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ABSTRACT 
 

Efficient waste heat conversion into electricity is essential for enhancing energy sustainability. Partially 

Evaporated Organic Rankine Cycles (PE-ORCs) can offer higher conversion efficiencies than 

conventional subcritical Organic Rankine Cycles (ORCs) by optimizing heat source utilization and 

minimizing exergy losses during heat transfer. In PE-ORCs, the working fluid undergoes only pre-

heating and partial evaporation before entering the expander, allowing for a better thermal match with 

a sensible heat source and reducing isothermal heat transfer inefficiencies. However, their 

implementation faces challenges, including the identification of optimal working fluids and operating 

conditions, and the design of expanders capable of handling two-phase mixtures. Volumetric expanders, 

compared to turboexpanders, are recognized as being better able to withstand the expansion that occurs, 

partially or fully, in the two-phase state. 

This work presents a numerical analysis of a PE-ORC for low temperature heat recovery. The ORC 

model consists of sub-models for the system's main components. The expander sub-model simulates 

two-phase expansion by means of a lumped-parameter semi-empirical approach for volumetric 

expanders, in which a vapor flashing model is integrated. The heat exchangers are modelled using a 

moving boundary approach and the ε-NTU method. The PE-ORC model has been validated using 

experimental data from a kW-scale test bench equipped with a piston expander and using HFC-134a as 

the working fluid. The results show good agreement, with Relative Root Mean Squared Errors below 

10%, for key output variables such as working fluid mass flow rate and expander power, under heat 

source temperatures between 40°C and 75°C and vapour qualities at the expander inlet between 0.2 and 

0.9. 

 

1 INTRODUCTION 
 

The increasing global energy demand and the pressing need for decarbonization have driven significant 

interest in energy efficiency solutions, particularly in waste heat recovery technologies. Among these, 

the Organic Rankine Cycle (ORC) has emerged as a prominent alternative for converting low- and 

medium-temperature heat sources into electricity, due to its ability to operate with a wide range of 

working fluids and its superior efficiency compared to steam Rankine cycles in sub-300°C applications 

(Forman et al., 2016). The stationary waste heat generated by energy-intensive industries holds 

significant potential for utilization. According to the Thermal Energy Harvesting Advocacy Group of 

KCORC, the technical potential for industrial waste heat recovery in the EU27 is estimated at 150 TWh 

per year. The majority of this potential (approximately 70%) is derived from sources operating at 

temperatures below 500°C, which is the operating range of ORCs (van Santen, 2023).  

The enhancement of ORC efficiency has been a pivotal area of research, given the substantial exergy 

dissipation occurring during the process of heat transfer to the working fluid, which in turn restricts 

power generation (Fischer, 2011; Yari, 2015). The predominant exergy dissipation occurs during the 

evaporation process, wherein the working fluid maintains a constant temperature while absorbing heat 

from a variable-temperature cooling source, resulting in an inadequate thermal match. Thermodynamic 

analyses suggest that minimising exergy destruction can be achieved through a cycle resembling a 
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triangular shape, where the working fluid evaporation is avoided (Bonolo de Campos, 2020). Both the 

Trilateral Flash Cycle (TFC) and the Partially Evaporated Organic Rankine Cycle (PE-ORC) offer a 

means to reduce exergy destruction associated with isothermal heat exchange. In the TFC, the working 

fluid enters the expander as a saturated liquid or with minimal vapor content, relying on pressure drop 

to generate the expanding vapor. In contrast, the PE-ORC allows partial evaporation before expansion, 

enabling a balance between sensible and latent heat transfer in the evaporator (Smith, 1993).  

The presence of two-phase flow at the expander inlet requires expansion devices capable of handling 

liquid-vapor mixtures while maintaining acceptable isentropic efficiencies. Turboexpanders, commonly 

used in ORCs, suffer from efficiency losses and mechanical wear when subjected to liquid phase 

expansion (Cipollone, 2017). In contrast, volumetric expanders, such as scroll, screw, and piston 

expanders, are better suited for dual-phase expansion, as they tolerate liquid fractions more effectively 

than turboexpanders (Bellos, 2024). Despite their advantages, a comprehensive understanding of their 

behaviour under partial evaporation conditions remains limited, necessitating further investigation into 

their thermodynamic modelling and performance characterization. Various numerical modelling 

approaches have been developed to simulate two-phase expansion in volumetric expanders, with a focus 

on twin-screw and piston expanders. A key issue is the complex flashing process, where the working 

fluid remains in thermodynamic non-equilibrium, making it difficult to predict the vaporization rate 

within the expander (Skiadopoulos, 2023).  

