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ABSTRACT

This study assesses the performance of organic Rankine cycle-based waste heat
recovery systems under different working fluids and operating conditions. The basic
ORC (BORC) and ORC with recuperator (RORC) are investigated for power generation
and economy using toluene and benzene. Thermodynamic and economic indicators
are studied at various expander inlet temperatures, expander inlet pressure,
evaporation temperature, and condensation temperature. RORC achieves higher nth
by reducing heat source in the evaporator whereas BORC recovers more waste heat
and improves Pnet. With toluene, BORC improves Pnet when increasing the expander
inlet temperature and pressure. The lowest LCOE of 0.0532 US$/kWh is from BORC
operated with toluene at a Pnet of 349 kW and decreases with an increase in
expander inlet temperature. The addition of a recuperator adds to the costs of initial
investment and LCOE and slightly improves the performance of the ORCs for waste
heat recovery.
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1. Introduction

The fossil energy crisis and environmental concerns have emerged as serious issues in recent decades as a
result of increased global energy demand [1-5]. As the world's population grows, so does the demand for energy
in power generation and industry. Unfortunately, increased energy demand has resulted in the use of fossil fuels,
which has a negative impact on the environment. Aside from endangering the environment, a large portion of
waste heat generated during power generation is left unused [6] and discharged into the surrounding
environment, resulting in significant heat loss accounting for up to 50% of the fuel energy [7, 8]. To that end,
reusing waste heat as a useful energy source has the potential to save fuel and reduce emissions. So far, waste
heat recovery based on the organic Rankine cycle (ORC) has primarily been used to recover discarded thermal
energy from power plants to save fuel, reduce emissions, and significantly increase power production.

The suitability [9] and high efficiency [10, 11] of the ORC have made it an attractive technology [11] for
converting waste heat into useful energy. Nevertheless, the variations in the field working conditions are prone to
lower the performance of the ORC and cause failure subsequently. For instance, the ORC thermal efficiency is
reported to be less than 12%, which hinders commercial adoption [12, 13]. To date, the focus of many researchers
is on assessing the performance of ORC configurations [14-16] under variations of heat source [17-19], working
fluids [20-22], strategy control, and part-load [23-25], operational parameters [26, 27]. Song et al. [9] investigated
the performance of a 534 kW basic ORC that used six working fluids to generate power from the gas turbine's flue
gas. Their analysis revealed that varying the inlet temperatures of the heat source and the cooling medium has a
significant impact on the ORC system's mass flow rate, net power output, and heat utilization ratio. Jinglu et al. [28]
studied the performance of basic ORC (BORC) using R245fa as a working fluid for geothermal applications. The
effects of heat source, condensation, evaporation, superheating, and super-cooling temperatures were
considered. Pierobon et al. [29] used a recuperated ORC (RORC) to recover waste heat from the SGT 500 gas
turbine exhaust with temperature ranges of 350-400 °C by varying the heat source and working fluid. Chacartegui
et al. [30] examine the performance of BORC for waste heat recovery from seven commercial gas turbines
operated by employing R-113, R-245, isobutene, toluene, cyclohexane, and isopentane at different expander inlet
temperatures. The results showed that varying the expander inlet temperature with toluene and cyclohexane
improved performance and contributed to a thermal efficiency of up to 60% in the combined cycle. Liu et al. [31]
investigated the power generation performance of an intercooler gas turbine linked to a BORC using n-butane
(R600), n-pentane (R601), toluene, and n-heptane while varying the ambient temperature and heat source. When
operated with toluene, their analysis revealed a maximum improvement in net power output and thermal
efficiency of 6.08 % and 2.14 %, respectively. Algieri and Morrone [32] conducted a parametric analysis of BORC
with an internal heat exchanger operated with cyclohexane, decane, and toluene. At the ORC's expander inlet, the
effects of system saturation and superheated conditions were investigated. Ventura and Rowlands [33] explored
the performance of RORC with various working fluids at heat sources of 100 and 250 °C and expander inlet
pressure of up to 6.1 MPa. Despite the improvement of power production with RORC, there was a threshold
expander inlet pressure above which the recuperator could not have a positive impact on the power production of
all working fluids. In the preceding studies, a single type of ORC was thoroughly studied. According to Rahbar et al.
[34], BORC and regenerative ORCs are the most studied for application in low heat sources and limited operating
conditions. However, to better understand operational performance under varying operating conditions, it is
useful to compare different ORC configurations under similar environmental conditions and examine their
thermodynamic performances. Reis et al. [35] compared the performance of BORC and regenerative ORC
operated with toluene for waste heat recovery at various heat sources and discovered that BORC is capable of
heat recovery and contributed approximately 20.3 % of the electricity generated. Valencia et al. [36] compared the
thermodynamic performance of BORC, double-pressure, and RORC with cyclohexane, toluene, and acetone under
the influence of evaporating pressure. Fontalvo et al. [37] compared the waste heat recovery capabilities of BORC,
RORC, and dual-pressure ORC when using R1234yf, R1234ze (E), and R1234ze (Z) and heat sources ranging from
100 to 200 °C. Rashwan et al. [38] investigated the thermodynamic performance of BORC, RORC, and cascaded
closed loop cycles using propane as the working fluid by varying the expander inlet temperature, expander inlet
pressure, condensation temperature, and mass flow rate. As mentioned above, most ORC performance
comparisons have been conducted using lower heat sources [34]and under limited operating conditions. As a
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result, different ORC configurations are not fully understood from a technical [9] and economic [8, 39] point of
view. Apart from improving thermal efficiency, RORC has rarely been compared to other configurations,
particularly for recovering high heat sources. In this light, the thermodynamic and economic performance of BORC
and RORC for gas turbine waste heat recovery at variable heat sources and operating conditions must be
thoroughly compared.

