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Abstract—This study proposes a simple economic model to optimize the integration of an organic Rankine cycle into
a molten carbonate fuel cell power plant. The optimization was conducted with five different types of working fluids,
and an exergetic optimization was also done for comparison. In addition, sensitivity analysis was conducted to provide
better insight into the behavior of the ORC system. The optimization results show that the optimum economic point
and the optimum exergetic point are different, and a maximum profit can be achieved for the ORC system with eco-
nomic optimization. Overall, in most cases, the profit is highest when the ORC system uses n-butane; however, R152a
yields better profit when the ambient temperature is below 5°C. In addition, all ORC systems show positive profit
when the price of electricity is above 0.05 USD/kWh. For sensitivity analysis, two simulation experiments were con-
ducted to observe the effect of changes in the feed gas temperature and the sales price of electricity on the optimiza-
tion results. As a result, changes in the sale price of electricity are very critical, but changes in the feed gas temperature
are not important.

Keywords: Techno-economic Optimization, Organic Rankine Cycle, Molten Carbonate Fuel Cell Power Plant, Particle
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INTRODUCTION

Currently, the development of efficient process for energy recov-
ery from waste heat is a critical problem due to escalating energy
prices and strict environmental regulations. Therefore, research
efforts should focus on recovering energy from various waste heat
sources including geothermal, solar, biomass, etc., in order to achieve
more efficient energy use.

One interesting approach is to recover the energy required to
produce electricity from the flue gas of a molten carbonate fuel cell
(MCEFC) power plant. Because MCFCs are highly efficient fuel
cells that do not emit SO, and NO, [1], many small-scale fuel cell
power plants employ MCFC all around the world [2,3]. MCFC
power plants can improve their efficiency by combining MCFC fuel
cells with heat recovery systems because they operate at tempera-
tures above 600 °C, and the flue gases also have high temperatures.

There are many methods for the recovery of heat from waste
gases, but the organic Rankine cycle (ORC) has attracted signifi-
cant attention. Since a conventional Rankine cycle is not efficient
for the recovery of low grade waste heat [4,5], ORC systems use var-
ious organic working fluids with lower boiling points than water.
However, recovering energy from a waste heat source is always
accompanied by cost and efficiency issues.

Therefore, many studies have investigated the performance of
ORC systems from various perspectives. Akkaya and Sahin studied
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a solid oxide fuel cell that was integrated with an ORC (SOFC-ORC)
system [6], and Anagelino et al. and Ji et al. investigated molten
carbonate fuel cells combined with an ORC (MCFC-ORC) sys-
tem [7,8]. Mamaghani et al. proposed an MCFC gas turbine with
an ORC (MCFC-GT-ORC) system [9], and Ebrahimi and Morad-
poor suggested an SOFC micro-gas turbine with an ORC (SOFC-
MGT-ORC) system [10]. These studies have shown that ORCs can
improve the efficiency of fuel cells by recovering energy from waste
gases.

Other studies have focused on the selection of an ORC work-
ing fluid. Wang et al. determined that R245fa and R245ca had the
best performance for the recovery of waste heat from the flue gas
in a vehicles engine [11]. Sanchez et al. proved that R245fa is the
best working fluid in terms of thermal efficiency for an MCFC-
GT-ORC system [12]. Desideri et al. experimentally compared SES36
and R245fa for waste heat recovery applications [13], and concluded
that R245fa is better than SES36 in terms of electrical power out-
put. Sun et al. investigated 400 combinations of working fluids for
a two-stage ORC using LNG cold energy [14]; and Lee and Han pro-
posed a multi-component ORC to recover LNG cold energy [15].
These studies have shown that the selection of an ORC working
fluid has a significant effect on the performance of ORC and that
the preferred working fluid depends on the intended application.

Other studies have tried to find optimal conditions and designs
for ORC systems. Li et al. studied the effect of evaporation tempera-
ture on the thermal efficiency of the ORC system and compared
the performance of a standard ORC system to an ORC system
equipped with an internal heat exchanger [16]. Sarkar proposed a
generalized pinch-point design strategy to optimize the operating
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Fig. 1. Flow diagram of the overall process for a simple ORC system integrated into an MCFC power plant.

conditions of the ORC system [17] and found that the evapora-
tion and condensation temperatures affected the performance of
the ORC system. Wang et al. evaluated five different types of ORC
systems and compared the performance of each system [18].