Numerical modelling of the TFC has been extensively explored, though most studies treat the two-

phase expander as a black box with variable adiabatic efficiency (Lai, 2019; Baccioli, 2017). Few 

studies have directly modelled the flashing phenomenon, and no full 3D Computational Fluid Dynamics 

analyses have been conducted on industrial expanders. Existing lower-order models primarily focus on 

twin-screw expanders, where two-phase expansion is simulated using simplified approaches that 

assume thermodynamic equilibrium – see for example Taniguchi et al. (1988) and Smith et al. (1996). 

Vasuthevan and Brümmer (2017) extended this approach by comparing equilibrium and non-

equilibrium flashing simulations in a twin-screw expander, incorporating the flashing efficiency 

formulation by Miyatake et al. (2001). Bianchi et al. (2018) employed the GT-SUITE software to 

simulate flashing under a single-fluid assumption in a 1D framework. These studies highlight the need 

for more detailed modelling approaches to improve the accuracy of two-phase expansion simulations. 

Recent advancements include semi-empirical thermodynamic models that separately treat the vapor and 

liquid phases, accounting for non-equilibrium effects and the interaction between the phases during 

expansion. One such approach, presented by Skiadopoulos et al. (2023), integrates conservation 

equations for both phases and applies an optimization-based calibration method to improve model 

accuracy. This methodology enables a more precise assessment of expander performance under varying 

heat source conditions, aiding in the selection of optimal operating parameters for PE-ORCs. 

This work builds upon key contributions by Öhman and Lundqvist (2012) on low-temperature power 

cycles. Their study introduced a method based on Integrated Local Carnot Efficiency for comparing 

cycle performance under realistic heat source/sink conditions, providing a theoretical benchmark that 

the model presented in this work complements with experimentally validated predictions. Öhman and 

Lundqvist (2015) highlighted how variable vapour fraction at expander inlet can improve thermal 

matching and reduce sensitivity to fluid choice. The presented study advances this by integrating a two-

phase expansion model within a PE-ORC simulation, validated against real system data. Compared to 

Öhman and Lundqvist (2013) experiments on Lysholm turbines under wet conditions, this work 

explores piston expanders using a semi-empirical approach, offering a new perspective on modelling 

two-phase expansion in volumetric machines. 

This study presents the semiempirical model of a micro-scale PE-ORC system equipped with a 

volumetric expander for low-temperature heat recovery applications. The proposed ORC model 

integrates different sub-models for each primary component, including an expander model based on a 

lumped-parameter approach (Bianchi et al., 2020), incorporating vapour flashing mechanism from the 

literature. Heat exchangers are modelled using the moving boundary method coupled with the ε-NTU 

approach, and the feed-pump employs empirical correlations derived from experimental data.  

Calibration of these sub-models relies on a targeted set of experiments performed on a kW-scale test 

bench equipped with a piston expander utilizing R134a as the working fluid. Subsequently, validation 
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against comprehensive experimental data demonstrates reliable predictions, especially regarding mass 

flow rates and cycle thermodynamic states.  

Overall, the presented modelling framework contributes a robust, validated numerical tool capable of 

systematic assessment and optimization of PE-ORC systems across diverse operating conditions and 

working fluids, particularly applicable in low-temperature heat recovery scenarios including geothermal 

and industrial waste heat sources. 

 

2 PE-ORC SYSTEM MODELLING 
 

The system under investigation is the micro-ORC test facility installed at the University of Bologna 

(Figure 1), whose operating conditions are listed in Table 1. The performance of the system under partial 

evaporation conditions has been characterised experimentally in a previous study (Ottaviano et al., 

2022), conducted at different values of heat source temperature and varying the vapour quality at the 

expander inlet through regulation of the working fluid mass flow rate. In this previous work, all the 

experimental points are shown in figures, measurement uncertainty is discussed, and data are collected 

in a table in the appendix with respective error bands. 

