., 2015). Furthermore, CNG vehicles have more efficient engines, extended spark plug life, and less frequent oil changes (Ubani et al., 2018), as well as higher brake thermal efficiency indicators (5-12% higher) (Khan et al., 2015.
These advantages notwithstanding, several identified challenges to CNG utilization exist including, but not limited to, methane leakage (Bishop et al., 2021), limited range of the CNG-fuelled vehicles due to the energy density necessitating bigger gas tanks for comparative range (Chien et al., 2022), as well as supply chain, vehicle availability and infrastructure limitations such as non-availability of service stations or even vehicles across developing countries (Stocchetti and Volpato, 2010; Agarwal et al., 2021; Bonaventura et al., 2021).
3. Methodology
The study utilised an energy technology foresight analysis framework premised on strategic analysis for robust evidence-based decision-making. This framework is not for enabling the prediction of the future but rather is the process of creating the future desired (Yim, N. D). Its methods are qualitative (expert panels and genius forecasting), semi-quantitative (Delphi techniques and system/structural analysis) and quantitative (extrapolation, indicators, and modelling simulation), deployed individually or interactively (Yim, N. D). Specifically, in this article, expert opinion 
This makes it imperative to provide a strategic assessment of the industry via a robust science policy analysis as critical policy intelligence for CNG sector policy development in Nigeria. The specifics of this policy intelligence entailed determining the equivalent CNG substitution for petrol utilization in the national transport sector as well as analysing the financial cost and environmental viability of CNG utilization in the country.
Achieving the first objective (determining the CNG equivalence to national transport petrol utilization) entailed obtaining data on total national petrol consumption per annum from the Nigerian Midstream and Downstream Petroleum Regulatory Authority (NMDPRA), petrol-to-CNG conversion factors from the International Energy Agency (IEA). The national population estimates were also obtained from the National Bureau of Statistics, while extant petrol consumption per capita was obtained from a research article. A ten-year projection model was developed from these data.
Achieving the second objective (determining CO2 emissions comparisons between the petrol and CNG options) entailed estimating carbon dioxide emissions from petrol and CNG using appropriate conversion factors obtained from the International Energy Agency (IEA), and analysing the data over the study period using material balance analysis.
Achieving the third objective (analyzing the challenges to CNG utilization in Nigeria) entailed administering expert inquiry forms to 10 purposively selected energy engineering specialists from the Nigerian Society of Engineers (NSE), Obafemi Awolowo University, Ile-Ife branch. The questions elicited information on the factors militating against CNG utilization in Nigeria. These factors were identified from the literature and included inadequate infrastructure (e.g. CNG refuelling stations), high initial capital costs, limited public awareness, policy and regulatory limitations, security concerns in gas-producing regions of the country, technical and safety concerns, and public resistance to change. The respondents rated these factors on a 10-point Likert-like scale, where 1 was the lowest rate and 10 was the highest rate.
4. Results and Discussion
4.1	Determining the Compressed Natural Gas (CNG) equivalence to national transport petrol utilization
Estimated petrol consumption in Nigeria from 2024 to 2034 is in the range of 18.25 – 23.13 billion litres/year, with a total estimation of 226.65 billion Litres (Table 1). In replacing this petrol consumption with CNG, it was determined that the equivalent CNG demand would be in the range of 12.41 – 15.73 Megatonnes/year with a total estimation of 154.52 Megatonnes. This amount is extremely minute compared to the proven reserves in Nigeria estimated at 206 trillion cubic feet (14.039 trillion tonnes or 14,039 gigatonnes). Nigeria’s proven reserves are 90,855 times the estimated CNG consumption over the 10 years. This is a clear indicator of how huge the proven reserves are. This analysis is also a strategic indicator of national capabilities for CNG utilization in the transport sector as it provides critical evidence that there is adequate domestic supply of natural gas to meet national transport fuel demand. 
Table 2: Estimated Annual Petrol and CNG Demand in Nigeria
	

