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ABSTRACT

uel is vital in palm oil industries 
to produce steam for electric power 
generating and heating purposes. 

Biomass and biogas have been widely utilized 
in palm oil mills as fuel for renewable energy 
whereas downstream industries still heavily 
depend on the fossil fuel  as the boiler fuel. 
Complete combustion is hardly achievable 
even with excess of air which also causes drop 
in  gross thermal efficiency. The phenomenon 
of combustion shows that volatile fuel such as 
methane captured from anaerobic pond is more 
flammable than solid fuel such as press fibre and 
shell.

INTRODUCTION

Fuel is a combustible substance used as a 
source of energy. Natural fuel is known as 
main fuel which could be classified as solid, 
liquid  or  gas fuel. Fuel derived from natural 
fuel via chemical pre-treatment process to 
change the fuel from one state to another 
is known as secondary fuel. Palm oil mills 
utilize a mixture of press fibre and shell as 
boiler fuel to produce   steam for driving the 
steam turbo alternator to generate electric 
power and  the exhaust steam is used to 
sterilize fresh fruit bunches.  Downstream 
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palm oil industries utilize petroleum fuel 
as boiler fuel to generate steam mainly for 
heating purposes. The steam condensate is 
usually recycled as boiler feed water.

THE FUEL

There are two type of fuel used in palm oil 
industries which are fossil fuel mainly diesel 
and biomass which is available  in palm 
oil mills. Mills generate large quantities 
of liquid waste known as palm oil mill 
effluent (POME) with average  biological 
oxygen demand (BOD) of 29 500 mg litre-1. 
POME is treated by anaerobic fermentation 
in the anaerobic pond followed by aerobic 
fermentation in the aerobic pond before the 
waste water could be discharged according 
to the Department of Environment (DOE) 
requirements. Lately more stringent 
requirements proposed by DOE have 
driven the study of tertiary treatment of the 
effluent.

Recent issues associated with energy 
savings, reduction of greenhouse gas (GHG) 
emissions and carbon footprint of palm 
oil production over the whole value chain 
have triggered attention on the methane 
generated during anaerobic digestion and 
its free emission into the atmosphere. The 
biogas was found containing about 65% 
methane, 35% carbon dioxide and trace 
amount of hydrogen sulphide in a study 
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using a controlled closed bioreactor with 
complete anaerobic conditions. About 0.675 
m3 of POME per tonne FFB is generated in 
a conventional  palm oil mill and about 28 
m3 of biogas is produced for every cubic 
meter of POME treated. Thus, theoretically 
the total wasted methane contains a good  
amount of energy for a power plant with 
capacity proportional to the quantity 
of fresh fruit bunches processed. The 
renewable energy so generated will  comply 
with clean development mechanism 
(CDM). Commercially offered biogas 
technologies are available at present with 
investment cost of RM 2 million to RM 10 
million depending on the capacity, primary 
effluent set up and available infrastructure 
at the mills.

Calorific value is the amount of heat 
unit generated from one weight unit or gas 
volume unit of fuel in complete combustion. 
Table 1 shows the calorific value of various 
fuels.

THE COMBUSTION

Combustion is a sequence of exothermic 
fuel oxidation reactions producing heat 
and light in the form of either glowing 
or a flame. Stoichiometry equation is a 
balanced chemical equation for complete 
combustion of reactants without excess  air 
in the product of combustion. Practically 
complete combustion is hardly achievable 
even with excess of air. Partial combustion 
is burning off part of the fuel indicated 
as the rate of disappearance related with 
part of the unburned fuel thus cause loss 
of energy. The essentials of combustion is 
the existence of fuel, oxygen and source 
of flaming energy to provide adequate 
activation energy. Rate of reaction could be 
described as Arrhenius equation as shown 
below (Wikipedia, 2010).

v = Ce 
-E
RT (1)

 
where v is the rate of reaction, C is the 
frequency factor, E is the activation energy, 

R is the gas constant and T is the absolute 
temperature.

Liquid fuel will be ignited only at 
temperature above the fuel flash point 
because combustion of a liquid fuel happens 
only in the gas phase. The flash point of 
a liquid fuel is the lowest temperature at 
which there is enough evaporated fuel in 
the air to form an ignitable mixture. Thus, it 
is the vapour but not the liquid that burns. 