As mentioned, the effectiveness of an ORC system that has
been integrated into a fuel-cell power plant, the importance of the
working fluid and the optimization of these ORC systems have
been well studied. However, economic analysis is essential in order
to implement ORC systems for waste heat recovery. Most previ-
ous work has focused on the thermal or exergy efficiencies or elec-
trical power output of ORC systems, but these factors do not
guarantee economic optimization. Although several studies have
addressed the economic model of ORC systems, they estimated the
cost of the ORC system based on the capacity factor [19-21] or they
did not optimize the ORC system in terms of the economy [22].

Therefore, in this study, a simple economic model to estimate
the cost of an ORC system integrated into a 1.2 MW MCFC power
plant is proposed and a techno-economical optimization was per-
formed. The economic model to estimate the profit of the ORC
system was developed using the concept of total annualized cost,
and particle swarm optimization was used to find the optimal solu-
tion. A simulation model for ORC systems was also developed to
perform techno-economic optimization using a commercial simu-
lation software (ASPEN PLUS V10). For comparison, exergetic
optimization was also performed. Finally, to investigate the effects
of changes in key economic parameters, a sensitivity analysis was
conducted.

BACKGROUND THEORY

1. The Organic Rankine Cycle (ORC)
An ORC system is a Rankine cycle that uses an organic work-
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ing fluid with a lower boiling point than water to recover low tem-
perature heat. Therefore, the main purpose of using an ORC system
is produce electricity by recovering heat from low temperature
heat sources such as geothermal energy, solar thermal energy, and
waste heat from power plants to produce electricity.

The ORC system can be classified into several types, such as a
simple ORC, an ORC with an internal heat exchanger, an ORC
with an open feed organic fluid heater, an ORC with a closed feed
organic fluid heater, and an ORC with a reheater [18]. Among them,
a simple ORC system is adopted in this study, and the process
flow diagram of a simple ORC system used in this study is shown
in Fig, 1.

The simple ORC system generally consists of expanders, con-
densers, pumps, and evaporators. The working principle of the
ORC is very similar to the original Rankine cycle. In the simple
ORC system, working fluid is pumped to the evaporator (stream
6), heat from heat sources in the evaporator is recovered, and it is
expanded by passing through the turbine (stream 3 to stream 4).
In the turbine, part of the recovered heat is converted into useful
work. Finally; the expanded working fluid is condensed by the con-
denser (stream 4 to stream 5).

The selection of a working fluid is very important because the
working fluid has a significant effect on the overall performance of
the ORC system. The working fluid can be categorized as ‘wet] dry’
or ‘isentropic’ based on the shape of the vapor saturation curve in
the temperature-entropy (T-s) diagram. T-s diagrams for typical
working fluids in ORC systems are shown in Fig. 2. Generally, dry
and isentropic fluids are preferred over wet fluids because wet flu-
ids require a high degree of superheating at the evaporator outlet
in order to avoid two-phase conditions at the turbine outlet.

2. The Particle Swarm Optimization (PSO) Algorithm
The PSO algorithm is a population-based stochastic search
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Fig. 2. T-s diagrams of typical working fluids in an ORC system.

method that has been applied to many complicated optimization
problems. Compared to other swarm intelligence algorithms, the
PSO algorithm is easy to implement, performs well and can be
applied to many real world problems due to its simplicity [23-25].
Although the PSO algorithm cannot guarantee a globally optimized
solution, may reports have shown that it can be used to find excel-
lent near-optimal solutions [26-28].

