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Abstract. The use of the micro-ORC (Organic Rankine Cycle) technology for waste-heat recovery and 

distributed generation is generally considered a viable and promising low-carbon solution, in the framework 

of combined heat and power and renewable energy applications. However, micro-ORCs environmental impact, 

due to high-GWP (global warming potential) working fluid leak rates, is an issue still to overcome. At the 

same time, numerical studies reveal that low-GWP fluids do not always guarantee the same performance of 

typically used fluids, leading to additional use of conventional fuels in combustion-based energy systems, to 

compensate the lower power production. This study proposes a comprehensive evaluation of the actual 

greenhouse effect related to the operation of ORC systems in the kW scale. The method is derived from the 

TEWI (total equivalent warming impact) concept for refrigeration systems, since it includes both direct and 

indirect contributions to the greenhouse gas emission related to the ORC system. A comparison between 

traditional HFC-134a (R134a) and some of its low-GWP replacements has been performed, accounting for the 

effect of the operating fluid leakage during system operation, but also for the indirect contribution associated 

to the lower performance that can be achieved using more sustainable working fluids, such as 

hydrofluoroolefins (HFO). Alternative fluids that have been tested are two pure compounds (R1234yf and 

R1234ze(E)), and four mixtures (R134a-R1234yf; R-134a-R1234ze(E); R515A; R430A). A semi-empirical 

lumped-parameters model has been employed for simulating the behavior of the ORC system. For the model 

validation, the experimental data collected on a reference 2-kW ORC test bench with R-134a have been used. 

The model was then applied to investigate the performance of the system working with alternative fluids. The 

results show that the indirect emissions associated to HFOs may lead to higher values of total equivalent CO2 

emissions, with respect to the employment of R134a as working fluid. The main factors affecting the 

environmental evaluation, such as emission factors, fluid leak rate and R134a concentration in the mixture, 

can be decisive and are discussed in this work.  

 

Keywords: micro-ORC, low-GWP fluids, HFO, R134a mixtures, semi-empirical model, total equivalent 

warming impact  

 

Introduction 

Climate change is acknowledged as a tangible issue that must be addressed to avoid major environmental 

consequences in the next future. Recent policy decisions set the reduction of greenhouse gas (GHG) emissions 

as key strategic target for 2030 [1]. Experts agree that main potential solutions to achieve this goal rely on: the 

improvement in the systems conversion efficiency, the increase of renewables in the energy mix and the on-

site generation of electricity [1]. Waste-heat recovery and in particular power generation from low-grade heat 

sources (with temperature level below 200 °C) is gaining interest as a viable mean to implement the 

aforementioned solutions. In this context, the Organic Rankine Cycle (ORC) technology is one of the most 

suitable energy conversion option for valorising low-grade heat and producing electricity or useful mechanical 

power. The savings potential associated with micro-to-small scale ORC is believed to be enormous [2]. 

The working fluid selection represents a key decision for an ORC arrangement, affecting the system design 

and the related performance [2]. In particular, synthetic refrigerants belonging to hydrofluorocarbons (HFCs) 

category, such as R245fa, R123 and R134a [3] appear to be very performing for low-temperature applications 

thanks to their low critical temperature. On the other hand, previous state-of-the-art HFCs, despite their null 
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ozone depletion potential, risk to highly contributing to the anthropogenic greenhouse effect, if released, due 

to their high values of global warming potential (GWP) and high residence time in the atmosphere [4]. For this 

reason, at the beginning of the XXI century, the European Union started taking measures to phase out the use 

of these GHGs. The current phase-down regime [5] is a step-by-step approach with the objective of reducing 

the average GWP of the refrigerants available in the market, through the allocation of quotas by the European 

Commission to producers and importers of bulk HFCs. The initiative provides for a decrease of the 

consumption of common HFCs of 79% by 2030. This means that industry, and refrigerant users in general, are 

forced to undergo a transition toward new and low-GWP fluids. Expected average GWP of refrigerants, 

according to the “F-gas” regulation, and the relative equivalent carbon emissions are shown in Fig. 1 (data are 

elaborated from [5]). 

~ 1450

~ 1000

~ 700

< 500

R
e

la
ti
v
e

 C
O

2
 e

q
u

iv
a

le
n

t 
a

m
o

u
n

t 
(%

)

HFC phase-down 

~ 2200 - 2300

Average GWP

 

Fig. 1. Steps of HFCs phase-down, elaborated according to EU “F-gas” regulation [5]. 

 

Thus, refrigeration industry is currently working on finding valuable alternatives to HFCs, which can 

guarantee the same performance but lower environmental impact at the same time. In particular, potential 

substitutes of HFCs have been identified in the hydrofluoroolefins (HFOs) [6]. While refrigeration plants 

retrofit with HFOs has been already comprehensively assessed in many studies (see for example the 

experimental studies by Zilio et al. [7], for air conditioning, by Lee and Jung [8], for car conditioning, by 

Navarro-Esbrì et al. [9] and [10], on R134a replacement in compressors), dedicated and extensive tests for 

ORC applications are still required. Only some early studies, carried out in specific limited conditions, revealed 

that low-GWP fluids could not guarantee the same performance of HFC fluids. For example Invernizzi et Al. 

[11] investigated the potential replacement of HFC-134a (or R134a) in an ORC geothermal plant fed with hot 

water at 150 °C, by new HFOs, observing a decrease in the net power production. Likewise, Boyaghchi et Al. 

[12] performed a multi-objective optimization of a novel micro combined cooling, heating and power system 

supplied by solar and geothermal energy, with four working fluids including R134a, R423A, R1234ze(E) and 

R1234yf. Their results indicate that the best fluid from the energy and exergy viewpoints is R134a. Other 

studies have been conducted on the topic, but mainly based on a pure thermodynamic approach, adopting 

simplified hypotheses such as constant expander and pump efficiency and adiabatic expansion process [13], 

[14], [15].  Indeed, it is crucial to properly include into the assessment the actual influence of the fluid on 

performance of the key ORC components. Actual operating conditions of expander and pump can strongly 

depend on fluid properties such as density and viscosity, especially if considering volumetric type machines, 

as demonstrated in previous work of the Authors [16]. When considering the expander real operating 

conditions, another important factor of influence is the fluid thermal conductivity, as the expansion process 

cannot be considered adiabatic [17]. To perform a fair comparison between high and low-GWP refrigerants as 

ORC working fluids, a rigorous environmental investigation should be included in the analysis.  Indeed, in 

some cases, the single assessment based on GWP value may not consider indirect effects, such as the loss of 

performance of the system using more sustainable fluids, which can be associated to an additional contribution 

of indirect emissions, unless the energy gap is fulfilled by means of fully renewable sources. 

In view of the above, the aim of this study is to propose a comprehensive evaluation of the actual greenhouse 

impact of micro-ORC systems, when operated with low-GWP working fluids in low-temperature heat recovery 

applications. The method is derived from the TEWI (total equivalent warming impact) concept for refrigeration 

systems, since it includes both direct and indirect contributions to the greenhouse gas emission related to the 
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ORC system. Direct emissions are associated to the leakage of refrigerant during the system operation. The 

indirect contribution accounts for the emissions related to the resulting lack of power production, caused by 

the adoption of a less performing fluid. In the Authors knowledge, the open literature lacks studies of working 

fluid selection that takes into account a comprehensive greenhouse impact assessment.  

Pure fluids and also binary mixtures are both taken into account for sake of completeness in this study. Use 

of mixtures in ORC for waste-heat-recovery applications have been proposed by several studies, especially 

with the aim to exploit zeotropic mixtures thermodynamic properties, capable to optimize the heat transfer 

process at the evaporator and condenser of the ORC, see for example the study by Andreasen et al. [18] on 

binary mixtures of hydrocarbons. Fluid blends of different refrigerants are considered in this GHG analysis, 

since it cannot be excluded a priori that optimal or mid-term sub-optimal solutions to limit total carbon 

emissions could consist in blending current low-GWP fluids with the high performing HFC fluids. In addition, 

in Authors opinion, literature still lacks in studies investigating especially the potential of specific mixtures of 

R134a blended with HFOs, or other potential R134a substitutive mixtures. 

