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INTRODUCTION

The combination of growing environmental consider- global energy transition to incorporate alternative and
ations, the necessity to increase the efficiency of conven-  low-carbon power technologies such as hydropower, solar
tional energy systems, and the need to close the energy thermal, biomass, and waste heat recovery [1-9]. Moreover,
demand and supply gaps has increasingly accelerated the applications of waste heat recovery-to-power such as those
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for electricity generation have become a paradigm shift in
advancing power generation systems for efficiency ben-
efits and reductions in fuel demand, pollutants, and green-
house gas emissions [3,10,11]. Consequently, a great deal
of advanced (modified) Rankine cycles have been tech-
nologically and creatively utilised [3,5,6]. Among these,
the trilateral cycle (TLC), also referred to as the trilateral
flash cycle or the trilateral wet vapour cycle, is a viable heat
recovery to power cycle [3]. The TLC is advantageous for
low-to-medium temperature heat recovery-to-power appli-
cations because of its high performance at relatively low
compression work [3,5], in particular, from non-isothermal
heat sources [12]; the thermal match between the exergy of
the heat source temperature profiles and the working fluid
[3,5]; and moderate operating pressures so that its usage is
economically feasible to generate shaft work for power gen-
eration or other applications [5,13].

A number of thermo-techno-economic feasibility stud-
ies on novel power cycles for heat recovery-to-power appli-
cations have been carried out. McGinty et al. [14] conducted
a techno-economic feasibility survey of a pilot TLC power
generator test rig in a steel production plant. They investi-
gated three diverse heat sources and reported an expected
annual power recovery of 782 MWh from these heat sources.
Yari et al. [15] carried out an exergoeconomic assessment of
the TLC, ORC, and Kalina cycle for low-grade waste heat
recovery. They reported that a rise in the TLC’s expander
inlet temperature led to a rise in its net work output and a
reduction in the product cost of the TLC power generator,
which differed from the ORC system. Though the TLC can
attain a higher net work output when compared with the
ORC and Kalina cycle power generator systems, its cost of
components was significantly influenced by the isentropic
efficiency of the expander. Lecompte et al. [16] carried out
a thermo-economic comparison of optimised ORC, tran-
scritical Rankine cycle and TLC at 100°C to 300°C tempera-
ture range. They reported that the thermo-economic of the
cycles was promising, in particular, the TLC. Though the
costs of the initial investment for the considered transcriti-
cal Rankine cycle and TLC were often higher than the ORC
for similar net work output.

Despite the TLC’s promising thermodynamic, techni-
cal, and cost performances when compared to ORC and
other advanced Rankine cycles, a review of the relevant
literature revealed knowledge gaps regarding the poten-
tial advantages of the various TLC configurations from
thermo-techno-economic perspectives [17]. Furthermore,
for a wider spread of resource exploitation, knowledge,
specific policy and governance supports, critical strategic
issues of cost benefit analysis (costs for the system, opera-
tion and maintenance), payback time and most of all the
perceived technical risks of the TLCs must be considered to
enable their development for commercialisation. Thus, this
paper presents the thermo-economic analysis of a variety of
TLC power generator configurations (saturated subcritical

simple (non-recuperative) and recuperative cycles), operat-
ing with n-pentane as the working fluid for low-grade waste
heat recovery-to-power generation.

METHODOLOGY

For low-grade waste heat recovery-to-power genera-
tion, the thermo-economic analysis of a variety of saturated
subcritical simple (non-recuperative) and recuperative
trilateral-cycle (TLC) power generator configurations using
n-pentane as the working fluid was conducted, taking into
account the components and ancillary equipment, the
energy input investment costs, as well as the operation
and maintenance costs. From published literature, pri-
mary information on the technical, thermodynamic, and
economic components was acquired. The Aspen Process
Economic Analyzer® was used to create and apply the
thermo-economic process models. Based on their thermo-
economic performances, two distinct TLC configurations
- the simple and recuperative TLC power generation sys-
tems — were taken into consideration. The following vari-
ables were calculated and analysed in this study: specific
investment costs (SIC), investment ratio, profitability index,
internal rate of return (IRR), net present value (NPV), and
payback period (PBP).

