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Abstract

Nowadays, the trigeneration systems are proving more promising than a com-
bined cycle system. In terms of efficiency and reliability, these systems meet
the typical requirements of cooling heating power in various applications.
This work investigated the thermodynamic and environmental characteristics
of a solar-based tri-generation system. The studied system consists of gas
turbine and steam turbine modules along with heating and cooling provisions
as per demand. The integrated system using parabolic trough collectors and
also uses steam injected gas turbines for performance improvement. The
overall performance of the proposed work is compared with and without
a steam injection. The effect of integration of the solar cycle and steam
injection for the trigeneration system is assessed. Further, carbon footprint
rejected to the environment is also estimated. It is observed that the work
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output and trigeneration efficiency improved, and the carbon footprint gets
reduced in the range varying between 10—-40% for the cases studied.

Keywords: Trigeneration system, steam injected gas turbine (STIG), solar
cycle, thermodynamic analysis, parabolic trough collector (PTC).

Nomenclature

Qi solar energy incident on the collector (kW)

my receiver’s fluid mass flow rate (kg/s)

heca cover and ambient, convection heat loss coefficient
(W/m?K)

hrca cover and ambient, radiation heat transfer coefficient,
(W/m?K)

hycr receiver and the cover, radiation heat transfer coefficient
(W/m?K)

Aap aperture area (m?)

A, receiver pipe area (m?)

Cp specific heat at constant pressure (kJ/kg K)

Cpf specific heat of heat transfer fluid (kJ/kg K)

emico2 COs emission rate (kg/kWh)

E., exergetic solar energy input (kW)

Eie solar collector exergy (kW)

F’ collector efficiency factor

F, collector heat removal factor

e cooling load, (kW)

an heating load, (kW)

Qu useful energy (kW)

T, exit temperature to receiver pipe (K)

T, inlet temperature to receiver pipe (K)

T, receiver temperature (K)

U, solar collector heat loss coefficient (W/m?K)

U, overall heat transfer coefficient (W/m?K)

Whet net power generated, by the tri-generation system (kW)

Greek symbols

Nee combustion chamber efficiency

I5; fuel/air ratio

Er receiver’s emittance
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1 Introduction

Realizing the growing energy requirements of our country and meeting the
same through a sustainable source, poses a big task for the energy society.
In this direction increase of renewable energy share in the overall basket
of power generation turns out to be the best solution. Among the numerous
renewable energy resources, solar energy has gained the first place due to its
free and ample nature of availability.

Generally, the trigeneration systems are known for their high efficiency
and reliability. The integration of solar energy with trigeneration system is
the noblest method of better energy harvesting. The trigeneration systems
integrated with a solar energy system is the area of study of this work. Recent
work done in this field is detailed as — (Tora and El-Halwagi, 2011) per-
formed a preliminary design procedure for CCHP system using heat source
fossil fuel and solar energy, also utilising process heat through absorption
refrigeration. A solar cycle along with natural gas-fired combined-cycle plant
was investigated by (Siva Reddy et al., 2012). For that, energy and exergy
methods were used for comparative analysis of CCPP. It was observed that
solar energy used for feedwater heater and LP steam generation is more
effective based upon exergy analysis. Al-Sulaiman (2013) examined the solar
field sizing and overall performance of various vapor cycles. The combined
system consisted of PTCs and binary vapour cycle. This study revealed that
by lowering the mass flow rate of HTF, the number of the solar collector
required got reduced. Calise et al. (2014) studied the combination of sources
especially water and renewable energy systems. They offered various multi-
utilities at the same time, such as- electrical energy, thermal energy, cooling
power, and domestic water. Cho et al. (2014) outlined the methods to perform
energetic, exergetic, system optimization techniques upon CCHP systems.
Their study also focused on the latest technological developments related to
CCHP systems. Baniasad Askari et al. (2015) presented a techno-economic
method for CCHP systems. Their study was based upon the analysis related
to loss of power supply and cost of energy. It was observed that opera-
tional strategy changes with boiler and NGG fuel price. Baghernejad et al.
(2015, 2016) completed thermodynamic analysis of SOFC based trigen-
eration system. They studied parameters, related to exergetic, economic,
and environmental factors through multi-objective exergo-economic analysis.
Angrisani et al. (2021) conducted a review of current methodologies and
indices to analyse poly-generation system. Thereafter developed a correlation
to accesses the feasibility of the system and classified various CCHP systems
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as per the engine type, size, and usage. A procedure was identified which
enlist such systems sequentially. The first level was applied for engine type,
second for energy recovery components and third-level considered for energy
storage and HTFs. Wang and Fu (2016) presented a proposed solar-based
hybrid tri-generation system. Their system mentioned the methane chemical
looping combustion technology used to generate electricity, cooling, and
heating arrangement. The tri-generation system performance working upon
the chemical looping combustion was analysed for flexible design. Further,
the comparison was made related to energy and exergy efficiencies. Hands
et al. (2016) performed analysis for a large-scale solar tri-generation system
and discussed performance details for the operational gains. This system
analysis offered various energy-related gains in a teaching institute building
by solar-assisted desiccant cooling, heating, and hot water production.

