Proceedings of ENCIT 2010 13" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

EXERGETIC ANALYSISOF A STEAM POWER PLANT USING COAL AND
RICE STRAW IN A CO-FIRING PROCESS

Alvaro Restrepo, arestrep@labcet.ufsc.br

Raphael Guardini Miyake, miyake@labcet.ufsc.br
Edson Bazzo, ebazzo@emc.ufsc.br

Federal University of Santa Catarina

Department of Mechanical Engineering

88.040-900 Florianopolis - Brazil

Mar celo Bzuneck, mar celob@tr actebelener gia.com.br
Tractebel Energia S.A.

U.O.Usina Termelétrica Jorge Lacerda C

Av Paulo Santos Mello, s/n

88.745-000 - Capivari de Baixo — SC

Abstract. This paper presents an exergetic analysis concerning an existing 50 MWe steam power plant, which operates
with pulverized coal from Santa Catarina- Brazl. In this power plant, a co-firing rice straw is proposed, replacing up
to 10% of the pulverized coal in energy basis required for the boiler. Rice straw has been widely regarded as an
important source for bio-ethanol, animal feedstock and organic chemicals. The use of rice straw as energy source for
electricity generation in a co-firing process with low rank coal represents a new application as well as a new challenge
to overcome. Considering both scenarios, the change in the second law efficiency, exergy destruction, influence of the
auxiliary equipments and the greenhouse gases emissions such as CO, and SO, were considered for analysis.
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1LINTRODUCTION

Coal is widely used worldwide as a main fuel in egsive number of industrial processes due teeltively low
cost in the international market. Coal might begesified or co-fired with waste or biomass for eommental,
technical or commercial reasons. It allows largaore efficient plants than those sized for the lasissngrowth or waste
arising within a reasonable transport distancehis scenario, the co-firing biomass at existingldioed power plants
can provide a significant contribution to the gextien of electricity at a relatively low cost. Sies report a technical
viability and highlight the environmental contribrt of co-firing process in the reduction of greeabe gases such as
CGO, and CH, Tillman (2000), Agostineto Det al. (2002), Garciat al. (2008), Julia Hanssaat al. (2009).

Focusing on biomass from agricultural residueszBtes an estimated potential of 220 million tq@es year (soy
straw, corn stalk, rice straw, manioc stalk, wistew, cotton stalk, bean stalk and sugarcane bapaBereira F. Let
al (2009) representing an important energy altereatdgarding the contribution of coal in the natiamzergy balance.

In this work, a thermodynamic model is presentedafpower plant in co-firing process using pulvedzoal and
rice straw. The model considers the energy consompequired for the fuels to find the typical sidgaracteristics for
combustion in the burners. The thermodynamic sitraratakes into account the change in the environaie
temperature. An exergetic analysis was considerggiantify the exergy destruction of each powenptamponent.

2. POWER PLANT DESCRIPTION

The power plant is located in the thermoelectrimptex Jorge Lacerda in the southern region of S@attarina
State in Brazil. The thermodynamic cycle concernihg steam power plant is shown in Fig.1l. It cdesiH a
pulverized coal boiler, a steam turbine in two etgvithout reheating, feeding water heaters addagerator with a
feeding tank. The condenser uses water from a foreneat rejection. Both the nominal and operatibaracteristics
are shown in Tab.1.
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Figure 1. Steam Power Plant in Rankine Cycle

Table 1 Nominal and operation characteristics of the povieni.

Parametel Nominal Operatiol
Temp. of water inlet to boil 210 °C 210 °C
Pressure of water inlet to boi 98.1 bar 96.8bai
Temp. of steam out of the boi 515 °C 510 °C
Pressure of steam out of the bc 90.25 bar 89 ba
Power output 50 MWe 44.5 MWe
Steam flow 165 t/h 185 t/t

Derom power plant (14/07/201

In this work the operation parameters were considléor analysis, withhe correspondincoiler efficiency about
80%. The use of biomass should change the boiler efiigieand gas emissionAs there is ncprevious experience
related to cdiring with rice straw, any change concerning tludldy efficiency is still unknown. Even for biomass
general there is no suffemt experimental datéAccording to a field test reported yughes (199¢ the boiler
efficiency decrease about 0.5% for 10% of biomasmass basi

