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Abstract

The non-standard refining of crude oil in the creeks of the Niger Delta Region of
Nigeria has come to be a profitable business. The monetary benefits this brings to
the refiners are obvious, nevertheless the host communities are relentlessly hit by
their activities. This research investigates the sustained impact of the activities of
the non-standard crude oil refiners on their host communities. The research will
take a social study approach, with result from the social study fed into a scientific
study, which will in turn be fed into an engineering study. This approach involves

all stakeholders and makes for necessary feedback.

The results revealed that farming areas and fishing routes have been impacted by
the activities of the non-standard refiners. The usage of the non-standard refined
diesel fuel oil was found to be damaging to engines contributing to huge expense
in their maintenance. The physiochemical properties of the non-standard refined
diesel fuel oil revealed that the pour point, flash point, and water content showed
differences to ASTM designated standard D975. The Gas Chromatography Mass
Spectrometry (GC-MS) analysis revealed significant differences in the BTX
concentration of the non-standard refined diesel fuel oils as compared to the control
sample. The engine performance and emission analysis revealed high levels of
oxides of nitrogen (NOx) and carbon monoxide emissions from the non-standard

refined diesel fuel oil coupled with high peak cylinder pressure.

This study provides evidence-based recommendations that the government should
do more to discourage the citizens from establishing non-standard refineries. It also
suggests that government agencies like the military given the responsibility of
destroying the non-standard refineries must do so in a sustainable manner. The
National Orientation Agency must do more to enlighten the public on the dangers
of establishing non-standard refineries and purchasing refined products from non-

standard refineries.
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Chapter 1 Introduction

“The gasoline, kerosene and diesel come out as only one product which
is diesel. There is no way we can separate them, so all the products
will form into diesel and that is all we are after. After diesel has been
extracted, other possible products are discharged through pipes as

waste”- (Owolabi, 2018)

1.1 Background of study

Nigeria is the largest crude oil producer in Africa (Olujobi and Ousola-Olujobi,
2020) and has the largest proven reserves of natural gas in Africa (Gungah et al.,
2019)., and is a prominent member of the organization of petroleum exporting
countries (OPEC) (Itsekor, 2020). Nigeria produces 2.5 million barrels of crude oil
per day (Babatunde, 2020). The Nigerian economy depends majorly on foreign
exchange derived from the sale of crude oil (Olalekan and Adebiyi, 2020).
According to Bodo and Gimah (2020) about 90% of Nigeria’s earnings come from
the sale of crude oil. The petroleum sector contributes over 11% to the Gross
Domestic Product (GDP) of the nation (Onyena and Sam, 2020). Most of this crude
oil deposits are found in the Niger Delta Region (NDR) of Nigeria (Babatunde,
2020). This vast crude oil deposit consists of 606 oil fields of which 251 are situated
offshore and 355 are onshore with about 7,000km of crude oil pipelines (Onyena
and Sam, 2020).

The natural environment of the NDR which the people depend on for their
sustenance and livelihood, is being destroyed daily (Babatunde, 2020).The
process of the extraction and refining of the large deposits of crude oil located in
the NDR, has led to damaging environmental pollution in communities hosting
crude oil flow stations and non-standard refineries. “The non-standard refinery
employs simple and rudimentary procedure to produce refined products by
subjecting large drums of crude oil to heat from open fire” (Onakpohor et al., 2020),
see Figure 1-1. The spills from government owned pipelines and non-standard
refineries has become a recurrent situation leading to devastating effects on the
aquatic ecosystem (Luke and Odokuma, 2021). Surface water bodies are being

destroyed by the non-standard refineries springing up in various communities in



the NDR (Imoobe and Aganmwonyi, 2021). The air quality around host
communities of non-standard refineries has also suffered. Onakpohor et al. (2020)
reported that non-standard refineries are a source of air pollution that affects the
environment of their host communities. The mangroves of the NDR are also
disappearing rapidly as a result of crude oil pollution. According to Onyena and
Sam (2020) 60% of fish breed in the mangroves of the NDR. Thus, the sustained
impact from pollution on the mangroves from crude oil and its refinery waste
products will affect fish distribution, cultural services, aesthetics, and spiritual

enrichment (Onyena and Sam, 2020).
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Figure 1-1 Cross section of a non-standard crude oil refinery

As a nation develops so its demand for petroleum products increases (Curl and
Donnell, 1977). Countries all over the world, need petroleum products for the
smooth running of their industries, power sector and transportation (Akpoghomeh
and Badejo, 2006). Although, some nations have started looking beyond fossil fuel
because of its level of emission from exhaust and depleting nature and moving into
the use of biofuel and biodiesel because it reduces carbon footprint and
greenhouse gas emissions (Gowda et al., 2021; Mathew et al., 2021), Nigeria still
depend solely on fossil fuel because of the economic benefits accruing to the
nation to the detriment of the environment. There is a precipitous rise in the
demand for petroleum products in Nigeria, due to her rapid population growth, local
technology inventions, and increase in small scale industries (Adewuyi, 2016;
Adewuyi, 2020). This demand is high in Nigeria because of her population which

is about 200 million people (Adewuyi, 2020). Daily consumption of refined crude
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oil products in Nigeria as of 2016 was about 428,000 barrels per day (Worldometer,
2017). Nigeria consumes over three billion litres of diesel fuel oil, seventeen billion
litres of gasoline, and 400 million litres of aviation fuel annually (Omontuemhen,
2018). According to Ogbuigwe (2018), the combined demand for petroleum
products in Nigeria as of 2017 was equal to 750,000 barrels per stream day (bpsd).

The four government owned refineries have an overall installed refining capacity
of 445,000 barrels of crude oil per day (Kadafa, 2012; Waheed et al., 2014) while
the only privately owned refinery in Nigeria has a refining capacity of 1,000 barrels
of crude oil per day (DPR, 2021). The government owned refineries have had a
poor operational record over the past 15-20 years with an average capacity
utilization of around 15% per annum (Ogbuigwe, 2018). The privately owned
refinery refines diesel fuel oil for its internal use with excess sold in its immediate
locality (DPR, 2021).

Although, the government owned refineries’ designed refining capacity is 445,000
barrels per day (bpd), low refining yield has been recorded leading to scarcity of
various refined products (Mamudu et al. 2019). Obasi et al. (2017) and Itsekor
(2020) reported that with the installed capacities of all the refineries, this is still less
than 40% of the daily national consumption requirement. Furthermore, the
relatively low production capacity is hampered by operational shortcomings and
lack of adequate maintenance (see Table 1-1) (Obasi et al., 2017). Olujobi (2021)
reported that poor maintenance of the refineries frequently leads to their
breakdown and therefore to supply shortages causing fuel scarcity. This deficit in
supply relative to demand is bridged by the import of refined petroleum products
(Ogbon et al., 2018). More than 90% of petroleum products consumed in Nigeria
are imported from other countries because the refineries are not working to full
capacity (Obasi et al., 2017).



Table 1-1 Refineries in Nigeria (EIA, 2021)

Refinery Name Location Status
Kaduna Kaduna Under maintenance
Port Harcourt 1 and 2 Rivers Under maintenance
Warri Delta Under maintenance
Ogbele Rivers Active

1.1.1 Scarcity of petroleum products in Nigeria
The scarcity of petroleum products (see Figure 1-2) drives up prices, with
government licensed retail outlets selling refined petroleum products like diesel,

and gasoline above the designated pump price.

Figure 1-2 Customers queuing to buy petroleum products as a result of product

scarcity in the Federal Capital Abuja, Nigeria (BBC News, 2021).

According to Ogunleye (2016) angry motorist queued overnight at fuel retail outlets
across Nigeria, with cars and trucks blocking traffic in the commercial city of Lagos.
Individuals who need diesel, gasoline, or kerosene to power their generators,
stoves, and outboard marine engines, including unlicensed retailers are not left out
(Dunmade, 2019) as shown in Figure 1-3. The quality of petroleum products sold

by unlicensed operators on the black market are of questionable quality as many



peddlers usually adulterate them with other products to make more profit
(Dunmade, 2019).

Figure 1-3 Petroleum scarcity; Large queues at retail outlets and black-market
trade (Elendu, 2017; Business Day, 2016)

The consistent scarcity of refined petroleum products in Nigeria has led her citizens
to look for cheaper products to buy to power their engines (cars, trucks, generators,
and boats). The shortfall in supply and steep rise in prices is now met by products
from non-standard refineries in the NDR of Nigeria (Onakpohor et al. 2020). The
Directorate of Petroleum Resources (DPR) the agency saddled with the
responsibility of overseeing petroleum products quality in Nigeria warned the public
in 2015 of the presence of adulterated petroleum products used for both domestic
and automobile like diesel, kerosene, and gasoline in circulation causes explosion
(Glory, 2016).

1.2 Statement of the problem

The Niger Delta Region of Nigeria today, finds itself awash with non-standard
refineries, which refine crude oil, for local sale and consumption, using basic
technology (Katsouris and Sayne, 2013). According to Balogun (2015) some oil is
transported to small scale undeveloped refineries in the mangroves and creeks,
where it is boiled to produce low grade diesel fuel. The refined products are
sometimes blended with properly refined products such as diesel and gasoline and

sold to fuel retail outlets and other suppliers of refined petroleum products in the



NDR (Katsouris and Sayne 2013). Figure 1-4 shows refined petroleum product
yields from non-standard refineries. The non-standard refining of crude oil, comes
with a damaging effect for the economy, the environment and host communities
(Anifowose et al., 2014; Yeeles and Akporiaye (2016). While research has been
carried out in the areas of the economic effect of sabotaged to crude oil pipelines
in Nigeria’s NDR, the effect on the ecosystem (causing spillage, both on land, in
rivers and the sea) of the region and national security, there is a dearth of research
on the sustained impact of the activities of the refiners on their host communities
coupled with the effect of the non-standard refined products, on marine craft,
diesel generators, ships and tugs and their resultant emissions on the environment

of the Niger Delta Region.

Non-Standard Refinery Product Yields

—
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Figure 1-4 Yields from non-standard crude oil refineries (Network, 2013)



1.3 Scope of the problem

The non-standard refining of crude oil in the NDR of Nigeria has brought about
several challenges to the government, people and the environment of the region.
Onuh et al. (2021) and Okafor et al. (2021) reported that the increase of non-
standard refineries in the NDR has resulted in untold adverse effects on the
environment with related long-term impacts on the atmosphere, biosphere,
hydrosphere and litosphere. This section decribes the environmental, community,
health and economic impacts of the activities of the refiners. According to
Nwogwugwu et al. (2012) while crude oil is the blood of the Nigerian economy, it
has failed to translate into development and regional prosperity in the Niger Delta.
Instead, the region has been rewarded with political and economic marginalisation

coupled with massive environmental degradation.

According to Agbonifo (2022) the allocation of resources by the Nigerian state is
heavily skewed against communities in the region where oil is produced, which led
to violence of unimaginable proportions. The non-standard refining of crude oil in
the NDR could be traced to the agitation of the people againts the allocation of
resources and the degredation of their environment as a result of oil exploration
and exploitation (Asimiea and Omokhua, 2013). Onuh et al. (2021) reported that
the lack of development in communities hosting crude oil facilities in the region and
environmental pollution connected with its production remains the basis for the
anti-state mobilisation which manifested in the form of militancy, crude oil theft and
non-standard refining. The conflict began as a peaceful protest with the Ogoni
people under the aegis of the Movement for the Survival of the Ogoni People
(MOSOP), but as the Nigerian government responded with repression, the
resistance became radicalised and widespread in other places in the Niger Delta
(Naanen, 2019). The agitation came to a climax with open armed confrontation
against the Federal Government of Nigeria between 1999 and 2009 (Asimiea and
Omokhua, 2013). The resistance from the Niger Delta Youths fractured the steady
production of crude oil in Nigeria which also affected the country’s external
reserves (Ugor, 2013).

However, when repression failed the government introduced reforms that gave

birth to the Presidential amnesty programme. The amnesty program ensured that
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agitators dropped their armed struggle against the Nigerian state. This enabled the
government, through the oil multinationals to increase its crude oil production
capacity and raise oil profits that were almost grounded by the agitators (Ugor,
2013). Borne out of the agitation for resource control was the rise in theft of crude
oil and other petroleum products like condensate from oil well heads and crude oil
pipelines (Ogbuigwe, 2018). The illegal activities of the non-standard refiners like
sabotage of oil pipelines leading to oil spills and the transportation of the crude oil
in open boats to their refining sites have been very harmful to the environment
(Gundlach et al., 2021). The process of the non-standard refining incurs careless
wastage of crude oil, with refining waste dumped haphazardly on land, and in
streams, rivers, and mangroves, leading to severe damage to the environment and
public health (Onuh et al., 2021).

The waste management process of the non-standard refiners is also of major
concern. Howard et al. (2021) reported that the harmful use of crude oil by
sabotaging crude oil facilities for financial gains through their crude refining process
and continuous discharge of petroleum products into the environment with absolute
disdain for the safety of the environment of the Niger Delta is a major burden. The
crude refining process has led to outbreaks of fire, explosion, and emission of
dangerous gases; with dozens of lives lost every year at non-standard refinery sites
(Onuh et al., 2021). The economic and environmental sustainability of the people
of the Niger Delta has been threatened by the activities of the non-standard refiners
(Babatunde, 2020). An unsoiled and sustainable environment is vital to the overall

wellbeing and development of the Niger Delta people (Nriagu, 2011).

1.3.1 Environmental impact

Oil pollution in the Niger Delta impacts the total environment (i.e., water and land),
biodiversity and public health (Sam et al., 2022). The sustainability of the
environment is critical to human security of not only the present but also the future
generations (Babatunde, 2020). Serious environmental hazards have been
credited to crude oil exploration and exploitation, largely arising from the discharge
of wastes, atmospheric emissions, oil spills, gas flares, and deck drainage (Adeola

et al., 2022). In addition, damage is caused as a result of the close proximity of the
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non-standard refineries to water bodies particularly wetlands, mangroves, and
estuaries (Chikere et al., 2020). A major impact of the non-standard refining of
crude oil in the NDR is in its environment. Crude oil refining contributes liquid, solid
and gaseous waste to the environment (Obenade and Amangabara, 2014). Over
1300 distinct chemicals could be emitted into the environment as a result of crude
oil exploration and exploitation (Orisakwe, 2021). These chemicals which are of
public health and ecological concerns includes biocides, oxygen scavengers,
Polycyclic Aromatic Hydrocarbons (PAHS), Volatile Organic Compounds (VOCSs),
particulate matters, and heavy metals (Orisakwe, 2021). Hydrocarbon
contamination is commonplace as a result of more than five decades of
exploitation, poor oil spill response regime, and acute incidents (Sam et al., 2022;

Iturbe-Espinoza et al., 2022).

With huge smoke plumes above non-standard refineries all day, those involved in
the refining process and the surrounding communities are at high risk of exposure
to extreme hydrocarbon levels which could have prolonged and acute effects on
human and animal health (Onuh et al., 2021). The method of waste disposal at the
non-standard refineries directly affects the surface and ground water, aquatic life,

and farmlands.

1.3.2 Health impact

In many developing economies of the world, crude oil could be described as the
bitter-sweet crude for its double-edged impact on the wellness and welfare of the
people (Orisakwe, 2021). Ukhurebor et al. (2021) reported that spills from crude oil
have been identified as a major factor responsible for most of the environmental
imbalance and health conditions in some of the Niger Delta communities as a result
of pollutants released into the environment. Ana et al. (2009) reported that human
exposure to dangerous air pollutants emitted during the incomplete combustion of
stoked flames from non-standard refineries and gas flares from crude oil flow
stations are known to impact human health, with effects which include cancer,
neurological, reproductive, and developmental effects. Respiratory ailments, skin
lesions, cancer, food poisoning, loss of arable land, and other livelihood structures

of riverine and coastal communities have all been attributed to oil spills, illegal
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bunkering, theft, and crude oil exploration (Onyena et al., 2021). Crude oil
hydrocarbon contamination of water and soil resources is of serious environmental
concern posing health risks for humans because of their mutagenic and
carcinogenic properties (Lubi and Akinluyi, 2022). Hydrocarbons from fossil fuel
contains the most ubiquitous pollutants such as polycyclic aromatic hydrocarbons
(PAHS), volatile organic compounds (VOCs): benzene, toluene, ethylbenzene, and
xylenes (BTEX) (Lubi and Akinluyi, 2022). Benzene is a carcinogen, a known
cause of leukaemia and other blood related disorders (Ana et al., 2009). Also,
BTEX such as toluene are repeatedly connected with the problems of the central
nervous system, leading to symptoms such as fatigue, headaches, and dizziness
(Ite et al., 2018). High levels of exposure to PAHs cause symptoms such as
vomiting, nausea, and skin irritation, with exposure during pregnancy associated

with impaired child development and reduced birth weight (Ite et al., 2018).

The quality of drinking water is very important for the health and wellbeing of the
Niger Delta people, but pollution from crude oil is a major hinderance. According
to Ite et al. (2018) the low molecular weight PAH, naphthalene detected in water
samples from Ogale community in Rivers State, Nigeria could adversely affect the
hematopoietic system, damaging and killing red blood cells, and causing

symptoms such as fatigue and shortness of breath.

1.3.3 Economic and Community impact

The Niger Delta Region is a highly sensitive ecological zone (Asimiea and
Omokhua, 2013), situated in parts of the tropical rain forest, and the saltwater and
freshwater mangrove swamps in Nigeria. The traditional lifestyle of the people
makes them vulnerable to crude oil pollution (Nriagu, 2011). The local population
get many goods from the mangroves and tropical rain forest such as wood for
construction, firewood, yam staking scaffolds, honey, fish, boat building materials,
farm produce etc. (Zabbey et a., 2019). According to Babatunde (2020) the region
is rich in cash crops, such as cocoa, rubber, coconuts, oil palm, and food crops
such as yam, cassava, and plantain. However, in their comparative study on
childhood malnutrition and household food security in the rural and urban areas of
the Niger Delta, Ordinioha and Brisibe (2013) reported that there is a major
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statistical difference in the level of food security between households in rural and
urban communities. The latter is statistically more food secure, with reduced
childhood malnutrition. Babatunde (2020) argued that a 60% decline in household
food security and a 24% increase in the prevalence of childhood hunger and
malnutrition could be attributed to pollution from crude oil. This was alluded to by
Adow (2012) writing for Aljazeera News where the reporter “found out that fishing
and farming, the two main economic activities in the oil-rich Niger Delta, are now
all but abandoned. Frequent oil spills have depleted fish species in rivers and
streams while millions of hectares of farmlands lie wasted by oil pollution and

contamination”.

An important need for the sustenance of life and good health is water (Owamah et
al., 2020). The people of the region depend mainly on the rivers and swamps for
bath water, drinking water and water for other domestic purposes. However, the
major source of drinking water and water needed for irrigation is continually
polluted (Nriagu, 2011) by run-off water from non-standard refinery sites. Fisheries
in the Niger Delta contribute immensely to food security by acting directly as a
source of important nutrients or as a source of revenue for riverine, and coastal
communities that depend mainly on the resource for subsistence (Okafor-
Yarwood, 2018). However, oil pollution Kills fish, fish larvae, food sources, and
destroys the capability of fish to reproduce, causing both immediate, and long-term
damage to fish stocks (Nriagu, 2011).

Crude oil spills from pipeline interdiction affects farmlands, the environment of the
Niger Delta, and the economy of the nation. According to Umar et al. (2021)
pipeline interdiction is the “hostile situation whereby a certain commodity or goods
is prevented from movement from one place to another by certain aggrieved
individuals”. The researchers identified the key actors as vandals, amateur
bunkers, and sophisticated bunkers. They argued that, while the vandals carry out
their acts of sabotage of oil facilities as a means to punishing the oil multinationals
and government for years of neglect of their communities, both the amateur, and
sophisticated bunkers do it for the purposes of economic gain. Pipeline interdiction
takes place because, locals look for ways to bribe the authorities charged with
responsibilities to monitor the crude oil transportation pipelines of the nation
(Ikezam et al., 2021).
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The money generated from non-standard refineries is believed to aid the
development of host communities and directly sustain families (Ikezam et al. 2021).
The refined products of diesel, kerosene, and gasoline are sold to the public as
quality products. The products are not only sold to individuals, but they are also
sold to fuel retail outlets. According to Yafugborhi (2019) independent petroleum
marketers in Rivers State, Nigeria for two years depended on diesel fuel oil refined
at non-standard refineries to run their product delivery trucks which had taken a
severe toll on their livelihood and business. Also, Emmanuel (2013) reported that
if you buy diesel in Lagos (the commercial nerve centre of the economy), or in the
Niger Delta region there is a likelihood that you bought a non-standard refined

diesel fuel oil.

1.4 Aim of study

The aim of this research is to carry out a detailed investigation into the sustained
impact of the activities of non-standard crude oil refiners on their host communities
and the effect of the refined diesel fuel oil on diesel engines, and the resultant
emissions on the environment of Nigeria’s NDR. To meet the study aim, the thesis
will address the objectives listed in subsection 1.3.1 and the research questions

listed in subsection 1.3.2.

1.4.1 Objectives of the study are:
1. Presentation of a thorough literature and critical review; methodology setup;
case studies and presentation of associated results

2. To carry out a sustained impact assessment of the activities of the non-

standard refineries on their host communities

3. To determine the physiochemical properties of the NRD (non-standard

refined diesel) fuel oils

4. To determine the volatile organic compounds (VOCs), present in the NRD

fuel oils.

5. To determine the performance and combustion characteristics of the NRD

fuel oils on diesel engines.
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1.4.2 Research question
What are the implications of the activities of the non-standard refiners in the
NDR for their host communities and the environment and what is the
difference in terms of standard parameters between the Nigerian refined
diesel from the NRD fuel oil and the effect of those differences on engine

performance and emissions?

1.5 Justification of the study

The damage done to government infrastructure, the people and the environement
of the NDR are enormous. Detailed information on the scale of the damage to the
environment, coupled with the loss of revenue from farmers,
fishermen/fisherwomen, and the people who make use of the non-standard refined
products for their engines, will help the government to develop policies and also
help stakeholders to guard against the losses resulting from reduced farm/fishing
yields. Several researchers have studied the economic effects, the security
challenges, the remediation of damaged soils, the pollution of water bodies, and
emissions from non-standard refineries (Onakpohor et al., 2020; Ogbon et al.,
2018; Luke and Odokuma, 2021; Babatunde, 2020; Ogele and Egobueze, 2020;
Nwozor et al., 2020; Onyena and Sam, 2020; Ugboma et al., 2020; Igben, 2021).
while this research will take a holistic approach in addressing the issue of the
sustained impact of the non-standard refining of crude oil on the host communities,
the effect of the refining process on the environment, the quality of the refined
diesel fuel oil, the consistency in the refining process and the effect of the refined

diesel fuel oil on the performance of internal combustion engines.

1.6 Achieved thesis objectives

The thesis objectives, as detailed in subsection 1.4.1, were all successfully met.
The first objective as detailed in Chapter 2 was to present a thorough literature and

critical review of the current state of the art on methods, tools, and associated
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results. The second objective which was to carry out a sustained impact
assessment of the activities of the non-standard refiners on their host communities,
is detailed in Chapter 4 of the thesis. Questionnaires were administered to
stakeholders (youths, chiefs, traders, farmers, fishermen/fisherwomen, and
residents of host communities). Quantitative data was collected from three
communities in the Niger Delta region of Nigeria with non-standard crude oll
refineries and the data was analysed using descriptive and inferential statistical
methods (Chi Square, Correlation, and Factor Analysis). The third objective, which
was to determine the physiochemical properties of the 9 non-standard refined
diesel (NRD) fuel oil and the control sample, was also achieved as detailed in
Chapter 5. The physiochemical properties were determined according to the
American Society of Testing and Materials (ASTM) designated standard D975
which includes seven categories of diesel fuel fitting for several types of diesel
engine (ASTM D975-21). The density, kinematic viscosity, flash point, calorific
value, water content, pour point, cetane index and distillation ranges were
determined. The fourth objective was to determine the Volatile Organic
Compounds present in the 9 NRD fuel oil and the control sample. The volatile
compounds present in each sample were determined with Gas Chromatography
and Mass Spectrometer (GC-MS). GC-MS is employed in the determination of the
compositional variations of fuels (Leghrib et al. 2020; Camara et al. 2017). The fifth
objective as detailed in Chapter 7 was to determine the performance and
combustion characteristics of the 9 NRD fuel oil and the control sample in diesel
engines. The combustion and emission analysis were determined using a variable
speed single-cylinder Cussons Engine Test Bed P8252, coupled with a
piezoelectric transducer and a Testo 350 exhaust gas analyser. The brake thermal
efficiency (BTE), brake specific fuel consumption (BSFC), cylinder pressure,
exhaust gas temperature, oxides of nitrogen (NOx), carbon monoxide (CO), and

carbon dioxide (COz2) emissions was determined.

1.7 Thesis structure

The thesis is made up of eight chapters. Chapter 1 dealt with the introduction to

the research, the statement of the problem, research aim and objectives,
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justification of the research and thesis structure. Following the introductory chapter,
Chapter 2 of the thesis reviews extant literatures on crude oil refining in Nigeria,
non-standard refining of crude oil, diesel fuel adulteration and its effect on engine
performance, terminologies associated with internal combuston engines and
physiochemical property analysis of liquid fuels. Chapter 3 summarises the
research design and methods adopted in acquiring data for the research. Chapter
4 of the study investigates the sustained impact of the activities of the non-standard
crude oil refiners on their host communities. This chapter addresses objective 1 of
the thesis. The physiochemical properties of the non-standard refined diesel fuel
oils are determined in Chapter 5. Chapter 5 of the thesis addresses objective 2 of
the thesis. In Chapter 6, Gas Chromatography and Mass Spectrometer (GC-MS)
and Fourier Transform Infrared (FTIR) analysis is presented to determine the
volatile organic compounds in the test fuel samples. Chapter 6 addresses objective
3 of the thesis. The performance and combustion characteristics of the non-
standard refined diesel fuel oil on engines is presented in Chapter 7. This chapter
addresses objective 4 of the thesis. Chapter 8 the concluding chapter, summarises

the findings of the study, recommendations, and future study.
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Chapter 2 Literature and Critical Review

2.1 Introduction

This study aims to investigate the impact of the activities of the non-standard crude
oil refiners on their host communities. The physiochemical properties of the non-
standard refined diesel fuel oil, its effects on engine performance and emission.
Hence this chapter reviews the extant literatures on the production of crude oil in
Nigeria. It, thereafter, looks at the activities of the non-standard refining of crude
oil and the effect of the products on the environment and on engines in terms of
performance and emission arising from the usage of the fuels. Some sections of
this chapter has been published in journal papers by the researcher (Bebeteidoh
et al., 2020; Bebeteidoh et al., 2020).

2.2 Crude Oil

Crude oil is a complex and composite mixture of diverse hydrocarbon chains
(Nandy et al. 2020; Fingas, 2011) often mixed with mineral suspension and
emulsified water (Fetter et al., 2019). It is a yellow-black liquid usually found in
underground reservoirs (Eneh, 2011). Crude oil is one of the most important energy
resources available to humans (Luo et al., 2020). Yasin et al., (2013), Groysman
(2017), and Chinenyeze and Ekene (2017) all stated that crude oil consists
predominantly of hydrocarbons, metals, nitrogen, and sulphur in their natural state.
However, Groysman (2017) posited that in addition to the hydrocarbons which are
present in it, crude oil also contains contaminants that are present as dissolved
gases, solids, and liquids. Metals are uncovered in trace concentrations in crude

oil as inorganic salts (Fetter et al., 2019).

In its raw form, crude oil is a fossilized mass found below the earth’s surface as a
geological formation (Vempatapu and Kanaujia, 2017). Crude oil contains all
normal Alkanes from Cito Ci2o (Yasin et al., 2013). Also, it contains hydrocarbon
deposits and organic materials including aromatic hydrocarbons, alkanes, and

cycloalkanes with toxic, hazardous, and carcinogenic potentials (Maamar et al.,
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2020). Also, Chinenyeze and Ekene (2017) asserted that crude oils are
hydrocarbon compounds going from pentane to pentadecane (Cs — Cis). Table 2-
1 shows crude oil fractions and their various applications. Crude oil has an
elemental composition distributed between carbon (85%-90%), hydrogen (10%-
14%), sulphur (0.2-3%), nitrogen (<0.1-2%), oxygen (1-1.5%), and organometallic
compounds (vanadium, nickel, lead, arsenic, and other trace metals) (Vempatapu
and Kanaujia, 2017).

Crude oils are complex but mainly paraffinic, naphthenic, and aromatic, (Yasin et
al. 2013, Chinenyeze and Ekene 2017) and play a key role in today’s world
economy because they are the main source of energy (Mabood et al., 2017).
According to Ali and Kumar (2017) crude oil is one of the largest sources of energy
in the world, but its extraction and subsequent refining come with an environmental
impact on water, air, and land. As stated in section 1.1 several countries have
started using biofuel as a fuel for engines, but because of the economic benefit
and government policy, Nigeria has not made any concrete effort to diversify from
the use of fossil fuels, and her citizens are left with just one option, the use of
products refined from fossil fuel. Adewuyi (2020) identified weak government
policies, high production cost, land tenure system, and competition between biofuel
feedstock and food as the challenges hampering the development of biofuel in

Nigeria.
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Table 2-1 Crude oil fractions (Eneh 2011)

Boiling Range Composition Name Main Issues
(°C) (No. of carbon
atoms per
molecule)
=20 Cito Cs Natural Gas (gasecus | Fuel, chemical synthesis (Le. raw material for
compounds) chemical industry)
0-30 - Natural gas (Zymogene and | Liguid Zymegene is used in the manufacture of
Rhigolene) ice. Rhigolene is used in medicine as a local
anaesthesia
20-90 Csto C; Light petroleum (Petroleum ester) Solvent
30 - 150 C:zto Cia Crude naphtha Solvent
70-90 Ceto Cis Gasoline of petrol Motor fuel, solvent in dry cleaning
70 -200 Ceto Cio Petrol (gasoline) Motor fuel
90 -120 Crto Cs Ligroin (high b.p petroleum either Solvent in dry cleaning
or light petroleum fuel)
100 - 200 CstoCiwe Fuel Automebiles
120 - 160 Csto Cop Benzene Solvent (in dry cleaning and in oil and plant
industry)
150 - 300 Ciato Cas Kerosene Fuel, illuminant, making oil gas
175-300 CiotoCie Kerosene (Paraffin) Fuel for jet engines or central heating systems
200 - 300 Cizto Cia Kerosene (Paraffin) Fuel {lamps and stoves)
=275 Cizto Cao Gas oil Fuel for diesel engines
=300 Ciato Cae Gas oil or heavy oil
300 - 400 Cisto Cas Diesel oil Fuel (locomotive)
Czoto Czs Lubricating oil Lubricant {(making candle, shoe polish, etc.)
=400 Cz¢ to Cao Paraffin wax Various
Non-volatile oil >Ca Lubricating oils, waxes, efc. Lubricant, candles
Solid residue >Cap Asphalt, bitumen Read surfaces, roofing
Vaseline Lubricant
Pitch In toilet geods and cintment
Petroleum coke (on re-distillation In paints and varnish. As fuel
of tar)
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2.2.1 Crude Oil in Nigeria

Oil was first discovered in Nigeria in 1956 by Shell D’Arcy (later Shell-BP) in a town
called Oloibiri, in the heart of the Niger Delta, with production and exploration
commencing in 1958 (Madu 2015). This set the stage for multinational oil producing
companies to find their way into Nigeria, notably Gulf oil (later Chevron and now
Chevron/Texaco), Mobil (Exxon Mobil), Agip, Texaco, and EIf (now Totalfina/EIf)
(Obi 2010). Nigeria’s export blends are sweet crude and light crude, and both have
low sulphur contents of 0.05% - 0.2% (Badmus et al., 2012).

