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ABSTRACT 

Organic Rankine cycle (ORC) has huge potential for its ability to effectively using the low-grade waste heat. In this 
work, standard-ORC and regenerative-ORC are both considered in the thermodynamic and thermo economic analysis of 
utilizing the low-temperature waste heat from circulating water in the sulfuric acid workshop (SAW) of a smelter. 
Adopting the Non-dominated Sorting Genetic algorithm (NSGA-II), the best working fluid is selected and five decision 
variables are optimized automatically. Accordingly, the data and corresponding figures such as Pareto frontiers are output 
thereafter. Results show that there are 47 working fluids that meet the requirements of critical temperature, among which 
R21 shows the highest exergy efficiency (EXE). Of all three types of fluids, isentropic fluids’ critical temperature shows 
the most obvious linear relationship with the EXE, and the dry fluids, especially perfluoropentane, is best suited to 
increasing the EXE through regenerative-ORC. By using ORC, the mass flow of circulating water (heat source of the 
cycle) can be significantly reduced, and considerable power generation can be provided. 

INTRODUCTION 
The use of low-grade waste heat has received great attention over the past few years. Compared with high-grade 

waste heat, the low-grade waste heat has lower temperature and smaller heat flux, which therefore results in certain 
difficulty of recycling and using the low-grade waste heat. However, as it abounds with massive amounts of energy, 
researchers have attached great importance to the recycle and use of the low-grade waste heat. U.S. Department of 
Energy (DOE) has conducted a research, which shows that 20%~50% of waste heat can actually be recycled (Becquin 
and Lehar., 2012), whereas low-grade (<230℃) and medium-grade (230～460℃) waste heat can hardly generate 
electricity through water or steam cycle. Currently, scholars are conducting numerous research focusing on the 
conversion process from waste heat to electricity. Different cycles apply to different situations. Compared to Kalina 
Cycle, Goswami Cycle, supercritical CO2 Cycle and trilateral flash Cycle (Saha et al., 2019), ORC has wider application 
due to its available component and cycle simplicity in the use of low-grade waste heat. Unlike standard Rankine cycle, 
using organic fluid as working fluid, ORC enables the cycle to better adapt to different heating temperatures. However, 
as the low-grade heat source will inevitably exert great impact on the thermal efficiency and exergy efficiency (EXE) of 
the cycle, it is therefore necessary to optimize the working fluid, parameters and components of the cycle. 

Present studies on the ORC optimization are mainly based on theory or model. As fluid properties, e.g., the critical 
temperature, can influence the cycle, scholars focus mostly on the fluid selection in an effort to improve the cycle 
efficiency. As for the fluid selection, present researches divide fluids into HC, HFC, CFC, etc. Although some studies 
have classified the fluids in accordance with the slope of saturated vapor line, they cover few types of fluids. (Aljundi et 
al., 2011) compared the influence that different dry fluids exert on the ORC efficiency and considered the influence 
exerted by the fluid critical temperature. (Scaccabarozzi et al., 2018) studied the optimization of ORC fluid selection 
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using PGS-COM and thermal integration. (Xu et al., 2018) proposed to optimize the thermal and economic performance 
simultaneously utilizing NSGA-II. (Castelli et al., 2019) compared 72 pure fluids and 30 binary azeotropic mixtures and 
optimized the cyclic variables such as pressure, temperature and mass flow, and the economy was systematically 
optimized too. (Saha et al., 2019) classified 52 working fluids and did a multi-objective optimization, and the thermal 
conditions of standard-ORC and regenerative-ORC were compared concurrently. 

In addition to the selection of working fluids, the optimization of cycle components is another major research 
direction. In order to pursue optimization, present studies have compared the difference among the standard cycle and the 
internal heat recovery cycle, the extraction heat recovery cycle, and the two-stage compression cycle. However, most of 
the studies did not thoroughly discuss the impacts exerted by different fluids on the cycle components. Also, these studies 
failed to achieve the dual objective optimization of thermal efficiency and economy. (Yuanshu et al., 2015) proposed a 
CRORC system which combined the reheating, the regenerative extraction and the inner thermal regeneration, and 
optimized the CRORC based on the exergy analysis. (Meinel et al., 2014) presents Aspen Plus simulations of a two-stage 
ORC concept with internal heat recovery. (Xinle et al., 2020) proposed a new type of exhaust compressed recycle ORC 
system. 

