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This study proposes an approach for estimating the emission of soot, carbon monoxide (CO) and carbon-
dioxide (CO,) from a typical gas flare. The estimations depend on the quantity and varying composition of the
natural gas, flame dynamics (represented by the fire Froude number, F#;) and the equivalence ratio, ¢, of the fuel-
air mixture. Soot emission estimates are presented as a function of fire Froude number for gases used in lab-
based test in order to validate the scheme and for two real-world fuel gas compositions. The mass-weighted
carbon-hydrogen ratio (C:H) of the fuel gas compositions are 0.25 and 0.29 which are two extreme cases in
terms of density. The soot yield of the lab-based test case was scaled up to estimate the soot yield of a full scale
flare using the Richardson number as the scaling parameter. When all other variables are held constant at values
characteristics of real-world flares, a difference of 16 % in the fuel-gas density, as indicated by the carbon-
hydrogen ratio, results in an increase of the emission factors (EF) of soot, CO and CO,by factors of ~3, ~1.4
and ~1.7, measured in g/m’, respectively. For both fuel gas compositions, the ratio of EF.,,, to EF,, at the fuel-
lean region ¢ < 1) is higher. The ratio lies in the range 0.031 —0.13 and 0.0012 — 0.0055 for the fuel-lean (¢ < 1)
and fuel-rich (¢ > 1) regions, respectively. The approach proposed and results obtained may be adopted to
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ABSTRACT

generate emissions inventories of emission species associated with gas flaring on regional and global scales.

Keywords: gas flaring; soot; natural gas; emission factor; black carbon; equivalence ratio

INTRODUCTION

Natural gas comprises mainly of hydrocarbons
occurring in geological deposits, and consists
mainly of methane. It includes both “non-
associated” gas, originating from fields producing
hydrocarbons only in gaseous form, and
“associated” gas, produced in association with
crude oil and separated at a flow station (IEA,
2012). Gas flaring and booming are the widely
used methods of disposing of some of these
gases, which are often termed unwanted or
hazardous. Gas flaring is the controlled burning,
in open flame, of associated gas that is produced
at various stages of crude oil exploration and
exploitation (Beychok, 1994; EEA, 2006). For the
purpose of this study, the flared gas will be
referred to as fuel gas. In recent years, especially
2014 - 2016, there had been renewed efforts at the
estimation of emissions from gas flaring activities
as well as quantifying the contributions of gas
flaring to atmospheric pollution, particularly in
the Bakken region of North Dakota, USA and the

Arctic (Li et al., 2016; Schwarz et al., 2015; Weyant
etal.,2016).

While carbon dioxide (CO,) is an inevitable
consequence of flaring, a number of undesired
pollutants are emitted during gas flaring process.
The undesirable pollutants are emitted when the
combustion process is inefficient or incomplete as
a result of incomplete oxidation of hydrocarbon
species in the fuel gas or the ineffectiveness of the
process (Flagan and Seinfeld, 2012; Fortner e 4/,
2012). Globally, about 140 billion cubic meters
(bcm) of gas was flared in 2011, an increase of 1.9
% from the preceding year (GGFR, 2012). This
represents an estimated contribution of 350
million tons of CO, to global greenhouse gas
(GHG) emissions. Noise, smoke (soot), heat
radiation, nitrogen oxides (NO; = NO+NO,),
carbon monoxide (CO), sulfur dioxide (SO,) and
Polycyclic Aromatic Hydrocarbons (PAH) are
some of the environmental contaminants released
during gas flaring process (Abdulkareem e# 4/,
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2012; Almanza ef al., 2012; Johnson and Kostiuk,
2000; Kostiuk 7 al., 2004; McDaniel and Tichenor,
1983; Obanijesu ¢z al., 2009; Sonibare ¢# al., 2010;
Stone ezal., 1992).