System Description

The simple TLC consists of four key components, which
are feed pump, heater, two-phase expander and condenser;
and four basic thermodynamic processes. These thermo-
dynamic processes include the isentropic compression of
the working fluid by the feed pump (processes 1 to 2); the
addition of high-temperature heat at constant pressure by
the heater (processes 2 to 3); the expansion of high-pres-
surised heated working fluid by the expander (processes 3
to 4); and the rejection of working fluid low-temperature
heat in the condenser (process 4 to 1). The high-pressurized
and heated fluid is fed into the expander, where shaft work
is produced to power an electric generator, in a manner
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Figure 1. The simple trilateral-cycle configuration.
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Figure 2. The recuperative trilateral-cycle configuration.

similar to the Rankine cycles. The subsequent condensation
of the produced vapour-liquid content initiates a new cycle.
Figure 1 depicts the simple TLC configuration, indicating
its key components.

The recuperative TLC consists of five key components,
namely the feed pump, recuperator, heater, two-phase
expander, and condenser, as well as five basic processes,
one of which is the latent heat recovery at the expander
exhaust in addition to the simple TLC processes (process 5
and 2). The recuperator, an internal heat exchanger (IHE),
is an addition that distinguishes the recuperative TLC from
the simple TLC that does not use a recuperator but instead
bleeds the latent heat at the expander exhaust. In contrast
to the simple TLC, the recuperator at the expander outlet
bleeds the working fluid’s latent heat, which is then used
to pre-heat the high-pressurised sub-cooled liquid at the
pump output following the expander’s flash expansion.
Figure 2 depicts the recuperative TLC configuration, indi-
cating its key components.

Thermo-economic Analysis

The feed pump, expander, and the generator sizing and
costing for each cycle were based on their power output or
consumption, which were also utilised as the component
capacity index in the cost estimation. Likewise, each heat
exchange equipment, which includes the heater, condenser
and THE were sized based on the total heat exchange area.
The total heat exchange area is the sum of heat exchange
areas for all its zones. Hence, the total heat exchange rate,
HXR, to or from the working fluid can be expressed using
Eqn. (1) [18]:

“h.
Qinx

HXR, = —"
" UxXE, XAT,,

(1)

Where Q/*is the rate of heat input to the heat exchanger,
ATlm is the logarithmic mean temperature difference

Table 1. Cost coefficients and correlations for components
cost estimation of the simple and recuperative TLC power
generator systems

Component A F, K, K, K,
Pump Vi{)(hp) 2.7 9.0073  0.4636 0.0519
Expander W (kW) 1 22476 14965  -0.1618
Generator kw

P
C, =1,850,000 X
11,000

P is the generator power output
Source: [20]; [21])

Table 2. The component size factors of the simple and
recuperative TLC power generator systems

Component A F,. C, C, C,
Heater HTA (m?) 1 10.106  -0.4429 0.0901
Condenser HTA (m?) 1 9.5638  0.5320  -0.0002

Source: [18]; [19])

between the shell (hot) side and the tube (cold) side, F, is
the correction factor, and U is total heat exchange coefhi-
cient obtained from the heat transfer design coeflicients for
the working fluid of the heat exchanger. The logarithmic
mean temperature difference, AT, can be computed using
Eqn. (2) [18]:

T ..—-T )—(T, . —T..
ATlm — ( hs,i+1 cs,z) ( hs,i cs,z—l) (2)
I”((Ths,m - Tcs,i )/(Ths,i - Tcs,i—l )

To obtain the logarithmic mean temperature difference
(AT, ), the varying temperature for the hot side (Ths) and
cold side (Tcs) of the TLC power systems temperature data
were used. The size of the feed pump, S ) AN be expressed
using Eqn. (3) [19]:

Sy =VH (3)

Where Vis the volumetric flow-rate and H is the pump
head. The size of the expander S, can be determined using
the expander power rating for the power output as the
working fluid is expanded [19,20]. Tables 1 and 2 present
the cost coefficients and component size factors correla-
tions used to estimate the component cost of the simple and
recuperative TLC power generator systems. The correla-
tions for component-based costs (indexed in the year 2013)
as contained in Chemical Engineering Plant Cost Index
(CEPCI) was employed for component sizing and costing
[21]. For up-to-date component-based costs, year-to-year
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conversion variations were introduced with the logarithmic
correlations of component size factors (A) with cost index
CEPCI2019 = 607.5.

