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Abstract 
ORC-organic Rankine cycle cold energy power generation technology has a great 
significance for energy conservation, emission reduction and improving energy 
utilization. In order to study the changes of cold energy utilization and system power 
generation caused by the change of evaporating temperature in the organic Rankine 
cycle, an ORC low-temperature power generation experimental platform with propane 
(R290) as circulating working medium and three- fluid heat exchanger was built. The 
system performance of organic Rankine cycle (ORC) and regenerative organic Rankine 
cycle (RORC) was analyzed and compared. The experimental results showed that with 
the increase of evaporating temperature, the cold energy utilization rate and system 
power generation first increased and then decreased. When the evaporating 
temperature was 29 ℃  and 34 ℃ , the cold energy utilization rate and power 
generation of the system reached the maximum respectively. The maximum cold energy 
utilization rate of BORC system and RORC system were 10.01% and 11.68% respectively, 
and the maximum power generation of the system was 467.8w and 520.9w respectively. 
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1. Introduction 

The efficient utilization of waste cooling and waste heat can promote the realization of carbon peak 
and carbon neutralization, especially the utilization of cold energy at low temperature, such as LNG, 
Liquefied Natural Gas, during the gasification process, about 830 kJ/kg of cold energy is released 
into the air or sea water, the gasification of liquid nitrogen, liquid hydrogen and liquid oxygen also 
results in a large amount of waste of cold energy[1-2]. If this part of cold energy can be recycled, it 
can not only promote the reduction of greenhouse gas emissions, but also has some economic 
benefits.[3]. 

Cold Energy can be used either directly or indirectly[4-5]. Direct utilization mainly includes seawater 
desalination [6], cold energy power generation [7] , light hydrocarbon separation [8] , low temperature 
carbon dioxide capture [9] , nuclear energy application [10] etc. . Indirect utilization mainly includes 
low temperature pulverization [11] , water and pollutant treatment [12] etc. . Among them, the direct 
use of cold energy to generate electricity can recover most of the cold energy of the low temperature 
liquid, which is an effective way to improve the comprehensive energy utilization efficiency and 
reduce environmental pollution[13-15]f the more mature technologies for cold power generation is 
the Organic Rankine cycle [16-18]. 

In recent years, scholars at home and abroad have conducted in-depth research on ORCcold energy 
power generation technology with heat sources in different temperature ranges. Wang et al. [19] 
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found that different circulating working fluids are suitable for different heat source temperatures. 
Using R141b as working fluid, Jin Lihui et Al. (20) set up a model of low temperature waste heat 
ORC power generation system, and studied the thermal efficiency of the system when the evaporating 
temperature increased from 70 °C to 150 °C. The results show that increasing the evaporating 
temperature can improve the thermal efficiency of the system. In addition, the optimization of the 
structure of ORC system has an important effect on the efficiency of the system, such as adding 
regenerator. The results of Zhang et Al. [21] show that the thermal efficiency of ORC system and 
regenerative Organic Rankine cycle cycle increases with the increase of evaporating temperature. 

The results show that the evaporating temperature has a positive effect on the performance of the 
ORC system, but most of the evaporating temperature ranges from 70 °C to 200 °C, and most of the 
cooling sources are mainly cooling water, the experimental data of cryogenic liquids such as LNG 
and liquid nitrogen as cold source are few. In this paper, based on the analysis of previous research 
results, an ORC cold energy generation test platform with R290 as working fluid, evaporating 
temperature less than 50 °C, cryogenic liquid nitrogen as cold source and three-fluid heat exchanger 
as condenser and regenerator was built. The effects of evaporating temperature on thermal efficiency, 
cold energy utilization ratio, system power output and efficiency of ORC and RORC cold energy 
generation systems are compared and analyzed. 

2. System Design and Analysis 

2.1 System Introduction 

2.1.1 Sub-section Headings 

The ORC cold energy power generation system mainly consists of four units: Working Medium, heat 
source, cold source and data acquisition. As shown in Fig. 1, Fig. 1(a) is the test site and Fig. 1(b) is 
the test flow. 

The working medium unit is the main cycle process of ORC cold energy power generation. The 
continuous conversion from cold energy to electric energy is realized through the working medium 
cycle, the utility model is composed of an evaporator, a vortex expander, a filter, a three-fluid heat 
exchanger, a low-temperature pump, a liquid storage tank and a plurality of valve pipes. The low 
temperature liquid nitrogen in the three-fluid heat exchanger condenses the exhaust gas from the 
outlet of the expander into liquid and returns to the liquid storage tank. The R290 with regenerative 
heat is preheated by the high temperature exhaust gas at the exit of the Scroll expander and sent to 
the evaporator for constant pressure heat absorption to complete the cycle. The operating mode of 
RORC and ORC can be transformed by controlling V8, V9 and V10. 