The nature and quantity of pollutants given off
during the combustion process depend on a
number of factors which include air-fuel mass (or
mole) ratio, fuel gas composition, fuel flow rate,
mixing of fuel gas and air, efficiency of the burner
and prevailing ambient meteorology (Castineira
and Edgar, 20006; Fortner ez al., 2012; Ismail and
Umukoro, 2016; Sivathanu and Faeth, 1990;
Sonibare and Akeredolu, 2004; Talebi ¢/ /., 2014;
Torres et al., 2012a; Torres et al., 2012b). Studies
have identified gas flaring as a prominent
contributor to regional air pollution index
especially in oil-producing regions of the world
(Edwards ez al., 2014; Fawole ¢z al., 2016; Fawole ez
al., 2017; Gilman ez al., 2013; Liousse ¢ al., 2019).
About 1 — 8 % of global, 15 — 30 % of oil-rich
regions and more than 50 % of Arctic black
carbon (BC) emission could be attributed to gas
flaring (Huang ez al., 2015; Stohl ezal., 2013).

Estimates of emission factors (EF) from gas
flaring have been made using pilot-scale studies
(McDaniel and Tichenor, 1983; Talebi ez al., 2014),
lab-based studies (McEwen and Johnson, 2012),
simulations (Almanza ef al, 2012; Ismail and
Umukoro, 2016; Sonibare and Akeredolu, 2004)
and field measurements (e.g.,, Sky-LOSA
technique) (Johnson ez al, 2013; Johnson ez al.,
2011).

Black carbon (BC), a principal light-absorbing
species in the atmosphere has been identified as
the second major contributor to global warming
after CO, Santos e al., 2014). Fossil fuel-derived
BC has equally been identified as a stronger global
warming agent than biomass-derived BC (Bond e7
al., 2013; Ramana ef 4/, 2010; Ramanathan and
Carmichael, 2008). BC may also contribute
significantly to visibility degradation (Feichter and
Stier, 2012; Jacobson, 2002; Seinfeld, 2008; Tegen
etal.,1997). Italso contribute a large fraction to the
fine particulate mass (PM) fraction found in
ambient air especially around highly populated
and industrialized regions of the world (Chow ez
al., 1996; Kirchstetter ez al., 1999).
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Measuring soot (BC) yield in an open fire like gas
flare is a difficult task (Johnson ez al, 2011).
However, attempts have been made to quantify
soot yield in terms of the fuel and fire
characteristics, flow conditions and burner
geometry in pilot-scale and lab-based studies
(Becker and Liang, 1982; Delichatsios, 1993;
Sivathanu and Faeth, 1990). Carbon conversion
efficiency (CCE) is a measure of the extent of
conversion of the carbon content of the fuel gas
to carbon dioxide, usually expressed as a
percentage (Bourguignon e al, 1999). CCE is
often used to determine the completeness of
combustion and it can be as low as 62 % in
associated gas flares (Strosher, 2000). Ata CCE of
about 99%, visible smoking can still be observed
in a flare (Siegel, 1980). The carbon content of the
fuel gas could be emitted as carbon dioxide,
carbon monoxide, total hydrocarbon (THC) and
BC. The amount of each fraction emitted depends
on the degree of completeness of the combustion
which could be estimated from the CCE.

This work aims to develop a simple self-consistent
method which requires fewer inputs from the user
and takes into account the flame dynamics to
study the variation of CO, CO, and soot emission
with varying fuel gas composition, flow
characteristics, stack geometry and equivalence
ratio in a typical gas flare. The characteristic
physical and chemical parameters defining the
flare are first introduced and are then used to
derive a system of equations to estimate the EFs.
The approach is validated by comparing the model
outputs with results from similar test flares from
literature. Finally, variation of EFs with realistic
changes in fuel composition is examined and
possible implication of results from the study on
global emission inventories is discussed.

