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Abstract

:

Natural gas flaring, with its harmful environmental, health, and economic effects, is common in the Nigerian oil and gas industry because of a lower tax regime for flared gases. Based on the adverse effects of flared gas, the Nigerian government has renewed and improved its efforts to reduce or eliminate gas flaring through the application of natural gas utilisation techniques. However, because the conventional approach to flare gas utilisation is heavily reliant on achieving scale, fuel, and end-product prices, not all technologies are technically and economically viable for typically capturing large and small quantities of associated gas from various flare sites or gas fields (located offshore or onshore). For these reasons, this paper reviews and compares various flare gas utilisation options to guide their proper selection for appropriate implementation in the eradication of routine gas flaring in Nigeria and to promote the Zero Routine Flaring initiative, which aims to reduce flaring levels dramatically by 2030. A qualitative assessment is used in this study to contrast the various flare gas utilisation options against key decision drivers. In this analysis, three natural gas utilisation processes—liquefied natural gas (LNG), gas to wire (GTW), and gas to methanol (GTM)—are recommended as options for Nigeria because of their economic significance, technological viability (both onshore and offshore), and environmental benefits. All these gas utilisation options have the potential to significantly reduce and prevent routine gas flaring in Nigeria and can be used separately or in combination to create synergies that could lower project costs and product market risk. This article clearly identifies the environmental benefits and the technical and economic viability of infrastructure investments to recover and repurpose flare gasses along with recommendation steps to select and optimise economies of scale for an associated natural gas utilisation option.
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1. Introduction


Processes such as gas flaring and venting increase CO2 emissions, but because flaring is less hazardous than venting, it is often the preferred method used in oil and gas operations to discard unwanted gases [1,2]. Gas flaring is the regulated combustion of unwanted associated natural gas (ANG) or trapped gas produced during the extraction, processing, and refining of oil and gas, petrochemical processes, landfill gas extraction, and coal-bed methane production [3]. It is an environmentally hazardous technique of removing excessive associated natural gas through combustion and processing operations during routine oil and gas production [4,5]. The disadvantages of gas flaring have long been identified and include global warming caused by greenhouse gas emissions, economic waste, energy loss, ecosystem disruption, negative health effects, and so on [6,7,8]. Several factors, which may be economic, technological, or regulatory in nature, such as a lack of gas infrastructure and technologies, poor policies guiding gas-flaring reduction, technological costs and processes, and a lack of gas markets to commercialise the product, impede the rapid eradication of gas flaring [9]. Natural gas is frequently an unwelcome by-product of the oil extraction process. Developers must either find a useful outlet for this associated gas, such as delivering it to consumers (which would necessitate infrastructure development), using it onsite for operational energy, or injecting it for pressure support or permanent disposal [10,11]. When operators fail to secure any of these alternatives, they may instead choose to burn the gas on a permanent or semi-permanent basis during production or use non-emergency flaring and venting (which causes even more environmental damage than flaring) [11]. In 2021, thousands of gas flares at oil production sites around the world burned approximately 144 billion cubic meters (bcm) of gas, the productive use of which would be worth more than USD 20 billion at current prices [12]. Assuming a ‘standard’ associated gas composition, a flare combustion efficiency of 98%, and a global warming potential for methane of 25, each cubic meter of associated gas flared results in approximately 2.8 kg of CO2 equivalent emissions, totalling over 400 million tons of CO2 equivalent emissions per year [13,14]. The annual CO2 equivalent emissions are increased by approximately 100 million tons on this basis. Methane emissions caused by inefficient flare combustion contribute significantly to global warming. This is especially true in the short to medium term, as methane is more than 80 times more powerful than carbon dioxide as a warming gas over a 20-year timeframe, according to the Intergovernmental Panel on Climate Change [13].



Flaring is more easily avoidable than many other sources of GHG emissions [15,16]. The gas could potentially replace more polluting fuels like coal and diesel, which produce more emissions per unit of energy [15]. Moreover, due to lower GHG emissions, biomass pyrolysis may also be a viable choice as a renewable and clean fuel [17]. However, the focus of this study will be on the utilisation of ANG, which is gas associated with oil in the reservoir. Black carbon, also known as soot, is another pollutant released by gas flares in addition to GHG emissions. Black carbon is formed by the incomplete burning of fossil fuels, and despite only staying in the atmosphere for a few days or weeks, it may have the second-largest warming effect after carbon dioxide [13]. Routine gas flaring also denotes a missed opportunity to provide hundreds of millions of people with a useful energy source—as such, over 700 million people still lack access to energy, and an estimated 620 million people will still lack access in 2030, with 85% of them in sub-Saharan Africa [18]. Nigeria (the key country of interest for this paper) is regarded as one of the world’s leading contributors of greenhouse gases because of its widespread gas flaring. The production or industrial activities on oil platforms, refineries, and chemical and coal plants in the Niger Delta region (a key location in Nigeria because of its vast hydrocarbon reserves) are the most common sources of gas flaring in Nigeria, accounting for more than 6.5 bcm of total annual flare gas in 2021. Following various efforts by all participants (government, oil and gas companies, and private and public partnerships), various technological methods such as the liquefied natural gas (LNG) process, gas re-injection, and so on have been applied and found to be successful to some extent [19]. Gas market availability for economic purposes, as well as a better regulatory process to support the government’s 2030 zero-emission initiative, have also contributed to a reduction in gas flaring, but not sufficiently [20,21]. Nigeria announced in 2016 that it would include a gas utilisation scheme prohibiting non-emergency flaring in new field development plans by 2020. Even though Nigeria successfully reduced flared gas volumes by 70% between 2000 and 2019, significant flaring continues at many sites across the country [10]. Since the discovery of the negative impact of gas flaring activities in the oil and gas industry, flare gas utilisation has emerged as the best option to mitigate the negative impact of soaring gas flaring processes in both developed and developing oil- and gas-producing countries around the world. Natural gas utilisation methods include the use of a combination of technologies to collect, recycle, and use the waste gases produced (both on a large and a small scale) during oil and gas production activities for purposes other than flaring [4]. The use of flare gas has provided opportunities for developed and developing nations endowed with abundant hydrocarbon fuels to achieve high sustainability development for future use. Due to the difficulties involved in collecting, recycling, and utilising flare gases associated with oil and gas activities, such as an inaccessible geographic location, a lack of a gas market, expensive gas technologies, a lack of gas infrastructure for storing and transporting the gases, and so on, flare gas utilisation techniques are still not fully employed in the oil and gas industry [9,16]. Flare gas utilisation systems still have the capability of completely eradicating gas flaring processes. The aim of this paper is to perform a qualitative assessment of gas flaring utilisation options against various key decision drivers and their comparison as a guide in the proper selection of these options suitable for natural gas utilisation in Nigeria. This will ensure technical and economic feasibility and positive environmental impact through the reduction in routine gas flaring while also minimising CO2 emissions. A rapid reduction in gas flaring levels in Nigeria and in oil and gas methane emissions is required for all pathways out of the current crisis, and it is critical to the design and achievement of the nation’s Sustainable Development Goals. Eliminating routine flaring would already be a significant step towards this goal of rapidly reducing flaring levels by 2030.




2. Overview of Gas Flaring


2.1. Global Gas Flaring


Flaring is a problem in locations with little natural gas infrastructure [22]. In the early days of petroleum discovery, natural gas was not a practical fuel since it was difficult to move or handle. Gas was either burned off in the well or released into the atmosphere to prevent fires caused by equipment failure or human error. The amount of hydrocarbons or fossil fuel generated, stored, refined, and consumed is directly proportional to gas flaring emissions [23].



