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Bagasse Dryer Role in the Energy Recovery
of Water Tube Boilers

Juan H. Sosa-Arnao1 and Sı́lvia A. Nebra2
1Equipalcool Sistemas Ltda., Sertãozinho, SP, Brazil
2Interdisciplinary Centre of Energy Planning, State University of Campinas, Campinas, SP, Brazil

The sugar and ethanol industry, which uses sugarcane as raw
material, utilizes the by-product, bagasse, as fuel. The bagasse is
fed with a moisture content of 50% (w.b). Dryers are not being used
in the way it is proposed here. This article proposes the introduction
of bagasse dryers connected to the energy recovery system of the
boilers operating with the exhaust gases. The combination of the
dryer with other thermal energy recovery devices, such as an air hea-
ter and economizer, is considered. The performance improvement is
evaluated. Costs are also taken into account. Finally, an optimized
solution for the boiler energy recovery system is proposed.

Keywords Air heater; Bagasse; Biomass boiler; Dryer; Economizer

INTRODUCTION

Sugar and ethanol can be obtained from sugarcane,
which also gives off electric energy and bagasse. Bagasse,
which represents 12% of the total sugarcane mass, is used
as fuel in its own industry to produce process steam and
electricity through cogeneration systems.[1–3] The electricity
generated is used for self-consumption and the surplus, if
any, is supplied to the market.

Nowadays, to increase cogeneration, the boiler steam
pressure and temperature are being raised at sugarcane
mills.[4] The maximum values practiced in Brazil are,
respectively, 67 bar and 520�C; but projects of 90 bar
and 520�C are being developed (C.A. Dalmazo, Equipal-
cool Industry, Sertaozinho, São Paulo, Brazil, July 17,
2006, personal communication). Meanwhile, other produc-
tive sectors, such as the Brazilian paper industry, are oper-
ating boilers at 120 bar and 520�C. Currently, with the
increase of the boiler exit steam pressure and temperature
levels, the exhaust gas temperature of the steam generator
also increases. In this context, designing energy recovery
configurations in accordance with boiler operational condi-
tions becomes essential to improve energy use.

The most common device for an industrial energy recov-
ery configuration is a simple air heater. Economizers are

being included lately and bagasse dryers have not been
frequently used in sugar-ethanol mills, but some experi-
ences can be found.[5]

Considering the use of boiler exit gases, parallel (Fig. 1)
and sequential (Figs. 2–4) configurations have been
performed in bagasse boilers. P. Colombres (Ñu~nnorco
Industry, Tucum�aan, Argentina, November 23, 2004,
personal comunication) and W. Saab (Leales Industry,
Tucum�aan, Argentina, November 25, 2004, personal com-
munication) reported fire occurrences when parallel config-
uration was used, motivated by the fact that biomass has a
low spontaneous ignition temperature,[6] and at very low
temperatures (around 200�C), particle mass loss begins,
as can be seen in Fig. 5. This fact must be considered when
configurations including dryers are proposed. Other design
considerations are related to the occurrence of corrosion
due to condensation of the water content in exhaust gas,
and last, but not least, to the cost of devices.

The aim of this work is to present an optimized low-cost
design for energy recovery configurations to be applied
in water tube boilers, having as the heating fluid the own
boiler exhaust gas.

SYSTEM DESCRIPTION

The energy recovery configurations analyzed in this
work are those denoted sequential. The first one (Fig. 2)
is made up of an air heater and an economizer; the second
one (Fig. 3) of an air heater and a dryer; and the third one
(Fig. 4) of an economizer, an air heater, and a dryer. The
main advantage of this last system over the others is that
it allows properly adjusting the size of the heat recovery
equipment (economizer, air heater, and bagasse dryer),
aiming to reduce the total device cost.

Figure 6 shows an industrial configuration for the
energy recovery system, including the dryer.

Calculation Methodology

The initial data of temperature, pressure, and mass flow
rates considered are provided in Table 1 for each system.

