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ABSTRACT

In this paper, thermodynamic performance of oxy-biogas regenerative gas turbine cycle with CO,
recirculation is evaluated. The CO; stream is split into the primary and dilution zones. In the primary
zone, chemical-equilibrium-model is applied for exergy analysis. Influences of relevant parameter-
s—CO0,-to-0, molar ratio (CtO) in the primary zone and primary diluent ratio (PDR)—on the temperature
of combustion chamber (CC) and turbine, net produced power, thermal efficiency, specific fuel con-
sumption (SFC) and CO; capturing mass flow rate are studied. Decreasing CtO and raising PDR result in
high net produced power. Thermal efficiency has a maximum value in the range of CtO (1.5<Ct0<4.0)
and PDR (0.2<PDR<0.6) and by enhancing CtO, exergy destruction diminishes in both zones. With
increasing the CtO in the range of 1.5—2.98, thermal efficiency is increased by 9.92% while variation of
CtO in the range of 2.98—4 results in reduction of thermal efficiency by 1.3%. In the range of PDR, the
minimum value of SFC is 388 g/kWh and in the range of CtO, the lowest achievable SFC is 387.4 g/kWh.
Additionally, dilution zone exergy destruction and CC exergy efficiency increases with PDR and CtO. The
two-zone model provided an appropriate control on the turbine inlet temperature.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Although greenhouse gases play the main role in preventing
heat from leaving the earth’s atmosphere and avoiding the earth to
get cooler, an increasing amount of greenhouse gases will result in
global warming [1]. Carbon dioxide (CO2) has a major role in
greenhouse effects. This gas is mainly produced by burning fossil
fuels and biomass and human activities [1,2]. As a result, the
increment of CO, concentration in the atmosphere has become one
of the major challenges nowadays. In this regard, wide efforts have
been made to decrease CO, emissions into the atmosphere. To that
end, capturing the CO, emitted from the power systems [3—6],
recycling CO; [7], and oxy-fuel combustion are among the recently
developed techniques [6]. In an oxy-fuel system, CO, may be easily
separated from combustion products. Since fuel is burned with
oxygen (O,) instead of air as an oxidizer in the combustion
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chamber, the combustion products are CO, and steam (HO)
mainly. In a subsequent process steam can be condensed and
separated from CO»; thus CO; can be captured and stored [8]. Also,
the application of gas turbines as power generator in various in-
dustries such as power plants is an important way in the produc-
tion of clean energy compared to other power generation systems
such as coal burning systems. Another way to reduce greenhouse
effects is to utilize renewable energy such as bioenergy sources, e.g.
biofuels [9,10]. Compared to fossil fuels, energy from waste re-
sources and biogas declines the chance of possible emission of
greenhouse gases to the atmosphere [11]. Various researches have
been carried out on application of biofuels in gas turbine power
plant and performance enhancement of gas turbine power cycles,
among which are reviewed as follows:

Khan et al. conducted extensive researches about performance
enhancement of gas turbine power cycles from energy and exergy
points of view [12—14]. Bruno et al. [15] carried out analysis on
biogas-based integrated energy systems including micro gas tur-
bine (MGT) and absorption cooling system. The study applied
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Nomenclature

Cp Specific heat capacity at constant pressure (k]/kg*K)

Cy Specific heat capacity at constant volume (kJ/kg*K)

Cp Molar specific heat capacity at constant pressure (kJ/
kmol*K)

C, Molar specific heat capacity at constant volume (kJ/
kmol*K)

Ex Total exergy (kW)

ex Specific exergy (kJ/kg)

AGJ(.’ Standard state Gibbs free energy change for species j
(kJ/kmol)

h Enthalpy (kJ/kg)

h; Molar enthalpy for species i (k]J/kmol)

Amix Molar enthalpy of gas mixture (kJ/kmol)

Ky Equilibrium constant for species j

k Heat capacity ratio

M Molar mass

m Mass flowrate (kg/s)

Mfel Fuel mass flowrate (kg/s)

Mox Oxygen mass flowrate (kg/s)

Niot Total number of moles in combustion products (mol)

Qin Input heat to the combustor (kJ)

p Pressure (Pa)

q Real heat transfer in regenerator (kJ)

qmax Maximum heat transfer in regenerator (KkJ)

Ip Pressure ratio

Ry Universal gas constant (J/kmol-K)

S Entropy for species i (kJ/kg-K)

T Temperature (K)

Whet Net produced power (kW)

w Specific power of the turbine (kJ/kg)

X Molar ratio of CO, to O,

X; Number of moles for ith species (mol)

Vi Mole fraction of ith gas species

Greek Symbols

£ Molar ratio of primary diluent and oxidizer gas
mixture to fuel

n First law efficiency

um Exergy efficiency

?p Primary zone equivalence ratio

Acc Combustor pressure loss parameter

Abbreviations

CcC Combustion chamber

Ccto CO, to O, molar ratio

FOC Fuel-oxygen and carbon dioxide mixture ratio
MGT Micro gas turbine

ORC Organic Rankine Cycle

PDR Primary diluent ratio

SDR Secondary diluent ratio

SFC Specific fuel consumption (g/kWh)
TIT Turbine inlet temperature (K)

