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ABSTRACT
The cumulative global capacity of organic Rankine cycle (ORC) power systems for the conversion of renewable
and waste thermal energy is undergoing a rapid growth, and is estimated to be approx. 2,000 MW, consider-
ing only installations that went into operation after 1995. The potential for the conversion into electricity of the
thermal power coming from liquid-dominated geothermal reservoirs, waste heat from primary engines or indus-
trial processes, biomass combustion, and concentrated solar radiation is arguably enormous. ORC technology is
possibly the most flexible in terms of capacity and temperature level, and is currently often the only applicable

technology for the conversion of external thermal energy sources. In addition, ORC power systems are suitable for
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the cogeneration of heating and/or cooling, another advantage in the framework of distributed power generation.
Related research and development is therefore very lively. These considerations motivated the effort documented in
this article, aimed at providing consistent information about the evolution, state, and future of this power conversion
technology. Firstly, basic theoretical elements on the thermodynamic cycle, working fluid, and design aspects are
illustrated, together with an evaluation of the advantages and disadvantages in comparison to competing technolo-
gies. An overview of the long history of the development of ORC power systems follows, in order to place the more
recent evolution into perspective. Then, a compendium of the many aspects of the state of the art is illustrated: the
solutions currently adopted in commercial plants and the main-stream applications, including information about
exemplary installations. A classification and terminology for ORC power plants are proposed. An outlook on the
many research and development activities is provided, whereby information on new high-impact applications, such
as automotive heat recovery is included. Possible directions of future developments are highlighted, ranging from
efforts targeting volume-produced stationary and mobile mini-ORC systems with a power output of few KWe, up to

large MW, base-load ORC plants.

1 Introduction

The concept of an engine based on the Rankine thermodynamic cycle, whereby the fluid is an organic compound instead

of water (see figs. 1a—1b) originates from two main observations [1-3]:

o if the selection of the working fluid is an additional degree of freedom for the design of the thermodynamic cycle, the
fluid can be chosen such that it is optimal from a thermodynamic and technical point of view. The properties of the fluid,
e.g., the vapor-liquid critical point, the saturation line, and the specific heat, directly affect how well the temperature
profile of the thermal energy source and sink can be matched by the corresponding cycle heating and cooling processes,
see, e.g., figs. 1c—1d. Furthermore, cycle configurations that are not possible if water is the working fluid can be con-
templated: the supercritical cycle configuration is possible even if the thermal energy source is at low temperature. As
for the advantages with respect to technical aspects, it is notable that: (i) the fluid pressure and density levels within the
system can be selected, to a certain extent, independently of the cycle temperatures (for example, relatively low fluid
temperature in the evaporator can correspond to high pressure and vice versa), (ii) effective thermal energy regeneration

can be realized by means of one single non-extractive de-superheating process.

e For low power output, from few kW up to few MW, the realization of an efficient, reliable, and cost-effective steam
expander is challenging: the mass flow is extremely small, the expansion ratio comparatively large, and the specific
work over the expansion is also very large, thus the design of a simple axial or radial turbine is problematic and the
efficiency bound to be low. Steam volumetric expanders in turn must be complex, as challenging lubrication issues
must be dealt with, and the net expansion efficiency is heavily affected by blow-by and friction losses. Water cannot

effectively lubricate contact surfaces within the expander, therefore it must be mixed with a lubricant, which decreases
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thermodynamic efficiency, and can thermally decompose, in case it flows through the evaporator. In addition, for several
applications, the freezing temperature of water is too high, and the very low pressure in the condenser can lead to
unfeasibly large dimensions of this component. If the working fluid is organic, the much smaller enthalpy decrease of
an expanding vapor allows to design an expander, be it a turbine [2,4,5] or a positive displacement machine (e.g., screw,
scroll, vane, and piston expanders) [6], featuring a lower rotational speed and higher volumetric flow for given power
output. For the majority of the organic Rankine cycle (ORC) working fluids, the expansion process is completely dry,
thus blade erosion issues in turbines and inherent expansion inefficiency due to condensation are avoided. Several ORC
working fluids are also suitable as a lubricant for rotating machinery, thus further simplifying the system. Finally, for
many such fluids the freezing temperature is much lower than that of water and, moreover, freezing does not involve a

detrimental volume increase.

The selection of the working fluid affects the thermodynamic performance of the system and, at the same time, the
design of all its components. The reader is referred to Ref. [7] for a detailed treatment. For example, if the thermal energy
source is relatively small and at rather high temperature (say 2 MWy, and Tyouree > 300 °C), the selection of a fluid formed by
complex molecules (large specific heat) yields to a slightly superheated and regenerated cycle as the corresponding optimal
configuration, see also fig. 1 and table 1. The relatively large volume flow due to the small enthalpy drop over the expansion,
i.e. Ahjg, allows for the design of an efficient and simple turbine, with sufficiently large flow passages. In particular, small
Ahjs values allow also to limit the number of stages (e.g., 2 or 3 axial or radial-outflow stages), and the resulting rotational
speed may be 2 — 10 times smaller compared to a steam turbine designed for the same operating conditions. In turn, the
very low values of the sound speed of the expanding organic vapor are such that the flow is supersonic for modest pressure
ratios. The dominant need of reducing the number of stages leads in most cases to the acceptance of a highly supersonic first
stator, which requires special care in the fluid-dynamic design. Depending on the condensing temperature, the volume flow
at the outlet of the turbine can be large, thus requiring a comparatively bulky regenerator and condenser. As a consequence,
cost issues related to the heat transfer equipment might arise. Additional challenges ensue in case vacuum conditions in the
condenser have to be managed. Conversely, the overall low pressure in the system can be beneficial as far as the cost of the
evaporator and safety issues are concerned. It is also notable that regeneration positively affects the thermal efficiency of the
cycle, but might negatively affect the temperature at which the heat source can be cooled (possibly limited by the temperature
of state 3 in fig. 1a), thereby the amount of thermal power that can be converted into mechanical power. Similar reasoning
can be applied to other applications, e.g., low- and medium-temperature geothermal energy conversion, leading to different
results.

The working fluid is also subjected to a number of other constraints, which can be more or less stringent depending on

the application, namely the ideal fluid should be

e non-toxic, non-flammable, non-corrosive, and cost-effective,
e characterized by a low or zero Global Warming Potential (GWP) and Ozone Depletion Potential (ODP),

e thermally stable and compatible with all the containing and sealing materials up to the cycle maximum temperature,
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Fig. 1: The processes forming an exemplary superheated/regenerated Organic Rankine cycle power plant in the T — s ther-
modynamic plane of the working fluid, see also table 5, (a) together with the corresponding process flow diagram (b). (c)
Q — T diagram of the evaporator of the ORC system, assuming that the energy source is flue gas at 300 °C, compared to the
Q — T diagram of the boiler of a simple steam power plant (d) having as energy input flue gas in the same conditions. The
thermodynamic cycles of the ORC and steam power plants have been optimized for maximum net power output having as
optimization variables the evaporation pressure and turbine inlet temperature, subject to a constraint on the same minimum
pinch point in the evaporator (a minimum superheating of 5 °C is also imposed). The main cycle parameters are reported in
table 1.

e possibly a good lubricant, featuring also good heat transfer properties,

e if used for generator cooling, electrical insulator and compatible with the adopted resin.

