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Abstract. The Organic Rankine Cycle (ORC) is a thermodynamic cycle that can operate with a hot source 

over a wide range of temperatures, especially with low-grade heat (below 200°C). One of the main 

limitations for the success of small-scale ORC cycles (few to 100 kWe) is the relatively low isentropic 

efficiency of the typically used turbomachinery. Low turbine efficiency leads to low ORC cycle 

performance. To increase the performance of the cycle, the turbine efficiency must be increase, however, 

this significantly increases the cost of the machinery, making the cycle less profitable. In this work, the 

performance evaluation of low-temperature ORC cycles (100-150°C) with heat extraction along the 

expansion process is investigated, in an attempt to overcome this limitation. The studied cycle works in the 

same way as a conventional ORC, except that during the expansion process, heat is extracted. This heat is 

re-used later in the cycle, just before the hot source, allowing to reduce its load. The different cycles 

presented in this paper, using pentane as working fluid, are compared based on their exergetic and energetic 

efficiencies. The influence of three parameters on the cycle performance is studied: the regeneration ratio, 

the maximum temperature of the cycle and the turbine isentropic efficiency. In the case of a cycle using 

pentane with a maximum temperature of 150 °C and an turbine isentropic efficiency of 65%, the energy 

efficiency increases from 6.2% to 16.3% when going from no regeneration to full regeneration, and the 

exergy efficiency increases from 21.1 to 45.8%.. Secondly, the influence of the maximum temperature of 

the cycle is studied. Using pentane as the working fluid, the higher the maximum temperature is, the larger 

the benefits of heat extraction. However, this temperature cannot exceed the critical temperature of the 

organic fluid to stay in the case of a subcritical cycle. Finally, considering the turbine isentropic efficiency, 

it is possible to demonstrate that using a less efficient turbine, for example in small ORC systems, the 

performance of a cycle with an ideal turbine isentropic efficiency (100%) can be achieved compensating at 

cycle level the turbine losses with the heat extraction along the expansion process. 

1 Introduction 

Nowadays, energy consumption is growing as well 

as the environmental concerns. In addition to this, fossil 

fuel, the most widespread source of energy, is a finite 

source. More and more people are becoming aware of 

these problems and wish for a greener future. In 

addition, the European Union fixed to reduce the 

greenhouses gases before 2050 [1]. Hence it is important 

to increase the share of renewable energy and decrease 

the fuel consumption by raising the efficiency of energy 

production processes. 

One way to increase efficiency is by recovering the 

waste heat of industrial processes. M. Papapetrou et 

al. [2] estimate the total waste heat in Europe around 

300 TWh/year, with a third being low-grade heat, i.e. 

less than 200°C. A common way to recover waste heat 

is by using thermodynamic cycles. This work presents a 
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study of the performance of one of them: The Organic 

Rankine Cycle, noted ORC, and in particular, an ORC 

using a turbine allowing for heat extraction. 

The interest in ORCs has increased significantly in 

the last two decades [3] and nowadays, the worldwide 

cumulated installed capacity of this technology is 

estimated around 2.7 GW [4].  In comparison, the 

cumulative installed capacity for wind energy is equal to 

650.8 GW [5], highlighting that there is much potential 

for future installations, especially for small-scale 

applications. Several examples of these kind of 

applications are available in literature and are 

summarized in the review presented by Rahbar et 

al. [7],describing the different cycles, including biomass 

fired combined heat and power, solar power cycles, 

geothermal binary power cycles, internal combustion 

engines waste heat recovery, gas and steam power cycle 
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exhaust heat recovery and heat thermal energy 

conversion with ORC.  

 However, the performance of the ORC is currently still 

too limited, and it is mainly the isentropic efficiency of 

the expander that has a significant impact on the 

performance of the cycle [6]. 

The objective of this work is to assess the 

performance of a specific Organic Rankine Cycle. Its 

specificity is the extraction of heat during the expansion 

process. This extracted heat is re- 

used in the cycle to preheat the working fluid being 

heated further by the hot source. With this heat 

extraction during the expansion phase, we aim to 

increase the global cycle performance, allowing to 

compensate the losses due to the rather low turbine 

efficiency. 

2 Working principle  

The Organic Rankine Cycle is a thermodynamic 

cycle using an organic fluid as the working fluid 

composed of four main steps: (1) exchange with the hot 

source (preheating, evaporation, and superheating), (2) 

expansion, (3) exchange with the cold source 

(desuperheating, condensation and subcooling), and 

finally, (4) the pressurization in the pump. The 

Temperature vs entropy diagram and the schematic 

representation of the cycle are shown in Fig. 1.  

