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Abstract
The exploitation of low grade renewable heat sources necessitates the use of Organic
Rankine Cycle systems (ORC) as a mature technology for low-grade temperature
power generation, where organic fluids such as hydrocarbons or refrigerants are
utilized to facilitate efficient power and/or heating or cooling cogeneration. The paper
is structured in some parts. An introduction and a brief description of ORC system is
presented, followed by an analysis of physical properties of working fluids. Next,
different applications for ORC are introduced. In the next sections, different types of
expanders, heat exchangers, and manufacturer of this technology are described.
Finally, some current research and development related to the use of ORC in combined
cycles are discussed.
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1.

Introduction

Renewable energy sources, such as solar thermal and geothermal, biomass, municipal solid
waste (MSW) and vast amounts of industrial waste heat are potentially promising energy
sources capable, in part, to meet the world electricity demand [1–3]. However, the low grade
heat from these sources cannot be converted efficiently to electrical power by using the
conventional power generation methods [4–6].
In this context, research on how to convert these low-grade temperature heat sources into
electrical power is of great significance [7]. However, the thermal efficiency of the conventional
steam power generation considerably low and becomes uneconomically when steam
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temperature drops below 370 ˚C. It means that using water as a working fluid in Rankine cycle is
more suitable for high temperature applications and large centralized systems [8].
The organic Rankine cycle (ORC), whose most important feature is the possibility of using
different low temperature heat sources for small and medium power generation, has been
studied by many authors. In ORC’s the problems encountered with water can be partially
mitigated by selecting an suitable organic fluid, characterized by higher molecular mass and
lower critical temperature than water [9–11]. In the other words, the organic Rankine cycle
(ORC) is a non-superheating thermodynamic cycle utilizing an organic working fluid to rotate an
expander.
The ORC systems employed a wide range of heat source, including solar energy [12], geothermal
energy [13], biomass energy, industrial waste heat [14,15], fuel cell [16], and ocean energy [17]
etc. In addition, ORCs can be easily combined with other thermodynamic cycles, such as the
internal combustion engine (ICE) [18], thermoelectric generator [19], seawater desalination
system [20], and Brayton cycle. Moreover, it also can be used as in a combined heat and power
(CHP) [21] and combined cooling and power system (CCHP) [22].
In the present paper the influences of the working fluids' types and thermal physical properties
on organic Rankine cycle performance are discussed; then, the comparison of the pure and
mixed working fluids are presented. Concerning to the expansion machines, various types of
expanders are compared and discussed. A short review on heat exchangers as a key component
in the cycle is done. Thus, the aim of this paper is to present a state-of-the-art of using of this
technology for waste heat recovery both as a technological and an economic point of view.
2.

Organic Rankine Cycle

The basic components of an ORC system are similar to the conventional Rankine cycle. The
layout of the components of a system working on ORC utilizing waste heat as thermal source is
shown in Fig. 1 [23]. The working fluid is pumped to an evaporator (1–2: process), then heated
to boiling (2–3: heat transfer), and then vapour is used to drive an expander (3–4: expansion).
This expander can be used to drive a generator to convert the work into electricity. The
working-fluid vapour is condensed back into a liquid (4–1: heat rejection) and fed back through
the system.
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Fig. 1. Basic components of a system working on ORC [23]
3.

Working fluid

The selection of the working fluid in ORC cycles is a key aspect, and it depends on the
application and the level of heat source [24,25]. In addition, the fluid must have optimum
thermodynamic properties at the lowest possible pressures and temperatures, as well as also
fulfil several criteria, such as being economical, nontoxic, non-flammable, environmentally
friendly, etc. [26,27].
3.1 Working fluids' category
The most important characteristics of the working fluids in an ORC is the saturation vapour
curve, which affects the cycle efficiency, and fluid applicability [28]. In general, , as can be seen
in Fig. 2 [29], working fluids can be categorized in three different types based on their vapour
saturation curves in temperature-enthalpy (T-s) diagram: a wet fluid with negative slopes, an
isentropic fluid with nearly infinitive slopes, and a dry fluid with positive slopes.

Fig. 2. Typical T-s diagram of working fluids
Liu et al. [30] derived an expression to compute   dS dT , which is shown in Eq.(1), where  is
the inverse of the slope of saturated vapor curve on T–s diagram, the value of n is suggested to
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be 0.375 or 0.38, the H H is the enthalpy of vaporization, and TrH is the reduced evaporation
temperature defined as TH TC .


