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Abstract

Chemical looping combustion (CLC) has emerged as a novel combustion technology for power generating stations and
industrial applications with inherent CO2 capture, which avoids energy penalty being imposed as compared to its competing
technology. CLC is an indirect combustion technology taking place in two reactors namely air and fuel reactors, transfer of
oxygen takes place between reactors with the help of metal oxide as an oxygen carrier. Here, hydrocarbon fuel reacts with
metal oxide in the fuel reactor producing CO2 and H20 streams as products which subsequently expanded to a CO: turbine,
where after the H20 is separated by condensing and CO: is available for industrial purposes. Reduced metal oxides which
transfer to air reactor react with Oz (from the air) and re-oxide themselves for next subsequent cycle. The CLC system
essentially replaces the gas turbine and exhibits added advantage of separating oxidation products CO2 and H20 (exiting fuel
reactor) which is free from NOx. Depleted air (N2 + excess Oz) exiting from the air reactor is the working fluid for the
expansion turbine generating power.

This article reports the potential of a CLC integrated gas turbine-based plant as an alternative for a conventional gas turbine
plant. CLC system uses CH4 as fuel and NiO as an oxygen carrier operating between 1100-1300°C to compute the
performance. The performance of the CLC integrated plant is computed by varying parameters such as turbine inlet
temperature (TIT), and compressor pressure ratio (rpc). In the proposed cycle configuration maximum electrical efficiency
achieved is 35.88% at 1450 K and rpc=18.
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Nomenclature

AR Air Reactor e exit

CLC Chemical looping combustion f fuel

nc Compressor pressure ratio g gas

CO2 Carbon dioxide gt gas turbine
Cu Copper m mechanical
DMEA Diethaloamine j number of stream
h Enthalpy (kJ/kg) net,gt net-work
AH Change in enthalpy pt plant

FR Fuel reactor p polytropic
CnHom  Hydrocarbon fuel P product
AHred Heat absorbed/released during reduction (kJ) R Reactant

AHoxia  Heat absorbed/released during oxidation (kJ)

AHCeact  Heat absorbed/released during reaction (kJ)

Fe Iron

CHa Methane Greek symbol

Mn Manganese n efficiency
MeyOx  Metal oxide

m mass flow rate (kg/s)

MEA Monoethaloamine

N2 Nitrogen

NiO Nickel oxide

Ni Nickel

NOx Oxide of Nitrogen

0, Oxygen

p Pressure

Cp Specific heat (kJ/kgK)
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1. Introduction

Modernization of society and the industrial age has been
heavily dependent on the use of fossil fuels by mankind in
general and its reduction or replacement to reduce
greenhouse emissions for sustainable development will
require  extraordinary efforts [1]. Capture and
sequestration of CO2 could be the long-term solution to
reduce the accumulation of greenhouse gases in the earth’s
atmosphere. It would help in the smooth transition of our
dependency on fossil fuels to sustainable alternatives like
solar energy, wind energy, tidal energy, nuclear energy,
etc. Fossil fuels are still available in plenty underneath the
earth’s crust, and hence fossil fuel-based power utilities
would continue to power the development of mankind.
Fossil fuel-based power utilities account for 68% of total
electricity generated today and are likely to continue to
contribute around 65% by 2035 [2-3]. Removal of CO:
from flue gas using amine-based chemical absorption
method [5-6].

e  Fuel de-carbonization means fossil fuel should
be converted into CO2 and Hz and removed
before being fed into the combustion chamber
[71. [8].

e  Oxy-combustion, which means pure oxygen has
fed into a combustion chamber for combustion
where nearly pure CO2 obtained by condensing
water vapor [9], [10].
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Figure 1 shows the classification of CO2 capture
technology based on the physical and chemical
absorption process which further distributed based on
solvents [11].

Chemical looping technology (CLC)

CLC is a novel COz2 capture technology in which fuel is
combusted without any direct contact with air, i.e. indirect
combustion process[12]. CLC combustor consists of two
reactors, a fuel and an air reactor as in figure 2. Transfer
of oxygen takes place between the fuel reactor and air
reactor with the help of an oxygen carrier. In a fuel reactor,
as the name suggests, fuel is introduced in a gaseous form
where it is allowed to react with an oxygen carrier i.e a
metal oxide MeyOx. The reaction between hydrocarbon
and oxygen carrier (basically a metal oxide) MeyOx is
given as equation 1.

CO, rich gas Oxygen depleted gas

Fuel

Reactor

Figure 2 Schematic diagram of chemical looping
combustion system

(2n+m) M6y0x + CnHZm — (2n+m) MeyOx-l +m
H>O + n CO2+ AHyeq (1)

Gases exiting the fuel reactor contain CO2 and H20 vapor
which further can be physically separated by condensing
steam, resulting in the production of a pure CO2 stream.
Metal oxide (MeyOx) which is reduced by reacting with
hydrocarbon, and is then transferred to the air reactor
where it is allowed to react with oxygen in the air and is
re-oxidized for the subsequent cycle. The reaction that
takes place in the air reactor is shown in equation 2.