The purpose of this study is to better understand the thermodynamic and economic performance of BORC and
RORC coupled with gas turbines while using toluene and benzene as working fluids and utilizing high-temperature
heat sources (280 and 500°C). The study is carried out by varying the expander inlet temperature and pressure, as
well as the condensation and evaporation temperatures. The effect of operating conditions on BORC and RORC
thermodynamic and economic performance is investigated. Thermodynamic indicators such as net power output
(Pret) and thermal efficiency (nw), as well as economic indicators such as net present value (NPV), rate of return
(ROR), and levelized cost of electricity (LCOE), are assessed.

2. Methodology
2.1. System Description

This study uses two cycle configurations, basic ORC (BORC) and recuperated ORC (RORC). Fig. (1a-b) depicts the
schematic diagrams of the above ORCs. The BORC (Fig. 1a) comprises of an evaporator (Evas), turbine, condenser,
and pump. At first, the waste heat is exploited from the natural gas-fueled gas turbine and delivered to the Eva;.
The working is then pressurized to the heat exchanger (HEX:) with pump (P1) to gain the heat energy, producing
elevated temperature and pressurized fluid. The pressurized fluid expands through the expander (Evai) to
perform mechanical work which then spins the generator to generate electrical energy. The discharged fluid from
the expander (Exp+) is condensed to liquid in the condenser (C;), and the second cycle starts.

The schematic of RORC configuration is shown in Fig. (1b), similar to BORC except that it contains a recuperator
to preheat the fluid before entering the evaporator (Evay). The fluid is first pressurized by the pump (P) for
simplifying the analysis, cycle 1 (ORC 2) receives the heat at first, and the pump pressurizes the working fluid to a
specified pressure (state 6-7 and state 7-8). Next, the pressurized working fluid first absorbs the heat from the
recuperator then enters to evaporator and converts to a saturated vapor (state 9-1). The saturated vapor from the
evaporator, quality = 1, expands in the expander to perform work and produce mechanical power, then generate
electricity (state 1-2). After executing the work in the expander (Exp2), finally, the saturated vapor leaves the
expander (Expz) and enters to recuperator (state 3-4) before entering the condenser for condensation, water is
used as cooling media in the condenser to reject the heat (state 5-6), quality = 0, before entering the pump (P>) to
complete the cycle.

The thermodynamic states of the BORC and RORC configuration cycles are depicted in Fig. (1c) and (1d),
respectively. The diagrams depict the temperature-specific entropy (T-s) of the two configuration cycles. The
critical information about the state points (numbers on colored regions), the heat source (red line), and the cooling
medium (blue line) is shown in Fig. (1c) and (1d).

2.2. Mathematical Modeling

Several assumptions have been made to simplify the modeling of two ORC configuration cycles to keep this
study simple. The assumptions used are listed below. The assumed parameters and boundary conditions are
given in Table 1.

i. The cycles are considered to reach steady-state conditions
ii. The potential and kinetic energy are neglected
iii. The fluid in the inlet of the pump is a saturated liquid

iv. The friction, heat losses, and pressure drop within the cycle are negligible

3
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Figure 1: Schematic diagram of (a) BORC and (b) RORC. T-s diagram of (c¢) BORC and (d) RORC.

2.2.1. BORC Cycle Modeling

The BORC cycle primarily consists of an evaporator (Evas), expander (Exp:), condenser (C7), and pump (P1).
Based on the conversation of mass and energy balance, mathematical modeling for each BORC component can

be computed.
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Table 1: Boundary condition for simulation.

Parameter Symbol Unit Value Ref.
Turbine efficiency Ne % 0.85 [11]
Evaporator efficiency Ne % 0.85 [11]
Condensation efficiency Ne % 0.85 [11]
Pump efficiency Np % 0.70
Generator efficiency Ne % 0.95
Evaporation temperature T_eva K 783
Condenser temperature T _cond K 303
Cooling inlet water temperature T_water K 288 Assumed
Ambient temperature T_amb K 298 Assumed
Ambient pressure Pamb kPa 13690 Assumed
Pinch point temperature difference PPTD K 8 Assumed

In the evaporator, the total heat energy extracted from the exhaust is given by Eqn. (1).

Qeval = mwf (hl - hS) = mext,g (heval,in - heval,out) M

where Q and Eva; stand for heat gain from the exhaust gas to the working fluid and evaporator of BORC,
respectively. m, 1, and 5 stand for the mass flow rate of the working fluid, outlet, and inlet of the evaporator. The
subscripts wf, ext, g, ext, in and ext, out stand for working fluid, exhaust gas, exhaust gas at the inlet of the
evaporator, and exhaust gas at the outlet of the evaporator.

The work output of the turbine is calculated by using Eqn. (2).

WExpl =m,; (h,—h,)=m, (h —h,)x Mexpt (2)

where W and Exp, stand for work output and expander of BORC, respectively. 1, 2, and 2s stand for enthalpy
expander inlet, enthalpy turbine outlet, and expander outlet isentropic condition.

The heat rejected by the condenser is given by using Eqn. (3).

QCl = mwf (h3 - h4) = mcw(hcw,out - I‘.\cw,in) ®

where @ and C; stand for heat removed by the condenser and condenser of BORC. The subscripts w, cw, in, and
cw, out means the cooling water, cooling water at the inlet of the condenser, and outlet of the condenser.

The work done by the pump is given by using Eqn. (4).
We, =My (hs —h,) =m, (hs, - h4)/77P1 (4)
where WP1 and P1 stand for work of the pump and pump of BORC respectively.

