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Abstract. This work presents an estimate of consumption of sugarcane bagasse as a complement in the fuel blend in a
biomass boiler. Elemental analyzes of biomasses (coffee grounds, eucalyptus wood chips and sugarcane bagasse) were
obtained in the literature. Reaction parameters such as composition of the biomass blend, moisture and excess air
were adopted in the formulation. A thermodynamic modeling was proposed for the combustion process, presenting the
lower heat value (LHYV), enthalpy of combustion products, air-fuel ratio, biomass exergy and combustion products
exergy. All these parameters were evaluated in relation to the addition of wet cane bagasse in the biomass blend. Thus,
it was possible to estimate the biomass consumption values for various bagasse moisture values. It is expected that the
results and conclusions presented in this work can assist the operation of biomass boilers.
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1. INTRODUCTION

Brazilian soluble coffee (the world leader in production and export) was exported to exactly 100 countries,
generating revenues of just over US $ 500,000,000.00 only in the first 10 months of 2017, even with the drop in the
volume of coffee bags in exports compared to 2016 (ABICS, 2018). This can be explained by the considerable increase
in the value of soluble coffee in the international market. Brazilian hegemony is threatened by Asian producers,
especially Vietnam. In order to cope with the great Asian competition, Brazilian industries must invest in their process
in order to reduce the production costs of soluble coffee.

One of the major inputs to the soluble coffee production chain is steam, with about 25% of all energy consumed in
the process being used in the form of steam, according to the Nestlé Sustainability Report of 2014. According to the
same report, 97% of the production reject (coffee grounds) is used together with eucalyptus wood chip for burning in
the boiler, which eliminates some costs related to the disposal of this waste and decreases the environmental impact,
estimating that for each ton of coffee are generated 480 kg of coffee grounds, Soares ef al., 2014.

Given this scenario, the industry has many opportunities to improve its steam generation processes in order to
reduce its cost of production. According to VIOTTO, 1991, the use of coffee grounds with excess moisture in the
combustion process causes an increase in operating costs, since larger amounts of fuel complement (eucalyptus wood
chip) are required. In this context, the use of other fuels in the blend with the coffee grounds can be a good economical
option. Thus, sugarcane bagasse presents a great potential as a complementary fuel to the coffee grounds or its blend
with eucalyptus.

In this work, a biomass combustion boiler, burning coffee grounds and eucalyptus wood chips is analyzed globally.
The combustion of coffee grounds, eucalyptus wood chips and sugarcane bagasse is modeled as a function of their
elemental components, moisture, excess air and biomass concentration. With this model, analyzes of first and second
laws of thermodynamic laws applied to the biomass boiler (coffee grounds and eucalyptus wood chip) were carried out,
and an estimate of the consumption of sugarcane bagasse is presented considering the possibility of use in the same
boiler a biomass blend, coffee grounds, eucalyptus wood chips and sugarcane bagasse.

2. MATHEMATICAL MODELLING

According to Torrent et al., 2016, a complete combustion reaction of biomass using atmospheric air can be
expressed by the following chemical reaction:
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CH 0. +£(0, +3.76N,) - CO, +%H20+3.76aN2 1)

where C, H, O, and N represents, respectively, carbon, hydrogen, oxygen and nitrogen, with the coefficients y, z,
and ¢ related by the following expression:
y oz

e=1+2-2 2
4 2 @

(Keating, 2007) proposed the following combustion reaction for coal and other solid fuels:

neCs+nyH, +ny0, +a(0, +3.76N,) > bCO, + cH,0 + dN, 3

where C;, H,, 0,, and N, represents, respectively, solid carbon, hydrogen gas, oxygen gas and nitrogen gas. The

symbols 1, Ny, Ny, a, b, ¢ e d are the stoichiometric coefficients of the combustion reaction.

In order to identify the stoichiometric coefficients of the combustion reaction it is necessary to perform an elemental
analysis of the biomass (coffee grounds, eucalyptus wood chips and sugarcane bagasse). In this analysis, values of
C (%), H (%), O(%), N(%) and S(%) are presented, where N and S are considered negligible in biomass.