This analysis, in particular, takes as a reference a typical architecture of micro-ORC system, presented in 

[19], for which reliable experimental data related to the use of R134a as working fluid are already available. 

Indeed, the reference system is designed to work with R134a but also with fluids with similar properties, such 

as the HFOs R1234yf and R1234ze(E), according to the manufacturer [20]. The first step consists in assessing 

the micro-ORC performance when working with low-GWP substitutes of R134a (both pure fluids and 

mixtures) in a realistic application. A semi-empirical model of the whole system has been implemented and 

validated with experimental data, collected operating with the conventional fluid R134a. Semi-empirical model 

type is chosen as this demonstrated to be the most suitable modelling approach for similar applications, with 

robust prediction in both fitting and extrapolation more than usually adopted constant efficiency models [21]. 

Indeed, this kind of models allows to account for actual operating conditions of the volumetric machines and 

not only for the only thermodynamic process. Adaptations necessary to model low-GWP fluids and blends 

instead of R134a have been also discussed and introduced to the aforementioned model. The last step 

comprises the simulation of the plant behaviour over a typical annual operation, in order to determine the 

yearly energy production and related GHG emissions. More in detail, the examined operating conditions refer 

to an existing micro-ORC operation, installed at a pool centre [22]. The system is conceived to exploit a 

geothermal liquid-dominated well hot source, while the cold sink is the swimming pool heating circuit.  

1 Reference micro-ORC system 

The reference system is a kW-scale recuperated ORC (see Fig. 2), conceived for low-grade heat sources, 

with temperature below 100 °C. The key component of the system is the expander, a reciprocating piston 

model with three cylinders placed radially at 120°, with total displacement equal to 230 cm3 (see patent 

[20]).The admission and the discharge of the vapour in the expander are executed by rotary valves, which are 

placed in correspondence of the cylinder head and are driven by the crankshaft rotation. The expander is 

directly coupled with the generator, which is connected to an electrical load made of five pure resistive loads, 

connected in parallel between them and in delta with the generator output three-phase line. In this 

configuration, the load does not allow setting the generator rotational speed nor the load torque, and the 

expander shaft is free to achieve the equilibrium between the generator torque and the set load resistance. The 

other main components of the system are: the evaporator, a brazed plate heat exchanger (model Onda S202 

with 64 plates); the feed pump, an external gear pump with displacement of 80 cm3; the recuperator, a brazed 

plate heat exchanger (Onda S202 with 19 plates); the water condenser, a shell-and-tube heat exchanger (model 

Onda CT292-1100) and a liquid receiver with volume of 19 liters. The ORC pump is driven by an 

asynchronous electric motor, to which the pump shaft is coupled through a speed reducer with gear ratio of 

1:3. The pump motor is driven by a frequency inverter, which allows the regulation of the flow rate of the 

working fluid. The thermal input to the ORC circuit is provided by a pressurized water heated by an electric 

heater with power up to 42 kW. The cooling system consists in cold water extracted from a well. 

The test bench is fully equipped with an acquisition system, made of T-type thermocouples (immersion 

probes), ceramic pressure transducers and a Coriolis mass flow meter. Voltage and current transducers are 

installed on expander and pump supply lines for acquiring electrical power and frequency of the two machines. 

On hot and cold water circuits, K-type thermocouples (immersion probes) and magnetic flow meters are 

installed.  

In order to collect data in specific testing conditions, the following main parameters can be controlled from 

the outside: the water temperature at the evaporator inlet, TH2Ohot, the water flow rate at the evaporator inlet, 
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𝑚̇H2Ohot, the water temperature at the condenser inlet, TH2Ocold, the water flow rate at the condenser inlet, 

𝑚̇H2Ocold, the feed pump frequency, fpp, and the number of activated loads, nloads. A full characterization of the 

reference ORC test bench working with R134a in steady state conditions is presented in [19].  
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Fig. 2. Micro-ORC system simplified layout.  

2 Methodology 

2.1 Micro-ORC performance model 

A schematic of the system model, describing the components sub-models and relationships between them, 

is shown in Fig. 3. Five sub-models compose the ORC model and are connected to each other: the pump and 

the circuit resistance (“PP & RES”), the expander (“EXP”), the recuperator (“REC”), the evaporator (“EV”) 

and the condenser (“CD”) sub-model (see the workflow in Fig. 3). The model is based on a lumped parameters 

approach and it allows to calculate the complete thermodynamic state of the ORC system using, as input, the 

boundary conditions only, i.e. the heat source and the heat sink supply conditions (TH2Ohot, 𝑚̇H2Ohot, TH2Ocold and 

𝑚̇H2Ocold), the feed pump frequency (fpp) and the expander load resistance (nloads). An additional input is the 

subcooling degree of the working fluid at the condenser outlet, ∆𝑇𝑠𝑐. The latter could be otherwise calculated 

as function of fluid charge and cold source temperature [23]. The outputs of the model are the fluid 

thermodynamic states in all the main sections of the cycle and, in particular, indicators, namely, the thermal 

input provided at the evaporator, 𝑄̇𝑒𝑣, the condenser discharged heat, 𝑄̇𝑐𝑑, the electric power output, 𝑊̇𝑒𝑥𝑝, and 

the pump  absorbed power, 𝑊̇𝑝𝑝.  

Since the ORC model is formulated as an implicit problem, its solution is determined through an iterative 

process, whose iterative variables are the condensing pressure, 𝑝𝑐𝑑, and the expander inlet temperature, 𝑇1. 

More in detail, the iterative cycle on the expander inlet temperature is nested into the condensing pressure 

iterative cycle. A first attempt solution of 𝑇1 and 𝑝𝑐𝑑 is chosen by the code to start the resolution algorithm, 

respecting the physical constraints of the problem. As first step, the code solves the models of the pump, and 

runs the nested iterative cycle including the expander and the recuperator models. Output of the iterative cycles 

are the updated value of 𝑇1 and 𝑝𝑐𝑑; these values are compared with their attempt solution to evaluate whether 

the residual satisfy the convergence criterion or not until convergence is reached. As long as the cycles run, 

the attempt solutions are replaced at each iteration with their updated value.   

A semi-empirical approach is chosen for each component. This kind of models rely on a set of physically 

meaningful equations whose parameters can be tuned to fit a reference dataset (or imposed, where known). In 

this study, experimental data on the reference test rig, collected during experiments carried out with R134a 

[19], have been considered for the calibration.  The list of empirical parameters with their calibrated values are 
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provided in Tab. 1 for each sub-model (see “Nomenclature” and next paragraphs for detailed parameters 

naming and meaning). It must be highlighted that some of the empirical parameters are only size-dependent 

(as for example the pump cubic capacity, 𝑉𝑐𝑐), and can be considered independent from the working fluid, 

while other parameters are associated to the working fluid thermodynamic characteristics. Thus, specific fluid-

corrections/scaling equations are introduced for these parameters, to account for the use of fluids different 

from R134a, for which the model was calibrated originally. A more detailed description of each sub-model, 

its parameters and their correction is reported in the following sub-paragraphs. 

 

 

Fig. 3. The micro-ORC model schematic diagram (input are indicated in blue, iterative variables in red, 

intermediate variables in black and output of the model in green).  

 

Tab. 1. Model parameters for each micro-ORC system component. 