According to the GAO [23], approximately 3% (three percent) of the natural gas produced is flared, which tends to be a small proportion on the surface but reflects a large amount of unused natural capital. According to data from the World Bank’s Global Gas Flaring Reduction collaboration and the US National Oceanic and Atmospheric Administration (NOAA), oil production fell by 6% in 2021 (from 82 million barrels per day (bpd) in 2019 to 77 million bpd in 2021), while global gas flaring fell by 4% (from 150 bcm in 2019 to 144 bcm in 2021)—roughly equivalent to Central and South America’s natural gas demand. This resulted in approximately 361 million tonnes (Mt) CO2 and nearly 39 Mt methane (240 Mt CO2-eq) [10,14]. The United States accounted for 70% of the global decline, with gas flaring falling by 32% between 2019 and 2020, owing to an 8% drop in oil production coupled with innovative infrastructure to use gas that would otherwise be flared [18]. Since the first of two satellites was launched in 2012, Russia, Iraq, Iran, the United States, Venezuela, Algeria, and Nigeria have remained the top seven gas-flaring countries for nine years in a row, accounting for approximately 75 percent of all gas flared and 50 percent of global oil production. The 144 bcm of natural gas flared in 2021 could have produced approximately 1800 Terawatt hours (TWh) of energy, accounting for nearly two-thirds of the European Union’s net domestic electricity generation, or more than Africa’s current annual electricity demand [14,18]. From 1996 to 2021, the amount of gas flared (in million cubic meters) and the amount of oil generated are seen in Figure 1. While oil production has increased by roughly 20% since 1996, the amount of associated gas flared has decreased by 13%. This indicates that the oil industry is making progress as a long-standing correlation between oil production and gas flaring is gradually decoupled [14]. Most of the global flaring is caused by a small number of large flaring sites. In 2020, 12% of flare sites contributed 75% of total flaring volume globally [18]. Figure 2 depicts the most recent ranking of 10 countries that flare gas between 2012 and 2021. Figure 2 shows Russia’s dominance as the world’s leading gas flaring region, with 25.4 bcm of natural gas flared in 2021, followed by Iraq (17.8 bcm), Iran (17.3 bcm), the United States of America (USA) (8.7 bcm), Venezuela (8.2 bcm), and Algeria (8.1 bcm) [14]. Nigeria is positioned seventh in the ranking of the top 30 flaring countries with a volume of 6.6 bcm, accounting for more than 40% of Africa’s total annual flare volume.




2.2. Gas Flaring in Nigeria and Efforts to Reduce Gas Flaring in Nigeria


Flaring in Nigeria is linked to the first-ever hydrocarbon export from Nigeria [24]. According to the Department of Petroleum Resources, Nigeria has 159 oil fields and 1481 wells in operation [25,26]. With an estimated 37 billion barrels of proven crude oil reserves, Nigeria has the second largest crude oil reserves in Africa, behind Libya [27,28]. Despite remaining in the top seven flaring countries, Nigeria has reduced its gas flaring by 70% over the last 15 years. From 2012 to 2021, Nigeria reduced flaring by 31% and increased flare intensity by 10% [14]. In addition, oil production has remained essentially steady at around 2 million barrels per day [18].



This figure is, however, qualified by a report from NOSDRA, a government satellite tracker, which stated that 1.8 billion standard cubic feet (bscf) of gas per day was flared over the past 9 years, which resulted in 95.5 million tonnes of CO2 emissions and a USD 3.6 billion penalty, but this was only paid in part [29]. This flared gas was estimated to be worth USD 6.3 billion, with a potential to generate 179.9 thousand GWh of electricity, a significant loss of revenue and power generation [29]. Oil firms burned natural gas worth USD 1.24 billion in 2020, enough to meet the power needs of 804 million Nigerians [29].



Numerous attempts have been made since 1969 by the Nigeria government to stamp out gas flaring. These include the amended Petroleum Act Decree of 1973 and the Associated Gas Reinjection Act of 1979, amongst others, all with varying levels of success [30,31,32,33]. Others include the National Environmental Standards and Regulation Act of 2007, which generally enables the National Environmental Standards and Regulations Enforcement Agency (NESREA) to protect and safeguard public health and welfare, as well as prevent the release of hazardous substances into Nigeria’s air, land, and waterways, and the Environmental Impact Assessment Act (EIAA) of 1992, which requires an EIA study to precede every oil and gas project as a precautionary step for evaluating the project’s environmental impact, as well as the Environmental Guidelines and Standards for the Petroleum Industry 2002 (EGASPIN). Despite the existence of these regulations, oil and gas firms in Nigeria have chosen to flare more gas rather than find workable solutions because of the low fines in place to restrict ANG flaring. Flare gas (prevention of waste and pollution) laws of 2018 [34] increased the penalties from NGN 183 (USD 0.50) per 1000 scf of gas flared to NGN 730 (USD 2.00) for 1000 scf of gas flared for those producing less than approximately 10,000 barrels of oil per day. According to preliminary estimates, even though the government generated additional revenue of USD 120 million in 2019, many consider this increase insignificant because gas flaring in Nigeria continues unabated [35].



The Nigerian government joining the Global Gas Flaring Reduction (GGFR) in 2002 was a significant step in efforts to reduce gas flaring. The GGFR’s primary aim is to assist countries and oil and gas firms in increasing associated natural gas utilisation because of its significant role in global gas flaring volumes, thus reducing global gas flaring. As part of this aim, the GGFR in collaboration with the World Bank and other partner governments launched the Zero Routine Flaring 2030 project, which aims to eliminate routine gas flaring by 2030.



These and other measures have led to the Nigerian government and oil and gas companies developing several natural gas utilisation schemes such as Nigerian Liquefied Natural Gas (NLNG), the West African Gas Pipeline joint venture project, and the Chevron-managed gas to liquid project [32,36,37]. These offer a reduction in CO2 emissions through increased ANG utilisation.





3. Natural Gas Utilisation Methods


In the oil and gas industry, as well as in the long-term environmental impact of flaring gas production, there are several methodologies for utilising waste gases. To ensure the successful selection, handling, and use of the quantity of gas collected, diverse utilisation strategies necessitate a variety of technological and often complicated arrangements of suitable structures. These gas utilisation methods are:




	I.

	
Liquefied natural gas (LNG)




	II.

	
Gas to liquid (GTL)




	III.

	
Natural gas to methanol (GTM)




	IV.

	
Natural gas to hydrogen (GTH)




	V.

	
Gas to wire (GTW)




	VI.

	
Compressed natural gas (CNG)




	VII.

	
Gas to fertiliser (GTF)




	VIII.

	
Gas re-injection process (GRP)




	IX.

	
Gas to hydrates (NGH)




	X.

	
Natural gas to pipelines (GTP)




	XI.

	
Liquefied petroleum gas (LPG)









3.1. Liquefied Natural Gas (LNG)


LNG allows long-distance transportation by liquefying and condensing natural gas into a liquid, reducing its volume by 600 times, and making the resource easier to store and ship [38,39,40,41]. The LNG industry is comprised of numerous chains, including the development of gas resources, LNG liquefaction plants, LNG transportation, LNG receiving terminals, and the connection of customers via power plants or municipal gas companies [42]. If justifiable (large gas volumes, robust LNG SPAs (sale and purchase agreements) between gas producers and buyers, etc.), it guarantees both economic benefits and flare reduction [42].



