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Abstract: Exergy analysis of the expansion turbine hybrid cycle of integrated molten carbonate fuel
cells is presented in this study. The proposed cycle was used as a sustainable energy curriculum to
provide a small hybrid power plant with high energy efficiency. To generate electricity with the system
mentioned above, and externally repaired fusion carbon fuel cell was used located at the top of the
combined cycle. Moreover, the turbine and steam turbine systems are considered as complementary and
bottom layers for co-generation, respectively. The results showed that the proposed system could reach
net energy of up to 1125 kilowatts, while the total exergy efficiency (including electricity and heat) for
this system is more than 68%. Moreover, the energy supplied and exergy efficiency derived from the
proposed cycle are stable versus changes in ambient temperatures. Besides, the effect of increasing the
current density on the cell voltage and the total exergy destruction was considered. Also, the new
approaches of the exergoeconomics and exergoenvironmental analysis are implemented in this system.
The results show that the hybrid system can decrease the exergy destruction costs more than 16%, and
the environmental footprint of the system more than 23.4%.

Keywords: Molten Carbonate Fuel Cell; MCFC; Turbo Expander; hybrid Steam Turbine; Exergy
Efficiency.
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1. Introduction

Standard attention is focused on reducing greenhouse gases and other pollutants in the
atmosphere by developing appropriate technologies to efficiently convert conventional and
renewable resources to meet the growing energy demand. They are very energy-efficient
devices. There are two types of high-temperature fuel cells: solid oxide fuel cell (SOFC) and
molten carbonate fuel cell (MCFC) with operating temperatures between 600 and 800 ° C[1].
High-temperature fuel cell hybrid systems coupled with the gas turbine cycle can be an
alternative approach to supply the fuel needed to generate electricity from a sustainable
perspective. Besides, the MCFC generator can be synchronously combined with a gas turbine
(GT) engine, as the MCFC exhaust gas temperature is generally high. Therefore, different types
of integration of high-temperature fuel cells (SOFCs, MCFCs) and conventional generators
with CHP systems have been proposed and implemented [2]. Numerous studies on MCFCs
show that the integration of MCFC with gas turbine systems to generate electricity increases
the efficiency and overall performance of the hybrid system [3].

Some of these related studies are presented in this section. Leto et al. [2]. Similar to the
MCFC hybrid system combined with a small turbine, a sensitivity analysis was performed by
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changing the main parameters of the work. They have shown that this system can achieve 60%
and 70%, respectively, of full and efficient electricity. Imam and Dincer carried out active and
dynamic analyzes of the MCFC-GT system and generally obtained energy and exergy
efficiencies at 42.9% and 37.75%, respectively [3]. Rashidi and others. Conducted a similar
study on the MCFC gas turbine system and achieved overall energy efficiency of 57.4%, the
exergy efficiency of 56.2%, low cycle energy efficiency of 24.7%, and cumulative exergy
efficiency of 43.4% [2]. Chacartegui et al. MCFC have a STIG cycle that operates under
ambient pressure. Their study showed up to 69% effectiveness[4], done by Haseli et al., to
investigate the performance of the SOFC-GT integrated power generation system. External
energy and exergy efficiency were calculated at 60.6 and 57.9%, respectively[5]. In other
research, it was noted that the MCFC with an efficiency of 46.4% was able to integrate with
the steam generation system to achieve an approximate total efficiency of 70% [1]. Truth
Moghani et al. introduced the multi-objective optimization of the 200 kw MCFC-GT hybrid
system [2]. Their work represents a total operating efficiency of 51.7% for this system.
Although much work has been done on modeling and optimization of MCFC-based hybrid
plants, no comprehensive thermal and environmental studies have been performed [3].
Applying the second law of thermodynamics to the concept of external energy while studying
the general function of a plant, it is essential to know the number of losses in the system [2].
Besides, it is believed that energy-based thermodynamic analysis leads to more sustainable
development [5]. By investigating this research gap, a new comprehensive thermodynamic
model for the MCFC hybrid turbine plant is first developed, and then the system behavior is
evaluated from a dynamic perspective [6]. A parametric study has also been conducted to
investigate the effect of different operating parameters on system efficiency and energy
degradation. Besides, based on the greenhouse gas emission perspective, the environmental
aspects of the combined cycle presented in this paper are examined [7].

