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Abstract
The performance of sugar cane bagasse boilers is commonly analyzed through the first law of thermodynamics,
using the energy balance method and the fuel lower heating value as calculation base. This work presents a first law
analysis using two different methods: the input/output and the energy balance. The employment of the fuel higher
and lower heating values as calculation base are presented and discussed. Moreover, a second law analysis is
showed, based on two methods: input/output and exergy balance. The methods based on exergy concept permits to
observe the main irreversibilities that happen during the steam production in a bagasse boiler.
Keywords: Boiler; efficiency; exergy; bagasse.
1. Introduction
The sugar cane bagasse boiler efficiency is the most
important parameter in sugar mill cogeneration systems;
therefore, its calculation helps in cogeneration system
optimization. The bagasse boiler development has followed
the coal boiler technology. Also, the method to determine
the bagasse boiler efficiency has been adopted from those
used for coal boilers (ASME PTC 4.1, 1975; ASME PTC 4,
1998). However, the coal and bagasse fuels are very
different, for instance the moisture content of bituminous
coal is around 2,9%, while that for bagasse is around 50%.
Consequently, some special considerations become
necessary along the analysis of boiler efficiency of a wet
fuel, such as bagasse.
In the literature, a methodology can be found
recommended by Beaton and Lora to determine the bagasse
boiler efficiency (Beaton and Lora, 1991). These authors
calculated the bagasse boiler efficiency using LHV (Lower
Heating Value) as the calculation base. In 1995, Acosta
calculated the bagasse boiler efficiency using the HHV
(Higher Heating Value) as the calculation base. SosaArnao
et al. (2006a) discussed these proposals and concluded that
due to the high bagasse moisture content, using the HHV as
the calculation base is more adequate.
On the second law analysis applied to bagasse boilers,
several works can be found using the input/output method
(Prieto and Nebra, 2004; SosaArnao et al. 2006a; Sosa
Arnao and Nebra 2006b and 2007), even though the
analysis through this method does not permit to see the
irreversibilities that happens in each process in the bagasse
boiler. On the other hand, few works in this area have been
published (Lozano, 1987; Cortez and Gómes, 1998; Kamate
and Gangavati, 2010), and therefore this work aims to
identify the main irreversibilities, seeking to reduce them.
The methodology recommended can be extended to other
kinds of boilers.

2. Boiler Efficiency
Figure 1a and 1b shows a schematic diagram of a
bagasse boiler and a photograph of the sugar cane bagasse
boiler installed in Colombo II mill (Palestina, São Paulo,
Brazil) and manufactured by Equipalcool Sistemas Ltda
(Sertaozinho, São Paulo State, Brazil).
In the Figure 1a, the main pieces of equipment that
compose a bagasse boiler can be observed (furnace, air
heater, economizer, multicyclone and scrubber).
Moreover, Figure 2 shows the scheme of
thermodynamic analysis applied to a bagasse boiler,
discussed in this work.

Figure 1a: Schematic diagram of a bagasse boiler.
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ηboiler = 100 - (q 2 + q3 + q 4 + q 5 + q 6 + q 7 )

(2)

where the heat losses are expressed in percentage (%) and
are due to:
q2: exhaust gases; q3: incomplete chemical combustion; q4:
incomplete combustion due to mechanical causes; q5:
surface radiation and convection; q6: slag and ashes (%); q7:
bleeding in the boiler.
i) Exhaust gases heat losses (q2): among all heat loss
fractions, this is the most significant; it is function of
exhaust gas temperature (Beaton and Lora, 1991). Eq. (3)
allows calculating it:
q2 =

m& g ( ×hg ,out - hg , o )
.

× (100 - q4 )

mb qa
.

(3)

.