METHODOLOGY

Equivalence Ratio

For the purpose of this work, the degree of
combustion is determined in terms of the amount
of oxygen available for the combustion of the fuel
gas which is measured as air to fuel mass ratio. The
stoichiometric air-fuel ratio  gives the theoretical
proportion of air mass needed for the complete
combustion of the fuel where 4, IFand s denote
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‘air’, 'fuel’ and 'stoichiometric mixture', respectively.
During combustion, stoichiometric mixture is not
always and everywhere attained, hence, it is
necessary to calculate the actual air to fuel ratio

where a denotes 'actual mixture’  (Flagan and
Seinfeld, 2012). Equivalence ratio (¢) is defined

as:

"G 0

Thus ¢ =1 is a stoichiometric, ¢ < 1 a fuel-lean
(under-fired) and ¢ > 1 a fuel-rich (over-fired)

mixture.

The quantity of combustion products, especially
soot, varies significantly with the equivalence ratio,
¢ (Huang e al., 2015). When ¢ <1 (excess ait),
combustion could be assumed to be complete
with excess oxygen given off unreacted as a
combustion by-product (Flagan and Seinfeld,
2012; McAllister et al., 2011). The combustion
products for an 'ideal' combustion (¢ =1) are
relatively easy to quantify as CO,, water and fully
oxidized products of any trace components (e.g,,
N, and H,S converted to NO, and SO,
respectively). Complete combustion is often not
achieved in most flaring conditions as pyrolysis
converts some of the fuel gas to many complex
chemical species rather than the "zdea/’ CO,, SO,,
NO,and H,O (Leahey ¢zal., 2001; Strosher, 2000).

The products of combustion for ¢ >1 are more
difficult to specify and estimate because there is
not enough oxygen to completely burn off all of
the fuel gas (Flagan and Seinfeld, 2012; McAllister
¢t al., 2011). Higher values of ¢ give rise to cooler
flames that do not support fast combustion
kinetics and, hence, favour the production of
sooty flames (Stone e al, 1992). Lower flame
temperature reduces the buoyancy and mixing of
fuel gas and air in the combustion zone (Stone ez
al., 1992) with implications on how the emissions
are dispersed into the ambient atmosphere.

Mole balancing equation

For an 'ideal' stoichiometric mixture (¢ = 1) of a
hydrocarbon (alkane) and air, the generalized
equation for complete combustion is:
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C.H, +(2+x)0, »xCo, + (2) H,0 )

where 'x" and )’ are integers, the relationship
between which defines the hydrocarbon. For a
mixture of various hydrocarbons, as in fuel gas, 'x’
and 'y" are real numbers calculated from the molar
composition of the gas. In a first step away from
ideality, these calculated values of 'x' and 'y can be
scaled to take account of unburnt hydrocarbon.
Taking into account the effects of the equivalence
ratio (which is treated henceforth as an empirical
input) and incomplete oxidation, as discussed
above, a generalized combustion equation (GCE)
is proposed as:

z

CHly +5

G +x)0, > pCO, +qC0+rC+v0, +(§] H,0 (3)
where p', '¢', ¥ and ' are real numbers whose
values are determined by the degree of
completeness of oxidation achieved in the flame.
In forming equation (3), it is assumed that all
hydrogen is converted to water. Hence, all black
carbon is made up purely of elemental carbon and
no PAH is emitted. The parameter '/ in equation
(3), number of moles of 'unused' oxygen, is
defined to ensure that all molar quantities are
positive definite.

From equation (3), the following conservative
relations can be obtained:

x=ptqg+r (42)
s+ =p+isvs? (4b)
From equations (4a) and (4b);
q=(2x+§)(1—%)+2v—2r

:2(x+§)(1—$)+2v—2r

=2(ocom)(1 —%)+2v—2‘r (45)
p=NCAR—gq —7r

= NCAR — (z(ocom)(1 —%) +2v— z:») —r (4d)

where NCAR = xis the number of carbon atom
in the hydrocarbon specie and OCOM the number
of moles of oxygen requires by the hydrocarbon
specie for stoichiometric mixture.