2. Materials and Methods
2.1. Model assumptions.

The compact MCFC, working above the MCFC to convert natural gas to Hz, works
with an external steam modifier. Before feeding to recover the MCFC cathode temperature,
natural gas is heated in a heat exchanger using a steam reforming hot exhaust stream. The steam
required for the regeneration reaction in the heat exchanger is generated by the hot current
flowing out of the modifier and cathode in the MCFC and is used in combustion in the MCFC
direction, where the remaining fuel is burned in the anode exhaust stream. The chimney gas
produced from the anode is fed to the modifier, which supplies the heat needed for the heat
reactions occurring inside the steam generator. During the process, carbon dioxide is
concentrated at the MCFC anode. Therefore, the anode exhaust stream is high in carbon dioxide
but also contains much steam. The humidity separator at the bottom of the MCFC is used to
enrich the carbon dioxide anode exodus stream with some vapor condensation therein. The
heat-humidity separator, extracted from the anode exhaust stream, gives a stream of water with
recycled, cold water. The heat of this recycled hot water is then absorbed for other purposes,
such as co-generation in a heat sink. Then compress the hot exhaust gases from the MCFC
cathode into the turbo extension to generate electricity. The HRSG generator creates steam.
This steam expands on the steam turbine, which drives the generator. The water vapor then
condenses into the condenser. The cooling water circuit is powered by a sink and a cooling
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water pump. Condensed water from the condenser is pumped to the deaerator by the condenser
pump, where it is extracted from the turbine using steam extraction. The feedwater is then
pumped to the HRSG by the feed pump.

Material selection is essential for heat transfer in fuel cell systems with cooling
problems. It can be seen that if the system is a mobile electrolyte mode, cooling studies are
carried out about electrolyte circulation. It is essential to transfer heat in fuel cell systems with
cooling problems and material selection. It can be seen that if the system is a moving electrolyte
mode, the cooling studies relate to the circulation of the electrolyte. So, according to the rate
of heat production in electrochemical reactions and materials chosen as electrodes and walls
(which transport part of the produced heat) to the environment), the rotation of the electrolyte
can be set One way or another to remove waste heat from the system. Moreover, the system
performance temperature must be kept constant in the ideal amount [15,16]. Conversion
equations can apply to different parts or the entire system [17].

Using the Cycle-Tempo program, the development and numerical simulation of the
proposed hybrid system are performed [4]. All elements of this hybrid system are simulated
(i.e., gas turbine, compressor, MCFC unit, heat exchanger, etc.). The following general
assumptions are made for all devices [6]:

The device operates in a steady-state [7].

Heat exchangers work in the opposite direction of the current.
The operation is steady [3].

Restorative reactions occur at a constant temperature

For the first case, simulate this hybrid system by maintaining the mean current density
and surface area of MCFC fixed cells at 1500 amps and 750 m?®, respectively [1]. The
composition of the natural gas used in the proposed hybrid cycle is shown in Table 1 [2].

Table 1. Composition of natural gas [5, 6].

Component Mole (%)
C2Hs 2.87
CsHs 0.38
CsHi1o 0.15
CsH12 0.04
CeHu4 0.05
CHa 81.29
CO2 0.89

N2 14.32
02 0.01
LHV (kJ/kg) 37998.9

Additionally, in Table 2, input parameters to the MCFC section are shown, while input
parameters to the turboexpander and steam turbine sections are shown in Table 3 [8].

Table 2. Input parameters of externally reformed MCFC unit.

Parameter Value (unit)
Fuel utilization factor 0.71

MCFC Reaction pressure 8 (bar)

MCFC Reaction temperature 650 (°C)

Stack area 750 (m2)

Cell resistance 6.089 x 10-5 (Q)
DC/AC conversion efficiency 0.96

Anode and cathode inlet temperature 600 (°C)

Steam reformer reaction pressure 8 (bar)

Steam reformer reaction temperature 800 (°C)
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Table 3. Input parameters of turbo expander and steam turbine sections.