The bulk of Nigeria’s crude oil production takes place in the Niger Delta Region
(Onyena and Sam, 2020), where most of the crude oil deposits are found (Audu et
al., 2016). Presently Nigeria has159 oil fields in operation and 1,481 oil wells in the
Niger Delta region (Babatunde et al. 2019). However, the exploration and
production of crude oil has had a damaging effect on the ecosystem, surface and
groundwater, and soil (Kharaka and Hanor, 2003). Also, Ana et al. (2009) added
that oil exploration causes a range of environmental problems including, the
contamination of groundwater by xylene, toluene, benzene, ethylbenzene, and

other derivatives of benzene.

Oll spills, no matter the size, affect the natural microbial community, the chemical,
and the physical properties of the soil (Ana et al., 2009), and devastate forest and
water bodies causing loss of biodiversity (Okonkwo and Etemire 2017). According
to Kharaka and Dorsey (2005) these effects arise because of improper disposal of
large volumes of saline water produced with oil and gas, abandoned oil wells, land
modification for drilling activities, impact, and ground-surface disturbances.
Anifowose et al. (2012) in their research reported that while the oil multinationals
could be held culpable, some of the crude oil spills are a result of deliberate attacks
on oil pipelines, which are often followed by oil theft carried out by well-trained
professionals or at a smaller scale by opportunistic local residents. Table 2-2

shows the critical pollutants in the Niger Delta Region.
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Table 2-2 Critical air pollutants in the Niger Delta region of Nigeria (Wilson et al.

2018)
Pollutants Description Sources Effects
Particulate Matter PMzsand PMio Residues from | Increase respiratory symptoms,
burning of | aggravate asthma, and cause
hydrocarbons — | premature death.

gas flaring etc.

formation

motor vehicles

and refineries

Carbon Monoxide Poisonous incomplete Affect mental function, alertness,

(CO) gas combustion from | and  worsen  cardiovascular
vehicles and gas | diseases. Harmful even in low
flaring concentrations.

Nitrogen Dioxide | Reactive gas. Part of | Vehicles and | Respiratory illness (short term).

(NO2) smog formation power plants, gas | Lowers resistance to respiratory
flaring infection (long term).

Ground level Ozone | Reactive gas. Main | Sunlight reacting | significantly  decrease lung

(03) chemical in  smog | with exhaust from | function, increase

respiratory symptoms, aggravate
asthma

Sulphur Dioxide

Poisonous gas

Exhaust fumes,

gas flaring and

Sore throat, runny nose, cough,
and burning eyes. Inhaling high

residues from | levels can cause swollen lungs
burning of | and breathing difficulty. Skin
hydrocarbons contact with sulphur

dioxide vapour can cause

irritation or burn

Gas flaring is a practice used for the disposal of associated gas by the
multinationals in Nigeria during production, which has been linked to global
warming (Audu et al. 2016; Aniefiok et al. 2016; Okonkwo and Etemire 2017) and
also a high prevalence of cancer, respiratory and skin disorders in host
communities (Ana et al. 2009). Gas flaring is a concern to the people of the Niger
Delta, this is because it directly influences the quality of human health, which in
extreme cases may lead to death (Wilson et al. 2018). It is also important to
highlight that flared gas emissions are often corrosive and toxic and can contribute

to the formation of acid rain because of their nitrogen dioxide content. Nitrogen
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dioxide is an acid rain precursor as it reacts with moisture to form corrosive nitric
acid (Wilson et al. 2018).

2.2.2 Crude Oil Refining in Nigeria

As discussed in Chapter 1, Nigeria has four crude oil refineries all in a moribund
state (Adegbite 2013) with an estimated total refining capacity of 445,000 barrels
per day (Kadafa 2012; NNPC 2016; Majekodumi 2013). The Port Harcourt Refining
company is made up of two refineries; the first, which was commissioned in 1965,
was built with an on-stream capacity of 60,000 barrels of light crude per day, and
the second refinery, which was commissioned in 1989, was built with a refining
capacity of 150,000 barrels of crude oil per day (Odeyemi and Ogunseitan 1985;
NNPC 2016; Kadafa 2012). The Warri refining company and Kaduna refining
company have one refinery each with installed capacities of 110,000 barrels, and
125, 000 barrels of crude oil per day (NNPC 2016).

2.2.3 Non-Standard Refining of Crude Oil in Nigeria

The quality of fuel determines whether it can be commercialized because the
presence of adulterants could lead to some operational challenges (Torres-
Jimenez et al., 2011). The non-standard refining of crude oil, as described by
Nwajiaku-Dahou (2012) and Networks (2013), is the rudimentary refining of crude
oil into gasoline, kerosene, and diesel in relatively small amounts for use in local
markets. The non-standard refineries make use of crude oil as its feedstock and
as such refineries are built close to communities that host crude oil flow stations
and those with crude oil pipelines running through them in the Niger Delta, while
the non-standard refined products such as diesel and kerosene are sold in towns
and villages in Nigeria (Ogbuefin 2014). According to Networks (2013) non-
standard refining camps along the riverbanks, store crude oil in locally-made
drums, or in large holes dug in the ground covered in plastic and other synthetic
materials to prevent any leakages. Likewise, EIA (2016) reported that non-standard
refineries in the Niger Delta’s swampy bushes refine crude oil, and by-products
from the refined crude oil such as diesel, kerosene, and petrol are sold domestically
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and regionally at low cost compared to government recognized retail outlets. A
typical non-standard refinery is shown in Figure 2-1.

Figure 2-1 A typical example of a non-standard refinery (Onyekakeyah 2017)

The process of refining begins when the “black is heated in an oven, burning crude
oil to start the distillation process, with most of the process kept cool through cold-
water pumps and storage tanks” (Networks 2013). The product of each refining
process depends on the refining method, with variations in the quality of products
obtained, and to correct these variations the refiners sometimes mix kerosene with
diesel to reach the product standard of large refineries (Networks 2013). “We mix
the diesel with kerosene and gasoline; no chemical is used because the quality is
standard. Before now we used to buy a chemical from NNPC staff but when we
discovered mixing diesel with our refined fuel and kerosene improves the quality,

we stopped buying it” Networks (2013).

2.2.4 Perspective of the Non-standard Refiners

Several reasons have been adduced for the rise of non-standard refineries in the
Niger Delta region. Perpetrators of the illegal acts have attributed this to
unemployment, the government, and multinational oil companies near neglect of
the Niger Delta region in the allocation of oil resources. Others have attributed it to
the devastation of the environment of the region from crude oil exploration and
exploitation. Babatunde (2012) argued that the proliferation of non-standard
refineries could be attributed to the battle by the local communities towards

securing increased local participation in the oil business and suitable access to the
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oil revenues. Wizor and Wali (2020) reported that the communities of the region
are not put into the equation of oil activities by the government and oil
multinationals, despite the degradation of their soil, atmospheric pollution, and
water poisoning, which are their sources of sustenance. Based on secondary data
this section reviews excerpts of published reports of interviews conducted with
perpetrators of this illegal act of non-standard crude oil refining by both

international and local journalists.

2.2.4.1 Unemployment

Owolabi (2022) reported that high-levels of unemployment have made the non-
standard refining of crude oil an attractive business in the Niger Delta. Ngada and
Bowers (2018) argued in favour of the view that poor standards of living, high
unemployment and poverty are associated with the non-standard refining of crude
oil. Over the years, the illicit business of non-standard refining of crude oill,
operated by unemployed youths has grown in leaps and bounds with a typical
camp engaging between 12 and 20 people with larger camps employing even more
(Onuh et al., 2021). Umukoro (2012) asserted that deteriorating and poor economic
conditions due to worsening land shortages, few opportunities beyond farm and
declining farm yields have accelerated conflict through unemployment and rising
poverty. Umukoro (2012) went on to note that with its large population dependent
on water, land, and other resources from a deteriorating resource base as a result
of crude oil exploitation, the Niger Delta clearly exhibits both demand-and supply-
induced environmental scarcity. However, Okpo and Eze (2012) argued that the
issue of the non-standard refiners could be attributed to ignorance and greed.
Below are excerpts of quotes from interviews conducted by reporters of several

news outlets with the non-standard crude oil refiners.

“Forty-year-old Goodluck, who shares his name and tribe with the president, says
he would much rather have got a respectable job, except that, despite the billions
of petrodollars coursing through the region’s creeks over decades, there aren’t
any”. This refinery is the only thing | know that can ensure my survival, at least for

now,” he told Reuters, sitting under a small makeshift iron roof shelter from the
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boiling sun, his hands sticky with crude. Doing this you can make up to $60 in a
day,” he said, gesturing with a nod towards oil drums full of homemade diesel
shaded by smoked-blackened palm trees”.- Akintunde Akinleye., Reuters News,
2013

“We are bleeding,” said one man working at a nearby illegal oil refinery, who gave
his first name as Prince. “We need this one to balance out our life. “It is the only
Job we are doing,” said an illegal refiner who gave his name as Ibeci. “There is no
other job.” — Jon Gambrell, The Washington Post, 20/07/2013

“Not only the workers were there; some were there as customers to buy and
arrange for finished products to be transferred to various destinations in the
morning. The environment is a hustling place,” he said. Austin said it would be
difficult to stop people from engaging in illegal refining of crude oil. He gave his
reasons: “I cannot tell people to stop going there because, we take that place as a
ground where we go to hustle instead of going to steal”. — Osa Okhomina,
Leadership Nigeria, 23/06/2019

2.2.4.2 Claim to oil resource

“‘Environmental Justice” as described by the United States Environmental
Protection Agency (EPA) is the meaningful involvement and fair treatment of all
people, irrespective of race, national origin, colour, income, or education, with
respect to the execution, enforcement and development of environmental laws,
regulations, and policies (Ako, 2009). However, this is not the case with the Niger
Delta people. The claim that oil resources entrapped in the land belong to the
people is not a new discourse depending on who you speak to in the region. To
forestall such claims the Federal Government in 1978, under the leadership of
General Olusegun Obasanjo as head of state introduced the Land use decree; this
is now an Act of the Federal Republic of Nigeria. According to Ebeku (2002) the
law confers ‘all land’ in Nigeria on the State, thus denying the previous owners of
their original title. In addition, the Land Use Act has been interpreted to deny the

communities, and families of their right to compensation, despite the amount of
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damage the multinational oil companies cause (Ebeku, 2002). Ako (2009) argued
that the Land Use Act is a major cause of high incidence of violent conflicts in the

region due to the environmental injustice it promotes.

The Petroleum Act/Decree of 1969 is another law of the Federal Republic of
Nigeria that has brought continuous strife between the people on one hand, and
the government and oil multinationals on the other. As reported by Obi (2010) in
his research titled “Oil Extraction, Dispossession, Resistance, and Conflict in
Nigeria’s Oil-Rich Niger Delta”, Section 1 of the law provided that “the entire
ownership and control of all petroleum in, under or upon any lands to which this
section shall be vested in the state.” This is contrary to the claims made by some
people in the Niger Delta, that the crude oil belongs to them. Below are excerpts
of quotes from interviews conducted by reporters of several news outlets and

researchers, with the non-standard crude oil refiners.

“It's mainly because of anger we are doing this job, because the government and
oil companies don’t recognise us,” he told Al Jazeera. “We want to tell the
politicians that Nigeria’s oil is for all of us. They eat the oil revenue in Abuja, and
we take the crude down here. That’s how it’'s going to be.” Mohammed Adow,
Aljazeera News, 3/08/2012.

"Here is our business place," a man, who did not want to give his real name but
asked to be called Edward, told me as we walked around a remote, heavily polluted
palm-tree fringed creek in Ogoniland in the Niger Delta. We use these to go and
collect our natural resources - our crude oil," he said, pointing to a locally carved
boat lying on its side” - Will Ross, BBC News, 26/07/2012

“The government and oil companies are collecting our oil and we don't have jobs,
no money, so we have to collect the oil and refine our own," says one man. "We
have no fish in these creeks because of pollution. Even the farmers, their lands
have been polluted with oil — so they all joined the practice of illegal oil refining." —
John Vidal, The Guardian UK, 16/10/2013

“As an informant told me, ‘We know the youths who operate the refineries, for many
years, the corporations would come and take our oil without giving back and the
state will support them” (Adunbi, 2020).
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2.2.4.3 Relationship to community and other stakeholders

The non-standard crude oil refiners are said to be youths and residents of
communities in the Niger Delta whose activities have contributed to the devastation
of the environment. According to Ogele and Egobueze (2020) some inhabitants of
oil-bearing communities are part of the illegal business of the non-standard refining
of crude oil due to its inherent boom. According to Onuh et al. (2021) from the
organised crime perspective and value chain, a complex network of layers of
interest and community actors are involved in the political economy of the non-
standard refining of crude oil. Onuh et al. (2021) asserted that, there are three likely
layers of interest engaged in the non-standard but illegal refining, with the first layer
been youths comprising of welders, carpenters, and electricians involved in the
fabrication of makeshift tankers, cooling spots, drums and pipeline drilling for the
non-standard refining in the creeks. The second layer is made up of community
members who help the refiners to conceal the non-standard refining infrastructure
projects by monitoring any interference from the government as resource
infrastructures are property of the Federal Government under the Petroleum Act of
1969, the Land Use Act of 1979, and the Hydrocarbon Oil Refiners Act of 1965
(Onuh etal., 2021). The Hydrocarbon Oil Refiners Act of 1965 No. 17 of the Federal
Republic of Nigeria states that “no person shall refine any hydrocarbon oil save in
a refinery and under a license issued under this Act (hereunder referred to as “a
refiners license”). LN. 71 of 1965. “Any person who refines hydrocarbon oils in
contravention of the provisions of section 1 of this Act shall be found guilty of an
offence and shall be liable- (a) on summary conviction, to a fine of not less than
four hundred naira or more than two thousand naira or to imprisonment for a term
of two years, or to both; (b) on conviction an indictment, to a fine of an unlimited
amount or to imprisonment for a term not exceeding five years, or to both”. Onuh
et al. (2021) defined the third layer as the ‘financers’ or ‘big boss’ of the capital-
intensive projects of the non-standard refining of crude oil. They argued that the
‘big boss’ though invincible are mostly local community members linked to the
international oil corporations and/or the corridors of power. This layer owns the
numerous non-standard refineries situated in the region. Dominic (2016) compared
the non-standard refining and theft of crude oil to the illicit drug business and further

described people in the third layer as big men that are well connected in public
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(government) and private sectors. Human Rights Watch in their 2003 annual report
on the Warri Crisis in Nigeria, described those running the racket of the non-

standard refineries and their financiers as untouchables.

Another group of collaborators of this illegal act are security forces and government
representatives who are supposed to be protecting the pipelines that are the major
sources of the crude olil for the refiners. It is uncommon for any bunkering activity
to take place in the region without the involvement of the security forces (Onuh et
al., 2021). According to Ralby (2017) “the Joint Task Force (JTF) officers,
comprising personnel from the Nigerian Army, Air Force, Navy, and the Police,
oftentimes provide security cover for the illicit pipeline tapping and refining, as well
as escorting vessels conveying illicit crude or refined products. The police also aid
in the evasion of some arrested criminals or release them due to political pressure
indicating official complicity in the illegal hydrocarbons trade. Several highly placed
politicians, oil company staff, the staff of the Nigerian National Petroleum
Corporation and military officers are actively involved in both the small- and large-
scale illegal oil business in the region”. Below are excerpts of quotes from
interviews conducted by reporters of several news outlets with the non-standard

crude oil refiners.

“Wondering how the illegally acquired products passed through multiple military
checkpoints along the creeks was not farfetched to reporters that witnessed the
scene because, at the only entry and exit point to the jetty, were stationed several
police patrol jeeps with Area Commander’s office, B and A Divisions with several
police teams led by an Assistant Superintendent of Police. It was apparent that
they were already compromised since they were obviously allowing the trailers to
load”. Sylvester I., and Emmanuel A., This Day Newspapers, 25/08/2019

“The following day, there was a repeat of the activities of the previous day.
Disquising as an oil dealer, one of THISDAY'’s journalists approached a ‘loader’
who promised to assist provided that N200,000 was coughed up. Responding to
the worry of the ‘oil dealer’, the ‘loader’ said: “Oga, that’s no problem. We settle
them so we don’t have a problem with security. We pay N500 per drum at military
checkpoints for easy passage of our products from the creeks. And those you see

around the jetty are also here to collect theirs. So, they won't disturb any vehicle
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moving the products out on the road.” -Sylvester I., and Emmanuel A., This Day
Newspaper, 25/08/2019

“Also speaking during the programme, Felix Mamode Akugha, broadcaster and
executive producer of ‘Inside the Niger Delta’, accused politicians and security
officers of aiding illegal oil refining activities. According to Akugha, illegal refining
of crude oil has become “a multi-billion-naira industry” in Rivers and the Niger Delta
region, which “employs over 500,000 youths”. The broadcaster also cited the
comment made by Nyesom Wike, governor of Rivers, who had
once accused Major General Jamil Sarham, General Officer Commanding (GOC)
6 division of the Nigerian Army, of running an oil theft ring in the state” -James O.,
The Cable, 19/08/2021

“Governments at all levels have been incapacitated in trying to stop this business,
because quite a lot of big people are involved in it. When | mean big, | mean very
influential, very powerful political leaders, military leaders are all involved in this
business, and so it is difficult to put a halt to it. They (oil bunkers) get the crude oil
from pipelines. In other words, the man who is put to guard something is the one
that is taking from it. There is nobody to stop it. The theft of Nigerian crude oil is
alarming, but is the government ready to do anything?”- James O., The Cable,
19/08/2021

“Rivers State Governor, Mr. Nyesom Wike, has urged the State Police
Commissioner, Eboka Friday, to redeploy out of the state a particular Divisional
Police Officer (DPO) in Emohua Local Government Area of the state who he
alleged operates an illegal refinery in the area. The governor frowned at security
agencies for the role some of their personnel have played in aiding and providing
cover to the operators of the illegal refineries in the state”. Blessing I., This Day
Newspaper, 15/01/2022

Although, the military has commenced with the destruction of non-standard
refineries in the Niger Delta region, they have to do so in environmentally friendly

manner and also to ensure that those involved be arrested and prosecuted.
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2.2.4.4 Economic model

The youths who carry out the illegal acts of the non-standard refining of crude oll
do so for financial gains. Little or no payment for the crude oil, which is the basic
raw material needed for the refining process, is seen as a windfall for them. A
classical model which is used by most non-standard refining camps is the law of
demand and supply. The connection between demand and supply is one of the
most important factors that could affect product prices in the market (Torab, 2018),
coupled with the supply gap created by the ineffectiveness in the country’s
downstream sector (Nwozor et al., 2020), see Section 1.1. This was also alluded
to by Nigeria’s Minister for Petroleum during a shareholder’s meeting. He was
quoted as saying “The prevalence of illegal refineries in the region is attributed to
the non-availability of legitimate alternatives.” (Okafor, 2021). The demand for
petroleum products like diesel, kerosene and gasoline and the price differential
between the government products, which are imported, has also increased the
demand of the non-standard refined products. The imported refined products are
affected by the rise in crude oil prices in the international market. In which case, as
the prices of crude oil go up in the international market, the prices of the refined
petroleum products imported by the government also goes up. According to
Evbuomwan and Alete (2020) the non-standard refined products are sold at very
cheap prices and, coupled with the extreme poverty in the region, the inhabitants

would rather use them than the standard refined products.

The unavailability of fuel retail outlets in the creeks of the Niger Delta is another
factor that creates high demand for the locally refined products. Though, the non-
standard refiners do donate free cooking fuel (kerosene) and diesel to their host
communities, the demand for the product is still very high as the scarcity of
petroleum products is a nationwide issue. “We give out kerosene and fuel to our
people here at home and fuel our community generator with our diesel. We don’t

sell at home, we dash (gift out)” (Ogala, 2013).

2.2.5 Drivers of Non-Standard Refineries
The increase in the number of non-standard refineries in the NDR could be

attributed to several reasons. The scarcity of petroleum products like diesel,
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kerosene, and gasoline, see (section 1.1.1). Other factors include the absence of
fuel retail outlets in and around most riverine (coastal) communities in the NDR.
This leaves people in riverine (coastal) communities traveling long distances with
difficulties in purchasing petroleum products. According to Ariweriokuma (2008)
the riverine (coastal) communities in the NDR are faced with major logistic issues
in maritime transportation taking into consideration the fact that they are remotely
located and depends on Warri, Eket, Calabar, and Port Harcourt for petroleum
products. The federal government of Nigeria in other to reduce this burden, in 2006
commenced the construction of 12 floating Mega station to give riverine (coastal)
communities access to quality petroleum products (NNPC Retail, 2021), see
(Figure 2-2).

Figure 2-2 NNPC floating Mega station (JBN, 2020)

Most of these 12 floating Mega stations are either not functioning presently or are
starved of refined petroleum products, thereby leading to scarcity of the products
in riverine communities. According to Today (2020) floating Mega stations
constructed on the Niger Delta waterways by the NNPC to improve maritime
transport have been abandoned. Also, Ogu (2021) reported that fifteen years after
their construction, NNPCs floating Mega station in the Niger Delta waterways have
become rotten floating mammoths. The NNPC’s inability to manage the stations,
which are located in the middle of rivers, has exacerbated the challenges faced by
passengers and boat operators (Today, 2020). Due to the dormant conditions of

the floating stations, boat drivers are said to be purchasing petroleum products
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from private merchants, who sourced their products from non-standard refineries
(Today, 2020). “It is really concerning that something that will serve our local
government and nearby communities is not working. The station has been shut
down over four years now and we do not know why. There is nobody we can ask,”
(Ogu, 2021).

The non-functioning of the nation’s four public refineries as reported in Chapter 1
(section 1.1), has also affected the national supply and delivery of petroleum
products and irregularity in pump price (Alaba and Agbalajobi, 2014). As a result
of the downward turn of the nation’s public refineries the Nigerian government
between 2015-2018 granted licenses for the establishment of 45 private refineries,
of which 17 had expired (KPMG, 2019). Olujobi (2021) reported that the effort of
the federal government to encourage private partnership in the establishment of
refineries has not yielded any fruit. Of the 45 companies awarded licenses to build
the private refineries in Nigeria, Waltersmith Modular Refinery has completed its
phase one development of 5,000 barrels of crude oil a day refinery in November
2020 and had flagged off its expansion to 50,000 barrels of crude oil (NS Energy,
ND). Others are the Dangote Oil Refining Company which is 80.3% completed
(This Day, 2021) and the Azikel Modular Refinery that is expected to be completed
in 2021 (Brelsford, 2021).

2.2.6 Impact of Non-Standard Refining of Crude Oil in Nigeria

Crude oil storage facilities and refineries emit toxic pollutants dangerous to humans
(Sopian et al., 2016). The Niger Delta region of Nigeria is rated among the ten most
important wetlands and marine ecosystems in the world (Kadafa, 2012), but the
continuous dependence of the Nigerian economy on fossil fuel exploration and
extraction has contributed greatly to the degradation of the region and its
environment (Zabbey et al., 2017). According to Adaramola et al. (2014), the
continuous exploitation of these petroleum resources has significantly impacted
the cost of living, and also the deterioration of the environment as a result of the
emission of regulated and unregulated emissions resulting from gas flaring and the
activities of non-standard crude oil refiners. Similarly, Tukur and Hajj (2017)

highlighted that petroleum from crude oil exploration is a key challenge facing the
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people of the Niger Delta region as oil spillages and theft are major sources of

environmental pollution.

Importantly crude oil spillage occurs through operational errors, natural hazards,
and mechanical failure, corrosion of pipelines, theft, and sabotage (Aroh et al.
2010). Akpomera (2015) describes environmental degradation in the Niger Delta
as resulting from excessive oil spillage of petroleum resources and sabotage. The
aquatic and terrestrial environment acts as receptors to the oil spills, which majorly
affects the livelihood and assets of the host communities (lloeje 2015). A typical
example of a labourer feeding a fire with crude oil in an illegal refinery is illustrated

in Figure 2-3

Figure 2-3 A labourer feeds a fire with crude oil at an illegal refinery (The Guardian
UK, 2013)

According to Ogbuefin (2014), the activities of non-standard crude oil refiners
include the destruction of farmlands, aquatic life, and the shortfalls in resources
experienced by the Nigerian government. Similarly, Adegbite (2013) added that as
a result of the activities of nonstandard crude oil refiners agricultural lands are
polluted, there is a build-up of harmful substances in food webs and diminishing
biodiversity. Non-standard refining of crude oil also carries significant health risks
(Obenade and Amangabara 2014).

Worse, the non-standard crude oil refineries that are present in the oil-rich Niger
Delta see oil spilled everywhere, in the process of either getting the feedstock or
during the refining process, soaking the ground with a mix of crude and mud that
swallows the legs of the operators of non-standard crude oil refineries up to the
knees (Boris 2015). A great number of Niger Delta indigenes have complained
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that water from freshly sunk boreholes shows evidence of oil contamination which
makes the water undrinkable even after treatment (Boris 2015). Likewise in their
research, Asimiea and Omokhua (2013) and Ghazvinian (2007) established that
the activities of non-standard crude oil refiners severely impacted the aesthetic
scenery of the forest and biodiversity causing destruction of wildlife habitat and
loss of medicinal plant species and limiting the regeneration of plant species.

The heating and handling of crude oil in the non-standard refining camps pollute
the air (Obenade and Amangabara 2014). The camps have a toxic feel, the health
impacts on those working there are unknown but surrounding communities are
constantly exposed to the inhalation of poisonous gases, causing coughing, and
breathing problems (Obenade and Amangabara 2014). The activities of the non-
standard crude oil refiners have not gone unnoticed by the Nigerian government
due to the huge economic losses they have brought to the nation (Allen, 2012;
Dominic, 2016). However, the government’s response in dealing with the activities
of the non-standard crude oil refiners has exacerbated the damage to the
environment rather than eliminating it (Channels, 2015). Pointer (2018) reported
that in September 2017, the Nigerian Navy destroyed over 1,000 non-standard
refineries in the Niger Delta region. In November 2018, several non-standard crude
oil refineries in and around the Okarki community in the Ahoda West Local
Government Area of Rivers State were destroyed using a swamp buggy (Osahon,
2018). Also, as discussed by Rageh (2014), while the government is making efforts
to curb the activities of the non-standard crude oil refiners, the process of throwing
the refined products into rivers and swamps and setting the camps ablaze
contributes to the destruction of the environment of the Niger Delta. The federal
government through the head of the National Oil Spill Detection and Response
Agency (NOSDRA), blamed the activities of non-standard crude oil refiners for the

high level of soot experienced in parts of the Niger Delta Region (Vanguard, 2018).

2.2.7 Crude oil Pollution

The exploration of fossil fuels and its by-products is one of the most frequent
sources of environmental pollution (Riccardi et al., 2008). It is classed as one of
the most common pollutants in soil globally (Lopez-Echartea et. al., 2020). Within

the NDR, the many oil fields, flow stations, tank farms, refineries, and pipelines
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continuously offer possible sources of oil pollution (Chikere et al., 2009). The region
is regarded as one of the most severely crude oil impacted ecosystems in the world
(Adesipo et al., 2020). Crude oil contains a range of hazardous chemicals, which
pose a serious threat to agriculture, human health, and marine life (Keshavarz et
al., 2020). Pollution of the environment from crude oil and its by-products can
cause long-term and severe damage (Wang et al. 2020). Crude oil spills in the
environment exposes humans and presumably other mammals and marine
species to numerous toxic hydrocarbons (Afshar-Mohajer et al. 2020). A product
of crude oil pollution is its damaging effect on the physical properties of the soil
such as pore spaces which might be clogged and lead to a reduction in soil
aeration, infiltration of water into the soil, and increased bulk density of the soil
which may affect plant growth, yield, and leaf chlorophyll (Abosede, (2013); Odiyi
et al., 2020). The spread of the oil affects soil characteristics and general soil
health, vegetation, microbial communities, and wildlife (Lopez-Echartea et. al.,
2020). This source of pollution prevents plant photosynthesis and upsets the food
chain (Olajuyigbe et al., 2020). Another source of soil contamination is leaking
petroleum storage tanks (Xiang et al., 1995). The addition of total petroleum
hydrocarbon (TPH) into the soil could alter the natural environment of the soil and

cause macro and micro-scale biotic community changes (Khan et al., 2018).

Udo and Fayemi (1975) in their research into the effect of oil pollution of sall,
germination, growth, and nutrient uptake of corn, discovered that the poor growth
of maize was attributed to suffocation of the plants as a result of the exclusion of
air by oil. In a similar study on pollution and organic amendment of soil
physicochemical properties Nwachukwu et al. (2020) reported that the oil reduced
germination percentage, depressing growth, and resulted in a reduction in leaf
number. The spilled crude oil also contributed to the extremely acidic nature of the
soil. Also, Ojimba and lyagba (2012) in a study into the effects of crude oil pollution
on horticultural crops such as fruits, pepper, okra, melon, and leafy vegetables
revealed that output of crops in crude oil polluted lands were lower than non-
polluted farms. Furthermore, Odjuvwuederhie et al. (2006) reported that spillages
from crude oil reduced land productivity, crop yield and significantly reduced farm
income as a 10% increase in oil spill reduced crop yield by 1.3% while farm income
dropped by 5%.
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Fish and other aquatic organisms in Nigeria face extinction or total collapse
because of damage to their natural habitats by pollution of water bodies (Adeyemo,
2003). Crude oil spillage into water bodies such as rivers, streams, lakes, and
oceans is a serious concern for environmentalists internationally due to its
devastating impact (Olajuyigbe et al., 2020). The spill forms different layers of
thickness on the water surface (Tang et al., 2019). The oil spreads over the water
surface in a thin layer and prevents oxygen from reaching aquatic plants and
animals (Olajuyigbe et al., 2020). According to Ogbeibu et al. (2020) the discharge
of driling mud, hydrocarbons, drill cuttings, and produced water into the
environment during the production of crude oil impacts aquatic flora, fauna, and
water quality. The short-term effect of oil spills on marine ecosystems could
primarily depend on the composition and quantity of the oil, while the long-term
effect could be linked to the biodegradation of microorganisms (Tang et al., 2019).
Crude oil spills severely impact coastal resources and shallow waters, salt
marshes, mangroves, fishery resources, the tourist industry, and the ecosystem
(Gundlach and Hayes, 1978). Qil spills have an obvious influence on heterotrophic
plankton (Tang et al. 2019). The brain, kidneys, liver, and cardiac performance of
fish and other marine mammals are affected by toxicity when high concentrations
of oil are spilled (Milinkovitch et al., 2013; Peterson et al., 2003). Of great concern
are the rise in mortality rate and deformity of fish, decreases in the survival rate of

eggs and larva of plankton (Tang et al. 2019).

