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Abstract: Aiming at improving the performance of Organic Rankine Cycle (ORC) system with low-grade steam as heat source, this work studied and optimized the main operating parameters of the ORC system. The effects of evaporation temperature, superheat degree, condensation temperature and regenerator pinch temperature difference on the system performance were obtained. The optimization for the operating parameters is based on the indicators of specific net power output, waste heat pollution, cycle exergy efficiency, and total UA value (the product of overall heat transfer coefficient and heat transfer area of heat exchanger). The results show that the increase of the evaporation temperature and the superheat degree, and the decrease of the condensation temperature and regenerator pinch temperature difference can improve general system performance but lead to weaker economic performance. The optimal evaporation temperature, superheat degree, condensation temperature and regenerator pinch temperature difference are determined as 139°C, 4°C, 36°C and 8°C, respectively, reaching net power output of 114.73 kW, exergy efficiency of 37.10%. Besides, it is indicated that the regenerative ORC system can reach 13.6% additional net power output compared to the ORC system without the regenerator.
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1  Introduction

Global electricity demand heading for its fastest growth boosts global energy consumption and carbon emissions. Since renewable energy sources are economically attractive and technically mature to meet enormous energy demand [1], recovering waste heat from industrial process is an efficient approach at current stage to alleviate energy shortage and reduce carbon footprint.

Low-grade waste heat accounts for 50% or more of the heat generated by industry [2]. The Organic Rankine Cycle (ORC) technology can recover waste heat and generate electricity with low-grade heat sources. A wide range of researches are carried out about ORC technologies, covering working fluids [3], operating parameters [4,5], system configurations [6,7] and device design [8,9]. Barse et al. [10] developed an ORC model using HYSYS simulator, by studying 12 kinds if organic working fluids. They found that there was a strong correlation between the critical temperature of the working fluid and the system efficiency, and thermal efficiency could be improved by 25% with R600. The first law and the second law were applied to analyze the 20 kWe ORC system using R245fa with different low-grade heat sources, including hot water, saturated steam, and combined hot water and saturated steam [11]. The results indicated that the first law efficiency increased with the heat source temperature, and the first and the second law efficiencies decreased with the increase of pinch value. In addition, the combined hot water and saturated steam was found to be the most suitable heat source due to the lowest exergy destruction in the evaporator and the highest second law efficiency.

The operational parameters of the ORC system affect the thermal, economic performance or environmental performances of the system. Vélez et al. [12] analyzed the effects of the temperature and pressure at turbine inlet on system efficiency, and concluded that the efficiency of ORC system was positively correlated with turbine inlet temperature with constant turbine inlet pressure for the working fluids of R718, R290 and R152a, while it was negatively correlated for R600 and R600a. Multi-objective optimization of ORC system applying R245fa was investigated covering aspects of both thermodynamics and economy [13]. The effects of operating parameters of hot and cold sources, and working pump rotational speed on the off-design performances of the ORC system were analyzed. In the research, it is indicated that the raising mass flow rate and decreasing temperature of cooling water are conducive to ORC system performance, besides, the heat source temperature shows more significant influence on system performance than the cooling source temperature. Braimakis et al. [14] developed several regenerative ORC systems and optimized them for different working fluids. The maximum efficiencies in recuperative ORC systems are 3%∼5% higher than that of the non-recuperative systems. Köse et al. [15] evaluated the performance improvement of the combined ORC system with Steam Rankine Cycle (SRC) system for a varying turbine inlet pressure and temperature, with the exhausted flue gas from a 6.2 MWe gas turbine as the heat source. The maximum overall thermal efficiency and exergy efficiency of the combined cycle were 47.65% and 67.35%, respectively, with 40 bar and 225°C turbine inlet flue gas in the ORC system and 100 bar and 480°C in the SRC system.

The present work focuses on the analysis and optimization of the main operating parameters of the regenerative ORC system that recoveries heat from low-grade steam. Aspen Plus is employed to conduct the study and R245fa is selected as the organic working fluid. With the constant heat source, the performance improvement is investigated and evaluated from technical, economic and environmental aspects with varying operating parameters, including evaporation temperature, superheat degree, condensation temperature and regenerator pinch temperature difference. The multi-objective optimization aiming at comprehensive performance evaluation is applied to determine the thermodynamic parameters of ORC system.