Parameter Value (unit)
Turbo expander isentropic efficiency 0.75

The expansion ratio of the turboexpander 6

Generator efficiency of TE 0.95

Steam turbine isentropic efficiency 0.8

Outlet pressure of ST feedwater pump 80 (bar)
Steam drum circulation ratio 4

2.2. Energetic model.

The MCFC unit used in this hybrid system is externally fixed [4]. The modifier is used
to convert natural gas into a hydrogen-rich current located at the top of the fuel cell system [7].
The steam used in the repair work and the heat needed to react obtained from the anode port,
which is burned before entering the repair work [8]. The MCFC model is used to calculate fuel
cell performance as a function of parameters controlled by fuel cell operators. These control
parameters include total fuel consumption and current density [5]. Fuel consumption is the
degree to which fuel enters the cell. General specifications This form is available from MCFC:
This model may be suitable for stacked plate cells and suitable cells [1]. The model is
isothermal, namely the chemical equilibrium calculated in the region of the active cell and the
current density based on the mean cell temperature [3]. The MCFC stack is composed of several
cells connected to a chain with the same function. Operation in a similar fuel cell [9]:

(Dm,a,in + (Dm,c,in - Qm,a,out - (Dm,c,out =0 (1)
The equation that models the mass exchange between cathode and anode is [4]:
Qm,a,in - Q)m,a,out = _Q)m,c—a (2)

All processes are assumed to occur at constant temperature and pressure (PCL and
TCL), which is the average cell pressure and temperature. To fully convert all fuel components
into fuel cells, the flow through the fuel is as follows[3]:

o (v, +yeo +yew,) * 2F (3)
mol,a

Where the concentration at the input and molecular complex of sodium gas is Mmol.
Only a fraction of the fuel in the fuel cell changes [64]. If the ratio between the actual
conversion and the maximum with the UF surface is used, the cell is given as the mainstream

[1]:

IF — Q)m,a,in

I = IF * UF (4‘)
Total mass flow Oz from cathode to anode is model by [1]:
1
®02,c—a = Mmol,oz * E (5)

COg2 transferred from the cathode to the anode is described by [2]:

QCOZ,c—a = Mmol,COZ * % (6)

The cathode output configuration is now calculated for the equilibrium cathode
components. Likewise, the amount of Hz and CO converted to the cellular area is calculated by
the “I” current [2]. Here is a one-dimensional model, that is, temperature, pressure, and
compounds that appear at a fixed cross-section, and that is the direction of the fuel cell. The
cell, cell voltage, reverse voltage, or non-alternating voltage is the same “Er” for any simple

operation inside the fuel and is given as: [3]:
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There, the standard for hydrogen is a high voltage, which depends only on temperature,
and the Gibbs energy “AG” is calculated as [70]:
AG?

E7Q = +F (8)

The processes in the cell are irreversible, and hence the cell voltage is smaller than the
inverse voltage ‘Vx.” Here is the voltage drop between the reverse voltage and the actual
voltage loss AVx as [2]:

V, = E, — AV, 9)

The model assumes that the voltage loss at the electrode surface is negligible in the x-
direction [9]. This means that the cell voltage is constant over the fuel cell. Hence, the total
voltage is [1]:

V=E, — A, (10)

Voltage loss can be considered as the driving force of reaction in the fuel cell and,
therefore, the current density [74]. Consequently, it can be assumed that the current frequency
is proportional to the voltage drop. By analogy with Ohm’s law, resistance is shown to be
proportional to cellular resistance equivalent to “Req.” For x, the current density is equal to
[71:

e = il 11)
Iy Ro, (

Finally, the rate with which H2 is converted in a cross-section x can be estimated from

the current density as [3]:
ong, iy
Tox T 2F (12)

The concentration changes of the components are calculated using the above equations,
the mole equilibrium for the components, and the reaction level for the change reaction [3].
Based on the given equations, the voltage and current density at a cross-section are calculated
using numerical methods. The output power of the fuel cell stack is as follows [2]:

F=V*I+*npcyc (13)

Roger and Miho’s method of modeling was considered a turbo extender [8]. This
method, shown below, is for a specific heat factor (Cp) and an equilateral (y) index in the whole
process or parts of the process. These data are used to calculate variable efficiency. However,
the study provides a provision to provide variable efficacy by turbine properties from previous
studies [9]. Straight stretch lines are considered in the Mollier diagram between entry and exit
conditions to calculate the enthalpy specified in extraction processes. According to the
description above, the turbo extender temperature was estimated using equation 14 [10]:

y-1

Iy
T4 — T3 - T3'nt' (]. _R_) (14)
t

Where n: is the isentropic efficiency of the turboexpander, and Rt is the expansion ratio.
Additionally, the work of the turbine is calculated by Eq. (15) as follows [9]:
Wt = Cp. (T3 - T4) (15)
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The steam turbine bottom cycle is designed based on the Rankin cycle
methodology[11]. In this section, the average temperature at which heat is provided is below
the maximum temperature, so efficiency is less than the Carnot cycle that operates between the
same maximum and minimum temperatures [10, 11]. For modeling, this cycle, the primary
energy absorbed by the boiler, the energy produced by the generator, the electricity
consumption of the pumps, and the net energy supplied are indicated [9, 12]. It should be noted
that the consumption of electric pumps is considered an auxiliary energy consumer, which,
when subtracted from the total electricity generated is estimated net energy supplied [13]. The
input and output functions have been defined to examine the effectiveness of the Rankin cycle
so that thermal efficiency can be written as follows [12, 13]:

Nenermatst = Woue — Win)/Q_in (16)
Where, Wout and Win are generated power and auxiliary work, respectively. Also, Qin is the
input fuel heat to the cycle [12, 13].

In the humidifier, the inlet gas is cooled by a coolant flowing in the opposite direction,
thereby condensing the water vapor [14]. The capacitors are collected and discharged through
a separate tube. Three mass equations (mass equilibrium, the second equation for the cooling
medium, the equation for the number of separated capacitors, namely the specific mass
equation) and energy equation for cooling are used in the system modeling to calculate the
buoyancy mass[1, 7]. In the proposed cycle, greater use of thermal exergy and waste reduction
in the plant are considered to increase efficiency [6, 10]. As observed in Eq. (17) The whole
cycle efficiency is obtained from the sum of the electrical and thermal efficiency of the system.
The electrical efficiency of the system is obtained from MCFC, Turbo Expansion, and Steam
Turbine Electrical Performance using General Eq. (18) [13]. The overall performance of the
system is calculated by Eq. (19) and is shown in Table 4 [2].

Nrotal = Nelectrical T Mheat (17)
) o Wnet (1 8)
electrical —
LHVfueI * ’ffuei
Table 4. Exergy equations in cycle simulation.
Element Exergy Efficiency Equation
Functional efficiency 2 EXproguct 19
‘r’ = —_—m—mmm—e———
Ex’f Z Exsou‘rce
Electrical efficiency Y EXeieout — X EXeiein 20
r’ : =
Ex,ele Z Exfuel
Exergy EfﬁCiency _ Z Exele,out + Z Exheat,aut - Z Pele,in 21
nEx,total - Z E
xfuel
Exergy efficiency Fuel n _ Eele 22
Ex,f(cell) =
cell wfeeth (Exfuel,in - Exfuel,out) + Exox,in - on,out
Exergy efficiency . _ Esnafe 23
turbine _ Ex,f (turbine) Exin _ Z Exout
Exergy eff|C|ency 77Ex,f(reformer) 24
Steam reformer _ Ex;?aductgas - Ex;gleam - Exjgged
(Exjgmegas,in — Ex]%e gas,out) — (Exth%duct gas — Exstzrefam - Ex;géd)
Exergy efficiency heat n _ Expout —Expin 25
. h =T .
exchanger Ex,f (Heat exchanger) Exs out — EXS n
Exergy efficiency n _ ExSteam,out - Exsteam,in 26
f(d -
drum B f( rum) Exevaporator,out - Exevaporator,in
Exergy  efficiency ExXfle gas — Exfuer — ExSR 27
combustion chamber NEx,f (Combustion chamber) =
x,f (Combustion chamber) Ex]fﬁel + Exgé‘ _ Exfcl’;w gas
Exergy efficiency _ Exour — Exi 28
compressor, pump NEx,f(Compressor,pump) — Exshaft
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2.3. Exergoenvironmental and exergoeconomics.

