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Modelling of sweet gas flaring and the resultant
gaseous emissions with their emission factors

Francis B. Elehinafe’*, Sophie D. Anjorin®, Olayemi. A. Odunlami®, Angela O. Mamudu’,
Augustine 0. Ayeni' and Oyetuniji B. Okedere?

Abstract: Data from literature and a stoichiometric material balance model were
employed to estimate associated emissions with flaring of sweet gas in Nigerian oil
and gas companies. Emission factors were obtained using AP 42 formula. Results
showed that thousands of tonnes, ranging from 6500 to 22,000 tonnes of natural
gas were flared from 1997 to 2016. At flaring stack efficiencies of 97% and 98%, the
associated emissions are: CH,, C;Hg, CsHg, iC4H1g, NC4H1g, iC5H12, NCsH1, CeHys, Cy
H16, CsH1s, CoHa0, CO5, and N, from unburnt natural gas and in addition to CO,, CO,
N,, NO, NO,, H,0 and H; from incomplete combustion. At both flaring stack effi-
ciencies, the amount of emissions from unburnt condition ranged from1,608 tonnes
N, to 9,146 tonnes CO, all higher than any emission standards in the world, while
the amounts of emissions from incomplete combustion ranged from 467,964
tonnes for CO, the lowest to 2,476,011 tonnes for N, the highest all higher than any
emission standards in the globe. Emission factors of emissions from unburnt natural
gas ranged from 0.000090 tonne/tonne for C1oH,> to 0.026235 tonne/tonne for CH,
while those of the emissions from incomplete combustion ranged from 0.10285
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tonne/tonne for H, to 1.13137 for CO, tonne/tonne. It was observed that thousands
of tonnes of emissions are released into the atmosphere during flaring of sweet
natural gas either at complete or incomplete combustion. It is recommended that
flaring of natural gas should be reduced to a minimal level to safeguard the
environment.

Subjects: Power & Energy; Mining, Mineral & Petroleum Engineering; Chemical Engineering

Keywords: modelling; natural gas; gas flaring; emissions; emission factors; environmental
degradation

1. Introduction

Gas flaring is one of the most challenging energy and environmental matters in front of the world
today whether regionally or globally (World Bank, 2004). Nigeria is one of the highly endowed
nations with natural resources such as natural gases, petroleum and mineral deposits. In some
instances, these have been blessings, and in others they are nothing but constant sources of woes
to the nations that are located where these resources may be found. Of these natural sources,
some are a windfall for these countries, while others have to be struggling to deal with the
attendant menace such as diseases and environmental pollution that come with the resources
(Human Development Report, 2011).

In Nigeria, there is no standing legal framework that prohibits gas flaring in spite of the
environmental consequences associated with it. The existing laws that appear to regulate gas
flaring in Nigeria are not effective as they do not completely prohibit gas flaring but only provide
monetary penalties for continued flaring of gas by oil and gas companies in Nigeria (Udok & Akpan,
2017). The Judiciary, therefore, appeared to have championed the cause for the abolition of gas
flaring in Nigeria. In 2017, Udok and Akpan examined the legal framework for gas flaring in Nigeria
and further identifies the problems and prospects associated with the flaring of gas in Nigeria and
made useful recommendations which are being implemented.

In both onshore and offshore oil and gas explorations, procedures of flaring of natural gas are
conducted (Faring, 2010; GGFR, 2002) with the intent of facilitating the reduction of pressure in the
well and viewed by some as a safety precaution, but in most instances is conducted as a means of
disposing excess natural gas where there is inadequate infrastructural facilities for utilization of
this gas. Flaring of natural gas in Nigeria adds approximately 1% to the worldwide CO which poses
extensive issues for the environment (World Bank, 2010), and is viewed as a pathway to issues
associated with absence of consumer goods, cultural and ethnic perceptions towards flaring as
vast opportunity for economic benefit (World Bank, 2010).

