
 

The measuring thermocouples installed in this test rig had measurement limitations of 

up to 200°C. Such range of temperature measurements are considered necessary 

because at the outlet of the heater the designed temperature is close to that region. The 

positions of the thermocouples of the air loop are before and after HX-2, as in Figure 

1. To set the thermocouples into tubes, it requires penetrating the small thin needle 

into the tube containing the working fluid. These thermocouples are connected to a 

data collector and are used to measure the temperature of working fluids including the 

CO2, the ethylene-glycol water mixture and the air. These data of measurements are 

logged into a computer. The measuring of the thermocouples is accurate to 10−8K. 

Most importantly, the useful thermocouples for temperature measurement were placed 

at the inlet and the outlet of HX-2, pump and the expander, as is shown in Figure 3.  

 

B. Mass flow meters and pressure sensors 

Besides those thermocouples, the mass flow meters and pressure sensors are also 

connected to the computer as well. The mass flow meters are set at the expander loop, 

the ethylene-glycol loop and the heat pump loop. They measure the mass flow and 

save data into the computer. The range of the currents of the pressure sensors and 

mass flow meters is 4-20 mA. And the measuring of the mass flow meters and 

pressure sensors is accurate to 10−7  kg/min and 10−8  bar, respectively. The 

monitored mass flow rate is the working fluid flow rate, which affects the 

performance of the system and the power output.  



 

Figure 7 Thermal couple in the expander loop 

 

Figure 8 A RHEONIK mass flow meter in the heat pump loop 



 

4.4 Working principles of the operation modes 

 

 
Figure 9 p-h diagram of the 𝐂𝐎𝟐 in the cycle 

 

From Figure 9 the essential processes of this system, which lies in the expander loop, 

can be clearly shown. CO2 working fluid in the expander loop is heated up to 

super-critical state in the HX-2, the process of which is represented as state 3 to state 

2 in Figure 9. At state 2, the super critical CO2 contains a high enthalpy and is ready 

to go through the expander. The expansion takes place as CO2 goes through state 2 to 

state 1, generating power output. Afterwards, with the help of the glycol loop, CO2 

working fluid is cooled down and goes through the two-phase state before it reaches 

the liquid phase, which is represented from state 1 to state 5. In order to raise the 

pressure of CO2 at this stage, a pump is embedded and pumps the liquid CO2 to 

state 3. In the HX-2 CO2 is ready to be heated up again, completing a continuous 

cycle. 

 



As is stated above, the crucial part of this test rig is the expander loop, for the reasons 

that the heat pump loop is serving as external heating equipment, simulating heat 

input collected from solar energy, or any other similar low grade heat source. Both the 

air loop and the glycol loop are acting as heat transfer equipment between high 

temperature end and low temperature end. The meaningful performance happens in 

the expander loop, providing work output and allowing us to examine the 

performance of super-critical CO2 in this Rankine cycle.  

 

4.4.1 Temperature of input heat source 

From figure 7 it can be said that the temperature of input heat source plays an 

essential role in how the system performs. Based on the parameters and the designed 

working condition of components including expander, pumps and heat exchangers, 

the proper temperature of input heat source is between 70-100 ℃. In these actual 

tests, the input heat source temperature was set at 80 ℃. When operating under 

higher heat source temperature, such as 120-150 ℃, the system shows unstable 

performance attributing to higher requirement of strength of components, more severe 

processes of heat transfer, and less reliability of process control. 

 

4.4.2 Pressure of expander inlet and outlet 

 

With basic understanding of working fluid characteristics, we only need two variables 

of a certain state to determine all the parameters of it. In this research, for the sake of 

investigating working situation of supercritical CO2, not only the temperature of CO2 

was set at proper figure, but also the pressure had to be raised to above 79.7 bar. This 

is to ensure that during the process of expansion and electricity generation, the CO2 

at the expander inlet was at super-critical state. Therefore, efforts of the pump in the 

expander loop serves as a key role in it.  



 

4.4.3 Flow rate of 𝐂𝐎𝟐  

At specific working conditions, as the mass flow rate of CO2 grows, generally the 

work output will grow as well. It is beyond any doubt that for enabling a higher work 

output, an easy way is to raise the mass flow rate of CO2. Contradictorily, if the mass 

flow rate of CO2 is raised, it will influence the heat transfer in heat exchangers. The 

fact is that since all the heat exchangers are already set up in the system, heat transfer 

process must be somehow completed in the heat exchangers to ensure the stable 

working state. If the mass flow rate is too high, the completeness of heat transfer in 

the heat exchangers might be challenged, resulting in insufficiency of both heating 

and cooling processes in the CO2 loop. During the tests, the mass flow rate of CO2 

is set between 1.8 kg/min to 3.8 kg/min. This is to verify that the work output can be 

at a significant figure and that the heat exchanging processes can be sufficient.  