The conventional environmental method developed by Tsatsaronis et al. From 2008 [1,
2, 4] forms the basic structure of the currently proposed method that can consider the
complexity of the fitting of a system. The method and formulation of the method are well
presented in their studies. Similarly in the exergy cost theory to evaluate the exergy cost of
flows, the extrinsic method presents the environmental charge per unit energy exergy in a
system in solving a system of equations consisting of the principal environmental diffusion (or
effects) equilibrium for each unit within the system And some auxiliary equations for allocating
loads to more than one output per unit. [7] The solution of these equations may provide a waste-
to-cost ratio of Torres, Sidney, and Anadolu. The specific appropriateness of this method for
accounting for the environmental responsibility is the transfer of fertile contamination burden
between service providers (or feeders) and consumers [5-7].
As presented in [9], the main equations reflecting the equilibrium environmental charge (B
(kton / yr)) in kth unit with Y (kton / yr) emission rate are as follows:
B = Bk,in +Y (29)

In the above equation, each one of the total environmental loads’ inputs to (output of)
the unit is the summation of | input (n output) streams loads. Also, each stream’s environmental
load is the product of exergy amount (E(kW)) in environmental load per unit exergy (b: (
kton.yrt.kW1)) of the streams.

k ,out

1(n)
Bk,in(out) _Zizlyj:l i(j),k,im(out)Ei(j),k,im(out) (30)

The term of Y« represents the life cycle environmental impacts depending on the scope
of the analysis. In our case of study, the PM10 emissions within the system borders are being
studied. Hence, the construction or waste dismantling emissions, as well as other environmental
discharges, are not to be studied.

It is worth mentioning here that in the advanced environmental approach, the
effects/emissions of avoidable and unavoidable greenhouse gases have been identified, and the
above equations have been written for avoidable parts [12, 16]. However, as discussed in [14,
17], thanks to well-developed control techniques, it is almost impossible to prevent the release
of PM10 kidneys. Therefore the differentiation made in the advanced method is not necessary.
The auxiliary equations of the outer environment necessary to solve the system of equations
presented in (1) are Equations F: The specific environmental charge for the inlet and outflows
is unchanged from a fixed unit. Equations P: For a flow coming out of a component, the exterior
environmental charge has a value. Alongside these two rules, the per-unit loads of inlet currents
through the system boundaries are assumed to be zero before experiencing any conversion.
This is due to the aim of the study in which the emission of gases within the system contributing
to local pollution is of importance and is to be managed while the emission of greenhouse gases
outside the boundaries before the delivery of feeds is of importance in the integrated
environmental definition systems which are not allowed for integrated Management.

The method for external economic analysis is similar to environmental analysis. It
combines an exergy analysis of the energy conversion system and then an economic analysis
based on the Total Income Requirements (TRR) method, which covers the entire life cycle of
the energy conversion system [3, 18]. Initially, the total capital investment is calculated. Then,
based on the assumptions of economic, financial, operational, and market input parameters, the
total annual revenue needed is calculated. This TRR represents the cost of producing system
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products and offsets all costs incurred each year of the project’s economic life to guarantee an
industrial plant. After that, the annual variable costs of the product related to investment,
operation, maintenance, fueling, and other costs (cost categories) are leveled. These equipment
are converted into a series of fixed payments equivalent to the annuity. Next, by calculating the
specific cost rate of each material and energy flow, the costs are assigned to the respective
exergy flows. Since the external economic analysis is well established, only the formulas of

analogy with those used for environmental analysis are presented in Table 5.

Table 5. Equations for exergoeconomic and exergoenvironmental assessments.

