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Abstract: In this article, a thermodynamic study was conducted on the energetic and exergy
performance of a new configuration of liquid chemical looping gasification (LCLG) plant integrated
with a power block to assess the overall performance of the system including exergy partitioned
in syngas and first law efficiency (FLE). LCLG is a relatively new concept for the production of
high-quality synthetic gas from solid feedstock such as biomass. As the temperature and pressure
of the looping system are high, there is thermodynamic potential to co-produce chemical products,
power and heat. Hence, in the present work, three different configurations of a power cycle were
thermodynamically assessed. In the first proposed power cycle, the produced syngas from the gasifier
was combusted in a combustion chamber and the exhausted gases were fed into a gas turbine. In the
second and third proposed power cycles, the hot air was directly fed into a gas turbine or was used
to produce steam for the steam turbine combined cycle. The processes were simulated with Aspen
Plus and Outotec HSC chemistry software packages. The influence of different operating parameters
including temperature and pressure of the air reactor and type of oxygen carrier on the first law and
exergy efficiency (exergy partitioned in synthetic gas) was assessed. Results showed that the FLE
for the proposed gas turbine and steam turbine combined cycles was ~33% to 35%, which is within
the range of the efficiency obtained for the state-of-the-art power cycles reported in the literature.
Results also showed that lead oxide was a suitable oxygen carrier for the LCLG system, which can be
integrated into a steam turbine combined cycle with an FLE of 0.45, while copper oxide showed an
FLE of 0.43 for the gas turbine combined cycle.

Keywords: chemical looping gasification; power plant; syngas production; combined cycle;
gas turbine

1. Introduction

In recent years, syngas production using gasification has received special attention as coal will
continue to remain the dominant source of energy production due to its lower price and availability
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in comparison with other fuels [1,2]. Chemical looping gasification is a promising technology for
converting carbonaceous fuel into syngas by means of looping the solid oxygen carrier between the
air reactor (AR) and the fuel reactor (FR) [3–7]. Generally, metal oxides are employed as the oxygen
carrier and they are reduced in the fuel reactor and are successively oxidized in the air reactor.

Oxidation and reduction of metal oxides in a chemical looping system occur at high-temperature
conditions resulting in morphological changes of particles. In addition, agglomeration and sintering
are other issues, which decrease the lifetime and operability of the particles in the system [8]. Recently,
Sarafraz and his co-workers have proposed the use of liquid metals instead of solid metal oxides
to improve the thermal performance and chemical efficiency of the chemical looping gasification
system [9,10]. They have shown that if the rate of oxygen in the system is limited to sub-stoichiometric
quantities, the proposed system works as a chemical looping gasification. This brings immense benefits
to syngas production technology as it controls the amount of carbon dioxide production, avoiding the
appearance of nitrogen in the product, which addresses the nitrogen dilution problem. Moreover, the
outlet air from the air reactor can also be used in a gas turbine combined cycle to increase the overall
thermodynamic efficiency of the system by producing work.

Integrated gasification combined cycle coupled with chemical looping combustion (IGCC–CLC)
and direct coal chemical looping combustion (CDCLC) for generating electricity from carbonaceous
fuel has extensively been studied in the literature [11–14]. In this type of chemical looping combustion
(CLC) system, coal is used as a feedstock and is mixed with a solid oxygen carrier such as carbonates
or metal oxides. The produced syngas can later be burnt in an after-burner to produce hot gas for gas
turbine combined cycle. Since coal is a low-grade feedstock, the syngas produced in the gasifier has
higher ratio of hydrogen to CO due to the presence of steam. Steam is normally used in CDCLC to
maintain the temperature and provide sufficient mixing between the oxygen carrier and coal particles.
Despite a relatively good heat and mass transfer rate in the fluidised bed gasifier, the presence of
ash and heavy metals in the structure of the coal affects the purity and reaction sites on the oxygen
carrier particles. Hence, CDCLC is extensively investigated to improve its thermal and energetic
efficiency. It is worth mentioning that in most studies, the produced syngas is partially filtered as
well to coproduce hydrogen and electricity [3], or fully combusted to generate electricity only [13,15].
In some investigations on the integrated gasification combined cycle (IGCC) working with biomass,
it has been demonstrated that biomass fuel in large quantities causes some problems, which limit
the use of large scale biomass systems for steam cycles or integrated gasification combined cycles.
These problems include low efficiency, environmental pollution and complexity in kinetics and reactor
design. Thus, solid biomass is yet to be commercialized in an IGCC system and can only be used in
small-scale conventional plants [16,17]. The rate of carbon dioxide production and its sequestration in
IGCC systems connected to CLC systems is another challenge [18–21], however, it is beyond the scope
of the present research.

