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Abstract: Recent years have witnessed rapid developmengriewable energy technologies.
Several renewable energy technologies have fourdk waicceptance and deployment in the
developed as well as the developing nations. Ajpam solar PV, biomass based energy systems
have gained much popularity, particularly in thevaleping economies, where unavailability of
grid electricity in remote and rural areas paveel Way for wide deployment of biomass based
energy systems. This paper focuses on two novehajidefficiency biomass gasification based
conceptualized combined cycle plants that offempsing performance. Biomass gasification,
when integrated to combined cycles, offers higitigliicy compared to the conventional biomass
based gas engines. An indirectly heated GT cycteblean considered in the topping cycle, while
in the bottoming cycle both Steam Rankine cycleGyRas been considered in one configuration
and Organic Rankine cycle (ORC) has been consideretthe other. The study reveals that high
overall efficiency is achievable in such combingdle systems. ORC is found to give much better
energetic performance, giving conversion efficiemsyhigh as 46% while similar configuration
with SRC yields about 39% overall efficiency.

Keywords: Biomass gasification; Combined cycle, Organic Ramlkycle, efficiency,
cogeneration.

INTRODUCTION

scarcity problems and environmental issues [1]. &\Mignges of biomass gasifier-gas engine assembly
are commercially available for decentralized pogeneration. However, these systems suffer from low
overall efficiency (~20-25 %) and extensive gasulag and cooling requirement [2]. The internal bostion
(IC) engines are very sensitive to the presendarpparticles and moisture in the producer gassanadditional
gas cleaning and drying systems are required #fiergasifiers which ultimately affect the operatiand
maintenance cost [3]. The energy researchers atiagpattention into the integration of bio-gasificen with
gas turbine (GT)-steam turbine (ST) combined cytéant, which can improve the overall electricali@éincy
substantially [4]. The Worlds’ first bio-gasificati based combined cycle power plant was operatedgdli996
in Varnamo, Sweden with an overall efficiency oP@%5]. The operation of the plant was stopped dukigh
operation and maintenance cost as extensive gasitteand cooling were required for the combustat gas
turbine.

Biomass based power generation is getting increampdrtance worldwide in overcoming the energy

Solid biomass is thermo-chemically converted irdsepus products through its gasification in oxydeficient
environment. The main components of the gas arg 85 CO, CQ, H,O and N. Different types of tars are
also produced during gasification as by-product [@e producer gas needs to be extremely clearvdi a
erosion, corrosion of and particulate depositioritengas turbine blades and blockage of the fyetiars. Also,
since the calorific value of the product gas is lmmpared to natural gas, modification of the cosbdnuis also
essential for the usage of producer gas in conwveatiGT [7].

The gas cleaning and cooling complexities alonghwhite modification requirement of combustor ancbrot
balding can be avoided by implementing a combuséat exchanger duplex (CHX) unit instead of coneest
gas combustor used in a GT cycle [8, 9]. The CHK lmrns the producer gas and heats up the aiGforThe
exhaust from the GT is utilized in generating shpated steam for the bottoming Rankine cycle. Dttt [7]
carried out an energetic and exergetic performanedyses of an externally fired gas turbine cysfleerein it is
seen that the cycle reaches a maximum efficieng@asdtcular value of topping cycle pressure ratiepending
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on turbine inlet temperature (TIT) and cold end gemature difference (CETD) of the heat exchangenia
and Al-attab [10] had experimentally studied thefgenance of the heat exchanger used in an EGFIE clids
observed that the heat exchanger is capable ofipioglabout 70U TIT at 63% average effectiveness. Soltani
et al. [11] had also carried out the similar anialyg an externally fired combined cycle (EFCC)ntlaMost of
the studies suggest that the design of the hedtaeger, used in the CHX unit is the most criticatgmeter
from operational point of view.

In this paper, thermodynamic modeling and perforreaassessment of two bio-gasification based inidyrec
heated combined cycle plants are reported. In blogh schemes an indirectly heated GT cycle has been
considered in the topping cycle, while in the butitog cycle Rankine cycle (SRC) has been considepfie
scheme and Organic Rankine cycle (ORC) for theroffige issue of the sizing of the major plant corgrds

has also been discussed. The gas turbine block fizaed output of 30 kWe. Saw dust is used as feetl and

the gasifier is considered to be of downdraft tyyga&riation in overall efficiency, work output, eteical specific
biomass consumption (ESBC) etc are analyzed ovange of the topping cycle pressure ratio and gdsrte

inlet temperature. The model development and thiepegormance assessment have been carried oug usin
Cycle-Tempo software [12].

