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Abstract-Biomass based distributed power generation has immense possibilities due to availability and CO, neutrality of
biomass feeds. In community scale distributed generation systems, conventionally biomass gasifier - gas engine is employed.
Such systems offer low overall efficiency (about 20-25%) and require elaborate gas cleaning and gas cooling arrangements.
These shortcomings of conventional systems can be overcome by employing an indirectly heated gas turbine cycle along with
a coupled Rankine cycle. This paper presents thermodynamic model of a novel biomass gasification based combined cycle
plant consisting of an indirectly heated gas turbine (GT) block as topping cycle and a supercritical organic rankine cycle
(ORC) block as bottoming cycle. A typical Indian solid biomass viz. saw dust is considered as the fuel feed which undergoes
gasification in a downdraft gasifier and the producer gas is combusted in a combustor-heat exchanger duplex (CHX) unit. The
CHX unit heats up air for a 30 kWe Gas Turbine (GT) and the exhaust of CHX unit is utilized by the bottoming ORC, where
toluene is the working fluid. The simulated performance of the plant is assessed over a wide ranges pressure ratio (r,) and
turbine inlet temperature (TIT) for the GT block. r, value varying from 4-16 and TIT value 900-1100 deg C. For the base case
configuration (r,= 4 and TIT=1000 deg C) the plant gives an overall electrical efficiency of above 45%. The efficiency is found
to maximize at a particular value of topping cycle pressure ratio, depending on TIT, optimum r, being higher at higher TITs.
The study also includes discussion on the sizing of the major plant components. Further, a Second law analysis of the plant
concludes that maximum exergy destruction takes place at the gasifier, followed by the CHX unit, together accounting for
nearly 40% of the fuel exergy.
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1. Introduction

Worlds® fastest growing form of delivered energy i.e.
electricity generation is anticipated to increase at an annual
rate of 3.6 percent during 2013-2040 period, with 25 percent
of total electricity coming from renewable sources [1].
However, 80 percent of the renewable energy contribution
comes from hydropower and wind energy, although they are
site-specific and dependent on the natural activity [1, 2].
Biomass based power generation is getting increased
worldwide importance in overcoming the energy scarcity
problems and environmental issues. Energy from biomass is
efficiently recovered through its gasification in oxygen
starved condition [3]. Wide range of biomass gasifier-gas
engine assemblies is commercially available for
decentralized electricity production, although these systems
suffers from low overall efficiency (~20-25 percent) and
extensive gas cleaning and cooling requirements [4].

Bio-energy can efficiently be utilized by integrating gas
turbine (GT)-steam turbine (ST) combined cycle with bio-

gasification. These integrated systems offer substantial
improvement in efficiency [5]. However, the major problems
with these systems are the extreme gas cleaning and cooling
requirements as the gas turbine blades are very sensitive to
the presence of tar, particulate matter, dust particles and
moisture in the producer gas [6]. The dirty producer gas may
leads in erosion, corrosion and particulate deposition
problems in the gas turbine bladding and may block the fuel
injectors. Modification of the combustor is also essential for
using producer gas in conventional gas turbine because of its
lower calorific value [6, 7]. Worlds’ first bio-gasification
based combined cycle power plant was operated during 1996
in Varnamo, Sweden with an overall efficiency of 32
percent. The operation of the plant was stopped due to high
operation and maintenance cost [8] as extensive gas cleaning
and cooling were required for the combustor and gas turbine.

The gas cleaning and cooling complexities along with the
modification requirements of combustor and rotor balding
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can be overcome by implementing bio-gasification based
indirectly heated combined cycle plant as the fuel is
combusted in an external combustor [9]. A heat exchanger is
mounted immediately after the combustor which heats up the
working fluid of the topping GT cycle. The combustor and
heat exchanger used in topping GT cycle is together called a
combustor-heat exchanger duplex (CHX) unit [9, 10].
Different configurations of the bottoming cycle have been
proposed to recover the exhaust heat of the topping cycle.
GT-ST based combined cycle offers overall efficiency of
about 40 percent [7, 9, 10, 11].