In a 96-hour laboratory bioassay on Palaemonetes africanus (brackish water
shrimps), Amaeze et al. (2015) found an increase in the effluent over the study
period which is damaging to aquatic life. Shellfish like periwinkles and oysters
readily succumb to oil pollution (Nriagu, 2019). Oyibo et al. (2018) reported that
there is a significant health risk associated with the consumption of fish and other
sea animals caught around the Forcados river as a result of the presence of high
levels of polycyclic aromatic hydrocarbon (PAHS), total petroleum hydrocarbon
(TPHSs), and heavy metals in them.

Water is a very important resource to humans and other living organisms (Akpan-
Idio et al. 2012; Rim-Rukeh et al. 2007). The people of the Niger Delta region of
Nigeria depend on freshwater from rivers, ponds, and streams for their basic

household water supply (Rim-Rukeh et al. 2007). The freshwater from the rivers
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and streams are also used for irrigation in farms (Akpan-Idio et al., 2012).
Achudume (2009) in a study to determine the effect of petrochemical effluent on
the water quality of Ubeji creek in the Niger Delta region of Nigeria, reported that
water quality parameters were very poor, with high toxicity, coupled with the
absence of fish and other aquatic lives as a result of high levels of heavy metals.
Another study to determine the levels of petroleum hydrocarbons in surface water
in the vicinity of a fuel oil spillage by Nganje et al. (2012) found very high
concentrations of anthropogenic polycyclic aromatic hydrocarbon (PAH) in polluted
surface water compared to unpolluted surface water. In a similar study into oil
contamination in the Ogoni Land, of the Niger Delta, by Lindén and Palsson (2013)
the results show widespread oil contamination of creeks, rivers, and groundwater.
Levels found in the more contaminated sites are high enough to cause a severe

impact on human health and the ecosystem (Lindén and Palsson, 2013).

Oil pollution, mostly from drilling, refining, and bunkering processes, creates
problems that affect the lives of persons living very close to oil camps, pumping
stations, tank farms, and pipelines (Briggs and Briggs, 2018). Liquid fuels like
diesel, gasoline, and jet fuel emit volatile organic compounds (VOC) when burnt
(Briggs and Briggs, 2018). Volatile organic compounds (VOC) are key contributors
to environmental pollution (Li et al., 2020; Zhang et al., 2020). Also, human exposure
to toluene, formaldehyde, and xylene are linked with negative health impacts
(Zhang et al., 2020). Human exposure to BTEX (benzene, toluene, and xylene)
either through ingestion or inhalation, could have serious health implications such

as cancers, neurological diseases, and teratogenic effects (Moolla et al., 2015).
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Table 2-3 Contaminants associated with crude oil production and their potential
health effects (Nriagu, 2019).

Contaminants

Sources

Potential health effects

Polycyclic aromatic
hydrocarbons (PAH)

Diesel exhaust

Gas flaring

Storage ponds and pits
Conflagration of oil spills and
waste

Possible or probable carcinogens

Metals (arsenic, barium,
cadmium, chromium, lead.
mercury, selenium, and zing)

Storage ponds and pits
Produced water
Diesel exhaust

Skin problems
High blood pressure
Kidney damage

(VOC) (benzene, toluene,
ethylbenzene, xylenes, and
formaldehyde)

Storage ponds and pits

Oily waste

Diesel engine exhaust
Compressors

Conflagration of oil spills and
waste

Drilling mud Increased cancer
Neurological damage
Hair loss
Volatile organic compounds Venting and flaring of gas Cancer

Respiratory problems

BTEX (benzene, toluene, and
xylene)

Produced water
Storage ponds and pit

Benzene is a known carcinogen
Toluene may affect the central
nervous and reproductive system
Ethylbenzene and xylenes may
have neurological and respiratory
effects

Pits

Venting and flaring
Conflagration of oil spills and
waste

Diesel fuel Stimulation fluids Both fuel and exhaust contain
Engines and heavy equipment carcinogenic substances like
Diesel exhaust benzene and Polycyclic aromatic
hydrocarbons (PAH)
Aerosols Diesel exhaust Can be inhaled and cause health

effects like respiratory ailments,
aggravation of asthma and
allergies, painful breathing,
shortness of breath. chronic
bronchitis, and premature death

Nitrogen oxides

Diesel and natural gas exhaust
Conflagration of oil spills and
waste

React with VOCs to form ground-
level ozone and smog, which can
cause respiratory problems.
React with other chemicals to form
particulate pollution, which can
damage lungs and cause
respiratory illness, heart
conditions, and premature death.
React with common organic
chemicals to form toxics that may
cause biological mutations

Carbon monoxide

Engine exhaust

Power generating plants
Flaring

Anaerobic pits and ponds
Heavy equipment

Can cause brain damage

Carbon dioxide

Engine exhaust
Flaring
Power generating plants

Greenhouse gas

2.2.8 Regulation and Policy

The management of hydrocarbon spills and their waste is guided by legislation

from the Nigerian government. The government of Nigeria has several laws and
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regulatory agencies with the responsibility of bringing to book those involved in
crude oil pollution (Agbonifo, 2016). Government agencies like the Directorate of
Petroleum Resources (DPR), the National Emergency Management Agency
(NEMA), and the National Oil Spill Detection and Response Agency (NOSDRA)
are all responsible for the management of oil field pollution response in Nigeria (Ite
et al., 2013; Olaniyan, 2015; Yakubu, 2017). The policy on pollution provides
operational elements that promote responsible environmental behaviour by all
stakeholders (Yakubu, 2017). The NOSDRA establishment Act of 2006 empowers
the agency to co-ordinate the implementation of a National Oil Spill Contingency
Plan (NOSCP) in accord with the International Convention on Oil Pollution
Preparedness, Response and Cooperation (OPRC 90) to which the Nigerian
government is a signatory (NOSDRA, 2020).

However, even with these agencies and laws, the government is still not able to
carry out proper enforcement. According to Agbonifo (2016) weak enforcement and
poor implementation of the existing regulations provides fertile ground for
environmental degradation. Similarly, Ejiba et al. (2016) reported that response to
incidents of crude oil pollution in the Niger Delta has been weak from regulatory
agencies. Also, with enabling laws that provide for a multi-agency response model
to incidents of oil spills in Nigeria efficient operationalisation of this multi-agency

response is absent (Olaniyan, 2015).

Although Nigeria has numerous environmental regulations that guide the safe
exploration and production operations in the oil industry, implementation and
enforcement of these laws are poorly executed (Elenwo and Urho, 2017; Ibaba,
2010; Ite et al., 2013). This is further compounded by a lack of commitment from
environmental protection agencies to effect sustainable changes (Elenwo and
Urho, 2017). According to Ibaba (2010) poor funding from the government, lack of
operational facilities, corruption, and low-level involvement of professionals are the
reasons that environmental protection agencies cannot properly enforce the laws.
In their review of the environmental laws in Nigeria, Orubu et al., (2004) identified
a probable flaw in that no clear provision is made to incorporate the host
communities in the process of implementing environmental protection and
management schemes. Indeed, Ayeni (2019) recorded that community

participation in environmental policy and decision making is a proven approach,
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which addresses issues of environmental degradation in their domain. This is
because, over the years, indigenous communities have developed a close affinity
with their environment — rivers, lakes, streams, and land around them — for their

livelihoods (Campese et al., 2009).

In the NDR, stakeholders have been left out in the decision-making process
resulting from crude oil pollution, land and river contamination, the eradication of
non-standard refineries, and mangrove conservation processes. Sam et al. (2016)
describe stakeholder engagement as the process of informing, consulting,
involving, collaborating with, and empowering affected people involved in a policy
forming or decision-making process. Zabbey et al. (2021) reported the existence
of evidence to show that during land contamination management decision making
processes, in the NDR of Nigeria community representatives (stakeholders) are
excluded. This omission excludes communities from opportunities for robust
contribution (Zabbey et al., 2021). Sam et al. (2017) reported that Nigeria lacks a
published stakeholder engagement framework for the development of policy. Also,
Zabbey et al. (2017) reported that communities groups in the NDR perceive the
government as being weak in the implementation of available policies. In their
research to review the threat of oil exploitation to mangrove ecosystem Onyena
and Sam (2020) reported that mangrove protection and conservation policies

exclude community participation.

2.3 Fuel Adulteration

The adulteration of fuel occurs by the addition of cheaper products of good
miscibility with the fuel (Cunha et al., 2016). The adulteration of fuel involves the
introduction of foreign substances into the fuel with results showing nonconformity
with standard parameters (Babu et al., 2017). It makes tailpipe emissions more
toxic, aggravating the pollution crisis leading to a high rate of respiratory ailments
(Taksande and Hariharan, 2006).

The adulteration of diesel and gasoline with other petrochemical products has
become a regular phenomenon in developing countries (Kulathunga and
Mahanama 2013). The detection of petroleum fuel adulteration is challenging

because the adulterants commonly consist of those compounds which are already
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present in the fuel (Vempatapu and Kanaujia, 2017). According to Ubeidalah
(2015) premium, motor spirit (gasoline) is often adulterated with cheaper products
like domestic kerosene in parts of Africa. Also, Mabood et al (2017) reported that
excessive adulteration of diesel and gasoline fuels for financial gains has resulted

in serious health and environmental problems.

In the adulteration of diesel fuel, the most common adulterant is Kerosene (Yadav
2005; Muralikrishna et al. 2006). Kerosene is mostly used because of the
overlapping hydrocarbons, Cio-Ci9 in diesel, and Cs-Cis in kerosene (Vempatapu
etal., 2019). Test carried out by Igbani and Lucky (2015) in their research revealed
the presence of impurities due to adulteration and poor refining processes in
gasoline samples obtained from retail outlets in Bayelsa State, Nigeria. The
adulteration of fuel comes with implications, both to the environment and end-
users. In its bulletin, Nigeria’s National Petroleum Corporation (NNPC) alerted
states in the Niger Delta region of the presence of adulterated kerosene in the

market.

“We wish to alert members of the public of the presence of adulterated kerosene
in the market, especially in the Warri-Benin axis, as a result of the nefarious
activities of pipeline vandals who attacked our Warri - Benin products pipeline and
made away with kerosene mixed with AGO and PMS. The vandals may bring the
stolen product to the market for sale to unsuspecting members of the public. Such
adulterated kerosene could cause explosions and fire accidents. The
consequences of past kerosene explosions are still very fresh in our mind, we
cannot afford to have a repeat of such tragic incidents. We are therefore appealing
to members of the public to be vigilant and desist from procuring kerosene from
unauthorized dealers and outlets to avoid getting the adulterated products into their

homes,” Ajuonuma (2011).

The addition of solvents is a common practice in the adulteration of fuel due to the
huge difference in taxation between solvents and gasoline (Mendes and Barbeira
2013; Monteiro et al., 2008). Also, Monteiro et al. (2008) and Wiedemann et al
(2005) reported that adulteration in Brazil involves the addition of aromatic
hydrocarbons, heavy aliphatic (C13—Cais) and light aliphatic (C4—Cs), like hexane,

xylenes, diesel, rubber solvent, benzene, thinners, kerosene, and mineral spirits.
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These adulterants are chosen based on ease of blending, economic benefits,
physicochemical similarities to the fuel, and availability (Mabood et al. 2017). In
their paper, Vempatapu and Kanaujia (2017) added that the adulterants are
selected based on several criteria while keeping in mind the specification of the
final product. Sharma and Gupta (2007) reported that the expected adulteration
range is from 10% to 30% by volume, if less than 10% or higher than 30%,
adulteration is financially unattractive. This is because when adulteration is higher
than 30% it could easily be detected by the end-user as a result of degradation in

engine performance (Sharma and Gupta, 2007).

Ale (2003) attributed the main reasons for adulteration to financial incentives
arising from differential taxes that are imposed by the governments. However,
Wiedemann et al (2005) added that the addition of solvents in fuels could lead to
rubber corrosion, environmental hazards, and engine malfunction. Takeshita et al.
(2008) reported that the addition of solvents into fuels changes their original

composition thereby affecting their physicochemical properties in different ways.
Ale (2003) and Babu et al. (2017) grouped fuel adulteration into four classes.

e the blending of kerosene into petrol

e the blending of kerosene into diesel

e the blending of used lubricants into diesel

e the blending of lubricants into kerosene as a substitute for diesel

2.3.1 Diesel Fuel Adulteration and Recent Detection Methods

A fuel’'s quality determines whether it can be commercialized (Torres-Jimenez et
al. 2011). The determination of adulterants present in diesel fuel oil is very
challenging and requires the use of different analytical techniques (Vempatapu et
al., 2019). According to Leghrib et al. (2020) and Verma et al. (2018), the difficult
process of adulteration detection in diesel fuel has led researchers to develop
thorough analytical techniques and clear data interpretation tools. According to
Vempatapu and Kanaujia (2017), the monitoring and detection of adulterants in

diesel fuel oil could be classed into two groups, namely offsite (laboratory) and
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onsite (filling station). The offsite is further classed into two groups of
physicochemical methods or chromatography/spectroscopy methods, while the
onsite has density as its only test method (Vempatapu and Kanaujia, 2017).
Countries mostly impacted by diesel fuel adulteration are developing countries like

India, Brazil, Nigeria, Morocco, and Kenya (Chowdhury et al., 2021) to name a few.

The discovery and identification of distinct problematic organic compounds within
diesel fuel oil remain a major test; they could be separated chromatographically,
allowing for detection and classification (Loegel et al.,, 2019). According to
Sparkman et al. (2011), gas chromatography, mass spectrometry (GC-MS) is a
synergistic combination of two prevailing microanalytical techniques. However,
GC-MS is restricted to analytes that are not only thermally labile and volatile but
could also withstand the harsh conditions of the chromatograph (Sparkman et al.,
2011). Diesel fuel adulteration could also be detected using sensor-based
techniques. Several methods have been applied for the detection of adulteration

of diesel fuel oil by kerosene, gasoline, and other solvents.

2.3.1.1 Physicochemical properties

Yadav et al. (2005) explored the use of density and kinematic viscosity to
determine the extent of kerosene adulteration in diesel. Results obtained indicated
a considerable level of diesel fuel adulteration, requiring strict compliance and
dispensation of fuels of prescribed quality. Though, test results for density for clean
diesel and that which was adulterated with kerosene was within acceptable limits,
the result for kinematic viscosity and percentage opacity was a better indicator for
assessment of the adulteration level. In another study to determine diesel oil
discrimination by origin using physicochemical properties and multivariate
analysis, Aleme et al., (2010) reported that the use of physicochemical properties,
distillation curves and chemometric tools was adequate to classify and prove their
origin. Furthermore Aleme et al. (2010) posited that to certify that the quality of a
diesel fuel sold to the public is genuine, some physical and chemical properties
should be monitored using standard procedures (from the American Society for
Testing and Materials- ASTM), and the approved limits must be met for the diesel
fuel oil to be considered to conform or be suitable for sale to the public otherwise

the diesel fuel sample is classified as non-conforming. Diesel fuels classed as non-

42



conforming could be as a result of contamination, adulteration, or natural

processes (Aleme et al., 2010).

In another study, the influence of diethyl ether (DEE) addition on selected
physicochemical properties of diesel oil and ignition delay period was evaluated
(Gorski and Przedlacki, 2014). The kinematic viscosity, lower heating value (LHV),
lubricity, density, cetane number and cold filter plugging point (CFPP) were
determined experimentally. Though, the added DEE met the European standard
PN-EN 590, in volumetric proportions of 5, 10, 15, and 20 vol%, the kinematic
viscosity, density and lower heating values were lower than values obtained for the
tested diesel fuel oil. Results further revealed that the DEE had major influence on
diesel fuel oil kinematic viscosity. While the DEE addition did not have any
influence on shortening the ignition delay period, 5% DEE and to diesel fuel oil
decreased its viscosity by 26%. Similarly, Kalligeros et al., (2003) in determining
the presence of adulterants in automotive diesel fuel oil sold in Greece, used some
key properties such as density, cetane index, distillation properties, and sulphur
content. Results for the automotive diesel fuel oil revealed 28% of the test samples
were found to be adulterated with marine fuel oil or heating fuel based on their
sulphur concentration. Also, there was a huge variation of the diesel fuel properties
among the oil suppliers. Some 28% of the diesel samples suffered from some
degree of adulteration, primarily with cheaper heating fuel. Dobrzyhska et al.
(2021) in determining the physicochemical properties of the tested fuel samples in
their study to investigate the effect of nano-additives on diesel engine exhaust
emissions determined their cetane number, and cetane index, sulphur, fractional
composition, impurity content, water, density, and viscosity in accordance with
International Organization for Standardization (ISO). Results revealed that the
addition of nanopatrticles of both ferrocene and cerium dioxide had little effect on
the fractional composition of the mixtures. However, the auto-ignition capability of
the fuel decreased while the viscosity and combustion quality increased. The
addition of solvents to diesel fuel oil changes its original composition, affecting its
physicochemical properties in several ways (Takeshita et al., 2008). The
investigation of physicochemical property analysis to determine diesel fuel
adulteration is time consuming, requires sophisticated equipment and qualified

personnel (Barra et al., 2019).
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2.3.1.2 Chromatographic analysis

Chromatography and spectroscopic analysis is also widely used in the detection of
adulterants in middle distillate fuels like diesel. For the analysis of middle distillate
fuels like diesel and kerosene, the standard test methods are ASTM 2425, ASTM
2786, and ASTM 3239. According to Vempatapu and Kanaujia (2017), these
methods have wide acceptability for quality control as well as measuring any
variations due to adulteration. According to Chowdhury et al. (2021), owing to the
numerous hydrocarbons present in gasoline and diesel fuel, separation methods
such as gas chromatography (GC) provide both quantitative and qualitative
analytical information of the samples. This has made GC the gold standard method
for quality control (Chowdhury et al., 2021). In addition, de Aguiar et al. (2022)
reported that chromatographic and spectroscopic methods, coupled with
chemometric methods, have demonstrated outstanding potential for use in the
analysis of diesel fuel adulteration. However, a major drawback to GC analysis is
that it is time intensive, with run times of at least 30 minutes or more (Ramos et al.,
2022), while Soares and Rocha (2020) reported that they consume solvents like,

hexane, heptane, and dichloromethane.

Several studies have been carried out to determine diesel fuel adulteration using
gas chromatography. One such study was the use of ultrafast gas chromatography
to analyse biodiesel-diesel blends, carried out by Ramos et al. (2022). The
researchers compared a moderately polar column to a traditional gas
chromatographic column for the evaluation of biodiesel-diesel blended fuels.
Principal component analysis was performed to identify clustering based on
concentration and feedstock. The ultrafast gas chromatography proved to be a fast
and effective technique, compared to traditional GC. In a similar study biodiesel
and used cooking oil in automotive diesel and green diesel fuels were determined
through high-performance liquid chromatography by Vempatapu et al. (2020). The
researchers employed silica stationary phase, n-hexane mobile phase and
isopropanol modifier to achieve optimal separation between diesel and biodiesel,
and between vegetable oils and used cooking oil. The applied method was
authenticated with samples simulating real-world scenarios. The method proposed
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by Vempatapu et al. (2020), had the advantage of determining three analytes
without co-elution within a short life span. In a different research study, Vempatapu
et al. (2019) determined kerosene as an adulterant in diesel through use of
chromatography and high mass spectrometry. The study investigated the
widespread use of low-value subsidised kerosene as an adulterant of Euro IV
diesel fuel oil. The aniline point, density, atmospheric distillation, viscosity, cetane
index and total sulphur were determined to generate an initial assessment. The
researchers reported that as a result of inadequacies of the physicochemical
property method, gas chromatography (GC), high performance liquid
chromatography (HPLC) and high-resolution mass spectrometric analysis (HRMS)
were carried out to detect the adulterants. The GC, HPLC and HMRS methods

revealed a significant level of adulterants, in the Euro IV diesel.

Two-dimensional gas chromatography has also been used in the separation of
compounds in fossil and biofuels. Murtada et al., (2022) described two-dimensional
gas chromatography as a robust separation method that is based on the use of two
columns containing different stationary phases based on an orthogonal separation
mechanism. Hua et al. (2003) further described two-dimensional gas
chromatography (GCxGC) as a hyphenated method in which two distinct
chromatographic separation mechanisms act in series with better result for
component identification and separation. Ferreira et al. (2021) used colour based
chromatographic images obtained from comprehensive two-dimensional gas
chromatography in authentication analyses to determine adulterants in diesel fuel
oil. A GCxGC-MS comprising of a Trace 1300 GC coupled with an ISQ single
guadrupole mass spectrometer was used to determine the Volatile organic
compounds in the samples. Results from the chromatographic images allowed the
determination of all brands and just about every tested adulterant. Rocha and
Sheen (2019) determined the physicochemical properties of petroleum derivatives
and biodiesel using GC-MS and chemometric methods with uncertainty estimation.
The researchers used chemometric modelling to determine the physicochemical
properties of the biodiesel samples in place of ASTM standards because they are
expensive and time consuming. GC-MS profiles were obtained, and
physicochemical properties was measured using ASTM standard methods.
Results revealed that SVM was found to be better for predicting physicochemical
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properties, while the PLS could be used to generate predictive models of
physicochemical properties based on the GC-MS data.

Hua et al. (2003) proposed the use of two-dimensional gas chromatography with a
sulphur chemiluminescence detector to determine the sulphur containing
compounds in diesel fuel oil. Hua et al. (2003) used an HP 6890 GC fitted with a
jet-cooled thermal modulator assembly. Data collected was detected, analysed,

integrated and quantitated by the GCxGC special software.

2.3.1.3 Infrared spectroscopy analysis

Fourier Transform Infrared Spectroscopy and Mid Infrared Spectroscopy have also
been used to determine adulteration in diesel fuel oils. Barra et al. (2020) described
FTIR as a strong and non-destructive analytical method that could afford a rapid
and effective analysis of fuel samples regardless of their physical state (solid or
liquid). Nespeca et al. (2018) reported the use of a rapid and simultaneous
prediction of eight diesel fuel quality parameters using ATR-FTIR analysis. The
diesel quality parameters determined were density, flash point, distillation points,
total sulphur content, and cetane index. The attenuate total reflection (ATR) makes
it possible for a small quantity of sample to be used for an analysis; a simple drop
maybe adequate to register a spectrum (Barra et al., 2020). The researchers
determined the quality parameters of 409 samples using standard methods and
FTIR spectra acquired in ranges of 4000-650 cm™. To improve the signal to noise
ratio of the models, generalised least square weighting (GLSW), partial least
square (PLS) and orthogonal signal correction (OSC) were evaluated. The
FTIR/PLS models presented accuracy comparable to other reference methods.
Barra et al. (2020) used FTIR spectroscopy and Partial Least Square (PLS) to
predict the cetane number in diesel fuels. Fifty diesel samples conditioned in
opaque glass vials and stored at 4-9°C to avoid component degradation were used
for the analysis. The FTIR spectra were recorded using a Perkins Elmer Spectrum
One FTIR Spectrometer, with a crystal attenuate total reflection (ATR) of Zinc
Selenide (ZnSE). Results showed that the combination of FTIR spectroscopy and
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Partial Least Square (PLS) regression offered an efficient technique for predicting
cetane number in diesel fuel oil in the range of 49-59.

Barra et al. (2019) used FTIR fingerprints associated with a partial least squares
discriminate analysis (PLS-DA) model for the rapid detection of smuggled non-
compliant diesel sold in Morocco. The researchers reported that in order to certify
the quality of a diesel fuel sample, as set in the quality criteria circular of the
Morocco Ministry of Energy, their physicochemical properties (viscosity, cetane
number, distillation points, and sulphur content) must be determined. However, the
physicochemical properties test require qualified personnel, sophisticated
equipment, and time. Thus, the researchers used an FTIR; a rapid, cheap, and
non-destructive technique. A GC-MS was used to determine the chemical
composition of the 19 authentic and 11 smuggled diesel samples used in the
analysis. The infrared fingerprint of all the samples was recorded and each
spectrum processed by PCA. The PCA result was able to show dissimilarities
between both classes of diesels. In a different study to determine biodiesel
adulteration with vegetable oil Paiva et al. (2015) used a portable near-infrared
spectrometer. The transmittance and absorbance spectra of the 118 samples in
the range of 950-1650 nm was acquired using an ultra-compact spectrophotometer
(MicroNIR) and a Fourier transform benchtop instrument (FT-NIR) from 800-2500
nm. Result revealed comparable performances between the portable and the
benchtop instruments demonstrating the feasibility of monitoring in situ the quality

of diesel/biodiesel blends.

Skrobot et al. (2019) reported the use of infrared spectroscopy and parallel factor
analysis to determine the stability of diesel fuel oil. Eighteen diesel fuel oil samples
containing 8% v/v biodiesel were used in the four standard stability test analyses
and analysed with mid-infrared spectroscopy. Stability studies were conducted
using ASTM standard procedures D7545, D4625, and D6468 and the European
standard EN15751 with the generated data analysed with the chemometric tool
parallel factor analysis. The above study showed that the developed parallel factor
analysis model with the FTIR spectra data supported the detection of specific
modifications caused by the stability test. In addition, Shimamoto and Tubino
(2016) reported the use of ultraviolet-visible spectroscopy as an alternative method

to quantify biodiesel in standard diesel-biodiesel blends and samples adulterated
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with vegetable oil. Vegetable oil produced from soya beans oil was used as the
adulterant, while methanol was used as the alcohol and sodium methoxide as the
catalyst. The ultraviolet spectra were recorded in an Agilent Cary 5000
spectrophotometer with a spectral range of 190-700 nm and a spectral resolution
of 1 nm. Results revealed the satisfactory performance of the ultraviolet method

for the quantification of biodiesel in diesel-biodiesel blends

2.3.1.4 Sensor based techniques

Sensor based techniques have similarly been used for the determination of
adulterants in diesel fuel oil. In their research, Tamer et al. (2020) used a
mathematically based sensor integrating transmission line for the detection of
adulteration in unbranded and branded diesel fuel oil. The investigation was done
both numerically and mathematically. The electrical properties of the test samples
were evaluated, and simulation was carried out using Finite Integration Technique
(FIT) based electromagnetic simulation software. Simulated results showed that
the mathematically based sensor integrating transmission line could be used as a
liquid sensor especially to identify different types of adulterants in diesel fuel oil.
The transmission line-based sensor could be used for the detailed sensing of
different liquids. In a study by Kanyathare et al. (2018), the researchers used a
prototype optical sensor for the identification of diesel fuel oil adulterated by cheap
kerosene. The prototype sensor utilized the reflection from a fuel film over a
roughened glass plate. Results revealed a high sensitivity of the developed sensor
in determining the adulteration of diesel with kerosene composed of as low as

between 5 and 15%.

A portable, inexpensive but robust light weight optical fibre sensor was designed
by Dilip and Sivasubramonia (2020) to estimate fuel adulteration in automobiles.
The researchers used vthe light intensity difference that occurs due to the
difference in the refractive index of the adulterated diesel fuel oil. Of note is the use
of physicochemical properties by the researchers to determine the compositional

variations of the fuel samples and statistical designs in discriminating the
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adulterated samples. In this method, each fuel sample was poured into the sensor,
the transmission loss was then calculated which helped to identify the percentage
of adulteration with the help of the output voltage. Diesel samples adulterated with
kerosene and petrol were used in the experiment. In similar research study into the
use of fibre optic sensors, Datta and Saha (2021) investigated the use of ultra-
sensitive fibre optic sensors for use in the detection of kerosene as an adulterant
in gasoline by propagating a higher-order Bessel-auss beam. Result revealed as
low as 0.02% kerosene adulteration. Also, Yadav et al. (2019) in their research to
detect the adulteration of automobile fuel (gasoline and diesel) with kerosene
introduced a novel clad planar waveguide technique. A novel metal clad planar
waveguide, having a hollow prism, was filled with adulterated diesel and gasoline.
The proposed sensor has a two-step fabrication process: firstly, the deposition of
metal film and secondly the deposition of polymer film on the hollow rectangular
prism. The researcher’s reported that this proposed method of automotive fuel
adulteration detection has several benefits which include its small size, safety with
flammable liquids, ease of fabrication and the possibility of making it portable and

compact for in-situ measurements.

2.3.1.5 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) is a flexible spectroscopic technique that has
become one of the most powerful methods for the interpretation of the structure of
chemical compounds, while the hydrogen nuclear magnetic resonance (*H NMR)
is a faster automated measurement method that allows for larger number of
samples to be measured in a short period of time (Monteiro et al., 2009). Monteiro
et al. (2009) used the 'H NMR and chemometric method for the evaluation of
biodiesel-diesel blend quality. Results revealed that the chemometric models were
suitable for the prediction of biodiesel and oil concentration in fossil diesel. The
researchers concluded that the *H NMR and chemometric methods were useful for
the quality control of biodiesel-diesel blends. In a similar study, Cunha et al. (2019)
used the time-domain NMR as a methodology to quantify the percentage
adulteration of diesel fuel with soybean oil and frying oil. The researchers first
determined the kinematic viscosity of the commercial diesel and adulterant

samples at 25°C. Low field NMR experiments were then performed to detect and
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quantify the level of adulteration. To validate the NMR as a technique to detect and
guantify the percentage of adulteration of diesel, the researchers used the middle
infrared (MIR) experimental method. Results further revealed that the NMR data
showed a strong linear correlation to kinematic viscosity and MIR measurement.
Similarly, de Aguiar et al. (2022) used data fusion of middle-resolution NMR
spectroscopy and low-field relaxometry coupled with common dimension analysis
to monitor diesel fuel adulteration. According to de Aguiar et al. (2022) Middle-
resolution NMR and time-domain NMR relaxometry using low-field and benchtop
NMR instruments are effective tools to deal with diesel fuel adulteration. Results
revealed that the common dimensional exploratory analysis showed that middle
resolution nuclear magnetic resonance (MR-NMR) and time domain NMR are
complimentary techniques for assessing diesel fuel quality. The method also

provided excellent accuracy in quantification and classification.