The elemental composition and physical-chemical characteristics of the coffee ground and eucalyptus wood chips in
a dry base are showed in the Tab. 1, where the subscript w refers to moisture:

Table 1 — Biomass characteristics

C (%) H (%) 0 (%) Ash (%) Moisture (%)
Coffee ground ¥ 60.849  7.465 31.396 0.290 7339
Eucalyptus wood chips® 49320  5.910 44.266 0.504 45 @
Sugarcane bagasse ) 48.20 6.65 45.15 2.5 55

WSilva et al., 1997

@ Macedo, 2006

® Hugot, 1969

@ values observed in boiler operation

The stoichiometric coefficients of Eq. (3) can be obtained using the expressions given in Tab. 2 and numerical
values given in Tab. 1:

Table 2 — Stoichiometric coefficients

.. Stoichiometric
Addition of Molar ma: - .
qd on o Ashless (kg) ° (SSS) coefficient Molar fraction
moisture (kg) (kg/kmol)
(kmol)
Cy
w Cw c YoEm=—m—="=
—c-c. L C =—w __Cu
C c,=C-C 100 A =100 dsh,, 12.01 "= Cy+H +0,+7
H,
w H, H Yo === = .
—H-H Hy=—w M :
H H,=H 100 4= 700 Ash, 2.016 e =0 Cy+H, +0,+
04
w Ow @) Yo == = —
=0-0-— Oy=—"— -4
o 0,,=0-0 00 1 =100 Ash, 32.00 ne =10 C +H, +0,+7
w
Ash,, = Ash— Ash-—
Ash shy = Ash=As 100 - - - -
Wat Wy = 18.02 -t T EWAa 7
ater — A 100 Ash,, . nC?lZ.Ol ATH +0 4+

®Moran er al., 2018
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From the stoichiometric coefficients and molar fractions given in Tab. 2, it is possible to rewrite the combustion
equation, Eq. (3), in a more general way, considering ash-free biomass with moisture:
yCCS + J’HHZ + y002 + yWHZO + a(02 + 376N2) —> bC02 + CH20 + dN2 (4)

Coffee grounds and eucalyptus wood chips are burned at the same time, so it is necessary to rewrite Eq. (4) by
adding the two biomasses and their respective proportions:

a(ycCy + v Hy + 00 + v HyO0) e o + B(ycCy + v Hy + 005 + v Hy0) .
+a(02 +376N2) —)bCOZ +CH20+dN2 (5)

where the indices C.G. and E.C. refers to the coffee grounds and eucalyptus wood chips and ¢ and [ are the biomass

proportions in the combustion reaction. The coefficients @, b, ¢ and d can be determined by the stoichiometric
balance of the reaction:

26 +¢)- (20‘)’0,06. tavo,ce. t2PoEc.tPoEc. )
2

b=aycce. +PcEc.

(2CWH,C.G. tavyce 28 Ec.+PuEC )
2

d =3.76a

In normal operation conditions of the boiler, only coffee grounds and eucalyptus wood chips are burned, so the
possibility of adding sugarcane bagasse to the biomass blend can be verified, according to schematic diagram of the
boiler, Fig. (1). In this work, the production of steam will not be analyzed and the energy charged by the ashes is
considered negligible.

Steam
—»
Combustion
Products
Coffee
Grounds Water
Eucalyptus
Wood Chips .
Boiler
Sugarcane Al
ir
Bagasse
Ash

Figure 1. Schematic diagram of the boiler.

Therefore, Eq. (5) and its coefficients must be rewritten in the following form:

a(yeCy + yirHy + 9005+, H20)e o + BvCy + yirHy + 005 + y,,Hy0)
+0(ycCy + vy Hy + 300, +y,,Hy0)g p +a(0y +3.76N,) — bCO, +cH,0+dN, (6)

being S.B. sugarcane bagasse and v the proportion of sugarcane bagasse. Using the stoichiometric balance of the
combustion reaction given by Eq. (6), we obtain:
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25 +c)- (ZOO’O,C.G. tayo.ce t2BoEc.tPoEc. t2Wosc. tWoBC )
2

a=

b=aycce tBcrc tWcEC.

(ZOWH,C.G. tavyce 2P ec+PuEc t2Wn e+ UJ/H,B.C.)
2

d =3.76a
The excess air can be added to the combustion reaction. Thus, we obtain the following combustion reaction:

a(nCCS +nyH, +n,0, + anzO)S‘C' + ,B(nCCs +nyH, +n,0, +anZO)E'C'

+0(ycCy +yy Hy + 900, + ,,Hy0)s 5 +4a(0 +3.76N,) — eCO, + fH,0+ gNy +h0, (7)

being A the air excess coefficient and e, f, g and A coefficients that can be determined by the stoichiometric
balance of the combustion reaction:

e=aycce tPcEc. TVWCEC

(ZOO’H,C.G. toyce t2BnEec. P Ec +2Wa e+ U)’H,B.C.)