Solid fuel combustion consists of three 
relatively distinct but overlapping phases. 
When fuel and oxygen mix at ambient 
temperature initially, the rate of fuel 
oxidation is too slow to cause combustion. 
During pre-heating phase external heat 
energy is provided into the system, the 
temperature will rise until heat into the 
system is equal to the heat emitted from 
the  system. Further provision of external 
heat energy cause the system to generate 
heat but heat emitted from the system is 
greater than the heat generated until the 
temperature rise to the flaming point when 
the heat generated from the system is 
equal to the heat emitted from the system. 
In the distillation phase, gas combustion 
occurs automatically without the need of 
additional external heat energy and the heat 
generated from the system is greater  than 
the heat emitted from the system. Heat is 
accumulated until the gas temperature rise 
to the combustion point when continuous 
combustion occurs. When the  fuel or 
oxygen is depleted, heat generated from 
the system reduces to less than the heat 
emitted from the system. The combustion 
ends with the  charcoal phase when the 
charred fuel does not burn rapidly anymore 
but just glows and later only smolders. The 
temperature will eventually reduce back to 
ambient (Normah and  Zaini, 1991).

The phenomenon of combustion shows 
that volatile fuel such as methane captured 
from anaerobic pond is more flammable 
than solid fuel such as press fibre and shell. 
Steady combustion is a continuous fixed 
velocity combustion usually involving solid 

[   ]
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TABLE 1.  DRY BASIS CALORIFIC VALUE OF VARIOUS FUELS

Fuel type
(solid and liquid)

Range
 (kJ kg-1)

Average calorific value
(kJ kg-1)

Root 64 260 - 65 856 65 302
Frond 64 680 - 66 990 66 020
Palm oil mill effluent (POME) 67 620 - 74 130 71 366
Trunk 71 400 - 74 760 73 378
Empty fruit bunch (EFB) 75 600 - 83 664 78 939
Palm kernel cake 79 296 - 79 359 79 313
Fibre 78 960 - 82 236 80 031
Shell 81 900 - 87 150 84 391 
EFB liquor 86 381 - 87 776 87 142
Nut 101 913 - 104 286 102 820
Kernel oil 159 377 - 159 961 159 705
Crude palm oil 165 186 - 165 417 165 312
Petroleum diesel 45 289 - 45 583 45 436
Anthracite (coal) - 32 672
Bituminous (coal) - 32 210
Lignite (coal) 21 000 - 25 679 23 339
Wood - 19 837
Peat - 18 728
Fuel type (gas) Range

 (kJ kg-1)
Average calorific value

(kJ kg-1)
Propane (C3H8) - 94 210
Ethane (C2H6) - 64 680
Natural gas 36 221 - 41 542 38 884
Methane (CH4) - 37 195
Biogas from POME 19 568 - 22 075 20 068
Hydrogen (H2) - 11 962
Carbon monoxide (CO) - 11 890

fuel where air is supplied at a fixed velocity. 
Gas fuel combustion usually is not steady 
or explosive because gas fuel molecule and 
oxygen molecule are close to each other.

There are four combustion mechanisms 
when fuel is burnt in atmosphere namely 
diffusion, evaporation, decomposition and 
surface combustion. Diffusion combustion 
involves gas  molecule and air molecule 
diffusion causing them to mix and form 
flame when the concentration of the gas 
reaches flammable limit for continuous 
combustion.

Evaporation combustion involves 
burning of vapour generated from the 

evaporation of liquid fuel. The flame heat 
up the liquid surface and increases the 
evaporation rate further.

Decomposition combustion occurs when 
solid fuel or high boiling point liquid fuel 
is burnt and the flame decomposes the fuel 
further in the continuous combustion.

Surface combustion form carbonization 
due to the thermal decomposition by 
smoldering on the surface of the solid fuel.

Gas fuel and air mixture is not flammable 
if it contains too little or too rich  fuel. The 
range of the mixture ratio limit to enable 
combustion is known as flammable limits 
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that consists of upper limit where the 
mixture is rich with fuel and lower limit 
where the mixture  lean.