	Annual Petrol Demand
 (Bil Litres)
	Potential Annual CNG Demand
(Megatonnes)

	2024
	18.25
	12.41

	2025
	18.69
	12.71

	2026
	19.14
	13.01

	2027
	19.59
	13.32

	2028
	20.07
	13.64

	2029
	20.55
	13.97

	2030
	21.04
	14.31

	2031
	21.54
	14.65

	2032
	22.06
	15.00

	2033
	22.59
	15.36

	2034
	23.13
	15.73

	
	226.65
	154.12



4.2	Determining CO2 Emissions Comparisons between the Petrol and CNG Options
CNG utilization is estimated to lead to carbon dioxide emissions reductions every year from 2024 to 2034 (see Table.1), with a total estimated carbon dioxide emissions reduction over the study timeframe at 97.46 Megatonnes. This huge reduction in carbon dioxide emissions is expected to have significant advantages for the Nigerian economy. It would not only reduce air pollution and waste, but it would also lead to significant health improvement through the reduction of respiratory diseases, Furthermore, it is expected to stimulate upgrading industrial processes, increase efficiency and lower production costs, thus presenting new opportunities for economic growth and development and the attainment of zero-carbon status for the nation.


Table 3: The Estimated CO2 Emissions Savings between the Petrol and CNG Options
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	Annual Petrol Demand
(Bil Litres)
	Potential Annual
CNG Demand
(Mt)
	Petrol:
CO2 Emissions (Mt)
	CNG: CO2 Emissions (Mt)
	CO2 Emissions Savings (Mt)

	2024
	18.25
	12.41
	41.97
	34.13
	7.85

	2025
	18.69
	12.71
	42.98
	34.94
	8.04

	2026
	19.14
	13.01
	44.01
	35.78
	8.23

	2027
	19.59
	13.32
	45.07
	36.64
	8.43

	2028
	20.07
	13.64
	46.15
	37.52
	8.63

	2029
	20.55
	13.97
	47.26
	38.42
	8.84

	2030
	21.04
	14.31
	48.39
	39.34
	9.05

	2031
	21.54
	14.65
	49.55
	40.29
	9.26

	2032
	22.06
	15.00
	50.74
	41.26
	9.49

	2033
	22.59
	15.36
	51.96
	42.25
	9.71

	2034
	23.13
	15.73
	53.21
	43.26
	9.95

	
	226.65
	154.12
	521.29
	423.83
	97.46



4.3	Analyzing the Factors Militating Against the Utilization of CNG in Nigeria’s Transport Sector 
The critical factors identified as militating against the utilization of CNG in Nigeria’s transport sector were: Inadequate infrastructure (e.g. CNG refuelling stations) (mean rating = 9.43), high initial capital costs (9.11), technical and safety concerns (8.98), policy and regulatory limitations (8.72), public resistance to change (8.70), limited public awareness (7.96) (see Table 4). Security concerns in gas-producing regions of the country (5.23) were deemed a medium factor.
These findings indicate that the stakeholders in the CNG utilization ecosystem may need fast-track actions on CNG infrastructure development and capital cost reductions in order to capitalise on the perceived benefits from the carbon dioxide emissions reductions which the option offers. The potential benefits of CNG utilization in the national transport sector may not be attained unless these key challenges are addressed comprehensively. These factors are discussed further:
i. Inadequate Infrastructure 
One of the major obstacles is the lack of sufficient infrastructure for CNG distribution and refuelling. Currently, there are limited CNG refuelling stations across the country, especially in key urban areas. The absence of a widespread gas pipeline network and refuelling facilities makes it difficult for vehicle owners to adopt CNG as an alternative.