In recent years researchers have been paying attention
towards the development of biomass fired organic Rankine
cycle (ORC). These systems are capable of producing an
electrical efficiency range of 16-24% depending upon the
mode of operation of the cycle, whether subcritical and
supercrictical and also on the working fluids [12, 13]. The
efficiency level may reach a level of about 50% when ORC
is used as bottoming cycle of a combined cycle plant and
toluene as working fluid [14]. In this paper, toluene based
ORC as bottoming cycle and operating in supercritical mode
is integrated to recover the exhaust heat of a topping bio-
gasification  based indirectly heated GT cycle.

Air gasification block

Thermodynamic modelling of such integrated plant and its
simulated performance is assessed over a wide range
pressure ratio (4 to 16) and turbine inlet temperature (900 to
1100 deg C) for the GT block. Exergetic performance of the
plant components, identifying the major exergy destroying
components and their exergetic efficiency are also reported
in this paper. The study also discusses the sizing of the major
plant components. Thermal modelling and performance
assessment have been carried out using Cycle-Tempo
software [15].

2. Proposed Plant Configuration

Fig. 1 shows the schematic diagram of the conceptualized
biomass based combined cycle plant employing indirectly
heated gas turbine (GT) and supercritical organic rankine
cycle (ORC). Solid biomass (saw dust) is fed to a downdraft
gasifier (block 4) to convert it into producer gas, in the
presence of sub-stoichiometric condition of atmospheric air
supply.

The hot producer gas enters the combustion chamber
(block 5) and gets combusted in the presence of recirculated
GT exhaust air. Flue gas, generated during the combustion
process, enters the shell side of a high pressure high

________________________________________

Indirectly heated gas turbine block 1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Organic rankine cycle block

Condenser 14: ORC-turbine 15: Stack

1: Biomass feed 2: Air feed 3: Ash out 4: Gasifier 5: Combustor 6: Gas to air heater 7: Air compressor|
8: Gas/air expander 9: ORC-superheater 10: Internal recuperator 11: Electro-motor 12: Feed pump 13:

Fig. 1. Schematic of the proposed plant
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temperature (tube side) air heater (block 6). Block 5 and
block 6 together called as combustor-heat exchanger duplex
(CHX) unit, heats up the working medium (air) of the
topping GT cycle.

Atmospheric air after passing through the compressor
(block 7) enters the CHX unit and gets heated up. The hot
and compressed air then expands in the gas turbine (block 8)
to atmospheric pressure and enters the combustion chamber
of the CHX unit and thus combustion takes place. The
exhaust of CHX unit enters the ORC-superheater (block 9)
and produces supercritical organic vapor for the organic
turbine (ST-block 14). An electric generator is coupled with
the gas turbine rotor to produce electricity. The exhaust of
ORC-vapor turbine enters an internal recuperator (block-10)
which preheats the organic fluid entering the heat recovery
unit (block 9). Finally, the ORC-T exhaust enters the
condenser (block 13), followed by the feed pump (block-12).
The pumped fluid enters the internal recuperator, gets
preheated and enters the ORC-superheater and thus the
bottoming cycle continues.

The ORC-superheater along with ORC-turbine,
condenser, feed pump and internal recuperator constitutes the
bottoming organic rankine cycle where toluene is the
working fluid. The cycle operates on supercritical mode. The
pump is driven by an electric motor (block 11). The final
exhaust from the plant is exposed to atmosphere through
stack (block 15).

3. Model Development and Mathematical Formulation

The model development and thermal performance
assessment have been carried out using Cycle-Tempo
software. In Cycle-Tempo, different components models are
available in the component library from which necessary
components can be picked and connected to represent a
process or a cycle. Thermodynamic First Law and Second
Law analyses have been carried out for the plant by varying
certain design and performance parameters. The following
sections describe the assumptions and applicable
thermodynamic relations for the relevant processes and
components.