Combustion velocity, S is the ratio of 
volume of combustible gas per unit time, V 
to the surface area of flame, A which could 
be written as S = A

V . The flame stability could 
be determined from the interaction of flame 
and fuel flow in burner where fuel move 
up with certain velocity in the burner and 
flame should move down with the same 
velocity. If the fuel flow up faster than the 
flame, flame lift will occur whereas if flame 
move down faster than the fuel, back fire 
will occur in the burner.

Diffusion flame is formed when fuel and 
oxygen are not pre-mixed before entering 
the reaction zone. The combustion rate is 
determined by the oxygen-fuel mixing rate 
and reaction occurs in the area of the flame 
with maximum temperature. Pre-mixed 
flame is formed when the oxygen-fuel 
mixture is readily available before entering 
the reaction zone. The combustion rate is 
dependant on the energy releasing and 
oxidation reaction rate.

Air consisting of about 21% v/v oxygen 
and 79% v/v nitrogen is the main source of 
oxygen in the combustion. The molecular 
weight of air, x could be determined as 
follow:

[79 x (14 x 2)] + [21 x (16 x 2)] = 100x → x 

= 
100
2884 = 28.84 

Thus x ≈ 28.9 with consideration of trace 
elements contain in the air. At standard 
pressure and temperature, 1 kg of any gas 
having 22.4 m3 of volume. Thus, the air 
density, ρ = 1.290 kg m-3. 

EQUILIBRIUM GAS MIXTURE 
COMPOSITION

System is unlikely to change spontaneously 
at equilibrium. Equilibrium composition 
depends on temperature, pressure and 

relative amount of type of atom present. 
Equilibrium composition and temperature 
in constant pressure combustion could be 
determined based on the mass and Energy 
Conservation Law, Chemical Equilibrium 
Law and combination of Dalton with 
Avogadro Law with state equations for gas 
phase. As an example, consider the constant 
pressure combustion of carbon monoxide 
at temperature and pressure of 3000 K 
and 10 bar  respectively with equilibrium 
dissociation constant, kp = 0.327 for carbon 
dioxide at 3000 K as shown in the reaction 
equation:

   CO + 0.5O2 ↔ CO2 (2)

Since dissociation of oxygen molecule is 
unlikely to occur at 3000 K, assuming that 
the equilibrium mixture consists of CO, CO2 
and O2 with overall reaction as:

   CO + 0.5O2 → aCO + bCO2 + dO2 (3)

Chemical equilibrium yield:

kp = [Xco][Xo2]0.5 Pe
0.5

[Xco2]
 = nCO

Σnj
 
   nO2[       ] 0.5

   Σnj

Σnj

  nO2
 P 5.0

e

=
 

[nCO][nCO2]0.5 Pe
0.5

[nCO2] [Σnj]0.5

where Xi is mole fraction of i component, 
Pe is equilibrium pressure, ni is mole of 
reactant i and ∑nj is total mole amount of 
product. From reaction equation (3) at 
equilibrium stage, ∑nj = a + b + d. The mass 
balance of equation (3) yield:

carbon balance: 1 = a + b → b = 1 - a
oxygen balance: 1 + 2(0.5) = a + 2b + 2d → 
1 = 0.5a + b + d

Thus:

d = 1 – 1 + a – 0.5a = 0.5a
∑nj = a + 1 – a + 0.5a = 1 + 0.5a
0.327 = 

a[d]0.5 [10]0.5

b[a+b+d]0.5  = 
a[0.5a]0.5 [10]0.5

[1– a] [1+0.5a]0.5

0.106929 = 
5a3

[1– a]2 [1+0.5a]
= 5a3

0.5a3 – 1.5a + 1
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= 10a3

a3 – 3a + 2

9.893071a3 + 0.320787a – 0.213858 = 0

The complex cubic equation above could 
be solved by using appropriate numerical 
method such as Newton method. If a 
Casio scientific calculator model fx-570MS 
is available, the above function could be 
solved by the following operation:

9.893071 x {ALPA} [A] {SHIFT} [X 3] +0.320787 x 
{ALPA} [A]-0.213858{SHIFT} [SOLVE]

     This will produce a solution as 
a = 0.241987469 ≈ 0.242. Thus 
b = 0.758 and d = 0.121. Reaction equation 
(3) becomes:

    CO + 0.5O2 → 0.242CO + 0.758CO2 + 0.121O2

The solution above shows that complete 
combustion does not occur as shown in the 
stoichiometry equation (2) above. Based 
on a solid fuel sample with composition of 
74.1% C, 5.1% H, 1.35% N, 9.5% O, 0.95% 
S, 5.0% H2O and 4% ash, a few combustion 
parameters could be determined as shown.