Zhang et al. (2016) presented a system, in which solar energy with
medium temperature was used to transform the chemical energy of biomass
through the gasification process to biogas which was used as the fuel for
the internal combustion engine to generate the electricity. Sharma and Singh
(2016, 2017) and Sharma and Singh (2018) carried out various investigative
analysis upon HRSG. They analysed conditions for varying flow and phys-
ical parameters for the energy and exergy methods of the combined cycle
power plants. Adibhatla and Kaushik (2017) performed energy, exergy and
economic analyses for solar assisted CCPPs. It was revealed that with solar
field plant the output increased by 7.8% and the Levelized cost diminished by
7.4 t0 6.7 cent/kWh.

Shukla et al. (2018) presented a thermodynamic analysis of the solar-
powered Brayton cycle as the topping cycle with water/steam Rankine and
Organic Rankine as bottoming cycles. The performance of the combined
system was analysed for topping cycle pressure ratio as 31 and by using
R245fa as organic fluid. Pavithran et al. (2021) and Sajwan et al. (2021)
presented the hybrid power plant models on coal gasification model and
waste heat recovery through super critical CO; respectively. Gang Lei et al.
(2022) discussed about the performance of a hybrid nural based framework
for alternative electricity pricing of smart grid.

The thermodynamic analysis and investigation of a medium capacity
trigeneration system is proposed. The present novel trigeneration system is
consisting of the solar cycle (PTC based), STIG turbine, bottoming cycle with
fixed heating and cooling load. The effect of the combined system perfor-
mance estimated through the mathematical model proposed and simulation is
carried out and sensitivity of the system analysed. The typical trigeneration
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system (at the baseline conditions) is also compared with the present system
on the basis of workout, trigeneration efficiency and emissions rejected by
the plant.

2 System Description

This integrated trigeneration system consists of the Solar Cycle (SC), Steam-
Injected Gas Turbine (STIG) cycle, Heat Recovery Steam Generator (HRSG),
Steam turbine cycle comprising heating and cooling provisions. The detailed
layout of the STIG based trigeneration CCHP system is shown in Figure 1.
A Solar Field (SF) using Parabolic Trough Collector (PTC) has been
joined with the Rankine cycle of the proposed system. The Rankine cycle’s
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Figure 1 Detailed Layout of STIG based Trigeneration CCHP System.
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HP feedwater absorbs the heat from the solar field (parabolic trough collec-
tors and receiver arrangement). The parabolic trough collectors are positioned
in the best-suited direction (north-south) in terms of the solar radiations. The
sun tracking system follows the sun as per its movement from east to west
direction. Direct Steam Generation (DSG) based on recirculation model has
been considered for the present system. The separation of water from steam
throughout the operation is done via steam separator placed at the end of the
evaporator section of the collector field.