 

4.5 Experiment results and analysis 

 

A few series of tests were carried out to examine the performance and functions of 

this proposed system. From the results of these tests, the feasibility of this system is 

approved. All the tests were pre-set with input heat source temperature of 80 ℃. 

Basic analysis of the tests is presented below.  

 

4.5.1 Power outputs of the system 

Power outputs of the expander loop in the system can be determined by several 

variables including input heat temperature, inlet and outlet pressure of the expander, 

speed rate of the expander, etc. The actual tests consist of two main categories. The 



first category was to fix the flow rate of working fluid, as CO2 in this system, and 

change the speed rate of the expander to examine the outputs. The second category 

was operation with a pre-set speed rate of the expander and check out the 

performances under different working fluid flow rate. The work outputs of the 

expander can be directly measured and compared. Among the tests the highest 

outcome of work output was 404.34W, at the CO2 flow rate of 3.8kg/min and the 

expander rate of 3500 rpm. In the meantime, the minimum work output of the tests, 

which was 96.528W, happened at the CO2 flow rate of 1.8kg/min and the expander 

speed rate of 1500 rpm.  

 

Table 2 Power output comparison at high flow rate 

CO2 flow rate (kg/min) Expander rotate speed (rpm) Power output (W) 

3.5 2900 295.6348067 

3.5 3500 315.3359563 

3.5 4500 346.0600909 

3.8 2900 336.8814076 

3.8 3500 371.0130681 

3.8 4500 404.3446102 

 

Table 3 Power output comparison at fixed expander rotate speed 

CO2 flow rate (kg/min) Expander rotate speed (rpm) Power output (W) 

1.8 1500 96.5275651 

2 1500 105.6011862 

2.5 1500 149.4952302 

3 1500 178.2806743 

1.8 2500 109.2533068 

2 2500 107.5374258 

3 2500 239.7312444 

3.8 2500 300.3030858 



2 3000 107.9096077 

2.5 3000 231.3756113 

3 3000 271.5370118 

3.8 3000 336.8814076 

 

 

 

Figure 10 Power output at high CO2 flow rate 

 

Generally the power output of the system increases under circumstances that either 

the CO2 mass flow rate climbs or the expander rotate speed rate increases. The 

variable of CO2 flow rate has a more significant influence on the power output in this 

system, which can be explained that the more CO2 fluid going through the turbine 

and pushes it, naturally the work it produces will grow. 

4.5.2 Turbine efficiency of the expander loop 

Turbine efficiency is calculated using the Equation 2. 
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𝜂𝑇 =
𝑃𝑎𝑐𝑡

(ℎ𝑇,𝑖𝑛 − ℎ𝑇,𝑜𝑢𝑡) ∗ 𝑚̇
 

Equation 2 

 

𝜂𝑇     Turbine efficiency of the expander loop 

𝑤𝑎𝑐𝑡   Actual power output of the expander [kW] 

ℎ𝑇,𝑖𝑛   Enthalpy of the turbine inlet [kJ/kg] 

ℎ𝑇,𝑜𝑢𝑡  Enthalpy of the turbine outlet [kJ/kg] 

𝑚̇     Mass flow rate of CO2 [kg/s] 

 

With all the variety including the work output, enthalpy of turbine inlet and outlet 

known from the tests, turbine efficiency directly rely on CO2 mass flow rate and 

features of the expander.  

 

Judging from the experiment results, turbine efficiency varies hugely from around 47% 

to 82%. The testing conditions and corresponding turbine efficiency is presented in 

figure 9 below. 

 

 
Figure 11 Turbine efficiency under different working conditions 

 

From Figure 11 the significant increment of turbine efficiency is very apparent overall 
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when the expander speed rate increases. Moreover, with deeper insights, in general 

the turbine efficiency also relates to the flow rate of CO2  working fluid. The 

tendency is quite doubtless that as CO2 flow rate climbs from 1.8 to 3.8, turbine 

efficiency shifts from lower figure around 47% to a higher figure around 65%-75%. 

This tendency is shown regardless of the expander speed rate’s variety.  

 

Another angle to evaluate the performance and the effectiveness of the expander is the 

concept of isentropic efficiency. The formula used for isentropic efficiency calculation 

is Equation 3 below: 

 

η𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 =
ℎ1 − ℎ2
ℎ1 − ℎ𝑠

 

Equation 3 

 

η𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐  Isentropic efficiency of the expander 

ℎ1 Actual enthalpy of the expander inlet [kJ/kg] 

ℎ2 Actual enthalpy of the expander outlet [kJ/kg] 

ℎ𝑠 Enthalpy of the expander outlet in isentropic expansion process [kJ/kg] 

 

 



 

Figure 12 Diagram of actual expansion and isentropic expansion 

 

Table 4 Comparison of isentropic efficiency under different conditions 

CO2 flow rate 3.5kg/min 3.8kg/min 

expander speed (rpm) 2900 3500 4500 2900 3500 4500 

isentropic efficiency 39.74% 50.36% 53.96% 38.82% 47.29% 49.23% 

 

From Figure 12 it is clearly presented that the actual expansion process is sliding to 

the right side of an ideal isentropic expansion, attributing to the increment of entropy 

and decrement of power output. With the formula above the isentropic efficiency can 

be calculated based on the test results and the consequences are shown in Table 4. The 

doubtless tendency is that isentropic efficiency of a turbine increases as the expander 

speed is raised. The ideal isentropic efficiency swings around the figure of 50% at the 

expander speed rate of 4500 rpm.  

