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Abstract. This work presents a study about estimation of lower heat value, released heat and exergy for a process of
biomass combustion composed by spent coffee and eucalyptus wood chips. Parameters of reaction as, spent and chip
concentration in biomass blend, moisture, air excess and temperature of combustion products are presented. A
thermodynamic modeling is proposed for the process, being presented the equations of LHV, released heat, air-fuel
ratio and exergy. The influence of the reaction parameters on LHV, released heat, air-fuel ratio and exergy are
presented and analyzed in a graphic form. It is expected that the results and conclusions of this work will assist in the
biomass boiler operation.
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1. INTRODUCTION

The use of waste from production processes is necessary for industries due to several factors such as: environmental
issues, costs of waste allocation and mainly as a source of thermal energy (MACEDO, 2006). Similarly, the soluble
coffee industry faces a problem such as the disposal of its main residue, the spent coffee. It is estimated that each ton of
green coffee is generated 480 kg of sludge (CABRAL and MORIS, 2010).

One of the solutions found for the volume of tailings resulting from the process is the biomass boiler firing. Thus, by
burning this residue, one can take advantage of the energy released by the combustion process to provide steam to the
process.

In some facilities, inefficient use of generated steam or excess moisture in coffee production is necessary or
complementary to another fuel to supply soluble coffee production (VIOTTO, 1991).

In this work, the combustion of the blend of spent coffee and eucalyptus wood chips (complementary fuel) is
analyzed. Both the analysis of 1st and 2nd laws of thermodynamics of the combustion process of spent coffee are
unusual.

A modeling (1st and 2nd laws of thermodynamics) of combustion process to obtain values of lower heat power
(LHV), released heat and exergy are presented. Excess air, combustion temperature, blend ratio, and moisture are
considered for obtaining analytical expressions.

2. MATHEMATICAL MODELLING

According to (Torrent et al., 2016), a complete combustion reaction of biomass using atmospheric air can be
expressed by (Eq. 1):

CH 0, +£(0, +3.76N,) — CO, +§H20+3.76aN2 (1)
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where C, H, O, and N are, respectively, carbon, hydrogen, oxygen and nitrogen, with the coefficients y, z, the
ratios H/C and O/C, and ¢ can be obtained by (Eq. 2):

g:1+%—§ @)

(Keating, 2007) propose the reaction, (Eq. 3) for coal and other solid fuels:

neC, +nyHy +np0, +a(0, +3.76N,) - bCO, +cH,0 + dN, 3

where C, H,, O,, and N, are respectively solid carbon, hydrogen gas, oxygen gas and nitrogen gas; nc., ny, ng,
a, b, ¢ e d are the stoichiometric coefficients of the combustion reaction.

In order to identify the stoichiometric coefficients of the reaction it is necessary to perform the elemental analysis of
the biomass (spent coffee and eucalyptus chips). In the analysis value are presented C(%), H (%), O(%), N(%) and
S(%), where N and S are despicable in biomass.

Table 1 shows the elemental composition and physical-chemical characteristics in the dry base of the spent coffee
and eucalyptus chips.
Table 1 — Biomass characteristics

C(%) H (%) O (%) Ash (%) Moisture (%)*
Spent Coffee ® 60.849 7.465 31.396 0.290 45
Eucalyptus Chips ® 49.320 5.910 44.266 0.504 45

M Silva et. AL, 1997
@ Macedo, 2006
* Value adopted in this work.

Using Table 1, the stoichiometric coefficients of Eq. 3 can be obtained using the expressions given in Table 2:

Table 2 — Stoichiometric coefficients

Addition of Molar mass . Stoichiometric
. Ashless (kg) Moist (kmol) R
moisture (kg) (kg/kmol) coefficient (kg)
C4
w Cw — C Ne==———"—=——""
—C-C-— C,=—¥ _ b4
C C,=C-C 00 AT e, 12.01 Cy 01 Cy+H, +0,+w,
Hy
w H, — H ny == — — —
—H-H — H, = W _ My
H H,=H 100 AT deh, 2.016 H, ol C +H, +0,+wy
@) 0 n 5A
w _ » — y 0 =—=——— I
0] 0,,=0- W OA_I—AShw 32.00 OA:m Cy+H, +0,+wy
w
Ash,, = Ash— Ash-—
Ash e = AT 00 _ _ _ _
Wy
Wat Wy =— 18.02 W, =24 T FH,+0,+ W
ater - AT 1= Ash, : 47201 AT AT AT

