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ABSTRACT

 To rise the thermal efficiency of power generation systems and 
to meet stricter environmental regulations, improved system inte-
gration based on renewable energy is a viable option. In this context, 
a syngas fuelled Brayton/Rankine combined power cycle integrated 
with the Organic Rankine Cycle (ORC) is proposed and analysed 
from both energetic and exergetic point of views. A thermo-chemical 
model was developed to predict the composition of syngas produced 
after biomass gasification, and also, a thermodynamic model was 
developed, to determine the energetic and exergetic performance of 
the proposed triple cycle power generation system. We show that 
both first-law and second-law efficiencies of triple power cycle de-
creases with the increase in pressure ratio and increases with higher 
gas turbine inlet temperature. It is further shown that first-law and 
second-law efficiencies of solid-waste-derived syngas fuelled triple 
power cycle are considerably higher than the rice husk derived syn-
gas fuelled cycle. The worst performing components from irrevers-
ibility point of view in the proposed triple cycle are the combustor, 
Heat Recovery Steam Generator (HRSG), and gasifier, respectively. 
Our results show that integration of ORC with the Biomass-Fuelled 
Integrated Gasification Combined Cycle (BIGCC) is very effective in 
improving the thermal performance of the power plant and in reduc-
ing external waste emissions.

Keywords: gasification, synthetic gas, combined cycle, ORC, triple 
power cycle, energetic, exergetic
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INTRODUCTION

 Energy plays a vital role in the development and economic 
growth of every nation. Due to sheer increase in world population and 
living standards, world energy demand is increasing steadily which is 
majorly meeting out by the combustion of fossil fuels that result in their 
fast depletion and environmental degradation. This hastened the search 
for alternative energy sources like; solar, biomass, hydro, wind, tidal, 
geothermal etc. Among all these alternative sources of energy, biomass 
is the second largest source of renewable energy and is a biological 
material that comprises all the living matter present on earth and, as 
an energy source, biomass can either be used directly, or converted 
into other energy products like biofuels. Direct combustion of biomass 
is the most conventional method of energy conversion as it results in 
higher emissions of oxides of carbon and unburned hydrocarbons and 
provides a lower thermal efficiency. Another thermo-chemical conver-
sion technology is the biomass gasification which is technically feasible, 
sustainable, and potentially efficient for power generation [1, 2].
 Integrated gasification combined cycle (IGCC) is considered as 
one of the most important power generation system for future coal/
biomass utilizations and is being promoted throughout the world as it 
provides higher efficiencies at reduced emissions. The superimposition 
of Brayton cycle over the Rankine cycle can result in overall thermal 
efficiencies of integrated gasification combined cycle (IGCC) power 
plants in excess of 45%. The gasification of biomass materials requires 
minimal fuel processing and its application in combined cycle plants 
provides a sustainable power generation [3, 4].
 A method of exergy analysis, which has been found as a useful 
method in the design, evaluation, optimization and improvement of 
thermal power plants and is widely gaining acceptance over tradi-
tional energy methods in both industry and academia has been applied 
to BIGCC power plants by many investigators and there is literature 
based on exergy analysis of biomass fuelled combined gas-steam 
power cycles for various operating conditions. Mark and Mike [5] 
discussed the use of biomass gasification process as the key element 
in an advanced gas turbine system. Based on exergy analysis, Prins et 
al. [6] found that main exergy losses occur during biomass gasification, 
which accounted over 50% of the total losses. They reported that these 
exergy losses can be reduced if oxygen or enriched air is considered 
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for the gasification process. Ptasinski et al. [7] compared different types 
of bio fuels for their gasification efficiency and evaluated for exergy 
efficiency. Rutherford [8] modeled a biomass gasifier and investigated 
the effects of steam-fuel ratio and moisture content in biomass without 
taking solmodeledn content in the synthetic gas. Bhattacharya et al. [9] 
conducted a thermodynamic analysis of biomass integrated gasification 
combined cycle considering the combustion of supplementary biomass 
fuel using the oxygen available in gas turbine exhaust. Their results 
show the plant efficiencies increase with higher pressure and tempera-
ture ratios. They also evaluated the exergetic efficiency of plant’s vari-
ous equipment to localize the major thermodynamic irreversibilities in 
the plant. Fagbenle et al. [10] presented an analysis based on first and 
second laws of thermodynamics for a 53 MW biomass fuelled inte-
grated gasification combined power cycle. Their analysis indicates that 
the exergy loss in the combustion chamber is the largest at about 79% 
of the total system exergy loss. Most of the BIGCC power plants inves-
tigated by the above authors achieved around 40% efficiency which is 
significantly lower than the thermodynamic efficiency of natural gas 
fuelled combined power cycles (50% to 57%). This lower range of ef-
ficiency for BIGCC plants is caused by a reason: A significant amount 
of fuel energy is rejected as waste heat or enthalpy in the exhaust gases 
at the exit of the HRSG of BIGCC resulting in the significant amount 
exergy expelled from the combined power cycle. Therefore, to shift 
towards sustainability, it is important to recover waste heat from stack 
gases in general and waste exergy in particular, thus reducing external 
emissions and thermodynamic irreversibilities [11].
 Superimposition of the IGCC power plant over the organic 
Rankine cycle (ORC) utilizes the waste heat for additional power gen-
eration and thereby reduces the waste emissions and increases the ef-
ficiency of a combined power cycle. The ORC uses an organic working 
fluid to generate power. The working fluid is heated to boiling and the 
expanding vapour is uses to drive a turbine. The working fluid vapour 
is condensed back into a liquid and fed back through the system. A 
comprehensive discussion on thermodynamic investigation of ORC is 
well reported in the literature [12-13]. For these reasons, the purpose of 
this study is to carry out energetic and exergetic performance analyses 
of a biomass fuelled integrated gasification combined cycle (BIGCC) 
superimposed over the (ORC). A computational analysis is performed 
using the first and second laws of thermodynamics to investigate the 
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effects of some influencing parameters on the energy and exergy ef-
ficiency of combined gas-steam-ORC power cycle. For performing this 
analysis, first a thermo-chemical model was developed to determine 
the composition of syngas produced after biomass gasification. Sec-
ond, a thermodynamic model was developed using the principle of 
conservation of mass and energy along with the second law of thermo-
dynamics, then the defined energetic and exergetic evaluations were 
performed for the proposed triple power generation cycle. Solid waste 
and rice husk were selected as biomass materials for IGCC power cycle, 
and the refrigerant R-113, which is capable to recover waste heat more 
efficiently in the higher range of waste heat temperatures, was chosen 
as a working fluid for ORC.