LHV Lower heating value

Subscripts

comp Compressor

ch Chemical

ph Physical

dil Dilution

reg Regeneration

pri Primary zone

S [sentropic

th Thermal

tur Turbine

absorption chillers in to biogas-driven MGT to enhance the system
performance. Amiri and Najafabadi [16] conducted a research on
energy, exergy and environmental analysis of gas turbine power
cycle by using a mixture of biogas and natural gas as fuel. The study
examined the effect of biogas to natural gas mass flow rate (BNR)
ratio on system performance, cycle efficiency, and NO, pollutants.
Results of the study showed that by increasing BNR, energy and
exergy efficiencies of the system enhances and higher value of BNR
leads to decrease NOy emissions. In a later study carried out by
Leonzio [17] on an innovative trigeneration power plant which
consists of a mechanical compression heat pump, an absorption
heat pump, a steam plant, and a heat recovery plant to produce
cooling, heating, and electricity. The system was fed with biogas as
a renewable energy source. Sevinchan et al. [18] investigated en-
ergy and exergy analyses of a novel biogas-based multigenerational
system to produce electricity, heating, and cooling. The system has
different sub systems such as an open-type Brayton cycle, an
organic Rankine cycle (ORC), and a two-stage biomass digester.
Results of the study showed that the overall energy efficiency of
energy system was 72.5%. Hosseini et al. [ 19] analysed an integrated
biogas-fired micro-power generation system from thermodynamic
point of view. The effects of design parameters such as air
compressor pressure ratio on energy and exergy efficiency were
investigated. It was reported that the overall energy and exergy
efficiencies of the system decrease with the compressor pressure
ratio. Comparative analysis of the feasible condition for combined
heat and power (CHP) and combined cycle based on a 5 MW gas

turbine with biogas fuel was investigated by Kang et al. [20] from an
economic perspective. Also, different heat demand patterns and
selling prices were considered in economic analysis of the proposed
system. Main purpose of the study was economic analysis of the
system with detailed temperature dependent thermodynamic
performance evaluation. Also, the study considered monthly and
hourly variations in fuel consumption, electric power generation,
and heat supply capacity in the economic evaluation of the pro-
posed power plant. The study reported that by increasing ambient
temperature, power and heat supplied by the system reduces.
Zareh et al. [21] performed thermodynamic and exer-
goeconomic analysis of a heat and power cogeneration system that
operates on blended biogas and natural gas. The first law efficiency
and total specific cost of the system were considered as the
objective functions to evaluate the effect of burning biogas and
natural gas on economics and efficiencies of the selected power
plant. Results of the study showed that, the total cost rate of the
cogeneration power plant rises as the inlet temperature of gas
turbine increases. Gholizadeh et al. [22] developed a new power
generation system comprised of a modified organic Rankine cycle
and a gas turbine, in which the system was fed by biogas. In the
study, thermodynamic and thermo-economic assessments were
carried out to evaluate the cost and performance of the system.
Combustion chamber had the maximum exergy destruction rate. It
was further shown that thermal efficiency can be maximized by
applying optimum value of compression ratio. Gholizadeh et al.
[23] conducted an investigation on design and simulation of a
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biogas-based combined cooling and power system from energetic
and exergetic points of view. The effects of input parameters such
as compression ratio and fuel composition on the system perfor-
mance were evaluated. The results of exergy analysis showed that
combustion chamber has the highest exergy destruction among all
the components of the proposed energy system. Sung et al. [24]
carried out thermodynamic analysis on combined MGT and bot-
toming organic Rankine cycle which operates on biogas from food
waste treatment and sewage sludge. The study considered the key
parameters including the annual utilization ratio and the net pre-
sent value (NPV) to analyse the proposed power plant from an
economic perspective. Also, analysis of the effect of biogas methane
ratio on economic parameters of the proposed system such as NPV
was carried out. Results of the study showed that NPV and utili-
zation ratio increases by enhancing biogas methane ratio.

Various studies on oxy fuel power plants have been conducted.
Oxy-fuel combustion is a technology which affects energy system’s
performance. Self et al. [25] investigated the impacts of oxy fuel
combustion on the performance of steam power plant using waste
heat from oxy-fuel and air-fuel combustion system. Results of the
study showed that by utilizing oxy fuel combustion technology,
system performance improves with respect to air fuel combustion
mode. Mathieu and Nihart [26] investigated a novel oxy-fuel cycle
consisting supercritical CO, Rankine and regenerative CO, Brayton
cycle. The study aimed at introducing a zero emission CO, cycle
with high efficiency. Nami et al. [27] presented a combined zero
emission energy system involving S-Graz oxy-fuel cycle,
geothermal based organic Rankine cycle, proton exchange mem-
brane electrolyzer, and methanol synthesis unit. The proposed
system was analysed from energy and exergy perspectives. Saeidi
etal. [28] investigated an oxy-fuel cycle (MATIANT cycle) integrated
with gasification unit from energy and exergy points of view. The
aim of the study was to remove CO, emission from the combustion
products and thereby store and transport it. Also, a parametric
study was conducted to analysis of system performance. The study
reported that increasing gas turbine’s inlet pressure results in
higher system performance. Soltanieh et al. [29] carried out eco-
nomic analysis of a zero emission integrated system to co-produce
electricity and methanol. The proposed system includes water
electrolysis plant, MATIANT oxy-fuel system, and methanol syn-
thesis unit. The CO, captured from the oxy-fuel plant reacts with
hydrogen derived from the water electrolysis unit and generates
methanol. In the study, both the total cost of product and CO;
emission to the environment were estimated. Thermodynamic
assessment and optimization of a natural-gas-based oxy-combus-
tion system (Allam cycle) was investigated by Scaccabarozzi et al.
[30].