These exemplary considerations show that the design of an optimal system is a complex problem, possibly leading to multiple
technical solutions, with different equipment selection, each with its advantages and disadvantages. With reference to the
example previously illustrated, the selection of a working fluid made of simpler molecules would result in a faster-rotating
and smaller turbine, possibly affected by lower efficiency, and requiring a reduction gear or power electronics for the coupling

of the electrical generator to the grid. In turn, the adoption of such a fluid could eliminate the need for a regenerator, and
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siloxane MDM  H,0

Tinsource [°Cl 300 300

Hitin source [Kg 87! 23.6 23.6
AT, [°C] 30 30

Mis, turbine [=] 0.90 0.90

Nis, pump [-] 0.65 0.65

Tint [°C] 212 270
Teona [°Cl 80 80

Pin,T [bar] 35 6.5

Pout,s = Peond [bar] 0.09 0.47
m [kg s™1] 11.9 1.3

B = pinT/Pous [-] 37.7 13.7

Ahis [kJ/kg] 56.7 491.3

Wiet [KW] 573.4 528.2

Table 1: Main data referred to the exemplary optimal ORC system of fig. 1 and to an optimal steam power plant designed
for the same thermal source capacity and operating conditions, i.e., condensing temperature T.ong, pinch point temperature
difference in the evaporator ATy, and isentropic efficiency of the machines ;. The subscripts “T” and ‘S’ stand for total
and static conditions, 7z is the mass flow rate, Ah;s the isentropic specific work across the expansion. An efficiency of 96% is
assumed for the electrical generator and pump electric motor. The optimal thermodynamic cycle for the steam power plant
is in this case a superheated cycle with no regeneration.

entail a more compact and super-atmospheric condenser.

With reference to high-temperature applications, one remarkable deficit of currently adopted working fluids (hydro-
carbons, siloxanes, perfluorocarbons) is their thermal stability in contact with typical containing materials, which sets the
peak cycle temperature threshold at around 350 °C, depending on the specific fluid, and on additional technical, operational
and cost-related constraints. These are the frequency of fluid charge substitution, the level of fluid purity, the level of plant
sealing, and the de-aeration requirements in the low-pressure part of the plant. Ideally, an organic fluid which would not
thermally decompose (in contact with stainless steel) at temperatures up to 500 — 600 °C would substantially increase the
conversion efficiency in some applications. So far the highest thermal stability in realistic operating conditions was reported
for a mixture of pentafluorobenzene and hexafluorobenzene [8]. The fluid underwent dynamic thermal tests at temperatures
up to 468 °C, and no decomposition was observed during the 532 hour test. The fluid is claimed to feature low toxicity in
case of acute and subacute exposures, but products of thermal decompositions of perfluorocarbons are chemically aggressive
and possibly highly toxic [9].

One of the main and unique advantages of ORC power systems is that the technology is applicable to virtually any exter-
nal thermal energy source,! with temperature differences between the thermal source and sink ranging from approximately
30 to 500 °C [10]. ORC systems are therefore technically suitable for the conversion of renewable or renewable-equivalent

energy sources such as

! External with respect to the power system, as opposed to the internal combustion of reciprocating engines or gas turbines.
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e geothermal reservoirs (liquid-dominated or steam-dominated, whereby the steam is too contaminated with acid gases
and solid particles to be directly expanded in a turbine),

e solar radiation,

e biomass combustion,

e industrial waste heat recovery,

e urban solid waste, and landfill gas combustion,

e thermal energy recovery from other prime movers (reciprocating engines, gas turbines, fuel cells, etc.),

e ocean thermal gradient.

The graph of fig. 2, a version of which was first presented at the 15 International Seminar on ORC Power Systems in
2011 [11], synthetically shows the current relation between the temperature of the energy source and the power capacity of
ORC power systems versus steam power plants. The graph refers either to systems that are commercially available, or to
those currently under development and studied. Notably, the state of the art is quickly evolving, therefore fig. 2 has been
adapted here in order to account for the fact that the boundary of ORC technology applications is expanding toward the

region of conventional steam power plant applications. This chart might need to be updated in few years. If large-capacity
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Fig. 2: Current and future fields of application of ORC versus steam power systems in terms of average temperature of the
energy source, and power capacity of the system. Boundaries are indicative, and evolving in time. Adapted from Ref. [11].

high-temperature energy conversion systems are excluded from the comparison (primarily therefore steam power plants),
competing technologies for the conversion of the mentioned energy sources are in principle the Stirling engine, the closed
Brayton cycle (CBC) power plant, and the externally-fired gas turbine (EFGT). For low-temperature energy sources, e.g.,
geothermal reservoirs or heat recovery, the Kalina cycle power plant [12] is also a potential competitor, though power plants

based on this concept are at a lower development stage vs. ORC power systems, and face difficulties due to inherently higher
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complexity [13].

Conventional Stirling engines can operate efficiently only if the thermal energy source is at high temperature (indica-
tively 700 — 1100 °C), therefore they are developed mainly for highly concentrated solar energy conversion [14, 15], biomass
and biogas combustion [16], and domestic micro-cogeneration [17] for a power range from 1 kW, up to approximately
several tens of kW.. The necessarily complex kinematic mechanisms, and the challenging high-temperature sealing require-
ments for the typically leak-prone working fluids (helium, hydrogen, nitrogen, air) have so far hampered the reliability of
the systems being developed. Organic working fluids have been proposed for high-pressure/moderate-temperature Stirling
engines [18], but no actual development is known to the authors. High power density, high net conversion efficiency (the
world record is possibly 31.25% [19]) and perhaps low cost, if large-series production is envisaged, are positive features of
Stirling engine technology.

Developments of medium-capacity CBC power plants are related to systems employing carbon dioxide” as working
fluid [20], and they have been initially proposed for next-generation nuclear power plants [21]. As previously illustrated,
CO,, being a simple molecule, is arguably unsuitable for the design of low power output expanders. The development of
medium-capacity (10 —50 MW.) supercritical CO; closed Brayton cycle power plants is now actively pursued for next
generation concentrated solar power (CSP) plants [22], since high conversion efficiency at moderate peak cycle temperature
is attainable (e.g., approx. 50% at 750 °C).

The EFGT concept is proposed for biomass combustion or gasification [23], and for high-temperature solar conver-
sion [24], the main challenge being the high temperature at which the primary heat exchanger must operate. Prototypes so
far achieved limited efficiency, and issues of reliability still need to be solved.

Fossil-fuel fired ORC systems compete with fuel cells, micro-gas turbines, Stirling and reciprocating engines for in-
novative applications, like micro-cogeneration of heat and power (micro-CHP) for apartments and houses [25]. Domestic
cogeneration, that is the use of small CHP systems in place of conventional gas or diesel boilers, can be beneficial in terms
of fuel utilization in countries with cold or moderate climate.

Research and development of ORC technology has been receiving an ever increasing impulse starting from the beginning
of this century, together with a rapid increase of the installed power capacity, and the number and diversity of applications.
This work is born out of the need for a reasoned synthesis about the evolution of this technology (sec. 2), its state-of-the-art
(sec. 3), and an outlook toward the future (sec. 4), providing information on both commercial applications and active research

topics.