PLANT CONFIGURATIONSAND DESCRIPTIONS

Figure 1 shows the schematic diagram of the conediped biomass based indirectly heated combined
cogeneration plant with bottoming steam Rankindecy8RC). Solid biomass (saw dust) is fed to a diraft
gasifier (block 6) to convert it into producer gas,the presence of atmospheric air, in sub-stoitigiric
condition. The hot producer gas is fed into the loostor (block 7), where it gets combusted in thesence of
recirculated gas turbine (GT) exhaust air. Flue gaserated during the combustion process, erftershell side

of a high pressure high temperature (tube sidehaater (block 8). Block 7 and block 8 togethedechlas
combustor-heat exchanger duplex (CHX) unit, whigath up the working medium (air) of the topping GT
cycle.

Atmospheric air after passing through the compire@dock 9) enters the CHX unit and gets heatedTine hot
and compressed air then expands in the gas tufiioek 10) to atmospheric pressure and entersuperbeater
box (block 11) and produces superheated steanhéo®T . An electric generator is coupled with the turbine
rotor to produce electricity. The heat exhaustednfthe CHX unit is recovered through a heat recpogégam
generator (HRSG), consisting of three sub-units; éd@porator (block 16), economizer (block 17) ariél L
evaporator (block 18). The HP evaporator, economiteam turbine (ST-block 12), condenser (blockd®l
feed pump (block 15) constitute the bottoming stg@wer cycle. The pump is driven by an electric onot
(block 14). The LP evaporator produces utility stefor heating purpose. The final exhaust from trepis
exposed to the atmosphere through stack (block 19).

Figurel: Combined Cycle Scheme with Bottoming Steam RamKipcle (SRC)
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Figure 2 shows the schematic diagram of the plattt similar topping cycle configuration but with th@ming
organic Rankine cycle (ORC). The ORC-superheatengalwith ORC-turbine, condenser, feed pump and
internal recuperator constitutes the bottoming wigaankine cycle where toluene is the working dluThe
cycle operates on supercritical mode. The exhaost the gas turbine (block 8) enters the ORC-sigzeen
(block 9) and produces supercritical organic vafworthe organic vapor turbine (ORC-VT, block 14her
exhaust of ORC-VT enters an internal recuperatiarcis10) which preheats the organic fluid enterihg heat
recovery unit (block 9). Finally, the exhaust estfre condenser (block 13), followed by the feeohpblock-
12). The pumped fluid enters the internal recuperajets preheated and enters the ORC-superhaatehas
the bottoming cycle continues. The pump is drivgrab electric motor (block 11). The final exhausinfi the
plant is exposed to atmosphere through stack (&g3k

Figure2: Combined cycle scheme with bottoming organic Ramkycle (ORC)

The simulated performances of the two configuratiane assessed over a wide range topping cyclsysees
ratio (rp=4 to 16) and turbine inlet temperaturéTE900, 1000, 1100 deg C) for the GT block. Thedgtalso
includes discussion on the sizing of the major fptamponents.

M ODEL DEVELOPMENT AND FORMULATION

Thermodynamic First Law analyses have been caoigdor the plant configurations, varying certaiesin

and performance parameters. The model developnmehtheermal performance assessment have been carried
out using Cycle-Tempo software. In Cycle-Tempofedént components models are available in the compo
library from which necessary components can beeuichnd connected to represent a process or a Gyute.
following sections describe the assumptions andicape thermodynamic relations for the relevardgasses

and components.

Assumptions
The following assumptions are made for the analyses

0 No extraneous heat loss occurs in the plant comeraad in the ducts.
O No pressure loss occurs in the gas path, air pathirethe steam path.
0 Hot end temperature difference between gas arid ttie CHX unit is 26C.
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O The bottoming steam cycle consists of non reheakiRa cycle operating at 25 bar and 2D0The
condenser pressure is 0.1 bar. For the ORC, thémmax vapor pressure and temperature are 46 bar
and 346C and the condenser pressure is 0.035 bar.