Where: m g ; m b :
Figure 1b: Bagasse boiler installed in Colombo II mill,
(courtesy Equipalcool Sistemas Ltda).

flue gas and bagasse mass flow,
respectively (kg/s); hg ,out ; hg ,o : specific enthalpy of flue
gas at boiler outlet and reference state (kJ/kg); qa :
available heat of bagasse – LHV (kJ/kg).
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Figure 2: Thermodynamic analysis applied to bagasse
boiler.
The first law analysis uses two methods: input/output
and energy balance and both can use the higher and lower
heating values as the calculation base.
2.1. Input / Output 1st Law Analysis:
The first law efficiency in the input / output method is
calculated by Eq. (1):
æ m& s ( hs - hw , o ) ö
÷ 100
hboiler = ç
ç m& b HHVb ÷
è
ø

iii) Heat loss by incomplete combustion due to mechanical
causes (q4): it corresponds to unburned fuel particles, that
go out mixed with the ashes, or are carried by the exit
gases. It is calculated by Eq. (4):
æ af gr .cf gr
af .cf
af .cf
q4 = ç
+ ah ah + wh wh
ç 100 - cf gr 100 - cf ah 100 - cf wh
è
é LHV f,ash × m& ash .100 ù
ê
ú
qa
ë
û

ö
÷.
÷
ø

(4)

Where: af gr ;af ah ;af wh : Fraction of ash content in bagasse
(1)

2.2. Energy Balance 1st Law Analysis
The boiler first law efficiency was obtained through two
proposals: Beatón and Lora (1991) and code ASME PTC
4.1 (1998). This last one was adapted to bagasse boilers,
since it has been formulated for coal boilers.
2.2.1 Beatón and Lora’s Proposal:
In this proposal, the heat absorbed to evaporate the
water formed by oxidation of bagasse hydrogen content and
also by bagasse moisture content are discounted in the
lower heating value calculation (LHV).
The boiler efficiency is determined from the sum of all
heat loss fractions, Eq. (2).
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(ii) Incomplete chemical combustion heat losses (q3): these
losses are related to CO, H2 and CH4 formation, as well as
other products resulting from an incomplete combustion.
As the bagasse combustion is performed with an important
quantity of air in excess, the possible presence of these
elements was neglected, thus this loss was assumed equal to
zero.

at stoker, air heater and scrubber, respectively (%);
cf gr ; cf ah ; cf wh : carbon contained in the ash at stoker, air
& ash : ash mass flow
heater and scrubber, respectively (%); m

(kg/s). and LHV f , ash : Lower Heating Value of fuel
contained in the ash (327.9 kJ/kg).
iv) Heat losses due to surface radiation and convection (q5):
the correct way to calculate these losses would be equating
all the heat exchanged by convection and radiation from the
boiler walls to the environment, but, in practical terms, this
work is very difficult, thus a solution for the q5 calculation
is to use the ABMA standard radiation loss chart (ASME
PTC 4.1, 1975); which is based on an average boiler wall
temperature, measured by the staff. To use this abacus, its
calculation basis (HHV) needed to be taken into account
and converted to that used by Beatón and Lora. These
Int. Centre for Applied Thermodynamics (ICAT)

authors also presented a chart to determine the radiation and
convection boiler heat loss, but it is only function of steam
mass flow and does not vary when different pressure and
temperature of steam are used. So, it was not utilized.
Another important aspect is that the radiation loss chart was
obtained from coal boilers, which are of lower size than
bagasse boilers (for the same capacity). This assumption
was made because more information was not found about
radiation heat loss in bagasse boilers.

(iii) Heat loss due to evaporation of water from bagasse
moisture content (q9): this heat loss is most important due to
the high bagasse moisture content (around 50%). When a
bagasse dryer is used in the boiler, this heat loss can be
reduced (SosaArnao and Nebra, 2009).

v) Heat losses by slag and ashes (q6): the last lost fraction
refers to sensible heat lost by slag and ashes. According
Beaton and Lora (1991); this fraction is responsible for less
than 0.1 % of the available heat, and therefore can be
neglected.

Where: m& w , bmc : water vapor mass flow formed from

vi) Heat losses by bleeding in boiler (q7): it was considered
as 2% of steam mass flow, according Acosta (1995).

2.3. Second Law Analysis
This analysis can be performed through two methods:
input/output and exergy balance. The first one is commonly
used in the boiler analysis; the second one is proposed in
this paper, as a calculation tool for the analysis of bagasse
boilers performance.