THEORETICAL AIR REQUIREMENT

The stoichiometry equations for respective 
reaction are shown below:

C + O2 → CO2
H2 + 0.5O2  → H2O
S + O2 → SO2

Based on 1 kg of the solid fuel sample, then 
from the analysis on C 12

6 :

   12y = 0.741 x 32 → y = 
23.712

12  = 1.976 kg O 
16
8

From the analysis on H 1
1 :

   2y = 0.051 x 16 → y = 
2
816.0  = 0.408 kg O 

16
8

From the analysis on S 
32
16 :

   32y = 0.0095 x 32 → y = 0.0095 kg O 
16
8

Total oxygen requirement = 1.976 + 0.408 + 
0.0095 = 2.3935 kg

Theoretical oxygen requirement = oxygen 
required – oxygen contain = 2.3935 – 0.095
 = 2.2985 kg kg-1 fuel = 

2298.5
23  = 71.8281 mol O2

Since the oxygen contain in the air is 
23%w/w then theoretical air requirement, 
Y

23Y = 2.2985 x 100 → Y = 
229.85

23  
= 9.9934 

kg air = 9993.4
28.9  = 345.7924 mol air

At standard pressure and temperature, the 
theoretical air volume requirement is:

9.9934
1.290  = 7.7458 m3 kg-1 fuel

FLUE GASES ANALYSIS

If the solid fuel mentioned above is burnt 
completely with 50% excess air, then 
based on 100 kg of fuel, from the previous 

calculation, theoretical air requirement 

is 
1000

7924.345

 
x 100 = 34.58 kmol. Thus, 

actual air supplied is 34.58 x 150
100

 = 51.87 
kmol/100 kg fuel. Nitrogen contains in the 
supplied air is 51.87 x 0.79 = 40.98 kmol 
and the oxygen contained in the supplied 
air is 51.87 x 0.21 = 10.89 kmol. Since the 
theoretical oxygen requirement as obtained 
from the previous calculation is 7.18 kmol, 
excess oxygen in flue gas is 10.89 – 7.18 

= 3.71 kmol. Amount of carbon composition 

in the fuel is 74.1
12 = 6.175 kmol, hydrogen 

composition in the fuel is 5.1
2 = 2.55 kmol, 

sulphur composition is 0.95
32 = 0.0297 kmol 
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and moisture is 5
18 = 0.2778 kmol, oxygen 

composition is 9.5
32 = 0.2969 kmol and 

nitrogen composition is 1.35
28 = 0.0482 kmol. 

Table 2 shows the theoretical mass 
balance analysis for the flue gases. Since 
moisture formed during combustion is 
excluded from the flue gas analysis, total 
amount of the flue gases components from 
Table 2 is 6.175 + 3.71 + 0.0297 + 41.0282 
= 50.9429 kmol.

Thus, flue gas analysis for the solid fuel 
sample above yield the following result.

CO2
6.175

50.9429  x 100 = 12.1214%

O2
3.71

50.9429  x 100 = 7.2867%

SO2
0.0297
50.9429  x 100 = 0.0583%

N2
41.0282
50.9429  x 100 = 80.5376%

                     100.0000%

INCOMPLETE COMBUSTION

Complete combustion is an ideal case for 
theoretical study. In practice several factors, 
such as the limitations of the combustible 
space, proper mixing of air and fuel, air 
supply rate, etc. affect the combustion 
process, and it is found that incomplete 
combustion should be considered to occur 
in the boiler furnace. General carbon 
oxidation in incomplete combustion is 
shown in equation (4):

C + O2 → CO2 ∆H = 33 960 kJ/kg C 12
6

C + 0.5O2 → CO ∆H = 10 230 kJ/kg C 12
6 (4)

If the solid fuel mentioned above having 
calorific value of 31 400 kJ kg-1 is burnt and 
produce flue gas with composition of 12.0% 

CO2, 1.2% CO, 5.8% O2 and 81.0% N2, then 
the ratio of carbon form CO to the total 
carbon burnt is 1.2

1.2+12  = 0.0909 kg kg-1 C 
12
6 . 