The characteristics of both coal and rice strawsim@wnin Tab. 2. The ultimatanalysis shown iiTab. 2 was
obtained from samples specially collected from poplant and also from rice field of southern Sadaarina

Table . Chemical characteristic bbth coal and straw ri

Ultimate analysi$’

Fuel HHV LHV
kike kikg ~C H O N S Ash HO
Coal 1884( 18172 46.153.01 6.66 0.821.17 419 0.3
Rice straw 1#1€ 13362 39 5.3334.3 0.71 0.2 12.9 7.58
@IFK (2009)

In this work thethermodynamic mod considered aextended boundary including both the coal and ite straw
handling process, as well as the global convergiom fuel chemical energy to electricity in the steam turt
generator. See Fig. The coal handling facily is typical of steam power plantconsisting of belt conveyors, s,
coal feeders and its respecto@al pulverizer (ball mil.

The rice straw handling facility isompletely new anit wasdesigned to provide a hamr-mill (or knife-mill) to
reduce the fuel to a granulometry ofoabl mm or less before burning. The rice straw ha®€ib characteristic and
will be received in cylindrical baleiTherice straw handling facility consists bélt conveyors, p-milling (de-baler),
milling and storage syster@.onsidering the fuelroperties and the proposed fixdArg of rice straw in 10%, the facilit
must feed up t& t/h. Both pulverized coal arrice straw are transported to the burner w&iineumatic conveyor.



Proceedings of ENCIT 2010 13" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

Flice straw Pre-milling Milling
halar
________ ot
5 1

[Cretone2  |— 0 s
o ad :
Feons svstam conveying

Water

Figure 2. Coal and rice straw supply syst¢

The Table 3 shows the energy consumption for hagdiperations oboth coal andice straw in equivalent units
(kW). Theenergy consumption of some auxilicequipment is also considerechél consumption associated with th
operations was obtained ihet power plant, usually forriving electric motorsThe require fuels for field machinery
(Tractors and bulldozer) weedso considere

Table 3.Energy consumption for handling coal, straw ricd auoxiliary equipmel

Coal field operations Biomass operations Auxiliary equipmen
Equipment kw Equipment kw Equipment kw
Sr(ljlﬁlading 88.26 Input operations 50 I(\;/IolglgPulvenzer 855
Conveyor 288.4 Pre-milling 56 Forced draft fa 630
vibrating 57.54 Conveyor 74.8 Induced draffan 578
screens
Fuel (diesel) 3114 Hammer-mill 75 Others 352
Others 12 Fuel (diesel) 156

Others 137.3
Pneumatic transport 85
Total 757.6 kW  Total 634.1 kW  Total 2415 kW

3. MODELING AND GOVERNING EQUATIONS

A thermodynamic model considering the first andosgiclaw isproposed. Thenodel wasdeveloped for evaluation
of both scenarios: (firect coal burning an(ii) co-firing process with coal and rice straw.
The following hypotheses were considel

» Steady state condition;

» Dead state (101325 Pa, 25°C);

» Kinetics and potential energy changes negli

» Fixed electricityconsumption for coal and rice strihandling facilities;
* Negligible makeup water (de@ator);

Mass, energy and exergy balances were dn all components of the steam power [ using the operating data
showed in Tab. 1 as the boundary condit. The governing equations are listed below



Proceedings of ENCIT 2010
Copyright © 2010 by ABCM

13" Brazilian Congress of Thermal Sciences and Engineering
December 05-10, 2010, Uberlandia, MG, Brazil

S = Lri, )
Q+ W =X hyrit, — X byt )
Srigel" — Lrnel" = (1-72) 0+ W ~ £y 3)

wherem is the mass flow rat€ andli/ are the net heat and net work, respectivielig, the enthalpy, the subscripig “
and ‘0" indicate input and output of the systtEp, is the exergy destruction rate a( —TT—U)Q is the time rate exergy

transfer associated with heat transfer at the ilmeadn the boundary temperatLT,. In Eq. (2) the power input is
assumed as positive.
The exergy efficiency and the exergy destructiend®fined as shown in the Tab. 4.