Net power output of the BORC is computed by using Eqgn. (5)
Wnet :WExpl _WPl (5
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Thermal efficiency of BORC

Wne
M = —2-x100% (6)

Qeval

where W represents the work, the subscripts net and mean net, and thermal nw, respectively.

2.2.2. RORC Cycle Modeling

The RORC cycle comprises of evaporator (Evay), expander (E2), recuperator (R;), condenser (), and pump (P2).
The mathematical modeling for each RORC component is given below.

Heat gained by the working fluid in the evaporator of RORC (Evay)

QevaZ =My (hl - h5rec) = mext,g (heva2,in - hevaz,out) (7)

The work done by the turbine (T)

WExpz =m,; (h,=h,) =m, (h —hy ) x Nexp2 (8)

Heat added in the recuperator (R»)

QrecZ = mwf (h5rec - hs) 9)

where the subscript R, stands for recuperator.

The heat rejected by the condenser 2 ((;) is given by

QCZ =M, (thec - h4) (10)

where the subscript C; means condenser for the RORC.

Work done by the pump 2 is expressed as

Wo, =m,, (hy=h,)/ 7, (11)

Net power output of the RORC is computed as

Wnet :WEpo _WPZ (12)
Thermal efficiency
Thn = %XlOO% (13)
Qevaz

2.3. Working Fluid Selection

The choice of the cycle working fluid is a critical stage for the optimal cycle configuration, aiming to match the
energy requirement. Moreover, the peer selection process of the working fluids requires bearing in mind several
factors such as heat source temperature, safety, fluid stability, environmentally benign, non-flammability, non-
toxicity, low viscosity, and cost. In this section, the level of heat source from the gas turbine recovered accounts for
fluid section criteria. The list of the commonly used working fluids from the previous studies that have been

6
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adopted in this study is shown in Table 2. The fluid candidates are benzene and toluene, chosen due to their high
critical temperatures below the heat-source temperature. All thermodynamic properties for the selected fluid are
retrieved from the CoolProp database.

Table 2: Thermodynamic properties of the working fluid [11, 40].

Molar Mass Critical Temperature Critical Pressure | Boiling Point ODP GWP
Fluid Name | Chemical Formula
(g/mol) (49 (Pa) (°0) ) )
Benzene CeHe 78.11 288.9 4.894 80.17 0 low
Toluene CHg 92.14 318.6 4.126 110.6 0 low

2.4. Economic Modeling

The economic assessment of ORC's system investment includes both direct and indirect costs (IC). DC
considers the cost of purchased equipment (PEC) and operation and maintenance (O&M), whereas IC includes
other costs, as shown in Table 3. The cost of the turbine, pump, condenser, evaporator, and recuperator is
included in the equipment investment, as shown in Table 3. The PEC for ORC equipment shown in Table 2 is
calculated as the sum of individual PEC components, with the cost of working fluids disregarded in this study.

2.4.1. Economic Indicators

The economic feasibility of the ORC investment is performed by using a net present value (NPV), levelized cost
of electricity, and rate of return on investment. The approach for NPV has been adopted from [11, 40, 41], and is
given in Egn. (14). From Eqgn. (14), /e and Ico2 are the annual income due to fuel and CO; savings. The /rel
associates with the energy generated by the ORC which enables a deduction of load on the gas turbine.

Table 3: Assumed parameters for economic modeling [11].

Total Capital Investment (TIC) |+l
Fixed capital investment (FCI) DC+IC
Direct cost (DC)
Purchased equipment costs (PEC) 15% PEC
Purchased equipment installation piping 35% PEC
Instrumentational and controls 12% PEC
Electrical equipment and materials 13% PEC
Indirect cost

Engineering and supervision 4% DC
Construction costs and contractor’s profit 15% DC

Contingencies 10% of (a &b)

Others cost

Startup costs 4% FCI

Working capital 15% FCI
Costs of licensing, research, and development 7.5% FCI
Allowance funds used during construction 7.5% FCI
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Hence, the saved fuel can be sold to the market subsequently. A reduction of load on natural gas reduces fuel
combustion and CO, discharge consequently. In that case, CO, saving restores the money that could be paid as
carbon

21

e +1
NPV =3 -1 S92 _M TIC
2y M (14)

The net present value (NPV) is calculated using the annual income from electricity sales, the cost of CO;savings,
and the annual expenses. The CO; emitted by the gas turbine is calculated using the fuel consumption approach.
The CO; emissions from the ORC's annual energy generation can be calculated using a conversion factor of 0.0133
kgCO./kWh, 65 g(fuel)/kWh [41], and an electricity cost of 0.122 US$/kWh in Thailand. Mf is set to 0.9 [36]to
account for maintenance and operation costs. According to the information provided by Pierobon et al. [41], the
reasonable amounts for discount rate | and project lifetime (n) are 6% and 20 years, respectively. As shown in
Table 3, the total cost of investment (TIC) includes the cost of components as well as other costs. Table 4 shows
cost correlations used to compute the purchasing cost of ORC components.

Table 4: Cost correlations for ORC's components.

Equipment Cost Correlation Ref.
1-0.808
Pump PEP, =378 {1+ (1—HW‘§’-“ [11]
—n,
Generator PEP,e, = 6OW9%25 [11]
Turbine PER, =—16610+ 716W, > [11]
. 08
Evaporator PEC,,, = 3650 —Jea [11]
Im,eva
Condenser PEP. =30800+890A2%" [11]
Recuperator PEC,, =11256+579A% [42]

The levelized cost of electricity (LCOE) is given in Egn. (15). The total production cost is the sum of the total
annual direct cost of manufacturing (Comc) and fixed cost, as given in Eqn. (16) [8]. The computation of Cpmc and
Crix are shown in Table 5.