CLC systems working with solid oxygen carriers have encountered the challenge over the limited
application of solid particles in the system, as they are sintered, deformed and agglomerated at
high temperatures and pressure conditions. In addition, oxy-fuel combustion systems require an
air separation unit, which is energy-intensive. In addition, for controlling the temperature of the
flame to prevent from NOx formation (due to the presence of nitrogen fuel) in oxy-fuel combustion,
carbon dioxide is partly recycled into the system to decrease the temperature, which reduces the
quality of the product and efficiency of the carbon sequestration process. While liquid chemical
looping gasification (LCLG) offers a potential approach for solving the nitrogen dilution problem,
sintering and agglomeration challenge solid particle oxygen carriers and effective ash separation for
carbonaceous fuel.

In light of above, the main aim of the present work is to assess the thermodynamic potential of
the liquid chemical looping gasification process for the co-production of synthetic fuel and electricity
through integration with power blocks. Thus, in the present work, different configuration of power
blocks including gas turbine, steam turbine and integrated gasification combined cycles were connected
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to an LCLG with the view to assess the first law efficiency and exergy partitioned into the synthetic
fuel. The effect of operating parameters such as pressure and temperature of the LCLG gasification
reactor on the first law efficiency of the system was thermodynamically assessed and discussed. To
the best of our knowledge, there are no investigations on the integration of power block and liquid
chemical looping gasification systems. Hence, the results of this study contribute to the state of the art
area of chemical looping integrated processes.

2. Materials and Methods

2.1. LCLG Syngas Production Plant and Power Blocks

Figure 1 shows the schematic diagram of a configuration of the LCLG system incorporated in a
gas turbine combined cycle (GTCC). In this power cycle, the produced syngas from the LCLG system
was combusted at high pressure and temperature in a combustion chamber, and the product gases
were transported to a gas turbine to produce the work. Depending on the quality of syngas produced
from the LCLG system, heat load and quantity of exhausted gas varied which directly influenced the
exergy and produced work of the power cycle. The outlet gas from the gas turbine was fed into a heat
recovery steam generation (HRSG) unit to produce high pressure, (HP) (60 bar) and low pressure (LP)
(5 bar) steam lines, which both were fed into a steam turbine to produce more work. Outlet air from
the air reactor was separately utilized for heating a high-pressure water line to produce the steam for
the steam turbine and the cold air was released into the atmosphere. The high-pressure steam (600 ◦C
and 60 bar) produced by the heat recovery steam generation unit was fed to the 4-stage steam turbine
(FR-steam turbine). An optional water make-up line was also considered to compensate the water
inside the loop in case of evaporation or any leakages. For this study, this line was neglected for mass
and energy balances as the water/steam loops were closed.
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Figure 1. Configuration of the proposed power block to be integrated with a liquid chemical looping
gasification (LCLG) system (integrated gasification combined cycle—IGCC).

Figure 2 shows the gas turbine combined cycle power plant connected to the LCLG system. In this
configuration of the power block, the outlet from the air reactor was directly fed into the gas turbine.
Therefore, temperature and pressure of the air reactor had to be sufficiently high to be used in the gas
turbine (GT). Hence, as will be discussed later, copper oxide can be used in the LCLG system, which can
work at temperatures and pressures as high as 1300 ◦C and 10 bar, respectively. The produced syngas
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from the LCLG system was fed into the heat exchanger to be cooled and discharged downstream for
further applications in a Fischer–Tropsch unit. A high-pressure water line was also fed into the heat
exchanger for producing high temperature and pressure steam for the steam turbine. The outlet stream
from the gas turbine and steam turbine were transported into a heat recovery steam generation (HRSG)
unit for producing low and high-pressure steam to be fed into the steam turbine and to enhance the
efficiency of the power cycle.
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Figure 2. Configuration of the proposed power block to be integrated into an LCLG system (gas turbine
combined cycle—GTCC), which can operate with molten copper oxide only.