Table 4: Factors Influencing the Utilization of Compressed Natural Gas (CNG) in Nigeria’s Transport
Sector
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	Factors
	Mean
Rating
	Modal
Rating

	1
	Inadequate infrastructure (e.g. CNG refuelling stations)
	9.43
	10

	2
	High initial capital costs
	9.11
	8

	3
	Technical and safety concerns
	8.98
	10

	4
	Policy and regulatory limitations
	8.72
	7

	5
	Public resistance to change
	8.70
	8

	6
	Limited public awareness
	7.96
	6

	7
	Security concerns in gas-producing regions of the country
	5.23
	5



(On a scale of 1 – 10 where 1 is the lowest Rate and 10 is the highest Rate)
(1 – 3 (Low); 4 – 6 (Medium); 7 – 10 (High))

ii. High Initial Capital Costs
The conversion of gasoline or diesel vehicles to CNG requires a significant upfront investment, which includes the cost of conversion kits and the establishment of CNG refuelling stations. These high initial costs deter both public and private sector investments in CNG vehicles and infrastructure, particularly in regions where financial resources are limited.
iii. Limited Public Awareness
There is a general lack of awareness among the Nigerian public regarding the benefits of CNG as an alternative fuel. Many people are unfamiliar with the economic and environmental advantages of CNG, and as a result, adoption rates remain low. Public education campaigns and awareness programs are needed to increase understanding and encourage a transition to CNG.
iv. Policy and Regulatory Challenges
Although Nigeria has adopted some emission standards, there is a lack of robust policies and regulations specifically geared toward the promotion and standardization of CNG as a vehicular fuel. Inconsistent policies, inadequate incentives for adoption, and the absence of a clear regulatory framework hinder the widespread use of CNG in the transportation sector.
v. Security Concerns in Gas-Producing Regions
Most of Nigeria’s natural gas reserves are located in the Niger Delta, a region that faces security challenges, including militancy and vandalism of pipelines. These issues pose risks to the stability and expansion of CNG infrastructure, as well as to the overall availability of natural gas for domestic use.
vi. Technical and Safety Issues
The lack of standardized quality control for vehicle conversions and the absence of regular audits of conversion workshops raise safety concerns. Poorly conducted conversions can lead to gas leaks, vehicle malfunctions, and potential safety hazards. Establishing stringent safety regulations and regular inspections is crucial to ensure the success of the CNG program.
vii. Resistance to Change
Many vehicle owners, particularly those in the commercial transport sector, are reluctant to switch from traditional fuels to CNG due to concerns over performance, range, and reliability. Without proper incentives and assurances regarding the efficiency and long-term cost savings of CNG vehicles, there is hesitation to make the transition.
Addressing these challenges will require concerted efforts from both the government and the private sector to invest in infrastructure, raise awareness, enforce regulatory measures, and provide financial incentives for the adoption of CNG in Nigeria's transportation sector.
5. Recommendation and Conclusion
5.1 Recommendation
Nigeria has a significant opportunity to harness its abundant local natural gas reserves to establish a comprehensive CNG program aimed at mitigating the pollution generated by the large fleet of older vehicles powered by diesel and gasoline, which currently lack adherence to any mandated emissions standards. The following recommendations can assist the Nigerian government in effectively implementing CNG as a vehicular fuel:
i. Prioritize Key Cities for the Implementation of a City Gas Distribution System
To effectively implement the CNG program, it is vital to focus on key cities with high traffic volumes and significant motorization rates e.g. Lagos, Port Harcourt, and Ibadan. Developing a gas pipeline infrastructure at the city level is essential for establishing efficient refuelling systems that can support many vehicles. Accurate demand forecasting will be necessary to design these refuelling systems appropriately. Furthermore, it is important to determine the optimal number of refuelling stations that can be directly connected to the pipeline to enhance accessibility and operational efficiency.
ii. Prioritize the Transition of High-Mileage and More Polluting Vehicles to Maximize Emission Reductions
To achieve significant emissions reductions, it is crucial to focus on transitioning high-mileage vehicles, including public transport and paratransit, as well as heavily polluting diesel-powered heavy-duty vehicles. Setting fleet-wide targets will be essential for the effective planning and implementation of this transformation. Buses, in particular, should be treated as a priority segment that requires special attention to ensure a successful transition to cleaner alternatives.