Mass and energy balances were performed and validated
by experimental data from industrial boilers.[7]
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Bagasse Combustion

Bagasse composition is a function of the following
factors: sugarcane characteristics, soil type, season, harvest
type, and juice extraction method. An average bagasse
composition of 47% carbon, 6.5% hydrogen, 44% oxygen,
and 2.5% ashes (not considered in the formulation, because
they do not react) was assumed, according to Baloh and
Wittwer.[2] The percentages are based on dry mass.

As is usual in this type of boiler, the combustion was
considered to occur with excess air and, because the pur-
pose of this work is to only perform an energy balance,
the generation of CO and NOx, as well as other products
resulting from incomplete combustion, was not considered.
The generated substances were determined by the combus-
tion equation. Ideal gas conditions were considered. The

air composition was considered to be 21% oxygen and
79% nitrogen on a molar basis (moist air was not consid-
ered, the air moisture content is very small compared to
the water produced in the combustion).

The excess air was calculated according to Lora and
Beaton.[9] It takes into account that less excess air is neces-
sary to burn bagasse with less moisture content (Eq. (1)).

u ¼ �2; 5þ 75X ð1Þ

The combustion mass balance allows the determination of
the exhaust gas composition. All the calculations
were performed using the Engineering Equation Solver1

software.

FIG. 1 Parallel energy recovery configuration—air heater and dryer.

FIG. 4 Sequential energy recovery configuration—economizer, air

heater and dryer. Case III.

FIG. 2 Sequential energy recovery configuration—air heater and

economizer. Case I.

FIG. 3 Sequential energy recovery configuration—air heater and dryer.

Case II.
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Boiler Global Efficiency

The methodology proposed in the Code ASME PTC
4[8] was adopted. This methodology is based on the heat
loss method. Therefore, the first step is to determine the
boiler efficiency through the heat loss method and then
the bagasse mass flow rate through the input–output

method. The definition of boiler efficiency used in that
code is based in the higher heating value (HHV), which
is considered more adequate because it takes into
account the energy used to evaporate the water content
of the fuel and also the water formed by the oxidation
of hydrogen.

The first law boiler efficiency is determined from the sum
of all thermal energy loss fractions, Eq. (2):

gboiler ¼ 100�ðq�2 þ q3 þ q4 þ q5 þ q6 þ q7 þ q�8 þ q�9Þ % ð2Þ

The fuel consumption is obtained using the result of Eq. (2)
in Eq. (3):

gI ¼ msðhso � hwiÞ
mb HHVb

� �
100 ð3Þ

Values of HHV are reported, for instance, by Hugot[1] and
more recently by Rein.[3]

TABLE 1
Exhaust gas composition at the steam generation outlet

Cases YCO2 YH2O YO2 YN2

I 0.1111 0.2492 0.04126 0.5984
II and III 0.1189 0.2666 0.02946 0.5850

FIG. 6 Industrial configuration for the energy recovery system, including the dryer.

FIG. 5 Sugarcane bagasse spectrometry analysis of CO2 under oxygen

atmosphere at heating rate of 10�C=min.
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Steam Generator

The steam generator heat loss by radiation and convec-
tion (QL,SG) was determined from the heat loss in the whole
boiler using the ABMA standard radiation loss chart in
ASME PTC 4.1.[8] The radiation and convection heat loss
in the air heater and in the economizer were discounted
from the total value, obtaining the radiation and convec-
tion heat loss for the steam generator itself (Eq. (4)). The
bleeding mass flow was determined from the heat loss
due to bleeding in the boiler (q7). The heat loss by mecha-
nical unburning in the steam generator (QL,un) is calculated
from the heat loss due to this effect (q4). This relationship
was obtained from Lora and Beat�oon.[9]

QL;SG ¼ QL;boiler �QL;ECO �QL;AH ð4Þ

The calculation procedure referred to steam generator is
similar for every configuration. But in the second and third
configurations the bagasse mass flow rate and the bagasse
LHV varied due to bagasse drying.