2.3.1.6 Other Related Adulteration Detection Methods

Diesel fuel adulteration techniques are not limited to FTIR, GC-MS, NMR, and
sensor-based methods. Several researchers have developed other methods of
diesel fuel adulteration detection. Mahmodi et al. (2019) reported the detection and
classification of diesel-biodiesel blends by quadratic discriminant analysis (QDA),
linear discriminant analysis (LDA) and support vector machines (SVM) using an
electronic nose. LDA is a statistical method used in pattern detection and machine
learning to determine the linear combination of features capable of discriminating
two or more objects from each other (Mahmodi et al., 2019). SVM is a supervised
training technique used for regression and classification while QDA is a simplified
form of linear discriminant analysis (Khasnobish et al., 2011). Results revealed the
superior efficacy and precision of the support vector machine technique in the
discrimination and classification of biodiesel and diesel fuel oil. In a different study
to detect diesel fuel adulteration with kerosene, Bell et al. (2018) reported the use
of fluorescent paper strips with smartphone read-out. The researchers investigated
4-dimethylamino-4-nitrostilbene fluorescent molecular rotors for their likely use as
viscosity probes. Results revealed a good linear correlation between the decrease
in fluorescence and an increase in the less viscous kerosene in diesel blend. Also,

immobilisation of the hydroxyl derivative 4-dimethylamino-4-nitrostilbene in
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cellulose paper yielded test strips that could preserve the behaviour of the
fluorescence indicator. The method could dependably reveal the presence of

kerosene in diesel from 7-100%.

Ejofodomi et al. (2021) reported the use of the gaseous vapour (GVE) technique
as an innovative method for automobile fuel adulteration detection at point of sale
(POS) terminals. A PePVEAT device was used to test 1 litre samples of Kerosene,
gasoline and diesel fuel obtained from Nigerian Petroleum Corporation (NNPC).
The PePVEAT is a portable device for adulteration detection at the POS, unlike
other methods that require specialised equipment, are time consuming, need
experienced technicians to operate them and cannot be used at the point of sale
(Ejofodomi et al., 2021). Results obtained from the GV analysis of the fuel samples
revealed that the three petroleum products displayed differing chemical
characteristics. Diesel gave its peak emission between 10-20 seconds, kerosene
between 10-30 seconds and gasoline emission between 50-70 seconds. The
variations observed in the concentration and timing of emissions showed that GV
could be utilized to detect adulteration of diesel with kerosene. Leghrib et al. (2020)
reported the use of an ultrasound technique for the monitoring of automobile fuel
adulteration. The adulteration experiment was performed using three separate
automotive fuel samples, namely diesel, gasoline, and kerosene. The
measurement analysis was performed using the ultrasound technique in
backscattering pulse echo mode. To determine the behaviour of the three different
samples under ultrasound, parameters such as acoustic impedance and
propagation speed were calculated on the basis to two main recorded echoes. To
successfully discriminate between adulterated fuel samples and unadulterated fuel
samples the collected ultrasound data was subjected to principal component

analysis.

Soares and Rocha (2020) reported the use of a green volumetric technique for the
determination of biodiesel content in diesel blends or mixtures with vegetable oils
while exploiting the solubility differences in an ethanol-water medium. The
proposed technique was based on the differences observed in the solubility of
diesel and biodiesel or vegetable oils in an aqueous-ethanol medium. A linear
response was obtained for biodiesel-diesel samples from 7.0 to 25% v/v, while for

biodiesel-vegetable two linear ranges were obtained at 20 to 50% v/v, and 50 to
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80% vl/v all dependent on the water content in the titrant. Results obtained for the
volumetric technique agreed with those obtained with flow-based
spectrophotometric reference methods at 95% confidence level. The proposed

technique is practical, fast, environmentally friendly, and cost effective.

2.3.2 Effects of Fuel Adulteration on Engines and the Environment

All engines are designed and manufactured to operate on specified fuel (Ale 2003).
The deliberate addition of adulterants to diesel fuel has damaging effects on fuel
properties and engine performance, such as fuel consumption, engine heating, and
engine start-up control, likewise, adulteration of fuel increases the emission of
exhaust gases, hydrocarbons, and particulate material (Corgozinho et al., 2008;
Cunha et al., 2019). According to Toche et al. (2015), fuel adulteration results in
damage to motor vehicles and emission of harmful gases which affects human
health. Fuel adulteration leads to monetary losses for the consumer, greater
emissions to the environment, and damage to engine parts (Babu et al., 2017). The
adulteration of diesel fuel oil with kerosene known to be high in sulphur in India,
could lead to the formation of sulphuric acid, which in turn could lead to starting
difficulties, increased emissions, and fuel consumption (Vempatapu et al., 2019).
The adulteration of diesel fuel with kerosene reduces the diesel lubrication function,
which leads to faster wear of engine parts like valves, pistons, and rings (Taksande
and Hariharan, 2006). Similarly, Ehsan et al. (2010) reported that fuel adulteration
also leads to crankcase dilution. Crankcase dilution or fuel dilution is a
phenomenon in which unburned and excessive engine fuel leaks into the
crankcase and mixes with the engine lubricant (Yu et al., 2021). Garg et al. (2015)
reported that diesel fuel adulteration could lead to increased engine emissions of
NOx, CO, CO2, PM, and other toxic substances like PAHs and volatile organic
compounds (VOC).

The addition of high boiling compounds to diesel fuel leads to engine wear and
increased knock which also leads to starting difficulties, while low boiling
compounds cause vapour lock in engines (Wiedemann et al., 2005). Similarly,
Skrobot et al. (2007) added that adulteration of fuel with solvents causes poor
engine performance, tax revenue losses, and environmental pollution. In contrast

Ale (2003) added that not all types of adulteration are harmful to the health of
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members of the public although some adulterated fuel increases emissions of very
harmful pollutants some others may have little or no effect on the air quality. Also,
Tharby (2002) stated that the addition of adulterants to diesel fuel is not harmful or
damaging provided the end product (fuel) meets the engine manufacturers'

specifications, particularly for cetane number and viscosity.

2.4 Summary

This chapter has explored the relationship between the discovery of crude oil in
Nigeria, its refining, sales, usage, and the damage to the environment of the Niger
Delta Region. The discovery of crude oil in Nigeria in 1956 brought an economic
boom to the nation and also brought gloom to the people of the Niger Delta Region.
The damage to the ecosystem, soil, surface and groundwater was captured in this
chapter. Also, the state of the four refineries, presently moribund, and the non-
standard refining of crude oil was presented in this chapter. The perspective of the
perpetrators of the non-standard refining of crude oil and a critical review of the
current state of the art of adulteration detection methods and tools was presented.
However, the main theme that runs across this chapter is the non-standard refining
of crude oil to produce diesel fuel oil and the impact of the non-standard refining.
Also, the physiochemical properties of diesel fuel oil, diesel fuel adulteration and
the effects of diesel fuel adulteration. The effect of the activities of the non-
standard crude oil refiners on the environment, government regulations and policy

and finally, engine performance analysis.

The chapter shows that the Nigerian government presently relies on importation of
refined petroleum products due to the poor state of their refineries. The imported
petroleum products do not meet the demand of the public. This had led youths in
the Niger Delta to go into the non-standard refining of crude oil. The products from
the refined crude oil such as kerosene, diesel and gasoline are sold domestically
and regionally to buyers who get it cheap, compared to government recognised
retail outlets. Network (2013) reported that variations in the quality of the products
refined are corrected by mixing kerosene with diesel. Also, stakeholders in the
NDR are excluded in the decision-making process resulting from crude oil pollution,

land and river contamination, the eradication of non-standard refineries, and
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mangrove conservation processes. Several studies have reported on the effect of

crude oil exploration to local communities.

A large body of literature exists on the effect of the local refining of crude oil on the
economy of Nigeria. Also, there is a good number of publications on the effect of
crude oil refining on the environment. However, there is a dearth of literature on
the physicochemical properties of the locally refined diesel fuel oil and their effect
on diesel engine performance and emissions, and also on the sustained impact of
the activities of the local crude oil refiners on their host communities. Thus, this

study detalils:
1. The research design.

2. A study of the sustained impact of the activities of the local crude oil refiners

on their host communities

3. Aninvestigation into the physicochemical properties of locally refined diesel

fuel oil and its effect on engine performance and emissions.
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Chapter 3 Research design

3.1 Introduction

In Chapter 2, a critical literature review was presented. This chapter presents the
research design for the investigation into the sustained impact of the activities of
the local crude oil refiners on their host communities, the physicochemical
properties of locally refined diesel fuel oil, and the effect of the diesel fuel oil on
engine performance and emissions. This study used multiple methods to reach its
outcomes. Denzin (1978) described this “multiple methods of research” as
triangulation and defined it as “the combination of methodologies in the study of
the same phenomenon.” In the case of this study, experimental and survey
research methods were applied. Also, presented in this chapter is the research
gap, a proposed method of stakeholder/community relationship with oil
multinationals and the government, data sources, the study area, data collection
process, and data analysis tools. Some sections of this chapter have been
published in journal papers (Bebeteidoh et al., 2020a; Bebeteidoh et al., 2020b).

3.2 Research gap

It was determined from Chapters 1 and 2 that problems exist that have led youths
in the NDR into establishing non-standard crude oil refineries, these being the
scarcity of petroleum products like diesel and gasoline from government approved
retail outlets, the moribund state of the government refineries and the ready market
that has been created as a result of these other factors. The exploration and
exploitation of crude oil has been recorded to come with its attendant pollution as
reported in sections 2.2.3, 2.2.4, and 2.2.5. The nonadherence of citizens to crude
oil extraction and refining laws, and the government’s inability to enforce the
regulations, and in cases where they do, their representatives tend to cause more
damage to the environment (see section 2.2.4). The inability of the government
and oil multinationals to include stakeholders in the NDR in the decision-making
process resulting from crude oil pollution as reported in section 2.2.6, has led to

sabotage of oil infrastructures, and lack of support for government initiatives on the
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part of stakeholders. Also, as reported in Chapter 1, the NRD fuel oil is sold to the
public daily. While members of the public purchase the products cheaply, and the
refiners make huge profit from sales, literature is unavailable on the content of the
NRD fuel oil and how harmful it is to engines and its emissions to the environment.
This study proposes a method (see Figure 3-1), where the stakeholder/community
is consulted in the form of a social study (questionnaire), feeding into a scientific

study, and the result from the scientific study and then an engineering study.

The proposed method is applied in this thesis to the specific case of the Niger Delta
Region (see Figure 3-2). This approach involves all stakeholders and generates
required feedback. Furthermore, the research will ask society about the effect of
the activities of the non-standard crude oil refiners on their host communities. This
will first be determined by carrying out a pilot study. The essence of the pilot study
is to test the study protocols, sample requirement strategies, data collection
instruments and research techniques in preparation for a larger study (Hassan et
al., 2006). The result obtained from the larger study will determine the scope of the
scientific research which further outlines the process of the engineering research
to provide evidence-based environmental outcomes. The evidence-based report
of this study will detail the sustained impact of the activities of the refiners to host
communities, and to members of the public using the NRD fuel oil. Also, the public
will be made aware of the contents of the diesel through a physicochemical
property analysis, a GC-MS and FTIR analysis and finally with engine performance

and emission analysis.

3.2.1 Novelty of the Research Study

A novel approach was developed for this thesis, which could be applied in similar
research studies elsewhere. The community’s opinions were incorporated in the
form of a social study. The opinion of the community then set the direction for the
scientific research. The results from this research were fed into the engineering
research. The results from the scientific and engineering research can then be fed
back to the community to raise awareness of the wider impact and provide

evidenced based results for policy makers and environmental agencies. The
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feedback will help keep communities informed of the inherent danger in the

activities of the non-standard crude oil refiners and that of the refined products.

Research/Investigation

Pilot study

Social study

Scientific study

Result

Figure 3-1 Proposed method

Main study

Scientific study

Engineering study
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3.2.2 Contribution to knowledge

3.2.3 Data sources

The research used both primary and secondary data sources. The primary data
were collected to answer the research questions detailed in section 1.3.2. This
included the determination of the sustained impact of the activities of the non-
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standard crude oil refiners on their host communities (reported in Chapters 4), the
physicochemical properties of the non-standard refined diesel fuel oils (reported in
Chapters 5 and 6), and their effect on engine performance and emissions (reported
in Chapter 7). The secondary data sources were mostly used in Chapter 2
(literature review), but also in other chapters of the thesis. The next section
describes the data collection process, the questionnaire development process, and

the data analysis.

3.3 Study area

The Niger Delta region of Nigeria is located in the southern part of Nigeria and
stretches over an area of about 75, 000 sg. km, between longitude 5° E to 8° E and
latitude 4° N and 7° N. The Niger Delta region is an important region because of
its vast crude oil and gas reserves (see Figure 3-3) which earns the country over
90% of its foreign exchange (Babatunde et al. 2019). The region is a large arcuate
delta (Nwaejije et al. 2017), with the biggest wetland in the African continent,
freshwater swamps, lowland forest, mangrove swamps, and coastal barrier islands
(Edino et al. 2010). The Niger Delta region is made up of nine administrative states
(see Figure 3-4) with diverse ethnic groups (Odalonu, 2016). The socio-economic
life of the Niger Delta people is mainly dependent on their geography and
environment. The coastal, and riverine dwellers are fishermen/fisherwomen, and
traders, those of the hinterland are mostly farmers (Orisakwe, 2021).
Approximately 1650km of crude oil pipelines crisscross the Niger Delta (Network,
2013). These pipelines have become the major source of crude oil supply to the

non-standard refineries in the Niger Delta.
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3.4 Data collection process

The data collection process for this research study was divided into two parts.
Firstly, there was the administration of a questionnaire instrument to the
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communities where the non-standard refineries are located. Results obtained from
the questionnaire necessitated the second phase of the study. Secondly, there was
the collection of the non-standard refined diesel fuel oil samples from the three
different camps (Non-standard refineries) in the Niger Delta region of Nigeria, and
the control sample from a government retail outlet in Port Harcourt, Rivers State,

Nigeria.

3.4.1 Questionnaire development

The administered questionnaire consisted of three sections. The first section gave
the background information about the study, and who could take part in the survey.
All participants were expected to read through this section before proceeding to
section two. The second section had the contact details of the researcher. The
essence of this section was to enable participants who have questions to contact
the researcher directly. The third section of the questionnaire which was divided
into three parts consisted of the demographic questions (sex, age, marital status,

and occupation), the environmental and usage questions.

The questions covering environmental degradation consisted of items around
farming, farm yields (harvests), fishing, fishing yields (harvest), refined waste
disposal, and water pollution. While the questions covering usage covered the level

of usage of the fuel, and challenges faced while using the fuels.

3.4.2. Pilot study

The online questionnaire survey commenced on 29/06/2018, with a pilot survey
that ended on 19/07/2018 (see Appendix A). The feedback obtained from
respondents enabled the researcher to make corrections to the main study
guestionnaire survey. The corrections are detailed below. Also see Appendix B for

the main study questionnaire.

¢ Pilot study question 4: What is your occupation? Fisherman, trader, farmer,

youth/students, business, and government employee.

¢ Main study question 4: What is your occupation? Fisherman/fisherwoman,

trader, farmer, youth/students, business, and government employee.
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e Pilot study question 5: Are you aware of the presence of a non-standard

(local) refinery infaround your community?

e Main study question 5: Are you aware of the presence of a non-standard

refinery infaround your community?

e Pilot study question 14: Do you buy the refined products from the non-
standard (local) refineries?

e Main study question 14: Do you buy the refined products from the non-

standard refineries?

e Pilot study question 15: How much quantity of fuel do you buy every month

from the non-standard refined products?

e Main study question 15: How much quantity of fuel do you buy every month

of the non-standard refined products?

e Pilot study question 17: The lower cost of non-refined fuel is worth the risk

of engine damage?

e Main study question 17: The lower cost of non-standard refined diesel fuel
is worth the risk of damage to my engine (car/generator)?

e Pilot study question 18: | spend so much to maintain my engine as a result
of my using non-standard diesel fuel?

e Main study question 18: | spend so much to maintain my engine

(car/generator) as a result of my using non-standard diesel fuel?

e Pilot study question 19: | experience engine stoppages any time, | use non-

standard diesel fuel oil?

e Main study question 19: | spend so much to maintain my engine

(car/generator) as a result of my using non-standard diesel fuel?

3.4.3 Administration of questionnaire instrument
The main questionnaire survey ran from 26/07/2018 through 31/01/2019. The

survey questionnaire was administered to inhabitants of the Ologbobiri community
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in Southern ljaw Local Government Area of Bayelsa state (see Figure 3-5),
Akinima, and Okarki communities both in Ahoda West Local Government Area of
Rivers State, Nigeria (see Figure 3-6). Before the administration of the
guestionnaires, meetings were held between the researcher and stakeholders,
community heads in one instance, and a second meeting between the researcher,
community heads, and community members. The meetings were held in order to
properly brief the inhabitants of all three communities on the research study and to
determine those interested in taking part. All participants who volunteered to take
part in the study were informed of the anonymity of their details and thereafter were
sent a link to the JISC online survey containing the questionnaire. A hardcopy
guestionnaire was also provided to members of the three different communities
who could not read and write. The administration of the hardcopy questionnaire
was to enable the researcher to obtain the opinions of the whole community
irrespective of age, gender, level of education and position in the community

enabling research outcome to represent all, but not a specific group.

Convenience sampling was used in this study because the respondents are
residing close to the non-standard refineries and were willing to take part in the
study. The questionnaire was administered to fishermen/fisherwomen, traders,
youths, farmers, commuters, and chiefs in the various communities. A total of 487
respondents completed the questionnaire. This was after the initial pilot survey was
administered to 30 respondents.
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Ezeotu

Figure 3-5 Ologbobiri community in Southern ljaw Local Government Area of
Bayelsa State, Nigeria (Google Map)

Akinima’

Figure 3-6 Akinima and Okarki communities in Ahoda-West Local Government

Area of Rivers State, Nigeria (Google Map)
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3.4.4 Diesel fuel oil samples

The test samples were collected from three different non-standard crude oil
refineries. These refineries were selected because they were accessible to both
nearby communities and traders who buy the refined products. The non-standard
refineries are located in both Rivers and Bayelsa states. Both states are part of the
nine oil-producing states in the Niger Delta region of Nigeria as presented in
section 3.3. All three communities are riverine and depend on fishing, farming, and
trading. Fishing and trading happen all year round while the farming season runs
from November through August.

Three different two litre samples, refined at different times, were obtained from
each camp. This was done in order to determine their physicochemical properties,
the consistency in the refining process from each camp, and the engine
performance and emission analysis. The samples were handled, stored, and
transported to the United Kingdom for laboratory analysis according to ASTM fixed
designation D4057-19.

3.5 Data analysis

3.5.1 Demographics
In the analysis of the questionnaire data, the demographics of the respondents
were first considered. A summary of the demographics is presented in Chapter 4.
The characteristics of the research participants ranged from their sex, age, marital
status, and occupation.

3.5.2 Summary statistics

The data set from the JISC online survey and the hardcopy questionnaire was
inputted into a Microsoft Excel spreadsheet and exported into IBM SPSS 26
statistical analysis software. A summary statistics of the six environmental and four
usage statements is presented in Chapter 4. The mean, median, mode, and
standard deviations were determined. Also, factor analysis was carried out on the
data. DeCoster (1998) described factor analysis “as a collection of methods used

to examine how an underlying construct influences the responses on a number of
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measured variables”. Factor analysis is applied as an exploratory tool to decrease
the dimensionality of multivariate data (Bartholomew, 1980). Two main factor
analysis techniques exist, Confirmatory Factor Analysis (CFA) and Exploratory
Factor Analysis (EFA) (Yong and Pearce, 2013). In this study, EFA was applied as
the outcome of EFA will discover the number of factors influencing variables and

to analyse which variables go together” (Yong and Pearce, 2013).

The Kaiser-Meyer-Olkin (KMO) Measure of Sampling Adequacy (MSA) and
Bartlett’s test of sphericity were also determined. The KMO is used to ascertain if
a set of variables is properly intercorrelated to justify an exploratory factor analysis
(Wiesen and Odum, 2019). Bartlett’s test of sphericity tests the “hypothesis that
the study’s correlation matrix is an identity matrix, which would indicate that the
variables are unrelated and therefore unsuitable for structure detection” (IBM,
2014). Other test carried out in the analysis of the questionnaire data set includes
the Chi-Square test, Correlation Spearman rho, and Cramer’s V. Cramer’'s V is a
measure of the strength of the association that ranges from a minimum value of

zero to a maximum value of one (Acock and Stavig, 1979).

3.5.2.1 Statistical Package for Social Sciences (SPSS)

The SPSS statistical software package (Version 24) was used in the analysis of
the questionnaire instrument administered in Chapter 4 to investigate the sustained
impact of the activities of the non-standard crude oil refiners on their host
communities. SPSS “is a package of programs for manipulating, analysing, and
presenting data” which is commonly used in diverse disciplines (Sebjan and Tominc,
2015). SPSS can handle large data sets, has a simple user interface and is easy
to learn (Sewall, 2019). Though expensive compared to other statistical software
packages like R, STATA and Microsoft Excel (Sewall, 2019), in this research study
the SPSS software package was used because of the robust statistical support
system, which was made available by Newcastle University. The support program
provided the researcher with the basic knowledge used in the analysis of the
guestionnaire data collected and analysed in Chapter 4.
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3.5.3 Physicochemical properties analysis

The physicochemical properties of the non-standard refined diesel fuel oil and the
control sample were determined as reported in Chapter 5. This was to identify the
quality (Aleme et al. 2010; Rahman et al. 2021), and consistency in the refining
process of the NRD fuel oil sold to the public in Nigeria. The study of the
physicochemical properties of fossil fuels is undertaken to ensure that the fuels
conform with international standards like EN 228 for gasoline, EN 590 and ASTM
D975 for diesel (Tsanaktsidis et al., 2013). The density, kinematic viscosity, cetane
index, calorific value, pour point, water content, and distillation temperatures were
determined for all 9 NRD fuel oils and the control sample. Tests were conducted in
line with ASTM D975, the designated standard for number two diesel fuel. All data

recorded in the research were determined in triplicate (Knothe, 2005).

3.5.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR was used to determine the compositional variation (Nespeca et al., 2018)
of the 9 NRD fuel oils and the control sample. FTIR is one of the analytical
techniques widely used to monitor petro-diesel quality because of its speed, low
cost, non-destructive nature and the quality of the screening (Soares et al., 2009;
Barra et al., 2019). The FTIR can increase analytical frequency, reduce cost, and
use smaller sample volumes for analysis (Nespeca et al., 2018). Due to the small
volume of the NRD fuel oils and the control sample, FTIR was first used to
determine the compositional variations of the test samples before the GCMS was

used for quantification.

3.5.3.2 GC-MS analysis

The GC-MS analysis, as presented in Chapter 6, was used to separate, and
guantify the various components in the non-standard refined diesel fuel oil. It was
able to identify the volatile organic compounds (VOCs) present in the fuel samples.
The target compounds were benzene (lon 78), toluene (lon 92), xylenes (lon 106),
and n-alkanes (lon 57). The VOCs were quantified using a semi-quantitative
method (Paterson et al. 2004).
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3.6 Summary

This chapter has detailed the research design of this thesis. The research gap, the
data collection process, instrument development, and data analysis processes
were also discussed. Chapter 4 will present the element of the sustained impact of
the activities of the local crude oil refiners on their host communities. The
guestionnaire development and analysis is reported in detail.
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Chapter 4 Sustained Impact Assessment of the Activities
of the Non-standard Crude Oil Refiners on their Host

Communities

4.1 Introduction

In Chapter 3, the research design was presented. The non-standard refining of
crude oil in the Niger Delta has become a source of worry for the inhabitants
because of the environmental pollution resulting from the refining process. Adeloye
and Ekadi (2021) reported the emission of harmful substances from the site of non-
standard refineries. Also, Imoobe and Aganmwonyi (2021) reported the impact of
oil leaks from non-standard refineries on water quality of the Ekehuan River, Edo
State, Nigeria. This chapter will investigate the sustained impact of the activities of
the non-standard crude oil refiners on their host communities through the
administration of a questionnaire. Some sections of this chapter has been
published in journal papers by the researcher (Bebeteidoh et al., 2020; Bebeteidoh
et al., 2020).

4.2 Study methodology

A survey research method was adopted in this study through the administration of
guestionnaires to local stakeholders (Youths, chiefs, traders, farmers,
fishermen/fisherwomen, and residents of host communities). Quantitative data was
collected from three communities in the Niger Delta region of Nigeria with non-
standard crude oil refineries and the data was analysed using descriptive and
inferential statistical methods (Chi Square, Correlation, and Factor Analysis).

Details of the study area is presented in section 3.2.1 in Chapter 3.

4.2.1 The questionnaire instrument
The study questionnaire was designed to investigate the apparent impact of the
activities of non-standard crude oil refiners on their host community and the

environment. It was divided into three sections, namely demographics,
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environmental, and usage groupings. The demographic section covered questions
relating to the age, gender, and occupation of respondents, whilst the questions in
the environmental group were related to the effect of the activities of the non-
standard crude oil refiners on the environment. The usage grouping had questions
relating to the effect of the non-standard refined diesel fuel oil on engines. Sections
2 and 3 were assessed by respondents on a six-point Likert type scale (Allen and
Seaman, 2007) ranging from 1 = strongly disagree (SD) to 6 = strongly agree (SA).
The respondents were asked to assess six statements relating to environmental
impact, and five statements relating to usage. The six-point Likert scale was
aggregated into a two-point scale of Disagree or Agree for ease of presentation.
Boone and Boone (2012) established that a Likert Scale is composed of four or
more Likert-type items that may be combined into a single composite
score/variable during the analysis process. Harpe (2015) reported that “when
aggregated scales are used in a study , they must be analysed as a group, because
by analysing the items one-by-one causes statistical concerns through the inflation

of the family-wise error rate.

4.2.3 Environmental impact statements
The environmental impact statement questions in section 2 of the questionnaire

are detailed below:

e S1- The activities of the non-standard refiners has affected my

community farm lands?

e S2- The activities of the non-standard refiners has affected the level of

farm yields?

e S3- The activities of the non-standard refiners has affected my

community fishing areas?

e S4- The activities of the non-standard refiners has led to reduction in

fishing yields?

e S5- The major source of water supply is usually polluted by crude oil

waste from non-standard refineries?
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e S6- | am concerned about the method of disposal of refined waste by

the non-standard crude oil refiners.

The usage impact statement questions in section 3 of the questionnaire are

detailed below:

e S7- The refined products from non-standard refined have damaged

my machine/engine in recent times?

e S8- The lower cost of non-refined fuel is worth the risk of damage to

my engine (car/generator)?

e S9O- | spend so much to maintain my engine (car/generator) as a result
of my using non-standard diesel fuel?

e S10- | experience engine (car/generator) stoppages any time, | use

non-standard diesel fuel oil?

4.2.4 Implementation and participants in the study

Preparation for the sustained impact study started in June 2018, with a pilot study
(see section 3.3.2) which involved the administration of an initial 30 questionnaires.
This enabled corrections to be made to the initial questionnaire before it was used
for the larger study. The revised study questionnaire was administered using Jisc
Online Surveys (formerly Bristol Online Surveys) from 26/07/2018 through
31/01/2019. The respondents were selected because they are indigenous people
and are inhabitants of the affected communities. The respondents also had the
required experience as a result of their long stay in their communities consequently
this constituted convenient sampling (Riaz et al. 2021). The questionnaires were
administered to youths, community chiefs, fishermen/fisherwomen, traders,

government employees, and residents of the affected communities.

The analysis of the questionnaire was done using descriptive, and inferential ( Chi
Square and correlation) statistical methodologies in the IBM SPSS statistics
software package (Version 24). Cronbach’s alpha coefficient was used to compute
the reliability of the questionnaire items. Reliability coefficient describes whether a

guestionnaire designer was right in anticipating a particular group of items to
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produce explainable statements about individual differences (Cronbach, 1951).
DeVellis, (2016) recommended that Cronbach’s coefficient of a scale should be
above 0.7. The Cronbach coefficient obtained for the questionnaire items in this
study was 0.92, and this provides confidence that the scale used for this study was
measuring the same construct. In a research study, a construct is the underlying
theme, abstract idea, or subject matter that the researcher wishes to measure
using survey guestions (Lavrakas, 2008). Nominal data also known as categorical
data, was used in this research work because it can be used for classifying items
or separating them into groups rather than each item having a numeric value
(Gilbert and Prion, 2016).

The questionnaires were administered to three communities in the Niger Delta,
namely the Ologbobiri community in the Southern ljaw Local Government Area of
Bayelsa State, Akinima and the Okarki communities both in the Ahoda West Local
Government Area of Rivers State (see Figures 3-3 and 3-4 in Chapter 3). The
communities were selected because they are riverine in nature and are involved in
fishing and farming as a way of earning a living. The selected communities host a
number of non-standard refineries and crude oil locations upstream that are owned

by multinational corporations.

4.3 Results

The result of the questionnaire study is presented in this section. Firstly, the
demographics of the respondents of the survey are considered followed by the

responses to the environmental, and usage questions.

4.3.1 Demographics of the respondents and survey responses

A summary of the demographics of the questionnaire respondents is presented in
Table 4-1. With an 81% response rate, 487 respondents completed the
guestionnaire. Of the 487 completed questionnaires, 32% of respondents fell into
the age range of 42-45 years and only 3.3% of respondents were over 66 years
old. Males made up the majority of respondents with 61.6% and females 38.4%.

Some 75.4% of the respondents are married, while fishermen/fisherwomen,
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farmers and government employees made up 68.2% of the respondents. Chiefs

were 4.7%, youths and traders were 12.9% and 8.4% of respondents, respectively.

Table 4-1 Demographics of respondents

Variables Categories Frequency Percent

Age Bracket 18-25 years 40 8.2
26-33 years 58 11.9
34-41 years 130 26.7
42-55 years 158 32.4
56-65 years 85 17.5
66 years and above 16 3.3
Total 487 100

Gender Male 300 61.6
Female 187 38.4
Total 487 100

Marital Status Married 367 75.4
Single 90 18.5
Divorced 9 1.8
Widow/Widower 21 4.3
Total 487 100

Occupation Fisherman/Fisherwomen 107 22
Trader 41 8.4
Farmer 103 21.1
Youth/Student 63 12.9
Business 28 5.7
Government Employee 122 25.1
Chief 23 4.7
Total 487 100
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4.3.2 Response to the six environmental questions, S1to S6

e ‘The activities of the non-standard refiners have affected my

community farmlands (S1) and yields (S2)?’

Some 78% of the respondents agreed that the activities of the non-standard crude
oil refiners affect their farmlands while 64% agreed that it affected their farm yields,
as presented in Table 4-2, with the summary statistics of S1 and S2 presented in
Table 4-3.

e ‘The activities of the non-standard refiners have affected my

community fishing areas (S3) and fishing yields (S4)?’