3Moran and Shapiro, 2006

From the stoichiometric coefficients obtained in Table 2, it is possible to rewrite the combustion equation (Eq. 3) for
a generic, ash-free biomass with moisture, Eq. (4):

neCy+nyH, +npy0, +n,H,0+a(0, +3.76N,) > bCO, + cH,0 + dN, “

Spent coffee 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, Eq. (5):

a(nCCS +nyH, +ny0, + nWH2O)S'C' + ,B(nCCS +nyH, +ny0, + nWH2O)E.C'
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+a(0, +3.76N,) - bCO, +cH,0+dN, ®)

where the indices S.C. e E.C. refers to the spent coffee and eucalyptus chips, and £ are the biomass proportions in the

reaction, being a, b, ¢ and d determined by the stoichiometric balance of the reaction, where:

u= [(2b+c) - (Zano,s.c. tan,ge +28n, g0+ P, pe)l
2

b=ancgc +Pncpc

_ Qany, gc tan, g +28n, pc +Bn, pc)
2

c

d =3.76a
The excess air can be added to the combustion reaction; thus, it arrives at Eq. (6):

a(ncCy +nyHy +np0, +n,Hy0) . + BneCy +nyHy +np0y +n,H,0),. .
+1a(0, +3.76N,) = eCO, + fH,0 + gN, + hO, 6)

being A the excess of air, e, f, g and % are determined by the stoichiometric balance of the reaction, where:
e=ancgc + Prcec

_ (zanH‘S.C. +an, o+ zﬁnH,E.C. + ﬁnch)
2

g =3.76al

_ (Za"H,S.C. +an, o+ zﬂnH,E.C. + ﬂnw,E.C.) +2al-2e~f
- 2

h

2.1 Energy Analysis

Applying the 1st Law of thermodynamics on combustion reaction (Eq. 7), it arrives:

szﬁf[@ﬂﬂi—Zﬁj[ﬁfa’ﬂﬂ,« 7
Prod React '

where }_1 7 is formation enthalpy of the element and Ah is the enthalpy change of the element between the evaluated

temperature and the reference temperature, Ah=h (T ) —h (T 0).

The heating value is one of the main thermochemical properties of a solid fuel having 2 variations higher heating
value (HHV) and lower heating value (LHV). The LHV assumes that 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 HHV can be
calculated by impiral equation (Friedl et. al., 2005), Eq. 8:

HHYV =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 ash, thus it reaches Eq. 9:

2
HHV =355 _C-100 —239) C-100 9930 H-100 512 H-100 C-100
100— Ash 100— Ash 100 — Ash 100— Ash \ 100— Ash
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0— As.

+131] _N-100 +20600 )
100— Ash
To determine the LHV values of the moist biomass and used Eq. 10 (Rendeiro ez. al., 2008):
9. (1 - W)- H
LHV, =(1-w)-(HHV)- e 24423 |-w-24423 (10)

LHV,, jenq can be calculed by Eq. 11 (Mehmood, 2012):
LAV, pieng =0 LHVsc + - LHV an

The heat released by the reaction can be calculated by Eq. 12:

0= +6(AE )CO2 +f '(N7 )HZO,g +8 (AE )N2 + h(N? )02 -p [”C,E.c (AE )c g EcC. (MT )H2 +hoEc. (N7 )02 thyEc. (N7 )H2O]
-a [”c,s.c. (AE )c thysc. (NT )H2 +hos.c. (N7 )02 +h,5c. (MT )HZO]_ Aa [3-76(N7 )N2 + ﬂ(AE )02 ]+ LHV,, pena  (12)

According to (Weston, 1992), often with solid fuels, the biomass enters the reaction at room temperature (reference
temperature) while the products emerge at high temperatures reaction (T ) and the air enter at temperature (T E).Thus,