LNG is one of the cleanest fossil fuels, according to Elengy [43]. In the context of the European Commission’s and world’s ongoing energy transition, it offers a way to reduce greenhouse gas emissions and fight global warming. Its usage in transportation, especially trucks, cuts diesel noise by half. Its lower cost compared to standard transport fuels like diesel also makes it an intriguing gas option. As a marine fuel, it reduces carbon dioxide emissions by 25%, nitrogen oxide emissions by 90%, and sulphur and fine particle emissions by 90–100%. It has less environmental impact and the best thermodynamic yields and energy efficiency of any fuel and can be distributed to industrial areas or places without natural gas grids.



LNG production and transit cost less than other fossil fuels, according to Prima LNG [44]. Increasing LNG production by numerous providers, cheap technologies for using unconventional gas reserves, and controlled usage of natural gas as a feedstock have given natural gas and LNG a considerable edge over crude oil-linked products. A carbon tax makes LNG more appealing in the European Union. Its energy savings (3–5% more efficient than oil-fired products) demonstrate its sustainability as a gas option. LNG is a feasible energy choice because of its ease of distribution and large reserve base.



Developers have improved the economics of LNG expansion by boosting liquefaction efficiency and developing larger LNG trains, up to 7.8 million tonnes per annum (Mtpa) (located in Qatar). Due to industry demands for flexibility, smaller 1–2 Mtpa liquefaction trains are appearing [45]. A 1 Mtpa LNG facility requires 170 million standard cubic feet per day (mmscfd) of input gas. Gas flares with a capacity of 1 to 10 mmscfd must be combined to feed a single LNG train [46]. The advent of mini- and micro-scale LNG technologies has allowed the monetisation of flare gas. Mini- and micro-LNG suppliers can deliver up to 8 tonnes per day (tpd) (0.003 Mtpa, 0.4 mmscfd). However typical commercial mini-LNG plant capabilities vary from 5 mmscfd net gas (100 tpd) to 50 mmscfd net gas (1000 tpd) [46]. Modular designs allow scaling. A 1 mmscfd facility’s engineering–procurement–construction (EPC) costs are USD 1.2 million with an annual Opex approximately 4.5 percent of Capex [47]. According to LNG project statistics for 2014–2018 [48], the cost of LNG plants (outside Australia) ranges from USD 600 to USD 1100 per tonne per annum (tpa) in capacity; however, other factors can affect cost (complexity, existing infrastructure, etc.).



Global LNG trade expanded 13% year on year to 354.7 million tonnes in 2019 because of increasing production capacity [49]. S&P Worldwide Platts Analytics estimates global LNG demand climbed 2% in 2020 to 362 million tonnes and 3% in 2021 [50]. The global LNG market was worth USD 30.34 billion in 2020 and is expected to be worth USD 66.13 billion by 2027 [51]. Global LNG demand will approach 700 million tonnes per year by 2040, up 90% from 2021 [52].




3.2. Gas to Liquid (GTL)


Oil companies, governments, and environmentalists worldwide are examining the need for alternative transportation or liquid fuels. GTL procedure provides such an opportunity. GTL was developed because consumers prefer liquids over gases since they are easier to handle and require less infrastructure [53]. GTL commercialises stranded and flared gases. It produces liquid fuels from natural gas by catalytic processing to provide naphtha, kerosene, gasoline, or waxes and many others [54]. The technique also produces cleaner fuels with superior environmental performance compared to conventional fuels derived from crude oil. GTL is being promoted as a clean, environmentally friendly fuel in numerous countries.



Over the years, the GTL method has evolved, which has helped to improve the operating efficiency of plants. Gas-to-liquid conversion has sweeping applications other than as a means of gas transmission. Several technology companies have produced modular GTL process variations. Oil companies may adopt small-scale, modular, and portable GTL technology to reduce their carbon footprints [53]. Shell and Chevron have developed large-scale GTL projects in Qatar (Oryx and Pearl) and Nigeria (Escravos GTL). GTL plants can capture flared-off gas at oil-producing facilities. This strategy gives oil producers a revenue boost. Companies can reduce emissions and fight climate change by avoiding gas flaring. GTL is a costly and complex way to use gas [53].



According to Visiongain, the global gas-to-liquids (GTL) market was valued at USD 2915 million in 2019 and is expected to reach USD 4881 million by 2030, growing at a compound annual growth rate (CAGR) of 4.7% between 2020 and 2030 [55]. GTL expansions have mainly focused on large developments to maximise economies of scale. Mini- and micro-GTL applications monetise stranded gas. GTL manufacturing benefits include clean, easily stored liquid fuels like diesel. Although units as low as 0.2 mmscfd (20 barrel per day (bpd)) are available, typically profitable applications range from 15 mmscfd (1500 bpd) to 150 mmscfd (15,000 bpd) [46]. GTL applications are flexible, scalable, and containerised. Some units produce synthetic crude that may be processed into diesel and naphtha, while others produce fuel, wax, and water from natural gas. Standard per-mmscf product yields are 100 bbl diesel, 1 bbl wax, and 2 bbl clean water. A 10 mmscfd plant is estimated to cost USD 45 million, with an annual Opex at 1.2 percent of Capex, plus 7 MW of power [46].




3.3. Natural Gas to Methanol (GTM)


Methanol is a clear colourless liquid at ambient conditions [56]. It is a clear, odourless liquid at room temperature [57] and its production can be regarded as a subset of GTM technology. Methanol, when used as a fuel, typically has minimal CO, NOX, and hydrocarbon emissions compared to gasoline [58]. Methanol can be blended with gasoline or used as a diesel alternative in equipped cars. The production of methanol from natural gas begins with the formation of hydrogen by natural gas reforming (synthetic gas production) because methanol is predominantly made by hydrogenating carbon monoxide [59]. Methanol manufacturing has two phases. The first stage converts natural gas feedstock into synthesis gas via steam reforming [60]. The second stage converts synthesis gas into methanol. Different technologies offer options for each of these procedures. Onshore and offshore GTM approaches are similar, but design variables (space, safety, weight, and height) differ [61].



Dalena [56] noted that making methanol from CO2 and H2 reduces CO2 emissions. Methanol production consumes the second-most hydrogen after ammonia. It is a preferred energy carrier for hydrogen synthesis by partial oxidation, auto-thermal reforming, etc. It is used in direct methanol fuel cells for power. It is easily stored and employed as a solvent in complex chemical compositions. In transportation, methanol can be blended with ordinary petrol without extensive vehicle modifications, e.g., M85 fuel, which is 85% methanol and 15% unleaded gasoline. The AFDC [62] also note its cheapness to produce relative to other alternative fuels, increased safety that is due to its lower flammability, and improved energy from its ability to be manufactured from carbon-based feedstocks such as natural gas.



The global methanol market generated around USD 28,114.27 million in 2021 and is expected to reach USD 41,974.76 million by the end of 2028. It is expected to grow at a compound annual growth rate (CAGR) of 5.2 percent from 2021 to 2028 [63]. The quantity of feed gas needed per ton of methanol is roughly 0.0313 mmscf. In addition to feed gas, the application needs electricity and oxygen, both of which may be produced on site. A 0.3 mmscfd unit generates 3500 tpa of methanol, whereas a 5 mmscfd unit generates 58,200 tpa [46]. Nigeria produces limited GTM. Most government funded GTM efforts in Nigeria are new. Continued development of GTM is needed to provide clean fuel and industrial chemicals, reduce gas flaring, and strengthen Nigeria’s economy.