CP ((n.TrH ) (1  TrH ))  1

H H
TH
TH2

(1)

For a wet fluid, the negative slope of the saturation vapour curve means that outlet stream of
the turbine may contains saturated liquid droplet and reduce isentropic efficiency. Hence, wet
fluid at the inlet of the turbine must be superheated [9,31]. However, due to the slopes of the
dry fluids and isentropic fluids, there is no necessity to superheating to eliminate the liquid
droplets' problem on the expander blades. As a result, choosing the dry or isentropic working
fluid types are more preferred for ORC systems [32]. Nevertheless, the fluid should not leave
the expander with substantial super-heat which means a waste and more condenser loads [8].
Hung et al. [33] examined properties of dry and isentropic fluids based on the network in the T–
s diagram [28].
3.2 The physical properties
The ORC system efficiency and operating conditions of the system is controlled by the working
fluid properties. Some of the most important properties which will effect on the performance of
ORC system are discussed in the following.
3.2.1 Latent heat and Specific heat
Fluids with high latent heat and low liquid specific heat are superior, because a fluid with a high
latent heat and density with smaller flow rate absorbs more energy in the evaporator from the
heat source and thus reduces the pump work [34]. However, the is not direct relation formula
between specific or total work of pump and liquid specific heat [35]. Yamamoto et al. [36]
reported that due to the best operating conditions by saturated vapor at the turbine inlet, fluids
with low latent heat would be preferred. Considering the Clausius–Clapayron relation for the
transition between the two phases ( dP dT ) and ideal gas law with constant specific heats results
the Eq.(2). The parameters T1 and T2 are saturation temperatures at two points, and Tin' is the
turbine inlet temperature [37].
hisentropic  CPTin' 1  eL (1/T1 1/T2 )/ CP 

(2)

The Eq.(2), indicates that higher work can be achieved by higher latent heat at the same
temperatures and parameters.
3.2.2 Critical temperature
The peak point of the ﬂuid saturation curve in a T–s diagram is the critical point of a working
ﬂuid; it suggests the proper operating temperature range for the working ﬂuid of liquid and
vapour forms. A good efficiency from the cycle is gained only from fluids with a high critical
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temperature, though the efficiency of the cycle is a weak function of critical temperature [30].
The design condensation temperature is normally above ambient temperature in order to reject
heat to the ambient; thus, due to difﬁculty in condensing, ﬂuids with critical temperatures less
than 300 K are out of consideration. A high condensation pressure, which requires a low
temperature, is in opposition to a good thermodynamic configuration. However, a low
condensation pressure could conflict with turbine and plant design [38]. Investigation of
different organic fluids based on the maximum cycle efficiency shows that fluid with higher
critical temperature gives higher efficiency but lower condensing pressure. The critical
temperature and critical density also effects on the specific vapour density that is high influence
on the design of the system [39].
3.2.3 Boiling temperature
The fluids with higher boiling point in the same family show the higher efficiency [40].
3.2.4 Molecular weight and molecular complexity
Fluids with higher molecular weight have a positive impact on turbine efficiency and small
number of stages; however, higher critical pressure and molecular weight demand higher heat
transfer area in heat exchangers [9,11,41].
The fluids can be classified as a function of their critical temperature by their acentric factor 
and by the molecular complexity  , which is defined by the Eq. (3).


TC S
T  S   dP 
 S  
( ) sv ,Tx 0.7  C   
 
 
R T
R  P T  dT SV  T  P  sv ,T  0.7
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(3)

(4)

The parameter of molecular complexity is computable by an equation of state through
numerical derivative, and it is primarily a function of the heat capacity of the vapor and directly
related to the molecular structure of the fluid. In general, the critical temperature and the
acentric factor of a fluid increase with the molecular complexity, however, the critical pressure
decreases with  [42]. Garrido et al. [43], quoted that the slope of the vapour-mixture curve is a
function only of the number of atoms in the molecule, not of their weight or character.
Nevertheless, heat source is the most important parameter for selecting working fluids
according to molecular complexity.
3.2.5 The vapour density
One of the most important key is the vapour density; higher vapour density results in lower
condensing pressure as well as smaller expander size [37,44,45]. Macchi and Perdichizzi [46]
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cited that the isentropic efficiency can be defined based on the size parameter (SP) and the
isentropic volume flow ratio (VFR), where,  is a density and H is a enthalpy.