Component Parameter Value Unit 

Expander 

(EXP) 

[27] 

𝐴𝑠𝑢 1.47e-05 m2 

𝐴𝑙𝑒𝑎𝑘  5.51e-06 m2 

  𝐴𝑈𝑠𝑢,𝑟𝑒𝑓 5.65e-05 W/K 

  𝐴𝑈𝑒𝑥,𝑟𝑒𝑓  9.23e-05 W/K 

𝐴𝑈𝑎𝑚𝑏  0.96 W/K 

𝑟𝑣,𝑒𝑥𝑝 1.459 - 

𝑟𝑣,𝑐𝑜𝑚𝑝 1.25 - 

𝑉0 2.32e-08 m3 

𝑊𝑙𝑜𝑠𝑠,𝑟𝑒𝑓 0.198 W 

𝑊𝑙𝑜𝑠𝑠,𝑁 1.07e-05 W/min 

Heat exchangers 

(EV, CD, REC) 

𝛼𝑤𝑓,𝑟𝑒𝑓  15.72, for EV/CD 

4.79, for REC 

kW/m2/K 

𝑚̇𝑤𝑓,𝑟𝑒𝑓 0.123  kg/s 

z 0.74 - 

∆𝑇𝑠𝑎𝑡,𝑟𝑒𝑓 20  °C 

y -0.84 - 

Pump &  

Circuit resistance 

(PP & RES) 

c1 5.29e+02 (-) 

c2 5.10 e+02 (m-3) 

Vcc 62.3 (cm3) 

c3 1.52  (m-1∙s-1) 

c4 53.3 (m-1∙s-1) 
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2.1.1 Heat exchangers 

In their normal operation, ORC evaporator and condenser are interested by phase-change. The approach 

used to calculate the performance of evaporator and condenser is based on a three-zone lumped-parameters 

moving boundary model with variable heat transfer coefficients, and it is schematized in Fig. 4. According to 

this method, the heat exchangers are split into three different heat transfer regions (named as: SC – Subcooling 

zone, TP - Two Phase zone and SH – Superheating zone, in Fig. 4); the boundaries of the zones are defined by 

the thermodynamic phase change points of the working fluid.  

SC SHTP

working fluid

water

quality = 0 quality = 1

Twf,in

mwf

pwf Twf,out

TH2O,in

mH2O

pH2OTH2O,out

ASC ATP ASH

QSC QTP QSH

. . .

.

.

 

Fig. 4. Heat exchangers moving boundary model scheme. 

 

Each zone is characterized by a global heat transfer coefficient Ui and by a heat transfer surface area Ai. 

According to the moving boundary approach, spatial position of each zone and its heat transfer surface (Ai) are 

not known a priori, but they are determined along the calculation based on the fluid state. A boundary condition 

is required to calculate the area of each section. The constraint is that the sum of the single surface areas 

corresponds to the geometrical surface area of the component, A, which is instead a model parameter.  

The heat transfer occurring in the i-th zone is given by the product between the global heat transfer 

coefficient, the surface area and the logarithmic mean temperature difference ∆𝑇𝑙𝑜𝑔,𝑖 of the zone (Eq. (1)). 

𝑄̇𝑖 = 𝐴𝑖𝑈𝑖 ∙ ∆𝑇𝑙𝑜𝑔,𝑖 (1) 

The considered global heat transfer coefficient accounts for the convective coefficient of the working fluid 

side, 𝛼𝑤𝑓 , and the convective coefficient of the water side, 𝛼𝐻2𝑂 (Eq. (2)). Conductive heat transfer 

contribution have been considered negligible, due to high value of steel conductive coefficient and thin wall 

thickness. 

𝑈𝑖 = (
1

𝛼𝑤𝑓,𝑖
 +  

1

𝛼𝐻2𝑂,𝑖
)

−1

 (2) 

The water convective coefficients, and the working fluid convective coefficients for subcooling and 

superheating zone, are determined by means of the Dittus-Boelter correlation for forced convection [24]. The 

working fluid convective coefficient for the two-phase zone, 𝛼𝑤𝑓,𝑇𝑃, derives instead from empirical 

correlations. In particular, correlation used for the evaporator has the form of Eq. (3).  

𝛼𝑤𝑓,𝑇𝑃 =  𝛼𝑤𝑓,𝑇𝑃,𝑟𝑒𝑓 (
𝑚̇𝑤𝑓

𝑚̇𝑤𝑓,𝑟𝑒𝑓
)

𝑧

(
∆𝑇𝑠𝑎𝑡

∆𝑇𝑠𝑎𝑡,𝑟𝑒𝑓
)

𝑦

 (3) 

 

where 𝛼𝑤𝑓,𝑟𝑒𝑓  represents the value of the convective coefficient in reference operating conditions. In off-

design conditions, 𝛼𝑤𝑓,𝑟𝑒𝑓  is adjusted according to the so called “thermal resistance scaling” method, to 

account for the dependence of the convective coefficient from the fluid velocity [26]. Following this method, 

the reference point convective heat transfer coefficients, 𝛼𝑤𝑓,𝑟𝑒𝑓 , is scaled as function of the ratio between the 

actual mass flow rate, 𝑚̇𝑤𝑓, and the one calculated in the reference point, 𝑚̇𝑤𝑓,𝑟𝑒𝑓, raised to power 𝑧. This 
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exponent usually does not differ too much from 0.8, which corresponds to the exponent for the Reynolds 

number in the Dittus Boelter correlation. According to empirical observations, an additional correction term 

accounting for the nucleated boiling phenomenon is introduced to better estimate the variation of the 

evaporator heat transfer coefficient when the operating conditions differ from the reference one. Assuming a 

forced convection boiling regime, the nucleated boiling convection weight is proportional to the difference 

between the working fluid saturation temperature and the secondary fluid temperature, ∆𝑇𝑠𝑎𝑡 [24]. Thus, the 

term (
∆𝑇𝑠𝑎𝑡

∆𝑇𝑠𝑎𝑡,𝑟𝑒𝑓
)

𝑦

  in eq. 3 accounts for the modification of ∆𝑇𝑠𝑎𝑡 with respect to its reference value ∆𝑇𝑠𝑎𝑡,𝑟𝑒𝑓 

and its influence on the nucleated boiling heat transfer contribution. Both 𝑧 and 𝑦 values are obtained by 

interpolating the available experimental data (the resulting values are reported in Tab. 1). 

Correlation used for the condenser is the same of Eq. (3), but in this case pure convective regime is assumed, 

thus, excluding the dependence from ∆𝑇𝑠𝑎𝑡. As a result, condenser two-phase working fluid convective 

coefficient is estimated by means of Eq. (4). 

𝛼𝑤𝑓 =  𝛼𝑤𝑓,𝑟𝑒𝑓 (
𝑚̇𝑤𝑓

𝑚̇𝑤𝑓,𝑟𝑒𝑓
)

𝑧

 (4) 

 

Finally, the recuperator is also modelled on the basis of Eq. (1), but considering a single heat transfer zone. 

The recuperator global heat transfer coefficient is computed my means of Eq. (4). 

2.1.2 Reciprocating piston expander 

The volumetric expander is simulated by means of the grey-box model originally developed by Glavatskaya 

et Al. [25], adapted and validated for the reference reciprocating expander in a previous work of the Authors 

[27]. The model follows a lumped parameters approach as illustrated by the scheme shown in Fig. 5. A brief 

description of the implemented approach is reported, however the reader is invited to refer to [27] for a more 

detailed description. 

Re-compression

Internal expansion
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Fig. 5. The volumetric expander sub-model scheme.  

 

The electric power output of the expander model (𝑊̇𝑒𝑥𝑝) is expressed by the difference between the ideal 

internal expansion power, and the sum of all contributions to power losses, such as re-compression phenomena, 

under/over-expansion, pressure losses at inlet and outlet, internal leakages, heat dissipation, frictions and 

electro-mechanical conversion losses. 

The expansion and the recompression transformations are modelled considering the built-in volumetric 

expansion and recompression ratio of the machine (rv,exp, rv,comp in Tab. 1). The two volumetric ratios are used 

to compute the fluid state at the end of the internal expansion process, made by an isentropic followed by an 

isochoric transformation (see p-V diagram in Fig. 5). In a previous work of the Authors [16], the expander 

model has been applied to optimize the built-in volume ratio parameter, for the specific micro-ORC operating 

range. Therefore, in this analysis the built-in volume ratio value is chosen equal to its optimum (2.7), which 

allows to obtain the maximum expander power output, as demonstrated in [16]. 
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The mass flow rate that undergoes the internal expansion is given by the difference between the flow rate 

entering the expander and the leakage flow. The leakage mass flow rate is calculated assuming an isentropic 

flow through a convergent nozzle, with a throat section area equal to the parameter 𝐴𝑙𝑒𝑎𝑘 (see Tab. 1). The 

mass flow rate that undergoes recompression is calculated as function of the clearance volume, parameter 𝑉0 

in Tab. 1.  

The overall mechanical losses are calculated in the model by accounting for two terms: a constant term, 

𝑊̇𝑙𝑜𝑠𝑠,𝑟𝑒𝑓  representing the constant mechanical loss and a second contribute, 𝑊̇𝑙𝑜𝑠𝑠,𝑁  proportional to the 

rotational speed (see Tab. 1). 