3.4. Natural Gas to Hydrogen (GTH)


Natural gas accounts for three-quarters of the commercial hydrogen production, which is currently about 70 Mtpa, and its use consumes 6% of worldwide natural gas [64]. A large proportion of hydrogen (approximately 95%) is manufactured from fossil fuels via steam reforming of natural gas, partial oxidation of methane, and coal gasification [64,65,66]. Other techniques for manufacturing hydrogen include biomass gasification, methane pyrolysis with no CO2 emissions, and water electrolysis. In 2020, over 87 million tonnes of hydrogen were produced [67] globally for oil refining, ammonia (through the Haber process) and methanol (by carbon monoxide reduction), and transportation fuel. In 2017, the hydrogen production market was valued at USD 115.25 billion [64,66]. Natural gas, oil, coal, and electrolysis are the four main commercial sources of hydrogen, accounting for 48%, 30%, 18%, and 4% of global hydrogen production, respectively [68].



Hydrogen is often generated on site through steam methane reforming, split from by-product gases from petrochemical processes, or purchased as commercial hydrogen (typically produced in dedicated plants for hydrogen production using steam methane reforming) [66]. Storage and distribution constraints limit Nigeria’s GTH production. Nigeria’s government funded GTH initiatives are new. GTH development must continue to supply clean fuel, boost Nigeria’s economy, and prevent gas flaring.



In 2020, the demand for hydrogen was 90 Mt with more than 70 Mt used as pure hydrogen and less than 20 Mt mixed with carbon-containing gases in methanol production and steel production [66]. Total industrial hydrogen demand is expected to grow 44% by 2030, with low-carbon hydrogen becoming highly significant (to 21 Mt in 2030) [66].




3.5. Gas to Wire (GTW)


Using natural gas for power helps to reduce gas flaring [69]. Compared to other gas utilisation technology, which necessitates costly gas processing technologies, using natural gas from oil and gas wells as an alternative fuel in power plants can have economic, environmental, and productivity benefits [42,70]. Using gas to power urban homes is also a sustainable option [71]. The gas-fuelled power plants can be located either near the oil and gas fields or near the population hubs where the most electricity is needed. For the first choice, a power transmission line (“wire”) will be required if the power is to be delivered to consumers outside of oil and gas well locations [42]. If, on the other hand, the power generator is to be constructed near consumer centres, a gas pipeline or road transportation depends on the economics that will be required to transport gas from oil and gas wells to the site where electricity will be generated [42].



Anosike et al. [72] stated that GTW is a better use of associated gas than re-injection for enhanced oil recovery (EOR). In countries with a power production deficit like Nigeria, which generates less than 54% of its total power generation needs because of infrastructural limitations and gas supply deficits, GTW is a superior option with obvious economic incentives for investors. Lammey [73] cites GTW as a flexible and quick-responding power source that can stabilise energy systems. It also commented on GTW’s ability to save costs by merging logistics. Access to unconventional deposits like shale gas has boosted global gas reserves, which are anticipated to last 130 years and more, giving a viable and sustainable method of power generation. Natural gas-fired thermal power plants may cut CO2 by 81%, NOx by 8%, and SO2 and fine particle emissions by 100%. This could reduce CO2 emissions in Europe by 60% and globally by 20% [43].



Multiple technology companies provide container-based scalable, modular, and truck-mounted generator sets with small-scale capabilities ranging from 30 kW to 2 MW and larger-scale applications ranging from 250 kW to 30 MW using reciprocating engines (up to 5 MW per container). Larger 20–500 MW modular modules are also an option [46]. A total of 0.36 mmscfd of gas is needed per MW. Typically, smaller units (30 kW–1 MW) cost 1000–1700 USD/kW for up to 1 MW and 150–300 USD/kW for multi-MW. In addition to natural gas, diesel, propane, and kerosene can be multi-fuelled. Some systems control fluctuating gas composition (heat content), gas contaminants (CO2, N2, and H2S), and variable flow rates in upstream ANG production from oil wells [46].



Nigeria’s electricity generation sub-sector contains 23 grid-connected generating plants with a total installed capacity of 10,396 MW (available capacity of 6056 MW) and thermal-based generation with an installed capacity of 8457.6MW (available capacity of 4996 MW) in the Niger Delta [74]. This power is used on site, locally, and industrially. Nigeria produced 36,400 GWh of electricity in 2021, up from 35,700 GWh in 2020 [75]. Nigeria’s average idle electricity generation rose to 3008.18 MW in 2021 from 1030.80 MW in 2013, a 291% increase in eight years caused by inadequate infrastructure [76].




3.6. Compressed Natural Gas (CNG)


CNG is generated by compressing natural gas to less than 1% of its initial volume at normal atmospheric pressure [77,78]. CNG is processed and supplied in big steel cylinders at 220 bar (3200 psi) [78]. CNG consists mostly of methane (CH4), ethane, propane, and butane. According to the Alternative Fuel Data Centre [79,80,81], CNG consists of other gases such as carbon dioxide, hydrogen sulphide, nitrogen, helium, and water vapour. Compressed natural gas is the best alternative to gas pipelines and LNG plants [77]. CNG is a simple, accurate technology that requires minimal gas treatment or processing facilities and gas infrastructure, reducing offshore oil and gas processing capital costs.



CNG is typically confined to transportation fuels for natural gas vehicles (NGV) and is used in many large cities to reduce air pollution (such as in India and Pakistan). It encourages environmental friendliness with its low emission of hazardous gases and analogous engine performance [82]. CNG has a difficult time competing with either pipeline or power generation because of its storage and transportation requirements. However, where gas demand is limited and dispersed, CNG technology seems promising. As the demand for natural-gas-powered vehicles in urban areas grows, CNG technology can be a viable solution [42].



For the most part, compressed natural gas (CNG) is utilised as a transportation fuel for natural gas vehicles (NGV) and is widely implemented in many major cities to lessen air pollution (such as in China, Iran, India, and Pakistan) [42]. Due to the high costs associated with storing and transporting CNG, it cannot compete favourably with pipelines or power plants. However, CNG technology shows promise in areas with low and dispersed gas consumption. CNG technology may prove to be an effective response to the growing need for natural-gas-powered automobiles in populated areas [42].



The global compressed natural gas market size was valued at USD 9.9 billion in 2020 and is projected to reach USD 22.3 billion by 2030, growing at a CAGR of 8.2% from 2021 to 2030 [83]. Tractebel Engineering for the World Bank Group and GGFR found that CNG transportation expenses account for 79–86% of overall expenditures for large distances (750–1000 miles) and 57–65% for shorter distances (up to 250 miles). Onshore CNG development costs for 3–10 mmscfd were estimated at 2.5 USD/metric million British thermal unit (MMBtu) + USD 0.0088 per mile [46]. For a 10 mmscfd offshore development, this cost was 3.2 USD/MMBtu + USD 0.005 per nautical mile, and 4 USD/MMBtu + USD 0.006 per nautical mile for a smaller 3 mmscfd offshore development [84]. With a boost in cargo capacity, transportation costs for CNG transport by ship are expected to decline, and CNG is estimated to be commercial and able to compete with pipelines and LNG at deliverable volumes of 0.3–7 bcm per annum (30–675 mmscfd) across 800 km [46]. CNG is competitive at 4.7 bcm per year (450 mmscfd) over 700–2200 km, 1 bcm annually (100 mmsfd) over 250–1500 km, and 0.3 bcm yearly (30 mmscfd) over 100–1000 km [85].



In Nigeria, only a small percentage of cars run on compressed natural gas. In most cases, the CNG used is produced by a modest CNG processing facility. However, future development of CNG is warranted because Nigeria has several prospective gas reserves and widely dispersed locations with moderate demand for gas.




