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ABSTRACT 

 
Designing feasible and economically-viable organic Rankine cycle (ORC) systems for applications such 

as high-grade heat recovery from the exhaust gases (400-600 °C) of stationary internal combustion 

engines (ICEs) has two main challenges: (i) selecting and designing an appropriate expansion technology, 

amongst the other system components, and (ii) selecting the optimal working fluid, and operational system 

parameters. In this work, comprehensive component models are integrated into an ORC system model to 

evaluate the on- and off-design performance of a 2.5-MWe ORC engine using either a reciprocating-

piston expander or a radial-inflow turbine. The performance of the reciprocating-piston expander is 

predicted using a dynamic lumped-mass model, and a one-dimensional model based on the mean-line 

method is used to predict the performance of the turbine. An initial working-fluid screening leads to 

R1233zd being selected for further consideration, given the minimal specific investment costs and low-

pressure ratio of the resulting ORC systems, thus assisting the design of suitable expansion devices. The 

approximate design point obtained from the screening study is used to obtain optimised piston and turbine 

designs that are then used to produce full- and part-load performance maps that are integrated into the 

ORC system model. The ORC engine with a turbine is found to deliver 127 kW at full load, at a specific 

investment cost of 1660 £/kW, while the piston expander produces a lower net power of 68 kW, but at a 

lower cost of 1250 £/kW, while also showing greater robustness to variations in the heat-source conditions. 

 

1. INTRODUCTION 

Amongst a wide range of heat-to-power conversion technologies, the organic Rankine cycle (ORC) 

engine is the most efficient (Markides, 2015) and cost-effective technology to recover low- to high-

grade thermal energy – typically in the range 100-600 °C – and convert it into useful work, with outputs 

ranging from 1 kWe to 100s of MWe. ORC systems are commonly used to harness industrial waste-

heat streams or to produce electricity from renewable heat sources and offer a great potential for energy 

savings in combined heat and power (CHP) plants. Cogeneration of useful heat and power can be 

achieved using a bottoming cycle, where the high-grade thermal energy contained in the flow of exhaust 

gases of an internal combustion engine (ICE) is used to generate power in the expansion device and 

reject district or building heating power in the condenser unit of an ORC engine. 

The present paper focuses on the design of a simple subcritical ~100-kWe ORC engine that recovers 

heat from the exhaust gases (typically at around 500‑700 °C) of an ICE engine and rejects heat at an 

elevated condensation temperature (i.e., 70 °C) to provide additional hot water to the building, as shown 

in Figure 1. At this scale, many types of expanders can be used, including turbomachinery and various 
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positive-displacement devices. Amongst the latter category, the scroll expander is a low-cost and highly 

efficient solution, but is not suited for applications exceeding 10s of kW as outlined by Bao and Zhao 

(2013), while screw expanders, suitable for a large power range of up to 1 MW (McKay, 1984), are 

more costly and are limited to low pressure ratios as shown by Dumont et al. (2017). Reciprocating-

piston devices, however, can operate at large power outputs (up to 100s kW) and are well suited for 

large pressure-ratio applications, as emphasised by Lemort and Legros (2016) and Dumont et al. (2018). 

Turbomachines, on the other hand, are most commonly used for large-scale applications (above 1 MW) 

but recent research – e.g., by Kang and Chung (2011), Shao et al. (2017) and Weiβ (2015) – have 

demonstrated the high potential of small-scale machines, notably radial-inflow turbines (RITs).  

This paper aims at comparing the thermodynamic performance and economic potential of an ORC engine 

using either reciprocating-piston or radial-inflow turbine expanders, for heat recovery from a 2.5-MWe 

turbocharged CHP engine. For a direct comparison, systems are optimised for minimum specific investment 

cost (SIC) using both kinds of expanders, whereby both the component design parameters and the working 

fluid are optimised. Detailed component models are used to account for the main loss mechanisms in each 

component, while the component costing is achieved by using manufacturer data and correlations found in 

the literature. The component models are further used to explore part-load performance. 
 

 

Figure 1 - Schematic diagram of an ICE-CHP cogeneration system using an ORC engine to provide both 

electrical power with an expander unit and hot water to building at 70 °C. 

