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Abstract 

 

HFC-245fa is a common working fluid used in Organic Rankine Cycles generating 

mechanical power from low temperature heat. This paper compares the predicted ORC 

performance of two novel low GWP working fluids, HCFO-1233zd-E and HFO-

1336mzz-Z, to HFC-245fa over a wide range of evaporating temperatures, condensing 

temperatures and vapor superheat values.  Expander power output, required pump 

power input, net cycle efficiencies, mass flow rates and turbine size parameters with 

HCFO-1233zd-E, HFO-1336mzz-Z and HFC-245fa were compared for a given thermal 

power input. HCFO-1233zd-E and HFO-1336mzz-Z are predicted to have attractive 

thermodynamic Rankine power cycle performance.  HCFO-1233zd-E would require 

10.3 to 17.3% lower pump power and would enable up to 10.6% higher net cycle 

efficiencies than HFC-245fa over the range of cycle conditions examined in this paper.  

The turbine size required with HCFO-1233zd-E would be up to about 7.5% to 10.2% 

larger than with HFC-245fa. HFO-1336mzz-Z would require 36.5% to 41% lower 

pump power and would enable up to 17% higher net cycle efficiencies than HFC-245fa 

over the range of cycle conditions examined in this paper.  The turbine size required 

with HFO-1336mzz-Z would be up to about 30.9% to 41.5% larger than with HFC-

245fa.  HFO-1336mzz-Z cycle efficiency is benefitted substantially by a recuperator. 

The net cycle efficiency increases and the required turbine size decreases relative to 

HFC-245fa for HCFO-1233zd-E and, especially, for HFO-1336mzz-Z at higher 

evaporating and condensing temperatures. 
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PEL permissible exposure level (ppm) 

 

ALT atmospheric life time (yr) 

 

ODP ozone depletion potential 

 

GWP global warming potential 

 

T temperature (K) 

 

P pressure (kPa) 

 

h enthalpy (kJ/kg) 

 

s entropy (kJ/kgK) 

 

w specific work (kJ/kg) 

 

𝑚̇ mass flow rate (kg/s) 

 

𝑉̇ volumetric flow rate (m3/h) 

 

W electric power (kW) 

 

Q thermal power (kW) 

 

SP turbine size parameter 

 

Greek symbols 

 

ε regenerator effectiveness 

 

η efficiency 

 

Subscripts 

 

c critical 

 

evap evaporator 

 

cond condenser 

 

p pump 

 

x expander 

 

v volumetric 

 

is isentropic 
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em electromechanical 

 

i inlet 

 

o outlet 

 

n net 

 

1. Introduction 

 

Due to environmental constrains, Combined Heat and Power (CHP) systems and 

bottoming power cycles for waste heat recovery have received considerable attention 

over the past decades. Several power cycles have been proposed for low temperature 

heat recovery. Among them, the Organic Rankine Cycle (ORC) has been attracting 

increasing attention. Several ORC systems have been installed for recovering waste heat 

from cement [1] or oil industry [2] operations or from internal combustion engines [3]. 

ORC systems have also been widely used for converting renewable energy, such as 

solar [4], biomass [5] and geothermal [6] energy into power. ORCs have been studied 

by various authors, commonly classifying heat sources with temperatures ranging 

between 100ºC and 250ºC as “low temperature” heat sources and between 250ºC and 

600ºC as “high temperature” heat sources. Brasz et al. [7] considered low temperature 

applications and Zabek et al. [8] studied waste heat recovery at high temperatures, 

demonstrating ORC feasibility in both cases. 

 

The choice of the ORC working fluid has an important influence on the system 

efficiency, and numerous works on this subject can be found in the literature. Lai et al. 

[9] investigated potential pure working fluids for high temperature ORC processes and 

found that siloxanes and selected hydrocarbons are promising. Shale et al. [10], 

Shengjun et al. [11] and Quoilin et al. [12] evaluated different working fluids for low to 

medium temperature applications, highlighting that hydrofluorocarbons with low 

critical temperatures, such as HFC-134a and HFC-245fa, are suitable. Moreover Quoilin 

et al. [13] highlighted that HFC-245fa is a common working fluid in commercial ORC 

installations, mainly used in waste heat recovery from low temperature sources. 