3.1. First Law Analysis
The following assumptions are made for the analysis:

e The biomass gasifier is fixed bed downdraft type and
chemical equilibrium model is considered.

e Saw dust is the biomass feed. Its ultimate analysis of
biomass is presented in Table 1. Chemically the biomass
species is represented by CHgs90q.29Ng goss-1ts lower heating
value of saw dust is 16421.4 ki/kg. Moisture content is 16
%.

e The equivalence ratio for the gasification is 0.35 and the
reaction temperature is 680°C.

e Tar formation is negligible and not considered here. 5%
unconverted carbon appears as char loss is assumed in the
gasifier. Ash is represented by SiO, for this model [16].

¢ No extraneous heat loss occurs in the plant components and
in the ducts.

e No pressure loss occurs in the gas path, air path and in the
ORC path.

¢ The bottoming cycle consists of internal recuperator based
supercritical organic Rankine cycle operating at 46 bar and
340°C. The condenser pressure is 0.7 bar.

e The isentropic efficiencies of air compressor and GT are
90%, while the same for bottoming ORC-T is 85%.

« Stack temperature is 120°C.
3.1.1 Gasification Unit

The dry biomass feedstock can be expressed by the
generalized molecular formulae CHpOgNg. The subscripts P,
Q and R are determined using the ultimate analysis of
biomass, presented in “Table 1”.

Table 1. Ultimate analysis of fuel used [2].

Composition ~ Mass Percentage on Dry Basis (%)
C 52.28

H 5.2

N 0.47

O 40.85

Ash 1.2

The generalized global gasification reaction is presented
as:

CHpOGNg +WH,0 + X (O, +3.76N,)
— X;H, +X,CO +X4CO0, + X, H,0 + @
XsCH, +XgN,

Where Xy, Xy, X3, X4, X5 and Xg are the number of moles of
the respective gas species. Xy is the moles of O, in
gasification air and w is the moisture associated with every
mole of the biomass.

The producer gas temperature and gas composition are
calculated from the elemental mass balance, reaction
equilibrium for methanation and shift reactions (Eq. 1) as
well as overall energy balance (Eg. 2). The product gas
composition and gasifier outlet temperature are also
dependent on the “equivalence ratio” of the gasifier. The
equilibrium constants of the said equations are dependent on
the gasification temperature (Tgasi) [3, 16].

CO+H,0—>CO, +H,

@)
C+2H, - CH,

The efficiency of the gasification process is calculated as
follows:
g = M5V o
% myLHV,
3.1.2 Indirectly heated Gas turbine (IHGT) Unit

Compressor (block 9) work requirement per mol of
admitted air is expressed as:

775



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S.Ghosh et al., Vol. 5, No. 3, 2015
We = Cp,air Tc,o _Tc,i) (4)

Where, compressor outlet temperature (Tc,0) is calculated
using the compressor pressure ratio (r,) and isentropic
efficiency of the compressor.

Gas turbine (block 10) work output per mol of admitted
air is expressed as:

Wer = Cp,alir (TGT,i _TGT,o) (5)

Where, turbine outlet temperature (T¢7,0) is calculated using
the turbine pressure ratio (r,) and isentropic efficiency of the
turbine.

3.1.3 Combustor-Heat Exchanger Duplex (CHX) Unit

Hot producer gas gets combusted in the combustion
chamber of the CHX unit (block 7), in the presence of
recirculated GT exhaust air. The combustion equation can be
represented as follows:

XN, +X (0, +3.76N,) — X,CO, +XgH,0 ©

+ X0, +(Xg +3.76X ) )N,

Where X7, Xgand Xq are the number of moles of CO,, H,O
and O, present in the flue gas Xq' denotes mol of O, entering
the combustion chamber. The post combustion temperature
is calculated using energy balance equation of the streams
and considering the adiabatic condition as:

— Tpc
%Xj(h?ﬁ [ cpAT) +

Gasi,0

- '|'pc
+%Xk (h?k + I cp,airAT)air = (7)

GT,0

- '|'pc
= %Xm (h?m + CfmAT)fg

Gasi,0

Where Xj, Xk and Xm represent the numbers of moles of the
jth, kth and mth component in the producer gas, air and flue
gas, h and c, represents the enthalpy of formation and
specific heat.