Evaluation of Thermodynamic Parameters and
Investment Cost of System Components

The thermodynamic properties and costs of the men-
tioned system components were used in this study to
evaluate the investment cost. The established component
cost correlations for common industrial equipment were
used to estimate the costs of the essential components [22].
Established correlations for conventional equipment were
used to estimate the component-based prices because there
was little information available, if any, about the actual
component costs of the TLC systems. The component-
based costs were evaluated using the TLC power genera-
tion systems’ thermodynamic properties. The established
logarithmic correlation of the component size factors was
used to determine the expander’s component-based cost.
This component-based cost can be expressed using Eqn.
(4) [21]:

Log, C, =K, + K, Log, (A) + K| [Log  (A)]*  (4)

Where C, is the component-based costs, A is the com-
ponent attribute and K1, K2 and K3 are the determined cost
coeflicients for the equipment types. The component-based
cost for feed pump, heater and condenser was estimated
using the exponential correlation of the component size
factors. This component-based cost can be expressed using
Eqn. (5) [19]:

C,=exp{C,+ C, [In A] + C,[In A} (5)
Where C, C, and C, are the cost coefficients, A is the

component attribute (or size factors). When the capac-
ity of the to-be-estimated component differs from those

of known costs, the cost of the component was estimated
using the correlation in Eqn. (6) [21]:

oy
b b

Where C and A are the equipment cost attribute and
component size factors of the required (unknown) com-
ponent, C, and A are the known component-based cost
and size factors, and n is the exponent for cost correlation.
However, this exponent n changes per equipment type, e.g.
0.94 for generator (see Table 1), which provides a rough
approximations of the actual cost. When the technical
details of selected components are obtainable, but their spe-
cific component cost are unknown, the costs may be com-
puted using the actual component cost correlations. Hence,

the actual component cost, C can simply be expressed
using Eqn. (7) [23]:

C,=C,-FF, (7)

Where F, is the material factor and F, is the correction
factor. Finally, the costs of materials and labour were sub-
ject to inflation, implying that the cost figures for a variety
of years were directly incomparable. The best manner for
updating the historical data is through composite cost indi-
ces, which are the weighted average indices of various com-
ponents costs. The composite cost indices can be computed
using the Eqn. (8) [20]:

c.=c [’_] (8)
y Iy

Where Cx and Cy are the costs in years’ x and y respec-
tively, and Ix and Iy are the cost indices for the respective
years. Table 3 presents the thermodynamic parameters and

Table 3. Thermodynamic parameters and estimated component cost coeflicient of the simple and recuperative TLC power

generator systems

Cycle Configurations  Net Power Output Basic Component  Obtained Thermodynamic Component Cost
Values Coeflicient (A)
Simple 134.1 kW Feed Pump Vi; =5.003 (hp) 6.7091
Heater Q,, = 610.4 (kJ/kg) 0.0518
Expander W_=139.1 (kW) 139.1
Condenser QW ,=476.2 (k]/kg) 0.04
Recuperative 145.9 kW Feed Pump Vﬁ; =5.003 (hp) 6.7091
Recuperator Q,ep = 436.1 (K] /kg) 0.037
Heater Q, = 6104 (kJ/kg) 0.0518
Expander W, =150.9 (kW) 150.9
Condenser Q= 464.5 (kJ/kg) 0.0212
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estimated component cost coefficient of the simple and
recuperative TLC power generator systems. These were
used for computing the component-based costs of the
cycles.

Economic Indicators

The feed pump, heater, expander, condenser, and gen-
erator, among other essential and auxiliary pieces of equip-
ment, as well as the installation and construction costs,
were used to assess the TLCs’ overall investment costs. The
cash flow for each cycle was the money obtained from the
sale of the electricity produced at an energy price and tariff
of 0.0675 $/kWh after deducting the variable costs, which
included the costs of operation and maintenance. Based
on the predetermined assumptions and recommendations
made by Fontalvo et al. [22], an estimation of the start-up,
other fixed capital investment component, and operation
and maintenance costs was made. The following assump-
tions were made for the economic evaluation of the cycles.
The TLC power generator system has a 20-year period of
economiic life, a capacity factor of 98%, an average infla-
tion rate of 5% and a linear depreciation of over five years.
Hence, the specific investment cost (SIC) of the power gen-
erator can be simply computed using Eqn. (9) [24]:

EEC+0¢ MC

SIC= (9)

net

Where EEC is the estimated equipment cost, O&MC
is the operation and maintenance cost and Wnet is the net
power output. The investment ratio, the ratio of net elec-
trical power output to the total equipment costs, was uti-
lised for comparing the investment alternatives. Unlike
the levelised cost of energy, the investment ratio does not
just appraise the time value of money but also consider the
investment alternatives. The investment ratio, y can simply
be computed using Eqn. (10) [25]:

— I/i/vnet (10)
2.1, Estimate Equipment Cost,

Y

Where n and i are the index numbers for the main com-
ponents of the TLC configuration. A 20-year economic life
of the system was assumed, and after the 20 years, no sal-
vage value was considered in this study because the systems
are assumed to have no salvage value. A 5% interest rate was
employed for the analysis, and other assumptions were the
electricity price and tariff of N24.97 ($0.0675) per kWh for
household consumers with demand levels of >5 kW <50 kW
as obtained at the Ibadan Electricity Distribution Company
(IBEDC), Nigeria [26]. The present value coefficient that
correlates with a future cash flow with present value can be
computed using Eqn. (11) [24]:

First Cash flow = Yearly Operation Hours x
Price of Electricity x Total power output (11)

Another economic indicator or tool used to evaluate
the cycles economic profitability was the net present value
(NPV). NPV, the sum of the present values of incoming and
outgoing cash flows; i.e., total cash flows during the eco-
nomic life cycle of an investment over a period of time, can
be computed using Eqn. (12) [27]:

NPV =B, —Cpy =3, oy, S 12
TR0 TS0 iy T (4 gy (12)

Where, Bt= j denotes the investment’s benefit cash flow
for each year and Ct=j is the investment’s cost cash flow for
each year, including cost of installation at the start of system
operation. The profitability index (PI) or cost benefit ratio,
referred to as an option to express the investment criteria, is
an index of the ratio of the benefit cash flow’s present value
to the investment cost. The PI can be computed using Eqn.
(13) [28]:

n Bf:j
B j=0 “n
p1=ﬂ=ﬁ (13)
Co Co

The simple PBP computation, a preliminary judgment
of economic feasibility, was used to obtain the PBPs of
each TLC power generator system employing the simple
PBP computation. The PBP, defined as the amount of time
required to recover the cost of an investment or the required
number of years that the NPV would attain a zero value, is
the ratio of the initial investment to the annual return. It
may be estimated using Eqn. (14) [29]:

Initial investment ($
($) (14)

Pay back time =
Annual Return

Where the annual return is the product of the energy
produced annually (in kWh/year) and the price of energy
transmitted (in $/kWh). In these computations, the opera-
tion and maintenance costs were neglected because these
costs are negligible in comparison with the capital costs and
cash flow [30]. The internal rate of return (IRR), defined
as the critical interest rate when the NPV is equal to zero,
must always be greater than the operating interest rate for
an economically viable investment. The IRR may be com-
puted using Eqn. (15) [24,31]:

Bt
0 (15)

SO T vy
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Thermodynamic Modelling

The different elements of the cycle’s steady-state ther-
modynamic models, corresponding to their thermody-
namic processes, were established and implemented using
the Engineering Equation Solver (ESS) on the basis of the
working conditions and thermo-physical requirements of
the described systems [3,5,8]. The working fluid’s potential
and kinetic energy variations, heat transfer in the cycles,
pressure drop, and heat loss by the systems are negligible,
as well as the fact that all thermodynamic processes of
TLCs and their constituent parts are modelled and imple-
mented at steady-state conditions, are some of the specific
philosophical assumptions and other conditions made. By
connecting the separate component models of the cycles,
the thermodynamic simulation models of the cycles were
implemented and established. The following power outputs
were obtained: net power output, expander power, pump
power, heat input, heat output, and recuperated heat [3,6,8].

Modelling using Aspen Plus

The process simulators Aspen Plus and Aspen HYSYS,
which use the sophisticated software interface Aspen
Process Economic Analyzer (APEA), were employed for
process simulations using the cubic Peng-Robinson equa-
tion of state, adopted for computing the thermo-physical
parameters of the working fluids. The process simulator’s
features, including equipment sizing, an information data-
base, and process conditions, made it possible to estimate
project costs quickly and precisely [32]. Through the APEA,
a method of economic evaluation was used. When integrat-
ing the simulation model into APEA, the unit operations
were manually created using specific components and
matched to distinct equipment cost models. The simple and
recuperative TLC power generator systems were developed

using important choice criteria (such as component sizes
for each design configuration) and their cost assumptions
(such as initial investment cost and operation and mainte-
nance cost) to implement the economic evaluation.

