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SYNOPSIS
This paper presents and discusses the performance of environmentally-friendly refrigerant mixtures
in a n Organic Rank ine Cycle (ORC) f or power
generation. The performance has been compared
at low and medium waste heat temperatures to
other organic and non-organic fluids.
The refrigerant mixtures boil at extremely low
temperatures a nd are ca pable of effi ciently
capturing waste heat at temperatures less than
27ºC (80ºF). The quaternary mixture s are f ully
HFCs and their compositions can be varied to best
recover heat at temperatures up to 482ºC (900ºF).
In this paper, energy and exe rgy anal ysis
have been presented for the behaviour of the
quaternary refrigerant mixtures and compared to
other commonly used fluids.
Results showed that at this range of heat
source te mperatures the ref ri ge rant mixtures
efficiently recover waste heat and produce power
at efficiencies significantly higher than with other
working fluids. The results also showed that other
low te mpe rature a ppl ications are possible a nd
econom icall y viabl e with the use of these
quaternary refrigerant mixtures.
INTRODUCTION
Significant amounts of excess heat are discharged
into the environment by industrial facilities in the
form of hot exhaust gases, high-pressure steam and
grey water. In the energy recovery process a vast
amount of waste heat can be recovered and converted into usable thermal heat and/or electricity,
significantly lowering dependence on fossil fuels
and reducing energy costs. In addition, waste heat
recovery systems capture harmful pollutants that
would otherwise be released into the environment.
It is estimated that energy wasted by all U.S.
industrial facilities could produce power equivalent
to 20% of U.S. electrici ty generation capacity,
without burning any additional fossil fue l, a nd
could help many industries to meet recent global
warming regulations. Furthermore, by using heat
re covery and Orga nic Ranki ne Cycle (OR C)
technol ogie s a nd tapping into other rene wable
resources, such as solar energy and geothermal
energy as well a s Ocean Thermal E nergy
Conversion (OTEC), our dependence on fossil fuel
could be significantly reduced.
Reviews of renewable technologies [1, 2, 6]
may provide some assurance to long-term funding
of rene wable energy fa ciliti es and lead to a
resurgence in new renewable energy facilities. In
the short term, there will be increasing pressure to
deploy re newable energy faci lities to help add
generating capacity, improve system reliability and
stabilise electricity prices. However, the strategic
insta llation of these renewabl e energy faci lities
will be hindered by a lack of understanding of how
they i nte grate into the e xisting fossil-base d
generation systems.
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Rec ent problems in electricity production
emphasi se the urgent nee d f or a re ne wable
approac h to support the curre nt e lectricity
system, increase its existing capacity and, equally
important, benefit the environment by reducing the
need to bui ld m ore power plants and utili sing
environme nta lly-friendly che mical s and heat
recovery technologies such as ORC.
The Organic Rankine Cycle, (ORC) is a Rankine
Cycle that uses a heated chemica l instea d of
steam as found in the conventional Rankine Cycle.
Non-organic fluids used in the ORC include pure
re frigera nts and ref ri ge rant mixtures [3, 7].
Organic c om pounds generally have a hi gher
molecular mass. This gives relatively small volume
streams and results in a com pact ORC unit. It
also enables high turbine efficiency, up to 80%
[13 and 15]. Unlike steam, organic compounds do
not f orm l iquid drople ts upon expansion in the
turbine. An absence of steam prevents erosion of
the turbine blades and enables design flexibility on
the heat exchangers [13].
From an operational sta ndpoint, the ORC
re quires little mai nte na nc e and increasing the
evaporator tem perature and/or decreasing the
condenser te mperatures results i n hi gher
efficiencies. The use of ORC in low temperature
applications under 37ºC (100ºF) is very limited and
depends upon the thermodynamic and thermophysical properti es of the working fl ui d. A
cost-ef fective optim um design criterion f or
Organic Ranki ne power c yc les utili sing lowtemperature geothermal heat sources has been
presented by [22]. Evaporation and condensation
tempera tures, geothermal and cooling water
velocities were varied in the optimisation method.
The optimum cycle performance was evaluated
and c ompared f or worki ng f luids that include
ammonia, HCFC123, n-Pentane a nd PF5050.
Exergy analysis shows that the efficiency of the
ammonia cycle has been more greatly compromised in the opti misation process than tha t of
other working fluids. The fluids HCFC 123 and
n-Pentane show better performance than PF 5050.
Energy performance is usually evaluated by the
first law of thermodynamics. However, comparing
energy analysis to exergy analysis can better show
areas of inefficiencies. The results of that analysis
can al so be used to optimise and enhance the