The products of combustion (that occurs in the combustor
section of CHX unit), exchange heat with the compressed air
within the tubular heat exchanger (block 8) section of the
CHX unit, thus, transferring heat to the topping cycle
working fluid, i.e. air. The heat balance equation for the heat
exchanger is:

4'76XIOCp,air(TGT,i -Teo) =
(8)

XtgCp.tg (Terxi = Terx.o)

Where Xjq is the total mole flow rate of the flue gas flowing
through the heat exchanger and calculated as:

=X = Xgg = X; +Xg +Xg +(Xg +3.76X,) 9)
m

3.1.4 Organic Rankine Cycle (ORC) Unit

The exhaust of the CHX unit is recovered through the
supercritical organic rankine cycle using an ORC-
superheater. Working fluid for the bottoming cycle is
considered to be toluene and the bottoming cycle operates in
supercritical mode. Thermo-physical properties of toluene
are shown in Table 2.

Table 2. Properties of toluene [14]

Parameter Unit Value
Molecular Formulae C;Hg
Molecular Weight kg/kmol 92
Critical Temperature °C 318.65
Critical Pressure bar 41.06
Boiling Point °C 110.7

The supercritical organic vapor generation rate is given
by:

ngcp,fg (TCHX,O 'TStack,i) = XOSAhSUp (10)
Where, Xos denotes the number of moles of organic vapor

entering the ORC-T. The ORC-T electrical output is
expressed as:

WORC—ST = XOS (hORCT,i h hORCT,o)nG (11)

Temperature-entropy diagram of the combined cycle
plant is shown in Fig. 2. The feed pump is driven by an
electromotor through external power source and pump work
is neglected.

Network output from the topping cycle is expressed as:
Wie_ar = 4.76X0 (Wt —We)ng (12)
And combined work from the plant is expressed as:
Wee = Whet-o1 + Wore-st (13)

The electrical efficiency of the combined cycle plant is
expressed as:

Wee (14)
m, LHV,

Where, m, represents the biomass consumption rate of the
plant.

Electrical specific biomass consumption-ESBC (kg/kWh)
is expressed as:

3600m, (15)

cc

ESBC =
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Fig. 2. Temperature-Entropy diagram of the proposed plant
3.2 Second Law Analysis

Exergy analysis of the plant components is based on
stream exergy as well as heat and work interactions
applicable for the individual plant components. Stream
exergy is calculated based on pressure, temperature and
chemical composition of any stream either at the inlet or at
the outlet of a component. Physical exergy is defined as the
maximum useful work obtainable by system as it passes from
its initial state to ‘restricted dead state’. Chemical exergy is
the maximum useful work obtainable by system as it passes
from ‘restricted dead state’ to ‘dead state’ and is in complete
equilibrium with reference environment. The reference
environment is Po=1.01325 bar and To=25°C [17].

Specific thermo-mechanical exergy at any state of a cycle
is calculated using a generalized equation as:

€ = (hi 'ho)'To(Si 'So) (16)

Where, i represents the state point at which exergy is
evaluated and o represents the reference environment.
Now,
T
hi-h, = fc
o (17)
T
Si-So = I Cp d—T-RI —
T, T P0
The specific fuel exergy is given by [6]:
€uel = LHVhiomassP (18)

The factor (B) in the above equation is expressed as [6]:

1.044+0.0160 7 - 034493 (14 0.05317)
B= c C C 19
- 0 ( )
1-0.4124°2
C

Exergy input to the plant can be expressed as:

epIa\nt,i =€yl + W'eHZO + 4'76(X0 + X‘O)eair (20)