For the third power cycle, as shown in Figure 3, syngas was first cooled by a high-pressure line of
water to produce the steam for steam turbine combined cycle (STCC) and the cooled syngas was used
in a Fischer–Tropsch unit. The hot air was also used for producing the steam to be fed into the steam
turbine. For this power cycle, two outlets in the Fischer–Tropsch were considered, the outlet from the
heat exchanger and the outlet stream from the HRSG (LP/HP: 10/85 bar, respectively). Another HRSG
unit was also employed with different heat loads to produce low and high-pressure steam lines (5 and
60 bar, respectively).
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Figure 3. Configuration of the proposed power block to be integrated into an LCLG system (steam
turbine combined cycle—STCC).

2.2. Simulation of the LCLG and Power Plants

Simulations of the power plants were performed using the Aspen Plus software package.
The modelling involved the solution of coupled governing equations of energy and mass. Three different
thermodynamic equations of state including non-ideal Peng–Robinson, Uniquac and Non-Random
Two Liquid (NRTL) were employed to predict the thermo-physical properties of the compounds and it
was found that results were in a good agreement—within 1.1% deviation against themselves. Therefore,
non-ideal Peng–Robinson was selected to be used for the simulation as previously introduced by [22].
The power generated or consumed by the pump, gas and steam turbines was computed assuming that
all the systems were isentropic with a constant isentropic efficiency [23]. For pressurising the LCLG
reactors, the work required by compressors were separately estimated and considered as the auxiliary
work. For the LCLG section, simulations were performed using HSC chemistry software using Gibbs
minimization method to analyse the equilibrium composition of the products in air and fuel reactors.
Two different metal oxides were considered for the study namely copper and lead oxides. In order to
obtain the appropriate operating condition, solid/liquid phase diagrams of the materials were used.

2.3. Operating Regime of the LCLG

Figure 4 presents the phase diagram of copper and oxygen as a function of temperature and
pressure. Within the region specified by blue colour (Region 1), a homogenous liquid slag formed from
Cu (l), CuO (l) and Cu2O (l) over the range of mass fractions of oxygen from 0.01 to 0.5. For the oxygen
mass fractions from 0.01 to 0.33, the slag comprised Cu (l) and Cu2O (l), while for 0.33–5, Region 1
consisted of Cu2O (l) and CuO (l). For temperatures lower than 1384 ◦C and XO = 0.5, solid CuO
was formed while at temperatures lower than 1232 ◦C and XO = 0.33, solid Cu2O was formed. Below
the solidification line (boundary line between the blue and white zones), (two-phase Region 3), the
slag comprised both the solid and liquid phases with unknown compounds of copper and oxygen.
This regime was inappropriate for gasification because the two-phase condition led to unknown heat
and mass transfer between the phases. Therefore, Region 1 was thermodynamically preferred for the
gasification process.
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Figure 5 shows the phase diagram of the lead oxide at different pressure and temperatures.
As shown, it was clear that the region confined with the red rectangle (blue region) in between
temperatures of 600 ◦C–900 ◦C was in the form of a liquid mixture comprising PbO and Pb, which was
suitable for reduction and oxidation reactions in the LCLG system. Other regions mostly formed a
two-phase solid/liquid molten lead, which was not meritorious for the LCLG system as the formation
of solid material resulted in system failure.
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To investigate the influence of different operating parameters on the energetic performance of
the LCLG system, a sensitivity analysis was performed on the fuel reactor. For this purpose, a new
parameter was defined as the ratio of liquid oxygen carrier (LOC) to the fuel as:

φLOC =

.
nLOC
.
n f uel

(1)

In which,
.
n is the mole flow rate of the LOC and fuel. Quantity of the steam fed into the fuel

reactor was a key parameter affecting the exergy and energetic performance of the system. Hence,
another parameter was defined as the molar ratio of steam to fuel:

φsteam =

.
nsteam

.
n f uel

(2)