iii. Implement Emission Standards and Safety Regulations for CNG Vehicles
As Nigeria continues to promote local vehicle manufacturing and assembly, it is crucial to establish emissions standards and safety regulations to ensure the effective integration of CNG technology. These standards will clarify the technological pathways required to achieve significant emissions reductions. Developing comprehensive emissions and technical regulations, along with a certification testing process for vehicles, is essential for establishing a successful CNG program. While Nigeria has currently adopted Euro II emission standards, the CNG initiative should aspire to meet higher targets, such as Euro IV standards, which could also drive the adoption of more advanced technologies for diesel and gasoline vehicles.
iv. Establish a Monitoring and Compliance Framework for the CNG Conversion Program
As Nigeria permits the conversion of on-road vehicles using conversion kits, it is vital to implement a comprehensive monitoring and compliance framework. The experience in India demonstrates that inadequate quality control in vehicle conversions, combined with a lack of audits and certification for conversion workshops, can heighten the risks of gas leakage and safety concerns. To address this, it is essential to certify conversion kits according to the specific make and model of vehicles. Furthermore, technical assessments will be necessary for converting very old imported vehicles. Nigeria should also consider a scrappage program to identify end-of-life vehicles that should be decommissioned rather than converted.
In the context of successful conversions, the example of Delhi, India, illustrates the importance of setting clear standards. Authorities there opted not to convert old diesel buses to CNG, mandating instead the purchase of only new CNG buses. Conversion techniques have been effectively employed for three-wheelers and passenger vehicles, including cars and taxis. To ensure the effectiveness and safety of these conversions, a certification system for conversion kits is necessary, along with regular audits of conversion workshops to maintain quality control. Additionally, establishing emissions and safety standards for all converted vehicles will be crucial for the program's success.
v. Address Pricing and Taxation of CNG to Ensure Competitiveness with Mainstream Fuels
Nigeria has implemented a fuel pricing policy that makes diesel, a fuel associated with higher toxic emissions, more expensive than gasoline. This approach is commendable and should be further enhanced to ensure that the price of compressed natural gas (CNG) remains the most affordable option among all mainstream fuels. To achieve this, a favourable taxation policy is essential, which will not only support the competitiveness of CNG but also alleviate cost pressures on public transport services.
By establishing a pricing structure that favours CNG, Nigeria can encourage the adoption of cleaner fuels and promote a shift away from more polluting alternatives. This strategy will not only benefit the environment by reducing emissions but will also provide economic relief for public transportation, making it more accessible and affordable for the general population. Implementing effective pricing and taxation policies for CNG is crucial for creating a sustainable and environmentally friendly transportation sector in Nigeria.
vi. Need for Skill Development to Generate Employment in the CNG Sector
The implementation of the CNG program necessitates a comprehensive set of technical regulations, as well as repair and maintenance practices, which present significant opportunities for skill development and job creation. By focusing on training and upskilling workers in these areas, Nigeria can tap into the potential economic benefits associated with a growing CNG sector.
Leveraging this opportunity for skill-building not only enhances the workforce's capabilities but also supports the overall growth of the sector. As more individuals are trained in CNG-related skills, it will lead to increased employment opportunities and contribute to the country's economic development. Investing in skill development in the CNG sector is essential for maximizing the benefits of this cleaner fuel initiative while fostering job creation and economic resilience.
5.2	Conclusion
The use of CNG in Nigeria's transportation sector holds immense potential for reducing greenhouse gas emissions and increasing energy security. However, to realize these benefits, the Nigerian government and private stakeholders must address the infrastructural and policy-related challenges. With the right strategies, CNG could revolutionize the Nigerian transportation sector, leading to a cleaner and more sustainable future.
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