DESCRIPTION OF THE PROPOSED CYCLE

 The schematic diagram of biomass fuelled triple power cycle is 
shown in Figure 1. The biomass is fed to the gasifier at atmospheric 
conditions. The compressed air enters at (point) 2 and pressurized 
steam at 4 enters the gasifier. The gas produced in the gasifier after 
passing through a gas clean up goes to combustion chamber at 5. 
Gas clean up system has been shown in the schematic diagram of the 
proposed triple power cycle with a view that synthetic gas produced 
fuel gas free from particulates and alkali metals that can cause corro-
sion and deposition in the turbine expansion section. The synthetic 
gas burned in the combustion chamber in the presence of compressed 
air, and the combustion products at 6 goes to gas turbine where they 
expand and produce power. The gas turbine exhaust at 7 enters the 
heat recovery steam generator (HRSG) where steam is generated. The 
superheat steam at ‘a’, goes to steam turbine for additional power 
production. A part of superheat steam is extracted at an intermediate 
stage of turbine at ‘e’ and goes back to gasifier for biomass gasification. 
Saturated steam at the exit of steam turbine at ‘b’ goes to condenser 
where its phase changes from vapour to liquid at ‘c’. The water is then 
pumped to HRSG at ‘d’. The stack gases at state 8 are assumed to be 
400 K [23] and routed through the evaporator where heat transfer oc-
curs between the exhaust stream and the organic working fluids. In 
this study, a counter flow heat exchanger (evaporator) configuration is 
considered to maximize heat transfer between the stack gases at HRSG 
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exhaust and the organic fluid. Thermodynamically this is a preferred 
configuration because the temperature difference between the hot fluid 
and the cold fluid is minimized, thereby reducing the irreversibility. 
The heated organic vapour is then expanded in the turbine, heat is 
rejected to the ambient in the condenser, and the cooled working fluid 
is pumped back in to the evaporator. Stack gases at the exit of the 
evaporator discharge to the ambient. The mass flows of a given stream 
at each state are shown in Table 1.

ASSUMPTIONS

 The following assumptions have been made for the analysis of the cycle 
[11].