3.7. Natural Gas to Fertiliser (GTF)


The global fertiliser market will reach USD 323,375.0 million by 2028, up from USD 221,428.6 million in 2020 at a 5.0% CAGR [86]. Ammonia and urea fertilisers are primarily derived from natural gas and used extensively in Nigerian agriculture [87,88]. Ammonia is made by reacting nitrogen and hydrogen (from natural gas reforming) under high temperature and pressure [88]. Urea is made by heating and pressurising liquid ammonia and liquid carbon dioxide. Commercial grades have 45 to 46 percent nitrogen, which reduces handling, storage, and transportation costs. Urea is the most popular dry nitrogen fertiliser in the nations like Nigeria and the United States of America, accounting for 16% of all nitrogen consumption [89,90]. Urea is the most widely used and fastest-growing dry nitrogen fertiliser. It is the main fertiliser traded internationally. It fulfils 62 percent of the world’s need for this essential nutrient [91]. Urea is predicted to account for more than 50% of all nitrogen fertilisers soon [90].



Nigeria is among the world’s leading producers of nitrogen-rich fertilisers. Its exports to countries such as Ghana, Senegal, Uganda, and Kenya are valued at USD 1 billion. In 2018, Nigeria produced 1.8 million metric tonnes of nitrogenous fertilisers, demonstrating strong growth. Since 2014, the business sector has grown 9% annually [92]. Commercialised GTF plants in Nigeria include the 1.5 Mtpa Dangote fertiliser plant in Lagos state and the 1.4 Mtpa Indorama fertiliser and chemical plant.




3.8. Natural Gas Re-Injection Process (GRP)


Gas re-injection is one of the oldest ways to boost oil recovery [93]. The subsurface reservoir’s natural energy is used to produce crude oil [94]. Once oil production by primary recovery techniques becomes unprofitable (because of reduced reservoir energy), pumping natural gas (secondary recovery method) into the reservoir to raise the pressure can enhance oil production [95]. The principal sources of natural reservoir energy are reservoir fluid expansion, the release of solution gas when reservoir pressure lowers, adjacent communication aquifers, and gravity [95]. Gas is re-injected into a zone of free gas (a gas cap) to optimise gravity drainage recovery. The re-injected gas is usually natural gas from the reservoir, delaying its sale until the gas flooding procedure is complete. Nitrogen can be pumped to maintain reservoir pressure, allowing natural gas to be sold as it is generated [95]. Natural gas can be re-injected into a reservoir for enhanced oil recovery (EOR), pressure maintenance, storage (for future use when markets are more developed), and normal flaring reduction. Re-injecting associated gas is not usually economical because of high costs and limited incremental oil reserves. Gas re-injection systems are useful when gas processing and export equipment is expensive [96].



Where creating an industrial infrastructure to process and transport the gas is impractical, treatment and re-injection may be a straightforward and inexpensive alternative. Flaring is far less expensive than gas treatment and re-injection, but it can be harmful to the environment. This is especially true if regulations do not require enterprises to undertake gas treatment and re-injection. Many oil and gas fields in Nigeria have not implemented suitable treatment and re-injection technologies to decrease flaring activities because of a lack of robust regulation.




3.9. Gas to Pipelines (GTP)


The gas pipeline system is the most versatile way to transfer associated and non-associated natural gas from offshore to onshore for processing to integrate with existing dispersion networks or terminals [97]. It is an easier approach to transport gas over shorter distances, particularly on land. Gas pipelines supply 75% of global associated and non-associated natural gas exports [78]. Large-diameter pipelines (subject to capacity) can transport gas for further processing or to be processed into pipeline sales gas [98]. A growth in industrial and residential transportation capacity allows for more gas transport. These pipelines use compressor stations at 80–160 km intervals to deliver gas over large distances. Natural gas processing involves removing oil, water, and gases such as H2S, SO2, helium, carbon dioxide, and natural gas liquids [99]. The gas must be purified before its pipe transportation to inhibit formation of liquid condensate or hydrate. However, the expense of the pipeline alternative may outweigh the economic worth of the gas being carried if the crude/gas fields are located a considerable distance from potential buyers. Gas pipeline economics are mostly controlled by pipeline length [78]. Pipelines can also be expensive if there is a low volume of gas being transported and the pipeline only has one endpoint. Transporting natural gas through pipes is the most logical, practical, and cost-efficient method; however, pipelines have geographical and economic limitations [100]. Nonetheless, development of a comprehensive pipeline network in and around dispersed oil and gas sources is a key factor in increasing natural gas consumption and reducing flaring [69].



Nigeria has built onshore and offshore pipelines to transport and distribute natural gas, but the system is fragmented and inefficient. Even while the fields in and around the Niger Delta region are relatively close to potential customers, they are still far from pipeline services, making them part of the many marginal offshore resources that lack such infrastructure.



The global pipeline transport market is to expand from USD 124.71 billion in 2021 to USD 136.2 billion in 2022 at 9.2% CAGR. The market will reach USD 183.29 billion in 2026 at a 7.7% CAGR [101].




3.10. Natural Gas to Hydrate (NGH)


Natural gas hydrate (NGH) forms at low temperatures and high pressures [102]. Natural gas hydrate contains one water molecule and eight natural gas molecules, usually methane, ethane, propane, normal butane, iso-butane, nitrous oxide, carbon dioxide, and hydrogen sulphide [103,104]. Natural gas hydrates are thought to be the largest of all other hydrocarbon resources [105]. NGHs are found in permafrost and deep-water marine environments. Boswell and Collett [106] analysed global gas hydrate production. Gudmundsson et al. conducted experiments in 1990, 1992, and 1994 [107,108,109] to create the framework for using hydrate for large-scale natural gas storage and transportation. One-fourth as much gas can be kept in hydrates as in LNG [102]. NGH has void sites trapped inside the hydrate structure, despite being mostly water. Gudmundsson et al. [109] showed that a ship transporting hydrates does not need a refrigerating unit, merely an enclosed bulk. NGH is a more feasible transport and storage solution because of its stability at atmospheric pressure and temperatures below 160 °C [104]. Wilson et al. [104] reported that a pilot NGH factory is currently functioning as a pilot project but noted that many technological obstacles must be resolved before the technique can be commercialised.



The government of Nigeria must investigate NGH as a possible alternative for utilising ANG in offshore deep-water oil and gas fields. This method can substitute LNG for ANG transportation and storage. Even though no NGH projects have been implemented in Nigeria, such a development may be imminent.




3.11. Liquefied Petroleum Gas (LPG)


The global LPG market had a value of USD 134,887 million in 2021 and is projected to expand at a CAGR of 5.02% between 2022 and 2032 [110]. There is a substantial gas market for cooking, heating, refrigeration, and air conditioning in temperate nations because of their climate [111]. LPG derived from natural gas can be used for this purpose. LPG is an oil- or natural-gas-derived hydrocarbon gas. LPG is derived from 55% refined natural gas and 45% crude oil [112]. LPG consists of propane, butane, or a combination of the two. Instead of fuels, ethane, ethylene, propylene, butylene, isobutene, and isobutylene are used as chemical feedstock [112,113].



Approximately 60 percent of Nigeria’s population continues to cook with wood and coal, contributing to deforestation and climate change [114]. LPG is more environmentally friendly and efficient than kerosene [115]. However, a vast majority of the Nigerian populace uses kerosene and coal. The upfront expense of LPG appliances (gas cylinders), a lack of LPG delivery, a lack of information, and social and cultural concerns impede the use of LPG as a cooking fuel. As a result, the Nigeria LNG company boosted the allocation of LPG to the domestic market from 350,000 mt/year to 450,000 mt/year in 2019/2020 and from 450,000 mt/year to 100 percent of output in 2022 [116].