Xiang et al. [31] presented an energy system based on oxy-fuel
combustion technology called natural gas combined cycle (NGCC).
The proposed system operated on natural gas with CO; and H,0 as
an oxidizer. The effects of different fuel-oxidizer arrangements on
net power of the system were investigated. Moreover, the study
considered the effect of recycled CO; flow rate on the system per-
formance. Mehrpooya and Sharifzadeh [32] studied a combined
energy system including LNG cold recovery, oxy-fuel cycle, and
high temperature solar cycle by energetic and exegetic approaches.
Results of the study revealed that the oxy-fuel-based subsystem
performed role of capturing CO,. Some key parameters like turbine
inlet temperature (TIT) and LNG flow rate were considered to
analyse the system performance. Ghorbani et al. [33] assessed
performance of an integrated energy system composed of absorp-
tion refrigerant system, oxy-fuel power plant, and water desalina-
tion system. The proposed system was fuelled by natural gas, and
the aim of the study was to produce liquid natural gas and desali-
nate water with CO; capturing. The heat and power which were
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produced by oxy fuel power plant was used in refrigerant system
and desalination unit. A part of natural gas was applied to the oxy
combustion cycle to produce power and the remaining fuel is used
to provide required cooling demand for the refrigeration cycle of
liquefied natural gas (LNG) production. Xiang et al. [34] studied oxy
fuel combustion power plant from energy and exergy perspectives.
The system operated on natural gas with O,/H,0 as the oxidizer.
The system efficiency at various H,O phase state (liquid water,
steam, liquid-steam mixture) was investigated. The study
concluded that the mixture of steam-water state is the best state to
control the combustion temperature. Shan et al. [35] studied an
hybrid energy system consists of oxy-fuel thermo-photovoltaic
device with a Brayton and organic Rankine cycles (ORC). The effects
of different working fluids in ORC such as R123 and n-pentane and
combustion conditions such as oxygen concentration on power
generation of proposed energy system were studied. Maddahi and
Hossainpour [36] investigated coal based oxy-fuel energy system
integrated with organic Rankine cycle, thermodynamically and
economically. The selected power system components studied
comprised of steam generator unit, oxygen separation unit,
compression unit and ORC. Also, study considered ORC to recover
waste heat. Sundkvist et al. [37] conducted a study on natural gas
based oxy-fuel gas turbine combined cycles. The study simulated
combustion chamber by considering two zone models including
primary zone and secondary zone. In the study, working fluid
(mainly CO; and H,0) was considered to decrease and stabilize the
flame temperature.

In this paper, a novel biogas-based regenerative gas turbine
power cycle operated on oxy combustion conditions is studied from
energy and exergy analyses point of view. This study contributes to
existing researches on thermodynamic modelling of combustion
within gas turbine’s combustion chamber and makes an important
opportunity to advance the understanding of chemical equilibrium
models for oxy combustion process in biogas powered gas turbines.
In this study, Gas turbine combustion chamber is considered in two
different zones, namely, primary and dilution. This is because the
two-zone model is more reliable than a single zone one in which
there is possibility of analysing the effect of diluent mass flow rate
on the power cycle thermodynamic performance. In the primary
zone, equilibrium combustion model is used instead of complete
combustion because of high temperature (above 2000 K) in which
dissociation of combustion products and accordingly heat absorp-
tion is notable [38]. As presented by previous researches, the
highest exergy destruction occurs in the combustion chamber.
Hence, detailed exergy analysis considering chemical and physical
parts of exergy destruction in each CC zones has been carried out.
Based on the stated approach, effects of relevant parameters
involving Primary diluent ratio (PDR) and CO; to O, molar ratio (X)
on the temperature of combustion zones, performance parameters
such as cycle net power, thermal efficiency, mass flow rate of stored
CO, stream, and CC exergy destruction are investigated.

2. Methodology
2.1. Model description

In this section, energy and exergy assessments of the selected
system are discussed. For evaluating the thermodynamic perfor-
mance of the plant, each components of the proposed system is
considered as a distinct control volume in order to satisfy mass and
energy balances. The governing equations are solved using the
Engineering Equation Solver (EES) software. A set of algebraic non-
linear equations are being solved simultaneously by extended
Newton’s method in EES [39]. The nonlinear equations can be
defined as following:
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f] (x'hXZa ...7Xn)
fa(%1,%2, ..., Xn)

f= , (1)

fn(X],Xz, ...,Xn)

The Jacobi matrix will be a n x n matrix for a set of n algebraic
equations and n unknowns. The components of the Jacobian matrix
include the partial derivative of the nonlinear equations with
respect to unknowns. The Jacobian matrix can be defined as
following:

fi(X1,%2,..,%n)  Of1(X1,X2,...,Xn)

0x1 0Xn
af2(x17x27'”7xfl) af2(X17X27~~-7Xn)
Xy 0Xn
J= (2)

fn(X1,X2, ..., Xn) fn(X1,X2, ..., Xn)
0x1 0Xn

The unknowns can be obtained as following:

X, Xy
X2i+1 Xzi

= | +J fa (3)
xyit1 Xyl

where |1 denotes the inverse of the Jacobian matrix and « is a
factor which its value is between 0 and 1. By considering initial
guesses for unknown variables, the iterative process starts and
repeats until the residual reaches to specified relative tolerance.