WATER HEATER

EXPANDER

CONDENSER

RECUPERATOR

EVAPORATOR

FEED-PUMP

LIQUID 

RECEIVER

 

Figure 1: Photo of the micro-ORC test 

facility at UNIBO. 

Table 1: Micro-ORC test facility operating conditions. 

Rated electric output (kW) 3 

Rated thermal input (kW) 42 

Heat source temperature range (°C) 40-90 

Heat source flow rate range (L/s) 0.6-2.6 

Cold sink temperature range (°C) 8-30 

Cold sink flow rate range (L/s) 0.6-2.9 

Evaporating pressure range (bar) 10-23 

Condensing pressure range (bar) 5-9 

Working fluid mass flow rate range (kg/s) 0.05-0.25 

Maximum dry/wet net efficiency (%) 2.5/1.5 
 

 

2.1 Model description  

The ORC off-design semi-empirical model is developed in MATLAB, integrating CoolProp library 

(Bell et al., 2014) to calculate fluids’ thermal and transport properties. The original model proposed by 

Bianchi et al. (2020) has been readapted to simulate the ORC operation under partial evaporation and 

wet expansion conditions, and subsequently calibrated and validated using experimental data from the 

study of Ottaviano et al. (2022). 

The modelling approach is modular: each component of the ORC system (expander, pump, evaporator, 

recuperator, condenser) is individually modelled and interconnected to simulate overall performance 

(Figure 2). The input and output variables for each module depend on fluid conditions at inlet and outlet 

sections. Key model inputs include the heat source inlet temperature (𝑇𝐻𝑖𝑛) and volumetric flow rate 

(𝑉̇𝐻), the cold sink temperature (𝑇𝐶𝑖𝑛) and volumetric flow rate (𝑉̇𝐶), the working fluid vapour quality 

at the expander inlet (𝑥1), the subcooling degree at the condenser outlet (∆𝑇𝑆𝐶), the electrical load 

(𝑙𝑜𝑎𝑑), and the ambient temperature (𝑇𝑎𝑚𝑏). 

The model is solved in two iterative cycles, in which the iterative variables are the two pressure levels 

(𝑝𝑣 and 𝑝𝑘). The main outputs are the expander power (𝑊̇𝑒𝑥𝑝), the pump power (𝑊̇𝑝𝑢𝑚𝑝), the expander 

shaft speed (𝑁𝑒𝑥𝑝), the pump frequency (𝑓𝑝𝑢𝑚𝑝), the evaporator thermal power (𝑄̇𝑒𝑣), the condenser 

thermal power (𝑄̇𝑐𝑑), and the recuperator thermal power (𝑄̇𝑟𝑒𝑐).  

The evaporator, recuperator, and condenser are modelled using the moving boundary method 

(Ziviani et al., 2016). Each heat exchanger is divided into zones (subcooled and two-phase), each 

characterised by a global heat transfer coefficient U and surface area A (Dickes et al., 2018). Heat 
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transfer 𝑄̇ within each zone is calculated using the ε-NTU method for counter flow heat exchangers 

(see Eqs. (1)-(2) for a general case). 

𝑄̇ = 𝜀 ∙ 𝑚̇ℎ𝑜𝑡 ∙ 𝑐𝑝,ℎ𝑜𝑡 ∙ (𝑇𝑖𝑛,ℎ𝑜𝑡 − 𝑇𝑖𝑛,𝑐𝑜𝑙𝑑) (1) 

𝜀 =
1 − 𝑒−𝑁𝑇𝑈∙(1−𝐶∗)

1 − 𝐶∗ ∙ 𝑒−𝑁𝑇𝑈∙(1−𝐶∗)
 (2) 

where 𝜀 is the heat transfer effectiveness, 𝐶∗ =
𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥
 is the ratio between smaller and larger heat capacity 

rates among the two fluids, and 𝑁𝑇𝑈 =
𝑈∙𝐴

𝐶𝑚𝑖𝑛
 is the number of transfer units. 