Table 1. Mass of streamss at various state points
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 1. Biomass fed to the gasifier at ambient conditions.

 2. Air is admitted to the compressor at ambient conditions (P0 
=1.013 bar, T0 =298)

 3. Complete combustion takes place in combustion chamber.

 4. Gasification of biomass occurs at high pressure under adiabatic 
condition.

 5. Saturated steam extracted from the turbine enters to the gasifier at 
pressure equal to the compressed air pressure.

 6. Steam fuel ratio (SFR) has been taken as unity.

 7. Air fuel ratio (AFR) in the gasifier is assumed to be equal to 0.5.

 8. Air fuel ratio in the combustion chamber is calculated for 
stoichiometric condition.

Table 2. Thermodynamic properties of working fluids at each state point 
of biomass fueled triple power cycle corresponding to the states shown in 
Figure 1.
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 9. The value of gasifier temperature for selected biomass material 
(solid waste and rice husk) at a given gasifier pressure has been 
taken from the results reported by Srinivas et al. [11].

 10. No pressure drops in the ORC evaporator, condenser, and pipes.

 11. The unavailable stack heat transfer that takes place between the 
plant components and their surroundings is neglected.

ENERGETIC AND EXERGETIC ANALYSES OF
TRIPLE POWER CYCLE

 Performance of thermal power plants is generally evaluated 
through the conventional energy balance approach based on first law 
of thermodynamics which simply provides the overall performance in 
terms of power output and thermal efficiency. Energetic performance 
criteria, provides no information about the identification and quantifi-
cation of thermodynamic losses, that occurs during the various process-
es in a power plant. On the other hand, exergetic performance criteria 
based on second law of thermodynamics determine the magnitudes, 
locations and causes of thermodynamic irreversibilities, occur in vari-
ous components of power plants, and thereby provide insight about the 
potential targets for technology improvement. Exergetic analysis allows 
one to quantify the loss of efficiency in a process that is due to the loss 
in energy quality. Therefore, in the current study combined energetic 
and exergetic analyses have been carried out to deliver a complete de-
piction of power plant characteristics using the following equations of 
exergy and entropy:
 The amount of irreversibility due to thermodynamic losses I in 
a steady flow device can be evaluated by considering the balance on a 
control volume across the device, which can be written as:

(Total exergy in) = (Total exergy out) + (Irreversibility losses) or

 
 

Σminein + Qr 1–T0

Tr
= ΣmouteoutW + I (1)

Where
W is the work generated by the device
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Qr is the heat transfer to the control volume
m is the amount of mass
T0 is the reference ambient temperature
Tr is the temperature of the reservoir from which the heat transfer occur
Where, h and s represent the specific enthalpy and entropy respectively.

The second term in Equation (1) is the exergy input due to the heat 
transfer to the control volume. And is the exergy transfer associated 
with the stream of matter, and can be defined as:

 e = (h – ho) – To(s – so) (2)

 The irreversibility is the amount of exergy that is lost to environ-
ment and cannot be used anywhere. Assuming, that the system under 
consideration (fuel-air mixture) is an ideal gas, consisting of species 
that behave individually as ideal gases, the absolute entropy of the spe-
cies ‘i’ at a given temperature and pressure is given by [15].

  

 

si T,p = si
0 P0T0 +

Cpi T
T dT – Rln yip

p0
∫
T0

T

 (3)

 The absolute entropy of a mixture at a given (T, p) is given by

 
   

smix T,p = yisi T,pΣ
i = 1

i = n

 (4)

where, si
0 P0T0  is the absolute entropy of a species ‘i’ in kJ/kmol-K at 

an ambient pressure and temperature (restricted dead state), Cpi is the 
specific heat of a species ‘i’ at a given temperature (T) in kJ/kmol-K, 
R is the universal gas constant in kJ/kmol-K, yi is the mole fraction of 
species ‘i’ in the mixture and p is the absolute pressure of mixture and 
T is its temperature in K.
 The specific heat of a particular species in the mixture Cpi (T)at a 
given temperature is calculated by the relation

  CPi(T)
  ———— = a + bT + gT2 + dT3 + eT4 (5)
  R

 The value of constants, a, b, g, d and e for a given species, are 
directly obtained from Eq. (5). The absolute entropy of a mixture (fluid 
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stream) at a given state is calculated after using Eqs. (3 and 4).The 
thermodynamic irreversibility in a process is characterized by entropy 
generation Sgen in the process. For continuous process performed by a 
system it can be written as