In the solar cycle, a pump is used to provide the required circulation
throughout the collector field for absorbing heat energy for the bottoming
cycle. The steam generated by the solar cycle is dry saturated steam (at
395°C) which is mixed with HP steam to add enhanced energy input to
HP turbine. The proposed arrangement works as a tri-generation system (for
power, heating and cooling arrangement). During solar hours, additional solar
energy/heat is received through Solar Field which produces additional HP
steam to supply to HP turbine. This additional steam flow is the added contri-
bution of solar energy, other than waste heat utilization, in the steam turbine
cycle. Moreover, bleed steam from the steam turbine under superheated state,
is also taken for steam injection in the gas turbine. The steam turbine exhaust
energy is further recovered by utilizing process heating, and cooling loads
(fixed load) of the combined system.

2.1 Governing Equations

The mathematical equations for this work are taken from Baghernejad
et al. (2015) and Duffie and Beckman (2013) and the solar collector based
trigeneration system along with STIG are modeled as given under.

2.1.1 Solar system model
The energy balance for PTC based solar system is done through (Duffie and
Beckman, 2013) using the following:

The collector useful energy rate is estimated as:

Qu = mr(cp,roTno - vaTiTrvi) M

Where 77, 0il mass flow rate circulated in the receiver, C), o, Cp ; and
T)0,T; shows the specific heats and temperatures at receiver, inlet, and
outlet respectively.

The solar energy incident on the collector is given as:

Qi = DNI - Ay - (cos )N (2)
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Where A, is aperture area, ¢ is the incidence angle, and N denotes
the product of the number of collectors in a row, the number of modules
in a collector and number of rows of collector array in the solar field,
DNI represents the direct normal irradiance considered in a plane normal
to the sun.

Aap = (w - Dcod)l 3)

Where w, represents the collector width, D4, represents the cover outer
diameter, and / is the collector length.
The exergetic solar energy input to parabolic trough is given as:

: 4 (T, 1/ To\*
Ep=Qi[1-2 () +5( 5
g Q[ s (z) (7))

Where T and T, are the black body surface and ambient temperatures
(T, = 5800 K is black body temperature of the sun).
The solar energy absorbed by the receiver is estimated as:

“4)

Qa=DNI-IAM - Ay N -5 -7y ag - IF - 15 - EL 5)

Where ‘v, represents the mirror’s surface reflectivity, ‘r,’ is the receiver
glass transmissivity, ‘cy,’ is the absorptivity of absorber surface, ‘IF’ is the
intercept factor, ‘nsq’ shading factor and ‘EL’ is the end loss factor.

The trough collector Incidence Angle Modifier 1AM) is given by:

TAM = cosf) — 2.859621 x 107° - ()* — 5.25007 x 1074(#)  (6)
The End Losses (EL) factor Reddy et al. (2012) is estimated as:

EL=1- % tand (7

Where f is the ‘collector’ focal length.
The solar collector exergy is given by:

. T,
Epe = Qa (1 - Tr> )

Where ‘T’ is the receiver temperature in K.
The useful energy gained by the solar collector,

Qu = Fr(Qa - UL AT(E - Te)) (9)
A, =7 D;l (10)
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The collector heat removal factor is estimated as,

P 1-6‘(%245:)] (an

The collector efficiency factor is related as,
F = gz (12)

The solar collector heat loss coefficient is,
Uy = S I (13)

(hc,ca + hr,ca) Ac hr,cr

The ambient state and the cover radiation heat transfer coefficient is
estimated as,
hr,ca = 6C'L)O'(Tyc + Ta)(T02 + TaQ) (14)

Where, €., is the emittance of the cover and o is the Stefan-Boltzmann
coefficient.
The receiver and the cover radiation heat transfer coefficient is given by,