21 C
TPC
CTIC + Z
t=1

LCOE = — =+ (15)
Z el
= (@+i)
with
Crre =Cone +Cix (16)
and
|\/Iel = Hannual ><aneeltec :0'9><365X24><V\/neeltec (1 7)
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where LCOE is the levelized cost of electricity (US$/kWh), Me is the annual generated electrical energy (kWh), i is the
annual discount rate, set 7% [4], t is the operational year (t=1,2,3,4....). (Comc) and fixed cost, as given in Egn. (16)
[8]. The computation of Comc and Crix are shown in Table 5.

The rate of return (ROR) is articulated on an annual percentage basis. The net earning is the annual income
associated with the electricity selling divided by the cost of investment (TIC) and multiplied by 100 as given in Eqn.
(18)

net earnin
ROR - €L €arning (18)

IC

Table 5: Computation of direct manufacturing and fixed costs [8].

Particular Description Formula
Direct cost Direct manufacturing cost Comc
Utilities Cooling water 14.8 US$/1000m?
Wages and benefits Cwg = 3.5% Crpc
Salaries and benefits Csg = 25% Cwe
Maintenance
Materials and services Cws = Cwe
Maintenance overhead Cmo = 5%Cws
Fixed costs Fixed manufacturing costs Crix
Property taxes and insurance Cost of property taxes and liability insurance Cpi = 2% Crpc

3. Equipment and Parameters

When analyzing the performance of ORC systems, the waste heat input required to produce the power output
at different heat source temperatures is the most important factor to consider. The flue gas from the SIEMENS
SGT-400 gas turbine is used in this study to generate the waste heat. Table 6 shows the design specifications of
the gas turbine. Under different expander inlet temperatures, expander inlet pressure, condensation
temperature, and different working fluids, the thermodynamic and economic performances of BORC and RORC
are compared at 280 °C and 500 °C. To achieve a good match between heat source and heat sink temperatures
and cycle boundary conditions, the critical temperature of the working fluid is essential for the selection of
working fluids for the recovery of 280-500 °C flue gas.

Table 6: Design specification of gas turbine SGT 400 [43].

Particular Description
Model SIEMENS SGT-400
Gross power output 10.5 MWe
Gross efficiency 35.4%
Exhaust gas temperature 510°C
Exhaust gas mass flowrate 34.2 kg/s
Gross heat rate 10,173 k)/kWh
Fuel Natural gas, liquid fuel, dual-fuel
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The performance of BORC and RORC was studied in terms of technical and economic. The technical indicators
include thermal efficiency and net power output whereas economic indicators include net present value (NPV),
rate of return (ROR), and levelized cost of electricity (LCOE). To complete the cost analysis in economic analysis the
summary of assumed parameters is listened in Table 7.

Table 7: Summary of the assumed parameters for cost-benefit analysis.

Parameters Symbol Unit Value Ref.
Interest rate i % 6 [2]
Operation and maintenance cost(non- dimension factor) Ms - - [13]
Life time of investment n year 20 [2]
Depreciation period year 10

Price of fuel (natural gas) US$/kg 0.678

Unit cost of electricity US$/kWh 0.122
Operating time op hrs 8760 [13]

3.1. Validation

For validation, the performance of BORC is compared with those obtained in the literature. Despite numerous
studies on the performance of various working fluids, there have been few studies on the performance of the
BORC with 200 to 400 kW operating on Toluene or Benzene. Preliminary BORC results obtained by Dai et al. [44]
and Rashwan et al. [38] are used to validate the findings of this study. The two studies employed Ammonia as a
working fluid in the BORC. The thermodynamic properties of ammonia and other operating parameters used
during the validation of their works are listed in Table 8.

Table 8: Summary of the input parameters used for validation from literature.

Input Parameter Dai et al. [44] Rashwan et al. [38] Present Study
Working fluid Ammonia Ammonia Ammonia
Heat source temperature 145 °C 460 °C 400 °C
Amount of heat input 1274 kW 10 MW
Expander inlet temperature 135°C 200 °C 280°C
Expander inlet pressure 3900 kPa 3900 kPa 3600 kPa
Condenser temperature 25°C 40 °C 40 °C
Condenser pressure 1003 kPa 1369 kPa 1369 kPa
Ambient temperature 20°C 25°C 25°C

The net power output is regarded as an important parameter for validating our study, and it is compared to the
literature studied by Dai et al. [44] and Rashwan et al. [38]. Fig. (2) shows a comparison of the net power output in
kW versus the expander inlet pressure in the bar. According to the results of the present study, the net power
output has a reasonable shape and the values are consistent with those of previous studies concerning the cycle's
maximum pressure. The present study-Rashwan et al. [38]-and the present study Dai et al. [44] show about 4%
and 7% deviations at the peak of net power output, respectively. The observed deviations can be attributed to
differences in the input parameters such as heat source temperature, heat input, expander inlet temperature, and
pressure, as well as assumed parameters such as pump and expander efficiencies, and condensation
temperature. Thermal efficiency and net power output, as shown in Table 9, are in good agreement with Dai et al.

10
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[44] and Rashwan et al. [38]. As a result of the good agreement between the present study and the literature, the
proposed configuration is a solid choice for further investigation.

180
=== Dai et al.
160
et Rashwan et al
140 e Present study
120
S 100
g
o 80
60
40
20
0 L
10 20 30 40 50 60 70 80
Maximum pressure (bar)

Figure 2: Comparison of the present study with previous studies by Dai et al. [44] and Rashwan et al. [38].

Table 9: A summary of the comparison between the present study and results from Dai et al. [44] and Rashwan et al.
[38] when ammonia is used as the working fluid.