SP  mout

out

4

VFR  in out

H

is

(5)
(6)

A higher value of SP means larger turbine size, and a higher density at outlet stream results in
smaller SP and therefore smaller turbine size. According to the Eq.(6), lower VFR makes higher
turbine efficiency. Angelino et al. [47] quoted that with the ratio between densities at turbine
inlet and outlet lower than 50 (VFR<50), the turbine efficiency would be greater than 80%.
3.2.6 Conductivity
High conductivity represents a higher heat transfer coefficient in the heat exchangers and thus
lower heat exchangers area [48]. The Chisholm and Wanniarachchi [49] for widely used plate
heat exchangers correlates Nusselt number for both hot side and cold side as a function of the
Reynolds number (Re) and Prandtl number (Pr), where the Pr is a function of thermal
conductivity.
3.2.7 Environmental, safety, and stability
According to the Montreal Protocol, some fluids are being restricted depending on their Ozone
Depleting Potential (ODP). In addition, Kyoto Protocol put some limitation regarding the
Greenhouse Warming Potential (GWP) to avoid the greenhouse effect of gas emissions [50].
Some of organic fluids such as R-11, R-12, R-113, R-114, and R-115 have been phased out, while
some others such as R-21, R-22, R-123, R-124, R-141b and R-142b are being phased out in 2020
or 2030. The security classification of the ASHRE can be used as an indicator for the other
characteristics like non-corrosive to avoid higher maintenance costs, non-flammable (a problem
in particular for longer alkanes at temperatures above 200°C.) , and non-toxic in working fluid
selection should be considered as well [10]. The chemical stability of the working fluid is one of
the limitations in the temperature of the heat source [51]. The working fluid should not be
decomposed and produce toxic or unstable substances [52,53].
3.3 Pure working fluids
The range of fluid working fluid candidates differs. From the structural point of view, working
fluid can be considered by following main groups.

Hydrocarbons in linear, branched, and aromatic compounds. This group have acceptable
thermodynamic properties.

Perfluorocarbons which are inert and stable. However these are thermodynamically
undesirable.

Siloxanes group that are usually available as mixtures.
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Ethers and Fluorinated ether group which are not considered as working fluids because
of their flammability and thermodynamic properties.

Alcohols with flammability issues are also unattractive.

Partially Flouro-substituted straight chain hydrocarbons, in which some have potentially
considered.
However, there is no specified working fluid for ORC systems. Saleh et al. [54], Chen et al. [37],
Junjiang Bao et al. [9] and Lambrinos et al. [55] screened different pure fluids in their articles.
Guoquan et al. investigate some fluids for micro-CHP systems with ORC [56]. Although npentane is extremely flammable, it is also used as working fluid [57–59]. Bolland et al.[23],
created a model for investigating performance of different fluids and cited that for temperature
of 160 ˚C, the R254fa gives higher output work.
Although a wide range of the selection of working fluids has been done in different literatures,
only a few are used in practice.
3.4 Mixed working fluids' screening
In some of the heat source such as geothermal binary plants, temperature is varying, which
means that the pure fluids show high irreversibility in the heat evaporator. Utilizing mixture
fluids instead of pure fluids in the ORC cycle, allows absorbing or rejecting heat at variable
temperature but constant pressure. The variable heat transfer in binary mixture reduces the
exergy destruction in the power cycle [60–63]. Mixtures allow a higher variety of the choice of
working fluid for ORC power systems as well as improving the parameters of cycle components.
Solkatherm (mixture of Pentafluorobutane and Perfluoropolyether), are already being used and
proven in actual installations, however, in isothermal phase transitions [45].
Feng et al. [64] compared the cycle efficiency of hydrocarbon R141b/RC318 mixtures with three
pure fluids. It was found that increasing the thermal and exergy efficiency by adding a
regenerator was higher for the mixture R141b and RC318 than for R141b. Wang et al. [65]
examined three different mixture compositions of R245fa and R152a to pure R245fa, for solar
application in a range of 25°C to 85 °C and indicated that the main benefit of the mixtures was
smaller expanders. Nevertheless, due to difficulties in the optimum compositions of fractions,
application of zeotropic mixture fluid is limited.
4.

Applications of the ORC technology according to the energy source

The flexibility of the ORC technology due to capability of working in different temperature
ranges, allows coupling with the currently in use power plants, utilizing low thermal renewable
heat source, recovery of waste heat in process, and acting as a combined cooling, heating and
power (CCHP) plant. A brief calcification of ORC applications is summarized in this section.
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4.1 Biomass applications of ORC
Biomass is one of the available renewable energy sources. It comes in different shapes and
composition, e.g. virgin biomass or municipal solid waste (MSW) or solid biomass. Power
production from biomass can be through external combustion with limited efficiencies or
internal combustion after gasification or pyrolysis with a gas cleaning problems [66,67]. Efficient
power generation using biomass with low heating value as the fuel in small scale is a challenge
today. Nowadays, ORC is of great interest for power production from biomass combustion in
both external and internal combustion engines [68]. It was reported that till 2008, the total
electrical installed capacity of ORC systems were 88 MWe. The growing interest from biomass
combustion is in ORC technology over recent years, especially in medium scale facilities (0.2–2
MWe) for electrical energy generation. Fubach Austria (1500 kWe), Bregenz Austria (1000 kWe),
Arta Terme Italy (500 kWe), Allendorf Eder Germany (200 kWe) are some examples of
installation [52,69].
For small decentralized units, to achieve high thermal energy conversion efficiency, biomass
combined heat and power (CHP) plants are of interest rather than by the only electricity
generation. In CHP mode, heat from the condenser in biomass applications can be used in
district heating systems as heat supply [70]. Simple schematic diagram for biomass ORC
polygeneration is shown in Fig. 3[71]. Carnot efficiency for typical biomass based ORC with heat
source temperature and heat sink temperature respectively around 300°C and 100°C is about
35% which is significantly higher than other usage of heat sources which is usually less than
25%.