2.2. Power plant configuration

Fig. 1 represents a biogas-based oxy-fuel power plant that is
composed of an oxy-fuel combustion chamber (CC), compressor,
turbine, regenerator, splitter, and H,O separator. As shown in Fig. 1,
CO, stream enters the compressor and after pressure rises due to
compression is being used as a dilution agent for the combustion
process. To preheat the CO, stream prior to combustion, a regen-
erator is used. CC includes two main zones: primary and dilution.
As represented in Fig. 2, biogas and pure oxygen are fed to the
primary zone in which the combustion reactions occur. Pure oxy-
gen is assumed to be supplied from oxygen production unit which
includes Solar driven solid oxide electrolyzer cell (SOEC) [40,41].
However, modelling and analysis of the CCS and oxygen production
units are not considered and the effects of energy consumption of
the oxygen production and carbon capture and storage units on the
system performance are not considered in this study, and therefore
is a valuable topic to be addressed in further researches. A fraction
of the compressed CO, stream is used to reduce the high temper-
ature, which is caused because of using pure oxygen instead of air
as oxidizer in the primary zone. After the primary zone, tempera-
ture of the combustion products is still far beyond the allowable
temperature of turbine blades, which is why the remaining fraction
of compressor outlet CO, stream is used to dilute and reduce the
temperature of the hot combustion products before entering the
turbine. Expansion of combustion products generates power in the
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cycle. Exhaust stream of the turbine which is a mixture of CO, and
H,O0 is then used to preheat the outlet stream of the compressor in
the regenerator. After regenerator, H,O is condensed and separated
from CO; in a rather simple condenser. The additional CO; in the
stream which is produced in the CC is removed and sent to a CO;
capture and storage unit and the remaining fraction of the stream is
recirculated to the CC through the compressor. The temperature-
entropy diagram of the proposed power plant is exhibited in
Fig. 3. It should be noted that the mass flow rate is not the same in
the six indicated states.

To simulate and analyse the proposed system, the following
assumptions are considered:

¢ all components of the oxy-fuel power system are modelled in a
steady-state condition.

e pressure drop in the preheater is negligible.

o the biogas fuel is composed of 65% CH4 and 35% CO; (by mole)
and the combustion is adiabatic.

o the ideal gas mixture law is applied to model the combustion
products.

2.3. Combustion analysis

The model of combustor in gas turbine engine consists of two
distinct zones: primary and dilution. In the primary zone, com-
bustion reactions take place and in the dilution zone, gas temper-
ature is lowered to the TIT using diluent. Models used for
description of each zone are presented as follows.

2.3.1. Primary zone

In the primary zone, biogas is burnt with mixture of O, and CO,.
So, the overall chemical equation of the combustion reaction can be
written as follows:

¢,¢(0.65CH, +0.35C0,) +$(o2 1+XCO,) — x,CO5 +X,H, 0

+x3C0+x40H +x5H + x50 +x70, + xgH>
(4)

In Equation (4), x; to xg denote the number of moles for each
species. Also, X represents molar ratio of CO; to O; in the primary
diluent and oxidizer gas mixture and, ¢, shows primary zone
equivalence ratio which is the ratio of actual fuel-oxygen and car-
bon dioxide mixture ratio (FOC) to the stoichiometric fuel-oxygen
and carbon dioxide mixture ratio (FOCs) and e is the molar ratio
of primary diluent and oxidizer gas mixture to fuel in the stoi-
chiometric combustion of the fuel which is obtained by:

FOC

?» = Foc, ®)
1

“T130+X) (6)

From Equation (4), eight unknown mole numbers of products
(x;—xg) are needed to solve the problem. Three unknowns can be
calculated by atom balance of carbon, hydrogen, and oxygen (C, H,
0), and the five remaining should be obtained by assuming
chemical equilibrium in the product gas mixture. The five chemical
equations based on the criteria of equilibrium are assumed to be
[42]:
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Fig. 1. Oxy-biogas gas turbine power plant with CO, recycling.
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Fig. 2. Schematic model of oxy-fuel combustion chamber.
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SHa=H , Kpy =t = T pi (7)
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T Yo p; (8)
0,2 Y0,

Pon  YoH 9)

1 1
2 +502=0H , Kp3 = ——— = —=—=—
Po,2Py,2  Yo,%Yn,?

2 2

Peo, _ Yco, p-y (10)

1
CO+-0,=C0 , Kp74 = 7 = 7
Po,?Pco Yo,Yco

2

H, +%02iH20, Kps = 1O _ Y0 py (11)
Po,?Py,  Y0,°VH,

where P indicates the total pressure of species and (Kp...Kp,5) are
defined as the equilibrium constants. Also, y; represents the mole
fraction of ith species that is related to mole number of products:

X
Yi= Neot
From Equation (12), Ny denotes the total number of moles in
product gas mixture. To determine the equilibrium constant by
means of the standard state Gibbs free energy changeAG?, for jth
reaction, the following equation is utilized:

(12)

0
46;

Kp’i=€7W (13)

Based on the chemical reaction in Equation (4), three atom
balances for carbon, hydrogen and oxygen can be written as follows
[42]:
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Fig. 3. Temperature-specific entropy diagram of oxy-biogas gas turbine power plant.