0 The isentropic efficiencies of air compressor affda®e 90%, while the same for bottoming ST is 85%.

O The process steam block of the first scheme opeedte.5 bar.

a Fo(rj)the HRSG, minimum pinch point temperature déffee is set tof@. The stack temperature is
120°C.

Gasification Unit

The gasifier is a fixed bed downdraft type and deahequilibrium model is considered by Cycle Tenfpo
model calculations. The ultimate analysis of biosnaspresented in Table 1. Moisture content is 16T%e
equivalence ratio for the gasification is 0.35 gadification temperature is 680 Tar formation is considered
to be negligible and ash is represented by, $0this model.

Table 1: Ultimate Analysis of the Biomass Feed [1].

Composition Mass Percentage on Dry Basis (%)
C 52.28

H 5.2

N 0.47

o] 40.85

Ash 1.2

Compressor and Gag/air Turbine Unit

Compressor (block 9) and the Gas turbine (block Uri)s are modeled following standard thermodynamic
relations and accordingly work input/output is cédted.

Combustor-Heat Exchanger Duplex (CHX) Unit

Hot producer gas gets combusted in the combustiamber of the CHX unit in the presence of recinadeGT
exhaust air. Complete combustion of all combustéddlEments is considered and accordingly heat esochse
well as gas temperature are calculated by moded. grbducts of combustion (that occurs in the cordrus
section of CHX unit), exchange heat with the corapeel air within the tubular heat exchanger seatiotie
CHX unit, thus, transferring heat to the toppingleyworking fluid, i.e. air.

Bottoming Cycle

The bottoming cycles differ in configuration andrking fluid. While the SRC in the first configurati gives
power output, its exhaust is further recovered ilova pressure evaporator that produces processnst€ae
ORC in the second configuration has no processms&aporator. The turbine outputs, pump inputs el as
the heat exchange rates are calculated based ahthetmal procedures. Table 2 shows propertidaibfene.

Table 2: Properties of Toluene [13]

Parameter Unit Value
Molecular Formulae &g
Molecular Weight Kg/kmol 92
Critical Temperature °C 318.65
Critical Pressure bar 41.06
Boiling Point °C 110.7

Work and Heat Outputs

Net work output from combined cycle in each casthéssum of work outputs from gas turbine and fgisam
or vapor turbine, as is the case for bottomingeycl
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Wee = Whetert Wt 1)
The overall electrical efficiency of the combinggtle plant is expressed as:
W,
Nece= ——
m, LHV}, 2)

Where, mrepresents the biomass consumption rate equivtalemte formula mol of biomass feed to the plant.
Electrical specific biomass consumption-ESBC (kgiyWé expressed as:

_3600m,

B Wee (3)

Although several approaches have been proposedidesimg first law to evaluate the performance of a
cogeneration plant, the fuel energy savings rafi@SR) calculation method is significant for indingt the
savings in fuel of a combined power and heatingtglsstead of separate power and heating plant&(]3,

ESBC

The fuel saving for the first plant is expressedsidering a pair of bio-gasification based sepanai&ing and
power plants as:

AF = (M +&) -m, LHV,
T]e,ref T]b,ref (4)

The reference efficiency values are set to bee2bgmt and 80 percent for the individual power hedt plants
respectively. The FESR is given by:

FESR :L
(WCC + QU )

Ne,ref Mo, ref (5)

RESULTSAND DISCUSSIONS

Energetic performance of the conceptualized platisg with some discussion on the sizing of theompjant
components are reported in this section. The padace of the gasifier, considering saw dust as asseed is
presented in Table 3. The producer gas compositidmiained from the model is compared with the
commercially available gasifier (Ankur Gasifier J2] For both the configurations, a base case isidered
where the topping cycle pressure ration is 4 aedufbine inlet temperature is 1600(r,=4 and TIT=1006C).
The performances of the plants at the base casgharen in Table 4. It is seen form “Table 3” thia¢ tplant
with ORC bottoming cycle gives far more electrieficiency, 46% as against 39% for the plant withtdming
SRC (for base case configurations). Configuratigth MRC is also capable of producing process staanate

of 160kg/hr. This corresponds to a FESR of aboufT#2ESBC of the configurations are 0.56 kg/kWh and 0.47
kg/kWh respectively, the ORC-integrated plant conisig less fuel for every unit of generated power.