Fig. 3 Polygeneration with ORC technology and biomass combustion [71].
The selection of the working fluid in case of using biomass combustion heat, due to relatively
high temperature levels in evaporator and the temperature of the condenser (60°C and 120°C
for CHP) is an important issue. Because of greater process control, lower pressure in the boiler,
large inertia and insensitivity to load changes, the heat of the biomass combustion is transferred
to the working fluid through a heat transfer fluid (HTF) (as in Fig. 3), which is mostly a thermal
oil.
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Drescher et al. [72] examined the efficiencies of Alkylbenzenes family (Butylbenzene,
Propylbenzene, and Ethylbenzene) for biomass ORC applications and resulted that a biomass
ORC can be improved by raising maximum temperature and Butylbenzene as working fluid gives
the best efficiency.
Medium scale biomass ORC installed plants (100–1500kW) is rapidly increasing as the
technology is becoming mature and more cost effective. However, the technical data on existing
plants are very limited. The biomass fully automatic CHP plant in Lienz (1000 kWe) supplies the
town of Lienz with district heat (60,000 MWh/year) and the electricity (7200 MWh/year) with
an electrical efficiency about18% [73]. Small scale systems of few kW are still under
development since economies of scale penalize the efficiency of the system as well as the
specific cost of these units [74]; however, some researches present the latest results of the ongoing modelling and experimental testing of micro-CHP systems [75,76].
In biomass gasification, biomass is converted to syngas in gasifier, and then the produced gases
(fuel) are cleaned and send to burn in an Internal Combustion Engine (ICE) engine. The extracted
heat from both the gas cleaning system and the exhausted combustion as well as the cooling
water from the ICE could be utilized in an ORC system (Fig. 4[52]). However, mostly only the
exhaust gas heat is recovered.

Fig. 4 Gasification and ICE coupled to an ORC from biomass (CHP mode) [52].
Currently, a small number of the combined ICE–ORC systems are in operation. Vaja et al. [18]
addressed some important points regarding the designing of an efficient ICE–ORC combined
cycleSome engine manufacturers have already presented the ORC as an optional for their
stationary power generation systems. Combined ICE-ORC system developed by the Caterpillar
Inc. consisting of gas engine (2159 kW) coupled to a superheated and parallel recuperated
organic cycle with dry working fluid reaches the global electricity efficiency 47% [77].
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Wang et al. [78] studied different working fluids with a thermodynamic model in Matlab. The
results for fixed power output at 10 kW indicate that R11, R141b, R113 and R123 make higher
thermodynamic performances than the others. However, R245fa and R245ca are the most
environment-friendly working fluids for engine waste heat.
4.2 Solar thermal power systems
Solar thermal energy is another heat source that can be exploited by means of ORC.
Concentrating solar power (CSP) is a mutual technology, in which the heat from the sun
transferred heat to a fluid at high temperature; this heat can be used in a power cycle to
generate electricity. Solar thermal power system works like conventional power plants by
exploiting solar energy as a heat source for driving thermodynamic power cycle to convert heat
into electricity in the power block [79], coupling the steam Rankine cycle . The heat transfer by
heat transfer fluid (HTF) from the solar field or thermal energy storage system [80]. However, an
important aspect of these plants is their large size.
Recently, aiming to supply heat and power in industrial and residential sector, the interest in
small and medium scale solar plant by using the existing concentrated solar power technologies
has been increased. Researchers have proposed ORC for the conversion of low-grade heat into
electricity [81]. The schematic diagram of the solar CSP ORC system is shown in
Fig. 5.