4.5.3 Overall efficiency of the complete loop 

 

It is of crucial importance that we calculate the overall efficiency of the complete 

expander loop for the sake of evaluating this system. For the reasons that this system 



aims at researching the feasibility of power production under low temperature heat 

source such as solar energy heat sink, the critical loop of the system is the expander 

loop. Therefore, it is reasonable to focus on this part. Principally the overall efficiency 

of a system for generating electricity from heat source is defined as the ratio of actual 

work output and the heat input. To present in terms of a formula it is as below: 

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑃𝑎𝑐𝑡
𝑄

 

Equation 4 

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙    Overall efficiency of the expander loop 

𝑃𝑎𝑐𝑡      Actual power output of the expander [kW] 

𝑄        Heat absorbed in the HX-2 of the expander loop [kJ] 

 

With the results of the tests, the overall efficiency is calculated under different 

working conditions.  

 

The first result we can get is as the expander speed rate increases, the overall 

efficiency rises as well generally. Two sets of experiment data were chosen to support 

this result, as it is easily concluded from Figure 13.  



 
Figure 13 Relation between expander speed rate and overall efficiency 

 

The second result comes from comparison among different CO2 mass flow rate, 

under various expander speed rate. The tendency is clear that with higher CO2 flow 

rate comes higher overall efficiency, but the efficiency climbs very slowly when the 

CO2 flow rate reaches a certain figure and keeps climbing. The diagrams of this 

comparison are presented in Figure 14-16 below. 

 

 
Figure 14 Overall efficiency at 1500 rpm expander speed rate 
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Figure 15 Overall efficiency at 2500 rpm expander speed rate 

 

 
Figure 16 Overall efficiency at 3000 rpm expander speed rate 

 

4.6 Evaluation of the experiments 

 

From the perspective of effect, these experiments offered an abundant series of proof 

for the feasibility of power generation of this Rankine cycle utilizing CO2 as working 

fluid and low grade heat source, presumably solar energy input. As the simulation of 
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heat input was set at a temperature of 80 ℃, the results are plain and suitable for 

analysis. Furthermore, in the comparison of testing results and the analysis, essential 

features or variables including expander speed rate and mass flow rate of CO2 are 

examined and quantified. It can be safely concluded that the primary feasibility of the 

system is verified with the results.  

 

Another critical analysis was that through calculation, the turbine efficiency and 

overall efficiency of the expander loop were acquired. The turbine efficiency varies 

significantly throughout the tests, probably due to the potential incapability for the 

expander to work out the super-critical CO2. After all, the expander that was abducted 

in the test rig was not specially designed to deal with super-critical CO2 in this case. 

Further details for turbine efficiency analysis are remained to be examined for future 

study and research. On the other hand, the overall efficiency was fluctuating between 

0.06-0.13, which is an optimistic result. This overall efficiency neglected the 

irreversibility and dissolving effect of the heat inputting process because it was 

calculated using entropy increment between the inlet and the outlet of HX-2. 

Therefore, the overall efficiency will drop a little if the dissolving effect was taken 

into consideration. However, the results of the tests are still promising and reveal a 

good potential for future application.  

 

4.7 Limits of the experiments 

 

As for the limitation of the experiments and analysis, it has to be acknowledged that if 

the heat source temperature is raised higher, it will hugely improve the 

thermodynamic cycle in principles. All the tests were carried out under the heat input 

temperature of 80 ℃. But higher temperature of heat input will create bigger gap 

between the inlet and the outlet of HX-2, thus making a bigger gap as well between 

the inlet and the outlet of expander, bringing certainly a better work output. 



Unfortunately, the test rig does not allow such higher temperature of heat input. As a 

compensating solution, a computational model was established and verified to this test 

rig. The performance of the computational model will be analyzed within simulation. 

After creating a model that is close enough to the real system, some off-design can be 

executed to reveal some untested results by raising the heat input temperature in the 

modeling condition.  

 

5. Modelling and validation 

To better analyze this system, it is of significant importance to establish a 

computational model in order to run a simulation. Therefore, a model was created in 

this research work using Modelica in Dymola platform for optimization.  

 

5.1 Establishment of the model 

Firstly, a draft model was established to simulate the whole system in functioning. 

Without jeopardizing any operational principles and core equipment, the system was 

to some extends simplified, thus focusing the computational resource on the essential 

modules. The diagram of simulated model is shown in Figure 17. 