2.2.2 The Code ASME PTC 4.1 Proposal:
This proposal requires the determination of losses, heat
credits, ultimate analysis and higher heating value (HHV)
of the fuel (ASME PTC 4.1, 1998). The heat losses,
considered in the calculation, are the same that Beatón and
Lora’s propose (q3, q4, q5, and q6), but the calculation base
is the HHV. There are some differences in the analysis of
boiler exhaust gas heat loss (q2) between the two proposals.
According to ASME PTC 4.1, this heat loss is divided into
three: dried gas heat loss (q2*), heat loss due to water vapor
from burning hydrogen (q8) and heat loss due to bagasse
moisture content (q9). The boiler efficiency is determined
from the sum of all heat loss fractions, as a percentage of
the available heat of bagasse, Eq. (5).
hboiler = 100 - (q2* + q3 + q4 + q5 + q6 + q7 + q8 + q9 )

(

m& dg hdg , out 100 - q*4

)

m& b qa*

(6)

where: m& dg : dry flue gas mass flow (kg/s); hdg ,out : specific
enthalpy of dry flue gas at boiler outlet (kJ/kg);
qa* : available heat of bagasse – HHV (kJ/kg).
(ii) Heat loss due to evaporation of water formed from
hydrogen in the fuel (q8): it represents the energy loss due
to evaporation of water formed in the combustion from
hydrogen contained in the fuel, which leaves the boiler with
the flue gas.
q8 =

m& w, h ( hw, h - hw, o ) .100
m& b qa*

(7)

Where: m& w, h : water vapor mass flow formed from hydrogen
contained in the bagasse (kg/s); hw,h ; hw,o : specific enthalpy
of water vapor at boiler outlet and reference state,
respectively (kJ/kg).
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m& w,bmc ( hw,bmc - hw, o ) .100
m& b qa*

(8)

bagasse moisture content (kg/s); hw,bmc; hw,o : specific
enthalpy of water vapor at boiler outlet and at reference
state respectively (kJ/kg).

2.3.1 Input / Output Method:
The boiler efficiency is determined by Eq. (9).

xI =

m& s ( bs - bw ) .100
m& b bb

&s ,
Where: m

(9)

& b : mass flow of steam and bagasse,
m

respectively (kg/s); bs , bw , bb : specific exergy of steam,
water and bagasse, respectively (kJ/kg).

(5)

(i) Heat loss due to dry gas sensible heat (q2*): It represents
the dry flue gas energy carried by it when it leaves the
boiler and can be calculated by Eq. (6).
q2* =

q9 =

2.3.2 Exergy Balance Method:
Commonly, this method has been applied to boilers
fueled by coal. However, there are few works about exergy
balance applied to bagasse boilers. Cardenas et. al. (1994),
identified the exergy loss in several boiler devices (steam
generator, air heater, and bagasse dryer). This analysis
hides the irreversibilities associated with important
processes, such as, bagasse drying, combustion and heat
transfer, which happens in the steam generator.
Actually, the processes, such as bagasse drying,
combustion and heat transfer between the flue gas and
water/steam, happen simultaneously in the furnace; even
though, aiming to get more information, they were
separated following the procedure recommended by Kotas
(1995). The boiler exergetic efficiency, through the exergy
balance method, can be determined by Eq. (10)
x II = 100 - (b2 + b3 + b4 + b5 + b6 + b7 + b8 )

(10)

Where the irreversibilities, in percentage, are due to: b2 :
adiabatic combustion of dry bagasse; b3 : mixture and
evaporation of bagasse moisture content; b4 : heat transfer
between flue gas and steam generator; b5 : heat transfer
between flue gas and water into the economizer; b6 : heat
transfer between flue gas and air into the air heater; b7 :
drying of bagasse in the bagasse dryer; and, b8 : mixture of
flue gas into the environment.
Vol. 14 (No. 2) / 53

2.3.3 Control Volume (C.V):
The analysis of bagasse boiler was divided into seven
control volumes: combustion, mixture, steam generator,
economizer, air heater, dryer and chimney. Figure 3 shows
them. The C.V. named “combustion” and “mixture” are
virtual, introduced only for the sake of analysis and
improvement; in fact, both processes happen at the same
time. The evaporation of the remaining bagasse moisture
was included in the virtual “mixture” C.V. in spite of the
fact it happens in the boiler, prior to the combustion.