Input Parameter Dai et al. [44] Rashwan et al. [38] Present Study
Ammonia mass flow rate (kg/s) 0.931 0.931 0.931
Thermal efficiency (%) 12.10 1217 12.28
Peak net power output (kW) 147.90 157.883 161.781

4. Results and Discussion
4.1. Effect of Expander Inlet Temperature

Fig. (3a-b) shows the effect of expander inlet temperature on net power output and thermal efficiency for
BORC and RORC configurationss operating in toluene and benzene, respectively. The expander inlet temperature
considered in this study ranges from 530 to 850 K, with the expander inlet pressure remaining constant at 3600
kPa. Fig. (3a) depicts a similar trend of net power output (Pner) of the BORC when operated with toluene and
benzene. At lower expander inlet temperatures of up to 580 K the surge in Pne is observed, which is attributed to
the high capability of the working fluid to absorb more flue gas's energy. The Pnet Of the BORC increases steadily as
the expander inlet temperature rises. Toluene performed well on Ppe, reaching a maximum value of 349.48 kW at
850 K. At the same temperature of 850 K, benzene achieved a maximum Ppe; of 339.84 kW. In the RORC system, a
similar trend of increasing Pnet With inlet expander temperature is shown in Fig. (3b). Due to the effectiveness of
the recuperator, a sharp increase is observed at lower expander inlet temperatures of up to 610 K, gradual rise up
to 850 followed by a K. With toluene as the working fluid, the RORC achieved a maximum Pne; of about 349.45 kW.
The maximum Pne: of RORC with benzene was 339.81 kW at an expander inlet temperature of 850 K. Overall, BORC
had the highest Pner compared to RORC because BORC gained more input heat than RORC while exhibiting more
irreversibility. However, the good performance of toluene, as demonstrated in both ORC systems, was also
reported in [45] and claimed to be an energy-efficient fluid for heat sources with temperatures above 350 °C. The
effect of the expander inlet temperature on the thermal efficiency (nw) of the BORC and RORC is depicted in Fig.
(3a-b). When the expander inlet temperature rises, nu in BORC rises sharply to the peak and then gradually falls
until the expander inlet temperature reaches its maximum. At the expander inlet temperature of about 610 K, the

11
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BORC achieved the highest nw of 27.06% and 26.89 % when operated with toluene and benzene, respectively. For
a given expander inlet temperature, nw is similarly increased and then decreased until the expander inlet
temperature reaches its maximum. At the expander inlet temperature of 580 K, the maximum n of the RORC
reached 33.30 % and 32.44 %, respectively. When compared to BORC, RORC has the highest nw in both working
fluids. Toluene and benzene have increased in nw by approximately 17.12 and 17.10 %, respectively. The increase
in N in RORC is due to the addition of a recuperator, which can use the remaining heat after the turbine to pre-
heat the working fluid before the evaporator [44]. In other words, RORC has a higher thermal efficiency than BORC
because its average temperature of heat transfer is higher, but its average temperature of heat transfer to the
environment is lower.
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Figure 3: Effect of expander inlet temperature in (a) BORC and (b) RORC.

Increasing the expander inlet temperature raises the Pne: of BORC and RORC, with the maximum Prec Observed
at the peak temperature. Because of more heat added to the working fluid, BORC achieved higher power with
toluene. In contrast, increasing the expander inlet temperature results in a tiny increase in nw, especially at lower
temperatures, while further increasing the temperature results in a gradual fall in nu. As a result, the addition of
the recuperator could not significantly improve the performance of the ORCs for waste heat recovery.

240 §

(@) 280 34 (b) 280 34
270 1 r32 270 1 ¢ F 32
L 30 L 30
260 ] 260
P L 28 s WIS
4 X ~
=250 = = 250 ] - =
2 S 2 F 26 &
g F 26 2
= 240
L 24 F 24

230 A —w=—Toluene |[ 7y

230 § == T0luene L 22
=== Benzene

e Benzene

070 [ MMM —————————— 20 —— T
1600 2800 4000 5200 6400 7600 8800 10000 1600 2600 3600 4600 5600 6600 7600 8600 9600

Maximum expander inlet pressure (kPa) Maximum expander inlet pressure (kPa)

20

220
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4.2. Effect of Expander Inlet Pressure

The effect of expander inlet pressure on Pnec and thermal efficiency for BORC and RORC configurations
operating in toluene and benzene, respectively as presented in Fig. (4a-b). This section varied the expander's inlet
pressure from 1600 to 9600 kPa, while keeping the expander's inlet temperature constant at 700 K. Fig. (4a)
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portrays a similar trend of the BORC's Pnet When operated with toluene and benzene. At expander inlet pressures
of up to 4000 kPa, a sharp increase in Pt is observed, which then maintains the profile of both working fluids. As
a result, at this stage, the Pner Of the BORC slightly increases as the expander inlet pressure increases. This is
because increasing the expander inlet pressure increases the enthalpy difference on the expander, which
contributes to a small increase in Pnet. ON Pret, toluene performed well, reaching a maximum value of 275.14 kW at
9600 kPa. Similarly to benzene, it achieves a maximum Pre; of 274.36 kW. In the RORC system, Fig. (3b), a similar
pattern of increasing Pne: with inlet expander pressure is depicted. A maximum Pre; of approximately 271.74 kW
was achieved with toluene as the working fluid. With benzene, RORC's maximum Prer was 260.27 kW at an
expander inlet pressure of 9600 kPa. Finally, BORC experienced the highest Pner compared to RORC.