Air Heater

The steam generator exit gas temperature (Tg,OSG) was
determined through Eq. (2), obtained from a series of
boiler data (C.A. Dalmazo, Equipalcool Industry, Sertao-
zinho, São Paulo, Brazil, July 17, 2006, personal communi-
cation). A relationship between the exit gas temperature of
the steam generator and the steam saturation temperature
(Tsat) at the exit steam pressure was determined,[7] which
can be applied to industrial boilers ranging from 20 to 65bar.

Tg;OSG ¼ 42:94T0:3962
sat ð5Þ

The inlet air temperature was considered as the average
ambient temperature, To¼ 30�C. It was also considered
that 1.17% of the exchanged heat is lost (QL,AH), according
to S�aanchez Prieto.[10]

The gas temperature at the air heater exit was varied
between 200 and 300�C in the first configuration; and
between 160 and 210�C in the second and third ones. This
choice was done to avoid higher temperatures in the dryer,
which can lead to a loss of bagasse mass.

The gas velocity inside the device was considered equal to
13m=s, a value recommended by C.A. Dalmazo (Equipal-
cool Industry, Sertaozinho, São Paulo, Brazil, July 17,
2006, personal communication). This velocity can be dimin-
ished, but it must be considered that the heat transfer coeffi-
cient and, consequently, the heat transfer area depend on it.

The external diameter of the tubes was adopted as
68.3mm. The heat transfer coefficients for air and combus-
tion gases were considered the same.[10]

To perform the cost study, a pre-dimension determina-
tion of the heat exchangers is needed, with the evaluation
of the heat transfer surface. To do that, as usual, the mean
logarithmic temperature difference, an adequate global

heat transfer coefficient, and the mass flow rates were used.
The gas properties were calculated considering the mean
temperature value in the gas layer next to the tube wall.
From the Nusselt number, the convective and the global
heat transfer coefficients were determined.[11] Exergetic
efficiency and effectiveness were also calculated as usual.[12]

More details can be found in Sosa-Arnao.[7]

Economizer

The economizer inlet water temperature was adopted as
120�C,[9] considering that this water flow is recycled from
the process. The economizer exhaust gas temperature in
the first configuration was considered as 155�C, which is a
very common value in sugarcane bagasse boilers. It was also
considered that 1% of interchanged heat is lost (QL,ECO).

A value of 8m=s was considered for the gas velocity, as
recommended by E. Lora (Federal University of Itajub�aa,
Minas Gerais, Brazil, September 24, 2006, personal com-
munication). The external diameter of the tubes was consid-
ered as 50.8mm. The heat transfer exchange is dominated
by the gas side. The calculation related to the heat transfer
area was conducted in the same way it was made for the air
heater.

Dryer

For the energy balance, it was assumed that the combus-
tion gases withdraw moisture from the bagasse up to the the-
oretical limit; therefore, the exit gas temperature will reach
the adiabatic-saturation temperature. In these configurations,
the dryer receives the gases from the air heater at Tg,OAH

and the bagasse with 50% moisture (w.b.). Moreover, it was
considered that 1.0% of the interchanged heat is lost (QL,D).

The type of the dryer considered is pneumatic, with a
cyclone at the end to remove the particles from the gas.
It was considered to have four pneumatic ducts with each
one linked to a pair of cyclones, and each one of these
cyclones feeds one of the boiler burners. In this way the
dryer units surround the boiler in an adequate layout.