3.12. Summary of Gas Utilisation in Nigeria


In this section, a table (Table 1) has been used to present a brief summary of the various options for using ANG, along with their limitations, and the projects that are already underway in Nigeria.





4. Results


Qualitative Assessment of Gas Flaring Utilisation Options against Various Key Decision Drivers


Various important decision drivers that influence the application of an associated gas utilisation project may be identified [118]. They are as follows.




	
Capital Costs (CAPEX)—This is the most crucial driver that determines the project’s practicability and viability. It is related to the netback value of the product depending on type of project.



	
Maturity of technology—In terms of cost and reliability, the maturity of the deployed technology is equally crucial.



	
Transportation to market—Products with a high energy density, such as liquids, are given precedence or have an advantage over gaseous products.



	
Carbon and energy efficiency—Should be assessed on a well-to-wheel (WTW) basis (including all efficiencies associated to fuel production, processing, distribution, and consumption) where products may substitute greater carbon-intensive fuels.



	
Revenue/Product uplift—CNG and LNG compete largely with fuels (such as oil and coal) for power production and residential heating, but GTL yields premium pricing by competing directly in the transportation sector.



	
Gas composition including sensitivity to contaminants—This is also a major decision driver since the greater the levels of pollutants such as CO2 and H2S in gas composition, the higher the cost of treating gas and disposing of waste.



	
Production profile—Associated gas volumes typically vary over the field life. It is therefore important to note the production profile of an oil field.



	
Community interdependency—May allow for interdependence/synergies with residents, which may minimise oil production risk from non-technical risk and develop a local market, reducing transportation costs.



	
Operational Safety Considerations—These are steps made to guarantee that the ANG utilisation system operation is safe and not hazardous. The more complicated the ANG utilisation system, the higher the unjustifiable risk of hazard incidence and the lower the operational safety reported.



	
Product Market size—This is another essential factor in determining the different ANG utilisation choices. It analyses the market’s volume and value, the various consumer categories and purchasing patterns, the competitiveness, and the economic environment in terms of entry obstacles and regulation.



	
Plant Scale or Size (World scale)—This relates to the technical size range, which specifies the maximum natural gas throughput rate that each technology can realistically handle, or the production capacity range, which specifies the feasible plant’s overall output.










5. Discussion


A key element that significantly affects the economic viability of the utilisation option is the ANG composition. The nature of the reservoir, the type of lift employed, the degree of reservoir depletion, and other factors all affect the quantity and composition of ANG [119]. Different ANG streams may require varying degrees of treatment and financial expenditure because of the variance in gas composition and contaminants (particularly CO2 and H2S). Even when using the same technological solutions, the variance in composition also means that different ANG streams will provide varied product yields and, consequently, varying economic values. Some gas utilisation options, including GRP and GTP, are less susceptible to impurities than other options and, as a result, are referred to as favourable or positive in Table 2. ANG production and recovery rates experience both short-term operational fluctuations and longer-term variations brought on by, among other things, changes in gas–oil ratios, the depletion of hydrocarbon reservoirs, differences in recovery techniques, the drilling of new wells, and the shutting of existing wells [119]. ANG quantities also tend to change over time, making it challenging to guarantee the best possible use of the infrastructure. If a consumer requires a constant volume, as in the case of employing ANG for electricity generation, the volatility in volume over time could potentially negatively affect the negotiated price for products derived from ANG [119]. This factor may have a considerable impact on all utilisation options because it is difficult to guarantee stable supply volume of a specific ANG from a specific field. The term “neutral” or “fair” is used to describe all ANG utilisation possibilities as a result of limited and changing supply over time of ANG (see Table 2).



The price, volume, and value of a product may influence the revenue generated from an ANG utilisation option. GTL and LNG display better revenue/product lift (positive) than CNG or any other ANG utilisation option in Table 2. GTF, GTM, and other ANG utilisation options have lower revenues than GTL or LNG, with GRP being the lowest. Table 2 illustrates this statement. Capital costs relate to the overall (fixed and operating) costs associated with converting the ANG into marketable products. These expenses result from the procurement of equipment, the handling and processing of ANG, and product transportation, among other things. Overall plant costs are typically significantly influenced by the complexity of the facilities, the transportability of the equipment, and the accessibility of the location for the ANG utilisation option. When compared to alternative options, GTL plant capital expenditures are often high (labelled as bad or negative in Table 2), although this also depends on the size of the plant. The plant costs for LNG, GTM, GTW, and other options range from medium to high and are categorised in Table 2 as neutral or fair. Capital costs have a significant impact on a project’s economic feasibility. For example, if GTL and LNG solutions with high capital costs are to be economically viable, a large plant scale with a consistent high volume of ANG must be used to generate a product revenue that covers the high capital costs.



The growth of diverse technical possibilities for utilising ANG determines technology maturity. These innovations ensure lower process costs, excellent technological feasibility, and process reliability. Most ANG utilisation options (for example, LNG and GTL) have seen significant technological advancement over the years and are classified as positive or good in Table 2, whereas CNG, which has limitations in plant scale, transportation, and storage, has seen less technical advancement than the aforementioned options and is classified as neutral or fair. The NGH is the only ANG option labelled negative or bad since it is technically immature because of unresolved issues, implying a concern for near-term use [120]. Transportation to market includes the entire (fixed or operating) transportation expenses, as well as the feasibility of getting the products to the consumer. The distance to market and manner of transportation has significant impacts on transportation costs. Liquid products are easier to transport than gaseous products. GTL, GTM, and GTW may be advantageous (positive) for short to medium distances, whereas LNG may be less advantageous for short distances but advantageous or fair (neutral) for medium to long distances. Due to their fluctuating cost with distance, GTF, GTP, LPG, and NGH are also labelled as neutral or fair in Table 2. CNG and GTH are classified as negative or bad because of the former’s limited range (preferable for short distances) and the latter’s difficulty in storing and transporting hydrogen. Since GRP is exclusively intended for onsite use, transportation to market is not applicable.



High carbon and energy efficiency signify low carbon-intensive fuel products and less energy loss. LNG, GTH, GTM, CNG, GTP, and LPG are categorised as positive or good either because of their low carbon-intensive products or low energy loss, while GTL, GTW, NGH, and GTF are categorised as neutral or fair because of their moderate carbon-intensive products and moderate or high energy loss (see Table 2). GRP has the lowest carbon and energy efficiency compared to other options and is categorised as negative or bad. The more complex an ANG utilisation option is, the less secure are the operational safety and procedures because of increased risk. All ANG utilisation options are categorised as neutral or fair in Table 2 (because of their complexities, which vary with plant size) except GRP and GTP, which are categorised as positive or good because of their less complex mode of operation.



Community interdependence is a good choice motivator. GTW and six (6) other ANG utilisation alternatives have a favourable or good position for community synergy, which is needed for market expansion and cost savings. This boosts local oil and gas content. In Nigeria, most ANG generated in onshore oil fields are converted to electricity (through GTW) and used to supplement onsite and nearby power deficits. GTP and two other ANG utilisation options are categorised as neutral or fair while GRP is categorised as negative or bad since it has the lowest synergy with the community. A product’s value, price, and volume, amongst other factors, influence the product’s market size. The LNG, GTL, GTW, and LPG options have positive or good product market sizes, are more established, and are less volatile because of their products’ high value, good price, larger revenue, and large available volume, while other ANG utilisation options except GRP have moderate (neutral or fair) product market sizes owing to their products’ moderate price or low available volume or more volatile nature. GRP has the least product market size as no product or revenue is generated (see Table 2).