 
Figure 17 Simulation model diagram of the test system in Dymola 

 

From Figure 17 it can be seen that all the four loops constructing the whole system 

were included in the model. Both the expander loop and the heat pump loop are 

colored green because they were both filled with CO2 as their working fluid. As is 

mentioned above, the expander loop is the most essential loop in this system and in 

this simplified model it contains the heating process of CO2 in HX-2, which is the 

key process of heat input. Air was heated due to the heat pump loop and transfer heat 

into CO2 to convert it to super critical phase and function the expander loop. After 

CO2 finished the expansion process in the expander, it was cooled down to liquid 

phase with the gas cooler of HX-3. In the real system, the cooling down process took 

place in both HX-3 and HX-8. However, in the simulation model it is of no harm to 

simplify this process into one gas cooler. The heat pump loop generated a high 

temperature CO2 in the HX-4 and the in operation this heat was transferred to the air 

side in HX-4. The air loop plays a role as a media to carry the energy between the heat 

pump loop and the expander loop.  



5.2 Validation of the model 

After the simulation model is primarily established, a series of optimization progress 

must be done for making the computational model as close to the real system as 

possible. 

 

Firstly, the detailed information of all the heat exchangers was acquired with the help 

of SINTEF staff. In the simulation model, the specific parameters of all those heat 

exchangers should be modified and adjusted to the real ones. For the essential 

expander loop, the information of HX-2, a fin-and-tube heat exchanger, is listed in 

Table 5 below. 

 

Table 5 Key Data of HX-2 

core length finned tube length fin type 

0.615m 0.6m corrugated 

fin material tube material tube arrangement 

aluminum copper staggered up 

tube diameters fin spacing tube inner area 

7.20/5.80mm 2.50mm 0.966 ㎡ 

number of vertical tubes number of horizontal tubes air side area 

6 14 22.82 ㎡ 

 

With the real details of HX-2 acquired and embedded to the computational model, the 

physical model of HX-2 is established from Dymola’s TIL module. HX-2 is a 

fin-and-tube heat exchanger, with numbers of cells equal to 10. The physical model 

can be shown in Figure 18 below. 



 

Figure 18 The model of heat exchangers used in simulation calculation 

 

 

The basic conduction heat transfer principle formula is Equation 5. 

 

ϕ = kA(𝑡𝑓1 − 𝑡𝑓2) 

Equation 5 

 

ϕ    Amount of heat transfer between two units [kJ] 

A    Area of heat transfer surface [𝑚2] 

k    Coefficient of heat transfer [kW/(𝑚2 ∗ 𝐾)] 

𝑡𝑓1    Temperature of medium 1 [℃] 

𝑡𝑓2    Temperature of medium 2 [℃] 

 

The input data of HX-2 is Medium 1 temperature at Port A and Medium 2 temperature 

at Port B of this model, representing the temperature figure received from data tunnel. 

In Figure 18 the thermal heat resistance is presented. The adjusted formula for 

calculation of each cell is Equation 6. 

 



ϕ =
𝑡𝑓1 − 𝑡𝑓2

1
ℎ𝑖𝐴𝑖

+
𝛿
𝜆𝐴𝑖

+
1

ℎ𝑜𝜂𝑜𝐴𝑜

 

Equation 6 

 

ϕ    Amount of heat transfer between two units [kJ] 

𝑡𝑓1    Temperature of medium 1 [℃] 

𝑡𝑓2    Temperature of medium 2 [℃] 

ℎ𝑖   Coefficient of convection heat transfer in the inside surface [kW/(𝑚2 ∗ 𝐾)] 

𝐴𝑖   Area of the inside surface [𝑚2] 

𝛿    Thickness of the heat transfer pipe [m] 

𝜆    Coefficient of conduction heat transfer in the wall [kW/(𝑚2 ∗ 𝐾)] 

ℎ𝑜   Coefficient of convection heat transfer in the outside surface [kW/(𝑚2 ∗ 𝐾)] 

𝜂𝑜   Overall fin surface efficiency 

𝐴𝑜   Area of the outside surface [𝑚2] 

 

Using iteration for solving this series of linear equations on each cell, the export data 

of HX-2 is Medium 1 temperature at Port B and medium 2 temperature at Port A.  

 

Similarly, such adjustments were also made for HX-3, HX-4, HX-6, and HX-7. The 

information of HX-3, which served as the condenser for the expander loop, is shown 

in Table 6. It is a 25-plate-one-pass model, and has been insulated with 2cm thick 

isolation.  

 

Table 6 tested information of HX-3 

  side 1 side 2 

port diameter 24.0mm 24.0mm 

number of channels 9 10 

number of plates 20 

 

Since the glycol loop serves for cooling CO2 of the expander loop in HX-3 and 



providing an evaporator/heat sink for the heat pump loop, it carries heat between 

HX-3 and HX-7. The HX-7 is a plate heat exchanger delivered by SWEP. It is a 

30-plate-1-pass model.  