 

2. METHODOLOGY 
 

2.1 Sub-critical ORC system model  

A non-regenerative subcritical ORC system is selected to convert the heat rejected by the ICE of a 

commercially available turbocharged 2.5-MWe CHP unit. The full- and part-load operation of the ENER-

G CHP-2500 unit are described in Table 1, along with the amount and quality of thermal energy released 

in the exhaust gas stream, at full- and part-load conditions, as given by Chatzopoulou et al. (2018). 
 

Table 1: Full- and part-load operation of the selected ENER-G CHP-2500 unit. 

 Full load (100%) Part-load (75%) Part-load (50%) 

Electrical output (kWe)   2530 1899 1258 

Exhaust-gas heat output (kWt)  1147 966 726 

Exhaust-gas mass flow rate (kg/s)  3.60 2.70 1.83 

Exhaust-gas temperature (K)  682 716 750 

 

The ORC engine, shown in Figure 1, consists of an evaporator, condenser, pump and expander. The 

performance of the heat exchangers and the expander are predicted by comprehensive models presented 

in the following sections. Only the pump is assumed to operate with a constant isentropic efficiency set 

to 65%. Prior to component sizing and optimisation, a set of working fluids are selected with a screening 

process assuming: (i) a constant expander isentropic efficiency of 70%; and (ii) a constant 10-K pinch-
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point temperature difference in both evaporating and condensing units. The exhaust gas heat output is 

calculated on the basis of a minimum exit temperature of 120 °C to avoid condensation. 

 

2.2 Heat exchanger models 

The evaporator and condenser are specified to be double-pipe heat exchangers, in order to benefit from 

their low cost of manufacture and potential for high effectiveness due to the counter-current 

arrangement. More compact alternatives are available; however, at the scale being considered, it is 

likely that the system would be installed on an industrial site where space is relatively less constrained. 

In both cases, the working fluid passes through the inner pipe, with the exhaust gases in the outer pipe 

of the evaporator and water in the outer pipe of the condenser. 

Each heat exchanger is first divided into single-phase and two-phase zones, and then each zone is further 

discretised into 40 segments. The heat transfer coefficient for each segment is determined separately 

according to single- or two-phase correlations. The Dittus-Boelter correlation, as presented by McAdams 

(1954), is employed for the single-phase sections of each heat exchanger, as the flow is expected to be 

fully turbulent. An ensemble of two-phase heat transfer correlations collated by van Kleef et al. (2019) 

is used to produce estimates of the heat transfer coefficients for the evaporation and condensation regions, 

with the average of the ensemble used in the simulation. Pressure drops are modelled using a friction 

factor for the single-phase regions, and correlations from Friedel (1979) in the two-phase region. 

 

2.3 Reciprocating-piston expander model and optimisation 

While a range of modelling approaches exist for piston machines, from empirical correlations to detailed 

CFD, a lumped-mass approach has been found to be effective in capturing the relevant physics while 

allowing a large number of designs to be analysed rapidly. The gas inside the cylinder is modelled as a 

lumped-mass, with fluid properties from REFPROP 9.1 (Lemmon, 2013). The model, which is dynamic, 

is iterated until steady-state conditions are achieved. Each of the major loss mechanisms in a reciprocating-

piston expander – pressure losses at the intake and exhaust valves, friction, heat transfer and mass leakage 

losses – are included. Further details on the modelling approach are available from Sapin et al. (2017).  

The design of the piston expander is parameterised into five key variables: the stroke-to-bore ratio, the 

clearance height-to-bore ratio, crank angle at which the intake valve closes, the ratio of exhaust valve 

opening duration to intake duration and ratio between the intake and exhaust valve diameters. The 

cylinder volume is fixed to 0.3 litres, in line with commercially available piston compressors. The 

number of cylinders is determined using a heuristic based on idealised cycles with under-expansion.  

The expander design is optimised to deliver maximum power at design conditions, using a surrogate-

model-based optimisation approach with cubic radial-basis functions, drawing on the MATLAB toolbox 

supplied by Müller and Shoemaker (2014). Once the geometry and valve timings have been fixed, the 

part-load performance is determined for a range of inlet pressures and mass flow rates by further 

evaluations of the lumped model at a range of rotational speeds up to 4000 RPM. 