2  Methodology

2.1 System Description

The regenerative ORC system mainly includes working fluid pump, evaporator, expander, condenser and regenerator, as shown in Fig. 1, and it can convert the absorbed heat from heat source (175°C saturated steam) into electricity and improve energy grade. According to physical properties [16], R245fa is selected as working fluid in the present ORC system with comprehensive consideration of the thermodynamic requirements and environmental impacts. The organic working fluid from the condenser at low temperature and pressure is pressurized to meet the required evaporation pressure and pumped into the regenerator to absorb heat through heat exchange, and then it absorbs heat from the heat source through the evaporator and evaporates to form high-temperature and high-pressure vapor. The working medium vapor expands in the expander to drive generator to generate electricity, and during this process the pressure and temperature of the working fluid decrease. Then, the working fluid flows through the regenerator followed by the condenser to release heat and it becomes supercooled fluid before the pump. For the regenerative ORC system, the regenerator achieves the heat transfer from the expander outlet fluid to the pump outlet fluid.
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Figure 1: Regenerative ORC system

2.2 Thermodynamic Analysis

The thermodynamic process for the regenerative ORC can be depicted as 3-4-4’-1-2-2’-3 in Fig. 2.
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Figure 2: T-s diagram of the ORC system

The general energy balance equations are applied to the exergy-based analysis of the ORC component as well as overall ORC [17,18]. The specific exergy can be defined as:

e=h−hamb−Tamb⋅(s−samb)(1)

where h and s are the specific enthalpy, kJ/kg, and specific entropy, kJ/kg⋅K, respectively; the subscript amb represents the fluid at ambient temperature; Tamb denotes the ambient temperature, K.

For the evaporator, the heat exchange amount Qeva and exergy loss Ieva in the evaporator are calculated as formulas (2) and (3):

Qeva=mf⋅(h1−h4′)(2)

Ieva=mh⋅(eh,in−eh,out)−mf⋅(e1−e4′)(3)

where mh and mf are the mass flow rate of steam and organic working fluid, kg/s; h1 and h4′ are the specific enthalpy of the working fluid at the outlet and the inlet of the evaporator, respectively, kJ/kg; e1 and e4′ are the specific exergy of working fluid at the outlet and the inlet of evaporator, respectively, kJ/kg; eh,in and eh,out are the specific exergy of steam at inlet and outlet of evaporator, respectively, kJ/kg.

Expander's output power Wexp and exergy loss Iexp are calculated by formulas (4) and (5), respectively:

Wexp=mf⋅(h1−h2)⋅ηexpm(4)

Iexp=mf⋅(e1−e2)−Wexp(5)

where h1 and h2 are the specific enthalpy at the outlet and inlet of the expander, kJ/kg; e2 is the specific exergy of working fluid at the outlet of the expander, kJ/kg; ηexpm is mechanical efficiency of expander.

In terms of the regenerator, the exergy loss is calculated by formula (6):

Ire=mf(e2−e2′)−mf(e4′−e4)(6)

where e2′ is the specific exergy of working fluid at the inlet of condenser, kJ/kg; e4 is the specific exergy of working fluid at the outlet of pump, kJ/kg.

The heat duty Qcon and exergy loss Icon of the condenser are calculated by formulas (7) and (8), respectively:

Qcon=mf⋅(h2′−h3)(7)

Icon=mf⋅(e2′−e3)−mf⋅(ecw,out−ecw,in)+Wcon(8)

where h3 and e3 are the specific enthalpy and specific exergy of the working fluid at outlet of the condenser, respectively, kg/s, kJ/kg; Wcon is the power consumption of the condensor, kW; ecw,in and ecw,out are the specific exergy of the cooling water at inlet and outlet of condenser, respectively, kJ/kg.

For the pump, the power Wpump consumption and exergy loss Ipump are calculated according to formulas (9) and (10):

Wpump=mf⋅(h4−h3)/ηpm(9)

Ipump=Wpump−mf⋅(e4−e3)(10)

where h4 is the specific enthalpy of the working fluid at the outlet of pump, kPa; ηpm stands for the mechanical efficiency of the pump.

Thermodynamic analysis can be performed based on the first and the second law of thermodynamics. The cycle thermal efficiency ηth which is based on the first law of thermodynamics, is expressed by formula (11):

ηth=WnetQeva=Wexp−Wpump−WconQeva(11)

where Wnet indicates the net output power of the ORC system, kW.

The evaluation indicators based on the second law of thermodynamics include cycle exergy efficiency, total exergy cycle loss and exergy recovery efficiency, which are defined by formulas (12)–(14), respectively:

ηex=WnetEcyc=1−IcycEcyc(12)

where Ecyc and Icyc are the cycle exergy and cycle exergy loss of the system, respectively, kW, which are calculated according to formulas (13) and (14):

Ecyc=mh(eh,in−eh,out)(13)

Icyc=Ieva+Itur+Icon+Ipump+Ire(14)

Exergy recovery efficiency ηexre is used to characterize the work ability of the heat source to release all the heat in theory. It is defined as formula (15):

ηexre=WnetEh,in(15)

where Eh,in is the total exergy of heat source at the inlet of the evaporator, kW.