Thus, combustion of 1 kg of the fuel which 
is 0.741 kg C 

12
6 , amount of carbon form 

CO is 0.741 x 0.0909 = 0.0674 kg kg-1 fuel. 
For every kg unit of carbon form CO, the 
heat energy loss is 33 960 – 10 230 = 23730 
kJ. Thus, the incomplete combustion cause 
energy lost of 0.0674 x 23 730 = 1599.402  kJ 
kg-1  fuel.

For the most efficient use of fuel its 
complete combustion is essential so that all 
heat which can be transferred for external 
use is available. Complete combustion need 
more than the theoretical amount of air 
but the unavoidable consequence of using 
excess air is a loss of sensible heat necessary 
to heat this air to the temperature of flue 
gases thus reducing the gain to some extent 
due to use of excess air (Mahesh Varma, 
1976).

HEAT RECOVERY FROM FLUE GASES

The heat that is taken away by the flue gases 
is a virtual loss for the practical utilization 
and may be considered to be made up of 
the following factors (Mahesh Varma, 1976):

• sensible heat gained by gases during 
combustion mainly CO2 and N2; 

• latent heat and sensible heat of steam 
formed from the fuel moisture contain; 

• latent heat and sensible heat of steam 
formed from hydrogen of the fuel; and

• sensible heat of excess air used for 
combustion.

The solid fuel sample mentioned above is 
burnt in the furnace of a boiler and produce 
flue gases with composition of 8.25% CO2, 
11.65% O2 and 80.10% N2. The flue gases 
are fed to an economizer to pre-heat the 
air before releasing to the atmosphere at a 
temperature of 483 K. The air is heated up 
from 288 K to 623 K. The specific heat Cp for 
air is 1.005 kJ kg-1 K, flue gases is 1.05 kJ kg-1 
K and steam 2.03 kJ kg-1 K.
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As shown in Table 2, 100 kmol of fuel 
contains 6.175 kmol C will produce 6.175 
kmol CO2 in complete combustion. The 
100 kmol of flue gases contain 8.25 kmol of 
CO2, thus amount of flue gases produced 
from the combustion of 100 kmol solid 
fuel is 6.1752

8.25
 x100 = 74.8485 kmol. Thus,  

the composition of flue gases is as shown 
below:

CO2 : 0.0825 x 74.8485 = 6.175 kmol 
= 271.7 kg

O2 : 0.1165 x 74.8485 = 8.7198 kmol 
= 279.0351 kg

N2 : 0.8010 x 74.8485 = 59.9536 kmol 
= 1678.7018 kg

Amount of dry flue gases = 1678.7018 + 
279.0351 + 271.7 = 2229.4369 kg/100 kg fuel.

From Table 2, total steam vapour contains 
in flue gases is 2.8278 kmol or 50.9004 kg. 
Flue gases produced is 2229.4369 + 50.9004 
= 2283.3373 kg/100 kg fuel. The analysis of 
nitrogen yield:

0.79u + 0.0482 = 59.9536
u = [59.9536 - 0.0482]/0.79 = 75.8296 kmol or 

2191.4760 kg (MW=28.9)

where u is the amount of air. The energy 
balance yield:

(T – 483)[(2229.4369 x 1.05) + (50.9004 x 2.03)] 
= (2191.4760 x 1.005) (623 – 288)

T = 737815.1823
2340.9087+103.3278 + 483 = 301.8592 + 483 

= 784.8592 K

where T is the temperature of flue gases at 
the feed of the economizer.