bagasse boiler, the steam generator is composed by water
wall into furnace, superheater, tubes bank and screen.

b4 =

I sg

=

Bb

( m& ( b
g

g , in

)

)

- bg , out - m& s ( bs , out - bw, in ) .100
m& b bb
(13)

Where: b g ,in ; bg ,out : specific exergy of flue gas at steam
generator inlet and outlet (kJ/kg); b s,out ; bw,in : specific

STEAM GENERATOR SYSTEM

exergy of steam and water (kJ/kg); I sg : heat transfer

RECOVERY SYSTEM OF FLUE GAS ENERGY

irreversibility into steam generator (kW).
Com bustion

M ixture

Steam
Generator

Economizer

Dryer

Chimney

iv) Economizer: the heat transfer between the flue gas and
boiler fed liquid water happens in this control volume.

Air
exc . Steam

Air
s to.

Air Heater

W ater

Air
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Wet
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Content

Figure 3: Control volumes considered in the bagasse boiler
analysis.
i) Combustion: in this control volume, it is considered
that the combustion process of dry bagasse, at
stoichiometric conditions, happens. The dry bagasse
(containing some remaining water) comes from the dryer
and the stoichiometric air, from the air heater.

b2 =

(

(11)

)

)

Where:
b w,in ; bw, out : specific exergy of water at economizer inlet
and outlet (kJ/kg);
I eco : heat transfer irreversibility into economizer (kW).
v) Air Heater: in this control volume, the heat transfer
between the flue gas and the air used in the combustion
process and the overfire happens.

)

m& db bdb + m& a , st ba - m& dg bdg .100
I com
=
Bb
m& b bb

( (

m& g bg , in - bg , out - m& w ( bw, out - bw, in ) .100
I eco
=
Bb
m& b bb
(14)

b6 =

Where: m& db ; m& dg ; m& a , st : mass flow of dried bagasse, dried

( (

)

)

m& g bg , in - bg , out - m& a ( ba , out - ba , in ) .100
I ah
=
Bb
m& b bb
(15)

gas and stoichiometric air, respectively (kg/s); b db ;b dg ;b a ,st

Where: b a,in ; ba,out : specific exergy of air at air heater inlet

: specific exergy of dried bagasse, dried gas and

and outlet (kJ/kg) and
air heater (kW).

stoichiometric air, respectively (kJ/kg) and I com;B b :
combustion irreversibility and bagasse exergy (kW).
ii) Mixture: In this control volume, it was considered that
the evaporation process of remaining bagasse moisture
content and its mixture with dry flue gas and excess air
happens.

b3

( m& dg bdg + m& w,bmcbw, bmc + m& a, eba,e - m& g bg ) .100
=

vi) Dryer: the bagasse moisture content is reduced in this
control volume. It was assumed that the drying process is
carried out using the system’s own flue gas generated in the
bagasse boiler;

b7 =

m& b bb

b7 =

I
b3 = mix
Bb

I ah : heat transfer irreversibility into

( m& ( b
g

g , in

)

)

- bg , out - m& db Dbdb - m& w, bmc Dbw .100
m& bbb

Id
Bb
(16)

(12)
Where:
b w,bmc ;b a ,e ;b g : specific exergy of bagasse moisture
content, excess air and wet gas, respectively (kJ/kg) and
I mix : mixture irreversibility (kW).
iii) Steam Generator: the heat transfer between the flue gas
and water/steam happens in this control volume. In the
54 / Vol. 14 (No. 2)

Where: Db db : specific exergy variation of dry bagasse at
the dryer inlet and outlet (kJ/kg); Db w : specific exergy
variation of water contained in the bagasse at the dryer inlet
and outlet (kJ/kg); m db ; m w ,bmc : mass flow of dry bagasse
and water (bagasse moisture content) (kg/s);
irreversibility associated to bagasse drying (kW).