Exergy loss for a plant component is evaluated with
respect to the fuel exergy input for the plant. This helps in
identifying the components where major exergy destruction
occurs. Also the exergetic efficiency of a plant component
can be defined as:

_€
nexergetic - O%n (21)

Where, ex;, is the sum of exergies of the streams entering
into a component and the work inputs w;,, if any [18] and
thus:

€in = Z(ei)in +Z(Wi)in (22)

Subscript i represents any stream of flow or work.
Similarly, exergy coming out ex,,; from the control volume is
given by:

€out = z (ei )out + Z(Wi )out (23)

The exergy loss is the difference between the incoming
exergy and outgoing exergy of streams i.e. (€Xin-€Xout)-

4. Results and Discussions

Energetic and exergetic performance of the combined
cycle plant along with some discussion on the sizing of the
major plant components are reported in this section. The
producer gas composition obtained Cycle-Tempo model and
its heat value is presented in Table 3. The gasifier operates
on chemical equilibrium mode.

Table 3. Producer gas data

Gas Composition (% mole fraction) Present Model

H, 21.44
Cco 22.14
CO; 10.57
CH,4 0.54
N, 39.09
H,O 5.76
Air-fuel Ratio 1.6
LHV (MJ/Kg) 5.04
Gasifier efficiency (%) 82

The biomass based combined cycle plant is designed
considering a base case (r,=4 and TIT=1000°C) and the
performance of the plant is shown in Table 4 at the base case.
It is seen form Table 4 that the plant is capable of producing
about 48 kWe electrical output with an overall electrical
efficiency of about 46%. Also, at base case the value of
electrical specific biomass consumption (ESBC) is 0.47
kg/kWh.

Table 4. Base case performance of the plant

Parameter Unit Value
GT Output kWe 30.0
ORC-ST Output kWe 17.8
Overall Electrical Efficiency % 46.11
Required Air flow through kgls 0.15
Topping GT Cycle

ESBC kag/kwWh  0.47

The variation in overall electrical efficiency with topping
cycle pressure ratio at different TIT is shown in Fig. 3.
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Fig. 3. Variation in overall electrical efficiency with topping
cycle pressure ratio

The performance of the plant is found to be influenced
greatly by the variations in topping cycle pressure ratio and
gas turbine inlet temperature. Overall electrical efficiency of
the plant initially increases with increase in topping cycle
pressure ratio and then decreases for a fixed TIT as shown in
Fig. 3. This is due to fact that the value of specific work
output from the topping cycle is maximized at certain values
of pressure ratio for a given TIT and then decreases with
further increase in pressure ratio. Now, the net work output
form the topping cycle is considered to be fixed for the
present study. Hence the required air consumption (by mass)
of the topping cycle initially decreases, gets minimized at
certain pressure ratio and then increases with increase in
pressure ratio, as shown in Fig. 4. This ultimately results in
the required ESBC to decrease initially and then to increase
with increase in pressure ratio as shown in Fig. 5. Hence the
overall electrical efficiency of the plant initially increases,
gets maximized and then decreases with increase in pressure
ratio. Fig. 3 also indicates that higher TIT results in higher
efficiency. The maximum efficiency point shifts slightly
towards the right end of the graph as the TIT increases. It is
also evident from Fig. 4 that the air consumption rate
decreases with increase in TIT at a particular pressure ratio
as the specific work output from the topping cycle is higher
at higher TITs.

24

22 4

iSasass
N

—a— TIT=900°C
—e— TIT=1000°C

—A— TIT=1100°C
10 T T T T T T T
4 6 8 10 12 14 16

12 4

Required topping air consumption by mass (kg/kW,h)

Topping cycle pressure ratio

Fig. 4. Variation in required air flow by mass, through
topping cycle with pressure ratio.

Also, for a fixed value of topping cycle pressure ratio, the
required ESBC decreases as the TIT increases. This is

because of the required air flow through topping GT cycle
decreases with increase in TITs thus ultimately affecting in
the required heat input to decrease with increase in the same.