2 Evolution
The idea of using a fluid different from water in a Rankine cycle for power conversion is rather old. As early as 1826,
T. Howard patented the concept of an engine using ether as the working fluid [26]. Among the low-boiling pressure fluids,

several inorganic substances were considered and tested throughout the years, with some success. However, this short review

2Carbon dioxide is an organic compound, as it contains carbon, therefore systems based on supercritical CO, thermodynamic cycles entailing working
fluid condensation, as it is the case in some proposed configurations, qualify as supercritical organic Rankine cycle systems.
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is limited to Rankine engines employing organic substances. A patent of F. W. Ofeldt [27] is at the basis of several ORC
engines adopting a reciprocating expander fed by a naphtha vaporizer and powering launches, see fig. 3a. Naphtha was used
as fuel, working fluid and lubricant, allowing to avoid the cost of the specialized operator needed for steam engines, because
of the much lower evaporation pressure in the boiler. The Gas Engine & Power Company of New York claimed in 1890 to

have sold five hundred ORC engines based on the Ofeldt design [28]. Simultaneously in Europe (1888), a British inventor

DIRECT ACTING SOLAR ENGINE

TACONY, PHILADELPHIA, PA., U. S. A.
AUGUST, 1907 FRANK SHUMAN

(a) (b)

Fig. 3: Earliest ORC engines. 3a: engine of the Ofeldt naphta launch, 1897. Fuel is pumped in the bows by air pressure,
generated by a hand pump, and passes through a coil boiler. Part of the vapor issuing from the boiler is fed to the burner that
heats the boiler itself, and the rest drives a three-cylinder engine. The long U-tube at the bottom is the condenser [29]. 3b:
Shuman’s solar ORC-based pumping system prototype installed in Philadelphia (PA), 1907. The flat solar collector is also
visible. It was called the hot box, with double glazing containing the blackened pipes acting as the vapor generator [30].

by the name of A. Yarrow also developed a naphtha-based ORC engine for launches [31]. One of these engines, built by the
Swiss company Escher Wyss AG (later to become Sulzer), reached a certain fame as it propelled the Mignon, the boat that
A. Nobel launched in 1891 [32]. Even if the boiler was operated at a pressure lower than that of steam engines, the early
days of ORC engines were affected by several accidents [33].

F. Shuman, in 1907, was probably the first engineer who had the idea of a solar ORC engine: he used a flat solar collector
of 110 m? to boil ether at temperatures around 120 °C and drive a 2.6 kW engine, see fig. 3b [34]. T. Romagnoli in 1923
used water at 55 °C to boil ethyl chloride and run a 1.5 kW engine [7,35].

Professor L. D’ Amelio (1893-1967), chair of thermal and hydraulic machinery at the University of Naples (Italy), is
possibly the father of modern ORC technology. In 1936, his work on a solar power plant for irrigation based on an ORC
engine using monochloroethane as working fluid [36] won him a prize of 10,000 Lire.? A series of 3 cm-deep vessels full

of water would receive solar radiation, thus heating the water up to approximately 60 °C. The water is circulated to a shell

3The prize was awarded by the Libyan governatorate of Italy and the National Association of Combustion Control. Such solar ORC plant would have
been used to pump water in the arid areas of North Africa.
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Table 2: Specifications of the first solar ORC power plant proposed by Prof. L. D’ Amelio in 1935 as reported in Ref. [36].

Working fluid C;HsCl
Surface of solar collectors 270 m?
Evaporation temperature 40 °C
Evaporation pressure 2.7 bar
Condensation temperature 23 °C
Condensation pressure 1.3 bar
Turbine isentropic efficiency  0.65
Net power output 4 kW

Net conversion efficiency  0.036

and tube evaporator where the working fluid is heated and evaporated in small pipes at approximately 40 °C. The vapor
is expanded in an impulse axial turbine, and generates mechanical work. The monochloroethane vapor is condensed at
23 °C, and the liquid is pumped back to the evaporator. The design specifications of the plant are reported in table 2. The
estimated thermal conversion efficiency was of approximately 3.6%. The cited monograph outlines for the first time all the
main principles of ORC system and turbine design, including the selection of the working fluid among several candidates,
depending on the operating temperature/pressure, turbine design, and other relevant fluid features. Criteria for ORC turbine
design depending on fluids were further detailed by D’ Amelio in Refs. [37,38]. In 1939, these ideas were implemented in a
2.6 kW prototype for the conversion of low-grade geothermal energy which was commissioned and operated successfully in
a laboratory of the University of Naples [39]. The experience gained with the prototype led to the realization of an 11 kW
geothermal ORC pilot power plant on the island of Ischia (Italy) in 1940. A second power plant of 250 kW based on the
same technology was built in 1943 but was never operated [40]. After the second world war, D’ Amelio resumed his studies
on the ORC concept, and his work presented at the first conferences on solar energy received considerable attention [41,42].

The first commercially operated geothermal ORC power plant, a so-called binary power plant, was functional for a short
period at Kiabukwa, in the Democratic Republic of Congo, in 1952 [43]. It featured a power capacity of 200 kW,, utilized
geothermal water at 91 °C as heat source, and it supplied power to a mining company. The second oldest geothermal ORC
power plant was commissioned at Paratunka in the Kamchatka peninsula in 1967 [43, 44]. It was a pilot plant exploiting
geothermal water at 85 °C, rated at 670 kW,, and using refrigerant R12 as the working fluid [45]. It provided a small village
with electricity and greenhouses with heating.

Dr. L. Bronicki met Prof. D’Amelio during his MSc studies in the late 50’s in Naples,* and started to study the
application of the ORC principle to small solar power plants [46]. He made an important contribution by outlining for the
first time the relation between the working fluid and the design of the expander in an article published on an international
journal [1]. In the 60’s, perfluorocarbons were studied by others as working fluids for mini-ORC turbines [47]. Several

experimental solar ORC systems have also been reported. In these systems static non-focusing collectors were adopted, thus

4 L
GTIBllria%qlgsgersonal communication. Colonna et.al 9



achieving comparatively low maximum cycle temperature (around 100 °C), and solar-to-electric efficiency (typically < 5%).
Furthermore, also during the 60’s, few ORC-driven systems for the pumping of water for irrigation or desalination purposes
have been documented [34].

In these years, Dr. Bronicki and his group designed, built, and tested several small solar ORC units (2 — 10 kW) with
monochlorobenzene as the working fluid. These systems featured inlet fluid temperatures of the order of 150 °C. Some of
these plants have been reported as having run for 12 years without repairs [48]. In 1972, they realized a highly unconventional
0.4 kW unit powered by a radioisotope, featuring a much higher turbine inlet temperature (TIT), and thus a cascaded cycle
configuration was adopted, employing a different working fluid in the top and bottoming cycle systems [49]. The group then
succeeded in deploying the results of these studies in the first commercial application of mini-ORC turbogenerators, i.e.,
the powering of remote telecommunication stations and of the auxiliaries of gas pumping stations [50]. The most important
requirement was reliability in order to allow for a very long operation without service, while conversion efficiency was not so
relevant (approx. 5%). The first units of this type (3 kW.), using monochlorobenzene as the working fluid, were operational
in 1961. In the period between 1961 and 1988, thousands of these small ORC turbogenerators were installed. The power
capacity ranges from 0.2 to 6 kW, the working fluid is commonly dichlorobenzene, or more rarely trichlorobenzene, due to
the need of high thermal stability, being the working fluid directly heated by combustion flue gases. These systems pioneered
the high-speed hermetic turbogenerator solution: the radial-inflow turbine and the generator are enclosed in a single sealed
canister, and are connected to a vertical axis. Journal bearings support the shaft, using the working fluid as a lubricant
and coolant, without additives. The generator is a solid-rotor brushless alternator. The three-phase output of the alternator
is connected to the rectifier feeding the load. The electrical output terminals reach the outside of the assembly thanks to
ceramic feed-throughs. The high boiling point of the working fluid enables returning the condensate by gravity without the
need for a feed pump. The stainless steel evaporator is of the once-through type, and the condenser is naturally air-cooled in
order to avoid moving parts. The recuperator is tube-in-shell [46,51]. In more recent years, photovoltaic panels substituted
mini-ORC turbogenerators for these applications.