Besides, UA value is the product of overall heat transfer coefficient and heat transfer area of heat exchanger. For the given heat exchanger, the overall heat transfer coefficient is determined, and the UA value rises with the increase of heat transfer area. UAtotal is calculated to reflect the size and cost of exchangers, and it is shown as formulas (16) and (17):

UAtotal=UAeva+UAcon+UAre(16)

UAi=Qi/Δt(17)

where UAeva,UAcon and UAre are the UA values of the evaporator, condenser and regenerator, respectively, kW/K; Qi represents the heat duty, kW. Δti stands for the logarithmic mean temperature difference, K.

2.3 Multi-Objective Optimization Method

The overall evaluation indicators F(X) incorporates the indicators of specific net power output wnet, cycle exergy efficiency ηex total exchanger UAtotal, and waste heat pollution Qwaste, which covers technical, economic and environmental performances. In the optimization, the indicators of net output power and cycle exergy efficiency are expected to be maximized, while the indicators of waste heat pollution and total UA value are contrary.

The objective functions can be arranged to F1(X) and F2(X):

F1(X)=wnet/Qwaste(18)

F2(X)=ηex/UAtotal(19)

The linear weighted evaluation function is obtained by formula (20):

F(X)=φF1(X)+ψF2(X)(20)

where φ and ψ are determined by the α method [19], which can be expressed as:

φ=F21−F22(F12−F11)+(F21−F22)(21)

ψ=F12−F11(F12−F11)+(F21−F22)(22)

where F11 and F22 represent the maximum value of the objective function F1(X) and F2(X), respectively. F12 is the value of the function F1(X) when F2(X) obtains the maximum value; F21 is the corresponding value of the function F2(X) when F1(X) reaches the maximum value.

2.4 Simulation Diagram and Parameter Studying

The simulation logic for optimizing the system performances and determining the crucial operating parameters are illustrated in Fig. 3. The operating parameters for simulation setup and the variables are shown in Tables 1 and 2, respectively.
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Figure 3: ORC simulation logic diagram
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3  Results and Discussion

3.1 Effect of Operating Parameters

3.1.1 Evaporation Temperature

In Fig. 4a, with the evaporation temperature increase from 95°C to 141°C, the power consumption of the condenser almost remains steady, the power consumption of pump increases, and the power generation of the expander rises from 99.88 to 146.91 kW. With the increase of evaporation temperature, the mass flow of ORC system decreases slightly and the power consumption of pump increases slightly, while the specific enthalpy difference of working fluid at the inlet and outlet of the expander increases significantly, so the net power output rises from 76.59 to 115.62 kW, with 51% increase.
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Figure 4: Effect of evaporation temperature

With the constant heat input from steam and constant condensation temperature, the higher evaporation temperature contributes to the less flowrate of R245fa, thus less waste heat emission and higher system thermal efficiency, as shown in Fig. 4b. With the increase of evaporation temperature, the thermal efficiency increases from 7.53% to 11.36%, and the exergy efficiency increases from 24.76% to 37.38%. The increase of evaporation temperature and the decrease of the working fluid flow rate lead to the improvement of energy quality per unit mass, which facilitates the increase of the exergy efficiency and exergy recovery efficiency of the system.

The increase of evaporation temperature has little effect on the exergy losses of equipment except the evaporator and expander, as depicted in Fig. 4c. With the increase of evaporation temperature, the exergy loss of evaporator drops from 149.05 to 88.39 kW, but the exergy loss of expander rises from 42.99 to 62.05 kW. The total exergy loss shows a downward trend from 232.70 to 193.67 kW, with a decrease of 17%. The exergy loss of evaporator accounts for 45%∼64% of the total. The increase in evaporation temperature reduces the irreversible loss of heat transfer due to the reduced temperature difference, leading to the reduction of exergy loss in evaporator. However, the increase of average temperature difference between working fluid in expander and ambient results in the rise of exergy loss in expander.

Irrespective to the structure of heat exchanger, the UA value represents the heat transfer area as well as the cost of heat exchanger. As a result of decreased temperature difference, the heat transfer area of the evaporator enlarges. While the heat transfer area of condenser shows a small decrease owing to the slightly declined heat duty of the condenser. With the increase of evaporation temperature from 95°C to 141°C, the total UA value reaches 15% growth, from 110.30 to 126.33 kW/K, as shown in Fig. 4d.