CONCLUSION

Power is the basic necessity for the 
operation and development of palm oil 
industries. Chemical reaction of carbon 
atom and hydrogen atom in fuel with 
oxygen usually from air during combustion 
release heat energy. Solid fuel needs to be 
heated until gas generated from the fuel 
mix with oxygen from air before continuous 
combustion could occur. Liquid fuel needs 
atomization to produce droplets with 
diameter less than 100 μm so that the liquid 
could be evaporated to produce vapour 
for combustion in pre-heat zone. Gas fuel 
is ready combustible. Wobbe number, W is 
defined as

Feature Article

TABLE 2. MASS BALANCE OF FLUE GASES ANALYSIS FOR 100 kg SOLID FUEL SAMPLE

Air and solid fuel sample                      Flue gas composition (kmol)
kmol   O2 

requirement
CO2 O2 SO2 N2 H2O

C 12
6 6.1750 6.1750 6.1750 - - - -

H 1
6 2.5500 1.2750 - - - - 2.5500

N 14
7 0.0482 0.0000 - - - 0.0482 -

S 32
6 0.0297 0.0297 - - 0.0297 - -

O 16
8 0.2969 0.2969 - - - - -

H2O 0.2778 0.0000 - - - - 0.2778
Ash - 0.0000 - - - - -
Air 51.8700 - 3.7100 - 40.9800 -

7.7766 6.1750 3.7100 0.0297 41.0282 2.8278
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W = GCV
√SG (5)

where GCV is gross calorific value of the 
fuel and SG is the specific gravity of the 
fuel. The specific gravity for air is 1.0 in the 
calculation of specific gravity for other gas 
fuel. Weaver flame speed factor is flame 
speed of gas fuel relative to the flame speed 
of hydrogen which is 100. Gas module, 
M needs to be determined to ensure the 
adequate pre-aeration of the gas fuel before 
is fed into the burner.

M = √P
W

(6)

where P is fuel gas supply pressure. Good 
combustion of fuel could only be achievable 
if appropriate Wobbe number of the fuel is 
obtained with suitable flame speed so that 
no lifted flame or flame strike back occur. 
Emissivity measures formation of carbon 
residue where emissivity is proportional 
to the residual carbon formed in the 
combustion.

Heat could be transferred via three 
mechanisms which are conduction, 
convection and radiation. Heat transfer 
of the respective mechanism, q could be 
calculated using formulas: 

Conduction
q = 

KOA[T1 – T2]
L

Convection q = KOA[T1 – T2]

Radiation q = Aεσ[T1
4 – T2

4] (7)

where KC is the thermal conductivity of 
the material through which the heat flow 
occurs, KO is convective heat transfer 
coefficient, ε is emissivity of non-black 
body ranges between 0 to 1 and σ is Stefan-
Boltzman constant, which law states that 
the amount of energy radiated by a black 
body is proportional to the fourth power of 
its absolute temperature (Mahesh Varma, 
1976).

NOMENCLATURE

Symbol Particular SI unit
A surface area of flame m2

C frequency factor Mol s-1

Cp specific heat J g K
E activation energy J mol-1

H enthalpy J g-1

KC thermal conductivity 
coefficient

J (s°cm)-1

KO convective heat transfer 
coefficient

J (s°cm2)-1

M gas module gN0.5 mJ-1

P fuel gas supply pressure N m-2

Pe equilibrium pressure N m-2

R gas constant J (mol.K)
S combustion velocity m s-1

T absolute temperature K
V volume of combustible 

gas per unit time
m3 s-1

W Wobbe number J g-1

Xi mole fraction of i 
component i

-

Y theoretical air 
requirement

g

kp dissociation constant -
i reactant component -
j product component -
n total mole amount mol
q heat transferred J s-1

v rate of reaction Mol s-1

x molecular weight of air g
y theoretical oxygen 

requirement
g

ε emissivity of non-black 
body [ranges 0 to 1]

-

σ Stefan-Boltzman 
constant = 5.67x10-8

J(s m2K4)

ρ density g m-3

GCV gross calorific value of 
the fuel

J g-1

SG specific gravity of the 
fuel

-
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CORRIGENDUM

Please note that on page 9 of the Directory of Technologies/Systems Providers for 
Palm Oil Mill Effluent (POME) Tertiary Treatment (published as a pull-out of the 

Palm Oil Engineering Bulletin Issue No. 96): 

a. The e-mail address in the advertisement by Green & Smart should read as 
greennsmart@gmail.com.

instead of

greensmart@gmail.com

The error is regretted.