 

The heat pump loop was equipped with an internal heat exchanger of HX-6, designed 

by SINTEF.  

 

Table 7 Key data of HX-6 

  inner diameter outer diameter material 

high pressure tube 6mm 8mm copper 

low pressure tube 15mm 17mm stainless steel 

tube length 2m 

 

As for HX-4, a fin and tube heat exchanger plays a role of conveying the heat to 

supply the heat source, the information of which is listed in Table 8. The design of it 

was based on simulations with the in house design tool HXsim. 

 

Table 8 information of HX-4 

core length finned tube length fin type 

0.815m 0.6m corrugated 

fin material tube material tube arrangement 

aluminum copper staggered up 

tube diameters fin spacing tube inner area 

7.20/5.80mm 2mm 1.24 ㎡ 

number of vertical tubes number of horizontal tubes air side area 

6 18 36.1 ㎡ 

 

After all the heat exchangers are properly adjusted to the real parameters, further steps 

of optimization need to be executed.  

 

The expander model defines a pressure decrease, a mass flow rate or a volume flow 

rate. One of the variables can be a fixed value or set by a changing input from outside. 

Also the expander’s outlet enthalpy or temperature is a fixed user-defined value. In 



this model, the mass flow rate is determined by parameter input, and the discharge 

temperature is user-fixed in order to define the output pressure. With these parameters 

and a given expander efficiency, the work output is therefore calculated based on the 

Equation 7 below. 

 

𝑃𝑜𝑢𝑡 = 𝜂𝑒𝑥𝑝 ∗ 𝑚̇ ∗ (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) 

Equation 7 

 

𝑃𝑜𝑢𝑡  Power output of the expander [W] 

𝜂𝑒𝑥𝑝  Efficiency of the expander 

𝑚̇    Mass flow rate of CO2 [kg/s] 

ℎ𝑖𝑛   Entropy of the expander inlet [kJ/kg] 

ℎ𝑜𝑢𝑡  Entropy of the expander outlet [kJ/kg] 

 

The pump model calculation is also based on mass balance equation and energy 

balance equation. Being part of a complete loop, the mass flow rate is unified and 

preset as well. The pump efficiency is preset at 0.4, according to the average results of 

the real tests.  

 

As is analyzed above, the work output is determined by many factors, including input 

temperature of heat source, CO2 working fluid flow rate, pressure raise brought by 

the pump in the expander loop, cooling effect of the glycol loop, etc. Generally 

speaking, it is impossible to 100% simulate the real situation due to the inadequate 

information of all components of this quite huge system. As far as current research, 

the exact principles and exact explicit heat transfer calculation in real complex system 

are not revealed yet. In most situations, including computational models, only 

experimental equations are applied with certain coefficients. To determine these 

coefficients in heat transfer, a series of modification and comparison must be executed 

in optimizing the simulation model in Dymola. With a set of most suitable coefficients 

used in the running of simulation model and the actual tested condition parameters 



input, the outcomes of this simulation model were approaching quite closely to the 

results of the test rig.  

 

At the CO2 flow rate of 2kg/min, input heat source temperature set at 80℃, inlet 

pressure of the expander at 82.673 bar, the diagram of the simulation results in the 

expander is shown in Figure 19 below. 

 
Figure 19 Diagram of simulation expander at flow rate of 2kg/min 

 

In the simulation, the expander quickly reaches a stable state after starting operation. 

The stable state is obtained within 15 milliseconds. The stable work output of this 

simulation expander is acquired in simulation as 132.90W. To compare, the actual test 

result of the work output at the same condition setting is 156.464W.  

 

At the CO2 flow rate of 3kg/min, input heat temperature still set at 80 ℃, and the 

inlet pressure of the expander at 100.88 bar, the diagram of the simulation is shown in 

Figure 20 below. 

 



 
Figure 20 diagram of simulation expander at flow rate of 3kg/min 

 

As before, the stable working state was also acquired quickly within 15 milliseconds. 

At these condition settings, the simulation work output by the computational model is 

304.92W, while the actual test result of the work output is 257.48W.  

 

With other series of settings, the simulation model all performed closely to the real 

situation as well. Basically speaking, the simulation results indicated that the 

difference between the computational model and the actual system is small enough to 

be accepted. 

 

5.3 Extensions of the experimental conditions 

As is stated above, the computational model in Dymola was established and verified 

as close to reality as acceptable. The major purpose of this type of model was to get 

over all the actual restraints and extend the working conditions to further situations. 

As explained in Chapter 4, the tests were all conducted under a pre-set heat source 

temperature of 80 ℃. The feasibility of successful operation was already testified and 



proved through the testing section. However, in the primary analysis it is obviously 

agreed that if the input heat source temperature can be raised higher, the work output 

will be significantly improved. To examine this feasibility, the working condition was 

extended in the computational model. The main adjustment was to raise the input heat 

temperature to a higher figure. When the input temperature was raised, the working 

fluid of CO2 matched to a higher temperature state, containing a higher entropy value. 