For the predetermination of the dryer’s dimensions,
some assumptions and calculations were made. The height
of the pneumatic duct was determined by following the
boiler dimensions, and other devices installed, considering
that the cyclone particles outlet must coincide with the
burner feeders. Doing mass and energy balances, it was
found that the adopted to get the adiabatic saturation tem-
perature in the gases at the top of the column, so the
cyclone acts only to homogenize the particle moisture con-
tent. In another type of project, the cyclone can act as a
part of the dryer, as shown in Nebra et al.[13]

Classical cyclone dimensions were adopted (Lapple
type). The cyclone inlet temperature was adopted as
215�C to avoid particle mass losses and spontaneous
combustion. As recommended by Strumillo and Kudra,[14]

in the pneumatic duct a gas velocity of 2.5m=s above the
biggest particle terminal velocity was assumed.
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To perform the calculations, an average particle
diameter was used. A particle size analysis and a terminal
velocity determination were made.[7] A correlation was
obtained for the particle terminal velocity:

Vt ¼ 1:699 Dp0:324 ð6Þ

The mean particle velocity was calculated as:

Vp ¼ Vg � Vt ð7Þ

The duct section was calculated from the areas occupied by
the particles and the gas:

S ¼ mp

ppvp
þ mg

pgvg
ð8Þ

The particle density in Eq. (8) is that sometimes
called apparent density; it corresponds to that obtained
doing the quotient between the particle external volume
and its mass.

The mass balance was performed as usual:[13]

mpðXpi � XpoÞ ¼ mgðYgo � YgiÞ ð9Þ

And the energy balance:[12]

mpðXpi � XpoÞðhso � hwtÞ þmpCppðTsat � TpiÞ
þmpXpiðhwsat � hwtÞ þQt ¼ Qg ð10Þ

The total energy exchanged in the pneumatic duct is given
by Qg in Eq. (10), whose value also equals:

Qg ¼ mgðhgi � hgoÞ ð11Þ

Following Nebra and Macedo,[15] a thermal energy loss of
1.8% was considered.

A mean logarithmic temperature difference between gas
and particles is calculated:

LMTDgp ¼
ðTgi � TpiÞ � ðTgo � TpoÞ

ln
Tgi�Tpi

Tgo�Tpo

� � ð12Þ

Because most particles have the form of a fiber,[7,16] similar
to cylinders, the following correlation was adopted to
calculate the Nusselt number:[17]

Nup ¼ 0:4Re2=3p þ 0:06Re2=3p Pr0:4g

lgTg

lgTsurf
ð13Þ

From the Nusselt number, the particle-gas heat transfer
coefficient can be obtained from:

Nup ¼
hpDp

kg
ð14Þ

The heat exchange area between gas and particles is related
to the heat exchanged and the particles residence time:

hp ¼
Qg �Qt

LMTDgpAp
ð15Þ

Ap ¼ apmptp ð16Þ

Where for cylindrical particles:

ap ¼
4

Dpqp
ð17Þ

If it is considered that all drying happens at the pneumatic
duct, finally, the minimum length of the tube can be
calculated as:

tp ¼
L

Vp
ð18Þ

The dimensions of the cyclone follow the rules applied
to the Lapple type, considering the available room around
the boiler.

Costs

To optimize the best configuration, a cost estimate for
each device that constitutes the energy recovery system
was made.

The cost estimate was made from industrial data of similar
devices. In the case of the heat exchangers (air heater and
economizer), the cost of each square meter of the heat transfer
area was adopted. These values were of R$161.58=m2

(US$80.79=m2) for the economizer and R$138.62=m2

(US$69.31=m2) for the air heater (these values are firstly
expressed in Brazilian currency, Real, to reflect the country’s
particular industrial manufacture conditions).

In the case of the dryer, industrial data were also
researched, and the weight of the device was considered
as the base. The value adopted, including all manufac-
turing costs, was R$9.70=kg. A steel sheet thickness of
4mm was considered.

The following results correspond to a cost minimization
of the total energy recovery system for each case.

RESULTS AND DISCUSSIONS

Table 1 shows the gas exhaust composition at the steam
generation outlet point (number 6 flow in Figs. 2 to 4). The
high content of water sums up two effects: the evaporation
from bagasse and that formed due to the combustion. In
the cases where the dryer is present (II and III), a smaller
quantity of excess air is used and less water evaporation
from bagasse occurs.
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Table 2 shows the thermodynamic data of the main sys-
tem flows, and initial values previous to the optimization.
In cases I, II, and III and the numbers of flows correspond
to that of Figs. 2 to 4. A boiler producing 200 t=h of steam
at 65bar and 500�C was considered in all the cases.