For single-phase fluids, the value of  U is determined using Dittus-Boelter correlation for calculating 

Nusselt number in forced convection (Incropera et al., 2007). Within two-phase regions (vaporization 

and condensation), empirical correlations are employed for the direct calculation of the heat transfer 

coefficient U (see for example Eq. (3) for the evaporator) taking into account: i) the effect of the fluid 

mass flow rate on the convective heat transfer coefficient (Dickes et al., 2017), ii) the effect of the fluid 

saturation pressure and the secondary fluid temperature on the nucleated boiling (Bianchi et al., 2022), 

and iii) the effect of the circuit resistance load as a parameter affecting the cycle operating conditions 

from experimental evidence. 

𝑈𝑒𝑣 = 𝑈𝑒𝑣,𝑟𝑒𝑓 · (
𝑚̇𝑤𝑓

𝑚̇𝑤𝑓,𝑟𝑒𝑓

)

𝑎

· (
𝑝𝑣

𝑝𝑣,𝑟𝑒𝑓

)

𝑏

· (
𝑇𝐻𝑖𝑛

𝑇𝐻𝑖𝑛,𝑟𝑒𝑓

)

𝑐

· (
𝑙𝑜𝑎𝑑

𝑙𝑜𝑎𝑑𝑟𝑒𝑓

)

𝑑

 (3) 

 

where the coefficients a, b c and d are calibrated against experimental data. The parameters with 

subscript ref represent the reference properties derived from the experimental data.  

 

 

Figure 2: ORC model block diagram. 

The organic fluid feed pump is modelled by solving the system formed by the characteristic equation 

of the volumetric pump (Eq. (4)) and the circuit characteristic curve (Eq. (5)), both derived 

experimentally. 

∆𝑝 = 𝑐𝑜𝑛𝑠𝑡1 ∙ 𝑁𝑝𝑢𝑚𝑝 + 𝑐𝑜𝑛𝑠𝑡2 ∙ 𝑉̇𝑤𝑓  ∙ 𝜇 (4) 

∆𝑝 = (𝑐𝑜𝑛𝑠𝑡3 ∙ 𝑙𝑜𝑎𝑑 + 𝑐𝑜𝑛𝑠𝑡4) ∙ 𝑉̇𝑤𝑓 ∙ 𝜌 (5) 

The expander model (Figure 3) is an enhanced version of the one previously developed by the authors 

(Bianchi et al., 2020), originally formulated for dry expansion processes in the piston expander. In this 

semi-empirical model, the expansion process is divided into several steps: i) adiabatic pressure drop 

through the supply valve (1-A); ii) heat loss at the suction (A-B); iii) internal expansion consisting of 

an isentropic expansion (B-C) followed by an isochoric pressure drop (C-D); iv) re-compression of the 

residual mass trapped into the clearance volume, with isentropic (F-G) and isochoric (G-H) 
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transformations; v) adiabatic pressure drop through the discharge valve (D-E); vi) heat loss at the 

discharge (E-2); vii) leakage of a fraction of the mass flow rate directly from suction to discharge (A-

2). The main equations describing the expander model are collected in Table 2. 

 

 

Figure 3: Expander model diagram. 

Table 2: Main equations used in the expander model. Subscripts refer to sections in Figure 3.  

Variable Definition  

Adiabatic pressure drop 𝑝𝐴 = 𝑝1 −
1

2𝜌1

∙ (
𝑚̇𝑤𝑓

𝐴1

)
2

 (6) 

Liquid leakage mass flow rate 𝑚̇𝑙,𝑙𝑒𝑎𝑘 = 𝐴𝑙,𝑙𝑒𝑎𝑘 ∙ √2𝜌𝑙,𝐴(𝑝𝐴 − 𝑝2) (7) 

Vapour leakage mass flow 

rate 
𝑚̇𝑣,𝑙𝑒𝑎𝑘 = 𝐴𝑣,𝑙𝑒𝑎𝑘 ∙ 𝜌𝑣,𝑡ℎ𝑟,𝐴 ∙ √2(ℎ𝑣,𝐴 − ℎ𝑣,𝑡ℎ𝑟,𝐴) (8) 

Flash vapour generation rate 𝛿𝑚̇𝑣 = 𝑚̇  ∙ (1 − 𝑥) ∙  𝜂𝑓 ∙
ℎ𝑙 − ℎ𝑙,𝑠𝑎𝑡

ℎ𝑙(𝑝𝐴)
 (9) 