Other loss contributions are due to the pressure drop at the supply and exhaust valves and the heat 

dissipations through the expander walls. The supply pressure drop is modelled as the leakage mass flow, 

considering an isentropic expansion through a convergent nozzle, with a throat section area equal to the 

parameter 𝐴𝑠𝑢 (see Tab. 1). The heat exchanged at the supply and exhaust section is obtained by means of the 

NTU method, as function of the heat transfer coefficient (AU)su,ref, (AU)ex,ref,, parameters of the model. The heat 

transferred to the ambient is computed as product between the wall heat transfer coefficient ((AU)amb in Tab. 1) 

and the temperature difference between the wall and the ambient.  

2.1.3 Pump and circuit resistance 

The same approach proposed in [16] by the Authors is adopted in this study to model the pump behaviour 

within the system. According to this method, the pump operating point is determined by crossing the pump 

characteristic curve, at given rotational speed, and the resistance characteristic of the circuit, which depends 

on the number of electric loads activated. 

The experimental values of the pump pressure rise as function of the volumetric flow rate are shown in Fig. 

6 [16] for different values of pump rotating frequency. The “Loads” curves in figure represent the ORC circuit 

resistance: the increase of the expander load determines a greater hydraulic resistance of the circuit, resulting 

in higher values of the pressure rise for given value of volume flow rate (set by the pump frequency).  

The pump and circuit resistance model allows to determine the actual pressure rise, ∆𝑝, and the volumetric 

flow rate, 𝑉̇, elaborated by the pump. The mass flow rate is then obtained using the fluid density at the pump 

inlet. The value of 𝜂𝑝𝑝 is considered in line with experimental data [16].  

𝑊̇𝑝𝑝 =  
𝑉̇ ∙ ∆𝑝

𝜂𝑝𝑝
 (5) 

 

 

Fig. 6. ORC volumetric gear pump and circuit resistance characteristics. 

2.1.4 Model validation 

Before applying the ORC model to unexplored operating conditions, the model has been tested against 

experimental data collected during the extensive experimental campaign conducted over the reference test rig 

[19] using R134a, in order to evaluate the model accuracy. Results are reported in the form of parity plots, 

comparing main output calculated values (of evaporator thermal power, expander produced power and pump 

absorbed power) with the corresponding measured quantities (Fig. 7). Dashed lines are introduced in figures 
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to highlight different prediction error bands. Results prove the good accuracy of the model. Indeed, Fig. 7 

shows that most of the parity plot points take place within the 10 % error band. 
 

 

Fig. 7. Parity plot comparing calculated and measured output values: a) Evaporator thermal power; b) 

Expander produced electrical power; c) Pump absorbed electrical power. 

2.1.5 Correction of fluid-dependent parameters 

In order to cope with different working fluids, the model can be generalized, by introducing some 

corrections in the fluid-dependent parameters. First of all, the global heat transfer coefficients of the heat 

exchangers models and the expander model must be corrected. These parameters have been re-determined 

adopting the procedure proposed by Giuffrida [17]. The global heat transfer coefficient can be evaluated as:   

𝑈 =  
𝑁𝑢 ∙ 𝜆

𝐿
 (6) 

where Nu is the Nusselt number and λ the conductivity, both depending on the fluid thermodynamic properties, 

while L represents a characteristic length determined by the component geometry. Thus, the updated global 

heat transfer coefficient for the new fluid, 𝑈𝑛𝑒𝑤, can be calculated as function of the reference global heat 

transfer coefficient, 𝑈𝑟𝑒𝑓, and of the fluids properties, by using Eq. (7): 

𝑈𝑛𝑒𝑤

𝑈𝑟𝑒𝑓
=  

𝑁𝑢𝑛𝑒𝑤 ∙ 𝜆𝑛𝑒𝑤

𝑁𝑢𝑟𝑒𝑓 ∙ 𝜆𝑟𝑒𝑓
 (7) 

 

In order to account for the change of the working fluid in the ORC pump and hydraulic circuit resistance 

model, Authors have introduced in [16] a methodology referring to volumetric pumps. According to this 

approach, the change of the fluid induces a change in the pump and circuit resistance curves slope. The 

characteristic curves, shown in Fig. 6, are updated using Eq. (8) and Eq. (9), i.e. the base equations tracing 

respectively the pump and the circuit resistance curves. In particular, according to Eq. (8), the volumetric flow 

rate elaborated by the pump, 𝑉̇, is expressed as difference between the theoretical volumetric flow rate, 𝑉̇𝑡ℎ, 

and the flow due to internal leakage, 𝑉̇𝑙𝑒𝑎𝑘. The  𝑉̇𝑡ℎ term depends on the pump geometry and rotational speed, 

while 𝑉̇𝑙𝑒𝑎𝑘 can be calculated as flow lost through the pump meatus, by means of Poiseuille’s law, as a function 

of geometrical data, operating pressure and fluid viscosity.   

 

𝑉̇ =  𝑉̇𝑡ℎ(𝑔𝑒𝑜𝑝𝑝, 𝑁𝑝𝑝) − 𝑉̇𝑙𝑒𝑎𝑘(𝑔𝑒𝑜𝑝𝑝, ∆𝑝, 𝜇) (8) 

Eq. (9) represents the general formula for evaluating hydraulic circuit pressure head, ∆𝑝, where 𝜀, is the 

equivalent flow coefficient, 𝜌, is the fluid density and 𝑤, the fluid velocity: 

∆𝑝 =  𝜀(𝑔𝑒𝑜𝑐𝑖𝑟𝑐 , 𝑛𝑙𝑜𝑎𝑑𝑠) ∙ 𝜌 ∙
𝑤2(𝑔𝑒𝑜𝑐𝑖𝑟𝑐 , 𝑉̇, 𝜌)

2
 (9) 

         

              

 

 

  

  

  

  

  

  

  

 
 
  
 
  
  
 
  
 
  
 

                     

    

       

         

          

               

              

 

   

   

    

    

 
 
  
 
  
  
 
  
 
  
 

                  

    

       

         

          

           

              

 

   

   

    

 
 
  
 
  
  
 
  
 
  
 

              

    

       

         

          

a) b) c)



10 

 

The terms in bracket in Eqs. (8) and (9) can be indicated in explicit form and rearranged, obtaining simple 

relationships between ∆𝑝, 𝑉̇, 𝑁𝑝𝑝 and 𝑛𝑙𝑜𝑎𝑑𝑠 : 

∆𝑝 = (𝑐1 ∙ 𝑁𝑝𝑝 + 𝑐2 ∙ 𝑉̇) ∙ 𝜇 (10) 

  

∆𝑝 = (𝑐3 ∙ 𝑛𝑙𝑜𝑎𝑑𝑠 + 𝑐4) ∙ 𝑉̇ ∙ 𝜌 (11) 

where the 𝑐1, 𝑐2, 𝑐3 and 𝑐4 coefficients are size dependent constants of the pump and of the circuit due to the 

geometry terms 𝑔𝑒𝑜𝑝𝑝, 𝑔𝑒𝑜𝑐𝑖𝑟𝑐; the working fluid has an impact on the equations via the fluid density, 𝜌, and 

the fluid viscosity, μ, influencing the characteristic curves slope. More details on the derivation of the 

relationships given above are provided in the previous paper of the Authors [16] introducing the model 

equations. 

Thus, the model basically relies on physical/thermodynamic properties of the operating fluid and it is used 

here to simulate the micro ORC components main output, when run with fluids replacing the reference fluid 

R134a; as the substitute fluids are selected with similar properties to the replaced fluid, limited errors (in lines 

with the error values shown by the model in case of tests with R134a) could be expected in prediction of the 

new performance. 

2.2 Micro-ORC global warming impact assessment 

The main objective of this environmental analysis is to evaluate the total equivalent emission of CO2 

released into the atmosphere in a given operating scenario of the micro-ORC, comparing different working 

fluids. 

The total GHG emissions from the system have been estimated by taking into account two main 

contributions, namely the direct emissions and the indirect emissions.  