Table 3: Comparative of the Gasifier Model Output and Ekpental Result of Ankur Gasifier

Gas Composition Present Model Ankur Gasifier
(% mole fraction)

H> 21.4¢ 1842

CcO 22.14 19+3

CGo, 10.57 10+3

CH, 0.54 Upto 3

N, 39.09 45-50

H,O 57% e
Air-fuel Ratio 1.6 15-18
LHV (MJ/kg) 5.0£ 4.4(-5.4C

Gasifier efficiency (%) 82 e
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Table 4: Base Case Performance of the Two Configurations

(a) Configuration with Bottomin@RC (b) Configuration with Bottoming ORC
Parameter Unit Value Parameter Unit Value
GT Output kWe 30
SRC-ST Output kWe 8.63 GT Outpu kwe 30.C
Overall Electrical % 39.15 ORC-VT Output kwe 178
Efficiency Overall Electrical Efficiency % 46.11
ESBC kg/kWh 0.56 ESBC KW 041
Utility Steam kg/h 159
Generation Rate
FESR % 45.10

The variation in overall electrical efficiency wittopping cycle pressure ratio at different gas ihebinlet
temperatures is shown in Fig. 3. The performandd@plants is found to be influenced greatly by ¥ariations in
topping cycle pressure ratio and gas turbine itéetperature. Overall electrical efficiency of thiart initially
increases with increase in topping cycle pressafie and then decreases for a fixed TIT as showkign3. This is
due to fact that the value of specific work outfyoin the topping cycle is maximized at certain ealwf pressure
ratio and then decreases with further increaseassuire ratio

45
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(a) Configuration with Bottoming SRC (b) Configuration with Bottamy ORC

Figure 3: Variation in Overall Electrical Efficiency with ping Cycle Pressure Ratio.

>

Now, the net work output from the topping cyclec@nsidered to be fixed for the present study. Hendth
increase in pressure ratio, the required air copsiom (by mass) of the topping cycle initially deases, gets
minimized at certain pressure ratio and then iregavith increase in pressure ratio, as showndn#iThis
ultimately results in the required ESBC to decraagilly and then to increase with increase iegaure ratio as
shown in Fig. 5. Hence the overall electrical éffitcy of the plant initially increases, gets maxeud and then
decreases with increase in pressure ratio. Figs@indicates that higher TIT results in higheraéncy. The
maximum efficiency point shifts slightly towardsetight end of the graph as the TIT increases.

It is also evident from Fig. 4 that the air constimprate decreases with increase in TIT at a agr pressure
ratio as the specific work output from the toppicygle is higher at higher TITs. Also, for a fixedlwe of

topping cycle pressure ratio, the required ESBCQalses as the TIT increases. This is because oétfugred

air flow through topping GT cycle decreases witbr@ase in TITs thus ultimately affecting in theuiegd heat
input to decrease with increase in the same.
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Figure 4: Variation in Required Air Flow by Mass, throughpfong Cycle with Pressure Ratio.
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Figure6: Variation in Fuel Energy Savings Ratio (FESIR)gure 7: Variation in Utility Steam Generation Rate

The variation in fuel energy savings ratio (FESRh topping GT cycle pressure ratio is shown ig.F8. The
graph follows a trend opposite to that of Fig. ® #mis is obvious and can be clearly understooid. Fshows
the variation in utility steam generation rate W@ cycle pressure ratio. The value decreases initiease in
pressure ratio. Also the steam generation rategiseh at lower TITs due to the fact that at lowels the
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required air consumption as well as biomass consompncreases, leading to more heat release inLihe
evaporator. This results in increased process stggm@ration rate.

The required topping cycle air flow rate also iefhges the size of the gas/air turbine. For theposgsure end of
the turbine the size is usually determined by fexHic air consumption by mass while that for hfglessure end is
determined by the specific air consumption by vaum]. Fig. 8a and Fig. 8b show the variation équired air
consumption by volume with topping cycle pressuwatorfor both units to predict the sizes. It isrsdé@m both
figures that sizes of the said units decrease wittease in pressure ratio as well as with highés THowever, the
increased metal thickness at higher TITs may liliteconomic advantages owing to reduced sizes.