Here,
.
n is the number of moles of the components for steam and fuel. To assess the exergy

performance of the system, it was imperative to understand the quantity of exergy carried by syngas
or exhausted gases. It was also assumed that there was no exergy destruction in the system, thus the
total exergy of the system was obtained by Equation (3):

Extotal = Ex f uel − (Exsyngas + Eexhausted gas) + ∆Exdestruction (3)

Exergy of the fuel, syngas and exhausted gases can be calculated using the following equations:

Ex f uel =
.
n f uel . LHVcarbon f uel (4)

In Equation (4),
.
n is the mole flow rate of the fuel and Lower Heating Value of the fuel is shown

with LHV. For syngas, exergy can be calculated as:

Exsyngas =
.
nsyngas . LHVsyngas (5)

where,
.
n is the mole flow rate of the outlet syngas from the fuel reactor. The rest of the products leave

the reactor as hot gases (exhaust gases), which carry a significant amount of energy as they are at high
temperature and pressure. The exergy for exhausting gases can be obtained from Equation (6).

ExExhausted gas =
.
n . LHVcarbon f uel −

.
n . LHVsyngas (6)

Ex is the exergy and
.
n is the mole flow rate of the fuel (feedstock) and syngas.

The net produced work by the power block can be obtained from Equation (7):

Wnet =
∑

produced
W −

∑
consumption

W =WGT + WST −Wpump (7)

where, W is the work generated by a gas turbine (WGT), or a steam turbine (WST) and Wpump is the work
required for the operation of the pump(s). The first law efficiency (FLE) of the system can be expressed
as the ratio of net obtained work from the system to the total input energy as given in Equation (8):

η =
Wnet

.
n f uel . LHVcarbon f uel

(8)

where W is the work generated by the power plant. The exergy efficiency (exergy partitioned and/or
transported by syngas) of the LCLG plant is the ratio of syngas produced to the input exergy by
the fuel.

χ =

.
nsyngas.LHVsyngas
.
n f uel.LHVcarbon f uel

(9)



Processes 2019, 7, 763 8 of 18

.
n is the flow rate of the syngas and carbon feedstock. The exergy of the hot gases including air

and exhaust gases can be obtained by:

χhot gas = 1− χsyngas (10)

As represented in Figure 6, the Sankey-like diagram shows the conceptual design of the proposed
process integrated with power blocks. Fuel and steam were fed into the fuel reactor for the reduction
by molten metal oxide. The reduced molten metal was then transported to the air reactor for successive
oxidation reactions. Noticeably, as shown in Figure 6, the outlet syngas from the fuel reactor and hot
air from the air reactor, both carried the exergy of the system, however, the portion of exergy carried by
syngas strongly depended on the quality of syngas. More importantly, depending on the quantity of
oxygen in the fuel reactor, the outlet of the FR comprised some amount of exhausted gases. Therefore,
outlets can be connected to power plants for producing work.
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Figure 6. A schematic of the LCLG system connected to the power block. The liquid oxygen carrier
(LOC) is circulated between reactors and the quality and exergy of syngas are controlled by the rate of
circulation controls.

Table 1 shows the assumptions, specifications and flow rates of stream lines and units used in the
simulations by HSC chemistry software (for the LCLG unit) and Aspen Plus software (for the power
cycle unit).

The flow characteristics of each stream and units have been given in Table 2. The parameters were
calculated using HSC chemistry (for the LCLG system) and Aspen Plus (for power cycles).
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Table 1. Assumptions and reference conditions used in the simulation.

Operating Condition Range Source

Gasifier

Operating pressure (for lead oxide)
Operating pressure (for copper oxide)

1–10 bar
1–10 bar -

Operating temperature (for lead oxide)
Operating temperature (for copper oxide)

900–1000 ◦C
1100–1300 ◦C -

LOC to fuel ratio (for lead oxide) 0.01–0.5 -
LOC to fuel ratio (for copper oxide) 0.01–2 -

Air reactor

Pressure (for lead oxide)
Pressure (for copper oxide)

1 bar
1 bar -

Temperature (for lead oxide)
Temperature (for copper oxide)

900 ◦C
1300 ◦C -

Power cycles

Gas turbine’s isentropic efficiency 0.91 [22,26]
Efficiency of the heat exchangers 0.75 -

Steam turbine’s isentropic efficiency 0.9 [27]
Pump’s efficiency 0.75 [22,28]

Gas turbine’s mechanical efficiency 0.99 [22]
Steam turbine’s mechanical efficiency 0.99 [22]

Table 2. Specification and characteristics of the IGCC, GTCC and STCC.