ORC power systems have been adopted also in combination with solar ponds, whereby a temperature gradient is estab-
lished in a water basin by an artificially induced salinity-gradient. An experimental 5 MW Solar Pond Power Plant (SPPP)
was operated from 1983 to 1990 in Beit Ha’aravah, Israel [52]. A 100 kW SPPP operated from 1986 to 2002 at temperatures
as low as 65 °C in El Paso, Texas [53].

The first experimental geothermal cascading ORC power plant was called Magmamax, and it was located in East Mesa
(California) [54]. Its initial design was very ambitious, as it was based on two interconnected ORC power plants. The topping
cycle utilized isobutane as the working fluid, while the bottoming cycle adopted propane. The plant was commissioned in
1979, and was rated at 12.5 MW, gross power (and 11 MW, net power). Though it went through a number of operational
problems and changes, it paved the way for the following generations of binary geothermal power plants. After two other
small experimental geothermal ORC power plants [53], in 1984 the company founded by Dr. Bronicki commissioned its
first commercial ORC power plant for the conversion of geothermal energy in Wabuska, Nevada, featuring a capacity of

700 kW [53].
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As a consequence of the oil crisis of the late 70’s, many other geothermal units manufactured by several companies
followed, while also the capacity of these plants gradually increased toward the multi-Megawatt range. The working fluids
were mainly light hydrocarbons, chlorobenzenes, and chloro-fluoro-carbons (CFC). In this period, few ORC power plants
were used also for the conversion of other renewable energy sources, like industrial waste heat, engine exhaust gases, and
solar radiation. The largest of these plants was built in Japan at Mitsui Engineering & Shipbuilding, featuring a power output
of 15 MW, [55]. As a result of rising concerns about air pollution, followed by rising fuel prices during the oil crisis,
investigations on the use of Rankine engines for automobiles started in the 70’s [56,57]. Both steam and organic compounds
were considered as working fluids with either a turbine or a piston expander. A 30 kW prototype was successfully tested as
bottoming cycle on a long-haul truck [8, 58], but never made it to the commercial market. In the 80’s, intense research and

development activity occurred also in East Germany, Finland, France, Japan, Israel, Italy, USSR and the US.

Barber et al. were possibly the first to evaluate the potential of ORC technology in North America [59, 60]. In 1975,
they presented the first results of a research activity aimed at coupling an array of solar flat-plate collectors, a 1 kW ORC
turbogenerator using R113 as the working fluid, and a compression chiller for air conditioning. The evaporation and con-
densation temperatures were equal to 93 and 35 °C, the efficiency of the ORC module was 7%, and the system overall
COP approximately 0.5 [61]. The possibility of reaching maximum cycle temperatures higher than 300 °C by adopting
focusing collectors (mainly linear) has been investigated between 1975 and 1977: a prototype was tested at Sandia National
Laboratories in New Mexico, in combination with parabolic trough collectors to heat a thermal oil loop powering an ORC
turbogenerator of 32 kW, and also supplying space heating and cooling with an absorption air conditioner [62]. Also in
the US, from 1976 to 1984, the Jet Propulsion Laboratory developed a power system using parabolic dishes coupled with
an ORC power module. The cavity receiver was designed to heat toluene at 400 °C and approx. 4.2 MPa. The rotating
parts (single-stage impulse turbine, centrifugal pump, and alternator) were mounted on a single shaft rotating at 60,000 rpm.
The same working fluid was also used for bearing lubrication [63]. A solar-to-electric conversion efficiency of 18% was
measured, with a power output of 16 kW,, thus lower than the design value, due to test conditions [64]. Other notable
developments were related to five 600 kW, units for industrial heat recovery [65], and to a concept for electricity generation

for the international space station [66, 67].

Particularly relevant were the studies carried out in Italy during the 60’s and the 70’s by Prof. G. Angelino, one of the
fathers of modern ORC power systems technology, together with his colleagues at Politecnico di Milano, Prof. M. Gaia and
Prof. E. Macchi. Their work was important also because it helped laying the scientific and technical basis for research and
development [2]. An example of the application of these investigations is documented in a study presented by Bado and
colleagues, a 35 kW, perfluorocarbon (CgF6) unit providing a net electric conversion efficiency of 19% at condensing and
collectors cooling loop exit temperature equal to 40 and 300 °C [68]. Such unit was subsequently built and tested, and a
net efficiency of 17% was recorded at a turbine inlet temperature of approximately 270 °C [69, 70]. In this first prototype, a
4-stage axial turbine running at 6,000 rpm was coupled to a 3,000 rpm generator through a gear. Based on these studies, a
company was established in 1980 by M. Gaia, initially involved in the realization of experimental solar and geothermal ORC

power plants adopting various working fluids and single or multi-stage axial turbines [2]. Notable is the Borj Cedria 12 kW,
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solar power station in Tunisia, which was commissioned in 1983. The working fluid was tetrachloroethylene, and during
field tests a net electrical efficiency of 11% was recorded, with evaporation and condensation temperatures equal to 84 and
20 °C [71]. Studies on the use of siloxanes as working fluids for high-temperature ORC power systems were conducted in
collaboration with Angelino and co-workers [67,72]. The first biomass-fuelled turbogenerator was commissioned in Biere
(Switzerland), in 1998 [11]. It was a skid-mounted 300 kW, genset, using siloxane MDM as the working fluid, and featuring
a 2-stage axial turbine. The plant was ordered by the Swiss army in order to provide electricity and cogenerated heat to a
barrack.

In Finland, Prof. Jaakko Larjola led the development of high-speed hermetic turbogenerators in the hundreds of kW,
range, in which the turbine, generator and pump share the same shaft. One of the first applications of this type of ORC
systems was the use of the turbogenerator (25 kW,) as the charger of the batteries of a deep-see submersible [73]. The
hermetic turbogenerator configuration was similar to the early mini-ORC units for remote power applications [74,75]. The
knowledge acquired with these developments was later utilized in commercial units that were marketed starting from the
early 2000 by a company in the Netherlands [76].

