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Abstract

A modified combined cycle with an intercooler and a reheater (CCIR) within the gas-turbine system is proposed and
evaluated. The fuel for the combustion chamber is natural gas, and the fuel for the reheater is provided by gasified biomass.
Adding an intercooler between two compressors and a preheater for the compressed air before entering the combustion
chamber increases the efficiency of the overall system. A further increase in efficiency was achieved through the utilization
of the heat of the exiting hot gases in a Rankine cycle. The system has a fixed power output of 10 MW. The system’s
improvements resulted in 56.3% of the overall energy efficiency and 50.7% of the exergy efficiency. Natural gas and biomass

flow rates are 0.139 kg/s and 0.776 kg/s, respectively.

Introduction

Fossil fuels are a limited energy source and,
more importantly, their excessive negative
impact on the environment and global warming
is the more notable one [1,2,3]. The finite nature
of these fossil fuel resources bestows upon them
adual characterization, embodying both scarcity
and substantial ecological liabilities.
Nonetheless, an immediate and complete
disavowal of fossil fuels remains impractical,
necessitating a protracted and intricate voyage
toward attaining wholly carbon-neutral energy
paradigms [4]. Within the spectrum of accessible
fossil fuels, natural gas has emerged as a
frequently tapped resource for generating
electricity [5, 6], and is a very effective
technology, particularly for the application in
combined cycles.

Modifications can be applied to a simple gas-
turbine system to achieve a higher performance.
Adding intercoolers, reheaters, and
regenerators can be very effective. The gas-
turbine system can be substantially improved
when the intercooler, reheater, and preheater
are involved simultaneously [7,8].

Heat recovery through adding a power
generation unit is another way to increase
overall efficiency. A steam cycle is the concept
of industrial large-capacity combined-cycle
power plants. The application of the organic
Rankine cycle (ORC) including sCO2 as the
working fluid, can be considered for medium-
and small-scale applications, and already has
proven to be one of the more efficient options
[9,10]. To further increase the sustainability of
the system, i.e., decrease CO2 emissions and
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implement renewables, the authors proposed
using biomass as a fuel for reheating. Biomass is
widely regarded as an accessible and cheap
energy source [11,12,13]. There are many
possibilities to use biomass as a fuel for power
plants. Despite the several benefits of biomass
gasification, it still lags in commercialization
due to its specific technological,
implementation, and policy challenges. Because
of the fuel flexibility for gasification, many
gasification technologies, and corresponding
capacities can be used for different industries
and conditions [14,15,16,17]. The gasifier
considered in this paper is thoroughly studied
and compared with other options published by
Soltani et al. [18,19,20,21, 22].

The proposed system is a modified combined
cycle (CCIR) that includes two-stage
compression with an intercooler and a reheater
combustion chamber (RCC) in addition to the
main combustion chamber (CC). Natural gas is
the fuel for the CC, and a biomass gasifier
provides fuel for RCC. Having different fuels
gives the flexibility of fuel management to the
system. A thermodynamic (energy and exergy)
analysis is carried out to demonstrate the
advantages of the CCIR system.

Materials and methods

Schematic of CCIR

The CCIR system (Figure 1) comprises the topping
and bottoming cycles. The topping cycle is an
open-cycle gas-turbine system with an
intercooler between two stages of compression,
a preheater, and a reheater between two
turbines. In the topping cycle, air enters the first
compressor  (C1) under environmental
conditions (state 1). Air compressed with the
pressure ratio of rpl and cooled down in an IC
(state 3). In the second compression stage, the air
is compressed (C2) with the pressure ratio of rp2
(state 4). Compressed air gets heated (state 5) by
the combustion gases after the second turbine
(T2) and before entering the combustion
chamber (CC). State 6 is the stream of

combustion gas at TIT. After expansion in TI,
combustion gases have reached state 7. State 8 is
the combustion gases after the reheating within
the second combustion process.

19 18

Biomass

l

Gasifier [e— Air

Natural gas

Figure I Schematic of CCIR system.

At state 10, the combustion gases are entering
the heat recovery steam generator (HRSG). The
bottoming cycle is a simplified Rankine cycle
[18,19].

Assumptions

Environmental air is assumed to be a mixture of
79 mol% nitrogen and 21 mol% oxygen. The
combustion processes at CC and RCC are
considered adiabatic. The pressure drops in CC,
RCC, PH, IC, and HRSG are neglected, and the
cooling water’s temperature in IC and Con
increases by 10 K. The assumptions for
simulation are listed in Table 1.