Flash efficiency 𝜂𝑓 = {
1 − [1 + 2.5(Δ𝑇 − 1)]−1, Δ𝑇 > 1

0, Δ𝑇 < 1
 (10) 

Isentropic expansion 𝑝𝐶 = 𝑝𝐵 ∙ (
𝑉𝐵

𝑉𝐶

)
𝑘𝐵

 (11) 

Thermal losses 
𝑄̇𝑎𝑚𝑏 = 𝐴𝑈𝑎𝑚𝑏(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑎𝑚𝑏)

= 𝑄̇𝑙,𝐴 + 𝑄̇𝑣,𝐴 + 𝑄̇𝑣,𝐸 + 𝑄̇𝑙,𝐸 + 𝑊̇𝑙𝑜𝑠𝑠 
(12) 

Friction losses 𝑊̇𝑙𝑜𝑠𝑠 = 𝑊̇𝑙𝑜𝑠𝑠,𝑟𝑒𝑓 + 𝑊̇𝑙𝑜𝑠𝑠,𝑁 ∙ 𝑁𝑒𝑥𝑝 (13) 

Recompressed mass flow rate 𝑚̇𝑟𝑒𝑐𝑜𝑚𝑝 =
𝑉𝐹 ∙ 𝜌𝐹 ∙ 𝑁𝑒𝑥𝑝

60
 (14) 

Electric power output 

𝑊̇𝑒𝑥𝑝 = (𝑚̇𝑖𝑛 ∙ ∑ 𝑥𝑖 ∙ (ℎ𝑣,𝑖 − ℎ𝑣,𝑖+1)

𝑁

𝑖=1

+ 𝑚̇𝑖𝑛 ∙ 𝑥𝐷

∙
(𝑝𝐶 − 𝑝𝐷)

𝜌𝑣,𝐶

− 𝑚̇𝑟𝑒𝑐𝑜𝑚𝑝 ∙
𝑘𝐹

𝑘𝐹 − 1
∙

𝑝𝐹

𝜌𝐹

∙ (𝑟𝑣,𝑟𝑒𝑐𝑜𝑚𝑝
𝑘𝐹−1 − 1) − 𝑊̇𝑙𝑜𝑠𝑠) 𝜂𝑒𝑚 

(15) 

 

In this updated framework, the approach proposed by Skiadopoulos et al. (2023) has been integrated to 

extend the applicability of the model to two-phase conditions. Minor modifications were introduced to 

adapt the method to a piston expander, as the original formulation was developed for a twin-screw 

machine. The two-phase expansion model is based on the Interface Exchange Model (IEM), which 

assumes mechanical equilibrium and thermal non-equilibrium between the liquid and vapor phases. The 

vapor quality at the expander inlet is variable (from 0 to 1), enabling the simulation of flashing 
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phenomena due to rapid pressure drops during expansion, suction, and exhaust phases. To accurately 

describe flashing dynamics, the internal expansion process is discretised into N steps, allowing detailed 

tracking of vaporisation. The IEM approach involves the separate resolution of the conservation 

equations for the liquid and vapor phases. The interaction between these phases is governed by the heat 

transfer rate at the vapor-liquid interface, which determines the flash vapour generation rate (Eqs. (9)-

(10)). The model assumes steady-state operation, mechanical equilibrium between phases, and saturated 

vapor conditions at the interface, with useful work produced exclusively by vapor expansion (Eq. (15)). 

Pressure losses through the suction and discharge valves (Eq. (6)) are included, together with heat losses 

through walls in the suction and exhaust phases (Eq. (12)), and leakage flows (Eqs. (7)-(8)), which are 

modelled separately for liquid and vapor phases.  

The semi-empirical expander model developed in this work shares conceptual similarities with the 

framework used by Öhman and Lundqvist (2013), particularly in addressing two-phase expansion and 

its impact on expander efficiency. However, key distinctions exist. Their study focused on a Lysholm 

turbine (helical screw expander), and the efficiency characterization relied primarily on experimental 

data and regression-based correlations between inlet vapour fraction and adiabatic efficiency. The 

model they used did not resolve the internal thermodynamic states of the fluid or phase-change 

dynamics explicitly; instead, it inferred the impact of inlet conditions on global performance metrics 

through test-based calibration. In contrast, the present work targets a reciprocating piston expander, 

adopts a lumped-parameter structure, and integrates the IEM approach, which resolves vapor generation 

dynamically during pressure drops under thermal non-equilibrium. This allows, not only efficiency 

prediction, but also detailed phase-state tracking across expansion stages. The present model extends 

Öhman and Lundqvist work by offering a predictive, physics-informed framework that can simulate a 

broader set of operating conditions and expander geometries beyond those captured in the laboratory. 