The extended working cycle is simulated in Figure 21 below:  

  

 
Figure 21 P-h diagram of 𝐂𝐎𝟐 in extended working condition simulation 

 

The working condition, specified as input heat source temperature was set to as high 

as 200 ℃, the result was that the work output climbed from around 200-300 W to 

7000 W. However, there are a series of other factors influencing this result. As the 

input heat source temperature was raised to a higher level, the discharged temperature 

will also climb, leading to a situation where more cooling capacity is required in the 

gas cooler of the glycol loop. If the cooling capacity in HX-3 didn’t get strengthened 

by lowering the temperature or raising the mass flow rate of cooling liquid, the state 



of CO2 after gas cooler HX-3 will be a mixture of gas state and liquid state, not 

sufficiently cooled down to be completely liquefied. This will severely influence the 

performance and cause irreversible damage of the components.  

 

Although the results of the computational model and its simulation are too optimistic 

by estimation, it still shows a huge potential in this system for power generation when 

a higher temperature heat source can be acquired.  

 

6. Analysis and Conclusions 

6.1 Entropy analysis 

For a closed system, the entropy is defined as in Equation 8. 

 

δ𝑆𝑔 = dS − d𝑆𝑓  

Equation 8 

 

𝑆𝑔 is entropy generation, which can measure the irreversibility of processes. In this 

equation, d𝑆𝑓  is entropy flow, which is defined as Equation 9. 

 

d𝑆𝑓 =
𝛿𝑄

𝑇𝑟
 

Equation 9 

 

δQ Heat absorbed [J] 

Tr Ambient temperature [℃] 

 

In a heating process such as what happens for CO2 working fluid in HX-2, CO2 

absorbs a certain amount of heat through an irreversible process. Therefore, entropy 

generation can be used to describe how much the irreversibility is in these processes. 



With higher entropy generation comes more irreversibility and more wasted energy in 

the heat transfer processes.  

 

In this part of analysis, some sets of contrary will be presented to indicate the entropy 

generation calculated with the equations above.  

 

6.1.1 At fixed flow rate 

Based on the equation of entropy generation, as Equation 10 below, the entropy 

generation 𝑆𝑔 of each component and the whole expander loop is listed in Table 9 

and Table 10 below. The input heat source temperature is 80 ℃ for both tables.  

 

δ𝑆𝑔 = dS − (
𝛿𝑄

𝑇𝑟
) 

Equation 10 

 

𝛿𝑄 Heat absorbed [J] 

𝑇𝑟 Ambient temperature [℃] 

 

Table 9 𝐒𝒈 (kJ/kg*K) of the expander loop at 3.5kg/min 

expander speed rate HX-2 turbine HX-3 pump sum 

2900rpm 0.097456 0.047564 -0.08905 -0.01456 0.04141 

3500rpm 0.062272 0.04183 -0.08993 -0.01216 0.002012 

4200rpm 0.063093 0.041246 -0.0919 -0.01216 0.000279 

 

Table 10 𝐒𝒈 (kJ/kg*K) of the expander loop at 3.8kg/min 

expander speed rate HX-2 turbine HX-3 pump sum 

2900rpm 0.079665 0.045818 -0.10823 -0.01462 0.002633 

3500rpm 0.062884 0.04483 -0.08986 -0.01528 0.002574 

4500rpm 0.057737 0.04213 -0.08516 -0.01273 0.001977 

 



From the calculation of entropy generation, it appears that the higher expander speed 

rate is adopted, the less irreversibility of the system can be achieved. The main reason 

for this phenomenon can be laid in that high expander speed brings more efficient 

performance in the turbine, thus reducing the negative influence of friction loss and 

wasted energy.  

6.1.2 At fixed expander speed rate 

The same method of analysis is also applied for fixed expander speed rate. In order to 

detect the tendency of entropy generation in increasing expander speed rate, contrary 

of entropy generation and irreversibility is revealed in the tables 11-13. 

 

Table 11 𝐒𝒈 (kJ/kg*K) of the expander loop at 1500 rpm expander speed 

Flow rate HX-2 Turbine HX-3 pump sum 

1.8kg/min 0.085292 0.040263 -0.1088 -0.00678 0.009975 

2kg/min 0.079722 0.03928 -0.10528 -0.00748 0.006242 

2.5kg/min 0.066949 0.04828 -0.09901 -0.01008 0.006139 

3kg/min 0.055776 0.053864 -0.0914 -0.01473 0.00351 

 