For ¢ > 1, it is assumed that v = 0 (i.e. no unused
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oxygen)

Hence q=(2x +§)(1 —%)— 2r

For ¢ =s1;v=0

Incomplete combustion of natural gas gives off
CO and CO, in ratios which depend on the source
and efficiency of the combustion process
(Djuricin ez al., 2010). Formation of CO depends
majorly on the amount of air available — lesser or
in excess - for the combustion process (Bishop
and Stedman, 1996). For gas flaring, the ratio of
the emission factor of CO to that of CO, obtained
from literature are 0.0024 (EEMS, 2008), 0.0032
(USEPA, 2014) and 0.0042 (UK Offshore
Association see (Talebi ez al., 2014)). For this work,
the USEPA value of 0.0032 will be used as it was
obtained from a pilot study carried out on
emissions from gas flares. From (USEPA, 2014),

EF, M
—eo _ “eod _ 0032
EF,,; M.,p

col col

where y_ and u,, are the molar mass on CO
and CO,, respectively.

3= 0005
P
1
z(ocom)( ——) +2v—2r
= ¢ T = 0.005 5 )
4 NCAR—z(ocom(1—$)—2v+r (5a
Hence;
0.005NCAR — 2.01 % ocom( ¢) +2.005r
ve 201 (5b)
0.005NCAR + 2.005r
ST 200 b=1
q=2v—2r

Therefore, there are three equations (4a, 4b and
5b) relating four unknowns (p, ¢, 7, ») and three
input parameters (x;, j, ¢) which are insufficient to
evaluate p, g, r and ». One further relationship is
required.
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In this study, a method is developed using the fire
Froude number, Fr,suggested by Delichatsios (1993)
and improved upon by McEwen and Johnson
(2012) as a basis to constrain parameter, 7, for the
'unburned' carbon. In their experimental study,
McEwen and Johnson (2012) plotted soot yields as
a function of the fire Froude number (see Fig. 1).
In this study, the soot yield from the lab-based
experiment of McEwen and Johnson is scaled up
to estimate the soot yield from a full-scale flare
using a scaling parameter (Becker and Liang, 1982;
Canteenwalla ez al., 2007). The scaled-up soot yield
data is then used to constraint the term 7C’ in the
GCE (see equation 3) and ‘7 in eq. (5b) and, hence,
obtain p’,and '¢".

Fire Froude number, F7, (eq. 6) is a dimensionless
parameter related to the flame dynamics

characteristics.
3,
uf,

(Heee,) ()" ©)

Fr. =
1 __ ¢
where =17~ ()E,} +3
. . e
s—air-fuel mass ratio, (?)ﬂ
#,~flue gas exit velocity (m/s)

T

amb

—ambient temperature (K)

T, —adiabatic temperature (K), defined below

AT —flame temperature rise (AT, =T,-T ) (K)
g—acceleration due to gravity (m/s’)

d—stack diameter (m)

p., p. — ambient and fuel gas density respectively

(kg/m’)
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Figure 1: Soot yield as a function of fire Froude number (adapted from (McEwen and Johnson, 2012))

For this study, F7, of the combustion flame is
dependent on the air-fuel mass ratio and hence on
one of our variable, the equivalence ratio, ¢. The
adiabatic temperature, T, for the different
combustion type and fuel compositions is
calculated as the roots of the quadraticin eq. (7).

b.
h; (Tg) — by (Tap) = 2 (Tp — Toapw) + El (Te® = Tamn®) (7)

where 4, is the temperature-dependent molar
specific enthalpy for the /th species of
hydrocarbon; T, and T, , are the adiabatic and
ambient temperature respectively; and #, and b, are
thermodynamic constant given in J.mol K’
(available from electronic databases and
handbook such as JANAF thermochemical
tables). Equation (7) is adapted from Flagan and
Seinfeld (2012).

For this model, the typical range of adiabatic
temperatures obtained for various fuel
compositions fall in the range 1900 - 2440 K. Use
of equations (6) and (7) means that a further input
parameter, T’

amb?

must be supplied. The appearance
of ambient temperatures in equations (6) and (7) is
also the first appearance of environmental
condition in the problem, indicating that the
geographical context of flaring may be significant
in determining emission factors.