The direct emissions term, 𝐸𝑚𝑑𝑖𝑟𝑒𝑐𝑡, includes the environmental impact of the plant due to possible leakage 

of refrigerant, which occurs during system operation and servicing, and can be expressed as: 

𝐸𝑚𝑑𝑖𝑟𝑒𝑐𝑡 = 𝑚 ∙ 𝐿𝑅 ∙ 𝐺𝑊𝑃 (12) 

where the main factors are: the system fluid charge 𝑚, the annual fluid leak rate 𝐿𝑅 and the fluid 𝐺𝑊𝑃, that is 

computed, in case of mixtures, as the mass weighted average of the fluid components GWP. The fluid charge 

is estimated on the basis of the internal volume of the most relevant ORC components in terms of fluid capacity, 

i.e. the evaporator, the condenser, the recuperator and the liquid receiver. The amount of fluid inside expander, 

pump and in the interconnecting pipes can be considered less relevant, considering typical internal volumes. 

The fluid mass enclosed in the j-th component could be estimated as the product between the j-th component 

volume, 𝑉𝑗, and the j-th mean fluid density, 𝜌𝑗. The mean density inside evaporator and condenser is computed 

as the weighted average of the densities in the different zones. The density inside the two-phase region can be 

calculated using Eq. (13) [28]. In particular, the volume vapour fraction 𝛾 for a generic component can be 

derived by the Lockhard-Martinelli model according to Liu et Al. [28], using Eqs. (14)-(16), where 𝑋𝑡𝑡 is the 

Martinelli parameter, 𝑥 is the vapour fraction (considered equal to 0.5), 𝜇, the fluid viscosity, and the subscripts 

𝑙𝑖𝑞𝑢𝑖𝑑 and 𝑔𝑎𝑠 refer to the saturated liquid and saturated vapour fluid state respectively.  

𝑚𝑗 = 𝑉𝑗 ∙ (𝜌𝑙𝑖𝑞𝑢𝑖𝑑,𝑗 ∙ (1 − 𝛾𝑗) + 𝜌𝑔𝑎𝑠 ∙ 𝛾𝑗) (13) 

𝑋𝑡𝑡 =  (
1 − 𝑥

𝑥
)

0.9

(
𝜌𝑔𝑎𝑠

𝜌𝑙𝑖𝑞𝑢𝑖𝑑
)

0.5

(
𝜇𝑔𝑎𝑠

𝜇𝑙𝑖𝑞𝑢𝑖𝑑
)

0.1

 (14) 

𝛾 = (1 + 𝑋𝑡𝑡
0.8)−0.378,    𝑋𝑡𝑡 ≤ 10 (15) 

𝛾 = 0.823 − 0.157 𝑙𝑛 𝑋𝑡𝑡 ,    𝑋𝑡𝑡 > 10 (16) 

 

The indirect GHG emissions term (𝐸𝑚𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡) considers the energy production gap (𝐸𝑔𝑎𝑝) as the effect of 

operating the micro-ORC with fluids with lower or higher thermodynamic performance than the reference 

fluid (R134a). Considering a constant request electric power, the energy gap needs to be supplied by a different 
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energy system, or it must be purchased from the electric grid. This amount of supplied energy is in general 

associated to an additional contribution to CO2 emission, which depends on the emission factor (𝛽, expressed 

in kilograms of CO2 per megawatt hour of energy produced) related to the technology employed to produce 

the energy gap. In case the electricity is purchased from the grid, 𝛽 corresponds to the average emission of the 

fleet of machines in the considered area of the world. Ultimately, the indirect emissions, 𝐸𝑚𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡, are 

calculated as the product between the energy gap, 𝐸𝑔𝑎𝑝, and the emission factor, 𝛽, associated to the alternative 

energy provider: 

𝐸𝑚𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐸𝑔𝑎𝑝 ∙  𝛽 (17) 

As mentioned above, the R134a is considered as baseline fluid. Thus, 𝐸𝑔𝑎𝑝 is given by the difference between 

the energy produced by the ORC adopting R134a as working fluid (𝐸𝑅134𝑎) and the energy production with 

the replacing fluid in exam (𝐸𝑓𝑙𝑢𝑖𝑑): 

𝐸𝑔𝑎𝑝 = 𝐸𝑅134𝑎 − 𝐸𝑓𝑙𝑢𝑖𝑑 (18) 

With the aim of evaluating the ORC environmental performance on a reference wide time span, all the energy 

terms are calculated on a yearly basis. 

The complete performance model and GHG assessment procedure has been implemented in the Matlab 

environment [29], where, the fluids properties used to predict the micro-ORC thermodynamic conditions have 

been calculated by means of the REFPROP library [30]. 

 

3 Boundary conditions and performance results 

3.1 Boundary conditions 

The investigation on the micro-ORC system performance and its related GHG impact has been carried out 

under given boundary conditions, considering a certain scenario, as defined below, in terms of: i) hot source 

temperature and flow rate annual profiles; ii) cold source temperature and flow rate annual profiles; iii) leak 

rate and reference emission factor parameters. Different working fluids have been applied to the given scenario, 

including both pure fluids and mixtures. The selected fluids belong to the group of the most recent options of 

low GWP alternatives of R134a for refrigeration sector derived from the literature survey performed by 

Heredia-Aricapa et al. [6]. The list of considered fluids does not mean to be exhaustive, as other few options 

are currently available and new compounds are expected to enter the market in the next future. The goal of the 

analysis is rather to show the methodology and highlight some critical aspects related to the use of the most 

representative fluid options, but the same approach can be applied to any fluid of which thermodynamic 

properties are available. The selected alternative fluids are: 

• R1234yf and R1234ze(E) pure fluids; 

• mixture of 50 % R134a and 50 % R1234yf in mass, named in this study “R1234yf mix”; 

• mixture of 50 % R134a and of 50 % R1234ze(E) in mass, named in this study “R1234ze(E) mix”; 

• R515A, which consists in a mixture of 88 % R1234ze(E) and 12 % R227a in mass; 

• R430A, which consists in a mixture of 76 % R152a and 24 % R600a (isobutane) in mass. 

 

R1234yf and R1234ze(E) are the most suitable low-GWP pure HFOs for heat recovery applications at 

temperature lower than 100 °C (given their critical temperature close to 100 °C). Though these fluids present 

very similar thermodynamic properties compared to R134a (see Tab. 2), some small but not negligible 

differences exist, influencing the performance of the ORC components, especially in case of pump and 

expander of volumetric type [16]. One of the main factors of influence over the cycle performance is the 

expansion pressure ratio, which depends on the pressures at which the fluid evaporates and condenses into the 

cycle at given temperatures of the hot and cold source respectively. Other properties that can have an impact 

on performance and internal losses of the volumetric machines are the density and the viscosity of the fluid. 

Beside the GWP issue, another fundamental aspect to consider is the fluid safety and flammability in 

particular. Most of HFO fluids have the disadvantage of being classified A2L, according to ASHRAE Standard 
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34, i.e. mildly flammable refrigerant category (this A2L class applies to R1234yf and R1234ze(E), see Tab. 

2). This feature may not always be constrictive in the working fluid selection for refrigeration applications, but 

it should be taken into account in the ORC applications, where the operating temperature range is higher and 

flammability risk of the fluid could increase. Options to decrease the flammability risk while containing the 

GWP issue at the same time, rely on blending the HFOs with non-flammable fluids with similar 

thermodynamic properties, such as the basic R134a (classified as A1, i.e. non-flammable, according to 

ASHRAE). Thus the “R1234yf mix” and “R1234ze(E) mix” cases have been considered in the study, as 

intermediate mid-term options for the replacement of the R134a. In addition, two blends have been considered 

in the comparison: the azeotropic binary mixture with commercial name R515A (R234ze(E) and R227) 

(classified as A1), , and  the near azeotropic blend composed of R152a and R600a, named R430A, which is a 

mixture often indicated in literature as a potential good candidate for R134a replacement in refrigeration 

application [6]. R430A exhibits favorable properties, as highlighted in Tab. 2, such as: i) lower GWP in 

comparison with R134a and the other mixtures containing HFCs; ii) lower densities and viscosities compared 

to the other analysed fluids; iii) higher latent heat of vaporization values at given temperature (see Tab. 2, 

𝛥ℎ𝑠𝑎𝑡 (60 °C)), which influence the heat transfer performance of the evaporator and of the condenser. 

Nevertheless, it should be highlighted that this fluid mixture has a high-flammability classification (A3), as it 

contains a HC compound (R600a). 