An overwhelming majority of respondents (96%) agreed that the activities of the
non-standard refiners had significantly affected their fishing areas, while 94%
agreed that they had also affected their catches, as presented in Table 4-2, with

the summary statistics of S3 and S4 presented in Table 4-3.

e Themajor source of water supply is usually polluted by crude oil waste

from non-standard refineries (S5)?’

Some 93% of respondents (see Table 4-2) agreed that waste generated and
disposed of by non-standard refineries affects the source of water. The summary

statistics of S5 are presented in Table 4-3.

e ‘I am concerned about the method of disposal of the refined waste by
the non-standard crude oil refiners (S6)?’

Some 96% of respondents (see Table 4-2) agreed that the non-standard crude oil
refiners have a very poor waste disposal regime. The summary statistics of S6 are

presented in Table 4-3.
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4.3.3 Responses to the six usage questions, S7 to S10

e ‘Therefined products from the non-standard refineries have damaged

my machine/engine in recent times (S7)?’

Some 56.2% of respondents agreed that the refined products from the non-
standard refineries are damaging to engines, as presented in Table 4-4, with the
summary statistics of S7 presented in Table 4-5.

e The lower cost the non-standard refined fuel is worth the risk of

damage to my engine (car/generator)(S8)?’

Some 57.7% of respondents disagreed that the low cost of non-standard refined
fuel is worth the risk of damage to their engine as presented in Table 4-4, with the

summary statistics of S8 presented in Table 4-5.

e | spend so much to maintain my engine (car/generator) as a result of

my using non-standard refined diesel fuel oil (S9)?’

Some 53.1% agreed that they spend a lot to maintain their engine as a result of
the usage of non-standard refined diesel fuel oil (see Table 4-4). The summary

statistics of S9 are presented in Table 4-5.

e | experience engine (car/generator) stoppages any time, | use non-
standard refined diesel fuel 0il(S10)?

22.2% of respondents agreed that they experience engine stoppages while using
non-standard refined diesel fuel oil, while 43.5% disagreed (see Table 4-4). The

summary statistics of S10 are presented in Table 4-5.

4.3.4 Factor analysis

Factor analysis was carried out on the data set. Factor analysis (FA) is a
multivariate statistical method that is applied in the transformation of data sets with
high dimensions to lower dimensions and concentrates on the correlations of
variables such that the variables in a factor are extremely correlated with each
other while the variables in different factors are extremely uncorrelated with each
other (Mahmoudi et al., 2021). To determine if factor analysis is suitable for a

particular data set, the Kaiser-Meyer-Olkin (KMO) index is applied (Mahmoudi et
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al., 2021). A KMO >0.8 confirms the correctness of the factor analysis. The Kaiser-
Meyer-Olkin (KMO) was 0.832, Bartlett’s test was significant (p=0.001), and the
determinant was 0.001. The data satisfies all the conditions for Factor analysis.
Also, the number of the key factors in a factor analysis is generally considered as
the “eigen-values of the correlation matrix with the values lager than one”
(Mahmoudi et al., 2021). In this study, two factors were extracted of eigen-values
of 4.62 and 2.75 (see Figure 4-1) which accounts for 73.73% of the variability of
the six environmental impact, and four usage statements. The minimum, and
maximum loading for the environmental impact statements were 0.701, and 0.807,
while those of the usage impact statements were 0.661 and 0.781. So, the six
statements came from one primary construct namely the effect of non-standard
refineries on the environment, while the other four statements also came from one
underlying construct namely the effect of non-standard refined diesel fuel on

car/generator engines.

Scree Plot

Eigenvalue

1 2 3 4 5 53 7 8 9 10

Component Number

Figure 4-1 Scree plot of eigenvalues against all the factors
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Table 4-2 Effect of non-standard crude oil refiners on the environment

Effect of the activities of the local crude
oil refiners on the environment?

The activities of the non-standard refiners
has affected my community farm lands?
(s1)

The activities of the non-standard refiners
has affected the level of farm yields
(harvest)? (S2)

The activities of the non-standard refiners
has affected my community fishing areas?
(S3)

The activities of the non-standard refiners
has led to reduction of fishing yields? (S4)

The major source of water supply is
usually polluted by crude oil waste from
non-standard refineries? (S5)

I am concerned about the method of
disposal of refined waste by the non-
standard crude oil refiners? (S6)

Count/%

Count

Row %

Count

Row %

Count

Row %

Count

Row %

Count

Row %

Count

Row %

Strongly
Disagree

10

2.1

11

2.3

1.6

1.8

11

23

1.6

Disagree

39

8.0

92

18.9

1.6

1.8

10

2.1

1.8

Somewhat
Disagree

58

70

14.4

1.0

1.8

15

31

0.6

Somewhat Agree

210

43.1

154

31.6

72

14.8

64

131

69

14.2

41

8.4

Agree

85

202

41.5

186

38.2

201

413

207

42.5

Strongly Agree

85

192

39.4

210

181

37.2

219

45.0

Disagree

107

22

173

36

21

27

36

20

Agree

380

78

314

64

466

96

460

94

451

93

467

96
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Table 4-3 Summary statistics of the six environmental statements

Statements

The activities of the non-standard refiners has affected my community farm lands.
(87)

The activities of the non-standard refiners has affected the level of farm yields
(harvest) (S8)

The activities of the non-standard refiners has affected my community fishing areas.

(S9)
The activities of the non-standard refiners has led to reduction of fishing yields.
(S10)

The major source of water supply is usually polluted by crude oil waste from non-
standard refineries (S5)

| am concerned about the method of disposal of refined waste by the non-standard
crude oil refiners (S6)

Summary Statistics

Mean

(M)

4.18

3.89

511

5.13

5.02

5.23

Median

4.00

4.00

5.00

5.00

5.00

5.00

Mode

Std.
Deviation

(SD)
1.21

1.37

0.99

1.04

1.09

0.97

78



Table 4-4 Effect of non-standard crude oil refined diesel fuel on machine/engines

Effect of the activities of the local Count/% Strongly Disagree Somewhat Somewhat Agree Strongly Disagree Agree Not
crude oil refiners on Disagree Disagree Agree Agree Applicable
machine/engines?

The refined products from the non- Count 12 25 13 158 78 38 50 274 163
standard refineries have damaged
my/machine in recent times? (S7)

Row % 2.5 5.1 2.7 324 16 7.8 10.3 56.2 33.5
The lower cost of non-standard Count 143 120 18 19 21 20 281 60 146
refined fuel is worth the risk of
damage to my engine
(car/generator)? (S8)

Row % 29.4 24.6 3.7 3.9 4.3 4.1 57.7 12.3 30
| spend so much to maintain my Count 14 16 28 137 79 43 58 259 170
engine (car/generator) as a result of
my using non-standard refined diesel
fuel oil? (S9)

Row % 2.9 33 5.7 28.1 16.2 8.8 11.9 53.1 34.9
| experience engine (car/generator) Count 81 81 50 46 37 25 212 108 167

stoppages any time, | use non-
standard refined diesel fuel oil? (510)

Row % 16.6 16.6 10.3 9.4 7.6 5.1 435 22.2 343




Table 4-5 Summary statistics of the four usage statements

Statements Summary Statistics
Mean Median
(M)
The refined products from the non-standard refineries have damaged my machine/engine 5.12 5.00

in recent times? (S7)

The lower cost the non-standard refined fuel is worth the risk of damage to my engine 3.61
(car/generator)? (S8)

| spend so much to maintain my engine (car/generator) as a result of my using non- 5.18
standard refined diesel fuel 0il? (S9)

| experience engine (car/generator) stoppages any time, | use non-standard refined 4.27
diesel fuel 0il? (S10)

2.00

5.00

4.00

Mode

Std.
Deviation

(SD)
1.642

2.537

1.651

2.360
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4.3.5 Association between demographic factors and environmental
iImpact statements

A Chi-Square test of association was conducted to determine whether there is any
association between the demographic factors and the way the environmental
impact statements were answered by the respondents. The results of the analysis
are presented in Table 4-6. There are four demographic factors and six
environmental impact statements making a total of 24 Chi-Square test. Alpha level
was set at 5% (0.05) and p values of 5% (0.05) were significant. On this basis, 10
of the 24 tests were found to be significant. For example, age bracket was
significantly associated with the statement that non-standard refineries have
affected the level of farm yields (harvests) [x? = 14.99, p = 0.01 (<0.05), Cramer’s
V = 0.175]; but it was not significantly associated with any of the other statements.
Gender was significantly associated with two statements namely those regarding
community farmlands [ ? = 12.82, P = 0.001 (<0.05), Cramer’s V = 0.162], and
farm yields (harvest) [x2 = 10.41, p = 0.001 (<0.05), Cramer’s V = 0.146]. Marital
status was only significantly associated with one of the statements, namely non-
standard refineries have affected level of farm yields (harvest) [x?=11.52, p=0.01
(<0.05), Cramer’s V = 0.154]. Occupation was significantly associated with all six

of the environmental statements.

4.3.6 Association between demographic factors and usage impact
statements

A Chi-Square test of association was conducted to ascertain whether there is any
association between the demographic factors and the way that the usage impact
statements were answered. The results of the analysis are presented in Table 4-
7. There are four demographic factors and four usage impact statements making
a total of 16 Chi-Square test. Alpha level was set at 5% (0.05) and p values of 5%
(0.05) were significant. In this case, 4 of the 16 test were found to be significant.
For example, marital status was significantly associated with the statement that, |
experience engine (car/generator) stoppages any time, when | use non-standard
diesel fuel oil [x? = 10.96, p = 0.038 (<0.05), Cramer’s V = 0.162]; but it was not

significantly associated with any of the other statements. Occupation was
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significantly associated with three of the statements. The first was that the refined
products from the non-standard refineries have damaged my machine/engine in
recent times [ 2 = 43.06, p = 0.00 (<0.05), Cramer’s V = 0.365]. The second was
that the lower cost of the non-standard refined fuel is worth the risk of damage to
my engine (car/generator) [x 2 = 56.27, p = 0.00 (<0.05), Cramer’'s V = 0.406].
Finally, occupation was associated with the statement, | experience engine
(car/generator) stoppages any time, when | use non-standard diesel fuel oil [} ? =
114.18, p = 0.00 (<0.05), Cramer’s V = 0.597].
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Table 4-6 Chi-Square association between demographic

environmental impact statements

factors and

Demographic Environmental Impact statement Chi-Square Strength
Test
Value P Cramer's
value Vv

Age Bracket The activities of the non-standard refiners has affected my community 7.671 0.175 0.126
farm lands?

Age Bracket The activities of the non-standard refiners has affected the level of farm | 14.992 | 0.010 0.175
yields (harvest)?

Age Bracket The activities of the non-standard refiners has affected my community 4.756 0.446 0.099
fishing areas?

Age Bracket The activities of the non-standard refiners has led to reduction of fishing | 2.294 0.807 0.069
yields?

Age Bracket The major source of water supply is usually polluted by crude oil waste 2.235 0.816 0.068
from non-standard refineries?

Age Bracket | am concerned about the method of disposal of refined waste by the 6.486 0.262 0.115
non-standard crude oil refiners?

Gender The activities of the non-standard refiners has affected my community 12.823 | 0.001 0.162
farm lands?

Gender The activities of the non-standard refiners has affected the level of farm | 10.407 0.001 0.146
yields (harvest)?

Gender The activities of the non-standard refiners has affected my community 0.001 0.977 0.001
fishing areas?

Gender The activities of the non-standard refiners has led to reduction of fishing | 0.310 0.578 0.025
yields?

Gender The major source of water supply is usually polluted by crude oil waste 0.176 0.675 0.019
from non-standard refineries?

Gender | am concerned about the method of disposal of refined waste by the 0.102 0.750 0.014
non-standard crude oil refiners?

Marital Status The activities of the non-standard refiners has affected my community 2.910 0.406 0.077
farm lands?

Marital Status The activities of the non-standard refiners has affected the level of farm | 11.523 | 0.009 0.154
yields (harvest)?

Marital Status The activities of the non-standard refiners has affected my community 0.716 0.869 0.038
fishing areas?

Marital Status The activities of the non-standard refiners has led to reduction of fishing | 1.759 0.624 0.060
yields?

Marital Status The major source of water supply is usually polluted by crude oil waste 2.669 0.445 0.074
from non-standard refineries?

Marital Status | am concerned about the method of disposal of refined waste by the 4.403 0.221 0.095
non-standard crude oil refiners?

Occupation The activities of the non-standard refiners has affected my community 31.384 0.001 0.254
farm lands?

Occupation The activities of the non-standard refiners has affected the level of farm | 59.242 | 0.001 0.349
yields (harvest)?

Occupation The activities of the non-standard refiners has affected my community 19.452 | 0.003 0.200
fishing areas?

Occupation The activities of the non-standard refiners has led to reduction of fishing | 16.505 | 0.011 0.184
yields?

Occupation The major source of water supply is usually polluted by crude oil waste 26.092 0.001 0.231
from non-standard refineries?

Occupation | am concerned about the method of disposal of refined waste by the 17.736 0.007 0.191
non-standard crude oil refiners?
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Table 4-7 Chi-Square association between demographic factors and usage impact

statements
Demographic Environmental Impact statement Chi-Square Test | Strength
Value P Cramer's
value Vv

Age Bracket The refined products from the non-standard refineries have damaged 6.788 0.237 0.145
my machine/engine in recent times?

Age Bracket The lower cost of the non-standard refined fuel is worth the risk of 9.861 0.079 0.170
damage to my engine (car/generator)?

Age Bracket | spend so much to maintain my engine (car/generator) as a result of 8.329 0.139 0.162
using non-standard refined diesel fuel oil?

Age Bracket | experience engine (car/generator) stoppages any time, | use non- 10.963 0.052 0.185
standard diesel fuel oil?

Gender The refined products from the non-standard refineries have damaged 0.162 0.687 0.022
my machine/engine in recent times?

Gender The lower cost of the non-standard refined fuel is worth the risk of 0.001 0.973 0.002
damage to my engine (car/generator)?

Gender | spend so much to maintain my engine (car/generator) as a result of 0.420 0.517 0.036
using non-standard refined diesel fuel oil?

Gender | experience engine (car/generator) stoppages ant time, | use non- 0.501 0.479 0.040
standard diesel fuel oil?

Marital Status The refined products from the non-standard refineries have damaged 4.202 0.240 0.114
my machine/engine in recent times?

Marital Status The lower cost of the non-standard refined fuel is worth the risk of 5.113 0.164 0.122
damage to my engine (car/generator)?

Marital Status | spend so much to maintain my engine (car/generator) as a result of 1.002 0.801 0.056
using non-standard refined diesel fuel oil?

Marital Status | experience engine (car/generator) stoppages ant time, | use non- 8.429 0.038 0.162
standard diesel fuel oil?

Occupation The refined products from the non-standard refineries have damaged 43.069 0.000 0.365
my machine/engine in recent times?

Occupation The lower cost of the non-standard refined fuel is worth the risk of 56.272 0.000 0.406
damage to my engine (car/generator)?

Occupation | spend so much to maintain my engine (car/generator) as a result of 10.918 0.091 0.186
using non-standard refined diesel fuel oil?

Occupation | experience engine (car/generator) stoppages ant time, | use non- 114.182 | 0.000 0.597

standard diesel fuel oil?

4.3.7 Correlation (Spearman rho) amongst environmental impact and

usage impact statements

The relationships amongst the responses to the environmental impact statements

of the effect of the non-standard refiners are presented in the correlation matrix in

Table 4-8. All the bivariate relationships are significant at the 1% level. This shows

that there is a complex relationship amongst the statements, and how they affect

each other. For instance, the highest correlation is 0.862 between S3 and S4,
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signifying that “non-standard refiners have affected community fishing areas, which
in turn has led to a reduction in fishing yields”. Nevertheless, this is not a cause-
and-effect relationship as other factors could also affect fishing yields, such as the
effect of farmlands which also has a significant relationship with fishing yields (r =
0.492, p < 0.01). The next highest correlation is 0.819 between S1 and S2, which
indicates that the effects on farmland influence farm yields. In a similar manner,
farm yield also has a significant correlation with “pollution of the water supply
through the disposal of refined waste by the non-standard crude oil refiners”, with
0.458 and 0.356, respectively. Consequently, there was significant correlation
between S3 and S6 (r = 0.501, p < 0.01), indicating that the “effect of the disposal
of refined crude oil waste affects community fishing areas”. However, other factors
could also affect the host communities fishing areas and farmlands. Also, there
was correlation between S5 and S6 (r = 0.574, p < 0.01), indicating that the
“‘method of waste disposal affects major sources of water”. All these indicate that
the environmental impact of the activities of the non-standard crude oil refiners are

complex and interrelated.

The result for the usage impact revealed that all of the bivariate relationships are
significant at the 1% level (see Table 4-9). For example, the highest correlation is
between S7 and S9 (r = 0.846, p < 0.01), suggesting that “the refined products
from the non-standard refineries have damaged my machine/engine in recent
times which in turn has led to spending so much to maintain my engine
(car/generator)”. Nevertheless, other factors may lead to damage of car/generator
engines. The next highest correlation in this category is 0.782 between S9 and
S10, which indicates that “spending so much to maintain car/generator engine is
influenced by stoppages from the use of non-standard diesel fuel oil”. In a similar
manner, ‘refined products from non-standard refineries have damaged my
machine/engine” (S7) has significant correlation with experience of engine
stoppages (S10) withr =0.762 (p < 0.01).
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Table 4-8 Correlation matrix of environmental impact statements

Environmental Impact Statements S1 S2 S3 S4 S5 S6

S1 The activities of the non-standard refiners has 1
affected my community farm lands?

S2 The activities of the non-standard refiners has 0.819" 1
affected the level of farm yields (harvest)?

S3 The activities of the non-standard refiners has 0.503"  .550" 1
affected my community fishing areas?

S4 The activities of the non-standard refiners has led 0.492" 530"  0.862" 1
to reduction of fishing yields?

S5 The major source of water supply is usually polluted  0.414™ 458"  0.626" 0.620" 1
by crude oil waste from non-standard refineries?

S6 I am concerned about the method of disposal of 0.353" 0.356" 0.501" 0.551" 05747 1
refined waste by the non-standard crude oil
refiners?

**_Correlation is significant at the 0.01 level (2-tailed).

Table 4-9 Correlation matrix of usage impact statements

Environmental Impact Statements S7 S8 S9 S10

S7 The refined products from non-standard 1
refineries have damaged my machine/engine
in recent times?

S8 The lower cost of non-refined fuel is worth the ~ 0.607” 1
risk of damage to my engine (car/generator)?

S9 | spend so much to maintain my engine 0.846"  .637" 1

(car/generator) as a result of my using non-
standard diesel fuel?

S10 | experience engine (car/generator) 0.762" .663" 0.782" 1
stoppages any time, | use non-standard
diesel fuel oil

**_Correlation is significant at the 0.01 level (2-tailed).

4.4 Discussion

This chapter aimed to determine the impact of the activities of the non-standard
crude oil refiners in the Niger Delta on their host communities and their effect when
used in diesel engines. The study showed that the activities of the non-standard
crude oil refiners affected the farmlands and product yields of their host

communities. This is because a significant number of the respondents agreed that
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the activities of the non-standard crude oil refiners have affected their community
farmlands and harvest. The mode of transportation of crude oil to the non-standard
refineries, their storage methods, refining processes, and refined waste disposal
methods have resulted in the pollution of the soil and waterways by hydrocarbon
components. This has led to the loss of soil quality, leaching and erosion.
Hydrocarbon pollution damages farmlands and has a major effect on food security.
Farmers in the study area also depend on streams, and rivers for the purposes of
irrigation but the runoffs from the non-standard refineries which drains crude oil
and refined products into them makes the water, hazardous for irrigation and
farming activities. The continuous pollution of the soil has affected product yields

of the farmers.

The majority of the respondents agreed that the activities of the non-standard crude
oil refiners have considerably affected their fishing areas, and catches, and have
become a source of worry for the fishermen, and fisherwomen. The pollution of
streams and rivers by hydrocarbons harms the aquatic ecosystem which destroys
the habitat of fish. The pollution of streams and rivers by crude oil and other
petroleum products from the local refineries will also affect the health of fish which
in turn affects the fishermen and fisherwomen. The spilled petroleum hydrocarbons
float on the surface of the streams, and rivers thereby suffocating fish, and other
aquatic creatures. With streams and rivers acting as the major source of drinking
water in the affected communities, the pollution of such streams and rivers with
crude oil becomes a major source of concern for the communities. Clean drinking
water is needed for the socio-economic growth of any community, but this is not
available for these communities. Instead, they are left to drink from streams and
rivers in and around their communities. With most riverine communities lacking
clean drinking water, the government should provide clean drinking water for the
affected communities. This will help reduce sicknesses from water borne diseases.
The government provision of clean potable water will help to achieve the United
Nations Sustainable Development Goal six (SDG6) (UNDP, 2021).

The method of refinery waste disposal was also a major source of worry for
respondents. The majority of respondents agreed that the poor waste disposal
methods of the non-standard refiners in and around their production sites is

damaging to the environment. Waste generated is disposed into nearby rivers,
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streams, and surrounding vegetation. This high level of waste is attributed to the
crude level of refining. The waste produced not only contaminates the streams and

rivers, but it also contaminates the ground water.

Products from the non-standard refineries are being sold to the public at cheaper
rates compared to those sold at government approved retail outlets and have
become a source of worry for some respondents. 56.2% of respondents agreed
that the products from the non-standard refineries were damaging their engines,
with some respondents agreeing that they experience engine stoppages while
using the non-standard refined diesel fuel oil and others saying that they spend
much to maintain their engine as a result of the usage of the non-standard refined
diesel fuel oil. Also, from the correlation matrix result it was revealed that there is
a bivariate relationship between S7 and S9 which was significant at 0.01 level (2
tailed), which suggests that the continuous usage of non-standard refined products
results in engine damage and in turn expense to maintain the engine. Another
significant correlation was that of S9 and S10 in which a relationship was found
between spending so much money to maintain cars/generator engines which are
influenced by stoppages from the usage of the non-standard diesel fuel oil. The
result from this study leads the requirement to conduct further research to
understand the characteristics of the marketed products from the non-standard

crude oil refiners, identifying the probable reasons for engine damage

4.5 Summary

This chapter has investigated the sustained impact of the non-standard crude oil
refiners on their host communities and on their fuel being used in diesel engines.
The study found evidence that the activities of the non-standard crude oil refiners
have led to high levels of environmental pollution in their host communities. This
was attributed to by most respondents to their poor refining techniques and waste
disposal methods. Respondents in the study agreed with the six environmental
impact statements, with over 90% of respondents agreeing with four of the six
statements. It was also determined that farming areas and fishing routes were
affected by the activities of the non-standard refiners. This has greatly affected the

livelihood of the farmers, and fishermen/fisherwomen.
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As a result of the damage done to cars/generator engines resulting from the usage
of the non-standard refined diesel fuel oils as reported by respondents to the
guestionnaire a further investigation was carried out to determine the

physicochemical properties of the non-standard refined diesel fuel oils.
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Chapter 5 Analysis of Physicochemical Properties of

Non-standard refined diesel fuel oils

5.1 Introduction

In Chapter 4, the sustained impact of the activities of the non-standard crude oil
refiners on their host communities was presented. The study found out that the
communities expressed concerns that their activities have led to high levels of
environmental pollution, damage to farmlands, reduced farm harvest, and fishing
yields. Results also revealed that the continuous usage of the NRD fuel oil was
damaging to car/generator engines, that respondents spend more on maintenance
when they use the non-standard diesel fuel oil in their vehicles or generators. The
study also showed that despite the engine damage and higher maintenance cost
as the consequence of using non-standard refined diesel fuel, there is still a
demand for it. Therefore, it is necessary to understand the properties of the non-
standard refined fuel and their wider impact on the environment to investigate the
probable cause and evidence for raising the community awareness. This chapter
presents the laboratory analysis of the 9 NRD fuel oil samples and a control sample
in order to determine their physicochemical properties, and the consistency in the
refining process from each camp (Akpomrere and Uguru, 2020). According to
Aleme and Barbeira (2012), diesel fuel oil with one or more physiochemical
properties that do not conform to designated standards may increase the
consumption of fuel, reduce engine performance, and change the constituents of
the emissions. Thus, this chapter compares and discusses the difference between
the Nigeria refined diesel (control sample) and the non-standard refined diesel fuel.
In addition, the level of consistency in the refining process of the non-standard
refined diesel fuel oil from camp to camp and within a camp will be determined.
Some sections of this chapter has been published in journal papers (Bebeteidoh
et al., 2020; Bebeteidoh et al., 2020).

5.2 Significance of physicochemical properties

Fuels are defined by their physicochemical properties such as density, viscosity,

pour point, cetane index, elemental composition, and calorific value, which can
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vary substantially with their composition (Rocha and Sheen, 2019). Knowledge of
the physicochemical properties of the non-standard refined diesel fuel oils is of vital
importance to assist in the elaboration of strategies for bunkering, transportation,
storage, treatment, and usage in compression-ignition internal combustion engines
(Vieira et al., 2019). A number of researchers have written on the importance of
physicochemical properties in the determination of quality and usage in diesel

engines as detailed in Section 2.2.1 of the literature review.

5.3 Experimental methods

5.3.1. Test fuels

The collection and preparation of samples are very important in every experimental
work. A set of 9 NRD fuel oil samples was collected from three different local
refineries in the Niger Delta Region (NDR) of Nigeria (see section 3.3.2). For
comparison, a commercial diesel fuel sample was obtained from a government
retail outlet in Nigeria. The local diesel fuel oil was refined by nonstandard methods
while the control sample was refined to industrial standard. All samples were
collected, stored, and transported to the laboratory for analysis according to ASTM
fixed designation D4057-19 (Gaspar et al., 2019).

5.3.2. Density measurement

The density of a substance is an important physical property that could be used in
combination with other fuel properties to characterize light and heavy fractions of
petroleum products (ASTM D4052, 2018). The fluid properties depend on essential
factors such as temperature and pressure (Safarov et al., 2018). The density
measurement was obtained using an oscillating U-tube method following ASTM
4052-18a. The reference temperature for the density measurement was 15°C. A
KEM DA 500 automatic density meter, the specification for which is given in Table

5-1, was used in the determination of the density of the diesel fuel samples.
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Table 5-1 Specification of a KEM DA 500 automatic density meter

Type and Model name

KEM DA 500 density meter

Measuring method

Resonant frequency detection

Measuring temperature

4°C~90°C

Accuracy

+0.0001g/cm?

Reproducibility

SD: 0.00005g/cm?

Minimum sample required

1.2mL by manual syringe

Measuring time

2~10 minutes by programmed

Measuring range

0~3g/cm3

5.3.3 Kinematic viscosity measurement

The measurement of kinematic viscosity at 40°C (cSt) was carried out using the Oswald

capillary viscometer according to ASTM D445. This method stipulates a technique for the

determination of the kinematic viscosity, gauging the point in time for a volume of liquid

flowing under gravity through a glass capillary viscometer (D445, 2019).

5.3.4 Flash point measurement

The flash point of the samples was measured according to ASTM D3828 using a Setaflash

Series 3 closed cup flash point tester (model 30000-3, Stanhope-Seta) with a temperature

ramp mode as presented in Table 5-2.

Table 5-2 Seta flash Series 3 Flash Point Tester

Type and Model nhame

Setaflash Series 3 (30000-3)

Measuring method

Ramp mode

Measuring range

0°'C~300C

Sample size

2mL —4mL by manual syringe

Test time

1-2 minutes
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The ramp mode method was applied because of the unknown nature of the non-
standard refined diesel fuel samples. This method allows the tester to determine
the flash point with small samples of 2mL — 4mL within 2 minutes. For this test, a
volume of 2mL of the sample was injected.

5.3.5 Pour point measurement

The pour point of the tested samples was determined by an automated Mini
Cloud/Pour Point Analyser (MPP 5G) according to ASTM D5950-14. A 0.5mL of
the test sample was put into a disposable vial and placed into the 10-specimen
sample changer. The cooling of the sample is controlled automatically at a cooling
rate of 1.5°C per minute. The pour point is then determined by monitoring the
temperature at which the pressure differential changes across the cooling cell

difference in pressure across the cooling cell.

5.3.6 Water content

Water is a key contaminant of diesel fuel oil (Saleh and Tripp, 2021). The entrained
water content in the 9 non-standard refined diesel fuel oil samples and the control
sample was determined by coulometric titration using the Karl Fischer Metrohm
756 Coulometer as described by ASTM D6304. The sample is first weighed into a
vial and sealed so it is airtight. The sample is then heated in an oven with the
entrained water in the sample evaporated and transported by a carrier gas into the

titration cell for calculation.

5.3.7 Cetane index

The calculated cetane index (CCI) of the 9 non-standard refined diesel fuel oil
samples and the control sample was determined using the Four Variable Equation
(ASTM D4737-10, 2016). This method was used because of the small quantity of
the samples needed to run an engine for this test. The four-variable equation is

presented below in Equation 5-1 (Owusu et al. 2018).
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CCI = 45.2 4 (0.0892)(Tyoy ) + [0.131 4+ (0.901)(B)][T50n ]
+[0.0523 — (0.420)(B)][Ton] + [0.00049][(T1on)* — (Toon)?]
+(107)(B) + (60)(B)* (5-1)

where:

CCl = Calculated Cetane Index by Four Variable Equation
D = Density at 15°C

DN=D-085

B= [e(—s.s)(mv)] 1

T10 = 10% recovery temperature, °C, determined by Test Method D86 and corrected

to standard barometric pressure
Tion=Ti0-215
Tson = T50 - 260

Toon = Too-310

5.3.8 Distillation curves

The 9 non-standard refined diesel fuel oil samples and the control sample were
analysed using Herzog HDA 627 automatic distillation equipment as designated in
ASTM D86. For the analysis, a 100mL of the fuel sample was transferred into the
distillation flat bottom flask connected with a thermocouple and heated (Aleme et
al. 2012). The distillation ratio was between 3.8 mL/min and 5.6 mL/min. The
distilled sample was condensed and collected into a measuring cylinder at room
temperature. The distillation volumes recovered were the initial boiling point (IBP),
final boiling point (FBP) with volume recovered at 5%, 10%, 50%, 90% and 350°C.

5.3.9 Calorific value
The calorific values of the 9 non-standard refined diesel fuel oil samples and the
control sample were determined using a Paar 1341 Oxygen Bomb Calorimeter.

The ASTM designated standard for this measurement was D4809-18, which is the
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standard test method for liquid hydrocarbon fuels by bomb calorimeter (Precision
Method) (ASTM D4809, 2018). The calorimeter was first calibrated using benzoic
acid, C6H5COOH, for which the internal energy associated with combustion was
known. The calorific value associated with the 10 fuel samples (9 non-standard
diesel fuel oil samples and 1 control sample) was then determined by the
combustion of 0.5g + 0.1g of the samples placed in a crucible inside the bomb
cylinder with the aid of a fuse wire (nichrome) and oxygen. The stirrer was turned
on and the Pico logger icon pressed to start the logging, then at 5minutes the
ignition button was pressed and held for 5-10 seconds. A rapid temperature rise
showed that combustion had taken place. The bomb calorimeter was allowed to
run for 20 minutes. The stirrer was then turned off. Data obtained was then used

to calculate the calorific value of the samples.