 I = T0Sgen (6)

where ‘I’ is the irreversibility in the process and Sgen is the entropy 
generation.
 The specific heat of a mixture of gases is expressed as the sum of 
the specific heats of each species in the mixture and the product of their 
mole fractions

 
 

Cp,mix yiCpiΣ
i = 1

i = n

 (7)

DESCRIPTION OF THERMO-CHEMICAL MODEL

 The general chemical formula for biomass feedstock is given by 
Ca0Ha1Oa2Na3.
 The global gasification reaction in the biomass gasifier can be 
written as

Ca0Ha1Oa2Na3 + wH2O + a4 (O2 + 3.76N2) + a5H2O→
 b1CH4 + b2CO + b3CO2 + b4H2 + b5H2O + b6N2 (8)

where C, H, O and N are the fuel mass fractions from the ultimate 
analysis on dry basis. For single-carbon-atom fuel (a0=1), the coef-
ficients a1, a2 and a3 are determined from H/C, O/C and N/C mole 
ratios respectively.
 The reactions are solved at thermodynamic equilibrium. The gas-
ification products contained CH4, CO, CO2, H2, H2O, and N2.

  (H/MH)
 a1 ——— (9)
  (C/MC)

  (O/MO)
 a2 ——— (10)
  (C/MC)
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  (N/MN)
 a3 ——— (11)
  (C/MC)

Molecular weight of dry fuel

 Mdry fuel = A1MCH + a2MO + a3MN (12)

then

  Mdry fuelmC W = —————— (13)
  MH2O (100 – mC)

Molecular weight of wet fuel

 Mwet fuel = Mdry fuel + wMH2O (14)

Stoichiometric air fuel ratio

  (a1 + 0.25a2 – 0.5aS)MA SAFR = ————————— (15)
  Mwet fuel

where
MA = MO2 + 3.76MN2

  SFR x Mwet fuela4 =  —————— (16)
  MA

  SFR x Mwet fuela5 =  —————— (17)
  MH2O(1–0.01 x A)

 In Eqs. (19, 20) 𝑎4 and a5 are obtained. A numerical method is 
applied to solve the syngas coefficient in steam gasification by using 
Taylor’s series method [11]. After completion of numerical iteration at 
AFR = 0.5, SFR = 1 and gasifier pressure = 10 bars, the syngas composi-
tion is shown in Table 3.
 The complete combustion equation for the syngas in the GTCC 
with the compressed air is
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b1CH4 + b2CO + b3CH2 + b4H2 + b5H2O + b6N2 + a7(O2 + 3.76N2) →
 b7CO2 + b7CO2 + b8H2O + b9N2 + O2 (18)

 In Eq. (21) ‘a7’ is the amount of air to be supplied in kg-mol 
(stoichiometric air for combustion) into the GTCC.
 The amount of air required for combustion to obtain the required 
temperature (T) is determined from the energy balance of reactants 
and products. Following are the products required in the GTCC at the 
above mentioned condition which may be computed after species bal-
ance on R.H.S. and L.H.S. in Tables 4 and 5.
 The calorific value of synthetic gas (Qcv or LHV) at a given com-
bustion outlet temperature may be obtained after making energy bal-
ance over the combustion chamber, and the desired equation may be 
given as

 
 

∑R h f
0

+ ∆h + Qcv = ∑P h f
0

+ ∆h  (19)

 The equations for computing the irreversibility in each component 
of the proposed triple cycle generation system, other than gasifier and 
combustion chamber, can be developed, after using the Eqs. (1-4), and 
may appear in the following form:

 IC = WC + mae1 – mae2 (20)

 IGT = mmix (e6 – e7) – WGT (21)

 IHRSG = mmix (e7 – e8) + mH2)(ed – ea) (22)

Table 3. Thermo-chemical properties of biomass materials [11]
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 IST = maea – meee – mbeb – WST (23)

 ISC = mb (eb – ec) (24)

 IFP = mc (e12 – e13) + WFp (25)

 Ipump = T0mf(s13 – s12) (26)

Table 4. Properties and operating variables for the analysis of the proposed 
cycle—ORC configuration [3, 14]
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I e = T0mvapour s10 – s13 –
h 10 – h 15

TH  (27)

 IT,ORC = T0mvapour(s11 – s10) (28)

 IIC = T0[mvapour(s12 – s11) + mcoolant(shot water, out – scold water,in)] (29)

PERFORMANCE PARAMETERS

First-law (energy) efficiency (ηΙ)

 The thermal efficiency is defined as the ratio between the net 
power output of the cycle to the heat input, which may be expressed as:

  WGT + WST + WT1ORC – WAC – WP – WP1ORC ηI = —————————————— (30)
  mfLHV

Where mf is the mass of fuel consumed.