Heat source unit is used to simulate different temperature heat source, such as seawater, industrial 
waste heat, etc. . It consists of electric heating water tank, water pump, PID regulator and valve 
pipeline. By adjusting the power of the electric heater to change the temperature of hot water, and 
then pumped to the evaporator and R290 counter-flow heat transfer. 

The cold source unit uses cryogenic liquid nitrogen to provide cold energy for the system. It is mainly 
composed of liquid nitrogen tank, three-fluid heat exchanger (same as above) , vaporizer and valve 
pipeline. R290 is condensed by a three-fluid heat exchanger and then discharged into the atmosphere 
after vaporization. 

The data acquisition unit collects the experimental data in real time and saves it in the computer, 
which is mainly composed of t-type thermocouple, pressure sensor, flowmeter, Ni acquisition 
instrument and computer. The location of the temperature and pressure measuring points in the test 
is shown in Fig. 1(b) . The measuring and collecting equipment and its accuracy are shown in Table 
1. The operating parameters of the test are shown in Table 2. 

It is especially pointed out that the three-fluid heat exchanger is used as condenser and regenerator in 
the experiment, which can reduce the irreversible loss of the system and absorb less cold energy to 
release more electric energy. 
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(a)Experimental platform of ORC/RORC system 

 
(b)Schematic diagram of ORC/RORC for experimental facility 

Fig. 1 Illustration of ORC power generation system with cold energy 
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Table 1. Range and precision of the main measuring equipment 

measuring equipment Equipment type Measuring range precision 

Water flow rate Electromagnetic flowmeters 0 ~ 10 m3/h ± 1.0% Full scale 

R290/Nitrogen flow rate Vortex flowmeters 7.84 ~ 47.3 m3/h ± 0.17% Full scale 

Temperature Type-T thermocouple -200 ~ + 350 ℃ ± 0.5 ℃ 

Pressure Pressure sensor 0 ~ 2.5 MPa ± 0.2% Full scale 

Electric power Electric parameter detector 0 kW ~ 1 kW ± 0.5% Full scale 

 

Table 2. Range and precision of the main measuring equipment 

Device type Range 

Evaporating temperature 13 ~ 45 ℃ 

R290 flow meter 60 ~ 130 kg/h 

Liquid Nitrogen flow meter 100 kg/h 

Hot water flow mete 2 m3/h 

Ambient temperature 15 ℃ 

2.2 Thermodynamic Calculation Basis 

Fig. 2 is the temperature entropy (T - S) diagram of ORC and RORC systems. In ORC, 6-2 is the 
actual compression process and 4-3 is the actual expansion process. RORC works similarly to ORC, 
but unlike ORC, the refrigerant is reheated through a three-fluid heat exchanger before entering the 
evaporator at 10-11 stages. Heat as shown in 16-15 is provided by hot water and cold as shown in 9-
8 by liquid nitrogen. 

 

  

Fig. 2 Temperature-Specific entropy (T - S) diagram of the (a) ORC and (b) RORC 

 

The heat released by the hot water can be calculated by the following formula: 

 

                              (1) 

 

The ORC system performances are calculated by the following parameters: 
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Pressurization process of cryogenic pump (6 - 10):  

 

                            (2) 

 

(2) Isobaric heating process in evaporator (2 - 1):  

 

                            (3) 

 

Adiabatic expansion process in expander (4 - 3):  

 

                            (4) 

 

The process of constant pressure condensation in condenser (three-fluid heat exchanger) (13 - 12):  

 

                            (5) 

 

Similar to the BORC, the heat transfer parameters of each component for RORC can be calculated. 

In RORC, Evaporator:     

 

                           (6) 

 

Expander:     

 

                           (7) 

 

Condenser (three-fluid heat exchanger): 

 

                              (8) 

 

The heat calculation through the regenerative pipe can be expressed by the following formula: 

 

                           (9) 

 

The cold energy released by the liquid nitrogen can be calculated by the following formula: 

 

                          (10) 

 

Pump: 

 

                          (11) 
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The heat source utilization efficiency for BORC and RORC can well reflect the utilization of heat 
source, which can be determined by the following formula: 

 

                                (12) 

 

The cold energy efficiency for BORC and RORC can directly display the utilization amount of cold 
energy, which can be determined by the following formula: 

 

                                (13) 

 

The exergy efficiency of BORC and RORC can reflect the overall performance of the system, which 
can be determined by the following formula: 

 

                               (14) 

 

The generation efficiency of expander as follow: 

 

                               (15) 

3. Experimental Results and Analysis 

The evaporating temperature is controlled by PID controller, and the heat source temperature is 
gradually increased from 13 °C to 45 °C, every 2 °C is a working condition. After about 20 minutes 
in the steady state of heat and cold balance, the data acquisition system begins to record the valid data 
in real time, and each steady state lasts at least 4 minutes. REFPROP 9.0 was used to calculate the 
thermodynamic parameters of the main points such as specific entropy, specific enthalpy and density. 