Information concerning operational ORC power plants referred to the period before 1995 are collected in Ref. [3],
containing also data from Ref. [77], which in addition covers earlier years. During the 1980’s, however, interest rates were
high and fossil fuels relatively cheap: this led to most of the experimental plants being shut down because economics were
not attractive. The main data related to the majority of the plants that have been commercially operated after 1995 are shown
in table 3. Fig. 4 presents a quantitative assessment of the evolution of installed ORC power plants in the same period, in

terms of both cumulated installed power and number of units.
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Fig. 4: Number of installed units per year (4a) and cumulative power capacity (4b) of the commercial ORC power plants
commissioned between 1995 and the end of 2013, based on the data reported in table 3.

3 State of the art

The technological development of ORC power systems is evolving rapidly, and a considerable number of different and
partly competing solutions for cycle configurations and main components can be observed. This variety and the significant
role that ORC technology is achieving in the renewable energy scenario demand for a simple classification and shared

terminology. The proposed classification is presented in table 4, and it refers to the main features of an ORC power plant.
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A brief description of the most commonly adopted options encountered in commercially available systems is provided
here; the sequential and iterative design process is often carried out in the order in which these are presented. The design
of one system component strongly depends on the others, therefore a trend toward an increasingly integrated and automated
approach is currently pursued [96-98]. The number of possible configurations applicable at system and component level
is very large, and it explains why, even for similar specifications, the units that have reached commercial status can differ
considerably. ORC modules can exhibit a certain level of standardization up to a power capacity of 2 —3 MW,, while larger

power units are typically highly customized.

3.1 Technical options
The selection of the available solutions for the design of a system and its components depends on the initial specifica-
tions, which most often are (i) the type of thermal energy source in terms of average power capacity and temperature, and

(ii) the available/usable cooling fluid and its average temperature.

Cycle configuration and working fluid

As treated in sec. 1, the design decisions about the cycle configuration and the working fluid are closely coupled, and
have consequences on the choice and design of the components [2]. Currently, saturated and superheated cycle configurations
are common. Note that a slight degree of superheating is needed in case the expander is a turbine, in order to avoid blades
erosion. The supercritical cycle configuration has been adopted only in few exemplary/experimental cases [80,99]. Two
and three pressure levels in the evaporator have been adopted only in large geothermal power plants [100]. The supercritical
cycle configuration might be optimal from a purely thermodynamic point of view, but the power consumption of the main
feed pump becomes very large. Table 5 lists the working fluids that are most commonly employed, together with their
main properties. Fluids that have been recently proposed to the market are also included. In general, fluids formed by
more complex molecules are suitable for high-temperature applications (eg., siloxanes, toluene), and small-medium power
capacity, while those formed by simpler molecules (e.g., refrigerants, alkanes) are adopted in low-temperature applications,

and are suitable also for large power output.

Rotating equipment

In case of larger power plants, one of the advantages related to the selection of an optimal organic working fluid is that
it is possible to design an efficient turbine for rotational speeds that allow for direct coupling to a synchronous generator
(3,000/1,500 rpm if the grid frequency is 50 Hz, or 3,600/1,800 rpm if it is 60 Hz). If this is not possible or wanted, reduction
gears can then be used. The shaft seal demands for attention in order to avoid excessive leakage. Oil is often used in
a dedicated bearings system for the shaft, especially in slow-rotating turbines and pumps, whereby mechanical seals are
adopted for the shaft. The expander, electrical generator, and feed pump can rotate independently from one another, or, in
some cases and for systems rated at hundreds of kW, they can share the same shaft [76,82,91]. In addition, thanks to the

use of an inverter, the rotational speed of the turbine can be varied in order to match the machine optimum efficiency at the
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Table 5: Main properties of the most common working fluids currently in use in ORC power plants, see also table 3. MW:
molecular weight, Ti,oji: normal boiling temperature, pyap@so °c: vapor pressure at 80 °C. Data from Ref. [101]. Solkatherm
SES36 is a mixture of 65% (mass) R365mfc (1,1,1,3,3-Pentafluorobutane), and 35% Galden® HT 55, which, in turn, is a
mixture of 8 perfluoropolyethers with unpublished composition [102].

Fluid Chemical Mol wt Tcr PCR PCR Thoil  Pvap@80 °C
name formula [gmol™']  [°C] [bar] [kgm™3] [°C] [bar]
toluene C7Hg 92.1 318.6 4126 2788 110.6 0.389
cyclo-pentane CsHyo 70.1 238.5 45.15 272.6 49.2 2.522
iso-pentane CsHpn 72.1 187.2  33.78 215.7 27.8 4.575
iso-butane C4Hjo 58.1 1347 3629 2246 -11.8 13.438

MDM (octamethyltrisiloxane) CgH»4Si30, 236.5 2909 14.15 302.9 152.5 0.091
MM (hexamethyldisiloxane)  CgH130Si, 162.4 2455 19.39 292.9 100.2 0.537

PP1 (perfluoro-2-methylpentane) CeF14 338.0 182.15 19.23 635.0 57.0 2.06
R245fa (1,1,1,3,3-pentafluoropropane) C3H3F; 134.0 154.0 36.51 489.3 15.1 7.893
R134a (1,1,1,2-tetrafluoroethane) C,HyF4 102.0 101.1  40.59 545.6 -26.1 26.332
Solkatherm SES36 mix 184.9 176.1  28.49 538 353 3.840

given operating condition. An inverter would currently be too big and expensive for larger capacity systems.

Expander. ORC expanders are currently dynamic (turbines) in the vast majority of the cases, while volumetric (screw,
scroll) expanders are in the pre-commercial or market-introduction phase. Turbo-expanders cover the power capacity (from
approx. 100 kW to several MW), expansion ratio (approx. 5 to 100), and inlet temperature (approx. 120 to 350 °C) ranges
typical of current commercial ORC power systems. Volumetric expanders are employed only in the low-temperature and
low-capacity power systems (1 to approx. 100 kW) which are now being commercialized. Notable exceptions that might
lead to interesting developments are the heat recovery systems manufactured and installed in Sweden [103], and the 1 MW,
screw expanders that have been recently installed in a low-temperature geothermal power plant in New Mexico [104]. The
maximum volumetric expansion ratio of volumetric expanders at the present time prevents their use in high-temperature
systems. These machines feature lower isentropic efficiency if compared to turbo-expanders, which in turn are not yet
available with a power output of few kW. Screw and scroll expanders can be cost-effective because they are derived from
volume-produced refrigerant compressors. A distinguishing technical feature of scroll and screw expanders is that they can
tolerate a fraction of liquid working fluid, thus the simpler saturated cycle configuration with wet expansion can be adopted.
Ref. [105] provides an overview on the main aspects of volumetric expanders for small ORC power systems.

ORC expanders are in general different from machines expanding steam, air or other gases, because dense vapor prop-
erties deviate largely from ideal gas behavior, and because the speed of sound is much lower than in light gases or steam,
thus affecting nozzles design [106—108]. Axial turbines, see fig. 7, are commonly adopted for medium to large power output
ORC systems in single or multi-stage arrangement (currently up to four/five). The isentropic efficiency in nominal conditions

typically goes from 80% to less than 90%. In case of smaller-capacity systems, the radial inflow configuration is preferred
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because it allows to achieve high efficiency with one single stage, even in case of large expansion ratio/high TIT. A two-stage
radial inflow turbine configuration has been recently implemented in a large ORC power plant [84]. Recently, systems based
on turbines adopting the multi-stage radial outflow configurations, as suggested by several authors since the 70s [4, 109],
have been successfully commercialized [81].