Additionally they observed that, at the present time, most commercial ORC plants 

exhibit a simple architecture: sub-critical working conditions, pure working fluids, 

single evaporation pressure, and possible use of a recuperator heat exchanger. 

 

Attending to environmental issues, HFC-245fa is a hydrofluorocarbon (HFC) with zero 

Ozone Depletion Potential (ODP). However, the environmental impact of a working 

fluid, when it escapes to the atmosphere, is not limited to stratospheric ozone layer 

depletion. In fact, while all HFCs are harmless to the earth’s stratospheric ozone layer, 

some HFCs with large Global Warming Potentials (GWP) could contribute significantly 

to climate change. In 1997 HFCs were designated as greenhouse gases and currently 

they are targeted for greenhouse gas emissions reductions under the Kyoto Protocol 

[14]. As a result, alternatives are sought for high GWP HFCs, such as HFC-245fa, 

which has a GWP of 1030. 

 

Some low GWP working fluids are being studied to replace HFC-245fa in various 

applications, including ORC systems. One of them is HCFO-1233zd-E [15], a 



4 
 

hydrochlorofluoroolefin (HCFO) with a GWP of 7. Despite the presence of chlorine in 

the molecule of HCFO-1233zd-E some studies have concluded that its ODP is very 

small (0.00034) due to its very short atmospheric lifetime [16]. Another candidate to 

replace HFC-245fa in ORC systems is HFO-1336mzz-Z, also known as DR-2, a 

hydrofluoroolefin (HFO) with a GWP of 9 and zero ODP [17-21]. Table 1 shows the 

main thermophysical properties of HFC-245fa, HCFO-1233zd-E and HFO-1336mzz-Z, 

and Figure 1 shows the temperature-entropy diagrams and vapour pressure curves for 

these three fluids.  

 

 

 

 

Table 1. Thermophysical properties of HFC-245fa, HCFO-1233zd-E and HFO-

1336mzz-Z. 

 

 

 

Fig. 1. T-s diagrams and vapour pressure curves for HFC-245fa, HCFO-1233zd-E and 

HFO-1336mzz-Z. 

 

In the present work, an evaluation of the low GWP fluids HCFO-1233zd-E and HFO-

1336mzz-Z as alternatives to HFC-245fa in ORC systems for low temperature heat 

sources is carried out. The rest of the paper is organized as follows: Section 2 describes 

the ORC systems considered; Section 3 reports and discusses the main results; finally, 

Section 4 summarizes the main conclusions. 

 

2. ORC systems description 

 

With the aim of studying the feasibility of using low GWP fluids as alternatives to 

HFC-245fa in ORC systems for low temperature heat recovery, a thermodynamic 

analysis has been carried out. Two cycle configurations have been considered: the basic 

cycle and a regenerative cycle. 

 

The Basic Organic Rankine Cycle (BORC) is the simplest configuration, shown in Fig. 

2. It works in subcritical conditions and requires a minimum number of equipment 

components. The working fluid is pumped through the evaporator to take the available 

heat from the thermal source. The highest enthalpy of the circuit is reduced in the 

expander to produce mechanical power, which is usually transformed into electricity 

through a generator. To close the loop, the fluid is condensed, subcooled and pumped 

again. 

 

 

 

Fig. 2. Basic Organic Rankine Cycle (BORC). 

 

The Regenerative Organic Rankine Cycle (RORC) is similar to the BORC, except in 

that it includes an internal heat exchanger as a regenerator. This configuration uses the 

superheat in the vapor exiting the expander to preheat the pressurized liquid entering the 

evaporator, reducing at the same time the thermal load on the condenser. 
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Fig. 3. Regenerative Organic Rankine Cycle (RORC). 