U(Tc + Tr,av)(Tc2 + Tr, av2)
1, A (1
a + A76 (531) o 1)
Where the receiver’s emittance is ‘c,” and the ‘av’ is used for representing

average value.
The cover and ambient convection heat loss coefficient is defined as,
Nu - kg

hccazi 1
: Doy (16)

(15)

hr,cr —

Where Nu and kg;,- is the Nusselt number and thermal conductivity of air
respectively.
The overall heat transfer coefficient for the surroundings can be given as,

1 Dro Dyo, (Dro\\]™
S v o (2 17
o Ur * hc,rin Dr,i * <2kr " <DT7Z>>:| a7
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Table 1 Parabolic trough collector configurations (Baghernejad et al., 2015, 2016)

Chosen Parameters Value (Units) Chosen Parameters Value (Units)
Aperture area, Aap 545 m? HEC transmittance 0.96
Collector aperture, w 5.76 m Mirror reflectivity, p 0.94
Heat collection element 0.07 m Single Collector Length 12.27 m
(HCE) diameter, D¢ o
HCE absorptivity, 0.96 Concentration ratio 82
Emittance of the receiver, € 0.15 Optical efficiency/ 80%
Receiver’s efficiency,
No. of solar collector 10 Average focal distance 0.94m
Receiver inner diameter 0.066 m Receiver outer diameter 0.07 m
Shading Factor 0.98 Glass cover transmittance 0.96
DNI (used for hot summer in - Intercept factor 0.92

Delhi region, India)

2.1.2 Combined STIG based cooling, heating and power model
The energy balance equations for the proposed model consisting of gas
mixture heat capacity estmation, than total energy available, mass of steam
injected, overall power developed. The performance parameters such as
power developed, trigeneration system efficiency and amount of carbon foot
print were calculated.

The specific heat for the mixture of gases is related as the sum specific
heats of each component and their mass fractions (y;).

Co(T) =D 1%iCi(T) (18)
=1

The specific heat for actual gas mixture is taken from Moran and
Shapiro [14] and given as:

R
Cp=q7(a+ BT+ T2 + 673 + T%) (19)
Where, ‘R’ represents the universal gas constant, ‘M’ represents the molar
mass of the gas, and «, 3, v, € and § are the constants for various gases.
The total energy input (g;;,) to the tri-generation system comprising the
energy from the fuel and solar thermal energy,

(jin = q.ng + stolar (20)

Where ¢,y and ggoqr are the energy obtained from natural gas and
through the solar cycle respectively.
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Table 2 The chosen baseline parameters for the trigeneration system, Sharma and Singh
(2016, 2017)

Chosen Parameters Value Taken
Combustion chamber efficiency 95%
Compressor efficiency 90%
Cooling load / Electricity generated 3-5%
Cycle pressure ratio 12
Heating load/Electricity generated 2-4%
Mass flow rate of air 60 kg/s
Mass flow rate of fuel (without steam injection) 2.5kg/s
Mechanical efficiency 95%
Natural gas, LHV 45.42 MJ/kg
Solar share 8-12%
Steam generation pressure, HP 84 bar
Steam generation pressure, LP 9 bar
Steam generation temperature, HP 780 K
Steam generation temperature, LP 666 K
Steam injection pressure 12 bar
Steam injection temperature 1400 K
Turbine efficiency 90%
Turbine inlet temperature 1400 K

As the steam injection is also used in the combustion chamber, the
energy balance of the combustion chamber provides fuel/air ratio (), can
be estimated as —

(h3,a - h2,a) + T:ns (h3,steam - hin, steam)

Ma

LCV . Nee — (1 + f)Dhg — h37g

Where, ha 4 and h3, specific enthalpies of air at point 2 and 3 respec-
tively, Rin, steam and h3 sieam specific enthalpies of steam at point 24 and 3
respectively and hg 4 is the specific enthalpy of the exhaust gases.