The variation in organic Rankine cycle electrical output
with topping GT cycle pressure ratio is shown in Fig. 6. The
plot shows that the ORC output initially decreases, gets
minimized and then increases with increase in pressure ratio.
The figure also shows that ORC output decreases with
increase in TIT at a particular value of topping cycle pressure
ratio. This is due to the fact that required ESBC increases
with decrease in TIT and this ultimately results in bottoming
cycle output to increase at lower TIT.

The required topping cycle air flow rate also influences
the size of the gas turbine and the CHX unit. For the low
pressure end of the turbine the size is usually determined by
the specific air flow rate by mass while size for high pressure
end is determined by the specific air consumption by volume

[6].

—=— TIT 900°C
—e— TIT 1000°C]
—A— TIT 1100°C

0.51

0.48

ESBC (kg/kwh)

0.45

Topping cycle pressure ratio

Fig. 5. Variation in ESBC with topping cycle pressure ratio

—=— TIT 900°C
—e— TIT 1000°C]
30 {—a— TIT 1100°C]

24

18 4

ORC electrical output (kWe)

12 4

Topping cycle pressure ratio

Fig. 6. Variation in ORC electrical output with pressure ratio
topping cycle

From Fig. 4 it is clear that the size of the bottom end of
the turbine is minimized at pressure ratio 9 and TIT of 1100
deg C. The size of the tube bank of the CHX unit is as well
as GT high pressure end are also determined by the specific
air consumption by volume through topping GT cycle. Fig.
7a and Fig. 7b show the variation in required air flow rate by
volume with topping cycle pressure ratio for CHX and GT
units to predict the sizes. It is seen from both plotss that
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volume flow rate of the of the said units are decrease with
increase in pressure ratio as well as with higher TITs.
However, the increased metal thickness at higher TITs may
limit the economic advantages owing to reduced sizes.

7 —m— TIT=900° C

@ TIT=1000°%C

—a  TIT=1100%

e

by volume (mS/kW h)

CHX unit (tube sice) specific air consumption

Topping cycle pressure ratio

Fig. 7a. Variation in CHX unit (tube side) specific air
consumption by volume with pressure ratio

20

—m— TIT=900° C
—® TIT=1000°C
—a TIT=1100%

18 —

16 —

14 -

e

12 —

10 +

by volume (kW h)

2 4 6 8 10 12 14 16
Topping cycle pressure ratio

GT high pressure end specific air consumption

Fig. 7b. Variation in GT high pressure end specific air
consumption by volume with pressure ratio.

The CHX unit is one of the most important and critical
components used in the plant. A high pressure high
temperature heat exchanger is required for this purpose and
the design needs to be optimized from the sizing and cost
points of view.

It is seen from Fig. 3 that the plant is most efficient at
about of r,=6. The performance of the plant along with sizing
of the heat exchangers used in the plant is shown in Table 5,
at different TITs. The size of the heat exchanger (block 6)
used in the CHX unit is lower at TIT= 900°C due to higher
high end temperature difference of the said unit. However,
the efficiency value is lower compared to the efficiency
value at TIT=1100°C, although the size of the heat exchanger
is almost same at the both TITs.

Component exergy losses for the plant and the useful
exergy of the plant with respect to the exergy input are
shown in Fig. 8, for r,=6 and TIT=1000°C. Fig. 8 shows that
the major exergy destruction takes place in the gasifier and
the CHX unit, together accounting for about 40% of the total
input.

44.55%

4.36%
2.3%
1.61%

7.31%

19.18%

[ Compressor
I Gasifier I HXs
1 CHX 20.69% M Stack
I GT & ORCT I Utilized

Fig. 8. Component exergy loss and useful exergy of the plant
at TIT=1000°C and r,=6

Also some exergy losses occur in the other heat
exchanging units and the turbines. Exergy destructions
occurring in the other plant components are insignificant.
The exergy destruction for the combustor-heat exchanger
duplex unit is higher due to combustion and heat exchange
across streams of high temperature. Some exergy loss also
occurs at the other heat exchangers due to heat transfer
across substantial temperature difference between flue gas
and the working fluid.