To fully relate the soot yield in Fig. 1 to our
proposed input parameters (x, y, ¢, 1), it is

necessary to consider the difference between the
test flame in the study by McEwen and Johnson
relative to real-world gas flares. It should be noted
that the chemistry of soot depend sensitively on
the composition of the fuel (Kostiuk ez a/., 2004)
and fuel gas with high carbon to hydrogen ratio
has a greater tendency to smoke (Akeredolu and
Sonibare, 2004). The fuel used in McEwen and
Johnson (2012) is made up of four alkane species
(CH,, C,H,, C;H and nC H, ) with methane (CH,)
being 85.24 % by volume of the fuel gas. The
carbon to hydrogen ratio of the fuel used by
McEwen and Johnson (2012) is ~0.25, a value less
than 0.27 - 0.29 for typical fuel composition in
real-world gas flares (Fawole ez al., 2016).

Soot scaling parameter

Lab-based study of emissions from flares is the
most common and readily available method to
estimate emissions from full-scale flares.
Considering the size (diameter) of stack, higher
fuel flow flux, and invariably the flue gas exit
velocity of full-scale flares, there is the need to
apply a scaling parameter to lab-based flare
emission yields in order to estimate the yield from
a full-scale flare (Fawole ez al., 2016). In previous
studies, Richardson ratio (Becker and Liang,
1982), flame length (Schug e af/, 1980) and
Damkohler ratio (characteristic residence time)
(Sivathanu and Faeth, 1990) are parameters that
have been considered for such scaling purposes.
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In the present work, the Richardson ratio, Rz, is
used to scale up the soot yield data from the lab-
based study by McEwen and Johnson (2012).
Richardson ratio R7, as defined by Becker and
Liang (1982) (eq. 8) was adopted because it
involves the buoyancy of the flame which is a
parameter also considered in fire Froude number,
Fr, Rj also has a good correlation with soot
emission from propane flame (Becker and
Yamazaki, 1978).

buoyancy of flame _ mgp.. L?

R = ource momentum flux  p_AV.2 ©)
where L - flame length (m)

g—acceleration due to gravity (m/ sz)

A—cross-sectional area of stack (m”)

V., —flue gas exit velocity (m/s)

P=. P —density of ambient air and flue gas,
respectively (kg/m’)
Ry, varies with fuel composition as a result of the
dependence of flame length, L, on the net heat
released by the fuel during combustion.

For Fr, = 0.005, the soot yield in the experiment by
McEwen and Johnson (2012) is 0.42 g of soot/kg
of fuel burned (see Fig.1). For the same value of
Fr, the scaled-up values of soot yield are 0.79 and
1.11 g of soot/kg of fuel burned for fuel
compositions I and II, respectively. The model
calculates the fire Froude number, F7, from the
inputs (x, v, ¢, T,,,, p., & d) supplied by the user.

The calculated Fr, is used to estimate total soot
yield from the scaled-up experimental soot yield
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data.

If, for the sake of simplicity and in the absence of
a more process-based structural relationship, we
assume that the soot yield per component, x;, of a
fuel mix of # hydrocarbon components is simple
linear function of the contribution of
hydrocarbon 7 to the overall (non-CO,) carbon

budget, then we have:

__GF
Z?=1 C}'F}

% S Ko ©)

In Eq. (9), C is the number of carbon atoms in the
F is the
volume fraction of component I, and X, is the
total soot yield from the flame. The parameter §is
a dimensionless empirical function (such as the
Richardson ratio described above) which accounts
for the greater propensity of a full-scale flare to
soot as a tesult of the stack size, flame
characteristics and fuel gas flow characteristics.

empirical formula of component I

RESULTS AND DISCUSSION

Soot Yield

The two fuel compositions given in Table 1 have
been used to evaluate the effect of fuel
composition of the EFs. Other parameters such
as the fuel gas densities and molar masses are also
provided in Table 1. The ambient temperature
(298 K), stack diameter (0.75 m) and atmospheric
pressure (1.0133x10° Pa) are kept constant during
the calculation.