Table 12 𝐒𝒈 (kJ/kg*K) of the expander loop at 2500 rpm expander speed 

Flow rate HX-2 Turbine HX-3 pump sum 

1.8kg/min 0.094895 0.031096 -0.11178 -0.00623 0.007981 

2.5kg/min 0.070935 0.041397 -0.09806 -0.00961 0.004662 

3.0kg/min 0.063297 0.046963 -0.09432 -0.01101 0.00493 

3.8kg/min 0.050603 0.051246 -0.08486 -0.01626 0.000729 

 

Table 13 𝐒𝒈 (kJ/kg*K) of the expander loop at 3000 rpm expander speed 

Flow rate HX-2 Turbine HX-3 pump sum 

2.0kg/min 0.087875 0.02998 -0.10497 -0.00622 0.006665 

2.5kg/min 0.072501 0.04039 -0.09691 -0.00961 0.006371 

3.0kg/min 0.065516 0.04438 -0.09289 -0.0119 0.005106 

3.8kg/min 0.05147 0.049397 -0.08228 -0.01571 0.002877 

 

It can be concluded that generally with higher flow rate of working fluid comes lower 



entropy generation in the expander loop overall, which by estimation is resulted from 

more efficient heat transfer processes in heat exchangers under higher flow rate of 

working fluid. According to heat transfer principles, higher fluid speed can generally 

enhance the efficiency of conduction, thus giving better performances in reducing 

entropy generation. However, flow rate can’t be unlimitedly increased due to 

limitations of equipment, such as pump capacity and turbine capacity. From the 

testing section, the most beneficial flow rate is 3.5-3.8kg/min of CO2 in the expander 

loop considering the irreversibility of system.  

6.2 Exergy analysis 

The most basic principle of exergy analysis is the limits of heat converting to work. 

When the ambient temperature is 𝑇0, the maximum work output from a heat source 

with temperature T is calculated with Equation 11.  

 

𝑤𝑚𝑎𝑥 = (1 −
𝑇0
𝑇
)q 

Equation 11 

 

𝑤𝑚𝑎𝑥 Maximum work output [J] 

𝑇0 Ambient temperature [℃] 

𝑇 Temperature of heat source [℃] 

 

So in a certain thermal loop, the exergy of working fluid after absorbing heat is 

determined in Equation 12. 

 

𝑒𝑥,𝑄 = ∫ 𝛿𝑞
2

1

− 𝑇0∫
𝛿𝑞

𝑇

2

1

 

Equation 12 

 



𝑒𝑥,𝑄 Exergy of working fluid [J/kg] 

𝑇0 Ambient temperature [℃] 

𝑇 Temperature of heat source [℃] 

 

With the definition of entropy, the equation becomes Equation 13. 

 

𝑒𝑥,𝑄 = q − 𝑇0∆𝑆 

Equation 13 

 

𝑒𝑥,𝑄 Exergy of working fluid [J/kg] 

q Heat absorbed[J/kg] 

𝑇0 Ambient temperature [℃] 

∆𝑆 Entropy increment [J/kg*K] 

 

For the exergy loss in a closed cycle’s irreversible processes, entropy function can 

serve for the solution. From the insight of internal connection between entropy 

increment and exergy loss in a closed isolated cycle, they both result from 

irreversibility of the processes, thus making it reasonable to calculate exergy loss with 

this equation 14. 

 

𝐸𝑋,𝑙 = 𝑇0𝑆𝑔 

Equation 14 

 

𝐸𝑋,𝑙 Exergy loss [J/kg] 

𝑇0 Ambient temperature [℃] 

𝑆𝑔 Entropy generation [J/kg*K] 

 

Based on this exergy loss equation, it is quite plain to calculate the exergy loss of the 

expander loop in the model of simulation. The ambient temperature is 15℃, and the 



entropy generation 𝑆𝑔  was already calculated in section 6.1. The results are 

presented in tables 14-18.  

 

6.2.1 At fixed expander speed rate 

 

Table 14 Exergy loss (kJ/kg) at 1500 rpm of the expander loop 

Flow rate HX-2 Turbine HX-3 pump sum 

1.8kg/min 24.564096 11.595744 -31.3344 -1.95264 2.8728 

2.0kg/min 19.281312 13.90464 -28.51488 -2.90304 1.768032 

2.5kg/min 22.959936 11.31264 -30.32064 -2.15424 1.797696 

3.0kg/min 16.063488 15.512832 -26.3232 -4.24224 1.01088 

 

Table 15 Exergy loss (kJ/kg) at 2500 rpm of the expander loop 

Flow rate  HX-2 turbine HX-3 pump sum 

1.8kgmin 27.32976 8.955648 -32.1926 -1.79424 2.298528 

2.5kgmin 20.42928 11.92234 -28.2413 -2.76768 1.342656 

3.0kgmin 18.22954 13.52534 -27.1642 -3.17088 1.41984 

3.8kgmin 14.57366 14.75885 -24.4397 -4.68288 0.209952 

 

Table 16 Exergy loss (kJ/kg) at 3000 rpm of the expander loop 

Flow rate HX-2 turbine HX-3 pump sum 

2.0kg/min 25.308 8.63424 -30.23136 -1.79136 1.91952 

2.5kg/min 20.880288 11.63232 -27.91008 -2.76768 1.834848 

3.0kg/min 18.868608 12.78144 -26.75232 -3.4272 1.470528 

3.8kg/min 14.82336 14.226336 -23.69664 -4.52448 0.828576 

 



 

Figure 22 Comparison of total exergy loss under different 𝐂𝐎𝟐 flow rate 

 

From the tables of exergy loss calculation above, it can be concluded that at a fixed 

expander speed rate, with higher working fluid flow rate comes lower exergy loss. 

