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ABSTRACT 
 

The subcritical ORC (SCORC), sometimes with addition of a recuperator, is the de facto state of the 

art technology in the current market. However architectural changes and operational modifications 

have the potential to improve the base system. The ORC architectures investigated in this work are: 

the transcritical ORC (TCORC), the triangular cycle (TLC) and the partial evaporation ORC 

(PEORC). Assessing the potential of these cycles is a challenging topic and is brought down to two 

steps. First, the expected thermodynamic improvement is quantified by optimizing the second law 

efficiency. Secondly, the influences of technical constraints concerning volumetric expanders are 

investigated. In the first step, simple regression models are formulated based on an extensive set of 

boundary conditions. In addition a subset of environmentally friendly working fluids is separately 

analysed. In the second step, two cases are investigated with the help of a multi-objective optimization 

technique. The results of this optimization are compared with the first step. As such the effect of each 

design decision is quantified and analysed, making the results of this work especially interesting for 

manufacturers of ORC systems.  

 

 

1. INTRODUCTION 
 

In view of increasing energy demand and environmental concerns it becomes essential to use our 

natural resources more efficiently. Between 1990 and 2008 the world energy use has already risen 

more than 40% [1]. Recovery of unused heat from industrial process is evidently an effective measure 

to make better use of our resources. Statistical studies show that low grade waste heat accounts for 

more than 50% of the total heat generated in the industry [2]. As such, many companies are interested 

to exploit new technologies to make valuable use of low grade waste heat. 

 

Organic Rankine cycles (ORC) offer the possibility to generate electricity from the leftover waste 

heat, even with temperatures below 100°C [3]. Typical benefits associated with ORC are: autonomous 

operation, favorable operating pressures and low maintenance costs [4]. Waste heat applications 

roughly consist of up to 20% [5] of the ORC market, preceded by geothermal and biomass 

installations. Increasing the ORC performance would facilitate further market penetration. 

 

At the moment, most commercially available ORCs have comparable design characteristics, i.e. they 

operate in the subcritical regime and with well accepted working fluids (WF). However, alternative 

cycle designs (with matching working fluids) have the potential for increased performance. 

Performance gains over the subcritical ORC (SCORC) are reported for, amongst others, multi-

pressure cycles (MP) [6-9], triangular cycles (TLC) [10-12], cycles with zeotropic working fluids 

(ZM) [13-15] and transcritical cycles (TCORC) [10, 16-19]. Three cycle configurations, the SCORC, 

the partial evaporation cycle (PEORC) and the TCORC, are systematically analysed in this work. The 
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PEORC is a hybrid between the TLC and the SCORC. The working fluid in the PEORC enters the 

turbine in a state between saturated liquid and saturated vapour.  

 

Assessing the potential of these cycles is a challenging topic and is brought down to two steps. This 

work provides the integration of these steps and extends two previous conference papers [20, 21] by 

investigating the effect of limiting the working fluids to an environmentally friendly set. In 

anticipation of new European F-gas regulations [22] the incentive is launched to restrict the use of 

fluids with a Global Warming Potential (GWP) value of > 150. By 2015 this rule would apply to 

domestic freezers and refrigerators and by 2022 in extension to certain commercial installations. 

While the current rules apply for refrigerators and freezers an analogous restriction can be expected 

for power producing cycles. 

 

In step one the second law efficiency is maximized. A large set of boundary conditions is considered 

to formulate simple regression models. These are used to compare alternative cycles in a first design 

iteration. To use the regression models the computational effort is low and no expert knowledge is 

required. In the second step, the effect of integrating volumetric expander design criteria is 

investigated. A multi-objective optimization is employed on two objectives: net power output and 

expander volume coefficient. A large computational cost is associated to this type of optimization but 

the cycle designer can now make the trade-off between expander sizing and cycle efficiency. In the 

current work, a specific case is analysed using this methodology and compared with the simple 

regression models from step one. 