 

2.4 Radial inflow turbine model and optimisation 

A 1-D model of the radial-inflow turbine based on the mean-line method is employed in this study, 

which allows quick turbine performance prediction and could greatly reduce the computational time in 

the early stage of system design. By using this method, the main flow characteristics in the turbine can 

be modelled, the turbine geometry is directly determined and integrated, and design and off-design 

predictions are possible with a coherent set of equations. 

The enthalpy drop across a blade row (nozzle and rotor) is given by: 

ℎ =
1

2
[𝑐m,3

2 (1 + tan2 𝛽3) − 𝑢3
2 − 𝑐m,2

2 (1 + tan2 𝛽2) + 𝑢2
2], (1) 

where u is the blade velocity at its mean radius, β is the flow turning angle and cm,i is the through flow 

velocity with i denoting the location (rotor inlet and outlet), which is given by: 

𝑐m =
�̇�

𝜌𝛢
 . (2) 
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This RIT is optimised for the ORC engine design point using the MATLAB optimiser fmincon with the 

turbine diameter, guide vane exit angle, rotor outlet angle and speed as free parameters. It should be stated 

that a two-stage turbine should be considered for robust performance at high pressure-ratios. For the off-

design performance, the geometry of the turbine is fixed but the guide vane angles are varied to deal with 

different flow rates, which is a mature technology and selected as optimisation parameters for part-load 

conditions. Off-design performance maps for various turbine inlet pressures and mass flow rates are then 

generated with isentropic efficiency as the objective function, for later use in the ORC system model. 

 

2.5 Component costing 

The metrics used to quantify the techno-economic potential of the designed systems is the specific 

investment cost (SIC), which is the ratio of the total investment cost to the net power output of the ORC 

system. The total investment cost is obtained from the bare module costs augmented by 18% to account 

for both contractor fees and the contingency factor, as presented by Feng and Rangaiah (2011), with all 

costs adjusted to 2017 values according to the chemical engineering plant cost index (CEPCI). The bare 

module costs of the expansion machine, pump, evaporator and condenser are estimated from both 

correlations available in the literature and manufacturer data, while the cost of the expander power 

generator, significantly lower than other components’ prices, is neglected. 

The costs of both heat exchangers are derived using a hybrid correlation proposed by 

van Kleef et al. (2019), based on correlations developed for single-phase and two-phase flows, by 

Turton et al. (2013) and Seider et al. (2008), respectively. The pump cost is given as function of both 

volumetric flow rate and pressure head, while the associated motor cost is scaled by the power, as 

proposed by Seider et al. (2008). Finally, the expander cost is obtained: (i) as a function of the power 

output for radial-inflow turbine, with a bare module factor of 3.5 to account for installation costs – as 

suggested by Turton et al. (2013); and (ii) from manufacturer data for reciprocating compressors, 

available from Bitzer for the piston expansion machine – as described by Simpson et al. (2018). 

 

2.6 Design point optimisation 

To compare the performance of the organic Rankine cycle system considering a reciprocating-piston 

expander and a turbine, the ORC model described in Section 2.1 is incorporated into an optimisation 

framework, in which the specific investment cost (SIC) of the system is minimised. Decision variables such 

as evaporating and condensing pressure, mass flow rate of working fluid, degree of superheat and velocities 

in condenser and evaporator are allowed to vary during the cycle thermo-economic optimisation. To ensure 

the optimal cycle is feasible, constraints are applied to avoid violation of pinch point and high pressure drop 

across the condenser and evaporator. In addition, the maximum cycle pressure is limit to 85% of working 

fluid critical pressure to ensure subcritical operation. The exit temperature of the exhaust gas is set to 120 °C 

to avoid condensation. The optimal working fluid together with the areas of the condenser and evaporator 

are used as input to the part-load optimisation described in Section 2.7. 