In the specific ORC studied in this work, heat is 

extracted during the expansion process. This heat is 

reinjected later in the cycle just before the heat source. 

Therefore, a new point is added to the cycle, point 2'. 

The extracted heat is reinjected between points 2 and 2' 

and point 2' corresponds to the economizer input.  

3 Model Description   

To carry out the performance analysis presented in 

this paper, a previously developed model from de 

Campos et al. was used and modified [8]. The main 

change to this code is the extraction of heat during the 

expansion and the use of this heat later in the same cycle.  

The amount of heat extracted is quantified by a 

parameter called the regeneration ratio, noted R, which 

is equal to the heat recovered during the expansion 

process divided by the maximum heat load of the 

economizer. Another difference with the previous 

model is that in the new model, the code works no matter 

the state of the working fluid at the end of the expansion 

whereas before, it only worked for dry expansion.   

To simulate heat extraction in the expander, it is 

necessary to discretize the expansion. Each step of the 

discretization is divided into two phases: an adiabatic 

expansion followed by an isobaric heat extraction. Fig. 2 

shows the succession of the two phases of the expansion. 

By increasing the number of steps, it is possible to tend 

toward a continuous process. Finally, all the cycles 

studied are scaled to a net output power of 10 kW to 

enable an objective comparison. 

The performances indicators used in this work are 

the energy and exergy efficiencies of the cycle. The first 

is defined as the net power output divided by the power 

available as energy (Eq.1), and the second is the net 

power output divided by the power available as exergy 

(Eq.2). 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 =
𝑃𝑛𝑒𝑡

�̇�𝑂𝑅𝐶(ℎ5−ℎ2)
         (1) 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 =
𝑃𝑛𝑒𝑡

�̇�𝑂𝑅𝐶(𝑒5−𝑒2)
        (2) 

4 Results 

In this result section, the impact of three main 

parameters, being the regeneration ratio, the maximum 

temperature of the cycle, and the isentropic efficiency of 

 
Fig. 1: Schematic representation of an ORC with a recuperator and the associated T-s diagram with Pentane as the working 

fluid [7]. 

 
Fig. 2: To simulate the heat extraction expansion process, 

this process was discretization in an expansion and heat 

extraction step. 
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the turbine is assessed and discussed. For all the 

following cycles, the used working fluid was pentane. 

4.1 Regeneration ratio  

The first studied parameter is the regeneration ratio. 

When its value increases, the amount of heat extracted 

during the expansion is more important. Fig. 3, 4 and 5 

show the T-s diagrams for increasing values of the 

regeneration ratio. The first corresponds to a R equals to 

0, i.e. no heat extraction. Then, when the regeneration 

ratio increases, point 2’, corresponding to the inlet of the 

economizer, is moving up. When R is equal to 1, point 

2’ and 3 coincide, meaning that the economizer is no 

more required in the cycle. Another observation is that, 

when R is equal to 0.425 (Fig. 4), the expansion line is 

along the saturation curve. It means that when R is equal 

or higher to this value, the recuperator is no more needed 

in the cycle. Additionally, when R is higher than 0.425, 

the expansion ends inside the saturation curve, i.e. in a 

biphasic state.  

By increasing the regeneration ratio, it is possible to 

increase the energy and exergy efficiency of the cycle 

(Fig. 6). The values added to the points in Fig. 6 

correspond to the vapor quality at the end of the 

expansion. These results allow to conclude that both 

exergy and energy efficiencies increase sharply between 

R=0 and R=1. Indeed, the first one increases from 

21.09% to 45.84%, while the latter one increases from 

6.16% to 16.25%. The exergy efficiency is doubled, and 

the energy efficiency is almost tripled, which shows 

indeed the potential of the heat extracted ORC cycle. 

4.2 Maximum temperature 

The second studied parameter is the maximum 

temperature of the cycle. Three maximum temperature 

are considered: 100°C, 125°C, and 150°C. Fig. 7 and 8 

show, respectively, the evolution of exergy efficiency 

and energy efficiency for these maximum temperatures. 

Looking at the energy efficiency evolution, when the 

regeneration ratio increases, a maximal efficiency is 

reached for higher maximum temperatures. However, 

the exergy efficiency has different behaviour. It shows 

that for R=0, a lower temperature is more convenient in 

terms of exergy. However, when R increases, this trend 

is reversed. 