No.
IGCC (Copper and Lead Oxide) GTCC (Only Copper Oxide) STCC (Copper and Lead Oxide)

T P
.

Q T P
.

Q T P
.

Q

1 1300 ◦C (Cu)
1000 ◦C (Pb)

10 bar
10 bar

1000 tonnes/hr (Cu)
1000 tonnes/hr (Pb) 1300 ◦C 10 bar 1000 tonnes/hr 1300 ◦C (Cu)

1000 ◦C (Pb) 1 bar 1000 tonnes/hr

2 1300 ◦C (Cu)
1000 ◦C (Pb)

10 bar
10 bar

998 tonnes/hr (Cu)
and (Pb) 1300 ◦C 1 bar 1000 tonnes/hr 1300 ◦C (Cu)

1000 ◦C (Pb) 1 bar 1000 tonnes/hr

3 1250 ◦C 10 bar 81,290 kmol/hr 1084 1 bar 34,541.2 kmol/hr 35 ◦C 1 bar 52,158.7 kmol/hr

4 1300 ◦C (Cu)
1000 ◦C (Pb) 10 bar 495 tonnes/hr (Cu)

422 tonnes/hr (Pb) 1300 ◦C 1 bar 1000 tonnes/hr 166 ◦C 1 bar 24,590.2 kmol/hr

5 42 ◦C 1 bar 495 tonnes/hr (Cu)
422 tonnes/hr (Pb) 159 ◦C 5 bar 34,541.2 kmol/hr 66 ◦C 1 bar 16,375 kmol/hr

6 610 ◦C 60 bar 30,017 kmol/hr 600 ◦C 60 bar 20,108 kmol/hr 600 ◦C 60 bar 16,375 kmol/hr
7 158 ◦C 1 bar 30,017 kmol/hr 164 ◦C 1 bar 29,586 kmol/hr 163 ◦C 1 bar 16375 kmol/hr
8 160 ◦C 1 bar 81,290 kmol/hr 58 ◦C 1 bar 29,586 kmol/hr 54 ◦C 1 bar 16,375 kmol/hr
9 38 ◦C 1 bar 30,017 kmol/hr 58 ◦C 60 bar 20,108 kmol/hr 66 ◦C 60 bar 10,500 kmol/hr

10 43 ◦C 60 bar 30,017 kmol/hr - - - 1300 ◦C (Cu)
1000 ◦C (Pb) 1 bar 500 tonnes/hr

3. Results

3.1. Operating Temperature in the Air Reactor

The FLE of the IGCC, STCC and GTCC power blocks as a function of temperature is depicted
in Figure 7. Lead oxide can only be used for integrated gasification combined cycle (IGCC) at a
temperature range between 900 and 1000 ◦C and steam turbine combined cycle (STCC) at a temperature
between 1200 and 1300 ◦C. The melting temperature of metal oxides determined the operating
temperature of the power cycles. For lead oxide, the STCC power block showed a higher FLE in
comparison with IGCC. For instance, at a operating temperature of 1000 ◦C, the FLE was 0.42 for the
STCC, while it was only 0.37 for the IGCC. This was simply because the LCLG system prevents direct
contact between air and fuel. As a result, nitrogen was removed from the syngas and the ratio of Cp/Cv