The CHX unit is one of the most important and caticomponents used in the plant. A high pressigh h
temperature heat exchanger is required for thipgee and the design needs to be optimized fronsittireg and
cost point of view.
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Table 5: Performances of the Plant and Sizing of the Heah&ngers at Different Operating Conditions for
Configuration with Bottoming SRC

Scenario 1:46, TIT=900C  Scenario 2;,=6, TIT=1000C  Scenario 3,6, TIT=1106C

Performance of the Plant
Required Biomass Flow rate (kg/s) 0.006 0.0057 0850
Required Air Flow Rate (kg/s) 0.163 0.137 0.118
Electrical Efficiency (% 38.2¢ 40.7¢ 42.5¢€
FESR (%) 44.85 46.42 47.51
Utility Steam Generation (kg/h) 169.2 136.8 68.4
Szing of the Heat Exchangers ATy AT Quan UA ATy AT, Quan UA ATy AT Quan UA
(K) K K K K K
Gas to Air Heater (block 8) 21.1 99.1 119 235 223123 116 196 216 147 114 1.73
Superheater (block 11) 115 268 420 0.03 187 33435 4.0.02 259 401 453 0.015
Evaporator (block 16) 118 10.0 20.6 0.47 142 10.01.52 0.43 167 10.0 224 040
Economizer (block 1° 83.¢ 165 4.2C 0.0¢ 83.¢ 16C 4.3€ 0.0¢ 83.¢ 158 45/ 0.03¢

Gas to Process Steam Generator (block 18) 100 95 .0 1D.17 95.3 950 136 014 90.1 950 112 0.12

Table 6: Performances of the Plant and Sizing of the Haah&ngers at Different Operating Conditions for
Configuration with Bottoming ORC

Scenario 1:6, TIT=900C Scenario 2:,F6, TIT=1008C Scenario 3:;,F6, TIT=1100C
Performance of the Plant
Required Biomass Flow rate 0.0065 0.0058 0.0055
(kals)
Electrical Efficiency (% 45.01¢ 47.46" 49.00¢
Szing of the Heat Exchangers ATy AT.  Quan UA ATy AT, Qtan UA ATy AT, Qtran UA
(9] K K K K K
Gas to Air Heater (block 6) 735 164 118 1.04 54.9162 114.7 1.16 51.2 182.6 113 1.09
ORC Superheater (block 8) 67.0 3.94 542 244  65.8.94 45.7 209 858 394 42.9 1.61

Internal recuperat (block 13) 35.7 9.4: 13t 0.6¢ 35.7 9.42 11.2 0.57 35.1 9.4: 10.€ 0.5
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It is seen from Fig. 4 that both the plants are tneficient at about of ,=6. The performance of the plants along
with sizing of the heat exchangers used in thetgkshown in Table 5 and Table 6, at different S1Table 5
shows the size of the heat exchanger (block 8) ittt CHX unit decreases with increase in TIT.

Table 6 shows the size of the heat exchanger (Bdalsed in the CHX unit is lower at TIT= 9@due to higher
high end temperature difference of the said unitwkler, the efficiency value is lower comparedhe éfficiency
value at TIT=1108C, although the size of the heat exchanger is als@se at the both TITs.

CONCLUSIONS

This paper focuses on two novel and high-efficieb@ymass gasification based conceptualized combayete
plants. An indirectly heated GT cycle has been iclamsd in the topping cycle, while in the bottomieyrle both
Steam Rankine cycle (SRC) has been considerederconfiguration and Organic Rankine cycle (ORC) lbasn
considered for the other. The study reveals thgh toverall efficiency is achievable in such combingycle
systems. ORC is found to give much better energeiformance, giving conversion efficiency as hiagh46%
while similar configuration with SRC yields abou®% overall efficiency, in the base case configorai It is
further found that the plants give highest efficgrat a topping cycle pressure ratio of about 6 $ize of the
tubing of the CHX unit is also found to be influedcgreatly by the design and operating parameters.
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