performance of power cycles. Various energy and
exergy anal yses of power cycle s [4, 7, 18–25]
have been reported.
Theoretical performances as well as thermodynamic and environm ental properti es of some
fluids have been comparatively assessed for use in
low-temperature solar orga ni c Ra nkine c yc le
systems [26]. Efficiencies, volume flow rate, mass
flow rate, pressure ratio, toxici ty, flam mabi lity,
ozone depletion potential (ODP) and global
warmi ng potential (GWP) were used f or
compa rison. Of 20 fluids investigated, R 134a
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appe ars as the most suitable f or smal l scale
solar applications. R152a, R600a, R600 and R290
off er attractive perf ormanc es but need saf ety
precautions, owing to their flammability.
The most promising working fluids are CFCs
however they were phased out by 1996. Other
existing HCFCs as well as hydrocarbons are either
not environmental ly friendl y and/or have l ower
heat recovery efficiency. Other refrigerant mixtures
developed [3] contain HCFCs that are scheduled
to be banned by 2010. Therefore, a new family of
HFCs refrigerant mixtures have been developed [7]
to overc om e the de fici encies of the current
worki ng fl uids. Thi s researc h work has bee n
undertak en to enhance understandi ng of the
Organic Rankine Cycle using the HFC quaternary
refrigerant mi xtures that enhance typical OR C
performance. Energy and exergy analyses were
applied to better understand the benefits of using
the said quaternary refrigerant mixtures in various
applications.
ORGANIC RANKINE CYCLE (ORC)
An Organi c Ra nkine Cyc le (OR C) engi ne is a
standard steam engine that utilises heated vapour
to drive a turbine. However, the vapour is a heated
organic chemical instead of superheated steam.
Figure 1 illustrates the basic components of an
ORC. The organic che mical s used by an OR C
have included CFCs (known as Freon) and most of
the othe r traditi onal refrigerants, i so-pentane,
CFCs, HFCs, butane, propane, and ammonia.
These tra ditional refrigerants require a high
temperature heat source.
What differentiates the quaternary refrigerant
m ixtures i n the current study [7] from the
tradi tiona l ref ri gerants is tha t the quaternary
refrigerant mi xtures boil at extrem ely low
temperatures and are capable of capturing heat
at tem peratures l ower than 26ºC (80ºF), thus
generating power from low and medium waste
heat. Figure 2 shows a Pressure-Enthalpy curve
for a typical quaternary refrigerant mixture where
the saturati on temperature varies at c onstant
pre ssure . The degree of varia ti on or gliding
tem perature
depends
upon
the
mixture
components and their boiling points as well as
thermodynamic and physical properties.
The composition of refrigerant mixture can be
adjusted to boil the mixture and generate power at
a wide range of temperatures. However, several
refrigerant mi xtures have been de ve loped to
match the heat transfer profile of the heat source
at various temperatures and in particular the low
temperature application range to reduce losses
and enhance heat recovery [7]. Using the
quaterna ry refrigerant m ixtures, power can be
produced from captured low and medium heat in
appl ications such as proc ess industries, sol ar
energy and geothermal energy, grey water and
warm ocean waters. The use of quaternary
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Figure 1
Typical Rankine Cycle [ 3 ].
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Figure 2
Typical Pressure-Enthalpy
diagram of the refrigerant
mixture [7].
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refrigerant mixtures in the ORC reduces emissions
and global warming. Compared to typical fossil
fuels, using the new HFC re frigera nt mixtures
significantly reduces Oxides of Nitrogen (NOx) (by
over 4 tons per year) and CO 2 emission. Furthermore, the family of quaternary refrigerant mixtures
has a l ong lif e-cycle and require s reduce d
maintenanc e and repai r costs that results in a
relatively short payback period compared to other
existing ORC systems [5].
As well as from utilising, for environmentally
sound powe r rege ne ration, what is typically an
unrecoverable waste heat source – from hot flue
gases wasted at smoke stacks at various temperatures, sola r energy using diff ere nt c o l l e c t o r
geometries, and geothermal energy as well as grey
water, a byproduct in process industries – it is
possible to produce cheaper, more ecologicallyfriendly powe r, due to the lower boil ing temperature of the patented quaternary ref ri gerant
mixture and its higher latent heat of evaporation.
Thermodynamic and thermophysical properties
are determined using the wel l-known NIST
REFPROP.8 program [12]. In addition to these
properties, the fi ni te diff erence c onvergence
technique was used to obtai n the therm al
behaviour for each component, represented by a
finite control volume.
THEORTICAL CONSIDERATIONS
There are four processes in the Organic Rankine
Cycle similar to the steam cycle, each changing
the state of the working fluid. These states are
identified by a number in the diagram (see Figure 3).
Firstly the working fluid is pumped from low to