The first law efficiency, based on the HHV of the fuel for
the case I is 64.1% and for cases II and III is 70.4%. The
better efficiency of the last cases stem from the lower exit
gas temperature of the system, which contributes to the
reduction of heat losses.

Table 3 presents the costs obtained for each one of the
proposed configurations, corresponding to the data in
Table 1. It can be observed that the cost of case III is
almost half compared to the others, which is due to a
sum of facts: (1) the air heater, which is an expensive
device, has its size reduced; (2) the size of the economizer,
less expensive, was increased; (3) a dryer was introduced,
which is the less expensive device. These values show that
the volume of the air heater devices is almost three
times higher than the economizers. The cost difference
between the air heater and the economizer can be explained

considering their respective global heat transfer coeffi-
cients: 17.6W=(m2 �K) and 56.5W=(m2 �K). (These values
are similar to those reported by Barroso et al.[18] and
Rein.[3])

Pursuing the objective of reducing the cost of energy
recovery system, parametric analyses were made. Figures
7 and 8 show part of this study.

Figure 7 shows the behavior of the heat transfer area of
the economizer and the air heater as a function of the
variation of the gas temperature that exits from the
economizer and enters the heater, Tg7, for case I. Figure 8
shows the corresponding cost variation for each one of the
devices and for both.

In case III it was decided to place the economizer in a
previous position relative to the air heater because the inlet
water at it has a higher temperature than the entrance air at
the air heater, so that in this way the economizer effective-
ness increases.

TABLE 2
Thermodynamic data of the steam generation systems analyzed, previous to optimization (the flow numbers correspond

to that of Figs. 2 to 4)

Flow

Temperature (�C) Pressure (MPa) Mass flow rate (kg=s)

I II III I II III I II III

1 35 35 35 1 1 1 24.8 22.9 22.9
1� — 74 74 — 1 1 — 17.5 17.5
2 30 30 30 1 1 1 95.0 75.0 75.0
2� 240 288 147 1 1 1 95.0 75.0 75.0
3 120 120 120 72 69 72 60.6 60.3 60.3
3� 171 — 165 69 — 69 60.6 — 60.3
4 281 281 281 65 65 65 5.08 4.74 4.74
5 500 500 500 65 65 65 55.6 55.6 55.56
6 401 401 401 1 1 1 119.8 97.9 97.9
7 260 215 300 1 1 1 119.8 97.9 97.9
8 165 74 215 1 1 1 119.8 97.9 97.9
9 74 1 97.9

TABLE 3
Costs of the energy recovery system, cases I, II, and III,

previous to optimization

Cases

Economizer
before
(US$)

Air
heater
(US$)

Economizer
after
(US$)

Dryer
(US$)

Total
cost
(US$)

I 429,032 285,013 714,045
II 547,930 149,020 696,950
III 81,618 201,594 149,020 432,232 FIG. 7 Behavior of the heat transfer areas for the air heater and the

economizer with the gas temperature, Tg7, case I.
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To improve the above results, an optimization method
was applied, namely the Golden Section Search method,
using the Engineering Equation Solver1.

In these studies, some temperature values were adopted.
It was considered that a minimum air temperature of 80�C
was necessary at the entrance of the steam generator. A
maximum gas temperature of 215�C was considered at
the entrance of the dryer (safe condition, explained above),
where, at this temperature, the bagasse moisture content
can be reduced from 50 to 34.5% (w.b.). So, the tempera-
ture value that was optimized was that of the gas, Tg7,
between the economizer and the air heater. The objective
function was the total cost of the energy recovery system,
which was minimized. The bagasse moisture content reduc-
tion conducts to a better efficiency in the boiler, motivated
by the increase in the HHV of the fuel, which in practical
terms means that it is possible to use less bagasse or to pro-
duce more steam with the same bagasse quantity.