 

2. ALTERNATIVE ORC CYCLES 
 

Three cycles architectures are investigated: the subcritical ORC (SCORC), the partial evaporation 

ORC (PEORC) and the transcritical ORC (TCORC). The cycle layout is identical for the three 

architectures and shown in Figure 1. The T-s diagram which introduces the nomenclature used is 

given in Figure 2. 

 

 
Figure 1: Basic ORC layout. 

 

In a TCORC the evaporator is typically called a vapour generator because the two-phase state is 

omitted. In a TLC, only the pre-heating section remains and for the PEORC the working fluid 

evaporates to a state between saturated liquid and saturated vapour. 
 

3. CASE DEFINITION 
 

Two waste heat recovery cases are detailed in the second optimization step, see Table 1. Maximization 

of the ORC net power output (or second law efficiency) is key for these systems. Sometimes an 

artificial cooling limit is imposed to avoid condensation of flue gasses [23]. The condensed acids 

potentially give rise to corrosion and damage of the heat exchangers. In the investigated cases no 

upper cooling limit is imposed. The proposed cases and classification are based on data gathered in 

the ORCNext project [24].  
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Figure 2: T-s diagrams for the SCORC, TCORC, TLC and PEORC. 

 
Table 1: Definition of waste heat recovery cases. 

Case Case description Taverage [°C] Other applications 

1 Flue gas from drying process 240 Exhaust gas internal combustion engines [4] 

2 Flue gas from electric arc 

furnace 

305 Cement industry [25] 

Exhaust gas turbine [4] 

 

4. MODEL AND CYCLE ASSUMPTIONS 
 

4.1 Cycle assumptions 

The parameters characterizing the thermodynamic states of the ORC are shown in Table 2. The model 

assumes steady state operation of the system. Heat losses to the environment and pressure drops in the 

heat exchangers are considered negligible. No subcooling is considered. A discretization approach is 

implemented for modelling the heat exchangers. The evaporators are segmented into N parts to take 

into account changing fluid properties. Especially for the TCORC vapour generator this is essential. 

Details about the modelling approach are found in previous work by the authors [15, 32]. 

 
Table 2: Cycle assumptions. 

Parameter Description Value 

pump   Isentropic efficiency pump [%] 70 

turbine  Isentropic efficiency turbine [%] 80 

ePP  Pinch point temperature difference in evaporator [°C] 5 

cPP  Pinch point temperature difference in condenser [°C] 5 

5T   Heat carrier inlet temperature [°C] 100-350 

2T   Cooling loop inlet temperature [°C] 15-30 

cfT   Cooling loop temperature rise [°C] 10 

hfm   Mass flow rate heat carrier [kg/s] 1 

 

When changing N=20 to N=100 the calculated net power output of the TCORC changes less than 
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0.1%. To keep the calculation time acceptable N=20 segments is chosen. The condenser is divided 

into three zones: superheated, condensing and subcooling zone. 

 

Thermophysical data are obtained from CoolProp 4.2.3 [26]. Only pure working fluids are considered, 

working fluid mixtures are out of scope. The working fluids under consideration all have a critical 

temperature above 60 °C to make sure two-phase condensation occurs. As such 67 working fluids 

remain. For the environmentally friendly set of working fluids the ozon depletion potential should be 

zero and the global warming potential must be lower than 150. This results in 48 remaining working 

fluids. 

 

Furthermore, for the SCORC the maximum pressure is 0.9 times the critical pressure [15,17]. This is 

to avoid unstable operation in near-critical conditions. For the SCORC and TCORC the expansion 

process should end at a superheated state. For the multi-objective optimization (STEP 2) the cooling 

loop inlet temperature is fixed at 20 °C. 

 

4.2 Performance evaluation criteria 

The performance evaluation criteria will only be briefly explained here as these can be found in other 

works of the author [14, 20, 21]. The second law efficiency is defined as: 

 ,

net
II

hf in

W

E
   (1) 

With E  the exergy flow: 

 

E me (2) 

The specific exergy e for a steady state stream, assuming potential and kinetic contributions are 

negligible, is given as: 

 

0 0( )oe h h T s s         (3) 

For the dead state ( 0 0,T p ) the condenser cooling loop inlet temperature and pressure are chosen. 