high pressure by a pump. Pum ping re quires a
power input, (for example mec ha ni cal or
el ectrical). Secondly the high pressure liquid
enters a boiler where it is heated at a constant
pressure by an external heat source to become a
superheated vapour. Common heat sources for
power plant systems a re coal, natural gas, or
nucl ear power. Thirdly the superheated vapour
expands through a turbine to generate power
output. Ideally, this expansion is isentropic. This
decreases the temperature and pressure of the
vapour. Fourthly the vapour then enters a
condenser where it is cooled to bec ome a
saturated l iqui d. This li quid then re-enters the
pump and the cycle repeats.
SYSTEM EQUATIONS
Energy analysis. Each of the first four equations
i s easily derived from the energy and mass
balance for a control volume. The fifth equation
defines the thermodynamic efficiency of the cycle
as the ratio of net power output to heat input.
.
Qin
–––
(1)
. = h3 – h2
m
.
Qout
––––
(2)
. = h4 – h1
m
.
Wturbine
––––.––– = h 3 – h 4 = ( h 3 – h 4 s ) × η t u r b
(3)
m

Figure 3a
Typical Rankine Cycle:
T–S diagram for steam [3].
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Figure 3b
Typical Rankine Cycle:
T–S diagram with
refrigerant mixtures (Thick
lines – Refrigerant mixture;
Thin lines – P u r e
refrigerant) [3].

.
Wpump
–––.–––
m
ηt h e r m

υ 1 Δp
= h 2 – h 1 ≈ –––––
ηp u m p
.
.
Wturbine – Wpump
= –––––––. –––––––– ≈
Qin

υ1 (p2 – p1 )
≈ ––––––––––
ηp u m p
.
Wturbine
–––––––
.
Qin

NHR = Qin / Wturbine

(4)

(5)
(6)

In a real Organic Rankine Cycle, the pumping
and expansion processes are non-reversible and
entropy is increased during the two processes.
Modern practices are implemented such as reheat
and regenerative cycles. In the regenerative
Organic Rankine Cycle the working fluid is heated
by steam tapped from the hot portion of the cycle.
This increases the average temperature of heat
addition, whi ch in turn increases the c yc le
eff iciency. B oth the reheat and regenerative
options wil l be i mple mented in the propose d
system.
Exergy and energy efficiency. The use of exergy
in assessing power cycles such as the ORC is
highly beneficial. The efficiency of the ORC based
upon exergy, as the ratio of total exergy output to
exergy input, is given by:
η e x = E x o u t / E x i n p u t = ( W n e t + E xh e a t ) / E x i n p u t

(7)

and can be equated to:
= 1 – Exdest / Exinput

(8)

where Ex h e a t represents the rate of exergy transfer
associated with transfer of heat, Ex d e s t is the rate
of exergy destruction and W n e t represents the net
work.
In this anal ysis the the rm al e xergy rate is

expressed in te rms of the dec rea se of the hot
fluid:
E x h e a t = – ΔE x h e a t - h o t
.
= m [hi – h e – T o (se – si ) ]