Several researchers have worked on impact of flaring of natural gas in Nigeria and in the world
at large. Omoniyi and Ubale (2015) investigated the various ways in which gas flaring affects the
populace of the Niger Delta region of Nigeria, which is the bedrock of Nigeria’s current oil and gas
resources. 0.S. Ismail and Umukoro (2012) presented material balance equation and predicted
results for non-hydrocarbon emissions such as CO,, CO, NO, NO, and SO, from flaring of 12 natural
gas samples representing composition of natural of global origin. Gaseous emission estimates and
patterns were modelled by coding material balance equation for six reaction types and combus-
tion conditions with a computer program. In 1999, Li and William gave several reactions taking
place in combustion of natural gas. Research has shown that during combustion reaction, several
intermediate products are formed, and eventually, most of them are converted to CO, and water.
Some stable intermediate products and other by-products such as hydrocarbon, CO, H,, NO, NO,,
SO, etc would escape as emissions (Kahforoshan et al., 2008). The impact of infrared radiation
emanated from flaring of natural gas is also of great concern as there are limits to which
ecosystem can endure the heat fluxes emitted (O. S. Ismail & And Fagbenle, 2009).
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Figure 1. Flow chart showing
the research methodology.

It is indicated in Oo et al. (2019) that increasing atmospheric carbon dioxide and other green-
house gases through anthropogenic activities, and human activities like land-use changes, produc-
tion of industrial effluents and other activities due to the development of society cause to change
in global as well as regional climate. Mulenga and Siziya (2019) opined that climate change may
worsen existing indoor air problems and create new problems by altering outdoor conditions that
affect indoor conditions. Since climate change is due to both natural variability and human-
induced contributions, public health professionals through their expertise in health promotion
and behaviour change can play a vital role in promoting lifestyle choices that will decrease
greenhouse gas emissions. The fact that greenhouse gases are imposed on the atmosphere by
anthropogenic activities, green building rating tools (GBRTs) have become the essential need to
cope up with the sustainable development goals, climate change, and natural resource degrada-
tion through buildings (Khan et al., 2019). Elehinafe et al. (2017) investigated the calorific values of
sawdust of different wood species found in southwestern Nigeria with a view to considering their
suitability as energy sources to reduce dependence on fossils that lead to emissions of greenhouse
gases.

Quantifying flare emissions have been very challenging. Lack of monitoring equipment and
limited oversight leads to the high uncertainty in the measurement of flare emissions and
combustion efficiencies because they are not measured directly from actual industrial flares
(Ismail and Umukoro, 2015). Also, there are no determined emission factors for the present
working or operating conditions which has brought about trouble, in checking of the emissions
from the flared gas to guarantee compliance with the Federal Environmental Protection Agency
(FEPA) and Department of Petroleum Resources (DPR) norms. Emission factors are oftentimes the
best or just technique accessible for evaluating discharges, regardless of their impediments would
(Gibson, 2013). A material balance approach additionally may give dependable normal emission
assessments to particular sources. For a few sources, a material balance may give a superior
estimate of discharges than emission tests would (Gibson, 2013).

Emission factors for taking inventories have for some time been essential instrument for air
quality administration. Emission estimates are vital for creating emission control methodologies,
deciding appropriateness of allowing and control programs, determining the impacts of sources
and fitting relief procedures, and various other related applications by a variety of clients, including
government, state, and neighbourhood organizations, specialists and industry. However, there is
little or no information in the literature, as regards emission factors from modelling of flare natural
in Nigerian oil and gas exploration and production, hence this study. In this research, an attempt
was made to identify and quantify gaseous emissions with their emission factors from the flaring
of associated sweet natural gas using data from literature, stoichiometric material balance con-
cept, reaction type and flaring stack efficiencies.

2. Materials and methods

The flowchart (Figure 1) summarized the research methodology. It entailed sourcing for informa-
tion on annual quantities of sweet natural gas flared in Nigeria for a period of twenty years; the
percentage compositions of Nigerian natural gas; the flaring conditions of the natural gas; and the
necessary models to achieve the set objectives from oil and gas companies and their regulatory
agencies, journals,; textbooks and other internet research materials.