The exergetic efficiency values of the major exergy
destroying components are plotted in Fig. 9 at different TITs.
In each case optimum pressure ratio corresponding to
maximum energetic efficiency is considered. It is seen that
the exergetic efficiency for the turbines are about 90%, while
that for the other units are much lesser. The TIT does not
affect the gasifier performance. However the exergetic
efficiency of the CHX unit is increasing at higher TITs
because of the lower log mean temperature difference
(LMTD) of the heat exchanger.

100

I TIT=900°C
I TIT=1000°C
80 + I TIT=1100°C

60

40 4

Exergy effcicency (%)

204

Gasifier CHX

GT & ORCT  HXS

Fig. 9. Exergetic efficiency of the major exergy destructive
components

5. Conclusion

Thermodynamic modeling and performance analyses of a
novel biomass based indirectly heated combined cycle plant
are carried out in this paper. Also the effects of plant design
operating parameters on the sizing of the major plant
components have been reported. It is observed that the
overall electrical efficiency of plant is maximized at some
values of topping cycle pressure ratio, depending on the gas
turbine inlet temperature. At a particular pressure ratio, the
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Table 5. Performances of the plant and sizing of the heat exchangers at different operating conditions

Scenario 1: 1,=6, TIT=900°C

Scenario 2: r,=6, TIT=1000°C

Scenario 3: 1,=6, TIT=1 100°C

Performance of the Plant

Required Biomass Flow rate 0.0065 0.0058 0.0055
(kg/s)
Electrical Efficiency (%) 45.019 47.467 49.009
Sizing of the Heat Exchangers ATy ATL Quan UA ATy AT Quran UA ATy AT Quran UA
(K) X) (X) (X) K  ®
Gas to Air Heater (block 6) 735 164 118  1.04 549 162 1147 1.6 512 1826 113 1.09
ORC Superheater (block 8) 670 394 542 244 654 394 457 209 858  3.94 429 161
Internal recuperator (block 13) 357 943 135 0.68 357 943 11.3 057 357 943 106 0.53
overall electrical efﬂcw_:ncy of the plant increases with TIT. Abbreviation
The ESBC decreases with increase in TITs and the value gets
minimized at a particular value of topping cycle pressure  b: biomass

ratio at respective TITs. In addition, it is found that the gas
turbine pressure ratio influence the sizes of the GT and CHX
unit, high pressure ratio value resulting in reduced sizes of
both. The size of the GT and CHX units is getting lowered at
higher TITs for any given value of pressure ratio. From the
Second Law analyses it is observed that maximum exergy
destruction occurs in the gasifier, followed by the combustor-
heat exchanger duplex unit. It can be concluded form the
study that the plant can be operated at the pressure ratio
range of 6-8 and at higher GT TIT’s. Although high TIT
reduces the size of GT and CHX unit, it also requires
expensive turbine materials and complex cooling
arrangements leading to the increased capital cost of the
plant.
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Nomenclature

X: Mole of flue gas

m: Mass flow rate

¢, Specific heat at constant pressure
w: Specific work

T: Temperature

h: Specific enthalpy

s: Specific entropy

eX;,: Exergy input

eXou: EXergy output

eXpel: Fuel Exergy

Greek Symbols

r, =: Topping cycle pressure ratio
3: Multiplication factor

Ngasi: Gasification efficiency
Ng: Generator efficiency

Np: Pump Efficiency

Ncc: Overall electrical efficiency
Nexergetic: Exergetic efficiency

C: Compressor

CC: Combined cycle

CHX: Combustor-heat exchanger duplex unit
ESBC: Electrical specific biomass consumption
fg: Flue gas

GT: Gas turbines

LHV: Lower heating value

TIT: Turbine inlet temperature

p.g: Producer gas

ORC-T: Organic rankine cycle turbine

OS: Organic vapor

SUP: ORC-Superheater
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