 

3 MODEL TUNING AND VALIDATION 
 

A code in MATLAB was implemented to calibrate the empirical parameters that are used in the 

equations described above. The calibration code was applied separately to each component’s sub-

model, using a set of 18 experimental points, by minimising differences between simulations and 

experimental data through the Relative Root Mean Squared Error (RRMSE) (Eq. (16)). 

𝑅𝑅𝑀𝑆𝐸 = √
1

𝑛𝑡𝑟𝑎𝑖𝑛

∑ (
𝑦𝑜𝑢𝑡,𝑚𝑒𝑎𝑠 − 𝑦𝑜𝑢𝑡,𝑐𝑎𝑙𝑐

𝑦𝑜𝑢𝑡,𝑚𝑒𝑎𝑠

)

2𝑛𝑡𝑟𝑎𝑖𝑛

𝑖=1

 (16) 

where 𝑦𝑜𝑢𝑡,𝑚𝑒𝑎𝑠 and 𝑦𝑜𝑢𝑡,𝑐𝑎𝑙𝑐  are the generic measured and calculated variables, respectively, and 𝑛𝑡𝑟𝑎𝑖𝑛 

is the number of experimental points used for calibration. The complete list of calibrated parameters 

and their resulting values are collected in Table 3 for the heat exchangers models, and in Table 5 for the 

expander and feed pump. 

The accuracy of the proposed procedure was assessed by executing the overall PE-ORC model and 

comparing the model outputs with the experimental data in the same input conditions. These inputs are 

the temperature and flow rate at the heat source and cold sink inlet, derived from the data available from 

the experimental campaign conducted in Ottaviano et al. (2022). This test campaign was conducted at 

different values of heat sources temperature within the range between 40°C and 75°C and varying the 

feed pump frequency in order to adjust the working fluid flow rate and the vapour quality at the expander 

inlet. The model prediction capability was evaluated by computing the RRMSE on the main model 

output variables, and the resulting values are collected in Table 4. The prediction performance was 

found to be satisfactory in general, with all RRMSE values falling below 10%. Figure 4(a) and Figure 

4(b) show the parity plots for the working fluid mass flow rate and for the expander power, respectively. 

The temperature-entropy diagrams in Figure 5 illustrate the good overlap between the simulated ORC 

(red) and the corresponding cycle derived from experimental data (blue), using two representative 

experimental operating points at different conditions.  
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Table 3: Heat exchangers calibrated parameters. 

Parameter Calibrated value 

 Evap. Recup. Cond. 

𝑈𝐻𝑋,𝑟𝑒𝑓 (W/m2/K) 6510 1740 2320 

𝑚̇𝑤𝑓,𝑟𝑒𝑓  (kg/s) 0.228 0.228 0.228 

𝑝𝑟𝑒𝑓  (bar) 21 - 7.6 

𝑇𝐻𝑖𝑛,𝑟𝑒𝑓 (K) 348.15 - - 

∆𝑇𝑟𝑒𝑓  (K) - 2.77 - 

𝑙𝑜𝑎𝑑𝑟𝑒𝑓  (-) 15 15 15 

𝑎 (-) -0.3543 2.5814 0.3283 

𝑏 (-) -0.3631 1.3980 0.4531 

𝑐 (-) -0.0442 0.1133 0.3215 

𝑑 (-) -0.0752 - - 

 
 

Table 4: RRMSE of main output variables. 

Var. 𝑚̇𝑤𝑓  𝑊̇𝑒𝑥𝑝 𝑄̇𝑒𝑣𝑎  𝑄̇𝑐𝑑  𝑊̇𝑝𝑢𝑚𝑝 𝑁𝑒𝑥𝑝  

RRMSE 

(%) 
2.57 6.46 5.05 5.67 7.37 9.21 

 

Table 5: Machines calibrated parameters. 