Eq. 13 can be reduced to:
O=-LHV,, pjops + e[AfT (T)]COZ + f[A/? (T)]Hzo’g + g[AfT (T)]Nz + h[AZ (T)]Oz - ﬂ,a{3.76[AE (, )]Nz + A[AZ (T, )]02} (13)

Using the JANAF thermochemical tables, presented by Keating, 2007, it is possible to create a polynomial for
enthalpy and entropy as a function of reaction temperature. The polynomials below are valid for a temperature range of

500k to 2000k, being Ak = cal/gmole and AS = cal/gmole-K :

Ahgo, =—6-107T° +33-107T% +8.1512T - 2844 (14)
Asp, =12.9821In(T) - 76.152 (15)
Ay o =1.3-107T% +7.1785T - 2285.6 (16)
ASyy o =10.095In(T) - 54.636 (17)
Ahy, =5-107*T% +6.7299T -2107.2 (18)
ASy, =7.8653In(T) - 45.479 (19)
Ahy, =5-107T2 +7.3491T - 2367.5 (20)
AS,, =8.3441n(T) — 48.349 (1)

2.2 Exergy Analysis

Using the second Law of Thermodynamics, the maximum available work that can be produced can be determined.
Thus, exergy is the useful quantity that results from the interaction between the system or process and the environment
that surrounds it (Dincer and Rosen, 2013). The flow of exergy can be divided, basically, into distinct parcels (Kotas,
1985):
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A:Ak+Ap+Aph+Ach (22)

where /lk is the kinetic exergy, Ap is the potencial exergy, A, is the physis exergy e Ao is the chemical exergy.

ph
The terms of kinetic and potential exergy can be neglected in this analysis.

2.2.1 Chemical Exergy

The chemical exergy charged by the spent coffee or wood chips can be calculated by the coefficient presented A in
Eq. 23 (Szargut et. al., 1988).

H (0) H, N,
1.042 + 0.2160[WJ - 0.2499{ W J 1+ 0.7884{ W J + 0.0450[”}
Cw Cw Cw CW

£= (23)
1-0.3035 Qe
Cw

Once calculated ¢ the chemical exergy of spent coffee or wood chips can be determined.

Ay = (2442 - w+ LHV,, )+ w- 4y (24)
where Ay o is the chemical exergy of water.

The exergy of fuel can be calculated by Eq. 25:
Acpbiend =% A sc.+ B Anc. (25)

For the calculation of the chemical exergy of the combustion gases it can use the Eq. 26.

Apco =R-T, o | 2€%2 +f.1nM +g.1ny_NZ e hlnl 292 (26)
’ yeCO, yeH,0 yeN, yeO,
where y is the molar fraction of the flue gases and ye is the molar fraction of the gases that make up the dead state

(environment). Thus the calculation of the chemical exergy of the incoming air is negligible, since the air from the inlet
has molar fractions similar to the dead state.

2.2.2 Physics Exergy

The physical exergy calculation is based on the difference of pressure and temperature between the object of
analysis and the environment in which it is inserted, in this case the pressures are atmospheric, so physical exergy is
referring to the temperature difference of the input and output components and the environment. As the fuel enters
atmospheric pressure and ambient temperature the physical exergy of it is zero. Thus the physical exergy of the
incoming air and flue gases can be calculated by Eqgs. 27 and 28, respectively.

Ay air = 3.73aA|AN(T, Dyin ~To8s(T),y |+ aalan(r, o, in = ToAS(T, ), | @7

Aphc = e[Ah(Ti )COZ,in ~Tys(T; )co2 Jin J+ f lAh(Ti )Hzo,m ~Tys(T; )Hzo,m J
+ g[Ah(Ti )Nz,in - TOAS(Ti )Nz,in J+ hl.Ah(Tl )Oz,in - TOAS(Ti )Oz,in J (28)

ph,air

3. RESULTS

The parameters for construction of curves presented in this work are the following: ¢ =0.3, =0.7, 1=1.05,
T=1300K, w=0.45 and T, = 600K . Figure 1 is presented LHV as function of moisture for various biomass blend.