ORC turbines are usually made of alloy or stainless steel, but aluminum alloys are suitable construction materials if the
turbine operates at low temperature and low rotational speed. Titanium is the material of choice for rotors of high-speed
turbines operating at high temperature because the considerable mechanical stresses in this case demand for a material with
comparably high mechanical resistance. The first ORC scroll expanders proposed to the market are either semi-hermetic or
hermetic, the power output varies from 1 to 10 kW, the volumetric expansion ratio is at maximum 4 — 5, while the rotational
speed is between 1,500 and 6,000 rpm [110]. Screw expanders are in a slightly more advanced stage of development, and
their power output reaches several hundreds kW. They feature either the single-screw or the double-screw configuration, and
the maximum expansion ratio is slightly larger than that of scroll machines (5 — 6) [105]. Their rotational speed can be as
high as 10 — 12,000 rpm in the smaller machines.

Bearings. Conventional oil bearings are typically used in case the electrical generator is external to the turbine casing.
If the working fluid has good lubricant properties, especially designed fluid bearings are adopted, thus simplifying the
turbine/generator assembly. These are often of the tilted pad type due to the high rotordynamic stability they offer. The
high-speed hermetic turbogenerator assembly configuration also demands for special bearings, either electromagnetic [82],
or lubricated with pressurized working fluid liquid [55, 111]. Electromagnetic bearings are utilized in some units that are
in the initial commercialization phase with low turbine inlet temperature. The implementation of this technology in higher-
temperature systems requires additional research.

Pump. The power consumption of an ORC pump is comparatively larger than that of a steam power plant pump because
the ratio of the specific pump work to the specific turbine work is larger. For this reason, even though standard centrifugal
water pumps are often adapted for the use in mainstream ORC systems, sometimes ad hoc pumps must be employed in order
to achieve sufficient compression efficiency. The cost and comparatively low efficiency of multi-stage pumps is one of the

main reasons why the supercritical cycle configuration is currently adopted only in very few cases [100].

Heat Exchangers

In general, the choice depends on the system capacity: compact heat exchangers are more commonly adopted in low-
power output systems, while shell and tube in larger power plants.

Evaporator / Primary heater. The primary heat exchanger/evaporator can be of the once-through type [2,76], or the
shell and tube type, having the working fluid typically in the shell side [112,113]. Thermal energy can be transferred directly
from the heat source to the working fluid, or indirectly via an intermediate fluid loop. Direct heating in principle allows
to achieve higher maximum fluid temperatures, thus increasing the conversion efficiency, while indirect heating demands
for additional pumping power. The choice among the two solutions depends on many aspects: contractual issues, safety

regulations, efficiency, and ease of control. In general, lowering the temperature of the working fluid is a way of prolonging
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its operational life, thereby lowering costs. As for this last aspect, indirect heating makes easier to reduce the presence of hot
spots that increase the risk of working fluid decomposition.

Regenerator. The adoption of a regenerator depends on the selection of the working fluid, and optimal cycle config-
uration [1,96,97]. In some cases, the thermodynamic advantage can be quite limited, but the adoption of the regenerator
can help reducing the size of the condenser, which is often a large cost component. In any case, regenerators are designed
in order to limit as much as possible the pressure drop on the vapor side, which directly affects the turbine outlet pressure,
and thus its power output. This becomes a critical aspect if the condenser operates at very low pressure. One of the adopted
configurations features the co-location of regenerator and condenser within the same insulated housing, in order to realize
more compact assemblies.

Condenser. Depending on the availability and regulations, water-cooled condensers are preferred because they allow
to achieve higher net efficiency. Water cooling is also adopted if the ORC power plant cogenerates district or process
thermal energy, or if it powers an absorption chiller or refrigerator. In case air cooling is the only possibility, the main
choices are direct systems or air-coolers with an intermediate water/glycol loop. While the first ensures a comparatively
better thermodynamic performance, the second allows to gain flexibility in equipment positioning. This last option proves
particularly valuable in case the plant is situated in an environment whereby bulky components such as coolers and fans have

to be placed far from the ORC turbogenerator (e.g., on the building roof).

3.2 Applications

The current applications of ORC power plants are listed here in order of relevance in terms of presently installed power
capacity. ORC power systems are either the preferred or the only technology that can be adopted for the conversion into
electricity of several types of relevant thermal renewable energy sources. For example, arguably most of the high temper-
ature vapor-dominated geothermal reservoirs are already exploited, while the potential of liquid-dominated reservoirs with
comparatively low capacity is still very large [43]. Similarly, in case of biomass combustion, the optimal plant capacity is
typically limited by the cost of fuel gathering, to an extent that ORC systems are the preferable option. Moreover, for a small

plant it is generally easier to find a suitable thermal utilization of condenser heat.

Geothermal Reservoirs

ORC power plants around the world are used mainly for the conversion of liquid-dominated geothermal reservoirs
at temperatures of 120 — 150 °C, though examples of operational plants fed by a mixture of steam and brine at higher
temperature exist: Zunil - 20 MW, (Guatemala), Ribeira Grande I and II - 14 MW, (Portugal-Azores), Olkaria III - 120 MW,
and Oserian - 1.8 MW, (Kenya) [113], and the Ngatamariki - 95 MW, (New Zealand, see also fig. 7a). The geothermal
fluid usually contains also a substantial amount of incondensible gases, which might form corrosive compounds. In case of
two-phase geothermal fluid, the steam and the brine are separated, and the steam is used to evaporate the organic working
fluid, while the brine is used for liquid working fluid preheating. The saturated cycle configuration with an alkane as a

working fluid is the most common. Sometimes the system includes a regenerator. In case of a steam-dominated geothermal
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reservoirs of large capacity, whereby a steam power plant is used as the high-temperature conversion system, an ORC power
plant as bottoming cycle results into an efficient combined cycle configuration [114]. Exemplary plants of this type are the
Upper Mabhiao - 125 MW, (Philippines), the Mokai 1 and 2 - 130 MW, and the Puna - 30 MW, (US-Hawaii) [113].

A novel concept has been tested at the liquid-dominated geothermal power plant of Thermo (US-Utah), whereby 50
standardized 220 kW, turbogenerators have been installed [115]. These systems were derived from main-stream chillers
for cost-effectiveness, whereby the radial-inflow turbine was redesigned starting from refrigerant compressors [116]. The
working fluid is R245fa. This concept offers the advantage that skid mounted factory-assembled units could be transported
and quickly connected on site. Additionally, a high level of flexibility in terms of power variation and maintenance is

inherent. This attempt failed for reasons related to the adopted business model [117].

Solid biomass or biogas combustion

High-temperature ORC power plants in the MW, power range fuelled with various types of solid biomass have been
installed at increasing pace in Europe starting from the early 2000, thanks also to favorable legislation. More than 200 ORC
gensets of this type are in operation. Most often these plants are integrated into wood-manufacturing sites, and feature the
CHP (cogeneration of heat and power) arrangement, whereby the heat discharged by the ORC unit, at temperatures typically
below 100 °C, is used for process purposes (e.g., wood drying), or district heating. Many of these power systems adopt a
superheated and regenerated cycle configuration, indirect heating, two, or in few cases, three-stage axial turbines, and MDM
as the working fluid. The rated net electrical efficiency is usually in the 15 —20% range, while the total energy efficiency
can be as high as 90%. Information on exemplary biomass CHP power plants of this type can be found in Ref. [118] related
to a 1 MW, power plant in Lienz (Austria), in Ref. [93] for the 1.1 MW, power plant in Tirano (Italy), and in Ref. [119] for
that in Ostrow Wielkopolski (Poland), rated at 1.5 MW,.