 

Tab. 2. Main characteristics of the analysed pure fluids and binary mixtures (properties obtained with 

REFPROP [30], GWP values from IPCC AR5 [32]) 

Properties 
Fluid name and type 

R134a R1234yf R1234ze(E) R1234yf mix R1234ze(E) mix R515A R430A 

Composition Pure fluid Pure fluid Pure fluid 

50% R134a / 

50% R1234yf 

in mass 

50% R134a / 
50% R1234ze(E) 

in mass 

88 % R1234ze(E) 

/ 12 % R227a 

in mass 

76 % R152a / 

24 % R600a 

in mass 

𝑻𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 (°C) 101.1 94.7 109.4 95.3 103.8 108.7 107.0 

𝒑𝒔𝒂𝒕 (@ 25 °C) (bar) 6.7 6.8 5.0 7.1 6.0 4.9 6.5 

𝒑𝒔𝒂𝒕,𝒍𝒊𝒒𝒖𝒊𝒅 (@ 60 °C)  

(bar) 
16.8 16.4 12.8 17.4 15.2 12.7 15.7 

𝜟𝒉𝒔𝒂𝒕 (@ 60 °C) (kJ/kg) 139.1 110.4 135.5 120.4 135.4 128.8 218.4 

𝝆𝒔𝒂𝒕,𝒍𝒊𝒒𝒖𝒊𝒅 (@ 25 °C)   

(kg/m3) 
1207 1092 1163 1141 1181 1187 760 

𝝆𝒔𝒂𝒕,𝒈𝒂𝒔 (@ 60 °C)   

(kg/m3) 
87.4 99.8 70.1 99.7 80.7 72.5 50.3 

𝝁𝒔𝒂𝒕,𝒍𝒊𝒒𝒖𝒊𝒅 (@ 25 °C)   

(Pa∙s) · 104 
1.95 1.53 1.90 1.68 1.90 1.94 1.43 

GWP (-) 1300 1 1 650.5 650.5 403 106 

ASHRAE class  A1 [6] A2L [31] A2L [31] A1 [33] A1 [33] A1 [6] A3 [6] 

 

Regarding the operating scenario of the micro-ORC, in order to determine the final energy production and 

GHG emissions of the system, a yearly operating cycle can be taken into account, for what concern: i) the hot 

source temperature and flow rate profiles; ii) the cold source temperature and flow rate profiles. The case study 

of a real geothermal application with a micro-ORC installed at a swimming pool centre [22] has been 

investigated in this study; the same approach can be applied to ORC operated with different heat sources, 

profiles and time horizons. The heat source consists in a geothermal well that supplies liquid water at a barely 

constant temperature close to 60 °C, with a volume flow rate of 22 m3/h. The cold water sink is the swimming 

pool heating circuit, with inlet water temperature nearly equal to 18 °C an average volume flow rate of 25 

m3/h; because of the negligible dependency of the water temperature on the ambient conditions, the latter is 

considered constant during the year. The ORC pump frequency value is adjusted to maintain the evaporating 

pressure that assures the maximum ORC net power output, at the given boundary conditions. A minimum 

superheating degree of 3 °C is imposed as constraint, in order to avoid wet expansion. Thus, a different optimal 

pump frequency value is considered for the ORC when using different fluids. The subcooling degree is chosen 

constant and equal to 4 ° C, according to the subcooling degree value observed experimentally. Finally, 5 

activated loads absorbing the expander power output are considered, to receive electric power up to 3 kW. 
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3.2 Performance results 

 The main indexes of interest for the analysis are compared by means of the radar plot in Fig. 8; they 

comprise: i) the expander electric power output (𝑊̇𝑒𝑥𝑝); ii) the pump absorbed electric power (𝑊̇𝑝𝑝); iii) the 

evaporator input thermal power (𝑄̇𝑒𝑣); iv) the ORC net efficiency (𝜂𝑛𝑒𝑡); v) and the fluid global warming 

potential (GWP). ORC net efficiency is computed by means of Eq. (19). 

𝜂𝑛𝑒𝑡  =  
𝑊̇𝑒𝑥𝑝 − 𝑊̇𝑝𝑝

𝑄̇𝑒𝑣

 (19) 

Other operating conditions, such as the feed-pump frequency, the working fluid flow rate, the superheating 

degree, the evaporating and condensing pressure and their ratio are reported in Tab. 3. 

 When comparing R134a with the other fluids containing HFOs, results show that the most performing fluid 

is the reference fluid, R134a (see Fig. 8a). Indeed, it provides the maximum power production (1485 W) and 

the best net efficiency (7.5 %). R1234yf, among the pure fluids, has the closest performance to R134a. It 

exhibits a lower expander power output (-22%), but similar pump power consumption (about 390 W). Main 

factors determining the performance drop introduced using HFO fluids can be identified in: (i) the lower 

pressure ratio (leading to smaller enthalpy drop available across the expander); (ii) the lower viscosity (mainly 

affecting the leakage losses at the pump meatus and thus the elaborated mass flow rate, for more detail refer 

to [16]). The less performing fluid is R515A, showing both lower power (-38%) and lower pump consumption, 

but also lower net efficiency (a reduction close to 1%). The energy performance of R1234ze(E) are comparable 

to the ones of R515A, due to their very similar composition. Hence, the olefine R1234ze(E) is preferable to its 

blend with R227a, since the pure fluid presents lower GWP value (6 for R1234ze(E) vs 387 for R515A), unless 

flammability is an issue to be considered in the specific installation. The overall performance obtained with 

R1234yf mix and R1234ze(E) mix are intermediate between the ones of the two composing pure fluids; in 

comparison with R515A, these two HFO/HFC mixtures provide higher efficiency values, but are also 

characterized by higher GWP. 

Comparison between R430A and R134a (see Fig. 8b) shows instead that higher performance can be 

achieved with the substitute fluid. The net electric efficiency increases of more than 1%, while the electric 

power output significantly rises (up to almost 2.4 kW – 60 % increment). This is mainly imputable to the 

higher enthalpy drop available at the expander (21 kJ/kg against 15 kJ/kg), but also to the better heat transfer 

properties the R430A, which allows to recover a large amount of heat at the evaporator for a given available 

hot source temperature and flow rate and given the ORC components size. Indeed, the calculated 𝑄̇𝑒𝑣 value in 

case of R430A is almost 3/2 of the reference value (it is equal to 21 kW vs 15 kW in case of R134a case). 

Similar organic fluid flow rate values for R430A and R134a cases (83 g/s and 91 g/s, respectively, see Tab. 3) 

have been obtained, as function of the operating pressure and densities and the geometric characteristics of the 

circuit, according to the model described in the previous paragraphs. The comparison shows that R430A 

provides for approximately a 1/10 reduction in GWP, but also for a high flammability risk (it is the only 

considered fluid with A3 classification), which requires a careful analysis before applying it to an ORC system.  
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Fig. 8. Micro-ORC system and components performance: a) comparison of R134a with HFO-based fluids; b) 

comparison of R134a with R430A. 

 

Tab. 3. Micro-ORC system thermodynamic operating conditions – fluids comparison. 

 Parameters \ Fluids R134a R1234yf R1234ze(E) R1234yf mix R1234ze(E) mix R515A R430A 

 Pump frequency, 𝒇𝒑𝒑 

(Hz) 
28 31 22 31 25 21 37 

 Working fluid flow rate, 

𝒎̇𝒘𝒇 (g/s) 
91.4 86.1 70.0 92.8 80.5 69.5 82.9 

 Superheating degree 

(°C) 
3 3 3 3 3 3 3 

 Evaporating pressure 

(bar) 
15.6 15.3 11.8 16.2 13.9 14.6 11.7 

 Condensing pressure 

(bar) 
7.5 7.7 6.5 7.8 7.0 7.4 6.4 

 Pressure ratio (-) 2.08 1.98 1.82 2.09 2.00 1.96 1.82 
    

 

The yearly electric energy production in the considered operating scenario is provided in Tab. 4 for the different 

fluids. Indirect and direct GHG emissions (via Eqs. (17) and (12)) are affected by two key quantities, also 

shown in Tab. 4: the yearly electric energy gap (𝑬𝒈𝒂𝒑) and the fluid charged in the system (m). 