The PSO algorithm generates a swarm of particles that fly
throughput the searching space to find the global optimal solution.
Each particle represents a candidate for the solution and is initial-
ized to a random position and velocity. Each particle updates its
position using the following equations:

) . o o
Vi =wvi+c 1 (pbest;—x;) +c,r,(gbest' —x)) (1

X=X+
where v} is the velocity vector of the j-th particle at the i-th itera-
tion; w; is the inertia weight at the ith iteration; ¢, is the self-adjust-
ment weight that pulls the particles toward pbest; ¢, is the social-
adjustment weight that pulls the particles toward gbest; r, and r,
are random numbers uniformly distributed between [0, 1]; pbest;
is the best position found by the j-th particle until the i-th itera-
tion; gbest' is the best position found by the entire swarm until the
i-th iteration; and x; is the position of the j-th particle at the i-th
iteration. In addition to Eq. (1), a detailed PSO algorithm is illus-
trated in Fig. 3.

SIMULATION MODEL AND MATHEMATICAL
FORMULATION

1. Description of the Target ORC System
In this study, the target ORC system is the one integrated into
an MCFC power plant in order to recover heat from flue gas and
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Table 1. The feed gas conditions of the ORC system

Stream No. 1 2
Temperature (°C) 390 100
Pressure (bar) 1.026 1.020
Flowrate (kg/h) 7300 7300
Composition (mol %) CO, 45 45
0, 95 9.5
H,0 19.5 19.5
N, 66.5 66.5

Table 2. Details of the developed simulation model

Input parameters Values
Property package Peng-Robinson
Pump efficiency (%) 57

Turbine efficiency (%) 72
Evaporator pressure drop (Hot/Cold) (bar) 0.006/0.2
Condenser pressure drop (Hot/Cold) (bar) 0.2/0.2
Cooling tower outlet pressure (bar) 1.013
Cooling water pump outlet pressure (bar) 3

Ambient temperature (°C) 15

Decision variables Initial values
Working fluid mass flow rate, mg (kg/hr) 11000
Turbine outlet pressure, P, (bar) 2.8

Working fluid pump outlet pressure, P, (bar) 17
Condenser outlet temperature, T; (°C) 68
Simulation results used for optimization Notation

Electricity generated by turbine (kW) W,
Electricity consumed by pumps (kW) W,
Heat exchange area values of heat exchangers (m”) A

Cooling water volumetric flow rate (m”) V.,

generate the electricity. The overall process flow diagram of the
ORC system integrated into a 1.2 MW MCEFC power plant are
shown in Fig. 1; the feed gas (the flue gas from the fuel cell mod-
ule) conditions [7,29] are summarized in Table 1, and details of
the developed simulation model are summarized in Table 2.

As shown in Table 2, the mass flowrate of the working fluid
(mg), the turbine outlet pressure (P,), the condenser outlet tempera-
ture (T5), and the working fluid pump outlet pressure (P;) were
selected as the decision variables for performing the optimization
according to the results of the degrees of freedom analysis. In addi-
tion, R134a, R152a, R245fa, n-butane and n-pentane were selected
as the working fluids for the target ORC system based on previ-
ous studies [7,30,31].

2. Mathematical Formulation

The objective function of the ORC system optimization prob-

lem is established as follows:

f=Profit=Revenue— Expenditures )

The following assumptions were used to formulate the optimiza-
tion problem:
1) The only revenue source for the ORC system is assumed to
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be the electricity generated from the turbine, and the produced elec-
tricity is connected to the power grid and sold.

2) To simplify the problem, the concept of total annualized cost
(TAC) [32,33] was applied to estimate Expenditures.

3) Only the purchase and installation costs of the main equip-
ment were considered as capital costs.

4) Only the cost of electricity was considered as an operational
cost.

Based on the assumptions mentioned above, the Revenue in
Eq. (2) can be calculated by the following equation:

Revenue=W, * Py, * t,,,, 3

As mentioned, the concept of TAC is applied to estimate the
Expenditures in Eq. (2). Therefore, Expenditures can be expressed
as follows [34,35]:

Expenditures = ]opemtion + ]L’apital (4)
]opemtion = pr * PEIEL’ * toper (5)
P
]mpital: ZPCq/tdepr (6)
q

where pe{cooling water pump, working fluid pump}; and qe
{evaporator, turbine, condenser, working fluid pump, cooling tower,
cooling water pump}. The annualized operation cost (Jyperation) Was
estimated by adding the annual electricity cost of the cooling water
pump and the working fluid pump, and the annualized capital
cost (Juqpia) Was estimated by adding a depreciation cost of all equip-
ment in the ORC system.