Performance criteria for the expanders are formulated next. In this work volumetric machines are 

investigated and the volumetric coefficient is used as evaluation criteria: 

 

exp,

,exp ,exp

out

in out

v
VC

h h



      (4) 

The VC value is directly related to the size of the expander and permits to include general design 

ranges in the analysis. Realistic values of the VC in refrigeration and heat pump applications range 

between 0.25 and 0.6 m³/MJ [23]. In a theoretical study, Maraver et al. [23] report VC values between 

0.26 and 936.50 m³/MJ for different waste heat carriers and working fluids.  

 

5. OPTIMIZATION 

 
When optimizing the ORC with the parameters given in Table 2 two degrees of freedom are left. 

Depending on the cycle types these are typically defined as: 

 

 The superheating and evaporation pressure, for the SCORC. 

 The vapour quality and evaporation pressure, for the PEORC. 

 The turbine inlet temperature and supercritical pressure, for the TCORC. 

 

In a previous paper [20] two dimensionless parameters, Fs and Fp, were introduced. Both have a range 

between 0 and 1. These parameters uniquely specify the operating state of the ORC. The benefit is 

that these two parameters fully cover the search space considering the three cycle architectures under 

investigation. Their definition is given below: 
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min , , ,( )wf sat liq wf es s p p   if , ,wf e wf critp p     (10)

 

min ,wf crits s  if , ,wf e wf critp p     (11) 

 

max , 5( , )wf wf e es s p p T T PP         (12) 

 

5.1 Maximization of ηII (STEP 1) 

The boundary conditions for the optimization are a set 5T   [100, 120, 140, 160, 180, 200, 225, 250, 

275, 300, 325, 350] °C, 7T   [15, 20, 25, 30] °C resulting in a total of 48 points. In each of these 

points a multistart algorithm [27] searches the global maximum of the second law efficiency (
,maxII ). 

First, the multistart algorithm uniformly distributes 20 initial points in the search space (Fs,Fp) for the 

local solver to start. Next, a local solver based on a trust-region algorithm [20] starts at these trail 

points and the best solution is retained. Increasing the start points to 40 gave identical results. 

 

5.2 Multi-objective optimization of VC and ηII (STEP 2) 
Table 3: Settings of the genetic algorithm. 

Parameter Value 

Generations 100 

Population size 10000 

Crossover rate 0.8 

Migration rate 0.2 

Mutation type Gaussian (shrink = 1, scale = 1) 

Pareto fraction 0.35 

The multi-objective algorithm simultaneously maximizes ηII and minimizes VC. The VC is 

constrained to a range [0.1, 6.5]. The genetic algorithm implemented is based on the NSGA-II 

algorithm [28]. The settings of the genetic algorithm are provided in Table 3.  
 

6. RESULTS AND TRENDS 
 

6.1 Regression models (STEP 1) 

The environmentally friendly working fluids resulting from the optimization are given in Table 6, 

Table 7 and Table 8 for respectively the SCORC, TCORC and PEORC. For the initial full set of 

working fluids we refer to a previous paper [20] by the authors. A simple regression model of the 

second law efficiency can be formulated in function of the T5 and T7. The regression model takes the 

form: 
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Goodness of fit statistics [29], the adjusted R² and sum square of errors (SSE) are provided in Table 4 

and can be considered highly satisfactory. The regression coefficients are given in Table 5. 

 
Table 4: Goodness of fit statistics. 

Case Adjusted R² SSE 

All working fluids (all WF):   

  SCORC 0.9917 0.0039 

  TCORC 0.9873 0.0055 

  PEORC 0.9976 0.00056 

Environmentally friendly working fluids (env. WF):   

  SCORC 0.9924 0.0041 

  TCORC 0.9944 0.0018 

  PEORC 0.9976 0.00056 
 

Table 5: Regression coefficients. 

 a b c d 

Case all WF  env. WF all WF  env. WF all WF  env. WF all WF  env. WF 

SCORC 0.7466 0.7548 1.357 1.735 3.043 2.488 -13.07 -14.6 

PEORC 0.7408 0.7408 0.4796 0.4796 3.514 3.514 -8.184 -8.184 

TCORC 0.7484 0.7228 0.9866 0.3061 3.083 2.846 -10.7 -4.624 
 

 
Figure 3: ηII optimization, full set of working fluids, surface fit for the SCORC. 