Table 4. Exergy efficiency and the exergy destorctate.

Equipment Exergy Destructio Ep Exergy Efficiencyey
. . . . . Nboiler To+273,15
Boiler Eppoiter = Eflty — (E2" — EP™) Epoiter = 2 [1 - {OT}]@
W urbi
High Pressure . -ph <ph | pph |, pph | pph : Enp,turbine = ZpR =ph Hpit,,;b = P pR
Turbine ED;HP,turbine = EZ - (E3 + E4 + ES + E6 ) + WHP,turbine ES"+E, +E; +E; —E,
Low e I WLP,turbine
Pressure Eppip = EQ" — (EP" + D" + EI™) + Wip rurbine Lhturbine T pph | pph | pPR _ fOR
Turbine
EP' + EP
. . N . N . £ =
Condenser Epscondenser = EY" + EFy — EPV — (EP" — EPM) condenser ™ ph y pph_ PR

Low Pressure

. _ aph ., pph pph -ph  rph
Ep.ipneatera = Eg + Ejg —Ej3 — (E1z —E;
Heaters 1

=ph _ fph
E12 Ell

€LPheater, = - -
, Ph ph _ bR
E8 + E16 E13

Low Pressure
Heaters 2

. _ pph ~ph ~ph ~ph
ED;LPheater,z = E7 - ElS - (E17 - E12

=ph _ ph
E17 ElZ

ELPheater2 = Epn Eph
7~ Fis

High Pressure

R _ aph ., pph pph sph  sph
Epnpheatern = Ey - + Eys — Epp — (Ez1 —Ep
Heater 1

=ph _ gph
E21 EZO

€HPheater,1 = - -
s ph ph _ pph
E4 + EZS EZZ

High Pressure
Heater 2

. _ ph pgph -ph  oph
ED;HPheater,Z = E3 _Ez4 - (E1 _E21

=ph _ ph
El EZl

EHPheater,2 — Epn Eph
3 T Foa

(ef;l - e;;)mzs

i 2 _ (,Ph _ _ph\. _ (,ph _ _ph)_. Eftank = 7 pn DAY
Feeding Tank Epfrank = (elg — b9 )rig — (eby — €53 )1itzs by — el )myg
ph phy _.
. . . . e _ (e1s ~ 6y )m17
- _ ph _ b s ph _ _p 3 dearator — h Ry .
Deaerator ED;deaeratar = (es €18 )mS (618 €17 )m17 eSp - efB )m5

© Expression of (Szargut J. M. D., 1988)

The energy efficiencyn(), and the exergy efficiencynf), as well as, the exergy destruction ragg, 4, ,) are

expressed as

n = Welectric
™ @nve m+WHVrs ings)
_ Welectric
M = —peh
fuel

ED;tutal = ZED,k

Epk
ED,total

Ydestk =

(4)

(%)

(6)
()
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whereLHV, is the coal lower heating value aridiV, is the rice straw lower heating valug, andm,, are the mass
flow rate of the coal and rice straw, respectivéiy,. ... is the net electrical power alﬁﬁﬁel is the chemical exergy of
both fuels.

The specific chemical exerg(y’fuel) is calculated as proposed by Szargut (1988)

efnet = (LHVyyer + Reginzo * Mpnz0) * Bruer + (€6" — LHVS) * mes + (effbo * Mpua0) (8)

wheremg,c , ms,y, mg,o andmg,y are the mass fraction of carbon, hydrogen, oxyaehnitrogen respectively$" and
ek, are the chemical exergy of sulfur and walétVs is the lower heating value for the sulfur. The Talshows the
Bruel factor used in the equation above.

Table 5. The factors used for calculate the chemistry exerggheffuels.