Most of the waste heat in liquid form was carried by water and existed in steel, printing and dyeing industries 
(Shengming, 2014). In a sulfuric acid workshop (SAW) of a smelter in Beijing, due to the different temperature of 
materials that need to be cooled at each point, in order to facilitate operation, the plant originally adopted circulating 
water at 30 ~ 38℃. However, the circulation quantity of cooling water is extremely large, which caused a drain on the 
cost of total cycle. In fact, the minimum temperature of all materials needed to be cooled was only about 45℃, which 
was to say that the upper limit of temperature difference between inlet and outlet of circulating water could be extended 
to 15℃ if the lower limit of temperature was 30℃, reducing the circulating water quantity with required cooling capacity 
provided. 

In this study, the circulating water in SAW is cooled by ORC, and the net output work of ORC is used to generate 
electricity. For the working fluid and circulation analysis, the fluid is divided into dry fluid, wet fluid and isentropic fluid, 
and the standard-ORC (SORC) and internal regenerative ORC (RORC) are considered simultaneously. Finally, a series 
of parameters and images optimized thermodynamically and economically by NSGA-II algorithm are analyzed. 

METHODOLOGY 
In this part, the application model and related parameters are described, and two types of cycle are introduced. Then, 

for a large scale of working fluids, the classification and selection are done. After analysing two objective functions 
based on thermodynamics and economy respectively, the optimization method NSGA-II is introduced and used to 
optimize the variables of the cycle. 

Model parameters and cyclic process 
This section describes the parameters of the application model and the preset of some variables, and briefly 

introduces the components and fundamental of SORC and RORC. 
To comprehensively analyze both the thermodynamic and thermo economic effect, the NSGA-II algorithm is applied 

here as an optimization method and the application model adopted has several parameters that need to be predetermined. 
Cooling water or secondary refrigerant can be generally used as the cold source. But for cooling water, due to limited 
condensation temperature, the cooling temperature needs to be higher than 0℃, which inevitably limits the efficiency of 
ORC with low temperature heat source. Thus, this paper uses the secondary refrigerant with the triple point temperature 
below 0℃ as the cold source. Ethylene glycol is used here, and its three-phase point temperature is 103.99K (call 
Refprop subroutines), satisfying the lower limit of temperature needed to improve the cycle efficiency. 

The lower condensation temperature undoubtedly improves the cycle efficiency to a certain extent. But, although the 
variation range of the condensation temperature expends because of the ethylene glycol, due to the range of applicability 
of the working fluid in cycle (such as R114, whose minimum temperature of applicability is 273.15 K), some refrigerants 
cannot carry out the cycle if the condensing temperature is too low. The condensation temperature is set at 275K here.  

A suitable mass flow is vital to reduce the quantity of circulating water. Take R245FA as an example and change its 
mass flow rate, as shown in Fig. 1. Higher the mass flow, lower the efficiency. However, when the temperature 
difference is at a fixed value (the range of temperature difference between the inlet and outlet of heat source as the 
decision variable is controlled within 15~30K), the EXE will no longer decrease obviously with the increase of mass 
flow. In order to compare the optimization effect brought by the program, this paper takes 10kg/s as the flow value for 
analysis. In the final calculation of the flow reduction, the mass flow of 450kg/s is set to basically balance with the 
original required cooling capacity in the industry. Table 1 lists the parameters and their values of the application model.  