5.4 Results

5.4.1 Fuel properties

A summary of the physicochemical properties of the control sample and the 9 NRD
fuel oil samples is presented in Table 5-3. The results from the density test show
similarities in the density of the control sample and the 9 NRD fuel oil samples at
15°C asiillustrated in Figure 5-1. The density of the ten diesel fuel samples analysed
in this study is comparable to those obtained in other studies relating to the
physicochemical properties of diesel fuel oils and their blends (Gao et al. 2019;
Hoang, 2019; Hoang, 2018; Pasha et al. 2020).

The kinematic viscosities of the control sample and the 9 NRD fuel oil samples
tested at 40°C are also presented in Table 5-3. All ten samples tested fell within
designated standards in ASTM D975 as illustrated in Figure 5-2. From the result
for kinematic viscosity, issues associated with high viscosities that affect internal
combustion engines should not occur using these samples. Nevertheless, it should
be noted that other diesel fuel properties also affect the performance of an engine.
Thus, a diesel fuel oil with a standard kinematic viscosity is not enough to assume
that the fuel is of an acceptable standard.

The pour point of the tested samples presented in Table 5-3 showed a significant

difference between the 9 NRD fuel oil samples compared to the control sample.
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While the control sample was -17°C as illustrated in Figure 5-3, values obtained for
the NRD fuel samples ranged from 7-10°C. With the values obtained for the pour
point of the non-standard refined diesel fuel oil, bunkering in colder regions would
be quite challenging when temperatures fall below zero degrees. However, the
NRD fuel oils are used in towns and villages in Southern Nigeria where weather
conditions do not affect its, bunkering, transportation, and storage. The results for
the cetane index, presented in Figure 5-4, for the control sample and the 9 non-
standard refined diesel fuel samples were all within the acceptable international
limit of @ minimum of 40.

The flash points of the 9 NRD fuel oil samples were all less than 30°C, compared
to the control sample which was 65°C; this is significantly different from the
acceptable international limit of 55-66°C for diesel fuel oils (Gouveia et al. 2017).
With the very low flash points, there is a compelling indication that the 9 NRD fuel
oils might contain very volatile materials (Zaharin et al. 2017). Shipping and
handling coupled with storage classification will be affected by their low flash points
(Phoon et al. 2014).

The test for entrained water in the 9 non-standard refined diesel fuel oil samples
and the control sample presented in Figure 5.5 showed some differences in the
results. Results from samples A1-A3, B1, B2, C2, and the control sample were all
within the acceptable international limit of a maximum of 200 mg/kg water.
However, samples B3, C1, and C3 were all above the acceptable international limit.
Test results for the distillation range revealed no major differences from the control
sample; according to Srivastava and Prasad (2000) the distillation range is vital for
performance, fuel safety and also for the estimation of cetane index. The results
for the calorific value presented in Figure 5-6, were within acceptable limits of 42-
46 MJ kg for the control sample and all the 9 non-standard refined diesel fuel oil
samples. The calorific value is an important parameter needed for the
determination of the brake thermal efficiency of an engine.
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Table 5-3 Physiochemical properties of the 9 non-standard refined diesel fuel oil samples and the control sample

Property Units Limits (ASTM Al A2 A3 Bl B2 B3 C1 Cc2 C3 NGR

D975-20c)

Min/Max
Density at 15°C kg/m3 820-860 850.7 | 836.5 | 837.8 854.5 841.9 852.3 854.4 854.5 853.0 862.8
Kinematic Viscosity mm?/s 1941 2946 | 2.091 | 2.108 3.587 2.570 3.453 3.689 3.761 3.723 3.485
Pour Point ‘C 9 8 8 11 7 10 10 10 10 -17
Flash Point °’C >52 <30 <30 <30 <30 <30 <30 <30 <30 <30 65.5
Water Content mg kg Max 200 77 97 104 87 100 203 214 164 573 78
Cetane Index Min 40 46.6 48.2 50.3 45.8 46.3 46.2 45.7 45.7 46.3 45.9
Net Calorific Value MJ kgt 42-46 42.36 | 42.38 | 42.34 42.28 42.54 42.36 42.50 42.28 42.44 42.50
Gross Calorific Value | MJkg? 45.04 | 45.08 | 45.04 44.98 45.24 45.06 45.18 44.96 45.10 45.10
Total Hydrogen %(m/m) 12.64 | 12.76 | 12.68 12.68 12.68 12.74 12.70 12.63 12.62 12.26
IBP ‘C 72.3 65.5 50.3 96.0 104.4 98.3 96.1 96.0 96.9 166.9
5% Recovered °C 108.8 | 100.1 84.6 122.5 142.8 125.2 120.8 121.3 126.4 203.2
10% Recovered °C 132.4 | 1199 | 103.1 144.2 142.8 143.4 139.9 142.2 146.2 218.7
50% Recovered °C 294.2 | 269.5 | 283.9 298.1 267.3 294.6 296.6 297.4 296.2 289.8
90% Recovered ‘C 382.1 | 371.7 | 376.2 382.1 365.0 380.6 374.5 380.6 376.3 356.1
Recovered at 350 °C ‘C % viv 80.5 84.5 82.2 80.0 85.8 80.8 81.2 80.2 80.7 87.4
FBP ‘C DND DND DND DND DND DND 405.1 DND 404.9 376.2

*Did Not Detect
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Figure 5-3 Pour point of the 9 non-standard refined diesel fuel oil samples and
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5.5 Discussion

Results from the experimental analysis of the 9 non-standard refined diesel fuel oil
samples and the control sample showed some similarities in parameters like
density, kinematic viscosity, cetane index, and calorific value compared to the
control sample and internationally acceptable limits. There are a few parameters
like the flash point, water content, and pour point for the NRD diesel fuel oil refined
in some of the camps that were over the limit. From the test results, it would be
expected that the continuous usage of the NRD fuel oil may lead to engine
malfunction, fire, and the emission of dangerous tailpipe gases. According to de
Oliveira and Lourencgo (2021), low-quality automotive diesel fuel oil might lead to
the production of pollutants harmful to both human health and the environment.

The flash point results from the samples from the three different camps were all
below the designated limit of D975. The usage of the NRD fuel oil could lead to
transportation and storage challenges.

Table 5-4 The percentage difference in the water content

Sample Sample % Difference Between
Al A2 22.98

Al A3 29.83

A2 A3 6

Bl B2 13.9

Bl B3 80

B2 B3 67.98

C1 C2 26.45

C1 C3 91.23

Cc2 C3 110.99

Water in diesel fuel oil could be damaging to a diesel engine. It is essential to

ascertain the water content of diesel fuel oil because the presence of water can
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lead to numerous problems (Kizza et al. 2021). Excess entrained water could lead
to microbial growth and tank corrosion (Mis et al. 2021). Also, the formation of free
particles of iron oxide arising from excess water in the diesel fuel oil could lead to
fuel filter blockage (Kizza et al. 2021). Results from camp A showed some
inconsistency in the refining process same with camps B and C compared to the
control sample. The percentage difference of the water content between the
various camps is presented in Table 5-4. The high-water content of 573mg/kg in
sample C3 could be damaging if stored for a long time and also damaging to the
diesel engine. The percentage difference of the entrained water in the three

different camps show inconsistencies in the refining process

The results for the pour point test showed consistency between samples refined in
camps A and C but a 44.44% difference between samples B1 and B2 and a
significant difference between the control sample and the 9 non-standard refined
diesel fuel samples. While results for the cetane index all fell within acceptable
international limits in the ASTM D975, there is inconsistency in the refining process

between camps A, B, and C.

Inconsistency in the refining process across the three camps is another noticeable
feature. The inconsistencies in the products from the refining process would create
confusion and the inability to treat the fuel before usage or adjust the engine timing
accordingly, as end users are unaware of the quality, they receive anytime they
make purchase. This illustrates a lack of quality control in the non-standard refining
process. With a lack of quality control in the refining process of the NRD fuel oil,
coupled with the recent International Maritime Organization (IMO) regulations on
the refining of marine fuels (Chu Van et al. 2019), and the global concerns on
environmental pollution arising from diesel fuel emissions (Park et al. 2021)
continuous usage of the NRD fuel oil by unsuspecting members of the public will
lead to damaged engines and financial burden. The results from the physio-
chemical properties of the 9 non-standard refined diesel fuel oil samples and the
control sample experiment revealed discrepancies between the 9 NRD fuel oil and
control samples, which necessitate further investigation by conducting a Fourier
transform infrared spectroscopy (FTIR) and a Gas Chromatography Mass
Spectrometry (GCMS) analysis.

102



5.6 Summary

This chapter has determined the physicochemical properties of the 9 non-standard
refined diesel fuel oil samples and the control sample with some differences
apparent in standard parameters. While some of the fuel properties were within the
internationally acceptable limit in ASTM D975, others like the pour point, flash
point, and water content showed some differences. The flash points of the 9 NRD
fuel oil samples were all below the limit. This could be attributed to several reasons,
one of which maybe because of the refining process, in which the crude oil did not
go through the process of pre-treatment which is aimed at the elimination of
impurities. Another may be because of volatile substances present in the fuel,
which may be a result of additives introduced by the non-standard crude oil
refiners. The pour point results showed a huge difference between the control
sample and the non-standard refined diesel fuel oils. Although over the limit the
non-standard refined diesel fuel oils could be transported and stored without

concern of freezing because of the weather conditions in Nigeria.

As a result of the observed inconsistencies in the refining of the 9 non-standard
diesel fuel oil samples from each of the camps, and within each camp which
revealed very low flash points and high pour points compared to the control sample
a further investigation will be carried out to determine the composition of the fuels.
In Chapter 6, Fourier transform infrared spectroscopy (FTIR) and Gas
Chromatography Mass Spectrometry (GCMS) will be used to determine the
functional groups present in the 9 NRD fuel oil samples compared to the control

sample.
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Chapter 6 Gas Chromatography Mass Spectrometer and

Fourier Transform Infrared Spectroscopy

6.1 Introduction

In Chapter 5 the physiochemical properties of the non-standard refined diesel fuel
oil and control samples were determined. Results obtained showed very low flash
points which were all less than 30°C for the non-standard refined diesel fuel oils.
This is significantly below the acceptable international limit of 55-66°C. This
difference may be related to the Volatile Organic Compounds (VOC) present in the
fuel samples (Gouveia et al. 2017). The volatile compounds present in each
sample were determined with Gas Chromatography and Mass Spectrometer (GC-
MS). GC-MS is employed in the determination of the compositional variations of
fuels (Leghrib et al. 2020; Camara et al. 2017). This is performed to ensure their
conformity with regulatory specifications. The GC-MS was used to investigate 5
kinds of VOC (benzene, toluene, and the three isomers of xylene (m-, p-, and 0-))
and alkanes (octane (nCs) and tridecane (nCi3)). According to Kaltschmitt and
Deutschmann (2012), diesel fuel oil contains more non-volatile components
compared to gasoline. The functional groups present in the test samples were also
investigated using Fourier Transform Infrared Spectroscopy. Thus, this chapter will
characterize the VOCs present in the non-standard refined diesel fuel oil samples
as compared to the control sample. Some sections of this chapter has been
published in journal papers (Bebeteidoh et al., 2020; Bebeteidoh et al., 2020).

6.2 Experimental methods

6.2.1 Test Fuels
The collection, preparation, and storage of the NRD fuel samples and the control

sample are presented in section 3.4.4 in Chapter 3.

6.2.2 Gas chromatography Mass spectrometry (GCMS) analysis
The GC-MS analysis was carried out in an Agilent 7890B Gas Chromatograph
(GC) fitted with a split-splitless injector and linked to an Agilent 5977B Mass
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Selective Detector (Figure 6-1). For each fuel sample, a 10ul aliquot, was dissolved
in 1 ml dichloromethane (DCM) and 1ul was injected onto the GC using an Agilent
7683B autosampler and operated in a full scan mode and ion monitoring (SIM)
mode. The sample was injected in pulsed splitless mode, and the split was opened
after 1 min. Gas chromatographic separation of compounds was performed on an
Agilent HP-5 fused silica capillary column (30 m x 0.25 mm i.d. x 0.25 pm film
thickness). The GC oven temperature program was 30 °C (hold time 5 min), then
5°C min~' to 310 °C (hold time 10 min). Helium was used as the carrier gas at a
flow rate of 1 ml min~* and the split flow rate after 1 min was 20 ml min~%. The GC
inlet temperature was 280 °C and the GC to GC-MS interface temperature was
310 °C. Samples were analysed initially in full scan mode, scanning the range 45—
545 amu sec™! with an electron voltage 70eV, source temperature 230 °C, quad
temperature 150 °C, and multiplier voltage 1200 V, and then in selected ion
monitoring mode, scanning 20 ions at 3.0 cycles sec™ with a 20 s dwell time. The
ions monitored included m/z 57, m/z 78, m/z 92, and m/z 106 (Benzene, toluene,

n-alkanes, and xylenes).
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Figure 6-1. An Agilent 7890B GC linked to an Agilent 5977B MS and an Agilent
Z240 computer

Data were obtained and processed using Agilent Chemstation software installed
on an Agilent Z240 computer (Pairohakul et al., 2021). This allows for the study of
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specific m/z ranges of each ion. Peaks (representing individual compounds) on the
resulting mass chromatograms were identified by comparison of their mass spectra
with those in the NISTOS library (>90% fit taken as acceptable) and by comparison
of relative retention time/elution order with data in the geochemistry literature. Peak
areas of selected analytes were obtained by integration and the data were used
together with calibration curve data for quantification.

6.2.3 Quantification of Volatile Organic Compounds (VOCs)

Volatile organic compounds in the test fuel samples analysed with the GC-MS
were guantified using a semi-quantitative method (Paterson et al., 2004; Monfreda
and Gregori, 2011). A standard mixture was prepared comprised of benzene,
toluene, o-, m-, and p- xylenes, octane (nCs), and tridecane (nCzi3), and analysed
at various dilutions under the same condition as the samples. All samples and the
diluted calibration standards were analysed in triplicate. The calibration curves for
each target analyte, benzene, toluene, xylenes (para, meta, and ortho), nCs, and
nCisz as shown in Figures 6-2 - 6-8, were linear with R? values of 0.99. The limit of
detection (LOD) was 0.037 pg/g and the limit of quantification (LOQ) was 0.0147

Hg/g.
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Figure 6-2. Calibration curve of Benzene (m/z 78), R?= 0.9985
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Figure 6-3. Calibration curve of Toluene (m/z 92), R>= 0.9987
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Figure 6-4. Calibration curve of p-Xylene (m/z 106), R?= 0.9919
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Figure 6-5. Calibration curve of m-Xylene (m/z 106), R?>= 0.9919
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Figure 6-6. Calibration curve of o-Xylene (m/z 106), R?>= 0.9928
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Figure 6-7. Calibration curve of nCg (m/z 57), R>= 0.9986
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Figure 6-8. Calibration curve of nCi3 (m/z 57), R?= 0.9939
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6.2.4 Fourier transform infrared analysis

The FTIR analysis was carried out to determine the functional groups present in
the test fuels according to ASTM E1252 (2013). An Agilent Cary 630 FTIR
spectrometer with an absorbance range of 4000 cm™ to 650 cm-1 was used to
measure the absorbance of the samples. Before measuring the spectral intensity,
the sample holder was cleaned with acetone, and the CARY 630 FTIR instrument
was connected to a computer with the Micro Lab FTIR software installed for data
processing. Using a pipette, a 0.5 mL sample was added to the diamond crystal
and the spectra were captured. The infrared vibrational groups of standard diesel

fuel are shown in Table 6.1.

Table 6.1. Infrared vibrational groups of diesel fuel (Nespeca et al. 2018).

Attribution Wavenumber (cm?)

CHs asymmetrical stretch 2953

CHs symmetric stretch 2870

CHs angular deformation 1379

CH2 asymmetrical stretch 2922

CH2 symmetrical stretch 2853

CH:z angular deformation 1464
C=0 carbonyl stretch 1750-1735
C-0 stretch (aliphatic ester) 1300-1000
C=0 stretch (aromatics) 1600 and 1475

6.3 Results

The results for the GCMS and FTIR analysis are presented in this section.

6.3.1. GC-MS Analysis
Chromatograms of the NRD fuel oil samples and the control sample are illustrated

in Figure 6.9. The information obtained from the full scan analysis was used to
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identify the individual compounds present in each sample (Suppajariyawat et al.
2019).
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Figure 6.9. Representative chromatograms of NRD samples (a) Al, (b) A2, (c) A3,
(d) B1, (e) B2, (f) B3, (g) C1 (h) C2, (i) C3, (j) Nigeria standard refined diesel (NGR)
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The GCMS analysis revealed a higher abundance of low molecular weight
compounds (Cs-Co) in the non-standard refined diesel fuel oils compared to the
control sample as shown in Table 6.2. The spread of the major peaks illustrated in
the control sample (Figure 6.9j) is dominated by a homologous series of n-alkanes
occurring in a unimodal spread in the carbon range Cs-Cso. These unimodal peaks
of n-alkanes are also present in the NRD fuel oil samples (Figure 6.9a-6.9i)
however in the case of the NRD fuels, there is an additional and significant
contribution of components below nCs (Octane). The lower molecular weight
compounds in the NRD fuel oil samples consist of much higher concentrations of
benzene, toluene, and m-, p-, and o-xylenes which are volatile and highly
flammable. The most noticeable pattern is the Gaussian distribution (a bell-shaped
curve) of spiking normal alkanes associated with diesel fuel oils as illustrated in
Figure 6-9j. Also, there is some difference in abundance among the nine NRD fuel
oils presented in Figure 6-9a-6-9i. All VOCs (benzene, toluene, xylenes, and nCs)
occurred in higher abundance. However, tridecane (nCi3) was found in slightly
higher abundance in the control sample compared to the NRD fuel oil.

From Table 6-2 it can be observed that benzene is absent from the control sample
(Limit of Detection), while it is of significantly higher proportion in the NRD fuel oils.
Also, toluene is ten times or more higher in the nonstandard refined diesel fuel oll
compared to the control sample. The crude process of refining could be a factor in
the occurrence of a high concentration of low molecular weight aromatics such as
benzene, toluene, and xylenes. The refining process of petroleum is divided into
four phases namely separation, cracking, alkylation, or polymerization and
blending (Gaylarde et al. 1999). While the control sample (NGR) is believed to have
passed through the four processes above, the same cannot be said of the NRD
fuel oil samples from the three camps (Al, A2, A3, B1, B2, B3, C1, C2, C3). The
high level of concentration of BTX in the non-standard refined diesel fuel oil
samples could also be attributed to organic solvents used in the adulteration of the

final product.
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6.3.2 FTIR analysis

Figure 6-10 illustrates the FTIR spectra for the NRD fuel oils and the control
sample. The spectrum peak around 2952 cm ! appears in all samples and indicates
the presence of asymmetric stretch CH3 of a methyl group which can be found in
diesel fuel oil. A similar peak was reported by Nespeca et al. (2018), and Barra et
al. (2019). Also, CH2 is the most available functional group in standard diesel fuel
oil, therefore the most pronounced in the FTIR. The spectrum peaks around wave
numbers 2920 cm! and 2850 cm are the asymmetric and symmetric stretch for
CH2 with a strong peak of its angular deformation appearing around 1457 cm-.
The nine NRD fuel oils and the control sample all showed the presence of these
spectrum peaks which are all found in standard refined diesel fuel oil. A trace of
the spectra peak was identified around 1600 cm which indicates aromatic stretch.
This peak can be seen in all non-standard refined diesel fuel oil samples but not
the control sample. This means the NRD fuel oils have traces of aromatic

compounds such as benzene, toluene, and xylenes.
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Table 6-2. List of BTX (Benzene, toluene, and xylenes), n-Alkanes, and their concentration in ug g* of the non-refined diesel fuel
oil samples and the control sample. Quantification was based on the GC-MS analysis

Samples Benzene (pg/g) Toluene (ug/g) m/p-Xylene o-Xylene (pug/g) nCs (pg/g) nCus (ug/g)
Al 0.86 + 12.53 3.34+9.81 3.91+8.43 0.84 + 7.47 2.54 +9.65 2.26+7.71
A2 1.22 +8.26 3.25+6.40 5.16 + 6.10 1.24 +4.18 2.83+5.88 3.29+3.17
A3 1.90 +9.09 3.92+7.15 497 £6.70 1.21 +6.83 2.44 +7.62 2.20+5.41
Bl 0.42+8.21 2.87 +6.69 3.45+6.18 0.71 +5.36 2.41 +6.43 2.30+£6.19
B2 0.34+8.34 2.93 +5.86 5.58 + 6.07 1.26 +5.11 3.56 + 6.00 4.34+4.73
B3 0.42+2.71 3.39 £ 2.06 448 +1.82 0.94+0.81 2.97+£1.28 3.05+0.72
C1 0.39 + 2.52 2.72+2.04 3.16 +2.94 0.65 + 4.59 2.25+1.48 2.07 £ 3.32
C2 1.07+4.70 3.11 £ 10.69 3.55+10.14 0.70 £ 0.46 2.53+10.30 2.35+8.86
C3 0.44 +5.50 3.41+5.73 4.11+4.85 0.85+5.08 2.81+5.05 2.69 + 3.03
NGR LOD 0.19 £ 2.97 0.75 % 4.46 0.22+4.84 0.15+7.39 3.54+2.10

LOD = 0.037 ug g* LOQ = 0.147 pug g

RSD %
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Figure 6-10. Infrared spectra of all test sample
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6.4 Discussion
The GCMS and FTIR analyses were able to determine the chemical composition

of the nine non-standard refined diesel fuel oils and the control sample. The
quantity of BTX and n-alkane concentrations from the GCMS analysis are
presented in Table 6-2. The concentration of benzene in the control sample was
insignificant (LOD), compared to the NRD samples. The result for toluene showed
a substantial difference between the NRD fuel oils and the control samples. The
quantity of toluene in the NRD fuel oils was over 170% higher than the control
sample (Table 6-3). There is variation in the result for the benzene and toluene

within camps and across the three different camps.

Also, the results for xylenes showed significant differences between the NRD fuel
oils compared to the control sample. The quantities of m- and p-xylenes in the NRD
fuel oils were between 123% and 153% higher than the control sample (Table 6-
3). The concentration of o-xylenes in the NRD fuel oils was between 99% and
141% higher than the control sample (Table 6-3). Result for the xylenes also show

variations within camps and across the three different camps.

Results for the n-alkanes showed some differences between the NRD oils and the
control sample. For nCs (Octane) the results showed a substantial difference
between the NRD fuel oils compared to the control sample. The quantity of nCs
(Octane) in the NRD fuel oils was 175%-184% higher than the control sample
(Table 6-3). While the result for nC13 (Tridecane) showed only a small difference
between the control sample and the NRD fuel oils with the control sample slightly
higher. The quantity of nCi3 (Tridecane) in the control sample was between 7%
and 52% higher than the NRD fuel oils (Table 6-3). Also, the result for Octane and
Tridecane showed variations is the refining process within camps and across the

three different camps.

When used as fuel in internal combustion engines, the higher VOCs concentration
in the non-standard refined diesel fuel oils will contribute to high levels of
unregulated emissions like benzene, toluene, and xylene in the environment (Latif
et al. 2019), with increases in photochemical oxidants, specifically ozone in the

atmosphere which is hazardous to the environment and human health (Hazrati et

120



al. 2016). Also, the increased BTX concentration of the NRD fuel oil changes the
physical and chemical properties of the fuel. This could result in the low flash points
of the NRD fuel oil as presented in Table 5-3 in Chapter 5. This was also reported
by Ozer (2020) in a study to determine the effect of toluene addition on diesel fuel
oil properties, with the results showing a decrease in flash point and kinematic
viscosity. According to Jeihouni et al. (2011), aromatic hydrocarbon content in fuels
increases PM emissions. High heat release rates, ignition delay, and rise in
maximum pressure at medium and high engine loads have been attributed to the
effect of different aromatic hydrocarbons blended with diesel fuel (Qian et al. 2017;
Sun et al. 2019).

The VOCs results showed inconsistency in the refining process within and across
the three different camps. With this, people who make purchase of the non-
standard refined products may be faced with a different quality of product each
time. The inconsistency in product could be damaging to internal engine
components, such as injectors, injection pump, valves, pistons, and liners.
Crankcase dilution would be a common occurrence if any of the fuel bought is like
those of samples C1 and C3, where the entrained water is above the designated
standard. This could also be attributed to damages to car/generator engines, and
some spending a lot to maintain their car/generator engines given by questionnaire
participants. The result from the Gas Chromatography Mass Spectrometry (GCMS)
and Fourier transform infrared spectroscopy (FTIR) study suggest that further
investigation into engine performance and emission analysis when using NRD fuel
oil is required. This is as the high levels of VOCs found in the non-standard refined
diesel fuel oil when used in engines could lead to increased levels of unregulated
emissions in the environment. They can be split up into five parts, which are
alkenes, carbonyls, alcohols, aromatics, and carboxylic acids respectively (Zuo et
al., 2021). Unregulated emissions coming from diesel fuel engines lead to severe
environmental pollution which could lead to serious health risks for humans (Chen
et al., 2022). Although the unregulated emissions have a very small concentration
when compared to regulated emissions, however, their accumulated quantity will

become significant in the long term (Zuo et al., 2021).
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Table 6-3. The percentage difference of BTX between the NRD fuel oils and the control sample

Samples Sample % Toluene % m- & p-Xylene 0-Xylene % nCsg % nCis
Al NGR 178 136 117 178 44
A2 NGR 178 149 140 180 7
A3 NGR 182 148 139 177 47
B1 NGR 175 129 105 177 42
B2 NGR 176 153 141 184 20
B3 NGR 179 143 124 181 15
C1 NGR 174 123 99 175 52
Cc2 NGR 177 130 104 178 40
C3 NGR 179 138 118 180 27
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6.5 Summary

This chapter has determined the chemical composition of the NRD fuel oils and the
control sample using GC-MS and their functional groups using FTIR. The GC-MS
was able to identify and quantify the volatile organic compounds (benzene, toluene,
and xylene), and n-Alkanes. There was a significant difference in VOCs
concentration between the NRD fuel oils as compared to the control sample. The
high concentration of benzene, toluene, and xylenes in the NRD fuel oil samples
as compared to the control sample (NGR) can be attributed to the crude refining
process. This leaves the NRD fuel with more front-end components that are usually
found in gasoline. Also, the low flash point for the NRD fuel oils discovered in the
physicochemical properties study in Chapter 5 is the consequence of their high

VOCs concentration.

Results showed inconsistency in the refining process from the three different
camps. Also, there was observed inconsistency in refining within the three different
camps. The observed inconsistencies means the refining process changes every
time they are set to produce new product. This also implies that citizens who
purchase the refined products for use in their generators/cars get a different quality
of product every time they make a purchase and therefore, no unique treatment or
engine adjustment can be considered due to the uncertainty in these fuels. The
observed differences will affect engine performance since the products do not
conform to standard and also contribute immensely to environmental pollution. As
a result of the substantial quantity of VOCs in the NRD fuel oil from each of the
camps compared to the control sample a further investigation is presented in
Chapter 7 to determine the effect of the fuels on the performance and combustion

characteristics of a diesel engine.
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Chapter 7 Performance and combustion characteristics

7.1 Introduction

In Chapter 6 the chemical compositions of the 9 NRD fuel oils and the control
sample were determined using the GC-MS and their functional groups using the
FTIR. Results obtained showed significant differences for BTX (Benzene, toluene,
and xylenes) between the NRD fuels and the control sample. The FTIR spectra
showed an aromatic stretch that revealed the presence of BTX. The higher
abundance of low molecular weight compounds like benzene, toluene, and xylenes
could be the reason for the low flash point of the NRD fuel oil reported in Chapter
5. Unregulated emissions like benzene, toluene, and xylenes are dangerous
environmental pollutants that are emitted daily through several sources, such as
standby power generators, vehicles, paints (Garzén et al. 2015), and diesel
engines of ships and barges (Mihajlovi¢ et al. 2016). Thus, this study will determine
the performance and combustion characteristics of a single-cylinder diesel engine
fuelled with the NRD fuel oils. The study will determine the brake thermal efficiency
(BTE), brake specific fuel consumption (BSFC), the peak cylinder pressure, and
unregulated emissions like oxides of nitrogen (NOx), carbon monoxide (CO), and
carbon dioxide (CO2).

7.2 Experimental methods

The collection, preparation, and storage of the NRD fuel samples and the control
sample are presented in section 3.3.2 in Chapter 3. The physicochemical

properties of the test fuel samples are also presented in Tables 5-3 in Chapter 5.

7.2.1 Experimental setup and procedure

The experiment was conducted with a single-cylinder Cussons Engine Test Bed
P8252 with a 3.5kW (4.8 hp) Lombardini engine as presented in Figure 7-1. The
engine is a naturally aspirated fuel-injected four-stroke compression ignition
engine. It drives a 3-phase alternator via a toothed pulley and a toothed belt. The

engine has a bore of 69mm, a 60mm stroke, and a maximum output of 3.5kW at
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3500 rpm. The engine’s specifications are listed in Table 7-1. This type of engine
is most widely used for the processing of farm produce, in fishing boats as a prime

mover, and for power generation around the coastal regions of Nigeria.

To make sure the engine was running in a steady-state condition during the tests,
it was started and allowed to run in a no-load condition for 5-10 minutes until the
exhaust gas temperature stabilised. The test was conducted at four different
engine loads of 0.12kw, 0.43kw, 0.95 kW, and 1.7 kW and a rated speed of
2500rpm. The loads were selected because of the size of the engine, to replicate
generating sets used in the creeks of the Niger Delta, and to find the percentage
difference which the power range could provide. Engine load of 1.7 kW at the speed
of 2500 kw was the maximum capacity of the engine. Any higher load would only
be possible at lower engine speed, which would have deviated from the aim of this
experiment, replicating generating sets running at constant speed. The speed was
held constant to replicate and determine the performance of a standby constant
speed generator using the non-standard refined diesel fuel oils. To make sure there
was no contamination in the fuel system of the test engine, a different external fuel
tank, and fuel filter were used for each test case. At the end of each experiment,
the fuel line was purged using clean diesel oil, and the engine was allowed to run
for sufficient time to burn off any residual fuel from the previous experiment. This
was to make sure there was no contamination in the process of fuel replacement.
Three measurements were taken to then average the data for each operating
situation because of the pulsed characteristics of the engine. This helped
determine the repeatability of the processed data with an estimate of the measured
accuracy (Qi et al., 2009).