of the exhausted gas due to the combustion of high-quality syngas (mainly CO2, H2O) was lower than
that of the exhausted gases obtained from conventional gasifiers (CO2, H2, N2) (1.08 vs. 1.21). Overall,
it can be stated that the LCLG process produced high-quality syngas, which was neither suitable for
integrated gasification nor the combustion process.
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For copper oxide, higher operating temperature was required in comparison with lead oxide.
Hence, STCC and GTCC showed better energetic performance in comparison with IGCC. For copper
oxide, the thermodynamically defined upper limit temperature was considerably higher than that of
lead oxide (1300–1350 ◦C versus 900–1000 ◦C), therefore, higher Carnot efficiency was obtained from
the power cycle connected to the LCLG working with copper oxide. As can be seen in Figure 7, at
operating temperatures higher than 1250 ◦C, the FLE of STCC power block was higher than that of
GTCC and IGCC. For instance, at 1300 ◦C, the FLE for STCC was 0.45, which was 7% higher than
the efficiency obtained for GTCC at this temperature. The IGCC power block still represented the
lowest FLE of 0.39 at 1300 ◦C. Temperature was found to have a strong influence on the efficiency of
power cycles. Regardless of the type of working medium in the LCLG system, FLE of the power cycle
linearly increased with temperature, meaning that the highest efficiency was obtained at the highest
temperature, which in turn was the upper limit temperature of the power cycle.

3.2. Operating Pressure in the Air Reactor

Pressure was another operating parameter in the LCLG process, which directly influenced the
outlet lines connected to the power cycles. More importantly, pressurizing the reactors, (particularly
the air reactor), hindered the solidification of liquid copper oxide, while increasing the exergy in the
outlet of reactors.

The FLE of the system, as a function of the pressure of the reactor, has been depicted in Figure 8.
For the STCC, pressurizing the air reactor had no impact on the efficiency of the power cycle, as the
major quantity of work was obtained from the main gas turbine (FR-GT) and the air reactor outlet
was used in a steam generation unit. However, pressurizing the air reactor may have facilitated the
operating of the air reactor when the lead oxide was used to handle the process exactly in the operating
region shown in Figure 5, and to maintain the plausible condition for better phase contact, while
preventing solidification.
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For the GTCC power cycle, increasing the pressure of the air reactor provided higher exergy in the
main gas turbine (FR-GT), which generated more work. Based on the phase diagram, we considered the
minimum and maximum pressure limitations to be 5 and 10 bar, respectively. Notably, at temperatures
such as 1300 ◦C, operation of the pressurized reactor was technically challenging and needed specific
design and considerations, which hinged on the type of material used for the fabrication of the reactor,
its design and operating mode (batch, semi-batch or continuous operation). Refractory materials
offered a wide range of characteristics such as high-temperature resistance, high-pressure tolerance,
reduced erosion and corrosion. As shown in Figure 8, the work produced in the GTCC power cycle
increased as the pressure of the air reactor increased. For instance, at a pressure of 5 bar, the FLE
was calculated to be 0.36, which increased to 0.45 at a pressure of about 10 bar. One advantage of the
STCC power cycle was that this power cycle offers identical performance without any requirements
for pressurizing the air reactor, allowing operating costs to be reduced. For the IGCC power cycle,
pressure had a slight impact on the FLE of the power cycle. By increasing the temperature, the FLE
increased, however, overall efficiency was considerably lower than that of GTCC and STCC due to the
absence of nitrogen in exhausted gases that decreased the Cp/Cv ratio and amount of work delivered
by the turbine due to the expansion of exhausted gases.

Notably, the flow rate of air had two major effects on the performance of the air reactor. It not only
affected the composition of the vitiated air from the air reactor, but it also affected the enthalpy and
exergy carried by the vitiated gas from the air reactor. Likewise, it controlled the rate of regeneration
of the oxygen carrier in the air reactor. The detailed assessment of the air reactor had already been
done in previous works and was beyond the scope of the present investigation [9,10].