 

2.7 Optimisation of operating parameters in part-load conditions 

Once the components selected and assembled, the ORC engine is operated under various conditions, 

with varying heat-source mass flow rate and temperature. While the area of the heat exchangers or the 

size of the expansion unit can no longer be modified, a number of operating parameters can be adjusted 

during operation. In this study, the working fluid mass flow rate, evaporating pressure and expander 

inlet temperature are chosen as decision variables that can be optimised, while using the fixed system, 

to maximise the net power output. Operational optimisation thus ensures that the designed system 

delivers its maximum potential over a wide range of working conditions, resulting in the part-load 

performance maps shown in Sections 3.2 and 3.3. 
 

3. RESULTS AND DISCUSSION 
 

3.1 Working fluid screening and design point performance 

The design-point optimisation is carried out for both maximum power and minimum specific investment 

cost with a selection of fluids, under the assumption of fixed expander isentropic efficiency. The specific 

investment cost optimisation is run twice, first with the cost correlation for turbines and second with the 
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cost correlation for piston expanders. Because of the high temperature of the exhaust-gas heat source, 

the evaporator pressure for each fluid is constrained by the critical pressure limit, set at 85% of Pcrit. This 

is the case for both objective functions, and means that the maximum power and minimum SIC cycles 

resemble one another closely. Thus, only the minimum SIC results are shown here. 

 

    
(a) (b) 

Figure 2: Cycle designs optimised for minimum specific investment cost at full-load 

 

The highest net power output is obtained from ethanol in both optimisations, at 168 kW, with hexane 

also delivering high power. However, both fluids show an optimal cycle pressure ratio close to 20, 

which poses a challenge for conventional piston-expander and radial-inflow turbine designs. 

Furthermore, the volumetric flow rates for these fluids at the expander exit are considerably higher, 

meaning that the reciprocating-piston expander needs to be physically larger and therefore incurs greater 

costs. From the remaining fluids, R1233zd was chosen for further investigation, on the basis of the low 

SIC of 840 £/kW predicted for the piston-expander and the modest pressure ratio of 5.0, which assists 

in the turbine design. The SIC for the turbine was found to be 2010 £/kW. It should be noted that the 

working fluid screening takes place with an assumed isentropic efficiency of 70%. Introduction of more 

detailed component models in the following sections allows this assumption to be removed: the turbine 

delivers a higher efficiency, while the efficiency of the piston expander is lower, causing the power 

outputs for the two devices to diverge and the differences in SIC to narrow. 

 

3.2 Reciprocating-piston expander performance map  

The reciprocating-piston expander is optimised for the design point identified in Section 3.1 for R1233zd, 

leading to the design outlined in Table 2. When operating at design conditions, namely, at a pressure ratio 

of 5.2 and a total mass flow rate of 3.3 kg/s, the reciprocating-piston expander is found to deliver 81 kW of 

mechanical power at an overall isentropic efficiency of 49%. Both figures take the effects of friction work 

into account, which is done at an average rate of 9 kW, leading to a mechanical efficiency of 90%. 
 

Table 2: Reciprocating-piston expander design optimised for maximum power at R1233zd design point 

Bore (mm) 63.8  Inlet valve diameter (mm) 15.8 

Stroke (mm) 80.1  Inlet valve opening range (°CA after TDC) 0-112 

Clearance height (mm) 13.7  Exhaust valve diameter (mm) 41.6 

Rotational speed (RPM) 1500  Exhaust valve opening range (°CA after TDC) 180-307 

Pressure ratio (-) 5.2  Shaft power (kW) 81 

 

Figure 3 shows the part-load map developed for the selected design, as a function of inlet pressure and 

mass flow rate, holding the inlet temperature and downstream pressure constant but allowing the 

rotational speed to vary. The unshaded region indicates combinations of mass flow rate and inlet 

pressure which are infeasible, even at high rotational speeds. It is immediately evident that there is a 

trade-off to be made between high efficiency and high power: increasing the inlet pressure and mass 

flow rate leads to high power output but produces higher pressure losses across the valves and 

consequently lower efficiency. The efficiency in particular declines as the rotational speed rises. 
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                                      (a)                                    (b) 

Figure 3: (a) Overall efficiency and (b) power output for reciprocating-piston expander at part-load conditions 

 

3.3 Radial inflow turbine performance map 

A 2-stage radial-inflow turbine is designed for R1233zd, with geometric parameters summarised in 

Table 3. The radial-inflow turbine delivers a mechanical power output of 138 kW and the isentropic 

efficiency reaches 84% at the design point obtained in Section 3.1. 
 