C: (ppe(o 65+0.35) + = (V1 +¥3)Ntot (14)
H: 4¢pe(0.65)=2(2y3 +Y4+Y5 + 2Yg)Nrot (15)
2 2X
0O: Z(pp8(0.35) +m+m
= (2y1+Y2 +Y¥3 +Ya+Y6 +2Y7)Nrot (16)

Due to the definition of mole fractions, one more equation is
defined as follows:

Moo

wi)=1 (17)

Il
—_

Enthalpy of the mixture based on mole and mass of the mixture
can be calculated by Ref. [43]:

281:( ) (k] / kmol] (18)

8 —
s =gz 3 (i) 19k (19)

Also, the molar specific heat capacity of the mixture at constant
pressure and constant volume is respectively expressed by:

8

Cpmix = Z(y,-fp,,) [kJ / kmol + K] (20)
i=1
8

am=z(@0wwmbm (21)

i=1

where M is molar mass of the mixture and defined as:
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M= Z(yl

Specific heat, enthalpy and entropy values of each gaseous
species are function of temperature and can be calculated using the
following expressions. The coefficients of the relations can be ob-
tained from thermodynamic tables reported by McBride et al. [44]:

[kg / kmol] (22)

cpi(T
%ﬂl],irz T 1 +az;+a4;T+as;T? +ag;T> + a7, T*
(23)
BT 20T oy oyt + a5+ ag
RuT - 1,i 2,0 T 3. 4‘12 5, 3 6, 4
T4 b],
+ a71 5 +—
(24)
si(T T2 T?
l}g) _allT_GZIT +a3tlnT+a41T+a512
! (25)

3 T4
+agig +a7ig + by

The amount of input heat in the CC during the combustion
process can be expressed by Equation (26) where LHV is the lower
heating value of the biogas fuel, which is 20.19 MJ/kg, 1. is the
combustor efficiency and rigeis the mass flow rate of the inlet fuel
to the combustor:

Qin = MpelLHV (26)

For considering pressure loss in the CC, outlet pressure of the
combustor is related to its inlet pressure using pressure loss
parameter, Acc, using Eq. (27):

P3=(1—Acc)Py (27)

2.3.2. Dilution zone

After the combustion of fuel and oxidizer in the primary zone,
the remaining CO; stream from the compressor enters the dilution
zone and mixes with hot combustion products leaving the flame
zone. Dilution process is essential for providing sufficient volume
flow for turbine and making sure TIT is suitable for blade material
[45]. Mass flow rates of CO, stream in primary and dilution zone are
related through the following equation to the total outlet mass flow
rate of compressor:

PDR+SDR = 1 (28)

Hence, the ratios of diluent mass flow rate in the primary and
dilution zone to the total compressor mass flow rate are defined as
primary diluent ratio (PDR) and secondary diluent ratio (SDR) ac-
cording to the following equations:

PDR — M€, pri (29)
Mcomp
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SDR = 0z (30)
Mcomp

After dilution, TIT is calculated by:

(mCOZ,pn' + Moy + mfuel) Cp,mix,pri Lpri + Mco, aitCp2 T2

TT=T; =
mCOZ,pri =+ Mox + mfuel) CpAmixApri + Mco, dilCp,2

(31)

where 1,y is the mass flow rate of oxygen in the primary zone,
Cp.mix,pri 1S Specific heat capacity of the mixture in the primary zone,
Cp2 specific heat capacity of the diluent stream of regenerator and
T, is the temperature of the heated diluent stream.

2.4. Regeneration process

The CO, stream at compressor’s outlet is preheated before in-
jects into the CC to increase the system overall efficiency. So, due to
preheating process, the amount of actual heat exchange rate in the
regenerator can be defined as below:

q=Cpc(Ty —T2) = Cy mixn(Ta — Tay) (32)

where Cpc = MeompCpc and Cp mixh = (Mox +TMfye +Mcomp)Cpp aTE
cold and hot stream heat capacity rates of regenerator, respectively.
Also, the maximum possible heat transfer rate in the regenerator is
obtained by:

qmax = Cp min(T4 — T7) (33)

In which Cp i, is @ minimum value between Cp ¢ and C, pix - In
the compression process, CO, is pressurized by the compressor
from the first state (ambient temperature and pressure) to the
second state. To calculate temperature at the second state, the
following equation is considered:

k=1
T2si & o
T (P1> (G4)

where % is the pressure ratio and is defined as rp,. Ty is temperature
of CO, after the ideal isentropic compression. k denotes the ratio of
molar specific heat capacity at constant pressure to molar specific
heat capacity at constant volume for a gas. The actual outlet
enthalpy of CO, after compression is obtained from:

hys — hy

hy =hy +
2 ! Necomp

(35)
The relation between q and gmqx is expressed using the defini-
tion of heat transfer effectiveness, 1, [46],:

Nreg = 4 (36)
qmax
With knowing the value of heat transfer effectiveness, the outlet
temperature of cold and hot streams, Toyrc and T,y p, can be
calculated from Eqgs. (32) and (36).