Table 1: Fuel compositions used in this study (given in molar percentage)

I II
CHq« 88.72 69.58
C2Hs 5.93 0.25
CsHs 1.28 12.54
nCsHio 0.26 2.35
iCsHuo 0.26 5.12
nCsHr 0.06 5.20
iCsH 0.09 2.54
CsHus 0.06 1.97
C7Hie 0.1 -
N2 0.66 0.24
CO: 2.55 0.21
H.S 0.03 -
C:H 0.25 0.29
HHYV * (kJ/mol) 939.8 1480.4
Molar mass (g/mol) 18.5 28.6
Density (kg/m?) 0.75 1.2

* Higher (gross) Heating Value of the fuel gas
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For fuel composition I, at ¢ = 1.0, the fire Froude
number Fr, = 0.0045. Scaling down the soot yields
for each hydrocarbon species in the fuel gas by
their percentage molar concentration in the fuel
gas, gives a total soot yield of 0.0143 g/mol of the
fuel gas under the conditions stated above.

EF, = total soot yield (g/mol) x molar density of
fuel (mol/m”)

= 0.58g/m’ (equivalent to
0.00076 kg of soot/kg of fuel burned). And, fora

flow flux = 1.174 m’/s , the soot emission rate
(ER)is0.69 g/s.

Hence, estimated EF

For fuel composition IT under the same condition,
the estimated Ef,,= 1.73 g/m’. This is equivalent
to 0.0015 kg of soot/ kg of fuel burned and an
emission rate of 2.03 g/s for the same fuel flow
flux.

In the estimation proposed in this work, the
percentage of carbon content of the fuel gas that
ends up as soot for 0.8 < ¢ < 1.3 ranges between
0.1 and 0.35 % (by mass) which is in consonance
with less than 0.4 % found out by Kostiuk et al.
(2004) in their pilot study carried out in the
University of Alberta, Canada. The CCE for the
various fire and fuel characteristics used in this
study is between 99.5 and 33.7 % (see Figures 4
and 5 for the variation of CCE with ¢).

Carbon monoxide yield
For a fuel gas made up of N alkane species, the
emission factor for carbon monoxide (EF,,) is

estimated as:
m, PM
EF — co co
e nfus! gas RT (l O)

WhCrC ki) = Z‘:‘ q;c;

P—atmospheric pressure (Pa)

R—universal gas constant (mPa/K.mol)

M, ,—molar masses of CO (g/mol)

T'—ambient temperature (K)

g, and ¢ - the CO yield and percentage molar
concentration of species 7 in the fuel gas.

Under the combustion conditions given above for
soot, for fuel gas composition I
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neo

Rruel gas

=0.0054

By eq. (10), this gives EF,, = 6.16 g/m’ (equivalent
t0 0.0082 kg/kg of fuel burned). For fuel flow flux
=1.174m’/s,ER =7.2x10" kg/s.

For composition 11

neg

o = 0.0093

Hence, EF,, = 10.69 g/m’ (equivalent to 0.0092
kg/kgof fuel burnedand 1.3x10”kg/s).

Carbon dioxide yield
EF,,, = Mooz Moo (1 l)
© Mpyer gas BT

M_,,—molar masses of CO, (g/mol)
pi and ci - the CO, yield and percentage molar
concentration of species i in the fuel gas.

Under the combustion conditions given above,
for fuel gas composition I:

2 =1.10

Afuel gas

By eq. (11), this gives EF,,, = 198 kg/m’
(equivalent to 2.62 kg/kg of fuel burned and 2.32
kg/s)

For composition II:
2. =1.80;

Afyel gas

Hence, EF,,, = 3.35 kg/m’ (equivalent to 2.87
kg/kg of fuel burned and 3.93kg/)

For the 10 different fuel gas compositions
obtained from Sonibare and Akeredolu (2004), the
relationships between their soot yield, molar
masses and higher heating values (HHV) are
presented in Fig, 2. The soot yields and HHV of
these fuel gas compositions are estimated from
this model for ¢ =1. It should be noted that HHV
can only be calculated at ¢ =1 because HHV is the
amount of heat given off by the complete
combustion of a fuel. For these fuels, the range of
the molar mass and HHV are 18 - 28.6 and 39.9 —
60.3, respectively.
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Variation of soot emission factor
with higher heating value (HHV) of fuel