Table 3: Radial-inflow turbine design optimised for maximum power at R1233zd design point 

 High-pressure stage Low-pressure stage 

Diameter (mm) 8.7 13.1 

Guide vane exit angle (°) 15.6 15.5 

Rotor outlet angle ratio 0.77 0.75 

Rotational speed (RPM) 33300 22100 

Pressure ratio (-) 2.3 2.3 

Shaft power (kW) 68.8 69.2 

 

Similar to Figure 3, the radial-inflow turbine part-load map is shown in Figure 4. The turbine geometric 

size and rotational speed are fixed while the guide-vane angles are varied (optimised) to achieve the highest 

isentropic efficiency under various operating conditions. A higher inlet pressure is required to handle the 

larger mass flow rate since choking is experienced in the turbine. It is evident that operating conditions near 

the design point (upper right-hand corner in the map) are associated with robust performance. 

 

    
                                      (a)                                     (b) 

Figure 4: (a) Overall efficiency, and (b) power output for radial-inflow turbine at part-load conditions 
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3.4 Full- and part-load performance with integrated expander maps 

The net power output for the two ORC systems are shown in Figure 5 for the exhaust gas conditions at 50-

100% of the CHP engine load. The higher efficiency of the turbine at its adjusted design point leads to a 

significantly higher net power output of 127 kW, compared to 68 kW for the piston expander. The SIC for 

the systems are 1660 £/kWe and 1250 £/kWe for the turbine and piston respectively, indicating that the lower 

cost of the piston expander helps to offset its lower power output. The turbine power output is seen to decline 

quite sharply away from its design point in Figure 5b, while the piston expander maintains 96% of its full-

load output when the CHP engine reduces to 75% load. The system configuration allows heat rejected in the 

condenser to be used for building heating. At full-load, the ORC system with the turbine expander provides 

1020 kWt of heat at 70 °C, while the system with the piston provides 1040 kWt. The configuration ensures 

that almost all the heat recovered from the exhaust gas can be converted into either shaft work or building 

heating, raising the total cogeneration efficiency of the CHP engine from 68% on its own (assuming no 

exhaust gas heat is recovered) to 87-88% with the ORC system, independent of the expansion device used. 
 

    
                                      (a)                                          (b) 

Figure 5: (a) Net power output at full- and part-load, and (b) part-load power output as a percentage of full-load 

 

4. CONCLUSIONS 

 

A comparison of reciprocating-piston expanders and radial-inflow turbines is presented for organic 

Rankine cycle (ORC) systems at scale from 10s to 100s of kW. The heat source is an exhaust-gas stream 

from a 2.5-MWe output internal combustion engine (ICE), while the chosen configuration also allows 

for heat from the ORC condenser to deliver hot water to meet heating demands as needed. An initial 

working-fluid screening study identifies R1233zd as a compromise fluid between modest pressure ratios 

and low specific investment costs. Integration of performance maps from detailed expander models for 

piston and turbine devices provides insights into the resulting system performance and cost. The ORC 

engine with a turbine delivers 127 kW at full-load, at a specific investment cost of 1660 £/kW, while 

selecting the piston expander leads to a generated power of 68 kW at a cost of 1250 £/kW. Thus, the 

turbine delivers greater power but at an increased specific cost. A part-load assessment indicates that 

the performance of the piston expander is more robust to variations in the CHP engine operating point.  
 

NOMENCLATURE

Latin characters 
 A cross-sectional area (m2) 
cm,i through flow velocity (m/s) 
h enthalpy (J/kg) 
ṁ mass flow rate (kg/s) 
P pressure (Pa) 
u blade velocity at mean radius (m/s) 
 
Greek symbols 
β flow turning (rad) 
ρ density (kg/m3) 
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Subscripts 
crit critical 
i  turbine location 
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