Table 1 Parameters and their values of the application model 
Category Parameter Value Note 

Heat source (circulating water) Inlet temperature 45℃ Control flow 
Heat source (circulating water) Mass flow rate 10kg/s  
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Cold source (secondary refrigerant) Inlet temperature -15℃  
Condenser Condensing temperature 275K  

Pump Internal efficiency 80%  
Turbine Isentropic efficiency 85%  

Shaft Mechanical efficiency 90%  
Beijing (ambience) Average temperature 10℃  

 

Figure 1 R245fa EXE & mass flow rate  Figure 2 (a) SORC (b) RORC 
The circulating water absorbs heat from the SAW to cool the material and provides heat to the ORC with the inlet 

temperature of 45℃, and then the heat is absorbed by the cold source ethylene glycol. In this paper, Refprop library is 
called to obtain the thermal properties such as thermal temperature, quality, enthalpy and entropy of the required fluid. 

Fluid selection 
Choosing the appropriate working fluid is one of the most important decisions in designing the system (Mehrdad et 

al., 2020). According to the slope of saturated vapor line in the T-S graph, the fluid can be divided into dry fluid, wet 
fluid and isentropic fluid (Meinel et al., 2014). 106 fluids in the Refprop library are selected to participate in the 
screening process. However, due to limited application conditions, the cycle cannot be carried out normally if the critical 
temperature of working fluid is too high or too low. After calculation, the working fluids with the critical temperature in 
the range of 302K to 451K can generate cycles and produce Pareto frontiers. There are 47 fluids in this range, including 
14 dry fluids, 12 isentropic fluids and 21 wet fluids. The specific classification and the critical temperature are shown in 
the Table 2. The related values are both obtained from Refprop. 

Table 2 47 fluids in three types and their critical temperatures 
Wet fluid 𝑇  Wet fluid 𝑇  Dry fluid 𝑇  Isentropic fluid 𝑇  

R21 451.5 R32 351.3 R245ca 447.6 cis-butene 435.8 
sulfur dioxide 430.6 R143a 345.9 neopentane 433.7 trans-butene 428.6 

ammonia 405.4 R41 317.3 R245fa 427.2 butene 419.3 
propyne 402.4 nitrous oxide 309.5 butane 425.1 isobutene 418.1 

dimethylether 400.4 ethane 305.3 perfluoropentane 420.6 R142b 410.3 
cyclopropane 398.3 carbondioxide 304.1 R114 418.8 R124 395.4 

trifluoroiodomethane 396.4 R13 302.0 R236ea 412.4 R1234ze 382.5 
R152a 386.4   isobutane 407.8 propane 369.9 

carbonylsulfide 378.8   R236fa 398.1 R1234yf 367.9 
R161 375.3   RC318 388.4 R115 353.1 
R134a 374.2   perfluorobutane 386.3 R125 339.2 

hydrogensulfide 373.1   R12 385.1 sulfur hexafluoride 318.7 
R22 369.3   R227ea 374.9   

propylene 364.2   R218 345.0   

Thermodynamic analysis 

         

Figure 3 (a) T-S figure of SORC  (b) T-S figure of RORC 
Table 3 Thermal process analysis table 
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Process Component ORC RORC 
1-2 Turbine 𝑊 = �̇�(ℎ − ℎ )𝜂  𝑊 = �̇�(ℎ − ℎ )𝜂  
2-3 Condenser 𝑄 = �̇�(ℎ − ℎ ) 𝑄 = �̇�(ℎ ∗ − ℎ ) 
3-4 Pump 𝑊 = �̇�(ℎ − ℎ )𝜂  𝑊 = �̇�(ℎ − ℎ )𝜂  
4-1 Evaporator 𝑄 = �̇�(ℎ − ℎ ) 𝑄 = �̇�(ℎ − ℎ ∗) 

4-4*&2*-2 Regenerator (ℎ − ℎ ∗) = (ℎ ∗ − ℎ ) 

The heat recovery process is described by regenerator efficiency, which can be expressed as (Lina et al., 2014): 

𝜎 = ∗ = ∗ (1) 

The thermal efficiency and the exergy of water, as well as the heat source, can be defined as follows: 

𝜂
𝑡ℎ
= (

𝑊𝑇−𝑊𝑃

𝑄𝐸
) (2) 