LNG offers flexibility, diversification, and supply assurance over pipelines [121]. For vast distances and offshore fields, LNG is preferable to pipelines. In addition, pipelines between countries can be hampered by terrorist strikes and political upheaval [121]. GTM has an advantage over GTH since it produces methanol, a cleaner liquid than hydrogen (or other fuels and gasoline) that is easy to store and transport. Unlike other liquid fuels, methanol may be converted into several key by-products. CNG is used commercially as an alternative to other ANG alternatives for small volumes and short distances, limiting its use for longer distances. NGH’s lower fuel density and limited gas volume create problems compared to LNG. Due to the intricacy of the NGH process, slow hydrate formation rates, and high prices, no projects are commercialised [122], although scientific progress continues.



Methanol can utilise existing heat engines (such IC engines/turbines) and infrastructure with few adjustments [123]. Methanol has lower pollutants and a higher-octane rating than gasoline [123]. GTM is better than GTH since hydrogen storage is difficult.



GTL facilities are more complex, inefficient, and expensive than LNG ones. However, depending on plant size, GTL and LNG may have comparable capital costs [124]. GTF, GTM, and other ANG utilisation alternatives have lower revenues than GTL or LNG, with GRP being the lowest, and their Capex, while fair, is comparable depending on plant scale. Table 2 illustrates this.



A cost–benefit analysis of CNG versus local LNG liquefaction shows that CNG is more cost-effective for smaller plants with fewer backup hours; 500 MWh per week is CNG and LNG’s break-even point (i.e., 5 hours per week for a 100 MW plant, 10 hours per week for a 50 MW plant, etc.) [46,125].



GTM, GTL, and GTH have similar modes of operation, but Table 2 shows a little variance. The GTM product (methanol) is easier to bring to market than the GTH product (hydrogen), providing the GTM process an advantage. Compared to GTL, GTM produces fewer carbon emissions and has less energy loss. Depending on plant size, GTM’s and GTL’s energy efficiencies may be similar.



Natural gas pipelines are the best route to transport stranded ANG, but output is usually limited to current infrastructure. The cost of new pipes is high and only justifiable for large capacity [126]. Another interesting approach is CNG, although it has limited capacity. CNG is cheaper to manufacture and store than LNG because it does not require cooling or cryogenic tanks. CNG, on the other hand, requires a much larger capacity to hold the energy equivalent of gasoline and extremely high pressures (205 to 275 bar) [127].



LNG is used to transport natural gas across long distances by ship, train, or pipeline, where it is converted to CNG and delivered to the end customer [127]. CNG is stored at high pressure, whereas LNG is uncompressed liquid. LNG has more energy per unit volume than CNG, making it better for long-distance road vehicles [120]. LNG requires handling and equipment, but CNG does not. Because CNG is light, leaks evaporate quickly. It has an unlimited hold period; thus, fuel is never wasted. Moreover, CNG is safer than LNG.



The GRP is not marketable because it is only used on site. Its limited ability to generate revenue makes it unattractive to investors. The novelty of the NGH process that is due to uncertainties and hurdles renders it less appropriate for use. As with CNG, NGH’s key problem may be continuous gas generation [128]. NGH requires less room than LNG. NGH, which is safer than CNG, needs good shipboard storage.



Table 2 and Table 3 show techniques that favour adequate ANG utilisation (>170 MMscfd) and can be scaled down to accommodate stranded ANG fields. Any of the above ANG utilisation strategies will help reduce flaring in Nigeria, pending additional decision drivers.



Offshore LNG has been implemented with up to 3 Mtpa production, whereas GTH technologies are still in the early stages of development. Due to the obvious immaturity of the technology and the large scale-up factors necessary to attain a commercial process offshore, a GTH transportation alternative is not technically possible. No clear indication exists of when GTH will be commercially available at commercial gas rates. Offshore GTM and GTL technologies are also commercially accessible. Floating GTW/offshore GTW via subsea cable is mature but limited in market distance. Table 3 shows ANG plant-scale summaries.



Overall, LNG is safer than diesel (made by the GTL FT process) and high-sulphur fuel oil because of its low sulphur content, lack of particle emissions during combustion, and lower real CO2 emissions. Gas-to-wire (GTW) converts gas into power that can be brought to shore rapidly and cheaply, without pipelines. Due to its high octane and low emissions, methanol (a GTM product) is a popular gasoline additive. Methanol reduces hydrocarbons and hazardous carbon monoxide emissions [129]. Methanol is a liquid fuel with a high energy density and verified safety record. LNG, GTW, and GTM are in significant demand because of their economic, technological, social, and environmental benefits. This article recognises and proposes them to the Nigerian government as a crucial technology for ANG utilisation.
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Table 3. Summary of plant scale for the various ANG utilisation options. Sources: authors’ construction based on [46,47,48,130,131,132,133,134].






Table 3. Summary of plant scale for the various ANG utilisation options. Sources: authors’ construction based on [46,47,48,130,131,132,133,134].





	ANG Utilisation Technique
	Technical Size Range in mmscfd
	Production Size Range (Plant Size)
	Typical Cost (USD m/mmscfd)





	LNG
	170–1360 (per LNG train)
	1–8 Mtpa
	3.5–6.5



	GTL
	270–1400
	27,000–140,000 bpd (1–5.5 Mtpa)
	6.5–10



	GTM
	75–317
	1–4 Mtpa
	5.5 @ 5 mmscfd [46]



	GTW *
	0.36–180
	1–500 MW
	2.8–4.7 @ 0.36 mmscfd [46]



	GTH
	20–200
	22–224 kNm3/h
	2.2–3.2 @ 0.37 mmscfd [46]



	GTP*
	30–3300
	-
	Depends on size (in inch) per distance (mile)



	CNG
	0.25–15
	-
	1.5–2.5



	GTF
	75–308 (per train)
	1–3 Mtpa
	2.2–4.6



	GRP *
	5–275
	-
	0.2 @ 5 mmscfd



	NGH
	>15
	>2 Mtpa
	120/ton @ 2 Mpta (peak shaving process) [134]



	Mini GTL
	0.2–150
	200–15,000 bpd (0.01–0.6 Mtpa)
	4.5



	Mini LNG
	0.4–50
	0.002–0.3 Mtpa
	1.2 (+annual Opex at 4.5% of Capex) [46]



	Mini GTM
	0.3–30
	0.004–0.4 Mtpa
	15.1 @ 0.3 mmscfd [46]







* Plant scale may vary for GTW (e.g., combined cycle), GTP (due to pipe size) and GRP (due to oil reserve size).














6. Conclusions


Both venting and flaring of natural gas into the atmosphere represent a significant source of greenhouse gases. While the disadvantages of natural gas flaring far outweigh its advantages, utilisation strategies are needed worldwide, especially for countries like Nigeria. However, a shortage of practical strategies for natural gas utilisation, as well as a lack of reliable information and an efficient means to obtain this information to drive investment decisions in gas utilisation projects, has severely hindered associated natural gas (ANG) utilisation in Nigeria. The implementation of gas utilisation projects and the subsequent reduction in gas flaring in Nigeria are still lagging far behind those in other more-developed countries. Here, we have conducted a critical review of the various regulations and technical options for reducing gas flaring in Nigeria. When reviewing the regulations for reducing gas flaring in Nigeria, the overview of natural gas flaring in Nigeria (particularly in the Niger Delta region) shows that this is a major problem for Nigeria. In response, Nigeria has joined the Global Gas Flaring Reduction partnership and working to eradicate routine gas flaring by 2030 while increasing gas utilisation through initiatives such as the Nigerian liquefied natural gas joint venture project, the West African Gas Pipeline project, and the Chevron gas to liquid project.