Id :
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vii) Chimney: this virtual control volume was created to
consider the process of leading the flue gas until thermal
and chemical equilibrium with the environment. Therefore,
this parameter is composed by physical and chemical
exergy.
b8 =

I st .100
Bb

also used in sugar mills. Currently, the third and four
arrangements are not used, but they have been included in
this work as new proposals. The boiler capacity considered
for simulations was 200 t/h of steam mass flow at 6.5MPa
and 520oC.

(17)

Steam
5

Where I st : irreversibility due to thermal and chemical
disequilibrium of flue gas with the environment (kW).

6

Gas
3**

2.3.4 Exergy of Sugar Cane Bagasse:
There are two methodologies to determine the exergy of
sugar cane bagasse: That one proposed by Szargut et al.
(1988) for wood exergy calculation and that of Wittwer
(1991). Even though, the exergy of sugar cane bagasse is
adapted from wood exergy calculation, the Szargut et al.
methodology is as adequate as Wittwer’s methodology,
which was developed specifically for bagasse, according to
SosaArnao and Nebra (2005).Therefore, Szargut, et al.
methodology was adopted. The bagasse exergy calculation
is determined through the following equations:
ì
æ zH ö
æ zO
ï1.0412 + 0.2160 ç 2 ÷ - 0.2499 ç 2
ï
ç zC ÷
ç zC
è
ø
è
ï
í
æ zH öù
æ zN ö
ï é
ï´ ê1 + 0.7884 ç 2 ÷ ú - 0.0450 ç 2 ÷
ç zC ÷ ú
ç zC ÷
ï ê
è
øû
è
ø
ë
î
b=
z
æ O ö
1 - 0.3035 ç 2 ÷
ç zC ÷
è
ø

öü
÷ï
÷ï
øï
ý
ï
ï
ï
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= b(LHV + lz w ) +
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Figure 4: Case I: Boiler system composed of steam
generator, high and low temperature economizer and air
heater.

Stea m

(18)

Gas
6

5
2*

Where: z H 2 , z c , z O 2 , z N 2 are mass fractions of hydrogen,
carbon, oxygen, nitrogen, respectively.
bbc

ECONOMIZER

B agasse

AIR
HEATER

ST EAM
GENERATOR

+ bwc z w

3*

(19)

c
Where bb : specific chemical exergy of cane bagasse
(kJ/kg); l :vaporization heat (kJ/kg); z w , z s , z ash : Mass

A ir

3

Water

7

1

ECONOMIZ ER

c
9683z s + bash
z ash

2

4

8

Bleed ing
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Figure 5: Case II: Boiler system composed of steam
generator, air heater and economizer.

c
fraction of water, sulphur and ash in fuel; bash
, bwc : specific
chemical exergy of ash and water respectively (kJ/kg).

Steam

2.3.5 Chemical Composition of Dried Bagasse:
The average values reported by Van der Poel et al.
(1998) were used, where: carbon 47,2%; hydrogen 6,3%;
Nitrogen 0,3%; Oxygen 44,5%; Sulphur 0,1% and ash
2,5%.
3. Steam Generators System Analyzed
Aiming to show the application of efficiency boiler
calculation methodology, four different boiler arrangements
were studied: i) steam generator, high and low temperature
economizer and air heater; ii) steam generator, air heater
and economizer; iii) steam generator, air heater and bagasse
dryer and iv) steam generator, economizer, air heater and
bagasse dryer. (See Figures 4 to 7). The first arrangement is
commonly used in new boiler projects; the second one is
Int. J. of Thermodynamics (IJoT)
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Figure 6: Case III: Boiler system composed of steam
generator, air heater and bagasse dryer.
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(q9=16.35%) and the evaporation of water from the
hydrogen contained in the fuel (q8=9.50%). The boiler
efficiency analysis, on LHV as calculation base, hides the
effect of water evaporation from bagasse moisture content
and those formed from hydrogen in the fuel; since this
effect is discounted in the LHV calculation.
The cases I and II present the same boiler efficiency
values, due to the outlet flue gas temperature of both
systems being the same. The boiler efficiency obtained
agrees with those reported by Brazilian boiler
manufacturers (SosaArnao, et al. 2007).