S y=0.065x-2.121 (R*=0.92) °©
o
S =24 ‘
% [
=
5 o =
'3 —

oo o

o
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HHV (MJ.m ™)

Figure 2: Relationship between EF

sootd

For this study, it is assumed that the carbon
content of the fuel gas ends up as CO,, CO and
soot. Hence, eliminating the presence of PAH and
other incompletely oxidized hydrocarbon from
the loop. For the denser fuel composition
(composition II), the variation of CO,, CO and
soot with equivalent ratio, ¢ is shown in Fig. 3a
while Fig. 3b shows the variation of CO to CO,
ratio with ¢ where the gradient gets steeper as ¢
increases but plateaued when ¢ < 1.
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Variation of soot emission factor
with molar mass of fuel
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Molar mass (g.mol ')

molar mass and HHV for some fuel compositions

A comparison of the EF estimates from this study
with those obtained from similar study from
literature — lab-based, pilot study, field
measurement and calculations — are presented in
Tables 2a and 2b. It should be noted, however, that
this work considered two very different fuel
compositions (light and dense). As such, two
different EFs will be quoted for comparison in the
tables below.

L]

20 248
1

(e ol a™
1%

0a 10 11 12 13
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Figure 3: (a) Relationship between equivalence ratio (¢), EF,,,,, EF., and EF, (b) vatiation of
CO:CO, with ¢.
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The method developed here produced EFs and
emission rates (ERs) that compare favourably well
with those obtained from similar studies in
literature. ER is the product of EF (g/m’) and fuel
flow flux (m’/s). Fuel flow flux varies significantly
from one field to another and can be as high as
32.3m’/s, the estimated value for an active flare in
Venezuela which is ranked #1 globally (Elvidge ez
al., 2015). In this model, EF,, of 0.58 and 1.73
g/ m’ obtained for fuel I and II, respectively, fall
within the light- and averagely-smoking flare

Table 2a: Emission Factor (EF) for soot
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category for USEPA (1995). For soot, emission
rates of 6.9x10%and 2.02 x 10° kg/s obtained for
fuel I and II, respectively, compare well with those
obtained in similar studies by IMP (2006) and
Almanza et al. (2012). We have used fuel flow flux
=1.174m’/s for our estimations in this study. The
values obtained for EF,, and EF,,, compare well
with those from United Kingdom Offshore
Association (UKOA), Talebi et al. (2014) and
USEPA (1995).

Reference EF (kg/10°m® of fuel) EF (kg/s) Type of fuel
(USEPA, 1995) 0,0.9,4.2,06.4 - 80% propylene 20% propane
(Johnson ez al ., 2013) - 6.7 x10° field measurement
(McEwen and Johnson, 2012) 0.51 - 85.2 % methane, 7.1% ethane, 2%
propane, 1.4 % n-butane
(IMP, 2006) - 337x 103 -
(Almanza et al., 2012) - 224x 104 -
(Johnson ef al ., 2011) - 2.0£0.66x10~ -
GAINS (Stohl ez al, 2013) 1.6 - modelling
This work - Fuel T 0.58 6.9 x 104 associated gas
Fuel 11 1.73 2.02x 107 associated gas
"quoted from Almanza etal. (2012)
Table 2b: Emission factors for carbon monoxide and carbon dioxide
References CO CO: (kg/kg) CO CO: (kg/s) CO CO2
(kg/kg) (kg/s) (kg/G]) (kg/G))
(EEMS, 2008) 0.0067 2.8 - - - -
(USEPA, 1995) - - - - 0.16 50.2
The Norwegian Oil Industry
Association P - - - - 0.026 63.6
(Talebi et al ., 2014) - - - - 0.1 -0.59 49.0-51.6
United Kingdom Offshore
Association (UKOA)P - - - - 0.26 61.8
This work (fuel I) 0.0082 2.62 0.007 2.32 0.24 69.23
This work (fuel IT) 0.0092 2.87 0.013 3.93 0.26 74.3

*quoted from Talebi et al. (2014).