Energy and exergy analyses of components

Thermodynamic assessment of the CCIR system
consists of energy and exergy balances (Table 2).
For the steady-state operation:

e mass balance
Z My = Z Moyt
e energy balance

Z Mot hour — Z Miphiy =

Q-W
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e overall energy efficiency
T] — Wnet
Z mFuelLHVFuel
e exergybalanceis conducted in the terms
“exergy in / exergy out”
ED = Ei - Eout
e overall exergy efficiency
— Wnet
Z EFuel

Biomass gasification process

&

The considered gasifier is a downdraft. The
reaction zones of a downdraft gasifier from top
to bottom are four, namely drying, pyrolysis,
oxidation, and reduction zones [23]. Biomass is
wood, consisting of carbon, hydrogen, and
oxygen with moisture content. The percentages
of each substance are 50%, 6%, and 44%,
respectively; also, moisture content of wood is
20% and is measured by weight [24,25].

Table 1 Parametric assumptions and initial data (based
on [18-22]).

Variable Name Unit Value
P1 kPa 101.3
T1 K 298
T3 K 318
I'pl - 45
Ip2 - 11
TIT for T1 and T2 K 1400-1500
Tg K 1073
T10 K 960
T12 K 800
Maximum/minimum kPa 8104/
pressure of the 8.104
bottoming cycle

Nis,c - 0.87
Nis,T - 0.89
Nis,ST - 0.9
Mis,Pu - 0.8
Pinch point K 10
temperature

difference in HRSG

Net power output MW 10

The overall equation of the gasification reaction
for one carbon atom is:

CHxOyN, + wH,0 + m(0, + 3.76N,)
- nH, +n,C0 +n3CO, +n,H,0
+nsCH, +ngN,

where “w” is the amount of moisture per kmol
of wood and “m” is the amount of oxygen per
kmol of wood for the gasification process.
Equations to calculate the thermodynamic
parameters of the biomass, like higher heating
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value (HHV), lower heating value (LHV), MC, and
Ebiomass, can be found, for example, in [26,27].

Results and discussion

A sensitivity analysis is applied to different
operation parameters of the system for a
comprehensive thermodynamic evaluation of
the CCIR system. This study aims to select the
combination of parameters that correspond to
the maximum overall energy efficiency and,
therefore, minimum cumulative fuel
consumption. Three key parameters of the
topping cycle are selected: TIT, ), and 1y, (Figure
2, Table 3).

1600
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1400} TI10]=960 K
o 1=4.5
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1000
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Temperature, K
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Figure 2 T-s diagram of the topping cycle at
given parameters.

Energy analysis

Figure 3 demonstrates the effect of r, on the
overall energy efficiency for two selected
values of TIT. The value of ry,; is assumed to be
varied in the limit between 3 and 7. The
maximum value of efficiency is observed at the
same pressure ratio ry,.

0.57 -

e —
056, —

=—TIT=1500 K

Mp1=4.5
—e—TIT=1400K ™'

0.55}

Energy efficiency

o2

Figure 3 Energy efficiency vs. rp2 for two values of
TIT.
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Table 2: Definitions for energy and exergy balances for the CCIR components.

Component Energy balance Max P, MPa
cl W,y = 1y hy — 1ioh, Ey — B, — Wey
c2 Wey = fishs — figh, Es— E,— W,
IC nZhZ - fl3h3 = ‘h17h‘17 - 7’.1'16]116 EZ - E3 + E16 - E17
PH nighs — fighy = fighg — fiyohyg E,—Es+Eq— Ey
ccC Nshs — Nnar gashnat gas = Nells Es + Enar gas — Es
T1 Wyy = fighg — 1ishy Es — E; — Wy
RCC fi,hy + tigrhgr = fighg E, + Egp — Eg
T2 Wy, = 1ighg — fighy Eg — Eo — Wr,
HRSG 7:”10]’1'10 - 7:”llhll = 7:”12"}'12 - fllshls ElO - Ell + ElS - E12
ST WST = 7:”12]”'12 - fl13h13 EIZ - El3 - WST
Con Nyzhys — Nyghyy = Nyohig — Nyghyg Eis — Eyy + Eig — Eig
Pu Wpy = 1yahis — Nyshys Eyp — Ei3 — Wpy

The second compressor has similar behavior
(Figure 4); however, the value of ry; is assumed
to be varied in the limit between 6 and 12.

Figure 5. demonstrates the effect of rpl on
natural gas and biomass consumption in CC and
RCC for TIT=1500K. As rplincreases, the amount
of required biomass decreases; contrarily,
natural gas consumption increases as rpl
increases. Note that the value of rp2 is fixed.
Therefore, natural gas and biomass
consumption variations to rp2 will be the
opposite. The same character of curves is
observed for the effect of rp2 on natural gas and
biomass consumption (Figure 6). Figure 7
demonstrates the sensitivity analysis results at
rpl =rp2 (in the range between 3 and 7).

086

Biomass flow rate, kg/s

TIT=1500 K, r; z=11
= Biomass
—e—NG - |0.15

-
o
=
Natural gas flow rate, kg/s

Figure 4 Biomass and the natural gas flow rate vs. rpl.
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Table 3: Thermodynamics characteristics at states 1n CCIK system.