The R134a base case fluid shows a yearly net electric energy production value (9621 kWh), larger than the 

values obtained with the HFO/HFC blends; the decrease is about 13 % and 20 %, respectively for the R1234yf 

mix and the R1234ze(E) mix; a decrease of about 12 %, 18 % and 24 % is obtained respectively with R1234yf, 

R1234ze(E) and R515A. R134a yearly energy production has been considered as reference (𝐸𝑅134𝑎), when 

applying Eq. (18), in order to compute the 𝐸𝑔𝑎𝑝 value. The highest 𝐸𝑔𝑎𝑝 value is calculated in case of R515A. 

On the contrary, R430A presents a negative 𝐸𝑔𝑎𝑝 value, because of its better performance with respect to the 

R134a case. 

The calculated value of the fluid charge, for the ORC operating with R134a, is equal to 28.8 kg, which is 

in line with experimental experience over the reference test bench [19]. Fluid charge values for the other fluids 

are slightly different, because of the different ORC thermodynamic setup (see Tab. 3) and due to different 

values of density of the fluids (see Tab. 2), according to Eqs. (13-16). As expected, the lowest value regards 

the case of R430a, with fluid charge of 20.5 kg, 40% less than R134a. 

 

a) b)
a) b)a) b)
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Tab. 4.  ORC energy performance and fluid charge, affecting GHG emissions assessment – fluids 

comparison. 

Parameters \ Fluids R134a R1234yf R1234ze(E) 
R1234yf 

mix 

R1234ze(E) 

mix 
R515A R430A 

Yearly net electric energy, 𝑬  

(kWh) 
9621 6777 6323 8378 7684 5876 16182 

Yearly electric energy gap, 

𝑬𝒈𝒂𝒑 (kWh) 

(𝐸𝑔𝑎𝑝 = 𝐸𝑅134𝑎 − 𝐸𝑓𝑙𝑢𝑖𝑑) 

0 2843 3298 1243 1937 3745 -6562 

Working fluid charge, 𝒎 (kg) 28.8 27.4 27.1 28.9 28.5 27.1 20.5 

 

4 Environmental impact assessment 

The environmental impact of the micro-ORC system is firstly evaluated for a reference case study, assuming: 

▪ A leak rate equal to 2 % as characteristic value provided for Residential and Commercial A/C, including 

Heat Pumps, by IPCC Good Practice Guidelines and Uncertainty Management in National Greenhouse 

Gas Inventories (2000) [34]; 

▪ An emission factor of the energy provider (𝛽) equal to 460 kgCO2/MWh, corresponding to the average 

EU-27 emission factor according to [35]. 

 

However, in order to provide more general and comprehensive results, a parametric analysis has been 

conducted by varying the leak rate and the emission factor values are proposed. Furthermore, an additional 

sensitivity analysis concerning the influence of the concentration of R134a into the R134a/HFO mixtures is 

presented. Results of the GHG impact assessment are presented in terms of specific direct, indirect and total 

yearly equivalent CO2 emissions. Specific emissions are here expressed per unit of produced electric energy 

(𝐸).  

The calculated specific emissions of the micro-ORC system, when working with the different fluids, are 

provided in the bar plot of Fig. 9. As first important result, it must be observed that HFOs and their mixtures 

do not reduce the overall CO2 equivalent emissions, even if the direct emission contribution related with GWP 

is reduced. Actually, the use of R1234yf increases the total specific emission by 148 % and R1234ze(E) even 

by 208 %. The two mixtures with HFOs and R134a exhibits intermediate values of total emission, compared 

to the pure fluids composing the mixtures. Total emissions related to the use of pure R134a are associated to 

only direct emissions, equal to 78 kgCO2/MWh. Conversely, total emissions related to the use of pure HFOs 

are basically due to the indirect emission term, since the direct emissions contribution is almost negligible 

(about 0.08 kgCO2/MWh) due to the associated low GWP values.  

The R515A case leads to the highest specific emission, up to 330 kgCO2/MWh, due to the remarkable 

contribution of the indirect term and to the not negligible fluid GWP value. As shown in Fig. 9, the R430A 

mixture would provide at the same time: 1) a limited direct GHG emission term, due to the reduced GWP in 

comparison with R134a, and 2) a negative indirect emission term, due to improved energy performance 

(negative energy gap), resulting in a net gain in total equivalent CO2 emission. 
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Fig. 9. CO2 equivalent emissions – fluids comparison (percentage values are related to R134a total 

emissions). 

The outcome described above is valid when considering an annual leak rate equal to 2%. Indeed, direct 

emissions scale up proportionally to the leak rate, and at higher 𝐿𝑅 values the direct contribution becomes 

more decisive than the indirect one. Values of the leak rate up to 15% have been explored; higher leak rate 

instead would not be realistic since representative of large centralized systems (17 % for example represents 

the typical annual leak rate associated to Centralized Supermarket Refrigeration Systems [34]). Parametric 

analysis demonstrates that emissions are quite sensitive to the leak rate (see Fig. 10) and the sensitivity (i.e. 

the curve slope) increases in particular with the fluid GWP. For instance, for the R134a case, specific emission 

at 𝐿𝑅 = 15 % are more than seven times the specific emission at 𝐿𝑅 = 2%. On the other hand, specific emissions 

for the HFOs pure fluids remain almost constant by varying the leak rate, because the direct contribution does 

not change significantly. It must be noticed that, in most of the cases, the R134a specific emission curve crosses 

the HFOs’ one around a leak rate value of 5 %, which can represent a so called “inversion point”. Above the 

inversion point, the R134a specific emission becomes higher than the HFO’s ones and the considerations made 

for 𝐿𝑅 = 2 % are no more valid. For what concerns R515A, this “inversion point” is shifted at around 𝐿𝑅 = 14 

%. In general terms, knowing the actual annual leak rate of the system is of utmost importance in order to 

perform a correct evaluation of the global warming impact of the micro-ORC.  
 

 

Fig. 10. CO2 equivalent emissions as function of the leak rate – fluids comparison. 

 

Another factor of influence is the reference emission factor β (see Eq (17)), which depends on the energy 

mix providing the energy gap. A parametric study has been performed (Fig. 11), exploring β values ranging 

LR = 2 %
β = 460 kgCO2/MWh

+ 148 %

+ 208 %

+ 45 %

+ 111 %

+ 324 %

βref = 460 kgCO2/MWh

LRref value
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between the lowest (23 kgCO2/MWh - Sweden) and the highest (1191 kgCO2/MWh - Poland) emission factor 

values documented among the EU-27 countries [35]. It must be noticed that over almost all the explored β 

range, the specific emissions are higher for all the analysed fluids compared to R134a, as shown in Fig. 11. In 

particular, higher β values lead to higher indirect emissions and could discourage the use of low-GWP fluids 

and mixtures even more, as alternatives of R134a. It can be observed that in this sensitivity analysis the R134a 

specific emission remain constant versus β, whilst the emissions for the fluids containing HFOs vary 

proportionally to β, with a curve slope determined by the 𝐸𝑔𝑎𝑝 value. The relative deviation from the reference 

value of β (shown in the figure) ranges between -88 % to +159 % for the HFOs pure fluids. 
 

 

Fig. 11. CO2 equivalent emissions as function of the energy mix emission factor – fluids comparison.  

 

Coming back to the reference case (𝛽 = 460 kgCO2/MWh and LR = 2%), a further discussion is finally 

proposed, investigating the effect of R134a fraction within mixtures based on HFOs. In particular, Fig. 12a 

shows the influence of the R134a concentration on the total specific GHG micro-ORC emissions, in variable 

mixtures of R1234yf with R134a, and mixtures of R1234ze(E) with R134a. The extreme conditions with 

R134a concentration equal 0 % and 100 % indicate respectively, HFO and R134a pure fluid. Among the 

possible mixtures it must be cited the commercial mixture R513A [31] (composed by 44% of R134a and 56% 

R1234yf) highlighted for convenience in Fig. 12b.  