 

For the full set of working fluids, the surface fit for the SCORC is given in Figure 3. The indicated 

points represent the results of the second law optimization, the colours correspond with the different 

working fluids. The performance benefit of the TCORC and PEORC over the SCORC are visualized 

in respectively Figure 4a and Figure 4b. It is clear that both the TCORC and PEORC result in 

increased second law efficiencies over the SCORC. An increase up to 13 % for the TCORC and 73% 

for the PEORC is observed at low temperatures (100 °C). However a strong dependency on the heat 

carrier temperatures should be noted. At high temperatures (350 °C) the relative increase in second 

law efficiency is reduced to around 2% and 5% for respectively the TCORC and PEORC. 

 

When environmentally friendly working fluids are imposed, the PEORC working fluids do not 

change. However, as can be seen from Figure 5a (SCORC) and Figure 5b (TCORC), going to 

environmentally friendly working fluids results in an apparent performance decrease. Again, at low 

temperatures the performance decrease is the most noticeable (up to 12% for the SCORC and 6% for 

the TCORC). Furthermore no environmentally friendly working fluids are found for the TCORC 

under heat carrier inlet temperatures 100 °C and 120 °C. This indicates that there is still a gap for high 

performing environmentally friendly working fluids for transcritical operation.  

 

6.2 Considering expander evaluation criteria (STEP 2) 
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Next we consider the effect of the expander performance criteria. As discussed in section 4.2 the VC 

ratio is directly related to the size of the equipment. Therefore, a multi-objective optimization is 

employed to simultaneously maximize ηII and minimize VC. Again, only the environmentally friendly 

set of working fluids is considered. The Pareto front for Case 1 and Case 2 are shown in Figure 6a and 

Figure 6b. Cyclopentane is already used in commercial ORC installations [30]. R1233ZDE is 

considered a low GWP alternative [31] for the well-known R245fa. Acetone is also considered a 

potential [32, 33] ORC working fluid. 

 

It is clear that mainly the choice of the working fluid determines the VC. Only in second instance the 

operating conditions affect the relation ηII and VC. As expected, the optimal cycle type is always the 

PEORC. For Case 1 the VC varies between 0.342 (ηII = 0.536) and 5.957 (ηII = 0.635). For Case 2 the 

VC varies between 0.344 (ηII = 0.536) and 6.121 (ηII = 0.611). 

                   
Figure 4: Relative difference ηII of (a) TCORC and (b) PEORC versus SCORC. 

                        
Figure 5: Relative difference ηII for full set versus environmentally friendly set of working fluids (a) 

SCORC (b) TCORC. 

 

Table 6: SCORC environmentally friendly working fluids resulting from ηII maximization. 

T5|T7 °C 15 20 25 30 

100 R1234yf R1234yf R1234yf R1234yf 

120 R1234yf R1234yf R1234yf R1234yf 

140 R1234ZEE R1234ZEE R1234ZEE R1234ZEE 

160 R1234ZEE R1234ZEE R1234ZEE Isobutane 

180 Isobutane Isobutane Isobutane Isobutane 

200 Neopentane Neopentane Neopentane Neopentane 

225 R1233ZDE R1233ZDE R1233ZDE R1233ZDE 

250 n-pentane n-pentane n-pentane n-pentane 

275 Isohexane n-Hexane Isohexane Cyclopentane 

300 Cyclopentane Cyclopentane Cyclopentane Cyclopentane 

325 Acetone Acetone Acetone Acetone 

350 Acetone Acetone Acetone Acetone 
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Table 7: TCORC environmentally friendly working fluids resulting from ηII maximization. 