4.3 Turbine Isentropic Efficiency 

The last studied parameter is the isentropic 

efficiency of the expander. The interest of this part is to 

understand, as mentioned in the introduction, if it is 

possible to achieve the same cycle performance with a 

low-efficiency turbine by compensating with heat 

 
Fig. 6: Evolution of exergy efficiency and energy efficiency 

with R 

 
Fig. 3: T-s diagram for R=0 

 
Fig. 4: T-s diagram for R=0.425 

 
Fig. 5: T-s diagram for R=1 
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extraction. Fig. 9 and 10 show the exergy and energy 

efficiency variation for different isentropic efficiencies.  

First, looking at the exergy evolution (Fig. 9), for an 

isentropic efficiency of 100%, the exergy efficiency 

achieved is not equal to 100%. This means that there are 

also exergy losses in the other components, apart from 

the turbine, and most probably in the condenser. These 

losses decrease considerably as the regeneration ratio 

increases due to the reduced load on the condenser. 

Simulation results also shows that with a turbine with an 

isentropic efficiency of, for example, 60%, it is possible 

to achieve the same cycle performance, i.e. an energy 

efficiency equal to 10.9, as with a turbine with 100% 

efficiency by increasing the regeneration ratio from 0 to 

0.79. This observation is interesting since it means that 

by using a turbine with mediocre efficiency, but which 

allows heat extraction, it is possible to achieve good 

cycle performance as well. 

Then, looking at the energy evolution (Fig. 10), the 

same conclusion can be draw. The difference with the 

previous graph is a higher increase between the 

minimum and maximum value of R for energy 

efficiency than for exergy efficiency.  

Using Fig. 10, showing the energy efficiency 

evolution for different isentropic efficiency, three cases 

are highlighted. These cases represent cycles providing 

the same energy efficiency with different isentropic 

efficiency of the turbine. Table 1 lists the main output 

parameters of the different cases. To obtain the same 

energy efficiency of 10.9%, the decrease in isentropic 

efficiency must be balanced by an increase in the 

regeneration ratio. In other words, the amount of heat 

extracted during expansion must increase to keep the 

same performance. The table also confirms the steeper 

increase in the energy efficiency compared to the exergy 

efficiency. The net power is the same in all the cases due 

to the scaling of the cycles explained before.  

In conclusion, if heat extraction during expansion 

leads to a decrease in expander efficiency, it is still 

possible to achieve better performance than without heat 

extraction. In addition, when the regeneration ratio 

increases, the load on the condenser and evaporator 

decreases. Finally, when R is greater than 0.425, the 

recuperator is no longer necessary, thus avoiding one 

component.  

 
Fig. 7: Exergy efficiency for different maximum temperature 

 
Fig. 8: Energy efficiency for different maximum temperature 

Table 1. Main output parameters for the three cases 

 1st case 2nd case 3rd case 

𝜂𝑖𝑠𝑜𝑠 [%] 100 80 60 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 [%] 10.9 10.9 10.9 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 [%] 37.2 33.2 31.2 

R 0 0.41 0.79 

𝑃𝑁𝑒𝑡 [𝑘𝑊] 10 10 10 

𝑃𝑔𝑟𝑜𝑠𝑠[𝑘𝑊] 11.7 12.2 12.6 
3 

 
Fig. 9: Exergy efficiency for different isentropic efficiencies. 

 
Fig. 10: Energy efficiency for different isentropic 

efficiencies. 
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5 Conclusion  

The objective of this work was to simulate an 

Organic Rankine Cycle with heat extraction in the 

expander and recovery of this heat, showing its potential 

to increase cycle performance. To assess this 

performance, an existing numerical model was updated, 

enabling the simulation of the simultaneous heat 

extraction expansion process. The results show that this 

approach allows to improve the performances of the 

ORC. Indeed, the energy efficiency increases from 6.2% 

to 16.3% from no regeneration to full regeneration, and 

the exergy efficiency increases from 21.1 to 45.8%.  

Moreover, it has been proven that is possible to achieve 

the performances of classic ORC with an ORC using a 

less efficient turbine if heat is recovered from the 

expansion.  

Future work involves the actual development of the 

heat extraction and regeneration in the cycle 

components, which is rather challenging, given the 

small-scale, limited number of stages and hence small 

lengths and surfaces. 3D printing technology can offer 

here a possible solution.  
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