Fuel Thep factor Relation Ac(chL;_r)a cy
m me. my. 0
Coal Be=1,0437 + 0,014 + 2 + 0,0968 + — + 0,0467 » —L~ —<05 | (2380
Myic Myic Myic ¢ '
1044+0016* —03493* 1+00531*ﬂ + 0,0493 =
f Mric
Rice | B, = ’ o <2
Straw 1 —04124* fc I 0,72%
The chemical exergy of the fueBg(.)) is calculated with
EEh = e, (9)
ESh = efhm 10
s
Efyer = EE" + EY (11)

where,ef" andeg? are the specific chemical exergy of coal and sicaw.

3. ANALYSIS

The change in the second law efficiency, exergytrdeson, influence of the auxiliary equipments, emt
temperatures and also the £ahd SQ gases emissions is the main focus of this worlke ERS software Klein, A.

(2010) was used considering the power plant atigtetate condition.

The corresponding fuel exergy, the first law effitty, the second law efficiency and the exergyrdeson of the
power plant are presented in Tab. 6 for coal bgrainly as well as, for co-firing of 10% of riceatv in energy basis.
The subscriptéq” in the second law efficiency represents the aarilequipment for coal and rice straw handling.

Table 6. Performance assessment parameters ofbaltland co-firing process

Performance assessment Coal burning  Co-firing
parameters only 10%
Efuel 169.19 MW  177.71 MW
0 28.05 % 27.52 %
i 26.31% 25.04%
Nileq 22.78% 21.68%
Ep.total 124.05 MW  133.21 MW

As shown in Tab. 6 the fuel exergy increased addfo for co-firing process of 10% of rice straw.nSequently
the second law efficiency decreased 1.27%, froBR& 25.04%. The similar LHV of both fuels is timain reason for
this found small decrease. When considered thdianyxequipment for coal and rice straw handlifgg second law
efficiency decreased 3.53%, from 26.31 to 22.78f&&@l burning only or 4.63%, from 26.31 to 21.68%co-firing
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10%. For co-firing up to 30%, the correspondingulissare shown in Fig. 3. Finally, it should be et significant
increase of the exergy destruction after retrafiftihe power plant from coal burning only to cariiy 10% on thermal
basis, from 124.05 to 133.21 MW. The exergy desitnaatio(yaes. ) for each component are shown in Fig. 4. As
expected, the highest destruction exergy rate tpkes in the boiler, in this work reaching 88.5#4%inly due to the

combustion process.
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Figure 3. Behavior of the second law efficiencyte power plant
considering the handling facility
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Figure 4 Exergy destruction ratio in the power plant
for co-firing 10% rice straw on thermal basis.

Figure 5 shows the GGand SQ emissions for co-firing up to 30% of rice straw thermal basis. In coal burning
only, it is generated about 1194 kg £/@We. For co-firing of 10%, the coal G@mission decreases in about of 9.5%.
The rice straw handling facility consumes 634 kWaijch is equivalent to 17 kg CMWe. Thus, the effective CO
reduction is about 8%. For S@missions, it is generated about 16.51 kg/8®/e in coal burning only. For co-firing
of 10%, the S@emission decreases in about of 7.1%. Taking intmant the rice straw handling facility, the effeet

SO, reduction is about 5.7%.
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Figure 5. CQ and SQ emission for co-firing process
4. CONCLUSIONS

In the present work, an exergy analysis was predeffibicusing a co-firing coal and rice straw ud®86 on thermal
basis. Considering operation data of an existiraj ficed power plant, it had been concluded:
- There is not significant change on the second Ifigiency if compared the coal burning only to darfg
10%;
- When considered the handling facility for both &jehe second law efficiency decreased 4.63%, £6r81 to
21.68%;
- The coal CQemission reduced about 8% for co-firing 10%, grayip to 25% for co-firing 30%;
- The SQ emission reduced about 7% for co-firing 10%, graywp to 22% for co-firing 30%;
Further research is planed after the retrofittihdhe power plant with the corresponding experirakdata for co-
firing coal and rice straw up to 10%. Also, mor@resentative results should be expected extendiagsystem
boundary to the coal mines and rice fields.
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