PC, was estimated based on previous research data [36] and
adjusted to USD in 2017 using the chemical engineering plant
cost index (CEPCI) [37] because the previous research data were
estimated in 1998. The PC, of each piece of equipment, q, can be
calculated by the following equations:

CI
Pcevap:37940 * AQ5155 5 —2017 )
Clg08
Clyy
PCcond:(198-36 * A+52635) S ———— (8)
L1908
CI
PCiower=(112.23 * V, +56221) =* 2017 ©
1998
CI
PC,pine=(—0.17 % W7 +309.13 * W,+33516) * =—= (10
1998
CI
0502 2017
Pwapump:(11974 * WWfpump) % o )
1998
Cly17
PchpumP:(52.02 x V,, +22746) * 1)

1998

where Cl,g3 and Cl,,, stand for the CEPClISs in 1998 and 2017, re-
spectively. Please note that a reciprocating working fluid pump and
centrifugal cooling water pump are assumed.

Finally, the optimization problem can be defined as follows:

max.f(x) =min. — (W, * Py, * t,,,

_(§Wp * Pelec * toper+§PCq/tdepr))

(13)
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subject to
P{"+AP,, ,<P,<P, (14)
T,<T, (15)
Ty+5<Ts<T, (16)
vy, vf,=1 and vf;=0 17)
P,<P.<P, (18)
3000<m4<20000 (19)
Te=T,pp+5 (20)
T,=Ty+5 (21)

where x is a set of the decision variables, xe {P,, T, Pg, m¢}. Egs.
(14) to (21) are the process constraints used to obtain realistic optimi-
zation results. For instance, Eq. (14) prevents cavitation in the pump
by preventing the pump inlet pressure (Ps) from falling below the
saturation pressure (Pi"); Egs. (15) and (18) prevent the ORC sys-
tem from operating in supercritical conditions as preventing the
highest pressure (P;) and the highest temperature (T5) of the ORC
system from exceeding the critical condition of a working fluid; To
ensure a practical heat exchange area, the temperature difference
between the hot and cold fluids of a heat exchanger was assumed
as 5°C in this study and Egs. (16), (20) and (21) represent it; Eq.
(17) protects the turbine and the working fluid pump from dam-
age caused by liquid droplets or vapors.

Exergetic analysis is a part of thermodynamic analysis based on
the second law of thermodynamics. The exergy efficiency can be
calculated [16,30] as follows:

W”E
T @
QIN( 1— AMB)
Tevap
Wnet = Wturhine - ZWP (23)
P

Therefore, the objective function to maximize the exergy effi-
ciency can be defined as follows:

W
net (24)

QIN( - ’}F‘AMB)

evap

max. Yope=min.—

subject to Egs. from (14) to (21).

The proposed optimization model is formulated as a non-linear
problem mainly due to the non-linearity between the decision vari-
ables (P,, Ts, Ps, mg) and the generated electricity (W, and W,). In
addition, the purchase cost (PC,) and some process variables have
a non-linear relationship in this problem as shown in Eqs. (7)-(12).
To solve the optimization problem, the ORC system simulation
model created by ASPEN PLUS V10 was integrated with MATLAB
using a component object model (COM) interface [38], and the opti-
mal solution was found using the PSO algorithm in MATLAB.

OPTIMIZATION RESULTS

This section describes the optimization results for the ORC sys-
tem. The results from the base case will be described first, followed

Table 3. Set algorithm values and parameters for the base case

Items Values

PSO settings ~ Self-adjustment weight (c,) 0.99
Social-adjustment weight (c,) 1.99
Max. iteration number 100
Number of particles 40

Parameters  Electricity sales price (P,,) [39] 0.07 USD/kWh
Capital depreciation time (t,) 20 years
Operation hours (t,.) 8059.2 hours
CEPCI (CIzom CIIQQS) [40] CI2017:672

Cl,005=436

by the results from the sensitivity analysis.
1. Base Case

The set values for the PSO algorithm and key parameters for the
base case are summarized in Table 3.