Figures 3 and 4 depict the developed thermo-economic
feasibility simulation models of the simple and recuperative
TLC power generator systems, indicating the key compo-
nents and the working fluid flow principle. Figure 3 out-
lines the model of the simple TLC and its working fluid flow
principle within the system components. It showed how
the process model was not reinforced with IHE. Figure 4
outlines the model of the recuperative TLC and its work-
ing fluid flow principle within the system. It depicted how
the process model was reinforced with two IHEs used as
the recuperator. These two IHE are the components INT1
and INT?2, incorporated to bleed heat from the fluid at the
expander flow outlet to preheat the feed pump outlet’s sub-
cooled liquid before the heating by the heater.

RESULTS AND DISCUSSION

Figure 5 shows the thermal efficiency and net power
output variation of the simple and recuperative trilateral
cycles (TLCs) with expander inlet pressure at the cycle high
temperature of 473 K. Figure 5(a) showed that the simple
TLC’s thermal efficiency ranged from 20.13% to 21.97%,
with a corresponding net work output of 131.6 to 135.1
kW. Figure 5(b) showed that the thermal efficiency of the
recuperative TLC ranged from 23.29% to 23.91%, with a
corresponding net work output of 145.9 to 152.2 kW. At
each cycle’s high temperature, they showed that there were
maximum limiting and ideal pressures for the thermal effi-
ciencies and their related net work outputs, respectively. As
the cycles’ inlet pressure limits increased from 2 to 3 MPa,
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Figure 3. Layout of the simulation model of the simple TLC.
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Figure 4. Layout of the simulation model of the recuperative TLC.

their thermal efficiency also increased. Up until the individ-
ual optimum pressures were reached, their corresponding
net work outputs increased with an increase in inlet pres-
sure and thereafter decreased with an increase in pressure.
These increases are due to a rise in the total heat transfer
capacity per mass of the working fluid injected into the
expander, which rises proportionately with an increase in
the expander’s intake pressure, indicating an ideal pressure
ratio between the expander’s inlet and output pressures [8].

Table 4 presents the estimated and percentage costs of
the simple and recuperative TLC power generator systems.
It depicted that the highest percentage component cost of
the simple and recuperative TLCs were the heaters, which
had 67.76% and 74.46%, respectively. The cost of the heat-
ing for the recuperative TLC was much higher than that

of the simple TLC because of the cost variation of the heat
exchange area for the recuperation process (i.e., the addition
of the internal heat exchanger) and its ancillary equipment.
The relative thermodynamic performance improvement of
the preheating process augments the high-pressurised sub-
cooled liquid by the feed pump with the bled latent heat
from the exhaust of the expander, decreasing the heat load
on the condenser. The total heat exchange areas of the heater,
recuperator, and condenser are influenced by the operating
conditions, which have a direct effect on their costs. It has
been established that by minimising the unit heat exchange
area with optimal high pressures, the system cost is much
lower than maximising the energy performance of the sys-
tem [33]. The reduction in the quantity of heat input from
the heater of the recuperative TLC directly influenced the
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Figure 5. Variation of thermal efficiency and net work
output with expander inlet pressure a) simple TLC and b)
recuperative TLC.

heat exchange area with a lower value of the component
cost coeficient (see Table 4). The high cost of heaters for
both systems represents the huge thermal energy added to
the cycles [27]. If these component costs can be reduced,
the cycles might be viable for electric power generation
without massive subsidies.

These findings of the estimated equipment cost for the
cycles were computed from the cost of each component
of the simple and recuperative TLC power generator sys-
tems, respectively. The equipment cost has been reported
that it cannot ultimately justify the economic feasibility of
any power system due to a lack of inclusion of other invest-
ment cost components such as freight, maintenance, engi-
neering, or instrumentation [20,22,33]. Besides, despite
the high net power output obtained from the recuperative
TLC, more costs were incurred on the equipment to actu-
alise the differential in net power output compared to the
simple TLC. However, the equipment cost of the simple
TLC power generator system was lower with reasonable net
power output, making the simple TLC system more feasi-
ble. The total investment costs obtained were $3,303,199.16
and $3,785,549.22 for the simple and recuperative TLC
power generator systems, respectively, which compared
favourably with the findings of a similar analysis reported
by Toffolo et al. [23]. This confirmed that a change in the
cost of investment causes a relatively greater change in the
power system’s net present value (NPV).