f= 5
g=3.76al
e (ZOO/O,C.G. +ayce. t2PoEc. T PwEc. T2WoBc. W BC. )+ 2al—2e-f

2
2.1  Energy Analysis
The heating value is one of the main thermochemical properties of a solid fuel, having two variations, that is, higher
heating value (HHV) and lower heating value (LHV). The LHV assumes that the water produced by the reaction

remains in the vapor phase, whereas the HHV considers that it is in the liquid phase (Madanayake et al., 2017). The
HHYV can be calculated by the following empirical equation (Friedl ez al., 2005):

HHV =3,55C* —232C —2230H - 51,2 H - C + 131N + 20600 ®

However, Eq. (8) is valid for values of elements in the dry base and without ashes. Thus, using the values of the
elemental analysis contained in Tab. 1, Eq. (8) can be rewritten as:

2
iy = 5q €100 ) o €100 ) o HA100 ) oo HA100 Y €100
100~ Ash 100~ Ash 100~ Ash 100~ Ash \ 100~ Ash

+13 l(wj +20600 )

100— Ash

To determine the LHV values of the moist biomass the following empirical equation can be used (Rendeiro et al.,
2008):

LHY, :(1—w)~(HHV)—(%-2442.3j—w-2442.3 (10)

The LHV,, pj.nq can be calculated by the following equation (Mehmood, 2012):
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LHV,, pena = LHVc G + B-LHVE c +v-LHVp ¢ an
The specific enthalpy of the combustion products can be determined by the following equation:

HCP= e[AZ (r )]co2 +f [N; (r )]HZO,g tg [AE (r )]N2 + h[AE (r )]02 (12)
Using the JANAF thermochemical tables, presented by Keating, 2007, it is possible to create a polynomial for the

specific enthalpy and specific entropy as a function of combustion reaction temperature. The polynomials below are
valid for a temperature range of 500 K to 2000 K, with units of Ak = cal/gmole and As = cal/gmole-K :

Ahco, =—6-107 T +3.3:107°T% +8.15127 — 2844 (13)
ASco, =12.9821In(T) - 76.152 (14)
Ahy o =13-107T2 +7.1785T —2285.6 (15)
A5y, 0 =10.095In(T) - 54.636 (16)
Ahy, =5-107"T% +6.7299T —2107.2 (17)
AS ), =7.8653In(T) - 45.479 (18)
Ahy, =5-107°T? +7.3491T - 2367.5 (19)
As,, =8.344In(T) - 48.349 (20)

2.2 Exergy Analysis

The chemical exergy charged by the coffee grounds or eucalyptus wood chips can be calculated by the following
equation (Szargut and Steward, 1988):

1.042+0.216 A 0.2499 & -[1+0.788 A, +0.045 N
Cw Cw Cw Cw (2 1)
1-0.3035 Ou
C,

Once calculated ¢ the chemical exergy of coffee grounds or wood chips can be determined by the following
equation (Szargut and Steward, 1988):

Ay =&+ (2442-w+ LHV,, )+ w- 4y 22)

where A4 , is the chemical exergy of water. The specific exergy biomass blend can be calculated by the following

equation:
Achplend =% Aenc.c.+ B Aengc.tV A . (23)

Chemical exergy of the combustion products can be obtained by following equation (Moran et al., 2018):

Agcp=R-Ty e-1n| €02 +f.1nM +g~lnﬂ tholn 292 24)
’ yeCO, yeH,0 yeN, yeO,
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The physical exergy calculation is based on the difference of pressure and temperature between the system of
analysis and the environment in which it is inserted. In this study, the pressure considered is the atmospheric pressure,
in such a way that the physical exergy is referring to the temperature difference between the input and output
components of the system and the environment. Thus, the physical exergy of combustion gases can be calculated by the
following equation (Moran et al., 2018):

Aphcc = e[Ah(Ti )coz,m —ThAs (Ti )COZ,in J+ f [Ah(Ti )Hzo,m —ToAs (Ti )HZO,in J

+ g[Ah(Ti )Nz,in - TOAS(Ti )Nz,in JjL hlAh(Ti )o2 Jn TOAS(Ti )o2 Jin J (25)

2.3  Estimate of consumption

The boiler in analysis burns biomass, in this case a blend of eucalyptus coffee grounds and wood chips. Due to its
physical characteristics and the offer of sugarcane bagasse in the market, the opportunity arose to add bagasse to the
blend. It is important to note that the equipment under analysis burns coffee grounds, which is a reject of the soluble
coffee manufacturing process. Its mass flow rate is equal of 92.75 ton/day, and the eucalyptus wood chips are bought
from loggers. Thus, assuming that the burning conditions are the same, the energy flux of the “ground-chip” blend
should be equal to the energy flux of the “ground-chip-bagasse” blend:

mgc.-LHVG c =mgcp - LHVG cp. (26)

where mg - and mg o p are the mass flow rates of the ground-chip and ground-chip-bagasse blend, respectively,
being mg ¢, givenby mgc =m, +mg and mg . givenby mgcp =my +mg+m,,and LHVGc and LHVGcp.
are the lower heat value of the ground-chip and ground-chip-bagasse, respectively. To obtain the LHVj;~ the
following parameters were used: «=0.25, fB=075  wc;=0.733 and wpo =0733, getting
LHVg =7940kJ kg and mg - =0.5787 kg/s (Moscato and Oliveira, 2017).