To confirm the performance of the PSO algorithm, performance
comparison between the PSO algorithm, the genetic algorithm (GA),
the simulated annealing (SA) algorithm, and the pattern search (PS)
algorithm was performed for the base case. As a result, the PSO
algorithm has the best performance among them, and the results
are summarized in Fig. 4.

As shown in Fig. 4, the PSO algorithm shows the best perfor-
mance with the lowest objective function value (—9190.2 USD/year).
The GA and the SA also found the objective function values, but
these values are higher than the value of the PSO algorithm. The
PS algorithm did not find the solution.

In addition, several simulation experiments for the base case were
performed with various initial conditions to ensure the stability of
the solution obtained by the PSO algorithm. As a result, the same
objective function values were obtained regardless of the initial condi-
tions. The results are summarized in Table 4.

Optimization results for the base case are summarized in Table
5. As shown in Table 5, the ORC system uses n-butane has the maxi-
mum Profit when the Profit objective function was maximized.
The results clearly indicate that the exergetic optimization does not
guarantee an economic optimum. The economic optimum point
of the ORC system was found when the Profit objective function
was maximized, but this is not the optimum point in terms of exergy
efficiency. The exergetic optimum of the ORC system was found
when pc was maximized, but the Profit of this case is much lower
than that of the economic optimum point.

The Profit is lower in the max. . case than in the max. Profit
case due to the high capital cost of the condenser (see Fig. 5). For
the max. Wope case, the capital cost of the condenser accounts for
about 19% of the Expenditures, whereas for the max. Profit case,
the capital cost of the condenser accounts for about 15% of the
Expenditures. As shown in Fig. 6, exergetic optimization tends to
reduce the loss of exergy in the condenser by reducing the mini-
mum internal temperature. However, this results in a high heat ex-
changer area and a high capital cost of the condenser.

In addition, the tested dry and isentropic fluids tend to perform
better than the wet fluids in terms of Profit because of their low
Expenditures. Key process variables and a detailed breakdown of

Korean J. Chem. Eng.(Vol. 36, No. 3)
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Fig. 4. Performance comparison results between optimization algorithms for the base case when the working fluid is n-butane.

Table 4. Results of simulation experiments for testing stability of the PSO algorithm

Initial conditions

Case - - - - - Objective function
No. Working fluid pump Condenser outlet Turbine outlet Working fluid value (USD/year)
outlet pressure (P, bar) temp. (Ts, °C) pressure (P,, bar) flowrate (my, kg/hr)
1 17 68 2.8 11000 9190.2
2 17 235 2.8 5000 9190.2
3 10 243 49 8000 9190.2
4 25 59 174 14000 9190.2
Table 5. Optimization results for the base case the Expenditures for the max. Profit case are given in Tables 6 and
max. Profit max. Wore 7. As shown in Tables 6 and 7, wet fluids have high operational
Profit Vorc Profit Vorc fmd capital costs for th.e workin.g fluid pump because the .operat—
(USD/year) (%) (USD/year) %) ing pressures of.wet fluids are hlglllejr than those of. dry or isentro-
pic fluids to avoid two-phase conditions at the turbine outlet.
R134a -1,037 42.02 —2,438 4445 2. Sensitivity Analysis
R152a 3,355 46.79 2,859 48.33 To perform the sensitivity analysis, T, P, and T, were selected
R245fa 6,220 41.68 4,174 46.86 as the varying variables.
n-Butane 9,190 43.80 6,780 48.60 1) Changes in the ambient temperature (T,
n-Pentane 7,379 3944 7,378 3944 Changes in the ambient temperature lead to changes in the con-

March, 2019
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Fig. 6. T-Q diagram of the condenser when the working fluid is n-
butane (Duty=603.8 kW).

densation temperature (Ts) according to Egs. (16) and (20). There-
fore, simulations were conducted to determine the effect of ambient
temperature changes on the performance of the ORC system. The
ambient temperature was varied from —5 °C to 35°C in 5 °C inter-
vals, and all other variables and parameters remained the same as
those used in the base case.