𝐸𝑤𝑎𝑡𝑒𝑟 = �̇�𝑤𝑎𝑡𝑒𝑟(ℎℎ𝑠2 − ℎℎ𝑠1 − 𝑇0(𝑆ℎ𝑠2 − 𝑆ℎ𝑠1)) (3) 

Where, �̇�𝑤𝑎𝑡𝑒𝑟 is the mass flow of the circulating water, subscript ℎ𝑠1 and ℎ𝑠2 denotes the inlet and outlet of 
heat source water in the evaporator respectively, and 𝑇0 refers to the ambient temperature. The EXE can be defined as: 

𝜂
𝑒𝑥
=

𝑊𝑛𝑒𝑡

𝐸𝑤𝑎𝑡𝑒𝑟
=  (4) 

Economic analysis 
Economic cost mainly includes the major investment, operation and running cost. The ratio of system cost to total 

net power output, LEC (Levelised Energy Cost), is used as one of the optimization objective functions to evaluate the 
main cost of cycle component. This study refers to the equipment module cost calculation technology in (Mignard, 2014) 
to estimate the material cost of each component. The material assumption is: the shell and pipe of evaporator, condenser 
and heat accumulator are carbon steel and copper; The centrifugal pump and turbine are carbon steel (Saha et al., 2019). 

𝐶𝑏,𝑋 = 𝐶𝑃,𝑋 ∙ 𝐹𝑚,𝑋  (5) 

𝑙𝑜𝑔
10
𝐶𝑃,𝑋 = 𝐾1,𝑋 + 𝐾2,𝑋𝑙𝑜𝑔10𝑌 + 𝐾3,𝑋(𝑙𝑜𝑔10𝑌)

2 (6) 

Where 𝐹𝑚,𝑋  is the bare module cost factor of equipment materials and 𝐶𝑃,𝑋 denotes the purchase equipment cost 
(PEC). In the above formulas, subscript 𝑋 refers to the type of component, and 𝑌 refers to the heat transfer area of 
evaporator, condenser and regenerator or the generating capacity of turbine and pump. The 𝑋 and its corresponding 
value 𝑌, the value cost coefficients 𝐾1,𝑋, 𝐾2,𝑋 and 𝐾3,𝑋, as well as the specific value of 𝐹𝑚,𝑋 are all listed in Table 4. 

𝐶𝑡𝑜𝑡𝑎𝑙 = ∑𝐶𝑏,𝑋 (7) 

Table 4 Reference values 
𝑋 𝑌 𝐾 ,  𝐾 ,  𝐾 ,  𝐹 ,  

Evaporator 𝐴 (m)  4.3247 -0.3030 0.1634 2.9 
Condenser 𝐴 (m)  4.3247 -0.3030 0.1634 2.9 

Turbine 𝑊 (kW) 2.7052 1.4398 -0.1776 3.5 

Pump 𝑊 (kW) 3.3892 0.0536 0.1538 2.8 

Regenerator 𝐴 (m)  4.3247 -0.3030 0.1634 2.9 

𝐶𝑡𝑜𝑡𝑎𝑙,2020 =
𝐶𝑡𝑜𝑡𝑎𝑙∙𝐶𝐸𝑃𝐶𝐼2020

𝐶𝐸𝑃𝐶𝐼2001
 (8) 

CEPCI (Chemical engineering plant cost index) should stay in step with the problem caused by inflation. All the 
statistics are from the equipment manufacturers in 2001, whose value is 397. And in 2020, its value came to 668 
according to (Mignard, 2014). Capital Recovery Factor (CRF) and LEC can be defined as (Xu et al., 2018): 

𝐶𝑅𝐹 =
( )

( )
  (9) 

𝐿𝐸𝐶 =
∙ ,

∙
 (10) 

Where, 𝑖 represents the interest rate (5%), LT denotes the lifetime of entire ORC system (25 years old), and 𝐶𝑜𝑚 
denotes the operation and maintenance cost, which is set as 1.5% of 𝐶𝑡𝑜𝑡𝑎𝑙,2020. 𝑇𝑜𝑚 refers to the operation hours in one 
year (8000h). The Static Investment Payback Period (SIPP) can be defined as:  