 

The basic equations used to model each configuration are listed in Table 2. The 

thermodynamic properties of HFC-245fa and HCFO-1233zd-E were obtained from the 

Refprop database [22]. The thermodynamic properties of HFO-1336mzz-Z were 

provided by DuPont.  The basic operating parameters that determine cycle performance 

were specified as indicated in Table 3. When varying a parameter the rest of them were 

maintained constant at the values shown in parentheses. The subcooling, the expander 

and pump efficiencies and the regenerator effectiveness were kept constant. 

 

 

 

Table 2. Model equations for each configuration. 

 

 

 

Table 3. Operating parameters. 

 

3. Results and discussion 

 

 

The expander power output, required pump power input, net cycle efficiencies, mass 

flow rates and turbine size parameters [23] for the three fluids of interest were 

compared for a given heat rate supplied to the evaporator.  (add brief description and 

significance of the “turbine size parameter”). 

 

The ORC performance using the three working fluids of interest is compared for a wide 

range of evaporating temperatures, condensing temperatures and superheat values. In a 

first analysis the evaporating temperature was varied according to Table 3, maintaining 

the condensing temperature at 300 K (27 oC) and the superheat at 5 K. In CHP 

applications, it could be interesting to consider higher condensing temperatures. A 

second analysis was carried out varying the condensing temperature according to Table 

3, while maintaining the evaporating temperature at 400 K (127 oC) and the superheat at 

5 K. However, some studies [24] have remarked that, depending on the heat source 

conditions, superheat may be needed to maximize the net cycle power generation. A 

third analysis was performed varying the superheat according to Table 3 while 

maintaining the evaporating temperature at 400 K (127 oC) and the condensing 

temperature at 300 K (27 oC). 

 

In order to compare each alternative fluid performance with HFC-245fa, the results are 

shown in terms of relative difference taking HFC-245fa as reference, calculated as 

shown in Eq. 1. 

 

 %𝑋 =
𝑋𝑅1233𝑧𝑑/𝑅1336𝑚𝑧𝑧 − 𝑋𝑅245𝑓𝑎

𝑋𝑅245𝑓𝑎
 (1) 

 

Fig. 4 shows the relative differences, taking HFC-245fa as reference, for expander 

power output varying the evaporating temperature, condensing temperature and 
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superheat. Focusing on the BORC configuration, the relative differences are between 

1.8% and 3.3% for HCFO-1233zd-E and between -5.2% and -2.4% for HFO-1336mzz-

Z. Attending to the RORC configuration, the relative differences are between -0.2% and 

1.4% for HCFO-1233zd-E and between -1.7% and 3.5% for HFO-1336mzz-Z. For both 

fluids the expander power output is higher than that obtained using HFC-245fa for high 

evaporating temperatures, low condensing temperatures and low values of superheat. 

 

 

 

Fig. 4. Relative differences, taking HFC-245fa as reference, for expander power output 

varying: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 5 shows the relative differences, taking HFC-245fa as reference, for pump power 

input varying the evaporating temperature, condensing temperature and superheat. For 

HCFO-1233zd-E the relative differences are between -10.3% and -17.3%, while for 

HFO-1336mzz-Z are between -36.5% and -41%. For both cycle configurations, HCFO-

1233zd-E and HFO-1336mzz-Z consume lower pump power than HFC-245fa 

throughout the range of operating conditions examined. This reduction in pump power 

consumption can be explained attending to the lower working pressures of both low 

GWP fluids relative to HFC-245fa, as seen in the vapour pressure curves in Fig. 1. 

 

 

 

Fig. 5. Relative differences, taking HFC-245fa as reference, for pump power input 

varying: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

 

Fig. 6 shows the relative differences, taking HFC-245fa as reference, for net cycle 

efficiency varying the evaporating temperature, condensing temperature and superheat. 

The improvements in the net cycle efficiency for HCFO-1233zd-E relative to HFC-

245fa are between 1.7% and 10.6%, and for HFO-1336mzz-Z are between -0.3% and 

17%. In the BORC configuration, HFO-1336mzz-Z presents higher net cycle 

efficiencies than HCFO-1233zd-E at condensing temperatures higher than about 326 K 

(53 oC). In the RORC configuration, HFO-1336mzz-Z presents higher net cycle 

efficiencies than HCFO-1233zd-E throughout the range of operating conditions 

examined. For both cycle configurations and both low GWP working fluids, the 

improvements in net cycle efficiency are larger for high evaporating temperatures, high 

condensing temperatures and low values of superheat. 