Exergy efficiency (ηΙΙ)
 The amount of exergy supplied in the product to the amount 
of exergy associated with the fuel is a more accurate measure of this 

Table 5. Composition of synthetic gas produced after gasification and exhaust 
gas after composition for one kmol of biomass at pressure ratio (rp=10)
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thermodynamic parameter of a system. By definition, the second law 
efficiency is then given by the following expression:

  WGT + WST + WT1ORC – WAC – WP – WP1ORC
ηII =  ———————————————————— (31)
  Efuel,in

where Efuel,in is the exergy of fuel.

RESULTS AND DISCUSSION

 A biomass derived syngas fuelled triple cycle power generation 
system is proposed, and both energetic and exergetic analyses, are per-
formed in the current study. The analysis involves the determination 
of first and second law efficiencies of the triple cycle and computation 
of irreversibility in the individual component of the cycle using the 
thermodynamic model which was developed with the Engineering 
Equation Solver (EES) Software [16]. The range of pressure ratio across 
the compressor and gas turbine inlet pressure were assumed (6-14) and 
(970°C-1050°C), respectively.
 The effect of change in the gas turbine inlet temperature on first 
law efficiency of combined power cycle is shown in Figure 2(a) which 
shows that first law efficiency increases with the increase in gas tur-
bine inlet temperature due to obvious reasons. Increase in combustor 
outlet temperature results in the increase of mean temperature of heat 
addition which leads to the reduction in amount of syngas required 
for power generation and hence results in the increase of first law ef-
ficiency. It also shown that first law efficiency of solid waste fuelled 
is significantly higher than the first law efficiency of combined power 
cycle of rice husk fuelled combined power cycle. This is because the 
energy content (LCV) of solid waste is considerably higher than the 
energy content of rice husk.
 Figure 2 (b) shows the effect of change in turbine inlet tempera-
ture on first law efficiency of triple power cycle. It is observed that first 
law efficiency increases with the increase in turbine inlet temperature 
and it is slightly greater than its combined cycle counter part due to 
the recovery of waste heat at exit of HRSG which produced additional 
power through the turbine of ORC. Solid waste fuelled triple power 
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cycle provides better first law efficiency than the rice husk fuelled triple 
cycle.
 Application of principle of increase of entropy over the various 
components of biomass fuelled combined power cycle results in the 
evaluation of irreversibilies, which in turn, determine the second law 
efficiency of the cycle that provides a more meaningful assessment. 
The effect of gas turbine inlet temperature on second law efficiency 
of the cycle is shown in Figure 3(a) and it is observed that second law 

Figure 2 (a). Variation of first law efficiency of combined power cycle with 
the turbine inlet temperature at (r=10)

Figure 2 (b). Variation of first law efficiency of triple power cycle with the 
turbine inlet temperature at (r=10)
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efficiency increases with the increase in gas turbine inlet temperature 
for both the fuels due to the reason that, higher combustor outlet 
temperature (gas turbine inlet temperature) results in lesser entropy 
generation during combustion which is a major source of irreversibility 
in the cycle and hence it leads to an increase in second law efficiency 
with the increase in gas turbine inlet temperature. It is further shown 
that second law efficiency of solid waste fuel combined cycle is higher 
than the second law efficiency of the rice husk fuel combined cycle at 
same gas turbine inlet temperature. This is because the exergy content 
of solid waste biomass is considerably lower than the exergy content of 
rice husk biomass.
 The effect of gas turbine inlet temperature on second law efficien-
cy of triple power cycle is depicted in Figure 3(b) which shows that re-
covery of the exergy of waste heat at the exit of HRSG of BIGCC using 
the ORC increases its second law efficiency by a smaller amount. Since 
the exergy content of waste heat at exit of HRSG is less than its energy 
content, therefore, the second law efficiency of triple power cycle is less 
than its first law efficiency. The same can be visualized after comparing 
of Figs 3(a) and 3(b).
 Figure 4 (a) shows the variation of first law efficiency of biomass 
fuelled combined power cycle for a fixed gas turbine inlet temperature 
(TIT=1010°C). It is observed that as pressure ratio across the compres-
sor (gasifier pressure) increases, the first law efficiency increases.