Steam
5
6

Gas
3*

ECONOMIZER

3

Water

2

Air

7
2*

STEAM
GENERATOR

AIR
HEATER

8
1*

Bleeding

Wet
1 Bagasse

BAGASSE
DRYER

Gas

q5=0,41 %
q4=0,93 %
q7=2 %
q2=10,21 %

9

Figure 7: Case IV: Boiler system composed of steam
generator, economizer, air heater and bagasse dryer.
Table 1: Thermodynamics data of boiler systems, cases I,
II, III and IV (200 t/h at 6,5MPa, and 500°C).
Flux
I
1

Temperature

Press ure

[ºC]

[MPa]

II
35

1*



2

30

III

35

IV

35

I

35

1

[kg/s]

III IV

I

II

III

IV

1

1

1 24.78 24.78 22.96 22.96





1

1

1

1

1

1 95.02 95.02

75

2* 235.2 240.2 288.3 147.5

1

1

1

1 95.02 95.02

75

75

120 7.2 7.2 6.9 7.2 60.64 60.64

60.3

60.3
60.3

120

30
120

3* 138.7 170.8
3** 172.6



30
120

500

500

 17.52 17.52

 6.9 60.64 60.64









4.74

4.74

 60.64

500

5.08

5.08

q5=0,38%
q4=0,85 %
q7=2 %
q2=6,84 %
q8=9,50 %
q9=16,35 %

500 6.5 6.5 6.5 6.5 55.56 55.56 55.56 55.56

6 400.9 400.9 400.9 400.9

1

1

1

1 119.8 119.8 97.96 97.96

7

340

260

215

300

1

1

1

1 119.8 119.8 97.96 97.96

8

200

165 74.55

215

1

1

1

1 119.8 119.8 97.96 97.96

9

165

74.55

1

1 119.8

97.96

Table 1 shows the primary values considered on the
boiler simulation for the four arrangements studied. The
(water, bagasse and air) mass flow positions are indicated
with numbers. More details about this simulation can be
found in SosaArnao and Nebra (2007).
These results were obtained from simulations done
using energy and mass balance for several sections of the
bagasse boiler. Also, these results presented good
agreement when compared with measured ones “in loco”
(SosaArnao, 2007).
The first and second arrangements present the same
value of outlet flue gas temperature (165oC); while, in the
third and fourth ones, this temperature was lower (74,55oC).
This fact happens due to the bagasse dryer being the last
energy recovery piece of equipment. The advantage of its
use compared with economizer or air heater is that it
permits to reduce the gas temperature to lower values than
those used in practical terms with the economizer and air
heater.
Figure 8 and 9 shows Sankey’s diagrams, on LHV and
HHV calculation base, corresponding to first and second
arrangements (cases I and II). Figure 8 shows that the
highest energy loss is represented by exhaust gas
(q2=10.21%); while in Figure 9, it is represented by the
evaporation of water from bagasse moisture content
56 / Vol. 14 (No. 2)

Figure 8: Sankey’s diagram for cases I and II (LHV as
calculation base).
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 6.9

h = 86,45 %

Mass flow

30

3

 74.55 74.55

II

BASE
LHV

BASE
HHV

h =64,08 %

Figure 9: Sankey’s diagram for cases I and II (HHV as
calculation base).
Figures 10 and 11 shows the Sankey’s diagrams for
cases III and IV. The boiler efficiency obtained through
these arrangements (93.3% and 70.39%) were higher than
cases I and II (86.45% and 64.08%). This fact happens due
to the outlet flue gas temperature (74.55oC) being lower
than in cases I and II (155oC). Currently, there are some
bagasse boilers operating with dryers, and they attain lower
temperatures in the gas outlet, without corrosion problems.
The boiler efficiency in cases III and IV agree with that
reported by SosaArnao, et al. (2006c).
Figures 12 and 13 show the Grasman`s diagrams for
cases I and II. These arrangements present similar boiler
efficiencies, and also, the most important exergy
destruction is represented by the adiabatic combustion of
dry bagasse (b2 = 27.28 and 27.21%), the second by the
heat transfer into the steam generator (b4=17 and 17.12%),
the third by the mixture process (b3=12,67% and 12,66%)
and finally the flue gas mixture into environment, chimney
loss, (b8=10.48 %), the others ones were lower than 2%.
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by the (virtual) mixture process (b3=7.17% and 7.45%). The
others ones are lower than 2%.
The cases III and IV present higher boiler efficiencies
(31.9%) than those corresponding to cases I and II (30%).
The main difference is represented by the exergy
destruction in thermal and chemical equilibrium of flue gas
into the environment (b8=10.48 and 9.1%).
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q4=0,93 %
q7=2 %
q2=3,36 %
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LHV