The graphs in Figures 4 and 5 show the 2-
dimensional variation of EF_ , EF., and EF_,
with equivalence ratio, ¢ and flue gas exit velocity,
7. The graphs also show the variation of CCE
with ¢ for the two fuel compositions used in this
study. The exit velocity of the flue gas was varied
by varying the volume flux (m’/s) of the fuel gas
while the stack diameter is kept constant. Soot
given off is dependent on both the equivalent
ratio and the flame dynamics characteristics as
measured by the fire Froude number. Low values
of 17, (for example, 2.0 m/s) can produce very
sooty flames at higher values of ¢. At high flue gas

exit velocity (> 6m/s) and high ¢ (> 1.1), the low
value of soot emitted is probably due to some of
the fuel 'escaping' unburned as a result of the high

exit velocity and low amount of oxygen available
(see Figs. 4and 5).

The heavier the fuel gas the more oxygen needed
for combustion. The molar masses of fuel
compositions I and II are 18.5 and 28.0,
respectively. A difference of 0.04 in the value of
C:H for fuel composition I and II results in an
increaseof EF, , EF,.,and EF,, by factors of ~3,

so0>

~1.4 and ~1.7, respectively. This underpins the
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importance of fuel composition in the estimation
of pollutants emission from the combustion of
hydrocarbons. The importance of a qualitative
idea of the amount of air available for the
combustion, the fuel gas flow rate and stack
characteristics (diameter) are also demonstrated
with the wide variation of emission quantities.

These emission factor (EF) estimations (CO, CO,,
soot) have been coded into MATLAB as a pre-
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processor for dispersion modeling software. The
user supplies the fuel composition (preferably, in
percentage molar composition), equivalence ratio
(¢), ambient temperature, atmospheric pressure,
stack diameter and fuel gas flow flux (m’/s). The
pre-processor generates estimates for the yields of
soot, CO,, and CO. Other combustion parameters
generated by the pre-processor are flame length
(m), net heat released (M]/s) and flue gas exit
velocity (m/s).
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Figure 4: Vatiation of CCE, CO,, CO and soot yields with ¢ and flue gas exit velocity for fuel composition I.
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Figure 5: Variation of CCE, CO,, CO and soot yields with ¢ and exit velocity for fuel composition II.

CONCLUSION

This work developed a simple self-consistent
technique to estimate the emission factors of
carbon-containing emissions from a typical gas
flare. The technique factors in the effect of fuel
composition and flame dynamics characteristics.
The dependence of pollutants emission on fuel
gas composition, fuel flow flux, stack
characteristics and equivalence ratio, ¢, were
demonstrated using two fuel gases of varying
composition. The mass-weighted carbon to
hydrogen ratio (C:H) of fuel gas, a function of the
fuel composition, plays a very prominent role in
the nature and quantity of pollutants emitted from
the combustion process. The use of generalized
emission factors for carbon-containing pollutants
emitted from gas flares, a highly varying source of
pollutants, could be responsible for the disparities
in model simulations and measurements in
prominent gas flaring regions of the world.

The estimates from this pre-processor can be

further validated and improved upon by more
elaborate field measurements from gas flaring
sites rather than lab-based or pilot-scale studies. It
(pre-processor) could be made more accurate
when other experimental works can provide
similar data to better constrain 7C’ Presently, the
study by McEwen and Johnson is the only known
study that can be applied directly in our proposed
estimation technique. Experimental work that
gives soot yield from hydrocarbon, typically
alkane, combustion as a function of a combustion
(fuel or flame) dynamics parameter is quite
suitable for the method proposed here. The pre-
processor developed in this study finds
application in the oil and gas industry. It can
support the work of environmental officers in the
oil and gas industry to estimate pollutants
emission for the combustion of associated gas,
especially in typical 'real wotld' gas flares.
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