Sourcing for ecaeial Wilimsies | etiminion ‘ determination of the

information |, modelling with of the, a_nnual emission factors of

on the input ‘ operating i guoites sl | ‘ the resulting

parameters conditions EAt0US gaseous emissions
1 emissions
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Oil and gas companies in Nigeria, who are into exploration and production activities, were
approached for their respective data on the annual natural gas quantities produced, utilized and
flared (Tables 1a and 1b). The data on percentage compositions of Nigerian natural gas were also
collected (Table 2). The data obtained were validated by the national regulatory agency oil and gas
companies in Nigeria: the Department of Petroleum Resources (DPR) and journals. From the

materials collected, ample information on gas quantities for twenty years (1997-2016) were
available for the study. The data on the annual natural gas quantities produced, utilized and flared
were further analysed, collated and the volumes converted to kilograms and then tonnes.

2.1. Determination of the annual quantities of gaseous emissions from the flared gas

3. Using material balance model and operating conditions of flare stacks

To determine the gaseous emissions, the flame on top of a flaring stack (Plate 1), during flaring
was modelled as shown in (Figure 2) according to (Ismail and Umukoro, 2015; Sonibare &

Table 1a. Flaring information collected from the department of petroleum resources

Year Gas produced Gas flared (Bcf) Produced flared (Mm~3)
(Bcf) (MmA3)

2007 2606 517 73793.7 23134.86
2008 2580 671 73057.46 19000.6
2009 2228 536 63089.93 15177.83
2010 2820 545 79853.51 15432.68
2011 2967 504 84016.08 14271.69
2012 2996 465 84837.27 13167.33
2013 2812 428 79626.97 12119.61
2014 3049 379 86338.07 10732.08
2015 3005 341 85092.12 9656.045
2016 2712 289 76795.29 8183.569

Source(s)- Department of Petroleum Resources (2017).

Table 1b. Flaring information collected from the literature

Year Gas produced Gas flared (Bcf) Produced flared (Mm~3)
(Bcf) (MmA3)

1997 1297.444 937.1091 36754.8 26547
1998 1272.092 887.795 36036.6 25150
1999 1265.731 818.6705 35856.4 23191.8
2000 1678.056 903.3976 47537 25592
2001 2030.809 984.5276 57530 27890.3
2002 101976.1 2674.776 101976.1 75772.7
2003 1884.279 804.6988 53379 22796
2004 2462.104 868.0976 69748 24592
2005 2056.119 827.0437 58247 23429
2006 2038.706 648.7046 57753.7 18376.9
2007 2327.558 803.0079 65936.5 22748.1
2008 2352.42 629.9214 66640.8 17844.8
2009 1466.157 475.0392 41534.2 13457.2
2010 2047.612 476.5253 58006 13499.3
2011 1944.998 571.8777 55099.1 16200.5_

Source(s): Central Bank of Nigeria (2007); World Bank (2004); Nwanya (2011)

Page 4 of 15



Elehinafe et al., Cogent Engineering (2020), 7: 1815931 ;’-K;' cogent —~ 2N g | Nnee ri N g
https://doi.org/10.1080/23311916.2020.1815931

Plate 1. Sample picture of a gas
flaring activity (World Bank’s
Global Gas Flaring Reduction
Partnership: Estimated Flared
Volumes from Satelite Data,
2007, 2011).

Figure 2. Block representation
of the material balance model.

Table 2. Flared gas composition and specific energies at 298.15

No. Components Composition RMM
1 CO, 0.95 4t
2 CH, 87.45 16
3 CoHe 4.9 30
4 C5Hs 2.54 Lt
5 iC4H10 0.94 58
6 nc4H1o 1.27 58
7 iCsH12 0.55 72
8 nCsHj; 0.4 72
9 CeH14 0.5 86
10 CHie 0.3 100
11 CgH1s 0.07 114
12 CoH2o 0.03 128
13 CioH2 0 164
14 N, 0.1 34
15 H,S 0