The results of this sensitivity analysis are shown in Fig. 7, and the
ORC system using n-butane is most profitable when T}, is between
5°C (not included) and 30 °C. On the other hand, the ORC sys-

Table 6. Key process variables for the max. Profit case

Profit (USD/year)

L AMB O

Fig.7. The results of the sensitivity analysis with changes in the
ambient temperature.

tem using R152a is most profitable when Tj,; is between —5°C
and 5 °C, and n-pentane is most profitable when T, is over 30 °C.
Interestingly, R134a and R152a tend to significantly increase the
Profit as Ty, decreases because they have lower boiling tempera-
tures than other working fluids.

Fig. 8 illustrates the T-s diagrams of R152a (top) and n-butane

R134a R152a R245fa n-Butane n-Pentane
Electricity production (kW) 71.63 80.63 70.67 79.78 70.70
Electricity consumed (kW) 21.82 20.20 13.49 15.52 12.17
Net electricity production (kW) 49.81 60.43 57.18 64.26 58.53
Evaporator inlet pressure (bar) 32.7 33.1 129 182 7.5

Korean J. Chem. Eng.(Vol. 36, No. 3)
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Table 7. A detailed breakdown of the Expenditures for the max. Profit case

Items R134a R152a R245fa n-Butane n-Pentane
Joperation (USD/year) Working fluid pump 6891 6073 2246 3461 1516
Cooling water pump 5421 5321 5363 5292 5351
Sum 12312 11394 7608 8753 6867
Jeapitat (USD/year) Evaporator 7864 7398 7656 7842 7893
Condenser 6462 6558 5004 5216 4702
Turbine 4224 4421 4203 4403 4204
Working fluid pump 3241 3042 1846 2294 1516
Cooling water pump 2151 2143 2147 2141 2146
Cooling tower 5191 5175 5182 5171 5180
Sum 29133 28738 26037 27066 25640
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Fig. 8. The T-s diagrams of R152a (top) and n-butane (bottom).

(bottom). As shown in Fig. 8, the T-s diagram of R152a shrinks in
area significantly as T,,; value decreases. This suggests that the ORC
system can generate more work because the area surrounded by
the blue line is much larger than the area surrounded by the red
line.

On the other hand, the T-s diagram of n-butane does not sig-
nificantly improve the performance of the ORC system because it
only slightly shrinks as the T, value decreases. These two work-
ing fluids exhibit different behaviors because they have different
boiling points. For example, the boiling point of R152a is —25°C
(at 1.013 bar) and that of n-pentane is 36.1 °C (at 1.013 bar). There-
fore, to reach the saturated liquid state at high T, R152a requires
high pressure, while n-pentane requires relatively low pressure. How-
ever, at low T,y R152a has the potential to generate more work
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Fig. 9. The results of the sensitivity analyses with changes in the flue
gas temperature (top) and changes in the electricity sales price
(bottom).

by lowering the condensation pressure as T,,;; value decreases,
while n-pentane does not.

2) Changes in the flue gas temperature (T,) and sales price of
electricity (P,

Changes in the flue gas temperature lead to changes in the amount
of work exchanged in the ORC system, and changes in the sales
price of electricity lead to changes in the Revenue. Therefore, two
simulation experiments were conducted to determine the effects
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of changes in the flue gas temperature and the sales price of elec-
tricity changes on the performance of the ORC system. The first
experiment varied the flue gas temperature from 380 °C to 400 °C
at 5°C intervals. The second experiment varied the electricity sales
price from 0.03 USD to 0.11 USD at 0.20 USD intervals, and all
other variables and parameters remained the same as those used
in the base case.

The results are given in Fig. 9 where, as shown, the Profit lin-
early increased as T, and P, increase. When P,y is less than 0.05
USD/kWh, all ORC systems have a negative Profit regardless of
the working fluid. Notably; the slope of the Profit line for each work-
ing fluid is different in relation to the changes in the P,,.. The work-
ing fluid that can generate more electricity tends to be more profitable
as P, increases, while the working fluid that requires lower Expendi-
tures tends to be more profitable as P,,. decreases. For instance, the
ORC system using n-pentane is more profitable than the ORC
system using n-butane at P,;,=0.03 USD/kWh due to lower Expen-
ditures, while the ORC system using R152a is more profitable than
the ORC system using R245fa at P, =0.11 USD/kWh due to high
electricity production.