A piezoelectric transducer (6052 Kistler high-temperature pressure sensor) was
installed in the engine cylinder head to measure the in-cylinder pressure, and its
output signal fed to a Type 5018A Kistler single channel charge amplifier. The
signal from the single-channel charge amplifier was fed to a 100MHz GW INSTEK
GDS-1102A-U Digital Storage Oscilloscope (Figure 7-1). The specification of the
piezoelectric transducer, the charge amplifier, and the digital oscilloscope are
presented in Table 7-2 and Table 7-3. The test were conducted three times for
each fuel sample. The repeatability analysis was based on the technical standard
ISO/IEC 17025:2017 (Trishch et al. 2019).
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Figure 7-1. Experimental setup

Table 7-1. Specification of the test engine

Manufacturer

Model P8252
Engine type 4-stroke
Number of cylinders N 1
Bore mm 69
Stroke mm 60
Swept volume cm® 224
Compression ratio 21.1
RPM 3600
Power kW 3.5
Fuel consumption g/kW.hr 267
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Table 7-2. Specification of the Kistler 5018A single-channel charge amplifier

Connector Type BNC neg. or TRIAX neg.
Measuring range FS pC+2 - 2200000
Measurement uncertainty F$<10 pC <+ %

FS<100 pC  <x0,6 %
FS2100 pC  <#0,3 %
Sensor sensitivity -20.00 pC/bar
Sensor Sensitivity change
200°C+50°C %
Y1 J— 350°C %
Overload 300 bar
Operating temperature range -20.......350 C
Temperature min./max. -50.......400 C

Table 7-3. Specification of the GDS-1102A-U Digital Storage Oscilloscope

Instrument Horizontal

GDS-1102A-U (DC~100MHz (-3dB) <3.5ns

Approx

Range 1ns/div ~ 50s/div (1 -2.5-5 increments);
ROLL: 50ms/div ~ 50s/div

Accuracy +0.01%

Modes MAIN, WINDOW, WINDOW ZOOM,
ROLL, X-Y

Pre-Trigger 10 div maximum

Post-Trigger 1000 div

Maximum Input 300V (DC+AC peak), CATII

A Testo 350 exhaust gas analyser was utilized to determine the concentrations of
oxides of nitrogen (NOx), carbon monoxide (CO), and carbon dioxide (CO2) in the
exhaust emissions. The Testo 350 analyser unit is comprised of the sensor system
and the electronics that are required for emission measurement. The specification

of the Testo 350 analyzer is presented in Table 7-4.
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Table 7-4. Specification of Testo 350 exhaust gas analyser

Measurement Range Accuracy Resolution
Parameter
CO, Hz- Compensated 0-10000ppm +10ppm (0-199ppm) 1 ppm

+5% of mv (200-2000ppm)
+10% of mv (rest of range)

COtow, Hz- Compensated 0-500ppm +2ppm (0-39.9ppm CO) 0.1ppm
+5% of mv
NO 0-4000ppm +5ppm (0-99) 1ppm

+5% of mv (100-1999.9ppm)
+10% of mv (2000-4000ppm)

NOiow 0-300ppm +2ppm (0-39.9ppm) 0.1ppm
+5% of mv (40-300ppm)
NO: 0-500ppm +5ppm (0-99.9ppm) 0.1ppm

+5% of mv (100-500ppm)

*mv stands for the measured value.

7.3 Results

Results for the engine performance including brake thermal efficiency, brake
specific fuel consumption, and in-cylinder pressure are discussed in this section.

Also, the results for the emission analysis for NOx, CO, and COz, will be discussed.

7.3.1 Brake thermal efficiency (BTE)

The brake thermal efficiency is a vital parameter when analysing engine
performance. It is the ability to convert a fuel's chemical energy into actual work
(Elkelawy et al. 2021). The changes in the BTE for the NRD fuel and the control
sample with different engine brake power are presented in Figure 7-2. The BTE
relies on characteristics of the fuel such as calorific value (Rajak et al. 2020). The
BTE increased with the increase in load for all test samples. At the lowest loading
condition of 0.12kW, the BTE was highest for samples Al, A3, B2, C2 compared
to the control sample. This could be attributed to maximum power being developed
as a result of the proper combustion of fuel (Mohapatra et al. 2021), which is also
a result of better atomization, mixing of air-fuel, and spray characteristics (Rajak et
al. 2020).
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Figure 7-2. Brake Thermal Efficiency (BTE)

As the load increased to 0.43kW, it was observed that the BTE values for the NRD
samples A2, A3, B2, and C2 were higher than for the control sample (NGR). The
BTE at full load condition (1.71kW) revealed a higher brake thermal efficiency for
all the NRD fuel oils compared to the control sample. This could be attributed to
their calorific values. A more accurate measure of engine performance is the

specific fuel consumption (SFC), which will be dealt with in the next subsection.
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Table 7-5 % BTE at full load

A1 A2 A3 B1 B2 B3 C1 c2 ¢C3 NGR
BP %n | %n %n %n %n %n %n | %n | %n | %n

0.12kW 498 365 507 (479 495 485 476 483 457 473

0.43kW | 1385 16.68 1427 1374 1388 1376 1295 1352 1229 1323
0.95kW | 23.03 2280 2345 2285 2329 2282 2295 2222 2218 2195
1.71kW 3025 29.04 3122 2924 2967 30.00 2897 2873 2843 2795

*BP- Brake Power

7.3.2 Brake specific fuel consumption (BSFC)

The brake-specific fuel consumption for all test fuels is illustrated in Figure 7-3. It
is a measure of the fuel’s efficiency measured in g/kW-hr (Raman and Kumar,
2020). For all test cases, the BSFC increased with increasing load. Slight
differences were observed between the control sample (NGR) and the NRD fuel
oils at all load conditions. However, at the load condition of 0.12kW sample A2 had
a higher fuel consumption compared to the control sample and other NRD fuel
samples. Comparing the BSFC from the fuels from the three different camps, fuel
samples from camp C had the highest BSFC closely followed by the fuels from
camp B and camp A which had the lowest BSFC (see Table 7-6). The high BSFC
from camp C could be attributed to the high entrained water in the non-standard
refined diesel fuel oils from camp C. The usage of the NRD fuel oil with high water
content could lead to users refilling their fuel tanks often. From the questionnaire
instrument on usage, respondents reported that they spend more when they make
use of the NRD fuel oil. The monies spent could be for maintenance of the

car/generator engine.
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Table 7-6 BSFC at all load conditions

A1 A2 A3 B1 B2 B3 Cc1 Cc2 Cc3
BP o/kW- | g/kW- | g/kW- [ g/kW- | o/kW- | g/kW-hr | g/kW- | g/kW- | g/kW-
hr hr hr hr hr hr hr hr
012kW | 1705 | 2324 | 1677 | 1.776 | 1.711 1.753 1779 | 1763 | 1.854
0.43kW | 0613 | 0509 | 0.596 | 0.619 0.61 0617 0.653 063 0.657
0.95kW | 0369 | 0.373 | 0.363 | 0.373 | 0.363 0.353 0.369 | 0.383 | 0.383
1.71kW | 0.281 0292 | 0272 | 0.291 0.285 0.283 0292 | 0.296 | 0.298
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Figure 7-3. Brake Specific Fuel Consumption (BSFC)

7.3.3 Cylinder pressure

The variation in the cylinder pressure under different loading conditions for all test

fuels is presented in Figure 7-4. There is a noticeable increase in-cylinder pressure
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as the engine load is increased for all test fuels. At 0.12kW and 0.43kW brake
power, the cylinder pressure for the NRD fuel oils was slightly higher than that of
the control sample. At 0.95kW brake power, fuel samples A2, C1, C2, and C3 were
higher than the other NRD fuel oils and the control sample. At 1.71kW brake power,
there were slight differences observed between the NRD fuel oils and the control
sample. Comparing the cylinder pressure for the three different camps to that of
the control sample as shown in Figure 7-5, it was observed that at all load
conditions the NRD fuel oils from camp C were higher than the control sample.
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Figure 7-4. Cylinder Pressure
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Figure 7-5. Cylinder Pressure (a) fuel samples from camps A and the control
sample (b) fuel samples from camp B and the control sample (c) fuel samples from

camp C and the control sample

The higher pressure when using the NRD fuel oil may reflect shortened ignition
delay time. The shortened ignition delay time could be attributed to the high level
of toluene in the NRD fuel oils (see Table 6-2). According to Ozer (2020) the
addition of toluene to soyabean oil biodiesel, and diesel fuel oil results in shortened
ignition delay; toluene reduces the flash, and ignition point of fuel. The addition of

toluene is believed to start the burning in the first phase of the spray before the
target point, possibly reducing the duration of the combustion (Simsek and Colak,

2019). Due to its very low boiling point, toluene is easily gasified, and mixed with
the charged air at the end of compression, could lead to a higher rate of combustion
and higher cylinder pressure.
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7.3.3.1 Maximum cylinder pressure

Figure 7-6 shows the maximum cylinder pressure at the maximum loading
condition of 1.71kW for the various NRD fuel oils and the control sample. NRD fuel
oils from camp C had the highest peak cylinder pressure of 83.87 bar. As discussed
in subsection 7.3.3, high cylinder pressure could be attributed to the presence of
an increased level of toluene and perhaps other volatile compounds in the NRD
fuel oils. High maximum cylinder pressure is damaging to engines. There is a
tendency for increased wear and tear of internal engine parts like bearings, pistons,
rings, valves, and liners. This could be a reason for the damage to cars/generator
engines experienced by respondents of the questionnaire instrument on usage
where 56.2% agreed that the non-standard refined diesel fuel oils were damaging
to engines. Respondents fell into the group that does not make use of diesel fuel
oils. Respondents also reported that usage of the non-standard refined diesel fuel
oil made users spend a lot in the maintenance of their car/generator engines. This

was attested to by 53.1% of respondents.
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Figure 7-6. Maximum cylinder pressure
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7.3.4 Exhaust gas temperature

The exhaust gas temperature (EGT) was measured for all samples. The variations
in the exhaust gas temperature (EGT), at different loads, are illustrated in Figure
7-7. There was an increase in the EGT for all the tested fuels with increasing engine
load. This could be attributed to an increased supply of fuel into the combustion
chamber as a result of the higher load. Samples B1, C1, C3, and the control sample
had high EGT (Table 7-7), while the others showed lower EGT as compared with
the control sample. The lower EGT is closely related to the early ignition of the fuel
in the engine cylinder
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Figure 7-7. Exhaust Gas Temperature (EGT)
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Table 7-7 Exhaust gas temperature at full load

A1 A2 A3 B1 B2 B3 C1 c2 C3 | NGR
BP °C °C °C °C °C °C °C °C 2G| °C
1.71kW | 299.33 | 280 | 286.67 | 311.3 | 296.33 | 298 | 309.33 | 293.33 | 305 | 307

*BP-Brake Power

7.3.5 Oxides of nitrogen (NOx) emissions

Figure 7-8 shows the variations in NOx emissions for the NRD fuel oils and the

control sample at different load conditions and a constant engine speed of 2500

rpm. The results showed an increase in the NOx emission at increased load for the
different test samples. Samples Al, B3, C1, C2, and C3 (see Table 7-8) had high

values of NOx emission compared to the control sample. The high oxides of

nitrogen emission could be attributed to the early ignition, and high combustion

temperature experienced with some of the samples.
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Figure 7-8. Oxides of Nitrogen (NOx)

Table 7-8 NOx emission at full load in ppm

A1 A2 A3 B1 | B2 | B3 C1 C2 C3 NGR
BP ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm
1.71kW | 791.53 | 605.7 | 571.36 | 696.8 | 672.9 | 734.1 | 932.27 | 742.03 | 879.77 | 730.37

ppm — parts per million

7.3.6 Carbon monoxide emissions (CO)

The results for CO emissions for the non-standard refined diesel fuel oils and the

control sample are presented in Figure 7-9. Results revealed a reduction of CO

emissions with an increase in load for all test fuels. Table 7-9 presents the CO

emission results at 0.12kW and 1.7kW brake power.
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Figure 7-9. Carbon monoxide (CO)

Table 7-9 CO emission at part load (0.12kW) and full load (1.71kW) in ppm

A1 A2 A3 B1 B2 B3 c1 Cc2 C3 |NGR

BP ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm| ppm | ppm

0.12kW | 368.67 | 426.33 | 351 |[303.33 | 370 |339.67|48833| 339 | 422 337

1.71kW | 267.33 | 245 |266.33|329.67 | 307.33 | 226.33 | 294 | 238 | 288.67 | 306

*ppm-parts per million

*BP- Brake Power

At 0.12kW brake power the samples A2, C1, and C3 had high carbon monoxide
emissions, while sample C1 had the highest CO emissions of 488.33 ppm,
compared to NGR with a percentage difference of 36.67%. At 1.71kW full load,
samples B1, B2, C1, C3, and NGR had high carbon monoxide emissions, while
sample B1 had the highest CO emissions of 329.67 ppm, compared to NGR with

a percentage difference of 7.45%.

7.3.7 Carbon dioxide emissions (COy)

Figure 7-10 shows the variation in carbon dioxide emissions for the test fuel
samples. There was an increase in CO2 emissions with increasing load for all the
test fuels. The increase in CO2 with load is attributable to an increase in fuel
injection into the combustion chamber. At 0.12kW brake power (see Table 7-9) the
samples Al, C1, and C3 had high CO2 emissions compared to the control sample
(NGR) with percentage differences of 2.45%, 19.64%, and 15.1% respectively. At
the full load condition (see Table 7-10) samples Al, B3, C1, and C3 had high CO2
emissions compared to the control sample (NGR) with percentage differences of
2.76%, 1.71%, 21.20%, and 17.32% respectively. Sample C1 from camp C had

the highest CO2 emissions overall.
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Figure 7-10. Carbon dioxide (CO2)

Table 7-10 CO2 emission at part load (0.12kW) and full load (1.71kW) in %

A1 A2 A3 B1 B2 B3 C1 Cc2 C3 | NGR

BP % % % % % % % % % %

0.12kw | 2.07 (166 |1.73 |1.77 |199 (194 (246 |199 |235 |202

1.71kW | 477 | 397 |3.8 461 |463 (472 (574 |464 |552 |464

7.4 Discussion

The brake thermal efficiency varied for the various NRD fuel oils compared to the
control sample. While the BTE for all the test fuels increased with load, which is
expected for diesel fuel, at full load conditions it was observed that samples Al
(28.26%), A3 (33.04%), B2 (28.6%), B3 (28.2%), and C2 (28.68%), were all
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significantly higher than the control sample. The percentage differences in BTE for
samples Al, A3, B2, B3, and C2, compared to the control sample NGR, were
2.29%, 17.87%, 3.48%, 2.07%, and 3.76%.

Slight differences were observed for the BSFC for the test fuels. The NRD fuel oils
from camp C had higher fuel consumption compared to the other NRD fuel oils
from camps A, and B. The high BSFC from camp C is the indication of lower
efficiency as more fuel is required per kW/hr. This may be attributed to the
comparatively higher water content. Cylinder gas maximum pressure at full load
conditions revealed high maximum pressure for samples A2, C1, C2, and C3,
compared to the control sample. This could be attributed to ignition delay, which
brings about the collection of fuel inside the combustion chamber thereby
increasing the uncontrolled combustion phase, consequently leading to high
cylinder pressure (Santhoshkumar et al. 2019). Though the ignition delay was not
measured in this study, the high maximum pressure from some of the samples

could indicate the variation in ignition delay.

The exhaust gas temperature (EGT) showed variations at full load conditions for
the 9 NRD fuel oil samples compared to the control sample. The differences
observed in the EGT could be attributed to an increased supply of fuel into the
combustion chamber as a result of higher load (Shrivastava et al. 2019). The
exhaust gas temperature also indicates the quality of combustion in the combustion
chamber. Sample C1 from camp C had the highest EGT of 309.33 °C with a 0.76%
difference from the control sample. High levels of NOx emission were observed at
all load conditions for the NRD fuel oils A1, B3, C1, C2, and C3 compared to the
control sample (NGR) at full load conditions as presented in Table 7-8. This could
be attributed to high combustion temperature, availability of oxygen. Also, the high
level of NOx might be a result of the high maximum cylinder pressure developed
by some of the samples. The percentage difference in NOx emissions between
samples Al, B3, C1, C2, and C3 compared to the control sample is presented in
Table 7-11. Samples Al (8.04%), C1 (24.29%), and C3 (18.56%) were quite higher
than the control sample, while samples B3, and C2 were slightly higher than the
control sample. The non-standard refining also revealed inconsistencies in the

refining processes within, and across the different camps. The inconsistencies is
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seen in the refining process from all three camps. Camp C had the highest

production of oxides of nitrogen emission.

Table 7-11. The percentage difference in NOx emission at full load condition

Sample Sample % Difference

Al NGR 8.04

B3 NGR 0.52

C1 NGR 2429
C2 NGR 1.59

C3 NGR 18.56

Given the high level of NOx emissions obtained from samples A1, B3, C1, C2, and
C3, at full load conditions under a controlled experimental environment, the use of
these fuels would contribute significantly to NOx levels in the Niger Delta Region
of Nigeria. With the NRD fuels being used daily to power marine craft, stand-by
power generators, automobiles, and farm machinery there will be high levels of

environmental pollution.

Carbon monoxide emission at the initial load condition of 0.12kW was relatively
high in most of the NRD fuel oils compared to the control sample (NGR) as
presented in Table 7-9. CO is produced as a result of incomplete combustion of
diesel fuel and is a toxic gas that is extremely poisonous to humans, and must be
controlled (Ning et al., 2020). The percentage difference between the NRD fuel oils
compared to the control sample is presented in Table 7-12. With the lack of
emission control in Nigeria, the continuous use of NRD fuel oils will produce carbon
monoxide that is harmful to the population and the environment. Samples Al
(8.98%), A2 (23.39%), B2 (9.33%), C1 (36.66%) and C3 (22.39%) were quite
higher than the control sample, while samples A3 (4.06%), B3 (0.79%), and C2
(0.52%) were slightly higher than the control sample. The non-standard refining
also revealed inconsistencies in the refining processes within, and across the

different camps for CO. The inconsistencies is seen in the refining process from all
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three camps. Camps A and C had the highest production of carbon monoxide

emission.

Table 7-12. The percentage difference in CO emission at initial load condition of
0.12kwW

Sample Sample % Difference

Al NGR 8.98
A2 NGR 23.39
A3 NGR 4.06
B2 NGR 9.33
B3 NGR 0.79
C1 NGR 36.66
c2 NGR 0.52
C3 NGR 22.39

There was an increase in CO2 emissions with an increase in load for all the test
fuel samples. At 0.12kW brake power, samples Al, C1 and C3 had higher CO2
emissions compared to the control sample. Also, at 1.71kW brake power, samples
Al, B3, C1, and C3 had higher carbon dioxide compared to the control sample
(NGR), with percentage differences of 2.76%, 1.71%, 21.20%, and 17.32%
respectively. The results for carbon dioxide, like NOx, and CO, were obtained in
experiments carried out in a controlled environment in the Engine Cell, in the
Stephenson Building, Newcastle University. The continuous usage of these fuel in
the creeks and other towns and cities in Niger Delta will lead to increased
greenhouse gas production, intensification of the greenhouse gas effect and global
warming (Frinjo et al., 2022, Mona et al., 2021). The non-standard refining also
revealed inconsistencies in the refining processes within, and across the different
camps for COz2. The inconsistencies are seen in the refining process from all three

camps. Camps B and C had the highest production of carbon dioxide emissions.
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7.5 Summary

This chapter has reported combustion and emission analysis using the 9 NRD fuel
oil samples and the control sample as test fuels in a single-cylinder Cussons
Engine Test Bed P8252, coupled with a piezoelectric transducer and a Testo 350
exhaust gas analyser. The NRD fuel from the various camps showed inconsistency
in their refining process. Also, there was inconsistency in the refining process within
camps. The high cylinder maximum pressure observed in some of the non-
standard refined diesel fuel oils, would be damaging to engines which is in line with
the comments of the questionnaire respondents on usage, and the expenditure on
engine maintenance. The situation could be likened to buying the non-standard
refined diesel fuel oils at a cheap rate but spending more to maintain the engine.

The environment of the Niger Delta region is unsafe with the continuous usage of
these fuels with their high levels of regulated emissions like NOx, CO and COz2
observed in the study. Also, with the high levels of VOCs (benzene, toluene, and
xylenes) observed in the various samples in Chapter 6, the burning of the NRD fuel

could lead to high levels of unregulated emissions in the environment.
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Chapter 8 Conclusions, Recommendations, and Future
Research

8.1 Introduction

This thesis has offered a holistic study into the sustained impact of the activities of
non-standard crude oil refiners on their host communities and the effect of the NDR
fuel oils on diesel engines, and the resultant emission on the environment of
Nigeria’s NDR.

The research questions were established to determine:

1. The implications of the activities of the non-standard crude oil refiners in

the NDR on their host community?

2. How the non-standard refining of crude oil affect the Niger Delta people?

And to what extent?

3. How the activities of the non-standard crude oil refiners could be
mitigated?

4. How different, in terms of standard parameters, is the Nigeria refined
diesel fuel oil from the non-standard refined diesel fuel oil?

5. How the NRD fuel oil affect engine performance and emissions?

This chapter will present the conclusion of the thesis drawn from the research

findings followed by the key recommendations and potential future research.

8.2 Novelty of the study

To reach its final outcome, a novel approach was developed for this thesis, but it
could be applied in similar studies elsewhere. The design incorporated the
community’s opinions in the form of a social study. The community’s opinion then
set the direction for the scientific research. The results from the scientific research
were then fed into the engineering research. The results from the scientific and
engineering research could then be fed back to the community to raise awareness
of the wider impact and provide evidenced based results for policy makers and

environmental agencies. The feedback will help keep communities informed of the
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inherent danger in the activities of the non-standard crude oil refiners and that of
the refined products. Policy makers and government agencies should take
necessary precautions when carrying out enforcement duties. Government
authorities will also be properly informed of the level of damage to the environment
arising from the activities of the non-standard crude oil refiners. This research study
has brought to the fore the poor quality and inconsistency in the refining process
of the non-standard refined diesel fuel oils which was not known to society. Also,
the lack of societal knowledge on the damaging effect of using the non-standard
refined diesel fuel on engines has also been revealed. Society was unaware of the
damaging effect of using the NRD fuel oil.

8.3 Summary of findings

This study used multiple methods of research to reach its outcome. The use of a
convergent method in this research study to determine the impact of the non-
standard refining of crude oil on the NDR of Nigeria, while at the same time
determining the physical and chemical properties of the fuel, and its impact on
diesel engines is novel. This is because other studies had looked to address the
myriad of issues facing the NDR of Nigeria as a result of crude oil exploration and
exploitation from one perspective only. The study found evidence that the activities
of the non-standard refiners have led to high levels of environmental pollution in
their host communities. This could be attributed to the poor refining techniques
applied by the refiners and their refined waste disposal methods. The disposal of
refined waste into nearby streams, rivers, and vegetation has proved to be
dangerous to the environment and the ecosystem. This has greatly affected the
livelihood of the farmers, and fishermen/fisherwomen, leading to reduced farm
harvest and fishing yields, thereby reducing their expected income. Water sources
have not been left out in the damaging effect arising from the non-standard refining
of crude oil. The waste disposal methods of the non-standard refiners are

damaging to both surface water and underground water.

It was determined that while some of the fuel properties were within the
internationally acceptable limit in ASTM D975 as compared to the control sample,

others like the pour point, flash point, and water content showed some differences.
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This is dangerous and affects the transportation and storage of the fuels. The high
level of entrained water in these samples could lead to the damage of engine parts.

There is a significant difference between the volatile organic compounds present
in the non-standard refined diesel fuel oil as compared to the control sample. These
VOCs are known to be dangerous to the environment. The disposal of the refinery
waste which contains substances like benzene, toluene, and xylenes into nearby
vegetations, rivers, and streams is not only harmful to humans but also harmful to
aquatic life, cash crops, and farmlands. This could be a reason for the reduced

farm produce, fishing yields, and polluted rivers.

The study reported a high level of NOx and carbon monoxide emission under a
controlled experimental environment. The continuous usage of the non-standard
diesel fuel oil for engines in Nigeria will contribute immensely to environmental
pollution. A high level of CO2 emission was also recorded at full load conditions
from some of the non-standard refined diesel fuel oil samples. The continuous
usage of these fuels in an unregulated environment will lead to an increase in
greenhouse gases. High peak cylinder pressure observed from some of the
samples will cause damage to engine cylinder components like pistons, valves,
engine liners, and piston rings. The high level of entrained water observed in some
of the samples, see (Figure 5-5) could lead to crankcase dilution when used in

diesel engines, see (Yu et al. 2021).

Also, there was inconsistencies in the refining process within and across the three
different camps. With these inconsistencies, people who make use of the fuels
could be buying a different quality of product whenever they go out to purchase the

non-standard refined diesel fuel oil.

8.4 Recommendations

The study makes several key recommendations to policy makers, environmental
agencies, government agencies saddled with the responsibility of enforcement and
orientation, oil multinationals, DPR, NNPC, NOSDRA and community stakeholders
as detailed below.
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8.4.1 Remediation of affected soil, water

This thesis recommends that the Federal Ministry of Petroleum Resources, the
Directorate of Petroleum Resources (DPR), the National Oil Spill Detection and
Response Agency (NOSDRA), and Oil Multinationals carry out an urgent
Environmental Impact Assessment (EIA) to determine the areas in the NDR
affected by the high level of crude oil pollution to the land, water bodies, flora and
fauna and the findings from the EIA being acted upon by the necessary agencies
of government. This is to ensure that crude oil contaminated soil and rivers by the
activities of the non-standard crude oil refiners be attended to, and for both to be
in line with the United Nations Sustainable Development Goals 14 and 15 (UNDP,
2021). Goal 14 aims to “manage and protect marine and coastal ecosystems from
pollution” and Goal 15 aims to “manage and protect the loss of natural habitats and
biodiversity which are part of our common heritage and support global food and
water security”. For heavily contaminated soils, phytoremediation will have to be
carried out, (Adesipo et al. 2020) and an urgent clean-up is required for the streams
and rivers that have been heavily polluted. This will ensure that damaged soils and
water bodies are restored so farmers and fishermen/fisherwomen could return to

their farms and fishing areas. This will help boost farm harvest and fish yields.

8.4.2 Fish restocking and water supply

Fish species that have been heavily affected by the pollution of the streams, and
rivers in particular areas in the NDR by crude oil pollution from the activities of non-
standard crude oil refiners have to be restocked. The Department of Fisheries in
the Federal Ministry of Agriculture in conjunction with the State Department of
Fisheries should work with affected communities and stakeholders to restore fish
species that were affected. Also, the governments at the state and federal levels
should endeavour to provide potable drinking water for communities in the Niger
Delta, by drilling boreholes and installing water taps with properly reticulated
pipeline networks. This will reduce their dependence on river and stream water for
drinking purposes. It will also ensure that the United Nations Sustainable
Development Goal 6 is met. Goal 6 ensures that there is safe and affordable
drinking water for all by 2030 (UNDP, 2021). This will also reduce sickness arising
from the drinking of polluted water.
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8.4.3 Enforcement and funding

The study recommends that agencies of government like the National Oil Spill
Detection and Response Agency (NOSDRA), the Directorate of Petroleum
Resources (DPR), and the National Environmental Standards and Regulation
Enforcement Agency (NESREA), see (section 2.1.7) be properly funded to carry
out their constitutional roles. With required funding, operational facilities will be
available for monitoring and detection of crude oil pollution, cleaning of polluted
land and water, and public enlightenment. Also, the military authorities, the police
and the Nigeria Security and Civil Defence Corps (NSCDC) should change their
approach to the destruction of non-standard crude oil refineries, see (section
2.1.7). The process where confiscated refined and unrefined products are poured
into nearby streams and rivers is damaging to the environment. Non-standard
refineries should not be set ablaze as a means of destroying them. Seized products
both refined and unrefined should be handed over to the Nigerian National

Petroleum Corporation (NNPC) operator of the nation’s refineries.

There is a need for the military and other security apparatus of government to purge
their rank and file of corrupt personnel, who collaborate with the non-standard
refiners in the sabotage carried out on oil pipelines in the search for crude oil for
their refining. Also, special courts should be set up to speedily prosecute crude oil
theft cases, including military and police personnel discovered providing covert

support for the illegal refiners.

8.4.4 Public enlightenment

The study recommends that the National Orientation Agency (NOA) should carry
out continuous public enlightenment in the NDR to inform residents of the dangers
of buying and storing the NRD fuel oil in their homes. This is as a result of the
physiochemical property analysis, see (Chapter 5) which revealed a low flash point
for the 9 NRD fuel oil samples compared to the control sample, and the GC-MS
analysis which revealed the presence of high levels of volatile organic compounds
(Benzene, toluene, and xylenes). With the variety of health effects associated with
VOCs, education of the people regarding the inherent dangers associated with the

refining, usage and emissions from the refined products should be undertaken.
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As a signatory to the Kyoto protocol and the Paris agreement on climate change,
the Nigerian government owes a duty to the citizens to continuously enlighten the
nation and the Niger Delta people in particular through the print, electronic and
social media platforms, on the inherent dangers of using the non-standard refined
diesel fuel in their engines. This is as some of the respondents in the questionnaire
survey said they do not mind the damage to their engines arising from the usage
of the non-standard refined diesel fuel oil and the cost of maintenance, see
(subsection 4.3.3). Due to the high level of unregulated emissions like, NOx, CO,
and CO2 (as reported in Subsections 7.3.5, 7.3.6 and 7.3.7) observed from the
emission analysis and the high level of VOCs, the continuous usage of the NRD
fuel oil will cause tremendous damage to the environment. The more the fuel is
burnt the more it damages the environment, contributing to poor air quality and
leading to respiratory sicknesses in humans. The population should be encouraged
to buy refined diesel fuel oil from government accredited fuel retail outlets.

8.4.5 Establishment of mini refineries

The study recommends the establishment of mini refineries. The establishment of
mini refineries will provide employment for the present operators of the non-
standard refineries. This will reduce unemployment amongst the youths of the
NDR. It will also reduce environmental pollution, boost the nation’s economy and
the economy of the host communities. Youth restiveness in the NDR could also be
reduced. Modalities need to be put in place to ensure crude is supplied (sold) to
the mini refineries. This would put a stop to the sabotage of crude oil pipelines in
the search for the basic raw material needed for the non-standard refining. Such
modalities should include granting of soft loans to potential mini refinery operators
as a start-up. Another aspect should be training. Although the refiners use basic
distilling techniques to refine the diesel fuel olil, training on how to operate the mini
refineries and waste management techniques will help to protect the environment.
The inconsistences in the refined products from the three different camps would
also be addressed with the mini-refineries and training on how to operate the
facility.
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8.4.6 Legal Framework

This study recommends that the Federal Government of Nigeria through the
Ministry of Justice and the National Assembly enact a law to bring the non-standard
refineries into a legal framework. This will not only provide a legal backing for the
activities of the refiners, it would also attract prospective investors. With a law
legalising the activities of the non-standard crude oil refiners, crude oil will be
purchased legally from the Pipelines and Products Marketing Company, a
subsidiary of the NNPC.