 

 

 

Fig. 6. Relative differences, taking HFC-245fa as reference, for net cycle efficiency 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 7 shows the relative differences, taking HFC-245fa as reference, for mass flow rate 

varying evaporating temperature, condensing temperature and superheat. HCFO-

1233zd-E presents mass flow rates comparable to HFC-245fa, with relative differences 

between -2.4% and 4.3% depending on the operating conditions. HFO-1336mzz-Z 

presents mass flow rates higher than HFC-245fa by 1.5% to 10.7%, being higher for the 

RORC configuration than for the BORC configuration. For both fluids, the relative 
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differences for mass flow rate are higher for low evaporating temperatures, low 

condensing temperatures and high values of superheat. 

 

 

 

Fig. 7. Relative differences, taking HCFO-245fa as reference, for mass flow rate 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 8 presents the relative differences, taking HFC-245fa as reference, for the turbine 

size parameter varying evaporating temperature, condensing temperature and superheat. 

The turbine size parameter for HCFO-1233zd-E is between 7.5% and 10.2% higher than 

for HFC-245fa, while for HFO-1336mzz-Z is between 30.9% and 41.5% higher than for 

HFC-245fa. For HCFO-1233zd-E the relative differences are higher for the BORC 

configuration, while for HFO-1336mzz-Z are higher for the RORC configuration.  

[Would the rotating speed with HFO-1336mzz-Z be lower vs HCFO-1233zd-E and 

HFC-245fa?  Would a lower rotating speed result in higher expander efficiency for 

HFO-1336mzz-Z?] 

 

 

 

Fig. 8. Relative differences, taking HFC-245fa as reference, for turbine size parameter 

varying: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

4. Conclusions 

 

In this paper a theoretical evaluation of the low GWP fluids HCFO-1233zd-E and HFO-

1336mzz-Z as alternatives to HFC-245fa in ORC systems for low temperature heat 

sources was carried out. A major difference between these fluids attending to ORC 

performance is the required pump power input. Throughout the range of operating 

conditions and configurations examined in this paper, HCFO-1233zd-E and HFO-

1336mzz-Z would consume lower pump power than HFC-245fa by 10.3% to 17.3% and 

36.5% to 41%, respectively. Another important difference is the turbine size parameter 

that is higher than HFC-245fa for both fluids. The turbine size for HCFO-1233zd-E 

would be about 7.5% to 10.2% larger than for HFC-245fa, while for HFO-1336mzz-Z 

about 30.9% to 41.5% larger than for HFC-245fa.Finally, it was concluded that ORC 

systems working with HCFO-1233zd-E or HFO-1336mzz-Z can achieve higher values 

of net cycle efficiency than those working with HFC-245fa by up to about 10.6% and 

17%, respectively. This increase in net cycle efficiency is accentuated for high 

evaporating and condensing temperatures, and low values of superheat. 
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Fig. 1. T-s diagram and vapour pressure curves for HFC-245fa, HCFO-1233zd-E and 

HFO-1336mzz-Z. 
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Fig. 2. Basic Organic Rankine Cycle (BORC). 
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Fig. 3. Regenerative Organic Rankine Cycle (RORC). 
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Fig. 4. Relative differences, taking HFC-245fa as reference, for expander power output 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 
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Fig. 5. Relative differences, taking HFC-245fa as reference, for pump power input 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 
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Fig. 6. Relative differences, taking HFC-245fa as reference, for net cycle efficiency 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 
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Fig. 7. Relative differences, taking HFC-245fa as reference, for mass flow rate varying 

the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 
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Fig. 8. Relative differences, taking HFC-245fa as reference, for turbine size parameter 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 
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Fig. 1. T-s diagram for HFC-245fa, HCFO-1233zd-E and HFO-1336mzz-Z. 