Using Egs. (9-11), it is possible to determine the consumption relation between the sugarcane bagasse and the
eucalyptus wood chips, since the coffee grounds consumption is fixed, according to Eq. (27). For this analysis it was
assumed that the biomass moisture values do not change, while the moisture content of the sugarcane bagasse is taken
into account:

iy =3.204-1.979%, +2.251m0m%-g~j @7

where mp and m, are the mass flow rates of eucalyptus wood chips and sugarcane bagasse, respectively. The

concentrations of each biomass in the blend can be written in terms of the mass flow rates:

a-"a 28)

mG.C.B.
m

p-—2 (29)
mG.C.B.

-0 (30)
mG.C.B.

being:

a+f+v=1 (31)

3. RESULTS AND DISCUSSION

The parameters for construction of the curves presented in this work are the following: m, = 0.5787kg/s, 4 =1.28,

and 7, =300K. For m, =0, it is understood to burn coffee grounds and eucalyptus wood chips only (“ground-chip”).
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The behavior of the LHV as a function of the bagasse mass flow rate can be seen in Fig. (2). Two different conditions
can be verified in Fig. (2). Firstly, for bagasse moisture values above 45%, the values of LHV decrease as the bagasse
mass flow rate increase. Secondly, for conditions that the bagasse moisture is below 45%, the values of LHV increase
as the bagasse mass flow rate increase.

1" T T T T T

10+ 1

LHV([M.J/kg)
[e]

7+ e . 1
6 ws.c. = 0.35 |
ws.c. = 0.45 \\\\
———wg,c. = 0.55 Tl
———-wsc. = 0.65 -
5 L
0 0.5 1 15 2 25 3 35 4 45

mikg/s|
Figure 2. LHV as a function of bagasse mass flow rate for various values of bagasse moisture.

Figure 3 shows the consumption or mass flow rate of the biomasses that are burned in the boiler. Observing the
behavior of the mass flow rate of eucalyptus wood chips, it can be seen that the increase of the mass flow rate of
sugarcane bagasse causes a decrease in the mass flow rate of eucalyptus wood chips while the mass flow rate of coffee
grounds remains constant, since this is a production residue and must be burned in its entirely. The increased moisture
content of the bagasse causes an increase in the eucalyptus wood chips consumption as well as an increase in the mass
flow rate of the total biomass that must be burned in the boiler.

5

o= | | | | 1
0 0.5 1 1.5 2 25 3 3.5 4 45
vl kg 5

Figure 3. Biomass mass flow rate as a function of bagasse mass flow rate for various values of bagasse moisture.

Comparing Figs. 2 and 3 it can be seen that for 45% of moisture there is just a slight variation in the values of
LHV and of m. With this result, it can be suggested that to maintain the conditions of burning of coffee grounds and
eucalyptus wood chips, the moisture of sugarcane bagasse burned should have a moisture content closer to 45%. In this
case, the total biomass consumption will be closer to the initial conditions, as well as the LHV.
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Analyzing the behavior of biomass proportions as a function of cane bagasse mass flow rate in Fig. 4, it can be seen
that an increase of cane bagasse moisture causes a decrease in the concentration of coffee grounds and eucalyptus wood
chips, besides increasing the concentration of sugarcane bagasse. The moisture content of sugarcane bagasse causes a
decrease in LHV, so, in order to maintain LHV levels, more bagasse is required. As the cane bagasse mass flow rate
increase, the eucalyptus wood chips concentration decrease while the concentration of coffee ground shows a slight
decrease.

o —wee = (.35
7 B g =0.35
0.7 4 —— = wgp =035

o — W =

08 = - |
|

3= use
P 0 — e

061 ; e T T,
/ B—wge

?—wse =

0.5 / o —wgp

A — ws

~—— =l = wg e = 0.63

04+ ; 2 |

Biomass

02 7 S TR S

0.1 4

0 L 1 1 1 1 A L 1 i
0 05 1 15 2 2.5 3 3.5 4 45
il kg, 5]
Figure 4. Concentration of biomass as a function of bagasse mass flow rate for various values of bagasse
moisture.