h = 93,3 %

b2=26,6 %
b3=7,17 %
b4=22,84 %

Figure 10: Sankey diagram for cases III and IV, LHV base.

b6=1,85 %
b7 =0,68 %

q5=0,38 %
q4=0,85 %
q7=2 %
q2=2,19%
q8=8,89 %
q9=15,30 %

b8=9,1 %
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Figure 14: Grassman’s diagram for case III.
b2=28,62 %

BASE
HHV

b3=7,45 %

h = 70,39 %

b4 =19,9 %
b5 =1,25 %
b6=1,14 %
b7 =0,68 %
b8 =9,1 %

Figure 11: Sankey diagram for cases III and IV, HHV base.
BAGASSE

b2=27,28%

EXERGY

b3=12,67%

x =31,9 %

b4=17%
b5=0,85%
b6=1,64%
b7=0,22%
b8=10,48 %
BAGASSE
EXERGY

x = 29,99 %

Figure 12: Grassman diagram for case I.
b2=27,21%
b3=12,66 %
b4=17,12%
b5=0,67%
b6=2,11%
b8=10,48%

The boiler efficiency by first law is blind to the steam
boiler parameters increase, since its main parameter to
evaluate the boiler efficiency is the outlet flue gas
temperature. Therefore, the application of the second law is
necessary to determine the boiler performance. Table 2
shows the effect of increasing the steam boiler parameter, it
can be observed that when the steam pressure and
temperature increase the exergetic efficiency increase too.
In this analysis the same equipment schemes were
considered as in cases I, II, III and IV as shown in Figs. 3,
4, 5 and 6.
Table 2: Boiler efficiency, by first and second law, for
several steam boiler pressure and temperature levels
Efficiency

h (%)
LHV

EXERGY
BAGASSE

x = 30,1 %

Figure 13: Grassman diagram for case II.
Figures 14 and 15 show the Grasman’s diagram for
cases III and IV, respectively. In these systems the most
important exergy destruction is represented by the adiabatic
combustion of dry bagasse (b2 = 26.6 and 28.62%); the
second, by the heat transfer into the steam generator
(b4=22.84 and 19.9%); the third, by the flue gas mixture
into the environment, chimney loss, (b8=9.1 %), and finally
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Figure 15: Grassman’s diagram for case IV.

HHV

x
(%)

Cases
I and II III and IV I and II III and IV I II III IV
25.7
27.3
2MPa and
86.5
93.3
64.1
70.4
300ºC
30.2
32.1
6.5MPa
86.5
93.3
64.1
70.4
and 500ºC
12MPa
86.5
93.3
64.1
70.4
31.9
34
and 520ºC

4. Conclusions
Presented in this work is the first and second laws of
thermodynamics applied to determine bagasse boiler
efficiency and the energy efficiency was evaluated using
LHV and HHV as a calculation base. To determine the
exergetic efficiency two methodologies were used:
input/output and exergy balance. This last one has been
Vol. 14 (No. 2) / 57

proposed to calculate bagasse boilers, but it can be applied
to others wet fuels boilers. The first law analysis, which
uses HHV as calculation base showed to be more adequate
than LHV one; since the important effect of bagasse
moisture content on boiler performance can be observed. In
addition, it can be seen that the exergy balance method gave
more information about the bagasse boiler performance.
The exergy balance allows pointing out the irreversibilities
that happen in the boiler, which could help to improve its
efficiency.
The second law applied to bagasse boiler allows
perceiving the boiler performance improvements when the
steam pressure and temperature are increased. This fact is
not perceived through the first law application. Finally, the
case IV of boiler equipment scheme has shown better
performance than the others.
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