 

Fig. 2. Basic Organic Rankine Cycle (BORC). 

 

Fig. 3. Regenerative Organic Rankine Cycle (RORC). 

 

Fig. 4. Relative differences, taking HFC-245fa as reference, for expander power output 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 5. Relative differences, taking HFC-245fa as reference, for pump power input 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 6. Relative differences, taking HFC-245fa as reference, for net cycle efficiency 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 7. Relative differences, taking HFC-245fa as reference, for mass flow rate varying 

the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 

 

Fig. 8. Relative differences, taking HFC-245fa as reference, for turbine size parameter 

varying the: (a) evaporating temperature, (b) condensing temperature, and (c) superheat. 
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Table 1. Thermophysical properties of HFC-245fa, HCFO-1233zd-E and HFO-

1336mzz-Z. 

 

Parameters HFC-245fa HCFO-

1233zd-E 

HFO-1336mzz-

Z 

Tc (K) 427.16 438.75 444.45 

Pc (MPa) 3.65 3.57 2.9 

Mol. w. (kg/kmol) 134 130.5 164 

Slope Dry Dry Dry 

OEL (ppm) 300 300??source?? 500(*) 

Flammability Non flammable Non flammable Non flammable 

ALT (yr) 7.6 0.07 0.0658 

ODP 0 0.00034 0 

GWP 1030 7 9 

Boiling point (K) 287.96 291.12 306.55 

Latent heat at boiling point (kJ/kg) 196.23 195.52 165.67 

Evaporating pressure at 400 K (MPa) 2.21 1.80 1.28 

Condensing pressure at 300 K (MPa) 0.16 0.14 0.08 

Vapour density at 300 K (kg/m3) 9.13 7.65 5.38 

Liquid density at 300 K (kg/m3) 1333.5 1258.3 1359.5 

Vapour specific heat at 300 K 

(kJ/kg·K) 

0.96 0.84 0.87 

Liquid specific heat at 300 K 

(kJ/kg·K) 

1.33 1.25 1.21 

(*) DuPont Allowable Exposure Limit (AEL) 

  



20 
 

Table 2. Model equations for each configuration. 

 

Component Characteristic equations 

 

 

𝜂𝑖𝑠,𝑝 =
ℎ𝑜,𝑖𝑠 − ℎ𝑖
ℎ𝑜 − ℎ𝑖

 

𝑊𝑝 =
𝑚̇(ℎ𝑜 − ℎ𝑖)

𝜂𝑒𝑚,𝑝
 

 

𝑄𝑐𝑜𝑛𝑑 = 𝑚̇(ℎ𝑖 − ℎ𝑜) 

 

𝑄𝑒𝑣𝑎𝑝 = 𝑚̇(ℎ𝑜 − ℎ𝑖) 

 

𝜀 =
𝑇ℎ,𝑖 − 𝑇ℎ,𝑜
𝑇ℎ,𝑖 − 𝑇𝑐,𝑖

 

 

𝜂𝑖𝑠,𝑥 =
ℎ𝑖 − ℎ𝑜
ℎ𝑖 − ℎ𝑜,𝑖𝑠

 

𝑊𝑥 = 𝜂𝑒𝑚,𝑥𝜂𝑣,𝑥𝑚̇(ℎ𝑜 − ℎ𝑖) 

𝑆𝑃 =
√𝑉̇𝑜

(ℎ𝑖 − ℎ𝑜,𝑖𝑠)
0.25 

Cycle 
𝜂𝑛 =

𝑊𝑥 −𝑊𝑝

𝑄𝑒𝑣𝑎𝑝
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Table 3. Cycle operating parameters. 

 

Parameters Numeric values 

Condensing temperature (Tcond) 300 K – 350 K (300 K) 

Evaporating temperature (Tevap) 370 – 420 K (400 K) 

Superheat 0 – 50 K (5 K) 

Subcooling 5 K 

Regenerator effectiveness (ε) 80% 

Efficiencies (ηis,x, ηv,x, ηis,p) 85% 

Efficiencies (ηem,x) 90% 

Efficiencies (ηem,p) 35% 

 

 