2.5. Thermodynamic analyses

2.5.1. Energy analysis

The methodology for evaluation of net output power and cycle
efficiency is described in this section. By considering output power
of turbine and compressor power consumption, the net power
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output produced by the proposed system calculated from:

Wet = (lﬁox + Mpye) + Mo, pri + mCOZ,dil) Wur

- (mC02 pri T mcozﬁdil) Weomp (37)

The thermal efficiency of the power plant is given by:

net
Nth = (38)
‘ Qin

where Q;, is introduced in Equation (26). Further, specific fuel
consumption (SFC) which is a representative of gas turbine plant
economic performance can be defined as:

1000
SFC = 3600 % g/ kWh] (39)

net

2.5.2. Exergy analysis

Exergy represents the maximum possibilities of a system to
produce useful work when it equilibrates with the reference
environment state (dead state). Exergy balance can be defined as
follows:

ExQ + > {mi"exin} —Ex" + > {momexout} +EX” (40)
EXQ:<1—%)Q (41)
Ex" =W (42)

where ExQ and Ex" denote exergy of heat and exergy of work and

Ex” stands exergy destruction and the assumed value for T is
298 K. Exergy of material flow (ex) which includes physical and
chemical exergy can be expressed as follows:

ex =eXyp + eXcp (43)

eXpn = > _ ¥il(h — hg) — To(s — so)J; (44)
N N

eXcp = 2 [Yiexchjo] +RTp ZD’:‘LTWJ (45)

i=1 i=1

where exch,,lo represents the standard chemical exergy of the ith gas
component. Since the highest rate of exergy destruction occurs in
the combustion chamber, special attention should be paid to this
part. Hence, the main goal of exergy analysis is to determine the
exergy destruction of this equipment. Hence, exergy balance in CC
can be written as following [47]:

. . . . . . D
Exfuel + EXOZ + EXCOZ pri + EXCOZ,dil - Exexhaust =Ex (46)

Also, second law (exergy) efficiency can be evaluated as
following:
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. D
Ex
=1~ Fr (47)
m

where Ex;, denotes input exergy of the system.

3. RESULTS and DISCUSSION

For evaluation of the thermodynamic performance of the
modelled cycle in section 2, computer code was written in the
environment of Engineering Equation Solver (EES). Data required
for the simulations and default value for variables used in the
parametric studies is presented in Table 1. Also, thermodynamic
properties in each state point of the proposed power plant are
provided on Table 2.

3.1. Oxy-biogas power plant analysis

In the study of thermodynamic performance of oxy-biogas gas
turbine power plant, CO, to O molar ratio, and primary diluent
ratio are considered as two input parameters and the influence of
their variation on the temperature of the combustor and turbine,
net power produced, thermal efficiency, specific fuel consumption,
and CO; capture and storage unit inlet mass flow rate are investi-
gated in the following sections. All the results illustrated in the
following sections are obtained per unit mass flow rate of CO; at the
compressor inlet.

3.1.1. CO; to O, molar ratio effect

Within the CC, the oxygen concentration in the flame zone
(primary zone) would be effective on the released heat and
consequently the temperature of this zone. Therefore, to control the
temperature, an appropriate amount of CO, gas should be supplied
to the primary zone to dilute the inlet oxygen stream. In this study,
parametric analysis is adopted to assess the effect of the CO; to O,
molar ratio (X) on different parameters including temperature of
different zones in CC, TIT and TOT (turbine outlet temperature),
cycle performance and primary zone inlet mass flow rate. Fig. 4
shows the impact of X on the dilution gas, fuel, and oxygen mass
flow rate. It can be inferred that by increasing the value of X from
1.5 to 4, the mass flow rates of fuel and oxygen drop to 62.5% and
20.4%, respectively. Also, it is detected that the primary zone
diluent mass flow rate remains constant alongside with the con-
stant PDR. Therefore, in the constant value of PDR, enhancing the
value of X means a reduction in oxygen mass flow rate, which
consequently results in a decline in the fuel mass flow rate at
constant equivalence ratio.

According to Fig. 5 it can be inferred that the variation of X has a
significant impact on the temperature of CC zones, TOT and TIT. As
expected, growing X from 1.5 to 4 amplifies the dilution effect in the
primary zone of the combustor, resulting in a remarkable temper-
ature drop. The temperature reduction in the dilution zone remains
approximately at the same value as in the primary zone, but at the

Table 1
Value of parameters required for power plant simulations.
Ty (°C)25 2cc0.025 Nreg0.8
T; (°C)25 opl 1520
The (°C)25 TNeomps0-87 X2.6
To, (°C)25 Neur s0.89 PDR0.3
P; (kPa)101.325 1¢0.99 Meomp (kg /5)1
P4 (kPa)101.325 LHViogas <II\</ITé) 2019
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Table 2
Thermodynamic properties in each state point.

Stream T (K) P (bar) s (kij)
kg-K
1 298 1.013 4.854
576.3 20.27 4917
2 948.9 20.27 5.486
3 1535 19.76 6.469
4 1042 1.013 6.548
4 735.9 1.013 6.118
5 298 1.013 4.854
6 298 1.013 4.854
7 283 1.013 10.380
8 313 1.013 10.571
9 317 0.096 11.682

turbine outlet, the temperature drop is less than the previous
zones. In fact, the reason for this behaviour is mainly because the
rise of X in the combustion zone considering high specific heat
capacity of CO, which results in more absorption of heat from the
combustion and hence, temperature drops for the combustion
products.