MeyOy.1 + 0.5 O, — MeyOy + AHoxid
)

The exhaust gases coming out from the air reactor may
contain any unreacted Oz and N2. The reduction reaction
is generally endothermic as depicted in equation 1
whereas, the oxidation reaction can be both either
exothermic or endothermic (equation 2). The summation
of total heat evolved during the above reactions would be
equal to the heat generated in conventional combustion.
The advantage of the CLC system is that there is no heat
loss during redox reaction and overall heat generated is
equal to the heat produced during conventional
combustion with the added advantage of CO: capture
without any extra energy penalty [14]. The CLC system
depicted in figure 2 can be configured in a number of ways
based on types of fuels, physical and chemical
characteristics of metal oxide, operating conditions, and
types of reactors. Reactors can be of different
configurations like fixed bed reactors, fluidized bed
reactors, and pressurized bed reactors. In this article, we
have adopted a fluidized bed reactor with metal oxide
pneumatically transported continuously from one reactor
to the other. The effectiveness of the CLC system mainly
depends on the reactivity of the oxygen carrier, its oxygen-
carrying capacities to name a few. Often metal oxide is
used along with supporting material to enhance reactivity,
reduce agglomeration and increase crushing strength
which is out of scope for this article.
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Table 1 Reduction and oxidati oxides with 25C[14]

gt Typeof Reaction cquations o g
reaction

A RE TNQ T CHoC0, 7 204N 57
OR INFI0 SO o7y

Mi RE YN0, +CH, 5 O+ THO+ B Va0 s
OF § .00+ 20: S12T Um0 Ay

Fe RE 12Fe0: + CH, < CO; * T HO “8Fel0y 1809
OF §Fe0, 2005 12F00 10332

ci RE ) O S COT T TR I TH0 3173
OF 1Cu0+20: >80 2848
Overall TH 710, C0, 7 1H0 013

Table 1 lists different oxygen carriers and their heat of
reaction. It may be noted that most of the oxygen carriers
except copper exhibit both endothermic and exothermic
reactions in fuel reactor and air reactor respectively. In this
paper, nickel oxide is used as an oxygen carrier and
allowed to react with methane and the ensuring reduction
reaction which takes place in the fuel reactor reduces
nickel oxide (NiO) to nickel with carbon dioxide and
water vapor as products of the reduction reaction. The
reduction of nickel oxide is an endothermic reaction
(equation 3).

4 NiO + CHa >CO2+ 2 H20 + 4 Ni -175.7 kJ
®)

NiO requires 175.7 kJ of energy to combust one mole of
methane. However, oxidation (in an air reactor) of any
metal is an exothermic reaction that compensates heat
required by an endothermic reduction reaction. Heat
released during oxidation of Ni per mole of methane 978
kJ as per equation 4, so overall heat released during CLC
is equal to heat liberated after combustion of 1 mole of
CHa in a conventional combustion chamber.

4 Ni +2 02 4 NiO+978 kJ
©

Transition metal groups are considered to be a more
suitable choice for oxygen carriers in the CLC system.
Also one can consider iron, copper, manganese oxide, etc.
as an alternative of NiO. In this article, NiO has been
considered an oxygen carrier due to its superior oxygen-
carrying capacity per mole of metal. Table 2 shows
oxygen-carrying capacity of various transition metal
oxides per mole of metal of which NiO exhibits the
highest value of oxygen-carrying capacity of 0.5. The
larger value of oxygen-carrying capacity leads to that less
quantity of inventory required per unit of power
generated.

Table 3 Tnput data for CLC integrated gas turbine cycle [15]

Parameter Symbol Units

Ambient temperature Ty =15 el
Gas properties Specific heat Cp=fT) ke K
Exthialpy i = | cp(T &7 Hikg
Compressor Polytrapic efficiency (1,)=92.0
Mechanical sfficiency (/=085 %
Lowest heating value of fuel 30000 klkg
Gas turbine Polytrapic efficiency (1,,)=92.0 %
Exhaust pressure =1 08 bar
Turbine blade temperature = 1123 K
Alternator efficiency 1,=985 %
‘Composition at reactor outlet Chemical equilibrimm
Fuel Methane (CH.)
Oxygen carrier Ni, NiQ