The 𝐸𝑚𝑑𝑖𝑟𝑒𝑐𝑡 term increases almost linearly with R134a amount in the mixture, due to the higher GWP of 

R134a than HFOs (see Tab. 2). The trend is not strictly linear because of the different required fluid charge, 

influencing the actual annual fluid leakage. Trends for R1234yf mixture and R1234ze(E) mixture are very 

similar because of the similar GWP of R1234yf and R1234ze(E) pure fluids. The 𝐸𝑚𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 term exhibits a 

trend opposite to the 𝐸𝑚𝑑𝑖𝑟𝑒𝑐𝑡 term. Indeed, increasing the R134a concentration leads to better performance 

of the micro-ORC systems and thus to lower need of energy integration and to lower 𝐸𝑚𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡. The mixture 

of R134a with R1234yf shows better performance than the mixture of R134a with R1234ze(E), and in 

particular lower 𝐸𝑚𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 at given R134a concentration. The sum of the direct and indirect emissions 

contributions gives the total emission trend reported in Fig. 12b.  
 

 

 

LRref = 2 %

βref value
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Fig. 12.  CO2 Specific emission as function of R134a concentration in the mixture: a) direct and indirect 

contributions; b) total specific emission.  

Maps of the specific emission as function of the emission factor and of the R134a concentration are reported 

in Fig. 13. Dotted line in Fig. 13 indicates the reference total emission observed using R134a pure fluid (equal 

to 78 kgCO2/MWh (see Fig. 12a)) considering the reference emission factor equal to 460 kgCO2/MWh.  

On the basis of the expected HFCs phase-down timeline, average GWP of refrigerants on the market should 

gradually reduce in next years (as indicated in Fig. 1). As a consequence, R134a should has been withdrawing 

from the market starting from year 2020, and the R134a concentration in the mixtures of R134a and HFOs 

should decrease in the following years (as indicated Fig. 12b). Maps of Fig. 13 gives an indication on how the 

emission factor should be reduced hand-in-hand with the R134a reduction in the mixtures, in order to contain 

total emission related to the use of refrigerants. To the same aim, energy mix emission factor should decrease 

from 460 kgCO2/MWh to less than 200 kgCO2/MWh in about ten years. A similar reduction could be achieved 

only in the case where the countries energy mix will be overturned. Indeed, nowadays, just a few European 

countries fall under emission factor below 200 kgCO2/MWh, among which are France (56 kgCO2/MWh) and 

Sweden (23 kgCO2/MWh) mainly thanks to their large nuclear fleet [36].  

 

         

 

Fig. 13. Maps of the specific emission as function of the emission factor and the R134a concentration, for: a) 

mixture of R134a and R1234yf; b) mixture of R134a and R1234ze(E).  

  This final analysis intends to highlight how combined actions could be requested in order to effectively 

reduce emissions related to systems using refrigerants as working fluids, such as micro-ORC: i) the decrease 

of working fluids GWP, to limit direct emissions; ii) a reduction of the energy mix emission factor, in order to 

contain possible indirect emissions. With a view to move towards a greener energy mix, emissions factors are 

expected to decrease in next years and the use of low GWP fluids could help to effectively reduce GHG 

emissions. Meanwhile, in this transition period, blends of R134a and HFOs could help to maintain limited 

indirect emissions, while respecting new regulation concerning high GWP refrigerants (see Fig. 9). 
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Conclusion 

 This paper presented a novel methodology for the assessment of the total warming impact due to the 

working fluids adopted in ORC for low-grade heat recovery. A reference case regarding the hydrofluorocarbon 

(HFC) R134a, employed in a micro-ORC system, is compared numerically with some of its potential 

replacement fluids with lower global warming potential (GWP). The alternative fluids considered in this 

analysis are two pure hydrofluoroolefines (HFOs - R1234yf and R1234ze(E)), and four mixtures (R134a-

R1234yf; R-134a-R1234ze(E); R515A; R430A). In addition to the evaluation of the direct CO2 emissions, 

based on the GWP and on the leak rate of the working fluids, an indirect contribution of emission has been 

included in the analysis. This contribution accounts for the emissions due to the use of fluids with lower 

performance than R134a, requiring an additional amount of electricity, to which an emission factor is 

associated. The aim was to establish the real potential of low-GWP fluids and their blends with R134a, in 

reducing the greenhouse gases release compared to conventional HFC. For this purpose, a robust semi-

empirical model of the whole micro-ORC system is applied, to account for the actual operation of the cycle, 

including the real performance of the volumetric expander and pump.  Some modifications to the original 

model equations have been introduced, to account for the change of fluid properties.   

The results of the comparison reveal that HFO fluids, characterized by very low value of GWP, are related 

in general to a decrease of performance with respect to R134a. Thus, HFOs and their mixtures introduce a gap 

of energy production, which must be compensated with alternative energy sources, or purchased from the grid. 

Considering an annual leak rate equal to 2%, indirect emissions caused by the use of HFOs determine total 

equivalent CO2 emissions greater than those related to R134a, up to + 208% by employing R1234ze(E). 

Among the examined fluids only the case of the mixture named R430a leads to a substantial reduction of the 

total warming impact, since this fluid presents higher performance and lower GWP than R134a. On the 

contrary, R430a is considered at high risk of flammability, hence its application in ORC systems requires 

careful evaluation.  

A parametric analysis by varying the annual leak rate highlights that emissions are quite sensitive to the 

leak rate. Thus, knowing the actual annual leak rate of the system is important in order to perform a correct 

evaluation of the greenhouse impact. Unfortunately, specific data for small scale ORC are scarce and not 

available. Further research could be dedicated to collect data concerning annual leak rate of this kind of plants. 

Other factor of influence is the emission factor of the energy mix considered to provide the energy production 

gap. It must be noticed, indeed, that higher emissions factors lead to higher indirect emissions and could 

discourage the use of low GWP as alternatives of R134a. Anyway, recent energy targets intend to push toward 

greener energy mix, emissions factors are expected to decrease and the use of low-GWP fluids may help to 

effectively reduce greenhouse gas emissions. At least, blends exhibit, as expected, intermediate emissions 

compared to pure fluids forming the mixture, and also intermediate performance. Hence, in this transition 

period, they could help to maintain a good trade-off between performance and greenhouse impact. 

In conclusion, this study turns the attention on how combined actions are requested in order to effectively 

reduce emissions related to systems using refrigerants as working fluids, such as micro-ORC. The decrease of 

the GWP of working fluids, limiting direct emissions must be accompanied by a substantial reduction of the 

energy mix emission factor, in order to contain possible indirect emissions. 
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Nomenclature 

Symbols   Abbreviations  
A Area  (m2)  CD Condenser  

α Convective heat transfer coefficient  (W/m2/K)  COMP Compression  

β Emission factor (kgCO2/MWh)  EV Evaporator  

∆ Difference (-)  EXP Expander  

E Energy (MWh)  geo Geometry  

Em Emission (kgCO2)  PP Pump  

𝜀 Flow coefficient (-)  REC Recuperator  

𝛾 Void fraction (-)  RES Circuit resistance  

fpp Pump feed frequency  (Hz)     

L Length (m)     

LR Leak rate (-)  Subscripts  

λ Conductive heat transfer coefficient (W/m/K)  amb Ambient  

m Mass (kg)  circ Circuit  

𝑚̇ Mass flow rate  (kg/s)  H2O Water  

μ Viscosity (Pa∙s)  leak Leakage  

N Rotating speed (rpm)  log Logarithmic  

Nu Nusselt number (-)  ref Reference  

nloads Numbers of activated loads  (-)  sat Saturation  

η Efficiency (-)  sc Subcooling  

p Pressure  (bar)  sh Superheating  

𝜌 Density (kg/m3)  su Supply  

𝑄̇ Thermal power  (W)  th Theoretical  

rv Built-in volume ratio (-)  tp Two-phase  

s Entropy (kJ/kg/K)  wf Working fluid  

T Temperature  (°C)  Acronyms  

U Global heat transfer coefficient (W/m2/K)  GHG Greenhouse Gas  

V Volume (m3)  GWP Global Warming Potential  

𝑉̇ Volumetric flow rate (m3/s)  HC HydroCarbon  

𝑊̇ Electrical power  (W)  HFC HydroFluoroCarbon  

w Velocity (m/s)  HFO HydroFluoroOlefine  

x Vapour fraction (-)  ORC Organic Rankine Cycle  

Xtt Martinelli parameter (-)     

c, z , y Constants      
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