It can be seen from Fig. 4 that for moisture curves of 45% bagasse (shown in Figs. 2 and 3 as an ideal value to
maintain the initial operation conditions) the biomass proportion would be approximately 25% of coffee grounds,
37.5% of wood eucalyptus chips and 37.5% of sugarcane bagasse. The same behavior of the LHV shown in Fig. 2 can
be seen in Fig. 5 for the chemical exergy of the biomass as a function of the mass flow rate of the sugarcane bagasse.
Values above approximately 45% moisture of the bagasse causes a decrease in the chemical exergy of the biomass,
while values above 45% causes an increase in the biomass chemical exergy. Again, it can be seen that the moisture of

the bagasse next to 45% promotes similar initial operation conditions (grounds-chips).
125 ; , ; . : ; .

T

12 1

151 1

ol S i
85f 1
ws.c Tl
ws.c. T~
8r —mmm WS Tl
. -
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Figure 5. Chemical exergy of biomass as a function of bagasse mass flow rate for various values of bagasse
moisture.

The air-fuel ratio as a function of the mass flow rate of sugarcane bagasse can be seen in the Fig. 6. It can be seen
that values below 55% of moisture causes an increase in the volume of air required for biomass burning, while values
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above 55% of moisture causes a decrease in this ratio. This occurs because the biomass blend is drier, i.e., in place of
water there is more biomass to be burned causing an increase in the amount of air required for the combustion to occur
completely.

The enthalpy of the combustion products can be seen in Fig. 7. With similar behavior to the exergy and LHV, the
enthalpy of the combustion products increase with values of cane bagasse moisture equal of 45%, and decrease for
values above this line. It was noticed again that moisture values close to 45% maintain the initial firing conditions.

5.5

Rir—fuet

i
2 \ \ \
0 0.5 1 1.5 2 25 3 3.5 4 4.5
mikg/s)

Figure 6. Air-fuel ratio as a function of bagasse mass flow rate for various values of bagasse moisture.
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Figure 7. Combustion products enthalpy as a function of bagasse mass flow rate for various values of bagasse
moisture.

With the sum of the chemical and physical specific exergy of the combustion products, the specific total exergy
behavior of the combustion products can be obtained as a function of the mass flow rate of cane bagasse, Fig. 8. The
increase in the moisture content of sugarcane bagasse, as well as previous figures, causes a decrease in the exergy of the
combustion products. Values closer to 45% of moisture maintain the exergy levels of combustion products from the
burning of coffee grounds and eucalyptus wood chips. By reducing the moisture content of the bagasse (<45%) it can be
seen an increase in the specific exergy of the combustion products.
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Figure 8. Specific total exergy of the combustion products as a function of bagasse mass flow rate for various
values of bagasse moisture.

4. CONCLUSIONS

This work presents an estimate of sugarcane bagasse consumption as a fuel complement in a biomass boiler. A
combustion reaction model based on the first and second laws of thermodynamics was proposed using the following
parameters: air excess, biomass composition and moisture. The model was based on the elemental analysis of coffee
grounds, eucalyptus wood chips and sugarcane bagasse. Analytical expressions were obtained for LHV and exergy of
both the biomass and the products of combustion, chemical and physical.

It was verified that an increase of the mass flow rate of the sugarcane bagasse with values higher than approximately
45% in the biomass blend decreases the LHV, the exergy of the biomass and the exergy of the combustion products,
while values lower than 45% increases the LHV, the exergy of the biomass and the exergy of the combustion products.

When the consumption of eucalyptus wood chips and sugarcane bagasse were studied, with the increase of the
bagasse moisture, the eucalyptus wood chips consumption also increase. However, the total biomass consumption
increase with moisture values above 45%. For moisture values lower than 45% a reduction of the total bagasse
consumption has been observed. As the coffee grounds is a production residue, its consumption cannot be changed.

The boiler usually burns coffee grounds and eucalyptus wood chips. In order to use the sugarcane bagasse in this
blend, the LHV of the “ground-chips” must be at least equal to that of the “ground-chip-bagasse”. In this sense,
bagasse moisture seems to be suitable for values closer to 45%, as it maintains the values of enthalpy of combustion
products, biomass exergy and combustion products.

It is expected that the proposed model and its results may be useful to understanding of the combustion of biomass,
mainly the combustion of a several biomasses blend, in this case coffee grounds, eucalyptus wood chips and sugarcane
bagasse.
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