3.1 Effect of Evaporating Temperature on Circulating Thermal Efficiency of the System 

During the experiment, the effect of evaporating temperature on thermal efficiency is obvious. As 
shown in Fig. 4, the thermal efficiency of ORC system increases from 2.9% to 7.4% and from 4.1% 
to 8.5% when evaporating temperature increases from 13 °C to 45 °C, at the same evaporating 
temperature, the thermal efficiency of RORC is higher than that of ORC, which is due to the existence 
of reheat. 

3.2 Influence of Evaporating Temperature on Inlet and Outlet Pressure of Expander and 
Power Generation Of System 

Comparing the power generation of ORC and RORC expander ahart 4, it can be found that the power 
generation of the system increases first and then decreases with the increase of evaporating 
temperature. This is because the inlet pressure of the expander is increased, the specific enthalpy of 
the working medium is increased, the enthalpy drop in the expander is increased, the work done by 
the expander is increased, and as the experiment continues, the evaporating temperature further 
increases, the liquid in the pump is insufficient, and the amount of steam given is insufficient, the 
volume capacity reduces, the back pressure drops causes the generation quantity to reduce. But the 
expansion machine speed increases, causes the more friction and the loss, causes the power generation 
efficiency to drop. As shown in figure, the maximum power output of RORC is 520.9 W, and that of 
ORC is 451.8 w. 
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Fig. 3 Variation of the utilization rate of heat source for BORC and RORC 

 

 
Fig. 4 Variation of expander power and generating efficiency 

3.3 Effect of Evaporating Temperature on Specific Enthalpy at Inlet and Outlet of Three 
Fluid Heat Exchanger 

Fig. 5 shows the change of the specific enthalpy and enthalpy difference of the inlet and outlet of the 
three-fluid heat exchanger with the evaporating temperature. It can be seen from the diagram that the 
enthalpy difference of the inlet and outlet of the three-fluid heat exchanger of the ORC decreases 
from 484 kj/kg to 403 kj/kg when the evaporating temperature increases from 13 °C to 45 °C, the 
enthalpy difference of three-fluid heat exchanger of RORC is reduced from 496 kj/kg to 421 kj/kg. 
This is because the inlet specific enthalpy of three-fluid heat exchanger first decreases and then 
increases with the increase of evaporating temperature, and the outlet specific enthalpy increases 
obviously, which leads to the decrease of the inlet-outlet enthalpy difference of three-fluid heat 
exchanger. 

3.4 Effect of Evaporating Temperature on Cold Energy Utilization 

The change of ORC and RORC cold energy utilization is shown in figure 6. As can be seen from 
figure 6, evaporating temperature increased from 13 °C to 45 °C, ORC cold energy utilization 
increased from 6.7% to 10% , and then decreased to 7.8% , and RORC cold energy utilization 
increased from 7.3% to 11.7% , then it dropped to 8.6% . This is due to the increase in the system 
power generation, ORC and RORC have improved cold energy utilization. When the evaporating 
temperature is further increased, the power output of the system decreases and the utilization ratio of 
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cold energy decreases. Because of the existence of Reheat, the evaporating pressure of RORC system 
is higher than ORC at the same evaporating temperature, the pressure difference between inlet and 
outlet of expander is bigger, the enthalpy drop is bigger, the expander does more work, so the cold 
ηc of RORC is higher than ORC. As can be seen from Fig. 6, when the evaporating temperature is 
34 °c, the maximum values of RORC and ORC are 11.7% and 10% respectively. 

 

 
Fig. 5 Variation of condenser inlet and outlet specific enthalpy for ORC and RORC 

 

 
Fig. 6 Variation of cold energy efficiency for BORC and RORC 

4. Conclusion 

In order to master the performance of organic rankine power generation system driven by cold energy 
when the temperature of heat source changes, an experimental study was carried out on the ORC 
power generation system using R290 as working fluid, liquid nitrogen as cold source and three-fluid 
heat exchanger, the variation of evaporating temperature on the generation capacity and cold energy 
utilization ratio of the basic ORC system and the regenerative RORC system is analyzed: 
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1) In the range of 10-45 °C, the thermal efficiency of RORC and ORC increased with the increase of 
evaporating temperature, and the thermal efficiency of RORC was higher than that of ORC, the 
maximum thermal efficiency of RORC was 9% , the maximum thermal efficiency of ORC was 8.5%. 

2) In the test system, when the evaporating temperature is 34 °C, RORC and ORC reach the maximum 
generating power, which are 520.9 W and 451.8 W respectively.  

3) At the same cold energy flow rate, RORC system can absorb less heat energy and produce more 
electric energy than ORC system. When the mass flow rate of cold source is 100kg/h, there is an 
optimum evaporating temperature of 34 °C, which makes the system’s cold energy utilization ratio 
reach the maximum value, rORC is 11.6% and ORC is 10%. 
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