Fig. 5 Component schematic diagram of the solar-ORC system
There are some research both theoretical and experimental to develop the solar ORC systems
[82]. Kane et al. [83] presented the 9-kWe ORC coupled with linear Fresnel collectors, using
R123 and R134a, overall efficiency of7.74% . Wang et al. obtained overall efficiency of 3.2% with
flat plate collectors (collector efficiency was 55%), and 4.2% with evacuated tube collectors
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(collector efficiency was 71%) in a 1.6 kWe solar ORC in their research with using a rolling piston
expander and R245fa [84,85]. Jing et al. predicted overall efficiency 7.9% for the introduced ORC
cycle using R123 as working fluid and coupled to compound parabolic collector [86].
A CSP-ORC plant (1 MWe) uses n-pentane as the working fluid with an efficiency of 20% (overall
solar to electricity efficiency is 12.1% at the design point) was completed in 2006 in Arizona [26].
4.3 Geothermal energy applications
Geothermal energy is based on the heat from the Earth is assumed as a sustainable renewable
source to produce clean electricity. Normally the geothermal wells have temperatures of
between 50 – 350 °C [59]. However, a significant number of low temperature resources (<90 °C)
have been identified around the world. To reach higher temperatures in earth, deeper wells are
required and this makes the overall cost higher. Hot water from geothermal wells in a secondary
loop is used as energy source in the evaporator of an ORC cycle. Since the water from the well
circulates separately in a secondary loop this method has least pollution.
Utilization of lower-grade geothermal wells (70 – 100 °C) is under intensive analysis. Due to
relatively low source temperature and low temperature difference between forward and return
water temperatures in the secondary loop, large heat exchanger area and high mass flow rates
are required. Development and design of efficient heat exchangers is an important issue for a
reliable and cost efficient system. For low-grade geothermal reservoir, the mutual type of power
plant to build is a binary plant, with, organic fluids (ORC) or ammonia–water mixture (Kalina
cycle), as a working fluid (Fig. 6[87]).

Fig. 6 Schematic diagram of geothermal power plant a) Kalina cycle, and b) ORC [87].
Binary geothermal power plants are the most installed type with around 373 MW of power in
17 countries [88]. A geothermal ORC plant in Neustadt-Glewe in Germany of 210 kW and water
at 98°C is one of the installed plant [89]. The Reno in Nevada, USA binary plant use isobutene as
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working fluid and geothermal fluid at 158°C with exergy efficiency 21% and energy efficiency
10.2% was studied by Kanoglu and Bolatturk [90].
Different studies have been carried out concerning criteria and guidelines for the optimal design
of binary cycle geothermal power plants. Nowak et al. [91] mentioned that geothermal water
mass flow should be considered for power maximization. Hettiarachchi et al. [59] studied
different working fluids PF5050, R123, Ammonia and n-pentane for low-temperature
geothermal source powered ORC, taking the ratio of total heat transfer area to the net power
out as the objective.
4.4 Water desalination
The ORC can be coupled directly to drive the pump of a process like reverse osmosis (RO).
Several research and development were supported in the solar desalination technology in the
last decades. In a solar thermal driven ORC-RO desalination system, solar energy from a solar
field is partly converted into thermal energy and use to the ORC-based power conversion unit,
whose mechanical energy output is used up by the salty water RO desalination process (Fig.
7[92]). Heat rejected in lower temperature part of the cycle could be used for the RO feed water
preheating [92,93].

Fig. 7 Simple layout of the solar thermal ORC-powered reverse osmosis
Agustín et al. [92] proposed a model based on recommended working fluids and solar cycle
configuration with proper values of design point parameters.
The use of heat transfer fluid (HTF) in the solar field for transferring heat to the ORC working
fluid is recommended instead of the direct evaporation of the working substance in the ORC
[94,95]. Toluene is one of the working fluids for medium temperature solar ORCs which is
studied in several publications. However, but it has a high toxicity level. Siloxanes can be
another alternative for the medium temperature solar ORC because their better thermal
stability and toxicity levels.
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García-Rodríguez et al. [96] reported that the ORC-RO has a lower specific energy consumption,
as compared with the solar distillation process and the photovoltaic system RO.
4.5 Organic Rankine cycles (ORCs) in waste heat recovery application
Industries involve many high temperature processes that are also a large fraction waste heat.
Some examples of industrial processes with large amounts of usable waste energy are chemical
industry, metallurgy, ceramics, etc. In the cement industry approximately 35% of the total
energy losses mainly by the flue gas and the ambient air stream used for cooling down the
clinker (Fig. 8 [97]) [98]. Heidelberger Zement AG Plant in Lengfurt (Germany), which using
waste heat recovery with ORC with 1.5 MW power. And, the A.P. Cement In India with 4 MW
and ORC technology are two examples in cement industry [97].