Flue Gas from Gas Turbines or Gas and Diesel Engines

Few ORC modules are installed as bottoming cycles of mechanical drive gas turbines [84], though the number of
installations is increasing [120]. In the case of pipeline compressor stations 19 units of 5 to 6 MW, are in operation in North
America and Europe, the first one since 1999 [121]. Several examples of ORC turbogenerators used to recover waste heat
from the exhaust of gas and Diesel engines already exist, and the number of these installations is also increasing. In cases in
which the reciprocating engine or the gas turbine is fed with biogas, the addition of an ORC heat recovery system is often
economically viable because of the subsidized value of the generated electricity. Few ORC plants are installed in landfill
sites, whereby the combustion of landfill gas is the energy source, instead of simply be flared. Possibilities to use the flue
directly as a heat source or in other energy conversion applications exist [122], but typically the gas is used in an internal
combustion engine, while an ORC can be added as a heat recovery system for the engine exhaust [123]. Most of these ORC
units have rather small capacity, e.g., the 160 kW, power plants using toluene as working fluid installed in various locations
in Europe [91], although it is possible to combine the exhaust gases of many gas engines to be fed to a single large ORC

power plant.
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Industrial Waste Heat
Opportunity for heat recovery in the manufacturing and process industry are countless, see, e.g., Ref. [124] for an
analysis on European countries. The majority of the thermal energy is wasted at temperatures between 60 and 400 °C, with

a capacity that monotonically increases toward vast quantities at low temperature, as shown in fig. 5.
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Fig. 5: Annual industrial waste heat in the US [125], Japan [126] and UK [127]. The data are not strictly homogeneous and
are shown here together to indicate that the potential for useful conversion is in any case large.’

Only recently this enormous potential has attracted interest, and few ORC power plants recovering various forms of
thermal energy otherwise wasted are now operational, while many feasibility studies are performed.

First examples of industrial waste heat recovery ORC power plants can be found in the cement industry [128]. Through-
out the production of cement, about 40% of the process heat is wasted to the environment, mainly via the exhaust gases
from the rotary kiln, coming from the limestone preheaters and also from the ambient air used for clinker cooling [129]. De-
pending on the cement plant configuration (e.g., number of preheating stages), and the process efficiency, waste heat streams
are available at temperatures between approx. 200 and 400 °C [130, 131]. The first ORC heat recovery system in a cement
factory was commissioned in 1998 at the Heidelberg Cement AG plant of Lengfurt (Germany) [132]. This 1.5 MW, system
proved to be extremely flexible and thus able to cope with the continuously fluctuating operating conditions of the heat source
in terms of temperature and flow rate (for example, grate cooler air temperature fluctuating between 340 and 180 °C). Other
successful examples are listed in Ref. [128]. Similar plants are under construction or commissioning are a 4 MW, ORC
plant in Alesd (Romania), a 5 MW, plant in Rohoznik (Slovakia), and a 1.9 MW plant in Untervaz (Switzerland). Most of
these installations use an intermediate thermal oil loop to transfer the thermal energy to the ORC working fluid.

In comparison to the quite standardized cement production process, steel manufacturing requires quite diverse processes.

5The data for the US industry summarize waste heat from selected process exhaust gases: iron/steel ovens and furnaces, industrial steam boilers, cement
kilns, ethylene furnaces, glass furnaces, aluminum furnaces, and metal casting. The temperature ranges for the US data are defined as < 230 °C (low),
230 — 650 °C (medium) and > 650 °C (high). The data for Japan comprise waste heat from the following industry: food, paper, petroleum, ferrous and
non-ferrous, mechanics, transportation, electricity, fiber, chemical, ceramics, household appliance, gas and others. The data for the UK account for 73
unique industrial sites from 8 sectors: iron and steel, refineries, chemicals, cement, food and drinks, pulp and paper, glass, and ceramics.
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The potential for heat recovery in the steel manufacturing industry by means of ORC power systems has been recently stud-
ied, and especially heat recovery from the exhaust gas of Electric Arc Furnaces (EAF) and rolling mills has been found
promising [124]. One of the implemented arrangement features an intermediate loop, whereby saturated steam at tempera-
tures around 300 °C is used in order to transfer the thermal energy of the furnace off-gas to the ORC working fluid [133].
A 3 MW, unit is in operation since mid 2014 at the EAF of Elbe-Stahlwerke Feralpi in Riesa (Germany) as part of the Eu-
ropean H-REII Demo project (Heat Recovery in Energy Intensive Industries) [134]. The first ORC power plant recovering
heat from a rolling mill of a reheating furnace (700 kW,) went into operation in April 2013 in Singapore. The heat transfer
is performed by direct exchange between the exhaust gas and the ORC working fluid at temperatures around 400 °C.

The glass industry also offers vast opportunities for waste heat recovery by means of indirectly heated ORC power
systems. An intermediate heat transfer loop can collect thermal energy from the hot gas exiting the oven that melts and
refines the raw materials. The exhaust gas temperatures are relatively high (400 — 500 °C) [128]. Since 2012 one such system
(1.3 MW,) is in operation at the AGC floating glass production site in Cuneo (Italy). Other examples of successful ORC
power plant installations for industrial heat recovery are at the urban solid waste incinerator plant in Roeselare (Belgium) -
3 MW,, and at the sintered magnesite production site in Radenthein (Germany) - | MW. The Roeselare plant receives thermal
energy at approximately 180 °C from a pressurized water loop transferring heat from the incineration furnace. The ORC
system adopts a saturated configuration, axial turbine, synchronous generator, and an azeotropic mixture of pentafluorobutane

and perfluoropolyethers as the working fluid [128].

Concentrated Solar Radiation

The design paradigm of CSP plants based on ORC engines is mainly related to the choice of the maximum plant
temperature [135]. High temperature entails increased conversion efficiency, but calls for comparatively expensive solar
collecting equipment and power block. The complementary approach consists in selecting a low maximum plant temperature
which allows to adopt simpler technological solutions, but leads to lower conversion efficiency, which in turn demands for a
larger solar field surface for a given power output. Within the STORES project in the US, a new paradigm for the successful
deployment of thermal solar plants was investigated: economy of production can be achieved by means of high-volume
manufacturing of small-capacity standard and modular systems, suitable for distributed energy conversion, instead of larger
centralized power plants. ORC turbogenerators have been identified as the optimal conversion technology in this context,
because of their performance and reliability [136, 137]. The main outcome of the study has been the construction of the first
solar plant of this kind in the Saguaro Desert, Arizona. The plant, started operation in 2006, uses pentane as the working
fluid and features a nominal power of 1 MW, with no need for on-site staff. The cycle efficiency is 21% with turbine-inlet
and condensation temperatures equal to 204 and 15 °C. The reported average annual solar conversion efficiency is 12% [89].