Table 4 shows the results of the cost optimization. These
results correspond to the gas temperature schedule shown
in Table 5.

Comparing the results of Tables 3 and 4, it can be observed
that the best energy recovery system, case III, has its cost
reduced by 15.3%. Case II could not be improved because
the temperature at the dryer inlet is fixed (cannot be
increased). Case I was also considerably improved, reducing
its cost by 23.4%. The good results of cases I and III were

due to the reduction in the air heater size, increasing the econ-
omizer size. The dryer remains with the same original design
and the best solution pointed out by the optimization method
is to work with the possible maximum inlet gas temperature.

CONCLUSIONS

A methodology to improve the design of thermal
energy recovery systems for biomass-fired boilers is shown
in this study. The energy recovery system proposal
includes the use of an economizer, an air heater, and a dryer.
The whole system operates with the boiler exhaust gases.

A trade-off between the costs of the economizer and air
heater was sought. This study showed that the air heater is
a very expensive device that must be carefully designed in
consonance with the others.

Three cases were compared: the first two included a
combination of only two devices, economizer and air
heater and air heater and dryer, but it was clearly shown
that these are not good choices.

The aim of the introduction of the dryer was to reduce
the biomass moisture content in order to improve boiler
efficiency and reduce device costs. The results obtained
show clearly that these aims were succeeded. The first
law boiler efficiency (HHV based) was improved from
64.1 to 70.4%. The third configuration showed very low
cost when compared to the other optimized options, from
US $546,908 or US $648,398 to US $325,124.

NOMENCLATURE

Dp Particle diameter (mm)
HHV Higher heating value
h Specific enthalpy (kJ=kg)
L Length of the pneumatic duct (m)
LHV Lower heating value
m Mass flow rate (kg=s)
Nu Nusselt number
P Pressure (bar)
Pr Prandlt number
Q Thermal energy losses (kJ)
q2 Thermal energy losses in exhaust gases (%)
q3 Thermal energy losses by incomplete chemical

combustion (%)
q4 Thermal energy loss by incomplete combustion due

to mechanical effects (%)

TABLE 4
Optimized costs of the thermal energy recovery system for

cases I, II, and III

Cases

Economizer
before
(US$)

Air
heater
(US$)

Economizer
after
(US$)

Dryer
(US$)

Total
cost
(US$)

I 486,047 60,861 546,908
II 547,930 149,020 696,950
III 144,608 79,883 149,020 373,511

FIG. 8 Behavior of the costs of the air heater and the economizer,

separately and joined, at the gas temperature, Tg7, case I.

TABLE 5
Optimized exhaust gas temperature distribution of the
thermal energy recovery system for cases I, II, and III

Cases Tg,6 (
�C) Tg,7 (

�C) Tg,8 (
�C) Tg,9 (

�C)

I 401 368 165
II 401 215 74.5
III 401 252 215 74.9
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q5 Thermal energy losses due to external surface
radiation and convection (%)

q6 Thermal energy losses in slag and ashes (%)
q7 Thermal energy loss by bleeding (%)
q�2 Thermal energy loss due to the sensible heat of dry

gas (%)
q�8 Thermal energy loss due to the evaporation of

water formed from the hydrogen in the fuel (%)
q�9 Thermal energy loss due to the evaporation of

water from the bagasse moisture content (%)
Re Reynolds number
S Duct section (m2)
T Temperature (�C)
t Residence time (s)
V Velocity (m=s)
X Bagasse moisture content (w.b.)
Y Molar gas composition

Greek Symbols

a Particle superficial section per mass unit (m2=kg)
g First law efficiency (%)
l Viscosity (kg=m � s)
n Exergetic efficiency (%)
q Density (kg=m3)
u Excess air coefficient (%)

Subscripts

AH Air heater
b Bagasse
D Dryer
ECO Economizer
g Gas
i Inlet
l Loss
o Outlet
p Particles
s Steam, vapour
sat Saturation
surf Particle surface
SG Steam generator
t Terminal
w Liquid water
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