𝑆𝐼𝑃𝑃 = ,  (11) 
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𝑅ℎ𝑟 = 𝜂
𝑠𝑦𝑠

∙ 𝑚ℎ(ℎ𝑊𝐻−𝑖𝑛 − ℎ𝑊𝐻−𝑜𝑢𝑡) ∙ 𝐶𝑒𝑙𝑒𝑐 (12) 

Where 𝑅ℎ𝑟 is the revenue generated by generating electricity from waste heat recovered per hour, 𝜂  represents 
the power generation efficiency, and 𝑚ℎ refers to the mass flow of the heat source. 𝑊𝐻 − 𝑖𝑛 and 𝑊𝐻 − 𝑜𝑢𝑡 denotes 
the inlet and outlet of waste heat respectively, and 𝐶𝑒𝑙𝑒𝑐 is the price of electricity (0.0653USD/kWh), which refers to the 
price of industrial electricity published by U.S. Energy Information Administration in year 2019.  

Multi-objective optimization——NSGA-II 
To comprehensively analyse both the thermodynamics and economy, a multi-objective optimization method called 

Non-dominated Sorting Genetic Algorithm (NSGA-II) is adopted. 
There are five decision variables, including the evaporating temperature, superheat degree, mass flow of working 

fluid and outlet temperature of heat and cold source. And two objective functions, the EXE and LEC (Xu et al., 2018), 
are set at the same time. The optimal direction is to balance the maximum EXE and the minimum LEC, thus to achieve a 
high efficiency and a low cost concurrently. It is undoubtedly a multi-objective optimization, which can be expressed as: 

𝜑 =
𝑚𝑖𝑛𝐿𝐸𝐶(𝑇 , ∆𝑇 , �̇� , 𝑇 , 𝑇 , )

𝑚𝑎𝑥𝐸𝑋𝐸(𝑇 , ∆𝑇 , �̇� , 𝑇 , 𝑇 , )
 (13) 

NSGA-II (proposed by Prof. Deb K in 2001) is adopted to simplify the calculation while keeping the elite members 
in the parent population. Based on the comparison of crowding distances, the solution points are evenly distributed on the 
Pareto frontiers. To obtain the optimal compromise solution, a standardized weighted score is needed for each point, and 
this paper prefers to the lower LEC. After the thermodynamic and economic analysis, the best one in each type of fluid 
will be screened out, and the Pareto frontiers, output work, thermal efficiency, EXE, LEC and SIPP of which will be 
output. The whole process can be described by the flow chart below: 

 

Figure 4 Optimization process flow chart 

RESULTS AND DISCUSSION 
The purpose is to optimize. Firstly, optimum fluid among 47 fluids is screened out automatically, and all fluids 

calculated are summarized to a scatterplot for further analysis. Then, based on the classification of fluids, the relationship 
between critical temperature and exergy efficiency of fluids is discussed, also, RORC is analysed and compared with 
SORC to improve the efficiency. Also, the flow reduction of circling water is calculated. 

Optimum fluid selection 
The automatic fluid screening process is to obtain the most efficient one under relatively low cost from different 

fluid groups. 30 optimal solutions are considered in the Pareto frontiers for each fluid, and the optimal compromise 
solution with the lowest cost will be obtained. The first three fluids with the highest efficiency in each type of fluids are: 

Dry fluid: R245ca (94.9%), R245fa (91.3%), butane (88.9%); Wet fluid: R21 (95.2%), sulfur dioxide (93.3%), 
ammonia (91.1%); Isentropic fluid: cis-butene (91.1%), trans-butene (90.0%), isobutene (89.1%) 

The optimal parameters of the most efficient fluid among the three types are shown in Table 5. After automatic 
screening, R21 has the highest EXE among 47 fluids, and its Pareto frontier is shown in Fig. 6(a). However, as can be 
seen from the data in Table 5, R21's exergy efficiency is only slightly higher than R245ca, while its equipment cost is 
still significantly lower than R245ca. The Pareto frontier of R245ca is shown in Fig. 5(b). 