 Parameter Value 

Expander 

𝐴1 (m2) 1.89e-05 

𝐴𝑙,𝑙𝑒𝑎𝑘 (m2) 1.47e-07 

𝐴𝑣,𝑙𝑒𝑎𝑘  (m2) 4.06e-07 

𝑚̇𝑟𝑒𝑓 (kg/s) 0.995 

𝐴𝑈𝑙,𝐴 (W/K) 2.71e-05 

𝐴𝑈𝑣,𝐴 (W/K) 5.65e-05 

𝐴𝑈𝑙,𝐸 (W/K) 3.68e-05 

𝐴𝑈𝑣,𝐸 (W/K) 9.23e-05 

𝐴𝑈𝑎𝑚𝑏  (W/K) 0.96 

𝑉0 (cm3) 2.32e-02 

𝑟𝑣,𝑒𝑥𝑝 (-) 1.59 

𝑟𝑣,𝑟𝑒𝑐𝑜𝑚𝑝 (-) 1.25 

𝑊𝑙𝑜𝑠𝑠,𝑟𝑒𝑓 (W) 0.198 

𝑊𝑙𝑜𝑠𝑠,𝑁 (W) 1.07e-05 

Pump 

𝑐𝑜𝑛𝑠𝑡1 (-) 5.29e+02 

𝑐𝑜𝑛𝑠𝑡2 (m-3) 5.10e+08 

𝑐𝑜𝑛𝑠𝑡3 (m-1∙s-1) 1.52 

𝑐𝑜𝑛𝑠𝑡4 (m-1∙s-1) 5.33e+01 
 

 

  
(a) (b) 

Figure 4: Model validation results: (a) mass flow rate parity plot; (b) expander power output. 

  
(a) (b) 

Figure 5: Comparison of simulation and experiments on temperature entropy-diagram: (a) 𝑇𝐻𝑖𝑛 =
50°𝐶, 𝑥1 = 0.38; (b) 𝑇𝐻𝑖𝑛 = 70°𝐶, 𝑥1 = 0.85. 
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4 VAPOUR QUALITY SENSITIVITY ANALYSIS 
 

The validated model was used to assess the impact of the expander inlet vapor quality 𝑥1 on the main 

cycle performance indicators. Figure 6 illustrates how 𝑥1 affects the expander electric power output and 

pump electric power consumption (a), and the evaporator thermal power input (b), for different heat 

source temperature levels. 

An increase in 𝑥1 leads to a higher expander power output (Figure 6(a)). This is due to the larger vapour 

fraction entering the expander, which increases the available enthalpy drop during expansion. However, 

this benefit is offset by a reduction in working fluid mass flow rate 𝑚̇𝑤𝑓, which is inversely proportional 

to 𝑥1. At higher vapour qualities, the impact of 𝑚̇𝑤𝑓 reduction outweighs the gains from increased 

enthalpy drop. As a result, expander power output exhibits a maximum at medium-to-high 𝑥1 values, 

with this optimum shifting to lower 𝑥1 values as the heat source temperature increases. Pump power 

consumption (Figure 6(a)) shows a generally decreasing trend with increasing 𝑥1, primarily due to the 

reduced 𝑚̇𝑤𝑓. This effect is more pronounced at higher heat source temperatures. At lower temperatures, 

the trend flattens because the corresponding lower evaporation pressures result in inherently lower 𝑚̇𝑤𝑓.  

Similarly, the evaporator thermal power input (Figure 6(b)) shows a mild decreasing trend with 

increasing 𝑥1. This is mainly due to the lower mass flow rate, though partially compensated by the 

higher latent heat required to reach elevated vapor qualities. 

 

 
(a) 

 
(b) 

Figure 6: Sensitivity analysis results varying the vapour quality at the expander inlet (𝑥1) and the hot 

source temperature (𝑇𝐻𝑖𝑛): (a) expander and pump electric power; (b) evaporator thermal power. 