(9)

The subscripts, i, and e, refer to the inlet and
.
exit states of the fluid in the heat exchanger and m
is the mass flow rate of the fluid circulating in the
ORC.
Finally, the ORC efficiency based upon the rate
of exergy destruction is:
.
η e x = ( W net ,out + m [ h i – h e – T o ( s i – s e ) ] / E x i n p u t
(10)
and the rate of exergy input is:
.
Ex i n p u t = m [h e – h i – T o (se – s i) ]

(11)

In the particular case of heat recovery across a
waste heat boiler:
.
E x i n p u t = m [ C p ( Te – Ti – To ( s e – si ) ]
(12)
and the entropy change of flue gases is:
( s e – si ) = C p L n ( Te / Ti )

(13)

Furthermore, the second law efficiency can be
given as follows:
η I I = E x o u t p u t / E xi n p u t

(14)

E x o u t p u t = (Δh – T o (Δs ) ) t u r b i n e , n e t

(15)

DISCUSSION AND ANALYSIS
To analyse the thermodynamic behaviour of the
ORC cycle using the qua ternary refrigerant
m ixtures the aforementioned equa tions are
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integrated with the REFPROP program [12], which
calculates the thermodynamic and thermophysical
properties of the m ixtures i n questi on. The
re sultant equations a re solved using the f inite
di fference c ontrol volum es a pproach. The
quaternary refrigerant mixtures in question include
the following components; HFC 125, HFC 1 3 4 a ,
H F C 245fa, HFC 152a, HFC 236ea and HFC 2 4 5 c a
where these components are mixed in different
combi nations a t various conc entrations [7] to
maximise heat recovery. The use of the quaternary
re frigera nt m ixtures results in the following
benefits: operate at boiling pressure under 2000 kPa
(300 psi) and condensing tempe ratures under
12ºC (55ºF), environmentally sound, non toxic, non
fla mmable, l ow ma intenance a nd repair costs,
sc alable utili sing mass-produced of f-the-shel f
components and hi gh ef fici ency (up to 30%)
dependi ng upon the heat source and si nk
temperatures (see Table 1).
A comparative study has been made between
the behaviour of this mi xture [7] and other
re frigera nts reported in the l iterature of sim ilar
applications, comprising the system simulation of
the various refrigerants: R -11, R-114, R-245fa
as well as [3] and proposed mixtures under
operating conditions [4]; 112ºC (235ºF) a nd
1585 kPa (230 psi) at the waste heat boiler exit
and 29ºC (85ºF) and 68 kPa (10 psi ) at the
condenser inlet. System capacity is 125 kW. The
OR C syste m is retrofi tted to a CHP syste m,
comprising a ga s turbine system with a ste am
generator. Typically, the temperature of the flue
gases at the gas turbine exit varies between
426ºC (800ºF) to 537ºC (1000ºF). In addition, the
flue gas temperature after the steam generator is
around 148ºC (300ºF) to 204ºC (400ºF). At this
temperature range it is possible to recover heat
and produce power a t signific antly hi gher
efficiency using the proposed mixture compared
to other f luids. The results of the c omparative

T a b l e 1 Heat Source temperature applications.
Heat source temperature ºC

Applications

426–537
95–115
149–200
25–30

Gas turbine – I C E
Solar collectors
Geothermal
OTEC

study have been plotted in Figure 4. It is evident
from this figure that using the refrigerant mixture
results in lower values of Net Heat Rate (NHR) and
more power production at the same heat input at
the waste heat boiler. This is mainly due to the
l ower boili ng tempe rature of the mixture and
higher latent heat of evaporation compared to the
refrigerants under investigation.
Figure 4 displays the system efficiency using
the proposed refrigerant mixture [7] compared to
the other refrigerants under investigation. It is
apparent that the refrigerant mixture has superior
cycl e effi ciency. This i s due to the incre ase i n
work produced at the sam e heat source . This
comparison is significant since it compares the
refrigerant mixture efficiency to that of R-245fa
which is currently use d and c onside red as a n
alternative to the CFCs R-11 and R-114 in chillers
and OR C a pplications. The hi ghe r ef fici ency is
also due to the high heat transfer ratio between
the thermal energy and kine ti c energy a t the
turbine side as well as the pressure ratio.
The impact of using the refrigerant mixtures [7]
on the OR C eff icienc y at various heat source
temperatures is shown in Figure 5, where a water
cooled c ondenser is used at a condensing
temperature of 12ºC (55ºF). The data clearly show
that the hi gher the f lue gas te mperature the
more power produced at the turbine si de. This
result i s expec te d, since increasing the flue

Figure 4
Efficiency for different
refigerants.