3.3. Exergy Analysis of LCLG

Figure 9 shows the dependence of syngas exergy on the parameter ϕ for copper and lead oxides.
As can be seen, for copper oxide, as operating temperature was high, the LCLG system presented
higher total exergy. At lower values of ϕ, syngas carried the larger portion of exergy. As ϕ increased,
the LCLG system behaviour changed to the chemical looping combustion, meaning that the outlet of
the reactor mainly comprised of carbon dioxide and water, therefore, more exergy was carried by the
hot air from the air reactor. This behaviour can be seen for both lead and copper oxide, however, for a
given ϕ, syngas produced by the LCLG working with copper oxide had a higher syngas quality and
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subsequently carried more exergy. This was the significant impact of this system—the LCLG system
not only produced sufficient work when compared to other available technologies but also provided a
clean line of syngas, which carried a significant amount of exergy.
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For a better understanding, the variation of exergy efficiency for different values of ϕ is shown in
Figure 10, which presents the portion of exergy carried by syngas and hot air. Figure 10 presents the
variation of exergy efficiency with ϕ for the LCLG system working with liquid copper oxide as the
LOC at a temperature of 1300 ◦C. As can be seen, for small values of ϕ, exergy efficiency remained
constant but at higher values (0.68 to 0.65), with increasing ϕ, syngas lost its quality and exergy at
the same time. Interestingly, at ϕ = 0.5, both syngas and hot air carried the same amount of exergy,
which can be used for further application. Accordingly, the LCLG offered the exergy management and
flexibility to manipulate the quantity of exergy required for any applications.Processes 2019, 7, x FOR PEER REVIEW 13 of 18 
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Figure 11 shows the exergy analysis for the LCLG system working with liquid lead oxide. As can
be seen at ϕ = 0.1, the portion of exergy for syngas and hot gases was similar and at lower values of
ϕ, exergy efficiency varied from 0.61 to 0.58 for ϕ = 0.01 to ϕ = 0.05, however, exergy efficiency of
syngas for ϕ higher than 0.5 was less than 0.05, meaning that the significant amount of exergy was
carried by the hot air. A rough comparison between the exergy efficiency of syngas for copper oxide
and lead oxides revealed that syngas produced by the LCLG working with copper oxide had higher
exergy efficiency in comparison with the one produced in the LCLG working with lead oxide (0.68 vs.
0.61). However, to provide this amount of exergy with copper oxide, the LCLG needed to work at
temperatures and pressures as high as 1300 ◦C and 5 bar, respectively, which is very challenging.

Processes 2019, 7, x FOR PEER REVIEW 13 of 18 

 

 
Figure 10. Exergy efficiency for the LCLG working with liquid copper oxide. 

Figure 11 shows the exergy analysis for the LCLG system working with liquid lead oxide. As 
can be seen at φ = 0.1, the portion of exergy for syngas and hot gases was similar and at lower values 
of φ, exergy efficiency varied from 0.61 to 0.58 for φ = 0.01 to φ = 0.05, however, exergy efficiency 
of syngas for φ higher than 0.5 was less than 0.05, meaning that the significant amount of exergy 
was carried by the hot air. A rough comparison between the exergy efficiency of syngas for copper 
oxide and lead oxides revealed that syngas produced by the LCLG working with copper oxide had 
higher exergy efficiency in comparison with the one produced in the LCLG working with lead oxide 
(0.68 vs. 0.61). However, to provide this amount of exergy with copper oxide, the LCLG needed to 
work at temperatures and pressures as high as 1300 °C and 5 bar, respectively, which is very 
challenging. 

 
Figure 11. Exergy efficiency for LCLG working with liquid lead oxide. 

3.4. Comparison of the Proposed Power Cycles and Those Available in the Literature 

To compare the energetic performance of the proposed power cycles with those available in the 
literature, power cycles working at similar temperatures and pressure to that of the LCLG were 
selected from the literature. Figure 12 comparatively shows the FLE of the IGCC power cycle in 
comparison with the literature. The temperature was 1300 °C and the copper oxide was used in the 

Figure 11. Exergy efficiency for LCLG working with liquid lead oxide.

3.4. Comparison of the Proposed Power Cycles and Those Available in the Literature

To compare the energetic performance of the proposed power cycles with those available in the
literature, power cycles working at similar temperatures and pressure to that of the LCLG were selected
from the literature. Figure 12 comparatively shows the FLE of the IGCC power cycle in comparison
with the literature. The temperature was 1300 ◦C and the copper oxide was used in the LCLG system.
As can be seen, FLE of the IGCC power cycle integrated with the LCLG stood amongst the state
of the art IGCC power cycles. For instance, efficiency of the IGCC power cycle was only 3% lower
than that for the power cycle proposed by Alvaro et al. [29], 6% lower than that reported by Milan
University [30] and was the same as the one reported by National Energy Technology Laboratory
(NETL) [31]. However, the LCLG system offered a clean stream of high-quality syngas, which carried
a significant amount of exergy that can be used for further applications such as Fischer–Tropsch,
hydrogen production or in a combustion process. This advantage kept the proposed IGCC-LCLG
amongst the state-of-the-art power cycles.
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Figure 12. A comparison between the FLE of the IGCC prepared in this work and those publically
available [32–34].