3.1.2 Superheat Degree

The superheat degree is set to avoid the droplets entrainment entering the expander and the gas-liquid phase region during the expansion process. The superheat degree has rarely effect on the power consumption of condenser and pump. With the superheat degree from 0°C to 8°C, the net power output is increased from 109.50 to 119.00 kW, which is increased by 6.5%, as depicted in Fig. 5a.
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Figure 5: Effect of superheat degree

In Fig. 5b, with the superheat degree increase from 0°C to 8°C, the waste heat loss is decreased by 1% since the flowrate of working fluid is reduced. Besides, the enhance of superheat degree improves the efficiency of the ORC system, the thermal efficiency, exergy efficiency and exergy recovery efficiency are all enhanced by about 9%.

The effect of superheat degree on exergy loss is reflected as Fig. 5c. The exergy losses of the pump and condenser are kept constant, and the exergy loss of the expander shows a bit of rise. The exergy loss of evaporator drops nearly 14%, and the total exergy loss declines from 199.79 to 190.29 kW.

The UA values of the evaporator and regenerator are enhanced by 38% and 53%, respectively, while that of the condenser is marginally declined, which is due to the reduced heat duty. The total UA value rises by 12%, as shown in Fig. 5d. It is reflected that the influences of unit superheat degree on the system are greater than those of evaporation temperature.

3.1.3 Condensation Temperature

When the heat source parameters are constant, the backpressure of the expander will increase with the increasing condensation temperature, resulting in the incomplete expansion of the working fluid compared to the lower condensation temperature. Therefore, the rise of condensation temperature shrinks the power generation of expander, showing 40 kW drop with 30°C condensation temperature rise, as depicted in Fig. 6a. The power consumptions of the pump and condenser indicate slightly upward trend with the increase of condensation temperature, due to the rise of working fluid flowrate. With the condensation temperature increasing from 30°C to 60°C, the net output power is reduced from 123.26 to 80.95 kW, reflecting a reduction of around 1.4 kW with per condensation temperature decrease.
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Figure 6: Effect of condensation temperature

When the condensation temperature rises, the temperature of working fluid back to the evaporator rises, so more working fluid is required to absorb for the constant heat duty in the evaporator, and the resultant effect is that the heat exchange of the condenser is increased. In Fig. 6b, with 30°C enhancement of condensation temperature, the waste heat emission increases by 5%. More waste heat loss implies less heat recovered and utilized from heat source. Besides, the thermal efficiency, exergy efficiency and exergy recovery efficiency are all declined by roughly 34%.

In Fig. 6c, with the condensation temperature varying from 30°C to 60°C, the exergy losses of pump and regenerator remain constant, and those of the evaporator and expander are reduced by 20% and 30%, respectively, by contrast, that of the condenser increases by nearly five times. The total exergy loss is mainly dominated by the condenser, showing an increase of about 23%.

The UA value of the evaporator increases by 82%, since the increased condensation temperature reduces the average temperature difference of the heat transfer in the evaporator, as shown in Fig. 6d. It is remarkable that the UA value of the condenser shows steep drop in the range of the condensation temperature less than 40°C. The reduced heat duty of the condenser influences the total UA value of the system, which decreases from 221.61 to 94.65 kW/K, with about 57% decline.

3.1.4 Pinch Temperature Difference of the Regenerator

In Figs. 7a and 7b, with the increase of the regenerator pinch temperature difference, the temperature of working fluid at the evaporator inlet decreases and the flowrate of R245fa reduces. For the expander and pump, the evaporation temperature and condensation temperature are constant, so the specific power is invariant. With 12°C enhancement of the pinch temperature difference, the power generation of the expander and the power consumption of the pump are both declined by 5%, arising from the reduced working fluid, and the net input power drops about 5%. In addition, there is slight increase of the waste heat emission, and about 6% decline of the thermal efficiency, exergy efficiency and exergy recovery efficiency.
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Figure 7: Effect of pinch temperature difference of the regenerator

As shown in Fig. 7c, the exergy losses of the pump and expander show slightly decline owing to the declined working fluid, while the exergy losses of evaporator, condenser and regenerator display slight increase. It is observed that 12°C addition of the pinch temperature difference of regenerator leads to about 4% increase of the total exergy loss of system.

The UA values of the evaporator, regenerator, condenser and the system all perform downward trend in Fig. 7d. With the pinch temperature difference enlarging from 3°C to 15°C, the decreases of the UA values are roughly 37% and 80% for the condenser and regenerator, respectively, besides, the total UA value decreases by 37%, from 161.29 to 100.53 kW/K.