This led to the review of several ANG utilisation strategies or technical options for reducing gas flaring in Nigeria, as well as a qualitative assessment and comparison of the various ANG utilisation options. This informed the choice of three natural gas utilisation processes, liquefied natural gas (LNG), gas to wire (GTW), and gas to methanol (GTM), which appear to have the greatest potential economic significance.



The oil and gas industry in Nigeria now has a variety of options to consider for capturing and using natural gas from various flare sites or gas fields. Not all these technologies, though, are technically and financially feasible for capturing associated gas on a large and small scale. Since achieving scale, reliance on fuel, and end-product prices are essential elements of the typical flare gas utilisation strategy, several gas utilisation options may not be economically viable for small gas fields. For large gas fields, using just one option might not be the best course of action. However, combining various gas utilisation options could result in synergies that lower both the project’s overall cost and the risk associated with the product market. The steps below may help select and improve the technical feasibility and economies of scale for ANG utilisation options in the future:




	
Identifying distinct development phases and the necessary ANG utilisation solution (single or combined option),



	
Obtaining high-quality input data from appropriate potential investment parties to conduct adequate analysis,



	
Techno-economic modelling of various ANG utilisation options (single or combined option), including an examination of potential net positive values,



	
Evaluating the net economic impact of the proposed ANG utilisation options (single or combined),



	
Evaluating the sensitivity and risks of ANG utilisation option (single or combined option),



	
Consider combining supplies from multiple fields (clustering) to enhance the profitability of ANG utilisation through economies of scale, better capacity utilisation, and increased gas value (via increased sustainability of supply).








The implementation of small-scale technologies such as mini-GTL and mini-LNG in small and medium-sized fields has begun to evolve (gaining strength over the years), and the Nigerian government should promote it by involving and convincing multiple investors to invest. The clustering of gas supply to a central ANG utilisation centre must also be promoted since it appears to be the only realistic alternative for sustainable and profitable investments most of the time.



Flare gas new pathways to cleaner fuels: There are still several utilising pathways for ANG, and one of it is converting to blue hydrogen which could be key to producing sustainable energy for everyone which could lead to establishing wider infrastructures and supply chain business opportunities. According to world bank, some 144 billion m3 of gas is flared each year, once all of it is diverted for blue hydrogen production, 10 million tonnes of hydrogen can be produced.
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Figure 1. Global gas flaring and oil production: 1996 to 2021 (flaring only at upstream oil, gas, and LNG liquefaction plants) [14]. 
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Figure 2. Flare volumes for the top 10 flaring countries for 2012, 2015, 2018, and 2021 [14]. 
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Table 1. Summary of ANG utilisation, limitations, and existing projects in Nigeria.
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	Name of Technology
	Usage in Nigeria
	Limitations in Nigeria
	Existing Projects in Nigeria





	LNG
	Nigeria LNG currently delivers around 40% of Nigeria’s annual domestic cooking gas or LPG consumption needs and LNG sale or export
	Limited advances are made to secure small to medium scale LNG projects for increased output and variability of ANG supplies
	On Bonny Island in Nigeria, Nigeria LNG runs a six-train LNG facility capable of producing 22 Mtpa of LNG and 5 Mtpa of NGLs (LPG and condensate) from 3.5 billion standard cubic feet per day (bscfd) of natural gas intake [117].



	GTL
	Production of liquid fuels and chemicals
	Small to medium scale GTL projects are yet to commence in stranded gas areas with minimum supply and Inconsistent supply of ANG
	The Escravos gas-to-liquid (EGTL) plant (100 km south-east of Lagos) is the first project in Nigeria to use GTL technology. EGTL is a two-train plant designed to convert 330 MMscfd of natural gas into 34,000 barrels per day (bpd) of acceptable products. 1000 bpd of LPG [117].



	LPG/NGL
	Cooking gas
	Limited supply to rural areas of Nigeria because of transportation costs, lack of gas processing facilities and availability of fuel
	A two-train NGL plant with 550 mmscfd capacity (that converts ANG into NGLs which includes LPGs) located at its Oso field (offshore) in the south-eastern region of Nigeria. It started production for export in 1998 and produces about 50,000 bpd of NGL [117].



	GTW
	Electricity and heat generation
	Fluctuating or limited supply of ANG, Scarcity of new power investments, poor maintenance of power plant
	The Okpai power plant in Okpai community (Delta state, Nigeria) uses combined cycle technology. It has a 480 MW installed capacity and uses 120 mmscfd of gas [117].



	Gas re-injection
	Enhanced oil recovery and storage
	Limited to onsite use, economic unattractiveness to investors and limitation to certain type of reservoirs
	A USD 1.3 billion gas reinjection project offshore Nigeria is being operated by a joint venture between NNPC (60%) and Mobil Producing Nigeria (40%) in the Ebok and Amenam-kpono fields. The project is expected to generate 530 million barrels of extra oil at a peak output of 120,000 bpd [117].



	GTH
	Transport fuel, applied in fuel cell for electricity generation, fertiliser production and petroleum refining
	Difficulty in storing and transporting hydrogen and limited market size
	Non-existing now.



	NGH
	Transportation of ANG and storage
	Immature technology, no commercial application yet
	Non-existing now.



	CNG
	Transport fuel, cooking fuel and power generation
	Transportation limitation, limited availability
	Powergas Africa limited operates four CNG plants in Nigeria, with a combined capacity of around 720,000 standard cubic metre per day [117].



	GTF
	To boost crop output and nutrient content in agriculture
	Limited availability of product, high cost of product
	1.5 Mtpa Dangote fertiliser plant in Lagos state.
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Table 2. High-level qualitative assessment of available gas flaring utilisation options against the decision drivers.
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ANG Utilisation Options

	




	
Decision Drivers

	
LNG *

	
GTL *

	
GTM *

	
GTH

	
GTW *

	
CNG

	
GTF

	
NGH

	
GRP

	
GTP

	
LPG






	
Gas composition

	

	

	

	

	

	

	

	

	

	

	




	
Production profile

	

	

	

	

	

	

	

	

	

	

	




	
Revenue/Product uplift

	

	

	

	

	

	

	

	

	

	

	




	
Capex

	

	

	

	

	

	

	

	

	

	

	




	
Technology maturity

	

	

	

	

	

	

	

	

	

	

	




	
Transport to market

	

	

	

	

	

	

	

	

	

	

	




	
Energy and carbon efficiency

	

	

	

	

	

	

	

	

	

	

	




	
Operational safety considerations

	

	

	

	

	

	

	

	

	

	

	




	
Community interdependency

	

	

	

	

	

	

	

	

	

	

	




	
Product market size

	

	

	

	

	

	

	

	

	

	

	




	
Plant size (world scale) **

	

	

	

	

	

	

	

	

	

	

	








* Revenue, technology maturity, Capex, and transport to market may vary with plant scale. ** For plant size, the green colour indicates large, the orange colour indicates medium, and the red colour indicates small. For general indicator, the green colour indicates positive/good, the orange colour indicated neutral/fair, the red colour indicates negative/bad, and the grey colour indicates not applicable. Source: author’s modification based on [118].
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