5 CONCLUSIONS 
 

This study presented a comprehensive numerical model for the performance evaluation of a PE-ORC 

equipped with volumetric expander. The expander model simulates the two-phase expansion through a 

lumped-parameter semi-empirical approach that incorporates a vapour flashing mechanism. The heat 

exchangers are modelled using the ε-NTU method for counterflow heat exchangers. The parameters of 

each sub-model were tuned specifically for the operation in partial evaporation mode. Finally, the 

overall model was validated against experimental data by computing the RRMSE for each of the main 

output variables such as the working fluid mass flow rate, the expander power output, the pump power 

consumption, and the thermal power across heat exchangers. Validation results highlight good 

predictive accuracy, with values of RRMSE below 10% for key performance indicators. The model 

demonstrates accurate performance under heat source temperatures ranging from 40°C to 75°C and 

vapor qualities at the expander inlet between 0.2 and 0.9. These findings confirm the model’s robustness 

and suitability for simulating PE-ORC systems, making it a valuable tool for design optimization and 

performance assessment under low-temperature heat recovery scenarios. 

Future work should focus on extending the model’s applicability by systematically investigating the 

impact of different working fluids, especially low-GWP alternatives, on system performance across a 

range of operating pressures and vapor qualities. Optimization studies could be conducted to match 
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fluid properties with specific heat source characteristics, such as geothermal brines, industrial exhaust 

gases, or solar thermal collectors. Moreover, experimental validation should be expanded to include a 

more comprehensive understanding of PE-ORC performance under dynamic or off-design conditions. 

 

NOMENCLATURE 

 

Symbols  Subscripts  

𝐴  Area (m2) 𝑎𝑚𝑏  ambient 

𝐶  Cold sink 𝑐𝑎𝑙𝑐  calculated 

𝐶∗  Heat capacity ratio (-) 𝑐𝑑  condenser 

𝑐𝑝  
Specific heat at constant pressure 

(kJ/kg/K) 
𝑐𝑜𝑙𝑑  cold stream 

𝑓  Frequency (Hz) 𝑒𝑚  electro-mechanic 

ℎ  Enthalpy (kJ/kg) 𝑒𝑣  evaporator 

𝐻  Hot source 𝑒𝑥  exhaust 

𝑘  Specific heat ratio (-) 𝑒𝑥𝑝  expander 

𝑙𝑜𝑎𝑑  Resistive load (-) ℎ𝑜𝑡  hot stream 

𝑚̇  Mass flow rate (kg/s) 𝑖𝑛  inlet 

𝑁  Shaft speed (rpm) 𝑘  condensing 

𝑛𝑡𝑟𝑎𝑖𝑛  Experimental points number (-) 𝑙  saturated liquid 

𝑁𝑢  Nusselt number (-) 𝑙𝑒𝑎𝑘  leakage 

𝑁𝑇𝑈  Number of Transfer Units (-) 𝑙𝑜𝑠𝑠  losses 

𝑝  Pressure (bar) 𝑚𝑒𝑎𝑠  measured 

𝑄̇  Thermal power (kW) 𝑜𝑢𝑡  outlet 

𝑅𝑅𝑀𝑆𝐸  Relative Root Mean Squared Error (-) 𝑝𝑢𝑚𝑝  pump 

𝑟𝑣  Volume ratio (-) 𝑟𝑒𝑐  recuperator 

𝑠  Entropy (kJ/kg/K) 𝑟𝑒𝑐𝑜𝑚𝑝  recompression 

𝑇  Temperature (°C) 𝑟𝑒𝑓  reference 

𝑈  
Global heat transfer coefficient 

(kW/m2/K) 
𝑆𝐶  subcooling 

𝑉  Volume (m3) 𝑠𝑢  suction 

𝑉̇  Volume flow rate (L/s) 𝑡ℎ𝑟  throat section 

𝑊̇  Electric power (W) 𝑣  saturated vapour 

𝑥  Vapour quality (-) 𝑤𝑎𝑙𝑙  expander wall 

Greek letters  𝑤𝑓  working fluid 

𝛿  Increment (-) Acronyms  

∆  Difference (-) GWP Global Warming Potential 

𝜀  Effectiveness (-) IEM Interface Exchange Model 

𝜂  

𝜂𝑓  
Efficiency (-) 

Flash efficiency (-) 
ORC Organic Rankine Cycle 

𝜆  Thermal conductivity (kW/m/K) PE-ORC Partially Evaporated ORC 

𝜇  Dynamic viscosity (Pa·s) RRMSE 
Relative Root Mean Squared 

Error 
𝜌  Density (kg/m3) TFC Trilateral Flash Cycle 
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