3.2 Optimization for System Performance

The comprehensive performance evaluation based on multi-objective optimization facilitates to determine the operating parameters of the ORC system. Corresponding to the peaks of the evaluation index F(X) in Fig. 8, the optimal evaporation temperature, superheat degree, condensation temperature and pinch temperature difference are determined as 139°C (saturation pressure of 2.78 MPa), 4°C, 36°C (saturation pressure of 0.22 MPa) and 8°C, respectively. Moreover, the thermodynamic flow parameters of the regenerative ORC system at its optimal performance are given in Table 3, and the optimized performance of the regenerative ORC system are presented and compared with the basic ORC system without a regenerator in Table 4. The required amount of working fluid and total UA value of the basic ORC system are less than those of the regenerative ORC system, while the regenerative ORC system performs the better performance in thermodynamics. The 13.6% additional net power output can be obtained by the regenerative ORC system with the constant heat input.
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Figure 8: Evaluation index F(X) with different variables
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4  Conclusions

The performance of the regenerative ORC system was optimized with evaporation temperature, superheat degree, condensation temperature and regenerator pinch temperature difference. The following conclusions are drawn:

The increases of the evaporation temperature and the superheat degree indicate positive influences on the net power generation, thermal efficiency, exergy efficiency and exergy recovery efficiency. The rising evaporation temperature and the superheat degree reduce the waste heat emission and the total exergy loss, but increase the total UA of the ORC system. The influences of unit superheat degree on the system are greater than those of unit evaporation temperature.

With the increase of the condensation temperature and the regenerator pinch temperature difference, the net power generation, thermal efficiency, exergy efficiency, exergy recovery efficiency and total UA value of the system are reduced, while the waste heat emission and the total exergy loss are increased. In comparison, the pinch temperature difference shows greater influence on the total UA value, while the condensation temperature indicates more powerful effect on the other indicators.

The regenerative ORC system achieves the optimal comprehensive performance with evaporation temperature of 139°C, superheat degree of 4°C, condensation temperature of 36°C and regenerator pinch temperature difference of 8°C. In addition, with the constant heat input, the 13.6% additional net power output can be obtained by the regenerative ORC system compared to the ORC system without the regenerator.
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Table 1: Operating parameters of the ORC system

Items Contents
Working fluid R245fa
Environmental temperature (°C) 30

Inlet temperature of steam (°C) 175

Inlet pressure of steam (MPa) 0.8

Flow rate of steam (t/h) 1.5
Outlet temperature of steam (°C) 80
Adiabatic efficiency of working fluid pump 0.70
Mechanical efficiency of working fluid pump 0.95
Adiabatic efficiency of expander 0.72

Mechanical efficiency of expander 0.95
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Table 3: Thermodynamic flow parameters of the regenerative ORC system at its optimal performance

Stream Temperature (°C) Pressure (bar) Enthalpy (kJ/kg) Exergy (kJ/kg) Entropy
(kJ/(kgK))
1 143.00 27.77 297.59 61.70 0.82
2 69.30 2.19 263.73 15.95 0.86
2’ 43.60 2.19 238.33 1393 0.78
3 34.00 2.19 44.45 10.08 0.15
35.57 27.77 47.23 12.04 0.16
& 54.28 27.77 72.63 13.23 0.24

5 175.00 8.00 2777.37 758.60 6.68
6 79.96 8.00 334.81 16.28 1.07
7 25.00 5.00 105.05 0.62 0.37
8 30.26 5.00 126.98 0.45 0.44
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Table 4: Performance of the regenerative ORC system and basic ORC system

Items

Regenerative ORC System

Basic ORC System

Evaporation temperature (°C)
Degree of superheat (°C)
Condensation temperature (°C)
Heat transfer pinch point (°C)
Working fluid flow (kg/s)

Net output power (kW)
Waste heat (kW)

Thermal efficiency (%)

Total exergy loss (kW)

Exergy efficiency (%)

Exergy recovery efficiency (%)
Total UA value (kW/K)

139.00
4.00
36.00
8.00
4.52
114.73
877.16
11.27
212.10
37.10
10.39
125.26

139.00
4.00
36.00
8.00
4.06
101.02
891.34
9.93
208.27
32.66
9.07
118.28
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Table 2: Studying variables

Variables Ranges
Evaporation temperature (°C) 95~141
Degree of superheat (°C) 0~8
Condensation temperature (°C) 30~60
Pinch temperature difference of 3~15

regenerator (°C)
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