8.4.7 Revamping and construction of more floating fuel stations

This study recommends that the government revamps the abandoned fuel Mega
stations. The revamping of these stations will make for their use. Also, the provision
of petroleum products to the floating Mega station will ensure that there is
availability of products for boat operators and travellers. In addition, the
government should construct more floating Mega stations to add to the 12
presently in the Niger Delta Region. Adding to the 12 floating Mega stations will
make more quality petroleum products like diesel, gasoline, and kerosene available

to riverine (offshore) communities.

8.4.8 Maintenance of existing refineries

This study recommends that the government as a matter of urgency initiates the
process of turn around maintenance for the existing four moribund refineries (see
section 1.1). The successful maintenance of the existing refineries will make
refined products more available to the general public and the people of the Niger
Delta. Also, the government should support the existing private refinery owners to
see that the projects are completed timely. Import duty exemptions for parts and
heavy machinery for the construction of the private refineries will help to speed up
the projects. The completion of the private refinery projects will ensure that their
availability of refined petroleum products and create employment for Nigerians.

8.4.9 Infrastructural development of the Niger Delta
This study recommends the construction of roads to link communities in the NDR

to their state capitals. The construction of roads will serve as a fast transportation
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link between the communities and their various capitals. It will also enable speedy
and sustainable development within the region.

8.5 Further research

This study suggests the need for more empirical research into some key areas.

8.5.1 What is the level of VOCs in the exhaust emission from engines?
The thesis produced a detailed experimental analysis to determine the
compositional variations of the non-standard refined diesel fuel oil. With the result
revealing a high level of VOCs (benzene, toluene, and xylenes), in the non-
standard diesel fuel oils, there is a need, therefore, for further research to
determine the VOCs in the exhaust emissions from engines.

8.5.2 What is the ambient level of VOCs around the host communities?
With the high level of VOC in the non-standard refined diesel fuel oil compared to
the control sample coupled with the method of refining where the cooking pots are
stoked with crude oil to increase the intensity of the heat, there is a need for further
research to determine the ambient level of VOCs around the refining sites and host

communities.
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Appendix B: Study questionnaire

Sustained Impact of Locally Refined Fuel

Page 1: About the study

Background Information:

This research intends to study the effect of the activities of the local refiners of crude oil in
the Niger Delta Region of Nigeria on their host communities and the environment. The
region is presently proliferated with local refining camps, where crude oil is refined
locally and the products like diesel, kerosene and gasoline are sold in the open market.

This questionnaire is intended to collect data about the social impact of the activities of
the local refiners on their host communities. Typically, the ideal respondent will be one of
the host communities where the local refineries are located. Most of the questions apply
to aquatic pollution, land pollution, air pollution and directimpact on the immediate
community.

Who can contribute to this survey?

The survey is soliciting responses from members of the local refinery host communities
such as:

¢ Community chiefs, residing in the host communities and involved in the day to day
running of such communities

¢ Elders and seniors living in the host communities

* Members of the Community Development Committees (CDC) in such communities
e Fishermen, Farmers and traders

¢ Youths and students

e Commuters

* Visitors

Confidentiality:

11
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Participation in this study is completely voluntary. You have the right to withdraw at any
time. The research survey does not capture any confidential information about you, the
respondent. Data provided by you will not be traced back to you either in presentations,
reports or other forms of dissemination.

Data obtained from participants will only be reported in an aggregated format. This
research is strictly for academic purposes. By completing this survey you fully agree to
the stated terms

Questions about this research:

If you have any questions about this study, you can contact Oyinkepreye Lucky
Bebeteidoh at:

Mobile: +2348037983039

Email ID: o.lLlbebeteidoh2@newcastle.ac.uk

2/ 1
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Page 2: About the researcher

Name: Oyinkepreye Lucky Bebeteidoh

Year of Study: Stage 2 PhD

Group: Marine, Offshore and Subsea Technology

School: Newcastle University, Newcastle Upon Tyne, NE1 7RU, United Kingdom
Phone Number United Kingdom: +447384040327

Phone Number Nigeria: +2348037983039

Email: o.l.bebeteidoh2@newcastle.ac.uk

Sponsors: Tertiary Education Trust Fund/Niger Delta University
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Page 3: Questionnaire
1. Whatsex are you? % Required

¢ Male

¢ Female

2. Whatis your age bracket? * Reguired

18-25 years
26-33 years
34-41 years
42-55 years
56-65 years

ar @y ®y WP W e

66 years and above

3. What is your marital status?

Married

Single

Divorced
Widow/Widower

R RN R R

4. What is your occupation? 3 Required

¢ Fisherman/Fisherwomen
¢ Trader

4/
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C Farmer
 Youth/Student
 Business

¢ Government Employee
¢ Chief

5. Are you aware of the presence of a non-standard refinery in/around your
community? % Required

~ Yes
~ No

6. How long has the non-standard refinery been located in your community?
Required

£3 More info

¢ 0-5years

¢ 6-10 years

¢ 11 years and above
¢ Not Applicable

7. Are you knowledgeable of the cost of environmental remediation? * Required

£3 More info

— Yes
C No

5/11
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8. The activities of the non-standard refiners has affected my community farm lands?

* Required

-
-
-
-
-
-

9. The activities of the non-standard refiners has affected the level of farm yields

Strongly Disagree
Disagree
Somewhat Disagree
Somewhat Agree
Agree

Strongly Agree

(harvest)? * Required

=
=
2
=
7
&

10. The activities of the non-standard refiners has affected my community fishing

Strongly Disagree
Disagree
Somewhat Disagree
Somewhat Agree
Agree

Strongly Agree

areas? * Required

-
-
c
-
-
-

Strongly Disagree
Disagree
Somewhat Disagree
Somewhat Agree
Agree

Strongly Agree

6/11

192



11. The activities of the non-standard refiners has led to reduction of fishing yields? *
Required

¢ Strongly Disagree
¢ Disagree

¢ Somewhat Disagree
¢ Somewhat Agree

C Agree

( Strongly Agree

12. The major source of water supply is usually polluted by crude oil waste from non-
standard refineries? % Required

£3 More info

Strongly Disagree
Disagree
Somewhat Disagree

~
-~

~

¢ Somewhat Agree
C Agree

-

Strongly Agree

13. |am concerned about the method of disposal of refined waste by the non-standard
crude oil refiners? * Required

 Strongly Disagree
¢ Disagree

¢ Somewhat Disagree
¢ Somewhat Agree

C Agree

7/11
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 Strongly Agree

14. Do you buy the refined products from the non-standard refineries? % Required

More info

C Yes
C No

15. How much quantity of fuel do you buy every month of the non-standard refined
products? % Required

5-10 Liters

10-50 Liters

50-100 Liters
100-500 Liters

500 Liters and above

Q7 ‘@ ®r & 8 B

None

16. The refined products from non-standard refineries have damaged my
machine/engine in recent times? % Required

¢ Strongly Disagree
¢ Disagree

¢ Somewhat Disagree
¢ Somewhat Agree
 Agree

 Strongly Agree

8/ 11
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 Notapplicable

17. The lower cost of the non-standard refined diesel fuel is worth the risk of damage
to my engine (car/generator)? % Required

More info

Strongly Disagree
Disagree
Somewhat Disagree
Somewhat Agree
Agree

Strongly Agree

@ oy @r APy RE GRE @

Not applicable

18. 1spend so much to maintain my engine (car/generator) as a result of my using non-
standard diesel fuel? * Required

Strongly Disagree
Disagree
Somewhat Disagree
Somewhat Agree
Agree

Strongly Agree

Not applicable

R ® W B R W

19. |experience engine (car/generator) stoppages any time, | use non-standard diesel
fuel oil % Required

9/11
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2. k)8R 291 208 )

Strongly Disagree
Disagree
Somewhat Disagree
Somewhat Agree
Agree

Strongly Agree

Not applicable

10/ 11
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Page 4: Thank you for participating

Contact o.l.bebeteidoh2 @newcastle.ac.uk if any queries
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Appendix C: Diesel Fuel Oil

Diesel fuel is one of the most commonly used petroleum product in both industries
and agriculture (Zhao et al., 2021). Diesel fuel is produced from crude oil by various
refining processes, and it is used in compression ignition engines as a fuel (Beg et
al., 2010). Diesel fuel oil is a mix of various hydrocarbon blends (Chen et al., 2020).
Its composition is influenced by several factors, such as the crude oil’s origin, the
addition of fractions from the cracking process, operating variables of the refinery,
and the insertion of additives to increase engine performance (Nespeca et al.
2018). Diesel fuel, kerosene, and jet fuel (aviation turbine fuel) belong to the
petroleum product class commonly known as middle distillates (Speight, 2015).
Table 2-4 illustrates the specification of seven different grades of diesel fuel oils

appropriate for various types of diesel engines.

With the present attention given to renewable fuels in the transportation and power
generation sector, diesel fuel is still significantly used in industries and
transportation the world over which keeps its demand high (Abrar and Bhaskarwar,
2021). Diesel fuel is the most used fuel for transportation (Sadat 2014; Kadhim
2015) in industries as fuel for power generators (Ugwu et al. 2012), in household

services, and agriculture (Oyedepo 2013).
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Table C1-1 Various grades of distillate fuel oil (ASTM D975, 2020; Speight, 2015)

Grade Description

No. 1-D S15 Ultra-low-sulphur (ULSD) light middle distillate fuel used in diesel engine
applications that require higher volatility than No. 2-D S15 (maximum
sulphur: 15 ppm)

No. 1-D S500 Low-sulphur light middle distillate fuel used in diesel engine applications that
require higher volatility than No. 2-D S500 (maximum sulphur: 500 ppm).

No. 1-D S5000 Regular-sulphur light middle distillate fuel used in diesel engine applications
that require higher volatility than No. 2-D S5000 with (maximum sulphur:

5000 ppm).

No. 2-D S15 Ultra-low-sulphur (ULSD) middle distillate fuel used for general-purpose
diesel engine applications with varying speed and load (maximum sulphur:
15 ppm).

No. 2-D S500 Low-sulphur middle distillate fuel used for general-purpose diesel engine

applications with varying speed and load (maximum sulphur: 500 ppm).

No. 2-D S5000 Low-sulphur middle distillate fuel used for general-purpose diesel engine

applications with varying speed and load (maximum sulphur: 5000 ppm).

No. 4-D Heavy distillate fuel, or a blend of distillate and residual oil, used for low-
and medium-speed diesel engine applications involving primarily constant
speed and load.

Diesel fuel oil is one of the major products of crude oil refining, only second to
gasoline (Sidjabat 2013) and belongs to a group of light non-aqueous phase liquids
(LNAPLS), which are not soluble in water and with a density that is also lower than
water (Safarov et al. 2018). It is produced from the distillation of crude oil, with a
boiling range of approximately 125-328 °C (Speight 2015). Also, Aleme and
Barbeira (2012) reported that diesel is made up of hydrocarbon chains, particularly
paraffin’s (saturated hydrocarbons), olefins (unsaturated), and aromatic chains
which contain from 10 to 19 carbon atoms and with a boiling point of approximately
180-370 °C. Figure 2-4 shows the fractions of petroleum products obtained from
the refining of a barrel of crude oil in a refinery. Thus, in terms of boiling range and

carbon number, diesel fuel occurs primarily in the kerosene range, which means
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the test methods applied to kerosene can also be applied to diesel fuel (Speight
2015).

Furthermore, Mancini et al. (2018) added that while the physiochemical parameters
of a fuel divides it into different quality classes, the identification and
characterization of its chemical composition is very crucial during the investigation
and application of such fuel. A very important characteristic of diesel fuel is its
ability to auto-ignite, a characteristic that is quantified by the fuel's cetane index or
cetane number (Obodeh and Isaac 2011). Studies have shown that Nigeria’s diesel
fuel typically has a cetane number in the low 40s whereas European diesel fuel
typically has a cetane number in the low 50s (Obodeh and Isaac, 2011). Diesel fuel
also has three important cold weather parameters which define its operability,
these are the lowest operating temperature in which an engine will operate, the
cold filter plugging point, pour point and the temperature where crystals first

appear, the cloud point (Sidjabat 2013).

M Diesel
M Other Disillates
Jet Fuel
Other Products
 Heavy Fuel Oil

B Liquified Petroleum Gases
(LPG)

B Gasoline

Figure C1-1 Petroleum products made from a barrel of crude oil (Energy.Gov 2011)

C.1 Diesel Fuel Physical and Chemical Properties
The properties of diesel fuel are key pointers to demonstrate the suitability of that

particular fuel for usage in a marine diesel engine within approved fuel standards
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(Yasin et al. 2017). The properties are strongly connected to engine performance
(Wang et al., 2020). Zaharin et al. (2017) in their research added that fuel
properties are one of the major factors used in determining the quality of fuel mixing
and the combustion process. Likewise, Torres-Jimenez et al., (2011) reported that
the fuel injection system of diesel engines depends on the fuel properties and the
type of injection system. Poor diesel fuel properties could affect fuel atomization
and emission (Devarajan et al., 2020). A fuel’'s suitability can be altered by
contaminants introduced during processing or from other sources and the nature
of the fuel components ultimately determines the fuel properties (Knothe, 2005).
Calorific value, viscosity, cetane number, density, flash point, cloud point and pour
point are properties used in measuring fuel standard and quality (Zaharin et al.
2017; Fingas, 2011). Table 2-5 shows some key properties of standard products

commercially available in Nigeria.

Table C1-2 Key properties of standard diesel fuel and kerosene commercially
available (Obodeh and Isaac 2011).

Property Unit Diesel Kerosene
Chemical formula - Ci2Hzs CioH22
Calorific value kJ/kg 44500 45400
Self-ignition temperature oC 725 640
Final boiling point oC 369 249
Ignition delay period S 0.002 0.0015
Flame propagation rate cm/s 10.5 11.8
Flame temperature oC 1715 1782
Kinematic Viscosity at 39 °C mm?2/s 2.7 2.2
Specific gravity at 15/4 °C - 0.893 0.843
Colour - Red Saybolt
Sulphur content by weight % 0.16 0.04
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C.1.1 Density

Density is one of the major fuel properties used in estimating the quantity of fuel
injected by the injection systems to provide proper combustion (Sakthivel et al.
2018). Diesel oil density is important because it gives an indication of the energy
per unit mass (specific gravity) and the delay between the injection and combustion
of the fuel in the diesel engine (Ignition delay) (Atabani et al., 2013). It is an
essential fuel property regarding equipment selection and engine performance
(Torres-Garcia et al., 2020). According to Kalligeros et al. (2003) density controls
the quantity of fuel that is compressed and burned in the combustion chamber of
the engine. The higher the quantity of fuel sprayed into the combustion chamber,
the higher the output of partially oxidized emitted products.

Changes in fuel density affect its energy content as it gets into the engine at a given
injector setting (Marketing, 2007), and any reduction in fuel density tends to reduce
NOx emissions in older models of engines that cannot compensate for this change.
The reported densities for kerosene, diesel, and gasoline at 15°C are in the ranges
0.79-0.80 kg/l, 0.835-0.855 kg/l and 0.74-0.75 kg/l (Garg et al., 2015).

C.1.2 Kinematic Viscosity

Kinematic viscosity is a vital parameter that affects the combustion in medium-
speed diesel engines (Torres-Garcia et al., 2020). It is an important characteristic
of a fuel that signifies the ability of the fuel to flow, being resistant to the flow, and
also plays a key role in spray penetration and spray atomization (Sakthivel et al.,
2018). It is the thickness of the fuel oil and is determined by the amount of time
taken for a specified quantity of oil to pass through an orifice of a specified size
(Atabani et al., 2013). Higher viscosity fuels cause insufficient fuel atomization,
which in turn results in reduced thermal efficiency and soot deposits. Also, diesel
fuels with high viscosity develop problems in cold weather, because the viscosity
of fuel increases with decreasing temperature (Martinez et al., 2014). On the other
hand, reduced viscosity leads to finer fuel droplets which make it easier for the
injector to pump fuel into the combustion chamber (Sakthivel et al., 2018). The

viscosity of a fuel in the injection system of an engine ought to stay within a defined
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range by the manufacturer for good atomisation and hence engine operation
(Torres-Garcia et al., 2020).

C.1.3 Cetane Number

Cetane Number (CN) is used in indicating the behaviour of the fuel right after the
fuel injection inside the cylinder of a Compression Ignition Engine (CIE), hence its
ignition delay (Karonis et al., 2017). Li et al. (2005) while stressing the importance
of the cetane number (CN) of fuel in their research, further stated that the CN
influences the engine starting ability, its cylinder pressure, combustion noise, and
emissions. A high cetane number allows for good starting ability, long engine life,
and low noise. According to Sakthivel et al. (2018), the cetane number of a fuel
directly influences the ignition delay period of an engine which is the time lag
between the beginning of fuel injection into the engine cylinder and the point of first
detectable increase in-cylinder pressure due to exothermic release in energy inside

the mixture.

Higher Cetane Number shows the ability of the fuel to auto-ignite shortly after being
injected into the engines combustion chamber, whereas a lower cetane number
results in increased exhaust emissions from the engine, knocking and excessive
deposits in the engine due to incomplete combustion (Sakthivel et al. 2018; Atabani
et al. 2013). Similarly, Atabani et al. (2013) and Clothier (1993) added that the
cetane number is based on two compounds which are heptamethylnonane with a
CN of 15 and hexadecane with a CN of 100. Fuel cetane number does not have
any effect on gaseous emissions but is just one of many parameters that change
the combustion phasing; these changes in combustion phasing drive the

subsequent changes in emissions (Ickes et al., 2009).

C.1.4 Pour Point (PP)

The pour point (PP) of a diesel fuel oil is the temperature at which the fuel can no
longer be poured because of the formation of a gel (Joshi and Pegg, 2007; Torres-
Jimenez et al., 2011). The PP is also used in the characterization of a fuel's cold
flow operability as the pour point affects the utility of the fuel in cold climatic
conditions (Alptekin and Canakci, 2009).
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C.1.5 Flash Point

Sakthivel et al. (2018) describe flash point as the lowest temperature at which a
volatile fuel ignites when exposed to a source of ignition. Although the flash point
of diesel fuel does not directly affect the engine performance (Alptekin and
Canakci, 2009), it does affect its storage classification, and its safe handling and
transportation (Li et al., 2005; Torres-Jimenez et al., 2011) particularly in high-
temperature environments (Santos et al., 2020). Diesel fuel oil with a low flash point
means high fire safety (lovleva et al., 2020). According to Agarwal and Das (2001)
fuels with flash point over 66°C are safe for use in compression ignition engines.
The flash point is also used to characterise the fire hazard of diesel fuel, and a low
flash point suggests the presence of extremely volatile materials in the diesel fuel

that is a critical safety concern in handling and storage (Khan et al. 2016).

C.1.6 Water Content

The separation of water from diesel is a critical requirement for modern diesel
engines (Yoshino et al., 2013). Water is nearly insoluble in diesel but could mix
with diesel fuel because of humidity, condensation (Arouni et al., 2019), and during
transportation from the point of refining to the fuel retail station (Tang et al., 2016).
It can also find its way into diesel fuel during the refining, storage, or during usage
in an engine (Yoshino et al., 2013). This entrained water could harm the engine
such as through corrosion and rusting of pipes, or fouling resulting from microbial
growth, which could all lead to damage to fuel filters and failure of fuel injection
mechanisms (Narayan et al., 2018). The presence of water in the diesel fuel
storage tank could cause damage to fuel injectors and nozzles (Yoshino et al.,
2013). For this reason, the American Society of Testing and Materials (ASTM)
diesel specification, D975-20, and the European Union specification, EN 590 limit
maximum dissolved water content to 200 mg/kg, with zero tolerance for free water
(Pangestu and Stanfel, 2009). Water in diesel fuel could be of three forms: free,
dissolved, or emulsified dependent on the situation (Arouni et al., 2018).
Ochoterena et al. (2010) reported that water is added to diesel fuel to increase the
fuel density and cool the charge. Also, water in diesel fuel lowers the formation of
nitrogen oxide inside the combustion chamber and restricts the onset of knock
(Ochoterena et al., 2010).
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Water could also find its way into diesel fuel by the process of intentional
emulsification (Vellaiyan, 2020). In a study to investigate the effect of water
emulsification on diesel engine performance, combustion characteristics, and
exhaust emissions, Maawa et al. (2020) reported that there was an improvement
in engine torque, a reduction in brake specific fuel consumption (BSFC), and a
reduction in the NOx emissions. Abu-Zaid (2004) conducted a study to examine
the effect of water emulsification on diesel engine performance and discovered that
the addition of water in the form of an emulsion enhances combustion efficiency.
In another study of water-in-diesel fuel emulsion in diesel engines, Ithnin et al.,
(2014) observed a reduction in nitrogen oxide (NOx) and particulate matter but an
increase in carbon monoxide (CO) and unburnt hydrocarbons (UHC). Also, Ithnin
et al., (2015) in another study to investigate the effect of water-in-diesel originating
from low-grade diesel fuel on diesel engine combustion, performance and emission
characteristics concluded that water-in-diesel from low-grade diesel fuel is a
suitable substitute fuelling method that could bring about greener exhaust

emissions.

C.1.7 Calorific Value

An important property of a fuel, on which its efficiency is judged, is its calorific value
(Khan et al., 2016). It is an essential property in fuel quality selection (Kaisan et al.
2020), and an important property in diesel fuel characterization (Ong et al. 2013).
The calorific value is determined experimentally using an oxygen bomb calorimeter
(Silitonga et al., 2013). The calorific value of a fuel is the amount of heat generated
by the complete combustion of a given mass (Wan et al. 2020). It relies on the
carbon molecules present in the fuel and also on the ratio of hydrogen and carbon

to nitrogen and oxygen (Agarwal et al. 2020).

C.1.8 Distillation Range

An important property of ignitable liquids is the distillation boiling point range
(Stauffer et al., 2008). Values obtained for the distillation range of diesel fuel are
used to determine the calculated cetane index (CCI) (Ali et al. 1995). The distillation

range of diesel fuel affects properties such as density, viscosity, and flash point
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(Alptekin and Canakci, 2009). Its data provides valuable information on the
combustion characteristics of diesel fuel (Leonard et al., 2020).

Appendix D: Diesel Engine Analysis

D.1 Engine analysis

The diesel engine as an internal combustion engine is faced with two major
challenges: fuel quality and the increasing stringent emission regulations (Zhang
et al. 2017). Diesel engines are used in the power generation industries,
transportation (marine, automobile, and train), and agriculture because of their low
specific fuel consumption and their tendency to produce lower emissions excluding
oxides of nitrogen (NOx) and particulate matter (PM) (Belkhode et al., 2021).

D.1.1 Brake Specific Fuel Consumption

The brake specific fuel consumption (BSFC) is best described as the quantity of
fuel per unit of engine brake power generated (Yesilyurt and Aydin, 2020) and is
expressed in g/kW-hr (Popa and Gheti, 2020). The BSFC exemplifies the efficiency
of any engine and as such plays an important role in the selection criteria of a fuel’s
quality (Ramesh et al., 2019). It is highly dependent on the fuel properties (Agbulut
et al., 2021). It is directly reliant on the calorific value of the fuel (Rajak et al., 2020;
Saravanan et al., 2020).

D.1.2 Brake Thermal Efficiency

The brake thermal efficiency can be described as the brake power (bp) of a diesel
engine as a function of the thermal energy input obtained from fuel consumed in a
unit time (Ramesh et al., 2019). It is essential for evaluating the fuels efficiency
(Belkhode et al., 2021). BTE for unadulterated diesel fuel tends to increase with
brake power (Prabhu and Venkata, 2020). Brake thermal efficiency shows the
capacity of the internal combustion engine system to receive the fuel and provide
a means of assessing how the energy in the fuel is efficiently converted to

mechanical power (Sayin, 2010).
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D.1.3 Cylinder Pressure

The measurement of engine cylinder pressure is important and generally used in
laboratory and field applications to support diagnostic and monitoring applications
(Antonopoulos et al., 2012; Payri et al., 2011). Diesel engine cylinder pressure
measurement is believed to be a useful source of information at the time of engine
development and calibration, as it offers significant data such as indicated mean
effective pressure, pumping mean effective pressure, and peak pressure (Payri et
al., 2011). Cylinder pressure analysis could be made use of in the determination of
more complex applications, like noise control, emission control, heat transfer, air
mass flow estimation, and in-line combustion detection (Payri et al., 2011). An
engines cylinder pressure is dependent on the amount of fuel burned during the
premixed phase and the fuel’s ability to mix well with air, while the premixed phase
is caused by the ignition delay period, and the mixture preparation during the
ignition delay period (Shehata, 2013).

Cylinder pressure could also be affected by other factors. According to Kim et al.
(2018) the addition of water to marine diesel oil (MDO) showed a rise in cylinder
pressure and heat release rate compared to an engine run with marine diesel oil
without water. A similar result was reported in a study carried out by Oh et al.
(2019), the comparison of NOx and smoke characteristics of water-in-oil emulsion
and marine diesel oil in a 400-kw marine generator engine. Result revealed that as
the water content is increased in the emulsion fuel the combustion pressure tends
to increase. In their study to determine the effect of emulsified fuel on combustion
in a four-stroke engine, Harbach and Agosta (1991), result revealed an increase in
peak cylinder pressure for both water in diesel and hydrous ethanol/diesel fuel
emulsion with maximum cylinder pressure increase for water in diesel at 27% water
and 25.6% for hydrous ethanol/diesel. This is because of fuel atomisation and the
improved mixing of air and fuel due to the micro-explosion and evaporation of the
water contained in the emulsified marine diesel oil. High cylinder pressure could
also be attributed to high levels of toluene. According to Ozer (2020) the addition
of toluene to soyabean oil biodiesel, and diesel fuel oil results in shortened ignition
delay; toluene reduces the flash, and ignition point of fuel. The addition of toluene
is believed to start the burning in the first phase of the spray before the target point,

possibly reducing the duration of the combustion (Simsek and Colak, 2019). Due
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to its very low boiling point, toluene is easily gasified, and mixed with the charged
air at the end of compression, this could lead to a higher rate of combustion and

higher cylinder pressure.

D.2 Emissions

The level of anthropogenic greenhouse gas (GHG) emissions in the environment
is worsening the greenhouse effect, leading to human health risks and global
warming (Harris et al., 2020). The reduction of GHG emissions has become an
essential issue in the protection of the environment (Modak et al., 2018). According
to Ahmed (2020) 83% of the world's energy supply is indirectly or directly fulfilled
by the utilisation of fossil fuels. This has resulted in huge climate change coupled
with environmental and health issues (Ahmed, 2020). The combustion of gasoline
and diesel fuels for transport purposes is the second-largest source of CO2
emission in the world (Geng et al., 2016). Also, Moreno- Gutiérrez, and Duran-
Grados (2021) reported that the powering of land-based and maritime means of
transport by the inefficient burning of diesel fuel oil, coal, and other fuels is a key

contributor to climate change emissions and air pollution.

High amounts of sulphur oxide (SOx), nitrogen oxide (NOx), carbon monoxide
(CO), particulate matter (PM) and greenhouse gases are produced during diesel
fuel combustion (Lao et al. 2020). However, the severity of the emissions from
diesel engine is dependent on the operating condition of the fuel and the engine
used (Venkatesan et al. 2021).

D.2.1 NOx Emissions

Nitrogen oxide (NOx) is a key pollutant of diesel engine combustion (Jafarmadar,
2013) and is difficult to control (Emiroglu and Sen, 2018). The formation of nitrogen
oxide (NOx) in diesel engine combustion is basically reliant on the oxygen level,
the in-cylinder temperature, gas residence time taken for the reaction (Ning et al.,
2020) and the spray characteristics (Maawa et al., 2020). NOx in diesel exhaust

emissions is typically made up of >90% NO (Koebel et al., 2000).
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Patil and Thipse (2015) and Rajak et al. (2020) describes nitrogen oxides as a
group of compounds which represent a mixture of NO and NO2. According to Gonca
(2014) the formation of NOxin internal combustion engine is greatly reliant on peak
combustion. Cheung et al. (2008) reported that the concentration of nitrogen oxide
increases as the engine load increases. N2 and O2 in the combustion chamber
separate into their atomic states and take part in a series of reactions because of
the high combustion (flame) temperature (Sayin, 2010). According to Saleh (2009)
it is anticipated that during diesel engine combustion the fuel with the maximum in-
cylinder temperature readings would have the highest NOx. According to Zhang et
al., (2021) oxide of nitrogen (NOx) emission from diesel engine accounts for 70%
of total vehicle emission, which makes vehicle emission a vital pollution source.
The three key reactions producing NOx during combustion of diesel fuel are
described in the Zeldovich Mechanism (Sayin, 2010).

N2+ O —>NO+N 1)
N+O2—-NO+O (2)
N+OH—-NO+H 3)

D.2.2 Carbon Monoxide

Carbon monoxide emission is toxic and must be controlled (Sayin and Canakci,
2009). It is an odourless and colourless gas produced in diesel engines as a result
of incomplete burning of fuel (Ning et al., 2020). CO emission is highly poisonous
to humans and has a density a little higher than atmospheric air (Yesilyurt, 2020).
The major factors affecting the formation of carbon monoxide emissions during
combustion are combustion chamber shape, injection pressure, fuel type, fuel
atomization rate, timing, engine load and speed (Emiroglu and Sen, 2018). Sayin
and Canakci (2009) describe the formation of CO emission as an intermediate
product of the combustion of hydrocarbon fuel which develops from a process of
incomplete combustion. CO emission is significantly dependent on the air-fuel ratio

relative to the stoichiometric ratio (Mani et al., 2009).
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D.2.3 Carbon Dioxide

Carbon dioxide is a product of combustion that occurs naturally in the atmosphere
(Sayin and Canakci, 2009). The carbon dioxide (CO2) emission in diesel engines
is connected to the fuel’'s complete combustion and is a product of fuels with carbon
molecules in their structure (Yesilyurt, 2020; Maawa et al., 2020). The emission of
CO2 gases is dependent upon the atomization process, viscosity, engine speed,

compression ratio and oxygen (Rajak et al., 2020).
D.2.4 Exhaust Gas Temperature

The exhaust gas temperature (EGT) is a major factor that influences the exhaust
emissions in internal combustion engines (Yesilyurt and Aydin, 2020). It indicates
the quantity of heat dissipated during the combustion process within the cylinders
of internal combustion engines (Venu et al., 2020). However, the exhaust gas
temperature is reduced because of several properties like viscosity, density,

calorific value and cetane number (Rajak et al., 2020).
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