Exergoeconomics

Exergoenvironmental

Exergy stream cost
rate

Exergoenvironmental
stream impact rate:

B'j=bj Ej

Component cost | 2C j,k,in +Z k =3C "j, k,out | Component 2B j,k,in+Y k =2Bj, k,out
balance environmental impact
balance

Component-related
cost rate

Zk=Z% +Z"

Component-related
environmental impact rate

Y =Y M 4yt

The component _ Cpp+Cpy Component relative _ b —bpy
relative cost difference Tie = Crr environmental ~ impact ok = T bpe

' difference '
Component o Z Component R
exergoeconomic fie = Z+ Cpy exergoenvironmental fok = Y, + Bpx
factor factor

3. Results and Discussion

The simulation of this hybrid system enables the evaluation of mass, energy production,
energy efficiency, and energy values in different components of the system. For this system, it
was noted that pure electrical energy efficiency was achieved at 71.0% when 2.59 steam/fuel
was maintained for the repairman, and 71% at MCFC fuel consumption. This is the primary
function of the system. At the MCFC cathode, the cathode recycles, and steam reformer exhaust
is fed to the cathode inlet with fresh air. Besides, the output stream of recycled anode after CO2
enrichment in the humidifier is supplied to the modifier combustion at 460 ° C. Both the anode
and the cathode release MCFC gases at 700 ° C. The electric power provided by the turbo
developer is about 218 kW, while the MCFC supplies about 948 kW. Hot steam is generated
in the HRSG. This steam is used to generate approximately 55.5 kW in the steam turbine cycle
using an expanded exhaust stream. For this type of external energy analysis, it is essential to
have the amount of energy available for process flow and energy loss in the devices as well as
the external energy factors of the devices. Emergency analysis of the combined cycle was
performed based on the equations shown in Table 6 [1, 2, 16, 19-22].

Table 6. Results of simulation for the proposed hybrid system in the base case.

Parameter Value (unit)
Fuel flow rate 0.043 (kgls)
Turbo expander inlet temperature 973.15 (K)
MCEFC delivered power 940.97 (kW)
Turbo expander delivered power 218.7 (kW)
Steam turbine delivered power 55.54 (kW)
Auxiliary power consumption 97.20 (kW)
Net electrical power output 1125.05 (kW)
Delivered heat 59.34 (kW)
Gross electrical exergy efficiency 71.00 (%)
Net electrical exergy efficiency 65.35 (%)
Total exergy efficiency 68.74 (%)
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Figure 1 shows the overall variance of plant energy efficiency with an increase in
steam/fuel consumption of 2.59% for the boiler.

70
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56 ....... -

et
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Fuel utilization factor [UF]

Total exergy efficiency [%]

Figure 1. diversion of the total exergy efficiency of the proposed hybrid system with steam/fuel ration of 2.59%
for the available range of fuel utilization.
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Figure 2. Variation of total exergy efficiency and net delivered the power of the proposed hybrid system for
ambient temperature and relative

The optimal range of use coefficients for this system is 59-71%, thus achieving
maximum overall energy efficiency of 68.74% for fuel consumption of 71%. The performance
of the leading case of the hybrid system is shown in Table 6. Based on the presented
calculations, the proposed cycle is more efficient than previous studies. The main results of
previous studies are presented in the introduction. Usually, compare the results of different
researches using a quantitative approach. One of the benefits of the recommended cycle, as
shown in Figure 2, is its low sensitivity to ambient temperature changes. As the ambient
https://biointerfaceresearch.com/
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temperature increases for each degree C, the output power is reduced by about 0.02% compared
to gas turbines [9]. Therefore, this cycle can be an excellent alternative to conventional hybrid
systems in the tropics, where the energy provided for complex cycles shows a significant
decrease. This cycle is designed for Tehran and Iran climates, so the average mean ambient
temperature and relative humidity in Tehran are shown in Table 7. The operating temperature
of the cell is 650 ° C.

Increasing the current density leads to a decrease in operating voltage due to the loss of
power, which can also be deduced from equation (11).