15 SUM = 100

Source: Nwanya (2011). RMM- Relative Molecular Mass

Akeredolu, 2004). The equation used to investigate the reaction at the combustion zone of the
model represents the reaction type of incomplete combustion of sweet natural gas with oxides of
nitrogen (NO,) formation as both nitric (NO) and nitrogen dioxide (NO,) at temperature equal or
greater than 1600 K. The reaction is considered to be incomplete because flaring is always
turbulent and at high temperature equal or greater than 1600 K (Sonibare & Akeredolu, 2004).
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The standard global efficiencies of flaring stack (Ismail and Umukoro, 2015) of 97% and 98%
were used in the analysis. At 97% efficiency, 3% of the natural gas escapes burning and goes to
the atmosphere to constitute emissions from the original component of the natural gas. Then the
97% of the natural gas undergoes incomplete burning to produce emissions that are products of
the reaction. The same analysis went with the efficiency at 98%.

3.1. Assumptions and uncertainties
The following assumptions were made to arrive at this material balance reaction type. They
include:

1. Absence of fugitive emissions which are difficult to be accounted for
2. Flaring stacks well erected to avoid collapse

3. Combustion chamber temperature is equal or greater than 1600 K (Ismail and Umukoro, 2015;
Sonibare & Akeredolu, 2004)

4. Operating air to fuel ratio is less than stoichiometric air to fuel ratio-turbulent reaction.
(Ismail and Umukoro, 2015; Sonibare & Akeredolu, 2004)
5. Nitrogen present in air is converted to both nitrogen dioxide (NO,) and nitric oxide (NO) with

some released as free nitrogen gas (N,) (Ismail and Umukoro, 2015; Sonibare & Akeredolu,
2004).

4. Equation of the reaction in the model
CxHy + (x+0.125y)(02 + 3.76N;) — 0.5xCO; + 0.25yH,0 + 0.5xCO + 0.25yH, + 0.125x0;
+ ((3.26(x + 0.125y) — 0.125x))N, + 0.125xNO + 0.125xNO,(Sonibare & Akeredolu, 2004)

4.1. Determination of the emission factors of the gaseous emissions from the flared natural
5. Gas stack at 97% and 98%

The emission factors of the emissions associated with flaring of natural gas were determined using
the AP 42 formula (Okedere et al., 2017):

E=A*EF

E = Determined emission

A = Activity (Amount of Gas Flared)
EF = Emission factor

6. Results and discussions

The result of sourcing, evaluation, modelling, simulation and analysis required in this research,
using the data collected from DPR, NNPC and literature, are hereby presented. The results of
evaluated annual quantities of natural gas, in tonnes produced, utilized and flared in Nigeria for
twenty years (1997-2016) are summarized in Figure 3 and the yearly variation of quantities is
shown in Table 3 with the percentages of quantities of natural gas flared over the twenty years.

The determined amounts of gas produced, utilized and flared as shown in Figure 3 depict an
incresing trend of gas produced, utilized and flared from the years of 1997 to 2002. In 2002, Gas
produced and flared figures reached a certain peak with amounts 82,499, and 61,300 tonnes
respectively. It was also observed that gas flared and produced have the closest relationship
that year. Also gas produced is almost equivalent to the gas flared for the years 1997-1999
which is thousands of tonnes of emissions released into the atmosphere. Ultimately Nigeria has
not produced and flared as much gas as it did in the year 2002. It is also noticed that gas flare
amount has reduced progressively from the year 2003-2016. This is because of oil and gas
exploitation and production in Nigeria has frequently been disrupted in recent years by civil unrest
and sabotage in the Niger Delta region making it irregular and unpredictable. Another reason is
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Figure 3. Comparison of annual
gas reserves produced, utilized
and flared in twenty years.
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Table 3. Percentage gas flared in twenty years (1997-2016)

Year % Gas flared Year % Gas flared
2016 10.656 2006 31.819
2015 11.348 2005 40.224
2014 12.430 2004 35.258
2013 15.220 2003 42.706
2012 15.521 2002 74.304
2011 29.402 2001 48.480
2010 23.272 2000 53.836
2009 32.400 1999 64.680
2008 26.778 1998 69.790
2007 34.500 1997 72.227

based on the worldwide falling oil price trend observed since 2009 ($110 to below 48 USD a barrel)
due to insipid economic growth. There is a monumental spike in the gas utilization amounts
observed in Figure 2 and this contributes to the reduction of flaring. Also gas produced is almost
equivalent to the gas flared for the years 1997-1999 which is thousands of tonnes of emissions
released into the atmosphere.