Based on the simulation experimentation of the process
models for the TLC power generator systems with the esti-
mated total cost of investment and thermodynamic param-
eters (used as the input parameters), the investment ratio
(i.e., the ratio of power to cost for the different cycle con-
figurations) and profitability analyses of the systems were

Table 4. Estimated and percentage costs of the simple and recuperative TLC power generator systems

Cycle Configurations  Basic Component Estimated Component Cost $)  Components Cost (%)

Simple Feed Pump 71,898.5 14.79
Heater 279,461.8 57.49
Expander 89,766.0 18.47
Condenser 3,605.0 0.74
Generator 41,410.4 8.51
Total Estimated Equipment Cost 486,141.7100

Recuperative Feed Pump 76,668.9 13.76
Recuperator 66,273.7 11.90
Heater 279,461.8 50.16
Expander 89,766.0 16.11
Condenser 3,549.8 0.64
Generator 41,410.4 7.43

Total Estimated Equipment Cost

557,130.6100
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the trilateral-cycle power generator systems.

carried out. The analyses revealed that the simple TLC was
more economical than the recuperative TLC power genera-
tor system using n-pentane as the working fluid. The simple
TLC exhibited a lower investment ratio of 0.24 while the
recuperative TLC exhibited a higher investment ratio of
0.28. It has been established that the lower the investment
ratio of any power cycle, the more economically feasible
and favourable the cycle configuration [25]. The investment
ratio was insensitive to the thermodynamic improvement
of adding a recuperator to the recuperative TLC. These
findings highlight that the choice of any cycle configura-
tion due to the equipment cost could significantly affect
the power generation economics. However, power genera-
tion may still be quite favourable. The profitability index
for simple and recuperative TLC power generator systems
was 4.13 and 3.97, respectively. It has been established that
for any investment to be efficient, the profitability index is
expected to be more than a unit [23]. The internal rate of
return (IRR) revealed that the investments on the cycles
have a return of 7.34% and 7.14% for the simple and recu-
perative TLCs, which is higher than the interest rate of
5% and so, a higher yield of the IRR as positive NPVs of
the cycles were established. These results suggest that the
simple TLC is a more cost-effective cycle when compared
with the recuperative TLC at either optimum net power or
thermal efficiency.

Figure 6 depicts the comparison of the specific invest-
ment cost (SIC) for the simple and recuperative TLC power
generator systems. The simple TLC exhibited a lower SIC
of 3,683.88 $/kW while the recuperative TLC exhibited
a higher SIC of 4,220.41 $/kW. These values compared
favourably with the findings of a similar analysis reported
by Budisulistyo and Krumdieck [25]. Jung et al. [34] car-
ried out a techno-economic feasibility study of an organic
Rankine cycle (ORC) for power generation from waste heat
of a refinery plant. They reported a SIC of 2,500 to 3,500 $/

200 - W Simple TLC  MRecuperative TLC
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Figure 7. Variation of the estimated NPV with operating
year of the trilateral-cycle power generator systems.

kW. However, a high value of SIC was obtained for the recu-
perative TLC due to the price of the additional components
such as the recuperator and its ancillaries in the recupera-
tive TLC configuration.

Figure 7 depicts the variation of the estimated NPV with
operating years for the simple and recuperative TLC power
generator systems. It can be observed that the estimated
NPV, i.e., throughout the economic life cycle of the invest-
ment cycle, the total cash flows gradually increase with an
increase in the number of operating years. The non-uni-
form gradient can be attributed to variations in electricity
prices and tariffs, which are usually subject to review based
on the annual inflation rate, fuel costs, generation capacity
availability, and subsidies [26]. A comparative assessment of
the cumulative NPV curve depicted that the initial cost of
investment may be recovered within the economic life cycle
of the investment on the cycles; that is, an estimated pay-
back period (PBP) of 8.43 years of operation for the simple
TLC compared to 8.55 years for the recuperative TLC. The
gradient of the slope of the estimated NPV curves demon-
strated that the simple and recuperative TLC power gen-
erator systems were both economically feasible. The SIC,
electricity price, and tariff have been identified as the major
factors that influence the profitability of the investment. It
has been established that a reduction in the SIC might be
accomplished by enhancing the plant’s manufacturing tech-
nology and management or by gaining government-offered
environmental incentives and subsidies [24,35]. Moreover,
the electricity price and tariff rate can possibly increase at a
rate greater than inflation because of the various issues that
include the volatility of gas prices, foreign exchange rates,
and the actual daily generation capacity reflecting the secu-
rity of supply issues [25].