As moisture increases the LHV values decrease, increasing the spent coffee content in the blend increases the LHV
values also increase.
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Figure 1. LHV as function of the moisture, with various values of biomass blend.

Figure 2 (a) and Figure 2 (b) show the behavior of the heat released as a function of moisture, it can be verified that
as moisture increases the heat released decreases. In Figure 2 (a) it is observed that values below 60% moisture the heat
lost increases with the spent coffee content, whereas values above 60% moisture the lost heat decreases with the
increase of the spent coffee content. With respect to excess air, its increase causes the decrease of the heat lost, Figure 2

(b).
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(a) (b)
Figure 2. (a) Heat released as function of the moisture, with various values of biomass blend. (b) Heat released as
function of the moisture, with various values of air excess.

Figure 3 (a) and Figure 3 (b) show the behavior of the enthalpy of the products as a function of the moisture, it can
be verified that as the moisture increases the enthalpy of the products decreases. The increase in the content of spent
coffee causes increased enthalpy of the products (Figure 3 (a)), as well as excess air (Figure 3 (b)). It can be noted that
the released heat is reduced to zero (adiabatic flame temperature), which is dependent on reaction parameters, biomass

The behavior of the lost heat and the enthalpy of the combustion gases as a function of temperature are presented in
Figure 4 (a) and 4 (b). It is found that the increase in temperature causes a decrease in the heat released while the
enthalpy of the combustion gases increases. Analogously, the increase in the inlet temperature causes the enthalpy to
increase.

An exergetic balance of combustion can be seen in Figures 5 (a) and 5 (b), it can be seen that the chemical exergy of
the biomass blend is considerably higher than the physical exergy of the combustion gases, chemical exergy of the
gases of combustion and physical exergy of the incoming air. It is observed that physical and chemical exergy decreases
with increasing moisture, while increasing the temperature of the combustion chamber only causes an increase in the
physical exergy of the combustion gases, the physical exergy of the incoming air does not depend on the temperature of
the combustion chamber, but rather the air inlet temperature. In relation to the biomass blend, the higher the spent
coffee content the higher the exergy of all components of the reaction.
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Figure 3. (a) Enthapy products as function of the moisture, with various values of biomass blend. (b) Enthapy products
as function of the moisture, with various values of air excess.
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Figure 4. (a) Heat released products as function of the temperature, with various values of biomass blend. (b) Enthapy
products as function of the temperature, with various values of air excess.
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Figure 4. (a) Exergetic balance of combustion reaction as function of the moisture, with various values of biomass
blend. (b) Exergetic balance of combustion reaction as function of the temperature, with various values of moisture.
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4. CONCLUSIONS

This work presents an estimate of LHV values, released heat and exergy of the combustion reaction of a biomass
blend, in the case of spent coffee and eucalyptus chips. A model of the combustion reaction of the first and second Laws
of thermodynamics is proposed, the parameters excess air, biomass composition, moisture and combustion temperature
are analyzed in order to understand their effects on LHV, released heat and exergy (chemical and physical).

The modeling was based on the elemental analysis of the spent coffee and eucalyptus chips, thus, literature values
are used to elaborate a complete combustion reaction with excess air. With this, analytical expressions are obtained for
LHV, released heat, biomass exergy, exergy of the air intake and exergy of combustion gases, both chemical and
physical.

Observa-se que o aumento do teor de borra de café causa o aumento do LHV, calor liberado, exergia da biomassa,
exergia dos gases de combustdo, por outro lado, a alta umidade causa a diminui¢do de todos os valores analisados. A
temperatura de combustdo causa o aumento de todos os pardmetros, com exce¢do do LHV que por defini¢éo € obtida a
298K.

It is observed that the increase in the content of spent coffee causes the increase of the LHV, released heat, exergy of
the biomass, exergy of the flue gases, on the other hand, the high moisture causes the decrease of all the values
analyzed. The combustion temperature causes the increase of all the parameters, with the exception of the LHV that by
definition is obtained at 298K.

It is expected that the proposed modeling and the results obtained could help in the understanding of the biomass
combustion, mainly in the combustion of biomass blend, in the case of this work spent coffee and wood chips.
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