The power generated by the steam injected gas turbine, can be esti-
mated as:

5= 1)

Wgt - (ma + mf)(h&g - h4,g) + ms(hs,tit - hs,t4)
— tita(h2a — hia) (22)

The net power generated in the tri-generation system (power generated by
the steam injected gas turbine cycle and steam turbine cycle) is estimated as:

Wnet = Wgt + Wst (23)



52 M. Sharma et al.

The tri-generation system overall efficiency can be estimated as:

Whet + dn + 4

Moy = et T dh T e 24)
qin
Where, Wnet represents net power generated, ¢y, is the heating load, ¢. is
the cooling load, and total energy input in the trigeneration system.
The trigeneration system, CO4 emission rate of can be estimated as:
™

emicos = ——C22% 3600 (25)

Whet + qn + qe

The emission rate is the amount of COg released per unit energy
developed by the trigeneration system.

3 Results and Discussion

The primary attention in the analysis of the trigeneration system is based on
two important considerations. First is to observe the effect of the conversion
of solar energy to thermal power generation and second is to analyze the
effect of steam injection in gas turbine for a trigeneration system.

The results obtained for the integrated solar-based trigeneration systems
are presented here for the important operating parameters. The thermody-
namic, and environment analysis of the system for the important operating
parameters are discussed below.

The DNI variations taken for the analysis are a variation of the peak
summer radiations in Delhi NCR region, India.

Figure 2 shows the effect of variation in the incident energy and exergetic
input with direct normal irradiance (DNI). It is observed that the incident
energy falling on the parabolic trough collector increases with DNI and
number of rows.

The exergetic input on the parabolic surface indicates the quality of
energy absorbed by it considering all losses through the receiver. The increase
in the number of rows enhances the amount of energy at the receiver’s pipe.
The percent variations observed by the incident energy and exergetic input
are around 7%. It provides the correct evaluation of the physical components
of the solar cycle for further utilization in the trigeneration system.

The variation of exergetic input on PTC and exergy on the receiver pipe
with DNI is shown in Figure 3. The result obtained depicts that the receiver
pipe exergy follows the same trend as exergetic input. However, in absolute
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Figure 3 Variation of receiver’s exergy and exergetic input with direct normal irradiance

(DNI).

values, the difference in the values of the exergies at two surfaces are almost
constant. However, this decrease in exergtic input and receiver exergy varying
in the range of 50-60% shows the amount of exergy loss associated with
various losses. It also observed that when the direct normal irradiance varies
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Figure 4 Variation of useful energy and available energy with the number of rows.

from 800-1000 W/m?, the exergetic input and receiver’s exergy varies by
around 25% and 33%, respectively. These variations are due to different kind
of losses on the respective surfaces.

Figure 4 describes the variation of useful energy and available energy
with the number of rows. The useful energy obtained at the receiver’s pipe
is the available energy obtained after considering radiation, convection, and
conduction losses. The result shows that as the number of rows increases,
the useful energy, and available energy increases. However, it is also affected
by the factors incorporated for the different losses. These losses produce a
variation of around 5% from the useful energy and available energy on the
receiver’s surface, respectively.

The variation of trigeneration efficiency with GT (gas turbine) pressure
ratio is described in Figure 5. Here it is depicted that for different DNIs
and number of rows, the trigeneration efficiency increases with GT pressure
ratio. The trigeneration efficiencies of the stated system show a considerable
increase at a more significant number of rows. While the increase in trigen-
eration efficiencies is not substantial for pressure ratios, this varies around
0.4% for the higher-pressure ratio at a fixed number of rows and DNI. The
more significant number of rows and higher DNI reveals around 14-16%
variations.

Figure 6(a) reveals the variation of trigeneration efficiency with turbine
inlet temperature for the different number of rows and DNI (800 W/m?). It
is observed that trigeneration efficiency increases for the different number of
rows for the higher gas turbine inlet temperature. The trigeneration efficiency
increases by around 15% for the number of rows from 6 to 8, as evident from
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Figure 5 Variation of trigeneration efficiency with pressure ratio for different DNI and no.
of rows.
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Figure 6(a) Variation of trigeneration efficiency with turbine inlet temperature for different
no. of rows (DNI = 800 W/m?).

the graphical results. The trigeneration efficiency of the stated system shows
a considerable increase at higher TIT for the number of rows.