T5|T7 °C 15 20 25 30 

120 R1234yf R1234yf R1234yf R1234yf 

140 R1234yf R1234yf R1234yf R1234yf 

160 R1234ZEE R1234ZEE R1234ZEE R1234ZEE 

180 Neopentane Neopentane Neopentane Neopentane 

200 Neopentane Neopentane Neopentane Neopentane 

225 n-pentane n-pentane n-pentane n-pentane 

250 n-pentane n-pentane n-pentane n-pentane 

275 Cyclopentane Cyclopentane Cyclopentane Cyclopentane 

300 Cyclopentane Cyclopentane Cyclopentane Cyclopentane 

325 Acetone Acetone Acetone Acetone 

350 Acetone Acetone Acetone Acetone 

Table 8: PEORC environmentally friendly working fluids resulting from ηII maximization. 

T5|T7 °C 15 20 25 30 

100 MD3M MD3M MD3M MD3M 

120 Water MD3M MD3M MD3M 

140 Water Water Water D6 

160 MD3M D6 D6 D6 

180 D4 MD2M MD2M MD2M 

200 Water Water Water D4 

225 n-Dodecane n-Dodecane n-Dodecane n-Dodecane 

250 Water Water n-Dodecane n-Dodecane 

275 Water Water Water Water 

300 Water Water Water Water 

325 Water o-xylene o-xylene o-xylene 

350 Water Water Water Water 

            
Figure 6: Pareto fronts of VC versus ηII for (a) Case 1 and (b) Case 2.  

 

The results of applying the regression models from section 6.1 are given in Table 9. Considering the 

highest VC values, the reduction in second law efficiency is 5% for Case 1 and 4.9% for Case 2.  As 

such, this optimization step is crucial for the ORC designer to make the final trade-off between cycle 

performance and expander size and complexity. 
 

Table 9: Results of applying the regression models on the two cases (T7 = 20°C). 

ηII Regression model all WF Regression model environmentally friendly WF 

 SCORC TCORC PEORC SCORC TCORC PEORC 

Case 1 0.588 0.605 0.643 0.581 0.602 0.643 

Case 2 0.625 0.638 0.667 0.621 0.634 0.667 

 

CONCLUSIONS 
 

 Simple regression models are formulated. These have a low computational cost and are 

employed to make a first assessment between the SCORC, TCORC and PEORC: 

o Compared to the SCORC, the TCORC and PEORC have a relative increase in second 

law efficiency of 13% and 73% for a heat carrier temperature of 100 °C 
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o For increasing heat carrier temperatures the performance benefit becomes lower: 

respectively 2% and 5% for the TCORC and PEORC with a heat carrier temperature 

of 350 °C. 

o Considering environmentally friendly working fluids the second law efficiency is 

reduced with up to 12% for the SCORC and up to 6% for the TCORC. Again, for 

increasing heat carrier temperatures, the difference is lower. 

o There is still a gap for high performing environmentally friendly working fluids for 

transcritical operation under low heat carrier temperatures. 

 Pareto fronts of second law efficiency and volume coefficient are derived for two cases. 

o The choice of working fluid essentially determines the volume coefficient. The 

operating parameters have a secondary influence. 

o The second law efficiency is reduced in favour of a lower VC. For example, 

compared to the regression models, the second law efficiency reduces with 5% for 

Case 1 and 4.9% for Case 2 with the VC respectively 5.95 and 6.12.  

 

NOMENCLATURE 
η efficiency     (–) 

ν specific volume    (–) 

e specific exergy  (kJ/kg) 

F dimensionless ORC state parameter   (–) 

ṁ mass flow rate    (kg/s) 

PP pinch point temperature difference  (°C)   

TCORC transcritical ORC  (–) 

TLC triangular cycle  (–) 

SCORC subcritical ORC  (–) 

PEORC partial evaporation ORC  (–) 

V specific volume  (m³/kg) 

VC volume coefficient  (m³/MJ) 

Ẇ power  (kW) 

Subscript 

e evaporator  

c condenser 

crit critical 

hf heat carrier 

sat saturated 

wf working fluid 

0 dead state  
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