There are several or many factors that could affect the efficiency results in addition to changes
in gas utilization practices. For instance, if more gas is vented (without flaring) there would likely
be an increase in flaring efficiency. Gas flaring efficiency is dependent on the volume of gas flared
per barrel of crude oil produced. As seen from Table 3, the lowest flare efficiency and highest
percentage flared occur in the year 2002. Surprisingly, increased production does not seem
particularly correlate with increased flaring. The increase in flaring activity could also be as
a result of several contributions such as the —6.12% drop in oil production (United States
Energy Information Administration, 2015) and the relatively low oil price of 25 USD at the time.
It could also be as a result of the global socio-economic crisis of the stock-market crash and
financial speculation which resulted in a sudden drop in oil demand. The year 2016 accounts for
the lowest flare activity and highest flaring efficiency which shows that although Nigeria’s flare
efficiency has increased. Saudi Arabia appropriately outperforms by progressively having the
lowest flare activity in the world indicating that is very efficient in the utilization of associated
gas which is a report Nigeria can emulate (United States Energy Information Administration,
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2015). The results of years of flaring unfortunately cannot be neutrslized and because of this
many regions within the nation have been negatively impacted given rise to several causes as
earlier discussed in literature.

6.1. Annual quantities of the individual gaseous components of natural gas flared in Nigeria
from 1997 to 2016

The individual gas emissions were calculated using excel software for the twenty years by multi-
plying the individual volumes by their individual compositions of flared gas and then converted
again to tonnes as indicated in Table 4. Also composition of Nigerian Natural gas was character-
ized from Nigerian natural gas by volume with Gas Pressure and Temperature 3.831 bars and
35.410 respectively at the flow meter inlets (Nwanya, 2011). The compositions were used to
determine the exact amount of the fifteen gaseuos emissions (CO,, CH4, CoHg, CsHg, iC4H10, NC,
H10, iCsH12, NCsH1a, CgH14, C7H1e, CgH1g, CoHao, CioH22, Na, H3S) from the unburnt part of flared
natural gas.

Analysis proved the gas flared contains only trace amounts of H,S and thus is assumed to be
negligible and shown to be zero in Table 4 adding to the evidence that the natural gas found in the
region is “sweet.” Results also showed that a lot of methane is contained in the flared gas which
justifies the initial hypothesis of this study that several tonnes of CH, is contained in the gas and is
very volatile according to Ochuko (2011). Methane becomes poisonous when mixed with other
substances and with insufficient oxygen to produce carbon monoxide which causes death in
twenty minutes for low concentrations let alone the predicted and actual concentrations and
amounts obtained from flaring over the years (Ochuko, 2011). This contributes to many significant
and adverse impacts on the environment and health of people in Nigeria which is the case of this
study. Gas flaring in Nigeria also signals an economical waste of resources for the nation especially
because there is a progressive increase in natural gas utility values such as feedstock and power