Fig. 8 Simple diagram of heat recovery system with ORC in cement industry [97]
The petrochemical industry emits gases at relatively high temperature (150°C to 300°C). In steel
industry heat can be recovered from the exhaust gas of Electric Arc Furnaces (EAF) and of rolling
mills. Unlike cement or glass process, EAFs work in cycle, thus ORC installed with automatic
control which follows the melting cycle [99].
The use of the waste heat may result in several savings such as decreasing the primary energy
demand, CO2 emissions reduction, and economic gains. Oil field waste water at a temperature
of 77 °C was capable of generating electricity with the ORC technology [100]. A Swedish
energy technology group, Opcon, announced the installation of an Opcon Powerbox ORC
module on a ship aiming at achieving around 5% fuel savings which means cutting in 37000 ton
per year carbon dioxide and 150 ton per year sulphur dioxide emissions [101].
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4.6 Waste heat recovery in fuel cells
In high temperature fuel cells, considerable amount of energy is converted to waste heat. This
heat rejects by cooling medium or exhaust gas. Several different technologies such as gas
turbine bottoming cycle, Brayton, thermoelectric, and ORC are available for waste heat recovery
for increasing the efficiency of fuel cells system.
Around 50% of the energy from the proton exchange membrane (PEM) fuel cell converts to heat
and it requires cooling system. The ORC system has superior performance in the area of
recovering this low temperature waste [102]. The flow diagram of the ORC heat recovery
system in PEM fuel cell is shown in Fig. 9[102]. The diagram shows that the pressured air is
supplied to the cathode of fuel cell stack. The regulated hydrogen from high pressure cylinder is
then fed to the anode of fuel cell stack. Because of the electrochemical reaction in fuel cell
stack, which generates a large amount of heat, the DC current is produced. The unreacted
hydrogen out of anode would be returned back to the inlet of the PEM fuel cell stack for
recycling utilization. Zhao et al. [102] investigated such a system by modelling and reported
increasing in overall electrical efficiency by about 5%, compared to the PEM fuel cell without
waste heat recovery.
Dincer et al. [103] present a theoretical study for ORC trigeneration plants for using heat
rejected in a fuel cell solid oxide fuel cell (SOFC).
Both Molten Carbonate and Solid Oxide Fuel Cells can be used in gas turbine bottoming cycle.
Exhaust gases and not burned Solid Oxide fuel is added to gas turbine combustion chamber
where high temperature-pressure gases produce power at turbine. In case of Molten Oxide fuel
cells, ORC can be considered while low temperature fuel cells waste heat might be used for
cooling or heating demand. Cost of added technology is normally less than the fuel cell itself and
the efficiency will be improved by this extra system [104].

Fig. 9 Schematic diagram for ORC heat recovery in PEM fuel cell [102] .
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4.7 Micro scale CHP applications
Presently, micro-scale CHP systems (1–10 kWe, the typical size range for building applications)
as well as medium size (100 kWe) are undergoing development, and are emerging on the
market with promising forecasts for the near future commercialisation [76,105].
Biomass CHP units are more common in many European countries and worldwide nowadays
while the majority of the plants can be found in Germany and Austria [8,106]. The medium-scale
biomass ORC CHP plants have already been demonstrated in Admont (400 kWe) and Lienz (1000
kWe) with 18% electrical efficiency and around 80% overall CHP efficiency [74,107].
Piacentino et al. [108] presented a conceptual scheme and a methodology to the design and
optimization of a CCHP system. Mago et al. [21] studied economic and environmental
performances of a CHP-ORC system and compared with standalone CHP system in different
climate zones. Three different trigeneration systems’ performance: SOFC-trigeneration,
biomass-trigeneration, and solar-trigeneration, discussed by Al-Sulaiman et al [109]. Chen et al.
investigated the application of thermoelectric generation to CHP systems [110].
Nevertheless, the energy feasibility of CCHP, in terms of primary energy savings in comparison
to stand-alone generation, is limited by the technologies, System structure and size, and by the
cooling-to-heating ratio [111].
Iora et al. [112] analysed the potential of combining gas micro turbines with micro-ORC and
resulted that, for a 100 kWe micro turbine, it is possible to obtain an additional 45 kW of
electricity using residual heat and improve an electrical efficiency of 30% to 40%. Zhang et
al.[113,114] studied working fluids for geothermal cogeneration.
There are still issues demanding attention in implementation of technology in practice, namely
the expansion device, as well as small heat exchangers.
5.