Based on the equation to calculate exergy loss above, in which entropy generation 

directly determines exergy loss, it is implied that higher entropy generation always 

leads to higher exergy loss. In principle, for a certain thermal process, the 

irreversibility of it is measured with either entropy generation or exergy loss. The 

reasons why higher flow rate can cause lower exergy loss can be inferred that the 

influence of friction is less contributing to irreversibility, and heat transfer processes 

in heat exchangers are also more effective under circumstances of high flow rate.  

 

6.2.2 At fixed flow rate 

 

Table 17 Exergy loss (kJ/kg) at 3.5kg/min flow rate of the expander loop 

expander speed HX-2 turbine HX-3 pump sum 

2900rpm 28.06733 13.69843 -25.6464 -4.19328 11.92608 

3500rpm 17.93434 12.04704 -25.8998 -3.50208 0.579456 



4200rpm 18.17078 11.87885 -26.4672 -3.50208 0.080352 

 

Table 18 Exergy loss (kJ/kg) at 3.8kg/min flow rate of the expander loop 

expander speed HX-2 turbine HX-3 pump sum 

2900rpm 22.94352 13.19558 -31.1702 -4.21056 0.758304 

3500rpm 18.11059 12.91104 -25.8797 -4.40064 0.741312 

4500rpm 16.62826 12.13344 -24.5261 -3.66624 0.569376 

 

Overall, exergy loss of the whole closed expander loop is lower when the expander 

speed rate increases. This phenomenon has something to do with the expansion 

process in the turbine with consideration of expander speed rate. However, due to the 

limits of the expander strength, the expander speed rate cannot go beyond proper 

working condition that it is designed for. Moreover, resulting from the features of 

CO2 as the working fluid in this test rig, the special characteristics of super-critical 

state CO2 can bring some influences without a doubt. In the expander of test rig, 

high-pressured and high-temperature CO2 reached the super-critical phase, making 

the heat transfer effects quite different to normal common gases or steams, such as 

propane or water steam. The unfortunate fact is that no proper expanders that are 

specially designed for super-critical CO2 can be found or obtained. Therefore, with a 

traditional common expander embedded in this test rig, the actual performance of 

super-critical CO2 cannot appear to be its best.  

 

6.3 Conclusions from the tests 

After operating the test system, especially the expander loop functioning as a Rankine 

cycle using CO2 as working fluid, series of data and results were collected through 

the measurement equipment and analyzed by calculation. From the tests we can draw 

several conclusions judging from the performance of this system.  

 

Firstly, the feasibility of power generation with Rankine cycle using CO2 as working 



fluid and a heat pump to provide a low temperature input heat source was abundantly 

testified. It is very clear that during the operation of the system, the system did 

generate a certain level of power by pushing supercritical phase CO2  of high 

temperature and high pressure through the expander. With the analysis above, the 

amount of power generated was determined by several variables including input heat 

source temperature, pump efficiency, expander speed rate, etc.  

 

Secondly, the turbine efficiency and overall efficiency were calculated and compared 

under different working conditions varying from low expander speed rate and low 

CO2 mass flow rate to high expander speed rate and high CO2 mass flow rate. The 

result of the turbine efficiency was decent, considering the expander we use in the 

proposed system was not specially manufactured for handling trans-critical phase 

matter. The overall efficiency of the expander loop was a promising result, with a 

little neglect of heat loss in the heat transfer process of the input heat exchanger. The 

overall efficiency was theoretically overrated slightly and optimistically, but it still 

shows a great potential for further research and study.  

   

6.4 Conclusions from the simulation 

With consideration of the limits of the real system, a computational model was 

established using Dymola platform in Modelica language, in order to simulate the 

system in modeling process. After the validation of this model, the working condition 

was extended from 80 ℃ to 150-200 ℃, for the sake of examining the potential of 

this conceptual system of Rankine cycle using CO2 as working fluid. The results of 

the simulation proved to be beneficial for analyzing the virtual power generation after 

the input heat source temperature was raised to a higher level. This shows a bright 

path for building a better system which has components capable in strength to handle 

higher pressure and higher temperature of CO2  working fluid due to the 

characteristics of CO2. Although it is just a computational model and incapable of 



revealing further quantified results for research, it can still provide useful proof for the 

assumptions of creating a bigger scaled and more efficient system with this concept.  
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