Figure 3 (a). Variation of second law efficiency of combined power cycle with 
the turbine inlet temperature at (r=10)
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 This is due to the fact that increase in pressure ratio increases the 
amount of work delivered by the gas turbine at a fixed inlet tempera-
ture which simultaneously lowers the enthalpy of steam generated in 
the HRSG, and hence, reduces the work delivered by the steam turbine 
which decreases the overall work output of the cycle at a given heat in-
put (LHV) of biomass that enters the gasifier at ambient condition. The 
first law efficiency values with the pressure ratio shows a trend similar 
to the one reported by [4] for coal as a primary fuel. Due to the higher 

Figure 3 (b). Variation of second law efficiency of triple power cycle with the 
turbine inlet temperature at (r=10)

Figure 4 (a). Variation of first law efficiency of combined power cycle with 
the pressure ratio at (TIT=1010°C)
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energy content of solid waste biomass its first law efficiency is higher 
than the first law efficiency of rice husk biomass of the combined pow-
er cycle and similar trend is observed for the first law efficiency with 
the increase in the pressure ratio for both biomass materials.
 The effect of change in pressure ratio across the compressor on 
first law efficiency of triple power cycle is shown in Figure 4(b). It is 
found that first law efficiency of triple power cycle is showing the trend 
similar to the combined power cycle with respect to pressure ratio. Uti-
lization of waste heat at the exit of the HRSG results in the enhanced 
performance of the combined power cycle. It is further shown that the 
first law efficiency of solid waste fuel triple power cycle is higher than 
the first law efficiency of rice husk biomass fuel cycle due to the larger 
energy content of solid waste biomass.
 The effect of pressure ratio across the compressor on second law 
efficiency of combined power cycle is shown in Figure 5(a). It is ob-
served that the second law efficiency of both biomass fuels (solid waste, 
rice husk) combined cycle decreases with the increase in pressure ratio. 
This is due to the following:
 First increase in gasifier pressure results in the higher gasifier tem-
perature which increases the irreversibility due to the heat transfer at 
the finite temperature difference that results in the larger irreversibility 
in the gasifier. Second the exergy content of synthetic gas increases with 
the increase in gasifier pressure. Due to these two combined effects a 

Figure 4 (b). Variation of first law efficiency of triple power cycle with the 
pressure ratio at (TIT=1010°C)
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reduced second law efficiency of combined power cycle is observed 
at higher pressure ratio. The second law efficiency of solid waste fuel 
combined cycle is found to be considerably greater than the second 
law efficiency of rice husk fuel cycle due to the lower exergy content of 
solid waste fuel than rice husk.
 Figure 5(b) shows the same trend of decreasing second law ef-
ficiency with the increase in pressure ratio for triple power cycle. This 
is because increase in pressure ratio consequently increases the irre-

Figure 5 (a). Variation of second law efficiency with pressure ratio of com-
bined power cycle (TIT=1010°C)

Figure 5 (b). Variation of second law efficiency of triple power cycle with the 
pressure ratio (TIT=1010°C)
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versibility in the evaporator and condenser in the ORC along with the 
increase in irreversibility in gasifier and combustor in combined power 
cycle. Simultaneous increase in irreversibility of the key components of 
the triple power cycle results in the reduced second law efficiency of 
triple power cycle.
 Keeping in view the potential benefits of exergetic analysis over 
the energetic analysis described above a thermodynamic model has 
been applied to identify and quantify the sources of irreversibilities 
in various components of the proposed cycle that dictates which com-
ponent needs much more attention to improve the performance of the 
cycle. Figure 6(a) show the exergy destruction in solid waste fuelled 
triple power cycle. The exergetic analysis of the solid waste driven tri-
ple power cycle clearly indicates that maximum irreversibility occurs in 
the combustion chamber which is around 25% of the fuel exergy input. 
This is due to the fact combustion is a highly irreversible phenomena 
where entropy is generated via heat conduction, chemical reaction, vis-
cous dissipation and mass diffusion.
 The second largest irreversibility occurs in HRSG which is around 
19% of the fuel input exergy, due to significant entropy generation via 
heat transfer at a finite temperature difference between the two fluid 
streams of very high and very low temperature. The next larger irre-
versibility occurs in gasifier which is around 7.6% due to partial com-
bustion process in the gasifier via the occurrence of simultaneous oxi-
dation and reduction reactions. Partial combustion contributes towards 
larger irreversibility due to significant entropy generation into the 
gasifier. The irreversibility in gas turbine and steam turbine found to 