State Temperat Pressure, Specific Specific Specific
ure, K kPa enthalpy, entropy, exergy,
kJ/kmol  kJ/kmolK kJ/kmol
1 298 101.3 -4 194.3 0
2 488.1 455.9 5595 196.3 5000
3 318.0 455.9 578 183.7 3746
4 676.6 5014 11343 186.3 13724
5 908.7 5014 18731 195.7 18317
6 1500.0 5014 16214 213.6 34025
7 919.9 455.9 -4133 216.4 12828
8 1500.0 455.9 -19119 2359 29236
9 1121.0 101.3 -33331 237.5 14547
10 960.0 101.3 -39094 231.9 10437
11 361.4 101.3 -58847 200.1 181
12 800.0 8104 62412 122.6 25968
13 314.9 8.104 40772 130.2 2053
14 314.9 8.104 3150 10.7 33
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Figure 5 Biomass and the natural gas flow rate vs. rp2.

0.56
——TIT=1500 K, fp1=rp2
0558 —
o
P g
F | /’
(5]
P
5 0.5 y
s /
> /
B f /
T 0554) 7
2 4
w /
o0.552f 4
‘f.
055! .
4 5 6 7 8

Figure 6 Variations of energy efficiency of the system
atrpl=rp2.

Increasing the value of TIT for both turbines
results in the fuel consumption for CC and RCC.
Therefore, the natural gas flow rate for CC
decreases, and the biomass flow rate for RCC
increases to maintain the required temperature,
as is shown in Figure 8.

The effect of a bottoming cycle on the overall
energy efficiency and the evaluated combined

cycle at different TIT is shown in Figure 9.
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Figure 7 Biomass and the natural gas consumption vs.
TIT.
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Figure 8 Comparison of variations of CCIR and gas
turbine cycle versus TIT.

In addition to efficiency, the CO2 emissions as an
important variable for the ecological evaluation
of a power plant are evaluated. Here, the
amount of generated CO2 has been calculated at
rpi=var, rpp=var, and TIT=var (Figure 10).
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Figure 9 CO2 emissions vs. a) rpl, b)rp2, and c) TIT.

Exergy analysis

An exergy sensitivity analysis has been
conducted in analogy to energy sensitivity
analysis. The exergetic variables are overall

exergy efficiency and the total exergy
destruction (Figure 11 through 14).
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Figure 10 Total exergy destruction and exergy
efficiency vs. rpl.
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Figure 11 Total exergy destruction and exergy
efficiency vs. rp2.

Figure 12. demonstrates the effect of TIT on
exergy efficiency and the total exergy
destruction in the system. Increasing the
amount of TIT for turbines increases the exergy
efficiency of the system, and consequently,
exergy destruction of the system decreases.
Increasing the amount of TIT has a similar effect
on the total exergy loss of the system, as shown
in Figure 13.

The exergy analysis results on a component
level are given in Figure 15 through 17. The total
exergy destruction is 9742 kW. The interstage
cooler (IC) in the gas-turbine system and the
condenser (Con) in the Rankine cycle are
considered as dissipative components.
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The value of exergy destruction with the pump
of the Rankine cycle is negligibly small. Note
that 39% of the total exergy destruction, 3824
kw, is associated with the gasifier (Ga).
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Figure 12 Total exergy destruction and exergy
efficiency vs. TIT.
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Figure 13 Total exergy loss versus TIT.

The exergy efficiency of CCIR components,
shown in Figure 16, is higher than similar values

calculated using the approach of exergy of
fuel/exergy of product.

Nevertheless, the gasifier has the lowest exergy
efficiency among system components (70%).
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Figure 14 Exergy destruction rates within CCIR
components (except Pu).
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Figure 15 The contribution of the exergy destruction
rates within CCIR components (except Pu).
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Figure 16 Exergy efficiency of CCIR components
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Discussions and conclusion

A theoretical study of an advanced combined
cycle is conducted. The gas-turbine system with
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an intercooler and reheater is fired by natural
gas and gasified biomass. Such a system can be
considered for a small- or medium-scale
application. As an academic example, a power
generation of 10 MW was assumed.

The results of the parametric sensitivity
analysis show that the maximum values of the
energy and exergy efficiency of the system are
observed at slightly different operation
conditions for the compression processes:
rpi=4.5 and rp,=11 from the energetic evaluation
and ry;=5.5 and ry;=7 from exergetic evaluation.
Also, increasing the TIT correlates with
increased energy and exergy efficiency. For the
selected operation conditions (considered after
evaluation of the sensitivity analysis results),
the overall system can achieve 56.3% energy
efficiency and 50.7% exergy efficiency. Also, the

CO; emissions are calculated as 1.52 kg/s. The
bottoming cycle generates 2.9 MW of power
(approximately 1/3 of the total value). Without
this waste heat recovery, the energy and exergy
efficiency of the system would have dropped to
40.1% and 36.1%, respectively.
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