Table 5 Three fluids with the highest efficiency and their parameters 
 R245ca R21 Cis-butene 

Output work (kW) 65.23 61.93 57.92 
Thermal efficiency (%) 7.72 7.95 7.75 

EXE (%) 94.9 95.2 91.0 
LEC (USD/kWh) 0.61 0.58 0.57 

ISPP (h) 16.99 16.16 15.86 
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Figure 5(a) the Pareto frontier of R245ca           (b) the Pareto frontier of R21 
The optimal compromise solutions of 47 fluids are summarized to a scatterplot Fig. 6. Based on the fundamental of 

Pareto frontiers, the fluids in the figure are selected under the constraints of the two objective functions. After selection, 
objective functions of four fluids highlighted in yellow are basically in a non-dominant relationship, and dominate the 
objective function values of the rest of fluids. As is shown above, R41 and R21 present better values, and the LEC of R41 
is significantly better than that of R21, while the latter one presents an obvious better EXE. Four selected fluids are all 
wet fluids. However, since the saturation line of wet fluid is a bell saturation curve, the inflation will generate droplets in 
the saturated state, causing corrosion to turbine blade. Therefore, overheating is often required in the actual process for 
wet fluids, and the greater the degree of overheating, the greater the evaporator heat transfer area, resulting in an increase 
in the volume of evaporator and at the same time the investment cost of the system.  

 

 

Figure 6 Scatterplot of 47 fluids’ optimal compromise solutions 

Critical temperature and exergy efficiency 
In the process of fluid comparison, it can be found that the parameters such as the net output work and efficiency are 

closely related to the critical temperature of the working fluid. The higher the critical temperature is, the higher the net 
output work is, and the efficiency who has a linear relationship with the output work also increases accordingly. Lots of 
studies classify fluids into HC, HFC, CFC, etc. However, influenced by the shape of saturation curve under that category, 
the relationship between the critical temperature and EXE is not obvious. It is found that when the fluids are divided into 
dry fluids, isentropic fluids and wet fluids, the exergy efficiency tends to decrease obviously with the decrease of critical 
temperature, especially isentropic fluid. See Fig. 7. 
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Figure 7 Histogram comparing the 𝑻𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 and EXE of 14 dry fluids (a) and 12 isentropic fluids (b) 

 

Figure 7 (c) Histogram comparing the 𝑻𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 and EXE of 21 wet fluids 

SORC & RORC 
Based on MATLAB, the parameters of the RORC are set, simultaneously, the fluids that cannot successfully 

complete the regenerative cycle will be screened out and the output LEC&EXE values will all be zero. For instance, the 
fluid temperature at the outlet of the pump must be greater than the condensation temperature (𝑇4 > 𝑇𝑐𝑜𝑛𝑑). The fluid at 
the turbine outlet is the cooling fluid in the regenerator, whose outlet temperature in the regenerator must be higher than 
the inlet temperature of heated fluid in the regenerator (𝑇2∗ > 𝑇4), which can be deduced that 𝑇2∗ > 𝑇𝑐𝑜𝑛𝑑. This requires 
the turbine outlet fluid to remain in the state of superheated steam until the end of the regenerative section. 

 

Figure 8 EXE comparison between SORC and RORC for 4 isentropic fluids (a) and 14 dry fluids (b) 
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For wet fluid, since its saturation curve on the T-S graph is the bell-shaped curve, and the temperature difference 
between evaporating and condensing temperature is limited by the cold and heat source, it is unable to generate enough 
overheating before turbine inlet, and thus unable to provide enough enthalpy difference in turbine export to meet the 
needs of RORC. As a result, the LEC and EXE are both zero. For isentropic fluid, although the slope of the saturated 
vapor line is close to infinity, it still cannot reach enough overheating. Therefore, the output value of most isentropic 
fluids is still zero. Only four fluids can perform the regenerative process, while their efficiency gains are not significant. 