Figure 6(a). Exergy destruction in solid waste fuelled triple power cycle
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be into the range (2%-3%) due to less irreversible expansion process in 
the two turbines. The irreversibility in other component of triple power 
cycle is shown to be negligible. Figure 6(b) presents the exergy destruc-
tion in rice husk fuelled triple power cycle. Almost similar trends for 
irreversibility in various components of rice husk driven triple power 
cycle are observed. The amount of exergy of fuel available as work out-
put is slightly higher in solid waste fuelled triple power cycle than its 
rice husk counter part due to the greater exergy content of solid waste 
than rice husk.

CONCLUSIONS

 A biomass derived syngas fuelled triple cycle power generation 
system has been developed and analysed through the cascade utiliza-
tion of energetic and exergetic approaches. Based on the analysis, the 
following findings are obtained:
• A considerable variation in both first and second law efficiencies 

of the triple power cycle was observed with the change in pres-
sure ratio and gas turbine inlet temperature.

• For mean operating conditions, the first and second law efficien-
cies of solid waste fuelled triple power cycle were found to be 
42.51% and 40.99%, respectively, whereas for rice husk fuelled 

Figure 6(b). Exergy destruction in rice husk fuelled triple power cycle
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triple power cycle these efficiencies were of the values of 40.92% 
and 36.12%, respectively.

• Exergetic analysis of the proposed triple power cycle reveals the 
magnitude of irreversibility in the combustor, HRSG, and gasifier 
as; 25%, 19% and, 7.6%, respectively.

 Employment of ORC as a bottoming cycle to BIGCC shows a 
moderate improvement in its thermal performance.
• Overall, the obtained results show that the variations in system 

operating parameters directly influence the irreversibility in the 
components and first and second law efficiencies of the cycle. 
Proposed triple power cycle shows the bright prospects of im-
proved system integration for sustainable power generation using 
biomass as a primary energy source.

Nomenclature
AFR Air fuel ratio
C Compressor
CC Combustion Chamber
ED Exergy destruction (kJ/kg-K)
FP Feed pump
G Gibbs function (kJ/kg-mol)
GT Gas turbine
HRSG Heat recovery steam generator
I Irreversibility
LHV Lower heating value (kJ/kg)
M Molecular weight
m Mass (kg)
mvapour Mass of refrigerant (R-113) vapour in ORC
N Nitrogen
O Oxygen
ORC Organic Rankine cycle
P Product, pump
p Pressure (bar)
Q Heat transfer interaction (J)
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Qcv Calorific value (kJ/kg)
R Reactant
– Universal gas constant (kJ/kg-mol)R

rp,C Pressure ratio across the compressor
rp, GT Pressure ratio across the gas turbine
SAFR Stoichiometric air fuel ratio
SFR Steam fuel ratio
ST Steam turbine
s Specific entropy (kJ/kg-K)
Sgen Entropy generation
T Absolute temperature (K)
T0 Atmospheric temperature (K)
Tp Saturated temperature at pressure of process steam (K)
W Work (kJ/kg)
w No. of moles of moisture in the biomass

Suffixes
a-e State points of the steam cycle
bmf Biomass fuel
ch Chemical
d.a.f. Dry ash free
e Specific exergy (kJ/kg)
f Formation
– Gibb’s free energy (kJ/kg mol)g

h Specific enthalpy (kJ/kg)
hc Enthalpy of condensate return (kJ/kg)
hf Enthalpy of saturated water at process steam 
 pressure (kJ/kg)
hg Enthalpy of saturated vapour at process steam 
 pressure (kJ/kg)
ph Physical
∆– Change in enthalpy (kJ/kg mol)
  h
β Pressure drop factor
a,	b,	g,	d,	e Constants
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0 Reference point
1-13 State points of the gas-steam cycle
(-) Per mol
ηI First law efficiency
ηII Second law efficiency
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