The effect of the expander inlet pressure on the nw of the BORC and RORC is shown in Fig. (4a-b), respectively.
The nw in BORC increases with expander inlet pressure up to 4600 kPa, and then gradually decreases until the
expander inlet temperature reaches its maximum. When the inlet pressure reaches 9600 kPa, the n of toluene
and benzene is 27.03 and 26.8%, respectively. Maximum n of the RORC reached 33.1 and 33.22 %, respectively, at
the expander inlet pressure of 9600 K. For a given expander inlet pressure, N is similarly increased and then
decreased because the pump's power consumption increases, causing nu to decrease consequently [38].
Compared to BORC, RORC has a higher nw in both working fluids. Toluene and benzene have increased in N by
approximately 18.33 and 19.32 %, respectively.

In summary, increasing the expander inlet pressure reduces the Pne and nwm of BORC and RORC. Despite the
drop, BORC had the highest Pne, while RORC had the highest nw. Aside from nw enhancement, Ventura and
Rowlands [33] reported that there is a threshold point at which a recuperated ORC with any fluid could not have a
positive enhancement. To recover waste heat energy, varying the expander inlet pressure is not a viable option
because Pnet drops dramatically when compared to varying the expander inlet temperature.

4.3. Effect of Condensation Temperature

Fig. (5a-b) presents the effect of condensation temperature on Pnet and ne of the BORC and RORC with toluene
and benzene used as a working fluid. This section varied the condensation temperature from 20 to 42 °C with an
increment of 2°C, while keeping the heat source, the expander's inlet temperature, and pressure are kept constant
at 400°C, 700 K to 3600 kPa, respectively. However, in most cases, to reach maximum nw« the operating
condensation temperature for ORC should range between 15°C to 20°C [46]. As observed in Fig. (5a-b), the
maximum Prer and N are depicted at the lowest condensation temperature. Beyond 20°C both Pner and nw drop
monotonically in both BORC and RORC. Consequently, these falls happen since the ambient temperature is higher
than the onset condensation temperature, finally, the working fluids can be fully cooled down to achieve higher
power output. Therefore, it is recommended that the condensation temperature should not fall below onset if the
ambient temperature is lower.
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Figure 5: Effect of condensation temperature in (a) BORC and (b) RORC.
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4.4. Effect of Evaporation Temperature

The effect of evaporation temperature on Pner and nw for BORC and RORC configurations operating in toluene
and benzene, respectively as shown in Fig. (6a-b). The evaporation temperature is varied from 280 to 500 °C while
maintaining the expander's inlet temperature and pressure constant at 427 °C and 3600 kPa, respectively. When
the evaporation temperature rises, the Pne of BORC and RORC rise sharply to 320 and 340 °C, respectively,
followed by a gradual rise until the evaporation temperature reaches its maximum. The changing trend of Ppe: is
caused by an increase in turbine inlet temperature and a decrease in working fluid mass flow as evaporation
temperature rises [47, 48]. Toluene performs well on BORC and RORC Py at the highest evaporation temperature
of 500 °C, achieving maximum values of 321.77 and 349.45 kW, respectively. Furthermore, as the evaporation
temperature rises, the nw of BORC and RORC rise sharply up to 360 °C and then fall for both toluene and benzene
fluid. Toluene, on the other hand, has the highest nw of 24.76 and 26.01 % of BORC and RORC configurations,
respectively, because nw and inlet enthalpy of the evaporator are proportional. Because of the gradual increase in
the evaporator's inlet enthalpy, nw eventually reaches a fixed value for both configurations.

(@) 390 - - 27 (b)390 4 27
: 26 ]
340 b o 340 : 4—‘ F 26
] E 25 1
] £ ] F 25
290 B! 24 290 ] ]_'
= ] E 23 & = [
< 240 o 2., “g
e 1 22 2| | 5 2401 =
o b 2 23 =
190 E 21 . ]
s 190 H
] = 20 ] 22
140 A —w=—"Toluenef
] = Benzne - 19 140 ] = Toluene | [ 21
90 LU B S B S S B e B B B S B B B S B HE N L 18 E —u—Benzne
250 300 350 400 450 500 9 +—r—"v—"m———rrr+————"F 20
Evaporation temperature (°C) 250 300 350 400 450 500
Evaporation temperature (°C)

Figure 6: The effect of evaporation temperature on Pnet and nt of (a) BORC and (b) RORC systems using toluene and benzene
as working fluids.

4.5. Net Present Value

The net present value (NPV) of BORC and RORC as a function of expander inlet temperature is shown in Fig.
(7a-b), expander inlet pressure in Fig. (7c-d), and condensation temperature in Fig. (7e-f). The NPVs in Fig. (7a, c, e)
were observed when the BORC and RORC were operated with toluene, whereas Fig. (7b, d) and (f) were observed
when the BORC and RORC were operated with benzene. It is observed that when the expander inlet temperature
is varied, the higher Pnet results in a greater NPV (Fig. 7a-b). Furthermore, because of the higher Pne, BORC
achieves a higher NPV than RORC (Fig. 7a). BORC has a higher NPV because it captures more heat energy from
exhaust flue gas and converts it into useful energy while having a low total investment cost (TIC). Reis et al. [35]
reported a similar result of higher NPV when BORC was operated with toluene as the working fluid. When
compared to benzene, toluene demonstrated a higher NPV with BORC, whereas benzene demonstrated an early
turn toward positive NPV. Toluene and benzene achieved maximum NPVs of approximately US$ 815,483.17 and
US$ 685,132.40, respectively, at P, of approximately 349 kW and 340 kW. From Fig. (7a-b), it is clear that the NPV
for the lifetime of 20 years is slightly higher at 730 K and 820 K for BORC and RORC, respectively, with toluene. The
NPV of BORC and RORC in the case of benzene begins to increase at a temperature of 730 K. As a result, the most
suitable temperature range for the expander inlet is 730 to 820 K.