As a result, higher current density results in a higher rate of loss of external cell fuel,
which contributes the most to the total energy depletion at the plant, thereby worsening the
overall energy efficiency of the combined cycle. According to Table 7, the use of a turbine and
steam turbine with heat recovery in this combined cycle has increased the energy efficiency
compared to previous studies. Significant energy losses are incurred, such as combustion and
repair equipment and heat exchangers. For some devices, such as pumps and compressors,
there is little mention of the additional energy consumption losses[11, 20].

Table 7. Averages of ambient temperature and relative humidity in Tehran, Iran

Ambient Temperature (°C) | Relative humidity (%)
15 30
20 28
25 22
30 19
35 17
40 15
. y =-1E-08x2 - 2E-05x + 1.0242 |
0.95 Rz =0.9985
g 0.9
5085 T el
= ®-.....
= 038 TR
Z 075 e
S 0.7 e
0.65 - T
0.6 |
1500 2500 3500 4500 5500
Current Density (A/sq.m)
® Cell voltage Exergy efficiency
--------- Poly. (Cell voltage) Polyv. (Exergy efficiency)

Figure 3. Effect of current density variations on exergetic efficiency.

The heat from the heat sink is taken into account in the humidifier. The inlet and outlet
temperatures of this unit are 80 and 60 ° C, respectively. Energy efficiency shows the
thermodynamic importance of heat generated [14]. Since the thermal energy is temperature-
dependent, and the finite temperature is always lower than the energy value, the thermal energy
efficiency of the power plants is usually lower than the similar thermal temperature (See table

8). This difference is especially marked by the temperature of the heat produced [15] (see figure
3).
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Table 8. Calculated exergy efficiencies of the main elements of the proposed cycle.

Apparatus (No.) Exergy Efficiency (%) | E(%) F(%)
Turbo Expander (16) 87.43 83.6736 31.6416
Steam Turbine (38) 80.40 78.9504 4.1376
MCFC (11) 93.04 91.7376 30.7584
Compressor (7) 57.97 68.1984 24.6336
Compressor (15) 76.80 77.5968 18.7968
Compressor (26) 76.50 87.1296 66.5472
Reformer (9) 80.48 70.4064 35.952
Pump (4) 44.43 54.864 94.5024
Pump (8) 55.10 43.1904 3.888
Pump (40) 45.37 92.8992 8.064
Pump (42) 49.40 76.656 17.9616
Pump (44) 55.54 64.6656 4.8768
Pump (238) 86.43 11.1072 0.0864
Combustion chamber (10) 76.10 98.7656 28.47744
Heat Exchanger (1) 67.96 75.30624 3.72384
Heat Exchanger (2) 66.87 71.05536 | 27.68256
Heat Exchanger (3) 80.46 82.56384 | 22.17024
Heat Exchanger (17) 88.92 61.37856 16.91712
Heat Exchanger (18) 75.89 69.83712 | 59.89248
Heat Exchanger (19) 64.37 78.41664 | 32.3568
Heat Exchanger (20) 65.64 63.36576 | 85.05216
Heat Exchanger (233) 66.11 49.3776 3.4992
Heat Exchanger (235) 66.47 83.60928 | 16.16544

4. Conclusions

In this study, a new hybrid system of MCFC-Turbo steam expansion steam turbines is
proposed to achieve high power generation capacity in current MCFC cycles and at the
reasonable overall energy efficiency of the plants. The following results can be obtained from
this study: The maximum performance of an efficient power plant was 71.0% with steam to
fuel ratio of 2.59 and 71% for fuel consumption. About 55.5 kW of electricity is generated by
the plant when operating on the original. The total energy efficiency of the system (electricity
and heat) is 68.74%. An increase in MCFC fuel utilization rate (within range) indicates a
significant increase in overall energy efficiency. At ambient temperature changes from 15 to
40 degrees Celsius, the energy produced is reduced by about 0.5%, while being substantially
higher in gas turbines or steam turbine cycles. An increase in the current density of the MCFC
has reduced the electrical losses and the combined energy loss of the hybrid system.
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