The influence of X parameter on the plant thermal efficiency and
net power produced is displayed in Fig. 6. With the increase of the X
value from 1.5 to 4, the net power is reduced by 60.3% from
764.5 kW to 303.7 kW. The reduction of net power occurs because
of two main reasons. Firstly, due to the reduction in turbine specific
power generation and decrease in temperature difference at the
inlet and outlet of turbine, and secondly due to the reduction in
turbine inlet mass flow rate. The graph also represents that the
thermal efficiency boosts with the growth of X and then falls after
reaching a maximum value. This maximum value is 46.5% for
X =2.98. Efficiency enhancement in the range of 1.5—2.98 is mainly
because of the heat release decrement in the CC and this can be
connected to the reduction in fuel mass flow rate and further
reduction in net output power. On the other hand, the reason for
efficiency decrement after the maximum value is because the
decrement in net output power is greater than the reduction in heat
released in the combustor.

The SFC and CO; capturing mass flow rate are other important
parameters which can be influenced by the X value. According to
Fig. 7, the SFC curve has a minimum point with a value of 3874 g/
kWh at X = 2.98. The drop in SFC in the range of 1.5—2.98 is mainly
due to the predominance of decrement in fuel mass flow rate on the
net output power reduction. Moreover, the SFC growth after the
minimum point is because the reduction in net produced power is
greater than decrement in fuel mass flow rate. Further, it can be
inferred that by increasing X from 1.5 to 4, the CO, capturing mass
flow rate decreases from 0.099 kg/s to 0.055 kg/s. This is mainly due
to reduction of the total exhaust gas mass flow rate and conse-
quently, CO, mass flow rate drops at the turbine outlet.

3.1.2. Primary diluent ratio effect

The CO; diluent which flows into the CC is divided into two
parts, where the first part enters the primary zone and the
remainder flows into the secondary zone. The temperature of each
zone and the concentration of combustion products depend on the
amount of inlet diluent flow into each of the primary and secondary
zones. Hence, the fraction of the total diluent flow that enters the
primary zone is considered as an input parameter, called PDR, and
its effect on the system performance is carried out. Fig. 8 illustrates
the influence of PDR on the fuel, oxygen, and primary zone diluent
mass flow rate. By rising PDR, the mass flow rate of all three streams
increases monotonically. Also, PDR increment at a constant X re-
sults in increase in oxygen mass flow rate. Moreover, due to the
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Fig. 5. Temperature variation in the CC and turbine at various CO, to O, molar ratio.

constant equivalence ratio, PDR increment leads to a rise in the fuel
mass flow rate.

The temperature of different zones and the TIT and TOT are
shown in Fig. 9 with respect to PDR. By increasing PDR, the tem-
perature of the primary and secondary zones rises. Furthermore,
the temperature changes in the secondary zone is greater than that
of the primary zone. The TIT and TOT also increase. At higher PDR,
the fuel mass flow rate rises and this leads to heat release
augmentation in the combustor. Since increase in PDR leads to fall
in the ratio of diluent flow, the cooling effect of diluent stream on
the combustion products reduces. Accordingly, this leads to a
greater increment in the temperature of the secondary zone
compared to the primary zone.

Fig. 10 presents the effect of PDR on the net power produced and
thermal efficiency of the plant. By enhancing PDR, the net specific

800

[«2]
o
o

o
o
=)

Net specific power (kW/kgCO,)
Thermal fficiency (%)

200 T+ —O0—Net power
F 43
—0—Thermal efficiency
0 + T T T T 42
15 2 25 3 3.5 4

Fig. 6. Net produced power and thermal efficiency variation versus CO, to O, molar
ratio.

power rises drastically by 207%. Moreover, thermal efficiency is
raised up by increasing PDR from 0.2 to 0.347 and decreases after
reaching a maximum point. The maximum value for thermal effi-
ciency is 46.4%. The net output power improvement is due to the
increased mass flow rate at the turbine inlet and the higher turbine
specific power rising.

The Influence of PDR on SFC and CO, capturing mass flow rate is
presented in Fig. 11. By changing the PDR value from 0.2 to 0.4, the
SFC decreases initially and reaches a minimum point, and then
starts to increase. The minimum value for SFC is 388 g/kWh which
corresponds to PDR = 0.347. The CO, mass flow rate rises uniformly
with increasing PDR. This trend may be explained by rising of the
output mass flow rate of the combustor and turbine exhaust and
accordingly CO2 mass flow rate growth in the exhaust gases.
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3.2. Validation

Since the model used for the description of CC in the present
study consists of two different zones, study of Kayadelen and Ust
[48] in which combustion of air-fuel in a non-regenerative steam
injected gas turbine cycle was considered in two separate zones
(primary and dilution) was selected for validation of results of this
study. To compare the results, the case with no steam injection was

10
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Fig. 11. Specific fuel consumption and CO, capture and storage unit inlet mass flowrate
versus primary diluent ratio.

considered. Details of different parameters used for validation can
be found in Kayadelen and Ust [48]. The value of parameters
required for power plant validations are defined in Table 3. As
shown in Fig. 12, the net output power and thermal efficiency of the
gas turbine cycle obtained from the present model closely match
with the reference data, which indicates the validity of the current
study.