Table 4. Annual quantities of compositions of sweet gas flared in tonnes

Year Cco, CH, C,He CsHsg iC4H10 nC,Hjo iCsHq> nCsH,,
1997 204.03 18781.22 | 1052.35 545.50 201.88 272.75 118.12 85.91
1998 193.29 17792.88 996.97 516.80 191.26 258.40 111.90 81.39
1999 178.24 16407.51 919.35 476.56 176.36 238.38 103.19 75.05
2000 196.69 18105.59 | 1014.49 525.88 194.62 262.94 113.87 82.82
2001 214.35 19731.56 | 1105.60 573.11 212.09 . 286.55 124.10 90.25
2002 582.35 53606.95 | 3003.71 1557.02 576.22 778.51 337.15 245.20
2003 175.20 16127.50 903.66 468.43 173.35 234.21 101.43 73.77
2004 189.00 17398.11 974.85 505.33 187.01 . 252.67 109.42 79.58
2005 180.06 16575.33 928.75 481.43 178.17 240.72 104.25 75.82
2006 141.24 13001.11 728.48 377.62 139.75 188.81 81.77 59.47
2007 174.83 16093.61 901.76 467.44 172.99 . 233.72 101.22 73.61
2008 137.15 12624.67 707.39 366.69 135.70 183.34 79.40 57.75
2009 103.43 9520.57 533.46 276.53 102.34 138.26 59.88 43.55
2010 103.75 9550.36 535.13 277.39 102.66 138.70 60.07 43.68
2011 124.51 11461.38 642.20 332.90 123.20 166.45 72.08 52.42
2012 101.20 9315.50 521.97 270.57 100.13 . 135.29 58.59 42.61
2013 93.15 8574.27 480.43 249.04 92.16 124.52 3.93 39.22
2014 82.48 7592.63 425.43 220.53 81.61 110.26 47.75 34.73
2015 74.21 6831.37 382.78 198.42 73.43 . 99.21 42.96 31.25
2016 62.89 5789.63 324.40 168.16 62.23 84.08 36.41 26.48
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Table 4. Annual quantities of all compositions of sweet gas flared in tonnes (Contd)

YEAR CeHis C7Hi6 CsHis CoHao CioH22 N> HpS_
1997 107.38 64.43 15.03 6.44 0.00 21.48 0.00
1998 101.73 ‘ 61.04 14.24 6.10 0.00 20.35 0.00
1999 93.81 56.29 13.13 5.63 0.00 18.76 0.00
2000 103.52 62.11 14.49 6.21 0.00 20.70 0.00
2001 112.82 ‘ 67.69 15.79 6.77 0.00 22.56 0.00
2002 306.50 183.90 4291 18.39 0.00 61.30 0.00
2003 92.21 55.33 12.91 5.53 0.00 18.44 0.00
2004 99.47 59.68 13.93 5.97 0.00 19.89 0.00
2005 94.77 56.86 13.27 5.69 0.00 18.95 0.00
2006 74.33 - 44,60 10.41 4.46 0.00 14.87 0.00
2007 92.02 55.21 12.88 5.52 0.00 18.40 0.00
2008 72.18 4331 10.11 433 0.00 14.44 0.00
2009 54.43 ‘ 32.66 7.62 3.27 0.00 10.89 0.00
2010 54.60 32.76 7.64 3.28 0.00 10.92 0.00
2011 65.53 39.32 9.17 3.93 0.00 13.11 0.00
2012 53.26 ‘ 31.96 7.46 3.20 0.00 10.65 0.00
2013 49.02 29.41 6.86 2.94 0.00 9.80 0.00
2014 43.41 26.05 6.08 2.60 0.00 8.68 0.00
2015 39.06 23.44 5.47 2.34 0.00 7.81 0.00
2016 33.10 9.86 4.63 1.99 0.00 6.62 0.00

generation needs, demographic population that desires better access to efficient energy services
and necessity for a cleaner environment (Ovuakporaye, 2012).

The frightening amounts of the respective gases shown proves the need for the complete
abolition of flaring. These are just the pre-calculated amounts that would proceed to flaring.
From taking a closer look at just the hydrocarbons involved, one can imagine and estimate the
great consequences of burning at high temperatures, certain operating conditions and stack
efficiencies in the presence of limited oxygen. The pollutants that have been emitted yearly
would be concentrations that would signal a cause for alarm. Stochiometric material balance
models would have to be used to determine the actual quantites discharged.

6.2. Annual quantities of emissions from the flared natural gas in Nigeria

The results of the annual quantities of gaseous emissions from flared natural gas in Nigeria from
1997 to 2016 at operating conditions of flaring stacks are represented in two folds by putting into
consideration, the efficiencies of the flaring stacks at 97% and 98%, global standards.