For dry fluids, all fluids except R12 can complete the RORC with improved exergy efficiency. After optimization, 
the three most efficient fluids are R245ca (97.6%), Perfluoropentane (96.8%) and Neopentane (96.0%). Perfluoropentane 
(96.8%) has the highest growth rate, which is 115% of the original exergy efficiency. 

This kind of large-scale fluid classification can help the analysis of RORC and make the results more valuable in 
practical application. 

Flow reduction 
The temperature difference at the inlet and outlet of heat source is 15~30℃, and the original temperature difference 

in the factory is 8℃. Since the isobaric specific heat capacity changes little, when the flow is 450kg/s, the original 
cooling capacity can be met undoubtedly. The original mass flow and the flow saving of the circulating water are: 

6338.05m /h =
. /

/
× 1000kg/m = 1760.60kg/s (14) 

∆�̇� ≥ (1760.60 − 450) = 1310.60kg/s (15) 

For fluids, the efficiency changes are small. Take R245fa as an example and change its mass flow rate (Figure 1). It 
can be observed that when the mass flow of working fluid increases to a certain amount, the efficiency of cycle decreases 
little. Table 6 statistics the parameter comparison under two flow rates, and the gap between EXE is small which proves 
the feasibility of the method. Therefore, in the case of the ORC, the output power provided by the waste heat can be used 
to generate electricity while saving the flow rate, and the power can reach 1815.5kW in the mass flow of 450kg/s. 

Table 6. Parameter comparison of R245ca at different mass flow rates 
Mass flow (kg/s) Generated power (kW) EXE (%) 𝜂  (%) 

10 61.5 93.54 7.83 
450 1815.5 71.8 6.43 

CONCLUSIONS 
Based on the SORC and RORC, this paper discusses the waste heat utilization of the SAW through thermodynamic 

and thermo economic analysis. A large-scale of working fluids are classified and screened. And, NSGA-II is used to 
optimize five decision variables based on MATLAB. After processing, the following conclusions can be drawn: 

In this application condition (the heat source is 45℃), a total of 47 working fluids with the critical temperature range 
of 302 to 451K can complete the cycle and generate the Pareto frontiers among 106 fluids in the fluid reservoir.  

Using EXE as the standard, 47 fluids were automatically classified and screened. Among three types of fluids, 
R245ca (94.9%), R21 (95.2%) and cis-Butene (91.1%) have the highest EXE, and R21 is the best among the three.   
And based on the principle of Pareto frontiers, the optimal compromise solutions of different working fluids under two 
objective functions (LEC&EXE) are integrated into one scatterplot. The optimal fluids are R41 and R21, which are in a 
non-dominant relationship. R41 has lower cost while R21 has better efficiency.  

Compared with other fluid classifications, when fluids are divided into dry, wet and isentropic fluids, the EXE of 
each type of fluid decreases sharply with the decrease of critical temperature, especially isentropic fluids. 

Under the RORC, due to the influence of the saturation curve of the wet fluid and isentropic fluid, most fluids cannot 
provide enough overheating for internal regenerative use, resulting in the failure to complete the regenerative process. 
For isentropic fluid, only four fluids can be regenerated, while the efficiency increase is not obvious. But for dry fluids, 
RORC is a promising prospect. The best efficiency is taken by R245ca (97.6%), and the highest increase is 
perfluoropentane (96.8%), which is 115% of the original exergy efficiency in SORC. 

In the case of meeting the original cooling requirements of the factory, for the temperature difference is above 15℃, 
the flow saving ∆�̇� ≥ 1310.60kg/s, and the generated power can reach 1815.5KW with the mass flow of 450kg/s. 

NOMENCLATURE 
h  specific enthalpy, kJ/kg 
i  interest rate, % 
�̇�  mass flow rate, kg/s 
𝜂  efficiency, % 
Q  heat rate, kW 
S  entropy, kJ/K 
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T  temperature, K 
𝑇  critical temperature, K 
∆𝑇  temperature difference, K 
W  power, kW 
𝜎  regenerator efficiency, % 
Subscripts 
C  condenser 
E  evaporator 
ex  exergy 
h  heat source 
P  pump 
T  turbine 
th  thermal 
wf  working fluid 
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