The variation of the plant trigeneration efficiency with turbine inlet tem-
perature for the fixed radiations (DNI = 900 W/m?) shown in Figure 6(b).
These results show that the increase in numbers of rows from 6 to 8 at fixed
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Figure 6(b) Variation of trigeneration efficiency with turbine inlet temperature for different
no. of rows (DNI = 900 W/m?).
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Figure 6(c) Variation of trigeneration efficiency with turbine inlet temperature for different
no. of rows (DNI = 1000 W/m?).

DNI increases efficiency by 17%. Further, the increase in plant efficiency is
comparatively higher for turbine inlet temperature for the considered range.
The variation of the plant trigeneration efficiency with turbine inlet tem-
perature for the fixed radiations (DNI = 1000 W/m?) shown in Figure 6(c).
These results show that with an increase in numbers of rows from 6 to
8 at fixed DNI, increases efficiency by 19%. Moreover, this increase in
plant efficiency is comparatively higher for turbine inlet temperature within
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Figure 7 Variation of plant work output and trigeneration efficiency for trigeneration system
(with and without solar field).

the considered range. It depicts that TIT is the crucial parameter for the
integrated system for fixed DNI and number of rows. It shows the increase
in trigeneration efficiency by around 50% for these three cases, as evident in
Figures 6(a), 6(b), and 6(c).

Figure 7 shows the variation of trigeneration efficiency and plant work
output variation with pressure ratio with and without solar-assisted system.
The effect of pressure ratio change on plant performance indicates little vari-
ations in plant work output and trigeneration efficiency. These variations in
efficiency and plant work output are around 0.5% and 0.4% with gas turbine
pressure ratio. Therefore, the net-work output and trigeneration efficiency
show a lesser effect on cycle pressure. However, the effect on work output
and trigeneration efficiency is comparatively higher by around 30% and 3%
respectively in the cycle with the solar system as compared to the cycle
without the solar system in the trigeneration.

The trigeneration efficiency and plant work output variation with turbine
inlet temperature are shown in Figure 8 (with and without solar-assisted
system) trigeneration system.

The effect of turbine inlet temperature indicates considerable variation
in net work out of trigeneration system. The effect on work output and
trigeneration efficiency with TIT is compared for the with and without
solar cycle trigeneration plant. The significant changes are observed as the
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Figure8 Variation of plant work output and trigeneration system efficiency with and without
solar integration.

estimated work output in an arrangement without solar cycle increased by
around 70% for the considered range with STIG cycle. The work output with
solar cycle also increases with TITs, and this increase is around 50%. The
trigeneration plant efficiency with and without solar cycle improved by 60%
and 40% respectively for the considered TIT range. Further, it is observed
that at the fixed TIT, the improvement in work output (for the arrangements
with and without a solar cycle) is around 20-25%. Whereas, the trigeneration
plant efficiency for the arrangements (with and without solar cycle) decreases
around 2-10% for the considered TITs.

The variations in carbon footprint with the change in GT cycle pressure
ratio with and without the solar cycle of the trigeneration system shown in
Figure 9. The carbon footprint decreases marginally as the pressure ratio
increases for all cases i.e., with and without solar cycle. The decrease in
carbon footprints by around 20% in the arrangement with the solar cycle as
the overall energy generation/utilization improves with reduced fuel (fossil)
consumption.

The variation of carbon footprint with GT pressure ratio is shown in Fig-
ure 10 (for the arrangements with and without solar-assisted ) trigeneration
system. The carbon footprint decreases considerably with the higher TITs
in case of the arrangement with the solar-assisted trigeneration system. It is
evident from the results that there occurs the reduction in carbon footprints
with higher TITs by around 30-35% in the case of the solar cycle.
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Figure 9 Effect of CO2 emission with pressure ratio for trigeneration system (with solar and
without solar)
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Figure 10 Effect of CO2 emission with turbine inlet temperature for trigeneration systems
with solar and without solar.