The Figure 4 illustrates the amounts of various hydrocarbons (CH,, C;Hg, C3Hg, iC4H10, NC4H10, iCs
H12, nCsH12, CeH14, C7H16, CgHis, CoHao, and Cy0H55) and their trend in the twenty years. This shows
that there is a global maximum in the year 2002 with the largest discharge of gases and the most
being unburnt methane as predicted in Table 4. At 97% flaring stack efficiency, methane reached
an all-time high of 1608 tonnes in 2002 and 9,146 tonnes in the twenty years and the lowest being
nonane with about 3 tonnes discharged in the twenty year period which is exceedingly high and
dangerous because of its greenhouse tendencies and higher potency for trapping energy com-
pared to carbon dioxide (84 times after twenty years). The 97% flare efficiency proves that 3% of
the sweet gas is unburnt which has been proven in the literature. It is in fact not a conjecture but
a proven theory that serious issues arise when leaked gas is discharged into the atmosphere.
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Figure 4. Time plot of the
amounts of unburnt hydrocar-
bons at 97% flare stack
efficiency.

Figure 5. Time plot of the
amounts of unburnt non-
hydrocarbons at 97% flare
stack efficiency.
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Although these leaks are present, they are usually unaccounted for but this study proves that they
can be from the monitoring of the flare stack efficiencies. This trend is also consistent for flare
stack efficiency at 98% (2% unburnt). There has not been any literature giving individual hyrocar-
bon emissions during flaring of sweet natural gas. This research is leading in this regard and
subject to review in further research in future.

The unburnt non-hydrocarbons exhibit the same characteristics of the hydrocarbons (Figure 5).
The unburnt non-hydrocarbon emissions determined are Carbon dioxide (CO,), Nitrogen (N,) and
Hydrogen Sulfide (H,S). Carbon dioxide has the largest magnitude of gaseous emissions from
unburnt portion of the gas, followed at a distance with Nitrogen and Hydrogen Sulfide which is
just seen in little or trace amounts while N, was originally part of the air before conbustion. The flat
trend (no gradient) seen for H,S proves that Nigerian natural gas has little or no sulfur and thus
that particular pollutant would not be accounted for. The highest determined amounts for the non-
hydrocarbon emissions not associated with burning (at 97% efficiency) emitted to the atmosphere,
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Figure 6. Time plot of the
amounts of emissions at 97%
flare stack efficiency.

both occurred in 2002. The downward trend exhibited (Figure 4) was as a result of reduction in oil
and gas activities observed in some regions due to clash of interests and investment on remote
monitoring systems to ensure compliance. Also gas has been increasingly developed in terms of
development (gas facilities) and revenue generation (gas domestication and export). At 97%
flaring stack efficiency, the amount of Carbon dioxide leaked to the atmosphere was about 99
tonnes.

The Figure 6 depicts the amounts of specific gaseous emissions (CO, CO,, NO, NO,, N,, H,0 and H,)
given off because of incomplete combustion of hydrocarbon components of the sweet Nigerian
natural gas at 97% flaring stack efficienciy and combustion chamber temperature equal or greater
than 1600 K for the given period of the twenty years. The trend in graph (Figure 5) exhibits a gradual
decline in the amounts of all expelled gases except the clear upward spike (increase) in the year 2002.
The reason behind this continued occurrence is the fact that it was recorded as the year of peak
production for Nigeria in the 21st century. Figure 5 also shows that the pollutant with the highest
magnitude of emissions is nitrogen gas (N;) with 2,476,011 tonnes followed, at a distance, by carbon
dioxide (CO,) with 467,964 tonnes in the given period which was 7.616% of CO, emitted from 2000 to
2011 due to all reaction types for combustion of sweet natural gas (Christopher et al., 2009; GE, 2010;
World Bank, 2012). It shows excessive or massive amounts of these gases emitted to the atmosphere
each year especially nitrogen gas which results in impaired visibility, breathing difficulties and bio-
degradation (Ugochukwu, 2008). Excess Nitrogen is a widespread costly and very challenging envir-
onmental issue because of it is after effects (air and water pollution) and excess carbon dioxide causes
an increase in the earth’s temperature and contribute to the world temperature rise of 60 leading to
many unpalatable effects (Ugochukwu, 2008).