Refrigerants
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Figure 5
Cycle efficiency using
Sami [4] refrigerant
mixtures. Heat source
temperature curve for a
water cooled condenser
condensing at 12ºC (55ºF).

24 (75) 66 (150)

84 (180)

143 (290) 177 (350) 399 (750)

Heat source temperature ºC (ºF)
gas tempera ture increases the the rm al energy
dissipated at the turbine and converted to kinetic
energy. The data displayed in Figure 5 clearly
show that retrofitting the propose d ORC wi ll
significantly enhance the efficiency and reduce the
Net Heat Rate (NHR) and will also have a positive
impact on the environment by cooling down the
flue gases and reduc e e missions and global
warming.
The data presented in Figure 5 demonstrates
that the proposed quaternary refrigerant mixture
can be effectively used in ORCs at applications
such as Ocean Thermal Energy Conversion (OTEC)
where the surface water of the ocean is used to
drive the ORC boiler and deep shallow water to
cool down the ORC condenser. In this application,
with heat source temperature of 29ºC (85ºF) at
the ocea n surf ace and a sink tempera ture of
4ºC (40ºF) the heat recovery efficiency using the
propose d refrigerant mixture i s betwee n 6–9%
dependi ng upon the saline water concentrati on
compared to 1–3% reported on such applications
[24–26] using Isobutene whi ch is a fla mmable
refrigerant.
Another application in the same temperature

range, of great significance to the process and
HVAC industries, is to use the ORC system as an
alternative to cooling towers, thus eliminating the
assoc iated m aintenance issue s and hi gh cost
of operation. The he at source and heat sink
tem perature s are 25ºC (78ºF) and 7ºC (45ºF)
respectively. Comparative data are presented in
Figure 6 between the proposed quaternary
refrigerant mixture and other working fluids such
as isobutene in the temperature range for both
OTEC and cooling tower applications. The data
cl early show the a dde d value in using the
proposed refrigerant mixtures and the significant
potential in using the ORC system with proposed
refrigerant mixtures as a renewable energy source.
In most solar applications, heat transfer fluids
circulating in flat plate or evacuated collectors are
at temperatures between 95ºC (203ºF) and 115ºC
(234ºF). ORCs coupled with solar collectors for
solar therm al power production mostly use
Isobutene and or R-245fa and yi eld low hea t
recovery efficiency under 7% depending upon the
hea t tra nsfe r flui d te mperature [27]. Data displayed in Figure 6 demonstrate the added value of
using the refrigerant mixture under investigation,

Figure 6
Low temperature
efficiency curves show
the advantages of the
proposed refrigerant
mixture in low temperature
applications.

24 (75) 66 (150) 84 (180) 143 (290) 177 (350) 399 (750)
Temperature ºC (ºF)
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particularly at temperatures lower than the 82.2ºC
(180ºF). Other solar panels used focus the sun’s
rays to generate greater heat with conical designs
and parabolic configuration. Heat transfer fluids
circulating in the se panels have temperatures
higher than 150ºC (290ºF) and existing ORCs can
not ope rate at these tem perature s since they
exceed the critical temperatures of their working
fluids.
Geothermal resources can supply the minimum
149ºC (300ºF) heat energy necessary for conversion
to mechani cal e ne rgy mostly through ste am
turbines [28]. However, electrical production from
liquid-dom inated source s is te chnicall y more
compl ex, expe nsive and has low therm al
conversion efficiencies because of the steam’s low
temperature and significant losses. Current geothermal power plants inject steam into the rocks to