Fxcess oxygen al air reactor 50

Ambient
>

€0, +H,0

Figure 3 Schematic diagram of CLC integrated gas turbine cycle

2. System configuration

Figure 3 shows a schematic diagram of the CLC integrated
gas turbine power cycle. Ambient air is ingested into the
axial flow compressor and is compressed to raise its
pressure and temperature. The high-pressure air is allowed
to enter into the air reactor where activated metal
combines with oxygen of the air to form metal oxide. This
reaction is exothermic and the air (depleted of oxygen)
exiting the air reactor is allowed to expand in the air
turbine. The metal oxide is allowed to transport
pneumatically from the air reactor to the fuel reactor
where a reduction reaction between the metal oxide and
fuel (methane) takes place. The products of the reduction
reaction are at elevated temperature (which is lower than
air exit temperature) from the air reactor and are allowed
to expand in a separate expansion turbine (CO: turbine).
The air exiting both the turbines contains significant
thermal energy and may be used for district heating in a
separate loop. The CO2-rich loop (from the COz2 turbine)
after providing district heating gets cooled and may be
compressed and transported for industrial use. However,
it’s pointed out that the thermodynamic analysis of district
heating has not been considered in this paper to focus on
the improvement potential of CLC. Performance of the
integrated CLC-GT plant has been calculated based on the
computer code written in ¢ language for gas turbine cycle
plant later extended to CLC integrated CLC system [15],
[16]. Johansson et al. have reported that around 2% of the
CO2 generated in the fuel reactor goes to the air reactor
along with reduced metal but this minor leakage is not
considered in this paper during the calculation of power
generated by gas turbine [18].

Table 1 Input data for CLC integrated gas turbine cycle [15]

3. Performance parameters

The performance of estimation of CLC integrated gas
turbine-based cycle, includes Whet,gt, Work ratio (%), Wpl
and gpi

We

Wnet,gt = Wgt - E (19)
Work ratio(%) = Yrnetgt 4 100 (20)
Wye

Wpl = Dait * Whet,gt (21)
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Wp1¥100
mgxLHV

Dp1 = (22)

4, Validation of the mathematical model

The efficiency of the developed mathematical model of
CLC integrated basic gas turbine cycle (BGT) have been
validated with the author previous work on the BGT cycle
at a specified rpc and TIT of 16 and 1450 K respectively
shown in table 4.

Table 4 validation of the model with the work of

Sanjay et.at.[15]

Compressor Turbine Sanjay et.al. Present
pressure inlet [14] model
ratio (rpc) temperature (without CO, (With CO,

(TIT) capture) capture)
Efficiency(%) Efficiency(
%)
16 1450 K 35.81 35.95

5. Results and discussions

The influence of turbine inlet temperature on CLC
integrated gas turbine-based cycle on plant performance
has been computed using computer code written in C
programming language. The mathematical model has
been validated by the work of Sanjay etal. [15].
Performance curves have been plotted using results
obtained from modeling, governing equations, and input
parameters (table 3).In the present work, the conventional
combustor is replaced with a CLC reactor and its effect on
the performance of the CLC integrated gas turbine-based
cycle has been analyzed by varying various parameters.
The results obtained have been plotted and discussed
systematically as below.

5.1 Effect of compressor pressure ratio and
turbine inlet temperature on specific work

Figure 4 shows a bar graph plotted between various
turbine inlet temperatures and specific work at different
compressor pressure ratios. It has been seen that specific
work of plant increases with increasing TIT due to flue gas
available at a higher temperature for work extraction.
However, specific work decreases with increasing rpc
because increment in rpc increases compression work
resulting in reduced specific work. The optimum value of
specific work obtained at TIT=1450 K and rpc=16 is
338.34 kJ/kg.
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Figure 4 Effect of turbine inlet temperature and
compressor pressure ratio on specific work.

5.2 Effect of compressor pressure ratio and turbine
inlet temperature on work ratio: -

Effects of turbine inlet temperature and rpc on work ratio
for CLC integrated gas turbine plant have been shown in
figure 5. It can be concluded from the bar graph that
work-ratio increases with turbine inlet temperature due to
a higher level of specific energy content in working fluid
on account of higher TIT. At TIT of 1450 K, the
maximum work ratio achieved by CLC integrated gas
turbine power plant is 45.55 % ( rpc =16).
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Figure 5 Effect of variation of TIT and rpc on work
ratio

5.3 Effect of compressor pressure ratio and
turbine inlet temperature on efficiency
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Figure 6 effect of TIT on turbine efficiency at
various rpc

Figure 6 depicts graph thermal efficiency for varying
values of compressor pressure ratio versus turbine inlet
temperature. The efficiency of the CLC integrated system
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increases due to an increase in specific work with
increasing turbine inlet temperature of the flue gas results
in higher heat content. It can be observed that the
efficiency of CLC integrated gas turbine-based plant
increases with increasing TIT at a constant compressor
pressure ratio, the maximum efficiency achieved being
35.95% at TIT=1450 K and rpc=18.

6. Conclusion

CLC integrated gas turbine-based plant has the potential
to offer the best possible replacement for conventional
gas turbine plants fired by fossil fuels. CLC integrated
system generates electricity with minimal greenhouse
emission without any extra energy penalty, since the
depleted air which is the working fluid of the
thermodynamic cycle separated from the combustion
products. Performance of CLC integrated gas turbine
configuration shows, it achieves maximum electrical
efficiency of 35.88 % at TIT=1450 K and rpc=18 which is
comparable with conventional gas turbine configuration
capturing COz (both chemical and physical capture
technologies). The maximum specific work obtained
from the CLC integrated GT system is 338.34 kJ/kg
whereas the maximum work ratio obtained from the
above cycle is 45.55 % ( rpc =16) at 1450 K
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