3.3. Result of exergy analysis

In this section, result of exergy analysis on the combustion
process of gas turbine engine is presented.

3.3.1. Result of primary diluent ratio effect

The exergy destruction of CC zones as a function of the PDR is
presented in Fig. 13. It is obvious that variation of PDR would affect
exergy destruction in each zone of CC. A fall in exergy destruction of
dilution zone can be clearly seen for different values of PDR and on
the contrary, PDR variation would result in increment of primary
zone and combustor total exergy destructions. It is evident that the
primary zone exergy destruction takes a leading part of the total
exergy destruction at entire PDR range. Physically, increasing PDR
leads to enhance CO, mass flow rate in primary zone and as a result,
the total input exergy rises and subsequently exergy destruction
grows. Furthermore, the variation of PDR on combustor exergy ef-
ficiency is shown in Fig. 14. In this case, increasing PDR enhances
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Table 3
Value of parameters required for power plant validations.
Tair °C) 15 N, to O, molar ratio 3.76
Tyt (°C) 15 op 1.02
Pgir (kPa) 101.325 TNcomp,s 0.87
PTurA exit (kPa) 101.325 nrur.so'sg
Ace 0.04 Nee 0.99
0.6
480 -
430
>
= 2
£ 380 1 === 04 O
= - o
g Py = E
Q Py _ [
3 330 PV ®
2 S L 03 E
g 280 V4 o« Net power-Kayadelen and UST (2017) g
Net power-Present work
F0.2
230 == == =nth-Kayadelen and UST (2017)
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Fig. 12. Comparison between the result of present work and Kayadelen and Ust [48]
for net power output and thermal efficiency (N, to O, molar ratio value: 3.76).
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Fig. 13. Effect of primary diluent ratio on exergy destruction in CC zones.

the exergy destruction in the primary zone. In addition, the primary
zone exergy destruction is much higher than that of dilution zone
due to chemical reactions and extreme temperature differences
and hence the total exergy destruction of CC augments and
accordingly this leads to reduce exergy efficiency of CC.

3.3.2. Result of CO, to O, molar ratio effect

It is evident from the Fig. 15 that exergy destruction diminishes
by promoting the X value. This trend could be justified by noting
that any increase in X value at constant CO, mass flow rate leads to
decrease in fuel mass flow rate. Therefore, decrement in fuel mass
flow rate would reduce the chemical exergy during combustion
process. Since exergy destruction mainly occurs because of chem-
ical reactions, accordingly exergy destruction declines by
enhancing X. Also, the influence of X on combustor exergy effi-
ciency is presented in Fig. 16. It is evident that enhancing X results
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in exergy efficiency improvement. Here, increasing X diminishes
the exergy destruction in the CC zones and due to the predominant
contribution of the primary zone irreversibility to the total exergy
destruction in CC, the total irreversibility of the CC declines and this
leads to enhanced exergy efficiency in the CC.

4. Conclusions

In this study, selected gas turbine power plant with biogas-
oxygen combustion and CO; recirculation from combustion prod-
ucts to compressor was studied. Cycle performance and CC exergy
destruction due to changes in the molar ratio of CO; to O, in the
primary zone and PDR were investigated. A two-zone model was
applied to the CC in the gas turbine. In the primary zone, com-
bustion reactions were modelled using chemical equilibrium and in
the secondary zone, the combustion products were diluted and
their temperature dropped to the TIT. The following conclusions
can be drawn from the present study:

e Applying the two-zone model for the CC provides a reliable
measure for appropriate control on the turbine inlet tempera-
ture over a wide temperature range by examining the effect of
changing the diluent flows on the primary and secondary zones.

e Analysis of the influence of CO, to O, molar ratio shows that
reduction in this parameter results in high net output power.
Also, at higher PDR, the net output power of the cycle would
increase. In the studied range for CO, to O, molar ratio, the
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Fig. 16. Effect of CO, to O, molar ratio on exergy efficiency.

maximum value for thermal efficiency is 46.5%. Similarly,
following the variation of the PDR, a maximum value of 46.4%
was obtained on the thermal efficiency curve.

Knowing that SFC is inversely related to thermal efficiency,
minimum value of SFC corresponds to the maximum value of
the thermal efficiency when the PDR and X are 0.347 and 2.98,
respectively.

The amount of CO, mass flow rate that enters the capture and
storage unit plays a key role in the plant performance because a
higher mass flow rate of CO, leads to enhance the compressor
consumed power for storage. Increasing the PDR elevates mass
flow rate of CO, which enters the capture and storage unit but
raising the molar ratio of CO, to O, leads to decline CO, mass
flow rate which enters to the capturing unit.

Exergy destruction in the primary zone boosts with the increase
of the PDR. Further, by increasing PDR, irreversibility of dilution
zone falls. Moreover, with the increase of CO, to O, molar ratio,
exergy destruction diminishes in both CC zones and hence
combustor exergy efficiency boosts. Additionally, primary zone
exergy destruction plays the main role in total irreversibility of
CC due to the chemical reactions and high temperature
difference.
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