The variations in work output and trigeneration efficiency with GT pres-
sure ratio (with and without STIG) shown in Figure 11. The results reveal
similar trends for work output and trigeneration efficiency for the two cases.
The work output and trigeneration efficiency with STIG increases at a low
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Figure 11 Variation of net-work output and trigeneration efficiency with pressure ratio for
trigeneration systems (with and without STIG).
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Figure 12 Variation of net-work output and trigeneration efficiency with turbine inlet
temperature for trigeneration systems (with and without STIG).

rate of around 0.5%. Whereas the work output and the trigeneration efficiency
in the arrangement without the STIG system increase by around 40-44%
respectively.

Figure 12 depicts the variations in network output and trigeneration
efficiency with turbine inlet temperature (with and without STIG). The results
show similar trends for work output and trigeneration efficiency for the



Performance Evaluation of Solar-assisted Trigeneration System 61

B Emi(Without)Stig = Emi(With)Stig
0.08
0.07
0.06
0.05
0.04
0.03
0.02

CO2 Emission Rate, Kg/kWh

0.01

10 12 14 16

Pressure Ratio

Figure 13  Variation of CO2 emissions with pressure ratio for trigeneration systems with and
without steam injection.

two cases (with and without STIG). The work output and trigeneration effi-
ciency with STIG increases substantially around 60% and 70% respectively
with higher TIT whereas the work output and the trigeneration efficiency
in the arrangement without STIG system increase around 7% and 13.5%
respectively with higher TIT.

The CO4 emission is one of the crucial parameters to be analyzed as it
will give the correct estimate of the required size of the plant. The result of
analysis for the fixed TIT, the effect on COy emissions with pressure ratio
for the trigeneration systems with and without steam injection in gas turbine
cycle is shown in Figure 13. It is observed that for higher pressure ratio,
the steam injection in gas turbine cycle yields around 0.5% carbon footprint.
It is also evident that for higher pressure ratio in the arrangement without
steam injection in gas turbine cycle, the carbon footprint reduced by around
25%. The leading cause of comparatively low carbon footprint is due to steam
injection in the combustion zone, which reduces the peak flame temperature
and thereby decrease the CO2 emissions.

Figure 14 shows the variations of COy emissions with turbine inlet
temperature for the trigeneration systems with and without steam injection in
gas turbine cycle. It observed that for higher turbine inlet temperature in the
arrangement with the steam injected gas turbine cycle, the carbon footprint
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Figure 14 Variation of CO2 emissions with turbine inlet temperature for trigeneration
systems with and without steam generation.

reduces by around 40% and in the arrangement without steam injection by
10%. The results obtained are compared with (Baghernejad et al., 2015) and
are found to be in coherence and show the reduction in the carbon footprint
by around 25%.

4 Conclusions

The analysis of the results obtained for the parametric investigations on the
solar cycle based trigeneration system leads to the following conclusions.

* The incident energy falling to the PTCs and the useful energy for the
steam generation in the bottoming cycle shows 25-35% deviations in
the energy available on the collector and receiver surface.

* The comparison of the trigeneration system with and without solar cycle
shows improvement in work output, and trigeneration efficiency and the
emission contents reduced from 20-30% for the higher GT pressure
ratio and TITs.

* The effect of steam injection on the trigeneration system in terms
of work output improves trigeneration efficiency, and emission gets
reduced from 10-40% for the higher GT pressure ratio and TITs.
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* New challenges of the current scenario such as thermal efficiency, work
output and carbon foot print are highlighted by present analysis. The
results inform that the useful energy captured by solar system for STIG
based combined cooling, heatng and power system shows improvement.
The sensitivity of proposed system has been chaecked and its parame-
ters are compared with extsing system which will be highly useful in
designing of a combined power plants.
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