Figure 13 shows a comparison between the FLE of the proposed GTCC power cycle with those
publicaly available in the literature at the same operating conditions. The operating temperature was
1300 ◦C and the LCLG system worked with copper oxide. As can be seen, the proposed GTCC power
cycle wa the second efficient power cycle with the efficiency of 43.8% after the power cycle proposed
by Spelling et al. [35] with the efficiency of 55%, and represented the same FLE equivalent to that of
reported by Taimoor et al. [36] (43.8%), for its power cycle. The efficiency was higher than some works
performed by Xuan et al. [37] (35%), and Rio et al. [38] (40%). More importantly, the GTCC power cycle
offered a clean, low-temperature stream of syngas, which can be directly used by Fischer–Tropsch, or
any fuel cells. This feature implied that the proposed power cycle was more efficient in comparison
with other power cycles considering the post-application of the syngas.
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Figure 13. A rough comparison between FLE obtained for the proposed GTCC and the values reported
for other power blocks.

Figure 14 shows the comparison between the FLE of the proposed STCC power cycle and those
available in the literature. The operating temperature was 900 ◦C and the LCLG system worked
with lead oxide. As observed in this figure, the FLE for the proposed power cycle stands second
(efficiency = 45%) after Ozgener et al. [39], which achieved an FLE equivalent to 57%. The efficiency
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was equivalent to the power cycle proposed by Jaffar et al. [40], which was around 45% and was
higher than the rest of the works. The LCLG still offered a clean line of syngas, which can be used for
post-applications. The rate of carbon dioxide can be as low as 0.2% depending on the quality of the
syngas and rate of circulation of LOC in the system.
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It is worth mentioning that despite the similar efficiency of the proposed combined cycles, they can
coproduce synthetic gas as well, which in turn promotes the chemical exergy and chemical efficiency of
the power plants. Hence, the main advantage of the proposed power plants is to produce a high-quality
synthetic gas at lower temperatures (e.g., 800 ◦C) in comparison with the state of the art GTCC power
plants (e.g., 1200 ◦C) with higher chemical exergetic and energetic efficiency.

4. Conclusions

Exergy and energy performance of the LCLG integrated with three different configurations of
power block were carried out. The key conclusions of this work are:

(1) Exergy analysis of the LCLG system working with molten lead oxide showed that φ had a
strong influence on the quality and level of exergy carried by syngas. For 0.01 < φ < 0.05, more
exergy was carried by the syngas produced, while for values φ > 0.05, hot air carried the higher
exergy as the quality of syngas reduced. This meant that the LCLG system working at φ > 0.05
could provide more work by power block, while φ < 0.05 syngas could provide more work in
Fischer–Tropsch or other applications.

(2) When copper oxide was used in LCLG, for 0.01 < φ < 0.5, more exergy was carried by syngas,
and at φ > 0.5, the system was capable of producing more work by power block.

(3) The STCC integrated with the LCLG system working with lead oxide showed that the first law
and exergy efficiency for φ = 0.05 achieved values of 0.43 and 0.68, respectively. It provided a
cold and clean stream of high-quality syngas, which can be used in a Fischer–Tropsch unit.

(4) The IGCC integrated with the LCLG system working with both copper oxide and lead oxide
showed lower efficiency in comparison with the STCC and GTCC power blocks. This is because
in outlet syngas, nitrogen is omitted and the quality of syngas is high enough for other chemical
applications rather than combustion or producing work.
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Nomenclature

Ex Exergy, kJ/kmol
W Work, kJ
.
n Molar flow rate, kmol/hr
Greek letters
ϕ Liquid oxygen carrier to fuel ratio or steam to fuel ratio
∆ Difference
η First law efficiency, %
χ Exergy efficiency, %
Abbreviations
AR Air Reactor
Eq. Equation
FR Fuel Reactor
GT Gas Turbine
GTCC Gas Turbine Combined Cycle
ST Steam Turbine
STCC Steam Turbine Combined Cycle
LHV Lower Heating Value, MJ/kg
LOC Liquid Oxygen Carrier
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