The NPV as a function of Pne effectuated by the variation in the expander inlet pressure is shown in Fig. (7c-d).
When affected by expander inlet pressure, both BORC and RORC appear to struggle to achieve higher NPVs. Due
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to an increase in the expander's inlet pressure, the enthalpy difference on the expander increases, resulting in a
slight increase in Pner. Consequently, because of the low Pnhet, BORC, and RORC both struggled to achieve high
NPVs, regardless of the working fluid used (Fig. 7c-d). Therefore, for BORC and RORC with heat sources of up to
673 K and operated with toluene and benzene, varying the expander inlet pressure from 1600 to 9600 kPa would
be unnecessary because it would have no benefit on the NPVs,
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Figure 7: Net present value of BORC and RORC as a function of Pnet when operated with (a, ¢, e) toluene and (b, d, f) benzene.

Fig. (7e-f) depicts the variation of NPV as a function of Pnet under the influence of condensation temperature.
The evaporation temperature of toluene and benzene was set at 500 °C. The condensation temperature ranged
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from 20 to 42 °C. The condensation temperature has a significant impact on the NPV of BORC and RORC. It was
discovered that at a lower condensation temperature of 20 °C, a higher Pne: was produced because the working
fluid temperature dropped rapidly and absorbed more heat energy from the heat source. Consequently, the
higher Pnet resulted in higher NPVs. In Fig. (7e-f), the NPV is shown to increase monotonically as Pnet increases. It is
obvious that at a condensation temperature of 20 °C, in Fig. (7e-f), toluene could achieve a maximum Ppnec of 293
kW, resulting in NPVs of approximately US$ 123,658.66 in BORC and US$ 111,911.61 in RORC. Furthermore, when
compared to RORC and other working fluids, BORC quickly achieves positive NPV with toluene as the working
fluid. As a result, for waste heat recovery, a lower condensation temperature would result in higher Pner and NPV.
But for temperatures below 15 °C, the working fluid will be further cooled after condensation, which will cause a
delay in phase charging after the evaporator. The condenser will also be larger and more expensive, which will
reduce ORC system performance as well as its efficiency and effectiveness. To obtain a condensation temperature
below 15 °C, however, a cooling medium with a temperature of 5-7 °C is required, which is not readily available in
most hot countries. This necessitates the purchase of additional equipment, such as a chiller, which has financial
implications.

4.6. Rate of Return

The rate of return (ROR) of BORC and RORC as a function of expander inlet temperature is shown in Fig. (8a-b),
expander inlet pressure in Fig. (8c-d), and condensation temperature in Fig. (8e-f). The RORs in Fig. (8a, ¢, e) were
observed when the BORC and RORC were operated with toluene, whereas Fig. (8b, d) and (f) were observed when
the BORC and RORC were operated with benzene. In Fig. (8a-b), it can be seen that ROR increases exponentially as
Pnet increases. BORC and RORC achieved a maximum ROR of about 26.11 % with toluene at a maximum Ppe; Of
349.45 kW. When used with benzene as the working fluid, BORC and RORC achieved a maximum ROR of 25.39 %.
Furthermore, toluene performed well in terms of ROR, achieving the highest ROR of 26.11 % at the maximum
expander inlet temperature of 850 K, which is 2.76 % higher than benzene.

Fig. (8c-d) illustrates the variation ROR as a function of Pnec under the influence of expander inlet pressure. In
the case of toluene, increasing Pne: causes ROR to rise to 20.61 % and then remain constant until Pne: reaches its
maximum. In contrast, ROR increases with Pnet up to 20.76 % for benzene and then gradually decreases until Pret
reaches its maximum. It is worth noting that the highest ROR of approximately 20.79 % was obtained with BORC
operated with benzene at 277 kW, which corresponds to an expander inlet pressure of 7600 kPa. Fig. (8e-f) shows
the ROR as a function of Pnec under the impact of condensation temperature. It can be seen from Fig. (8e) that with
the increase of Pner, ROR increases proportionally. It is evident that with BORC, the maximum ROR reached
approximately 21.96 and 21.62 % for toluene and benzene, respectively. However, the numerical values are very
similar for the two working fluids i.e., Toluene and benzene since the molecular weights of the two working fluids
are very close while the results show that when the Pnec of BORC is 292.87 and 288.37 kW, the difference in ROR
when operated with toluene and benzene is 0.34%, indicating that BORC with toluene has a higher ROR than with
benzene.

4.7. Levelized Cost of Electricity

The levelized cost of electricity (LCOE) of BORC and RORC as a function of Pne influence by expander inlet
temperature is shown in Fig. (9a-b), expander inlet pressure in Fig. (9¢c-d), and condensation temperature in Fig.
(9e-f). The LCOEs in Fig. (9a, ¢, e) were observed when the BORC and RORC operated with toluene, whereas Fig.
(9b, d, and f) were observed when the BORC and RORC operated with benzene. The LCOE sharply drops as Pnet
increases from 102 to 220 kW in toluene and 105 to 221 kW in benzene, as shown in Fig. (9a-b). Subsequently, the
LCOE gradually declines until it reaches its maximum. At Pner Of 349 kW, RORC and BORC had the lowest LCOE
approximately 0.0534 US$/kWh and 0.0532 US$/kWh, respectively, when operating on toluene. In contrast, with
benzene had the lowest LCOE of 0.0547 US$/kWh and 0.0549 US$/kWh at Pner of about 340 kW, respectively. With
these results, it is worth noting that the BORC with toluene has the lowest LCOE of 0.0532 US$/kWh at @ Pnet of 349
kW and an expander inlet temperature of 850 K.
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Figure 8: Rate of return (ROR) of BORC and RORC as a function of Pnet when operated with (a, ¢, e) toluene and (b, d, f)
benzene.