Expansion machines

The ORC efficiency is strongly a function of the used expander. The choice of expander type
depends on heat source, operating conditions and size of the system. In general, they can be
categorized into two types: one is the velocity type (Turbo), such as axial turbine expanders; the
other is the volume type (positive displacement), such as screw expanders, scroll expanders and
reciprocal piston expanders. Optimum operating map for expander and some applications are
shown in Fig. 10[115]. The volume-type expanders are more applicable to the micro-CHP ORC
because they are characterized by lower flow rates, higher pressure ratios and much lower
rotational speeds comparison with the velocity-types [116]. Table 1 shows a brief comparison
between different types of expanders.
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Fig. 10 Power output range for expander for three heat source [115]
5.1 Turbo expander
The main difference between steam Rankine cycle and ORC is the working fluid; in steam cycle
is the enthalpy drop during the expansion, is much higher than organic fluid. Thus in ORC, fewer
stages (may be single-stage) are required in the case of an organic fluid. In addition, the speed
low of sound could be reached much sooner in an ORC than in a steam cycle.
Radial inflow turbines are suitable for lower flow rates of working fluids and high pressure
ratios. Radial-inflow turbines are less sensitive to blade profile inaccuracies than axial machines
[117]. In radial inflow turbines, due to their geometry higher peripheral speeds can be reached
than for axial turbines, and as a result reached a higher enthalpy drop per stage [26,118].
In small scale, turbo machines are not applicable, because their rotating speed increases with
decreasing turbine output power. The tip speed of turbo machine can be calculated by the
Eq.(7), where U is tip speed, N is rotating speed, and D2 is outer diameter of the turbine.
U   ND2

(7)

As the tip speed is independent of the turbine size and is roughly constant. Eq.(7) shows that
with reducing turbine size , the rotating speed increases proportionally [26]. This high rotating
speed is the main point that micro-scale turbo machines are not yet commercial.
5.2 Positive displacement expanders
Positive displacement expanders could be used at low output powers due to the limitation of
their rotating speed (1500rpm or 3000rpm on a 50 Hz), in addition they can handle two-phase
flows during expansion with a good isentropic efficiency[119].
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5.2.1 Scroll expander
The scroll expander has a fixed volumetric ratio like as all positive displacement expanders. In
case that system specific volume ratio is not equal to the expander nominal volume ratio, the
fixed built-in volume ratio can results in reduce the efficiency of the expansion by types of
losses: under-expansion when internal volume ratio of the expander is lower than the system
specific volume ratio, and over-expansion when the internal volume ratio imposed by the
expander is higher than the system specific volume ratio. Other irreversibility are supply
pressure drop, heat transfer, leakage, and friction losses [120,121]. Scrolls expanders are in two
types: compliant scrolls which require lubrication, and constrained scrolls in contrast can
operate without lubrication [122].
There are some experimental works using of scroll machines for different fluids. Peterson et al.
[123] reported the kinematically rigid scroll expander prototype with R123, Manolakos et al.
studied with R134a [124], Clemente et al. [125] built a scroll machine model. and Kim et al.
[126] studied biomass ORC application of scroll expander with R134a. James et al. studied an
experimental test with scroll expanders, which produced 2.07 with isentropic efficiency of 85%
and 2.96 kW, with isentropic efficiency 83% [127].
5.2.2 Screw expander
Screw expanders have been widely employed in Rankine cycles, especially for geothermal and
waste heat applications. The capacity of scroll expander is a limited for low temperature
thermal source. However, screw expander has an advantage for utilizing low temperature waste
heat. Frenchman B. Zimmern proposed single screw configuration for the first time and then
after single screw configuration has been widely used in compressor industry. Appropriate gaps
and sufficient lubricating are the most parameters for improving the performance of single
screw expanders [128].
Screw expander manufacturers, ORMAT and ELECTRATHERM currently provide commercially
screw expanders suitable for ORC CHP units with 50 kWe power output. There are few reports
where for applying the screw expanders with mechanical power output lower than 10 kW,
mostly because of the difficulty in sealing the organic working fluid [129]. Table 2 summarizes
the some sample of current micro-scale expanders.
6.

Heat Exchangers

The design and development of compact and cost efficient heat exchanger for the ORC systems
has been subject to research and continuous development and improvement. Heat exchangers’
cost is usually up to 30% of the total cost where evaporator, regenerator and condenser are
included. In an ORC the ratio of the total heat exchanger area to net power output is usually
high and this is an issue of consideration. As the system efficiency is directly related with the
efficiency of the heat exchange equipment, hence, the aim is maximizing the transferred heat
[130].
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It is very important to investigate the heat transfer around the critical point which is quite
unknown. There is a high challenge in understanding of plate heat exchangers in order to use
them specially in supercritical ORCs [131].
Some researched has been done on using a novel nano- and micro-porous surfaces, which
enhanced the pool boiling heat transfer with over 10 times compared to a plain copper surface.
This means that with a given heat flux and temperature difference the surface area may
decrease at the same order which is a huge reduction in size and weights of the heat
exchangers. For the enhanced surfaces due to enhanced turbulence and continuous boiling with
high frequency the heat transfer coefficient is much higher. It is claimed that with this novel
nano and micro porous surfaces the ORC system showed an improvement of 15-20% of the cost
and 5-10 times in size and surface reduction. [132].
One of the important issues in the design of heat exchangers is pinch point. It is clear that the
temperature of the source fluid falls in the heat exchanger during the transferring heat from hot
stream to cold stream. In designing heat exchangers, there is usually a restriction on pinch
point, so the minimum temperature difference between hot and cold streams in the heat
exchanger should be maintained greater than a specified value. In deploying a pure substance
for a working fluid, the pinch point position happens at inlet or outlet of the heat exchanger, or
at the point of saturated liquid of the working fluid [64,133].
7.