Fig. 10 shows the tornado chart for the ORC system, where a
change in P, has the greatest impact on the Profit, while the change
in T, has the least impact. Overall, the performance of the ORC
system using n-butane is best, but the ORC system using R152a is
better at low ambient temperatures.

CONCLUSIONS

A techno-economic analysis was conducted on an ORC system
integrated into a 1.2 MW MCFC power plant. A simulation model
was developed using the commercial software ASPEN PLUS V10,

a mathematical model was developed for economic optimization,
and the concept of total annualized cost was applied to the mathe-
matical model to simplify the problem. An exergetic optimization
was also performed for comparison.

In the max. Profit case, the economic optimum point of the
ORC system was found when the ORC system used n-butane. For
the max. Wppc case, the exergetic optimum point of the ORC sys-
tem was found; however, the Profit was much lower than the eco-
nomic optimum point due to the high heat exchange area of the
condenser.

Opverall, the ORC system using n-butane showed the greatest
profit in most cases. However, the ORC system using R152a per-
formed better at low ambient temperatures (below 5 °C in this study).
This is quite an interesting result because, generally, wet fluids are
not preferred over dry or isentropic fluids in ORC systems because
they require a high degree of superheating, as mentioned in sec-
tion 2.1. However, the results of this study show that some wet fluids
can perform better than dry and isentropic fluids at low ambient
temperatures due to their low boiling points.

According to the sensitivity analysis, changes in the feed gas tem-
perature do not have a significant effect on the performance of the
ORC system, but changes in the sales price of electricity are very
critical. Notably, all ORC systems have positive profits when the
sales price of electricity is above 0.05 USD/kWh.

The results of this study show that integrating an ORC system
into a 1.2 MW MCEFC power plant can generate profit, and opti-
mization should be done from an economic point of view. In addi-
tion, the selection of a working fluid is very important, as fluid should
be selected by considering the ambient temperature and sales prices
of electricity. In future work, a life-cycle cost analysis of ORC sys-
tem that considers ozone depletion potentials, global warming poten-
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Fig. 10. Tornado chart of the ORC system.
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tials and explosion risk will be conducted in order to obtain a
more comprehensive techno-economic analysis.
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NOMENCLATURE

Abbreviations

CEPCI : chemical engineering plant cost index
COM  : component object model

GT  :gasturbine

MCEFC : molten carbonate fuel cell

MGT  :micro-gas turbine

ORC :organic Rankine cycle

PSO  :particle swarm optimization

SOFC  : solid oxide fuel

TAC  :total annualized cost

Parameters

C : self-adjustment weight

G : social-adjustment weight

i : number of iterations

j : number of particles

tepr : capital depreciation time [year]

tye  :annual operating hours [h/year]

CI, : chemical engineering plant cost index of year n
P, : critical pressure [bar]

P,. : electricity sales price [USD/kWh]
AP, :pressure drop of the condenser [bar]
T, : critical temperature [°C]

Qu : heat transferred into the system [kW]

Variables

Wore  :exergy efficiency of ORC

gbest  :best solution found by the entire swarm

m, : mass flow rate of steam n [kg/h]

pbest  :best solution found by the particle

1,1, :random numbers uniformly distributed between [0, 1]
: velocity vector

: vapor fraction of stream n

: inertia weight of PSO algorithm

: particle position

- heat exchanger area [m’]

Jepir - annuialized capital cost [USD/year]

Joperation - annuialized operation cost [USD/year]

p : saturation pressure of stream n [bar]

PC,  :purchase and installation cost of equipment q [USD]
Tus  :ambient temperature [°C]

> %% g <

T, :evaporation temperature [°C]
T, : temperature of stream n [°C]
V., : volumetric flow rate of cooling water [m’/h]

March, 2019

W, : electricity consumed by equipment p
w, : electricity generated from turbine [kW]
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