Under the influence of expander inlet pressure, LCOE reaches the lowest values of 0.0676 US$/kWh at a Pnet of
263.7 kW in both RORC and BORC operated with toluene. In contrast, RORC and BORC with benzene had the
lowest LCOE of 0.0673 US$/kWh at a Pnet of about 277.4 kW, respectively. The effective expander inlet pressure
required to achieve the lowest LCOE in toluene and benzene is approximately 9600 kPa.

When influenced by the condensation temperature, LCOE falls drastically with the increased Pner and attains
the lowest value of 0.0635 US$/kWh at Pnet of 292.87 kW in BORC with toluene and condensation temperature of
20 °C. As the condensation temperature dropped, the ORC's Pnet increased. As a result, the RORC achieved a
higher Pnet of 292.90 kW with toluene than in BORC. Despite having a higher Pne, the LCOE of RORC with toluene
was higher (0.0637411 US$/kWh) than that of BORC (0.0635 US$/kWh). This is because RORC has a higher
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equipment cost than BORC. To demonstrate the risky practice of bottom-up cost estimation for ORC plants, this
paper compares BORC and RORC start-up costs from the literature with costs obtained from a rough bottom-up
estimate. The research focuses on ORC for waste heat recovery.
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Figure 9: Levelized cost of electricity (LCOE) of BORC and RORC as a function of Pnet when operated with (a, ¢, e) toluene and (b,
d, f) benzene.

The heat source is a low-medium temperature (150-250°C) gas turbine flue gas stream. The ORC system was
integrated into the plant by utilizing an intermediate of two selected working fluids, namely Toluene and Benzene,
as well as a flue gas heat exchanger. A centrifugal pump, expander, and generator comprise the ORC system.
Condensation occurs in an air-cooled evaporator, which is a plate heat exchanger. The estimated initial cost of
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investment for BORC and RORC are presented in Fig. (10). The BORC costs about US$ 74, 578.63 which is 0.35%
lower than the RORC. The higher cost of the RORC is due to the addition of a recuperator. The estimation of the
purchased cost of the equipment was based on 400 kW. ORC. As shown in Fig. (10) the most expensive equipment
are Evaporator and condenser. In BORC the total equipment cost as in the RORC evaporator accounts for 45.54%.
These cost proportions are in line with those estimated in [31, 49].
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Figure 10: The breakdown of initial investment cost of (a) BORC and (b) RORC.
5. Conclusion

To better understand the performance of the organic Rankine cycle (ORC) for waste heat to power generation,
a basic ORC (BORC) and an ORC with recuperator (RORC) with two different heat sources and working fluids are
investigated. Operational effects, such as expander inlet temperature, expander inlet pressure, evaporation
temperature, and condensation temperature, were used to examine the performance of the ORCs and determine
the best working conditions from both a thermodynamic and an economic standpoint. Technical performance
consists of net power output and thermal efficiency, while economic analysis consists of net present value (NPV),
rate of return on investment (ROR), and levelized cost of electricity (LCOE). The following are the main conclusions:
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From a thermodynamic standpoint, the BORC can convert more waste heat to useful energy to increase net
power output, but at the expense of thermal efficiency. Increasing the expander inlet temperature and
pressure could significantly improve the BORC's net power over the RORC. Furthermore, evaporation
temperature increases the net power output proportionally, whereas condensation temperature decreases
the net power output of the ORCs.

A better thermal efficiency is achieved by RORC than BORC. Increasing the expander inlet temperature and
pressure could not appreciably enhance the thermal efficiency of ORCs. Despite of little improvement,
RORC achieved higher thermal efficiency than the BORC one. Likewise, evaporation and condensation
temperatures showed a slight improvement in thermal efficiency.

In terms of economics, heat source has a significant impact on the net present value of BORC and RORC.
The high NPV is due to higher net power output, which is influenced by expander inlet temperature and
pressure.

The rate of return on investment of both BORC and RORC improves exponentially with an increase in
expander inlet temperature and slightly improves with an increase in expander inlet pressure and
condensation temperature.

The lowest LCOE of 0.0532 US$/kWh is from BORC operated with toluene at a net power output of 349 kW
and decreases with an increase in expander inlet temperature.

Toluene performed better with BORC in net power output, quickly achieved positive net present value,
attained a higher rate of return, and the lowest levelized cost of electricity.

The additional of recuperator adds the costs of initial investment and levelized cost of electricity of the
system and does not improve the performance of the ORCs for waste heat recovery.

Nomenclature
ATim,eva Temperature pinch difference m Mass flow rate
A Area (m?) Mel Annual generated electricity
BORC Basic organic rankine cycle NPV Net present value
Comc Direct manufacturing cost ODP Ozone depletion potential
Crix Fixed cost ORC Organic rankine cycle
cP Specific heat capacity (kJ/kg K) PEP Purchase equipment cost
CPI Cost of property taxes and liability insurance Pret Net present value
Crec Total purchasing cost PPTD Pinch point temperature difference
cw Cooling water Q Amount of heat flow rate (kW)
DC Direct cost Oeva Heat rate in the evaporator
EXP Expander ROR Rate of return
FClI Fixed capita investment RORC Recuperator organic rankine cycle
GT Gas turbine s Entropy (kg/kJ. K)
GWP Global worming potential T Temperature
h Specific enthalpy (kg/kJ) TCl Total cost of investment
i Interest rate W-- Power
IC Indirect cost W, Pump work
K Kelvin Wr Turbine work
LCOE Levalized cost of electricity
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Subscript

c condenser

e evaporator

extg exhaust gas

ext,in exhaustin

g generator

in inlet of each point
net net

out outlet of each point
P pump

t turbine

wf working fluid
Greek symbols

Nen Thermal efficiency
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