ORC manufacturer

Most likely Ormat was the first commercial manufacture of ORC-technology, started with micro
sized (0.2 – 3 kW) ORC-units during 1960-decade. Nowadays, ORC manufacturers provide ORC
solutions in a broad range of power and temperature levels, many companies are entering this
market from low-capacity to medium capacity. Some of them are listed in Table 3 [77].
8.

Organic Rankine cycles and current R&D

Currently, most of the commercial ORC plants show a simple architecture: sub-critical working
conditions, pure working fluids, single evaporation pressure, and possible use of a regenerator.
Nevertheless, there is still a room for improvement specially for increasing the ORC efficiency.
Researches focus on working fluid selection, however also on innovative cycles [134–136].
Some researcher focuses on turbine optimization, and developing new accurate equations of
states. Some others work on control strategies as well as performance in part-load conditions
[137,138].
9.

Conclusions

The paper presented a review the state of the art of organic Rankine cycle applications in waste
heat recovery. Working fluid properties and selection (including pure fluids and mixtures) was
reviewed. Also some important physical properties of the working fluids for ORC and their effect
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on the performance of the system were introduced. Different applications of ORC systems
including solar thermal, biomass ORC, solar thermal reverse osmosis desalination (Solar ORCRO), geothermal application, and waste heat recover from industrial process were intensively
investigated. The paper also presented the different employed expander in the ORC system and
introduced many factors which should be considered such as the power capacity, isentropic
efficiency, cost and complexity their application range. Heat exchangers in ORC were briefly
reviewed. Environmental concern over climate change as well as energy price is reasons
supporting application of the waste heat recover by the ORC technology.
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Expander type

Capacity
range (kW)
Radial-inflow turbine 50–500

Advantages

Disadvantages

Light weight
Available mature
technology
High efficiency

Cannot use in two
phase
Low capacity
Required
lubrication

Scroll expander

1-10

High efficiency
Light weight
Two phase support
Simple
manufacture

Low capacity
Required
lubrication

Screw expander

15-200

Low rotate speed
Tolerable twophase

Required
lubrication
Difficult to seal

Reciprocating piston
expander

20-100

High pressure ratio
Tolerable twophase

Many movement
parts

Rotary vane
expander

1-10

Low cost and noise
Tolerable twophase

Required
lubrication
Low capacity

Table 1. The comparison of different types of expanders for ORC.
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Manufacturer name
Infinity Turbine LLC , USA
Green Energy
Australasia, Australia
ORMAT Tech., Inc. USA
ELECTRATHERM, USA
ENEFTECH, Switzerland
Freepower, UK

Product
Turbine
expander
Turbine
expander
Screw
expander
Screw
expander
Scroll
expander
Scroll
expander

Minimum expander
Model IT01 (1 kWe)
Model IT10 (10 kWe)
Model SG10
(10 kWe)
50 kWe
50 kWe
010GRE-01(5 kWe or
10 kWe)
6 kWe

Table 2. Some commercial availabilities of current small/micro-scale expanders
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Manufacturer

Application

ORMAT, US

Geothermal, WHR,
Solar
Geothermal, WHR,
biomass-CHP
Biomass CHP

Turboden, Italy
Maxxtec/ Adoratec,
Germany
Opcon, Sweden
GMK, Germany
Bosch KWK,
Germany
Turboden
PureCycle, US
GE CleanCycle
Calnetix, (GE
energy)
Cryostar, France
Tri-o-gen,
Netherlands
Electratherm, US

Heat source Power range
(‘C)
(kWe)
150-300
200-70000
100-300

200-2000

300

350-2200

WHR
1-10
WHR

<120
120-350
120-150

350-800
50-50000
62-325

Geothermal, WHR

91-149

280

WHR
WHR

>121
n/a

125
125

Geothermal, WHR
WHR

100-400
>350

n/a
150

WHR, Solar

>93

50

Table 3 list of the some ORC manufacturers [77]
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