6.3. Emission factors (tonne/tonne) of burnt plus unburnt gaseous emissions of
sweetnatural gas flared in Nigeria from 1997 to 2016

Emission factors (Tonne/Tonne) of burnt plus unburnt gaseous emissions of sweetnatural gas
flared in Nigeria from 1997 to 2016 are summarized in Tables 5 and 6 below. The tables indicate
that emission factors at 97% are higher than those at 98% thus justifying earlier that lesser
amounts of burnt hydrocarbons are discharged at 98%. In addition some specific pollutants
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Table 5. Emission factors (tonne/tonne) of the emissions from unburnt part of sweet natural

gas at 97% & 98% flaring stack efficiencies

Component Emission factor at 97% Emission factor at 98%
CO, 0.00029 0.00019
N, 0.00003 0.00002
CH, 0.026235 0.017490
CoHg 0.001470 0.000980
C3Hg 0.000762 0.000510
iC4H10 0.000282 0.000190
neCsH1o 0.000381 0.000250
iC5H1, 0.000165 0.000110
nCsHqs 0.000120 0.000080
CeH14 0.000150 0.000100
C/Hie 0.000090 0.000060
CgHig 0.000021 0.000014
CoH20 0.000009 0.000006

Table 6. Emission factors (tonne/tonne) of the emissions from incomplete combustion at 97%

and 98% efficiency of combustion in flaring stack

Component Emission factor at 97 % Emission factor at 98%
CO, 1.13137 1.10875
co 0.71996 0.70557
N, 6.86127 6.72404
NO 0.19285 0.18899
NO, 0.29570 0.28979
H,0 0.92567 0.90716
H, 0-10285 0.10080

such as CO, (the range of 1.10-1.13 tonnes/tonnes) and N, (6.72-6.86 tonnes/tonnes) have
estimated emission factors greater than one (1) for both 97% and 98% flaring stack efficiencies
which can result in detrimental effects as earlier stated especially if not curbed to the atmosphere

and environment at large. Hence special concern and measures must be put in place in the
monitoring and lessening of these particular emissions.

The analyses also indicate that there is a direct link or relationship between flaring stack efficiencies
and emission facotrs. Hence the higher the flare efficiency for instance, 98%, the lower the emission
factors obtained. The factors obtained are recommended as tools for controlling oil and gas compa-
nies in Nigeria because they (the factors) are used to obtain the estimated annual quantities of the
individual emissions that might be emitted at prescribed operating conditions (97% and 98% flaring
stack efficiencies) without having to go through the rigorous quantifications of all sources adminis-
tered in the methodology. No literature has ever provided emission factors of air emissions from
combustion of sweet natural gas. Therefore, the fuel analysis method can be used to calculate the
carbon content and individual amounts which would assist organizations (Department of Petroleum
Resources and Oil companies) in the measuring and reporting of greenhouse gases in organizational
inventory using appropriate emission factors.
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7. Conclusion
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This study used the material balance model to obtain emissions, and their emission factors, asso-
ciated with the flaring of sweet natural gas by observing the efficiencies of flaring stack. It revealed
the gas quantities flared from 197 to 2016 ranged from 289 to 2674 bcf and emissions (CH,4, C;Hg, C3
Hs, iC4H10, NC4H10, iC5H12, NCsH12, CgH14, C7H16, CsH1s, CoHao, C10H22, CO,, and N, from unburnt natural
gas and in addition to: CO,, CO, N5, NO, NO,, H,0 and H, from incomplete combustion) associated
with sweet natural gas flaring. The methodology adopted in this article could be used to identified
and quantify emissions associated with flaring of sweet natural gas. It is recommended that flaring of
natural gas should be drastically reduced or stopped to safeguard the environment and to increase
income generation. Further research needs to be done that would put metrological conditions and
other factors like temperature and pressure at which sweet natural gas is supplied to flaring stacks,
into consideration in any model adopted. In future similar work, sweet and sour natural gas types

should be dealt with separately.
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