Figure 8 depicts the variation of the simulated NPV
with operating years for the simple and recuperative TLC
power generator systems. It can be observed that the
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Figure 8. Variation of the simulated NPV with operating
years of the trilateral-cycle power generator systems.

simulated NPV of the investment on the cycles gradually
increases with an increase in the number of operating years
after investment recovery. A comparative assessment of the
cumulative NPV curve depicted that the simulated PBP was
8.37 years of operation for the simple TLC, compared to
8.48 years for recuperative TLC. These simulated values of
PBP from the process models of the cycles show an early
year of investment recovery for the TLC power generators,
which compared favourably with the estimated values of
8.43 years and 8.55 years for the simple and recuperative
TLCs, respectively. The gradient of the slope of the simu-
lated NPV curve exhibited that the simple and recuperative
TLC power generator systems were both economically fea-
sible. The assessment of NPV against the operating years for
the simple and recuperative TLCs exhibited a trend that a
longer lifetime of the system would increase the cumulative
NPV and as well diminish the discount rate. However, it can
be observed that the NPV of the recuperative TLC increase
with the operating years and are much higher than those
obtained for simple TLC after the investment cost recovery.
This can be attributed to the higher power output that was
obtained from the recuperative TLC due to the addition of
the recuperator, which directly affects the profit obtained.
Figure 9 depicts the comparison of the PBPs for the
simple and recuperative TLC power generator systems. The
PBPs demonstrated that investing in the cycles would begin
to yield profits around the eighth year of simple TLC opera-
tions and the ninth year of recuperative TLC operations
for up to 20 years. The closeness in the number of years
required for the initial investment cost recovery for the
recuperative TLC power generator system can be attributed
to its higher power output that consequently increases the
annual revenue cost of the system. The simulated values of
PBP of the simple TLC exhibited an early year of investment
recovery of 8.37 years and the recuperative TLC exhibited
an early year of investment recovery of 8.48 years, compar-
ing favourably with their corresponding estimated values of

m Simulated

m Estimated

8.55

85

8.45

8.4

835

83

Payback period (Years)

8.25
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Trilateral-cycle power generator systems

Recuperative TLC

Figure 9. Comparison of the payback periods for the
trilateral-cycle power generator systems.

8.43 years and 8.55 years. Despite the improvement in ther-
modynamic performance due to the recuperation process,
the later investment recovery of the recuperative TLC, com-
pared with the simple TLC power generator, can be attrib-
uted to the additional cost of the recuperator, which makes
the recuperated system not attractive in most cases [36].

CONCLUSIONS

A thermo-economic analysis of the simple (non-recu-
perative) and recuperative trilateral cycle (TLC) power gen-
erator systems and their cost-benefit analyses were carried
out to assess their competitiveness relative to other advanced
(modified) Rankine cycles and provide crucial information
that cannot be obtained simply from thermodynamic anal-
ysis. For this study, the process models of the simple and
recuperative TLC were developed, established, and imple-
mented using Aspen Plus to carry out their feasibility study
and cost-benefit analysis. The specific investment costs of
the simple and recuperative TLCs were 3,683.88 $/kW and
4,220.41 $/kW, and their profitability indexes were 4.30 and
4.08, and their payback periods (PBPs) were 8.43 years and
8.55 years, respectively. The simple TLC exhibited a lower
investment ratio of 0.24 compared to a higher investment
ratio of 0.28 for the recuperative TLC. These economic val-
ues suggest that the simple TLC power generator system is
more cost-effective when compared with the recuperative
TLC because the thermodynamic performance improve-
ment scheme of the recuperation process (i.e., the addition
of an internal heat exchanger) and water cooling savings do
not recompense the associated cost, making it unattractive
at most operating conditions.
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