heat up the rock beds in order to increase the water
temperature to meet the requireme nts of steam
turbines. In addition, current ORCs fail to generate
el ectricity with economica lly viabl e solutions
because of the thermodynamic characteristics of
the working fluids used. The use of the proposed
refrigerant mi xtures e nable s e lectricity to be
produced i n the afore mentioned temperature
range efficiently, more simply and less expensively
since the OR C is connected directl y to the
well water. Fi gure 6 shows the possi ble
power production efficiencies at the geothermal
resources temperature range.
Fi gures 7 and 8 ha ve been constructed to
present the energy and the second law thermal
efficiencies as well as exergy performance results
of the various fluids used in this study; namely;
R -245fa, R-114, R-11, Sam i 2000 [3] a nd the

Figure 7
Exergy comparison of
refrigerants.

Exergy
Efficiency

Refrigerants

Efficiency

Refrigerants
F i g u r e 8 Comparisons between Exergy and Second Law efficiencies.
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Figure 9
Exergy destruction.

Refrigerants
quaternary refrigerant mixture [7]. To facilitate the
compa rison of the refrigerants, the same heat
source and sink conditions were used; 4.5 M W ,
112ºC (235ºF) and 29ºC (85ºF) respe ctively.
Operating parameters were selected to yield the
same flow rate in each case.
Clearly the ORC operating with the quaternary
re frigera nt m ixture has the highest energy
efficiency compared to the others. Examining the
exergy efficiencies displayed in Figures 7 and 8
shows that the quaternary refrigerant mixture has
a higher thermal efficiency compared to the other
refrigerants under study. R-245fa has the lowest
thermal efficiency because of its low boiling point
compared to the quaternary refrigerant mixture as
well as the others.
Similar results can be observed from Figure 8
when e xam ining the second la w ef fici encies.
Furthermore, the results presented in Figure 9
clearly show that the exergy destruction is much
lower in c onditions where the quaterna ry
refrigerant mixture [6] is used compared to other
refrigerants. In addition, the results displayed in
this figure also show that R-245fa has the highest
exergy destruction among the refrigerants under
investi ga ti on in this study, bec ause of i ts low
boiling point.
CONCLUSIONS
In this analytical study the performance of an
Organic Rankine Cycle (ORC) has been analysed
and discussed. The proposed ORC uses a new
quaternary re frigera nt mixture that is environmentall y sound and therm odynamical ly ve ry
efficient when using low and medium waste heat.
The mixture composition can be f ormula ted to
eff ectively capture hea t a t a wider range of
temperatures than is currently available.
Various comparative studies have been
presented using energy and exergy analysi s to
dem onstra te the superior performance of the
propose d refrigerant mi xture compare d to

al ternati ve fluids. The data presente d cle arl y
show that the proposed quaternary refrigerant
mixture has the capability to produce power from
l ow and medium waste heat with signific ant
thermodynami c e ffic iency a nd l ess e xergy
destruction.
NOMENCLATURE
Cp
Specific heat (kJ/kg K)
Ex
Exergy rate (kJ/kg/s)
η e x Exergy efficiency
η p u m p Pump efficiency
η t u r b Turbine efficiency
η.
Cycle efficiency
Q i n Heat input rate (kJ/s)
Q.
Heat transfer (kJ/kg)
m.
mass flow rate (kg/s)
W
Mechanical power used by or provided to
the system (kJ/s)
N H R Thermodynami c effi ciency of the process
(power used for turbine per heat input, Net
Heat Rate (kWh) )
h 1 , h 2 , h 3 , h 4 These are the specific enthalpies at
indicated points on the T-S diagram (kJ/kg)
ΔP
Pressure drop (kPa)
S
Entropy (kJ/kg K)
T
Temperature (K)
v
Specific volume (m 3 / k g )
W
Work (kJ/kg)
Subscripts
3
Turbine inlet and saturated vapour
3’
Turbine inlet superheated vapour
4
Turbine outlet and wet vapour
4’
Condenser inlet and saturated vapour
2
Waste heat boiler inlet
1
Inlet to the pump
in
Input to waste heat boiler
i
input
e
output
des destruction
o
ambient
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