More recently, a so-called hybrid ORC power plant has been put into operation in Ait Baha (Morocco), see also Fig.
7d. This plant combines heat recovery from waste heat of a cement factory (heat source cooled from 330 to 220 °C via
an intermediate thermal oil loop) and a solar field of parabolic trough collectors including pebble stone thermal storage.

The heat transfer fluid of the solar field is air at ambient pressure and inlet/outlet temperature of 270/570 °C. The solar
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field generates a thermal power of 4 MWy, and the nominal power of the ORC turbine is 2 MW,.. The heat recovery unit
of the ORC plant is in operation since 2012, while the start of the power generation of the solar field is currently under

commissioning [138].

4 Future scenarios

Research and development activities are very lively because, together with the constant technological improvement
related to current applications, new high-potential applications in the field of renewable energy and waste heat recovery are
considered and actively studied and developed. The growth of the scientific and technical interest in ORC power systems
is testified by the increase of scientific literature in this field, see fig. 6. The sudden increase of the number of publications
related to ORC technology in the 80’s and after 2000 can be correlated to the increase of oil prices, though the more recent
trend is continuing notwithstanding the decrease and stabilization of oil prices of more recent years. It can be contended

therefore that policy and strategic considerations are driving these studies. Nowadays, the application showing the highest
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Fig. 6: Normalized number of published journal articles or conference papers in English per year since 1980. Dashed line:
articles having as subject area engineering and energy. Solid line: articles on ORC power systems within the same subject
area, i.e., with the acronym ORC appearing in the article title, abstract or among the keywords. The values are normalized
with respect to the maximum value, which is indicated in the figure [139].

growth potential is arguably heat recovery at largely different capacity and temperature levels. All the applications of ORC
power systems described in sec. 3.2 are undergoing a fast-pace growth, which will continue in the coming years, given the
global turn toward renewable energy. Waste heat recovery by means of ORC power systems is actively researched in case

of automotive engines (ORC unit from few up to 10 — 15 kW net power output) and starting to be applied in case of larger
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stationary reciprocating engines, but also as bottoming units for medium-size industrial gas turbines (ORC power plant up
to approx. 20 MW), especially those used as mechanical drive in gas compression stations, and for power generation in the
chemical and oil industry.

With reference to fig. 2, new applications of ORC power systems are located at the boundaries in terms of temperature
and power capacities highlighted in the chart. At power levels of few kW, the conversion efficiency of low-temperature ORC
systems is probably inherently too low for economic viability, though the system is feasible. A number of research efforts are
ongoing aimed at developing Rankine cycle-based heat recovery systems for passenger vehicle applications, with a number
of studies identifying ORC turbogenerators among the most promising solutions [140—142]. If the energy source is at high
temperature, in the power range starting from hundreds of kW, both steam and ORC power systems are feasible and various
economic and technical consideration drive the selection, though ORC power systems are more often preferred. It is only
recently that, at this temperature range, ORC power systems are being developed at multi-megawatt capacity level, while
for larger power capacity ORC power systems cannot compete with steam power plants. Unless other drivers are present
which suggest the adoption of ORC (e.g. freezing issues in extreme climates), at medium temperatures of the energy source
but large power capacity, ORC power plants are studied for the heat recovery from large processing units in the oil and
gas industry [124], and other sectors of the chemical industry are also interested. At low temperature levels, currently the
only large energy source that is driving some developments is the thermal gradient established in the water of tropical and
equatorial ocean regions, see sec. 4.4.

As for the most relevant research topics, the supercritical cycle configuration is receiving attention because its ther-
modynamic merit needs careful evaluation, together with implications on turbomachinery design, due to dense-gas effects,
and large expansion ratio [96, 97, 143]. In analogy to steam power plants, multiple pressure-level cycles and reheating of
expanded vapor have been considered in order to boost efficiency [10, 144]. However, the feasibility of these solutions is
challenged by the additional plant complexity they imply. The Lorentz thermodynamic cycle is known to be thermody-
namically the best option for the exploitation of sensible heat sources and, to this end, different solutions adopting organic
working fluids in so-called trilateral cycles have been proposed [145—-147]. The criticality with such systems is related to the
fully wet expansion process, still posing technological concerns regarding the expanding device, should it be a turbine. In
case very high electrical efficiency is sought, the cascaded cycle configuration can be attractive and its evaluation has driven
some interest, presenting several advantages if compared to a single cycle with large pressure ratio [10, 54, 137, 148].

Research on new working fluids can have a large impact, especially because fluids for high temperature applications that
satisfy all requirements do not exist. However, fluid manufacturers are currently refraining from highly targeted development
of new working fluids because the dimension of the market would require taking as a risk the large investments needed for
R&D activities on new molecules, related new production processes, and new production plants. Large markets could arise
as a result of the introduction of new optimal working fluids (e.g., automotive, naval and train-engine heat recovery), thus
this circular situation has determined a stall so far. The merit of using fluid mixtures has been addressed already many
years ago [149], and still stimulates many theoretical studies [150-152]. An innovative idea that very recently sparked

some interest is the integration of the selection of the working fluid into the optimal automated cycle configuration design
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procedure [153]. The study of this idea is at a preliminary stage, but its potential could be high if competences on ORC
system design can be successfully merged with knowledge at molecular level, and fluid manufacturing. Furthermore, new
developments due to the advancements of simulation science promise to overhaul the traditional sequential and iterative
design process. The new design paradigm can be termed virtual prototyping. The physics involved in an ORC power system
is relatively well understood and therefore it can be accurately modeled. The power of modern software and computers
are making it possible to develop and use a programming environment in which the entire system and its components can
be modeled and simulated to the level of detail that is needed for preliminary design and optimization [154]. Dynamic
simulation capabilities allow considering requirements on transient operation and control since early design stages [98,155].
Applications that may feature critical control aspects are automotive heat recovery [142, 156, 157], and the conversion of

concentrated solar radiation [158].

The fluid dynamics of expanders attracts considerable research efforts [159—161]: a sizable improvement of the fluid-
dynamic performance of the expander directly affects the power output and thus the return on investment, more often without
affecting the cost of each unit. On the contrary, improvement of the heat exchanging equipment can often be obtained only
by increasing the heat transfer surface, therefore the cost of each unit. The non-conventional features of highly supersonic

flows typical of high-temperature ORC turbines has driven even some fundamental experimental studies [162, 163].

All types of volumetric expanders for mini-ORC power systems are currently studied theoretically and experimentally.
Piston expanders would be suitable for high-temperature applications, and they have recently been studied for truck engine
heat recovery systems [164], though the need for a lubricant, and the high blow-by losses are difficult challenges to overcome.
Predictive models for scroll expanders are actively studied [165, 166], and also experimental activities are pursued [110].

Models of single and twin-screw expanders [167, 168] are also under strong development.

Also the fluid-dynamic design of organic fluid pumps for high pressure levels and large compression ratio, whereby

compressibility effects might play a role, should be considered, though no specific study is known to the authors.

The literature reports very few articles dealing with heat exchangers specifically designed for ORC power systems,
see, e.g., Refs. [169, 170]. However, the design of more compact and lighter heat exchangers plays a very important role,
particularly in the emerging field of mobile applications. To this end, several heat transfer enhancement techniques are
investigated, leading to new concepts such as micro-channel [169, 171, 172] and porous [173, 174] heat exchangers. The
addition of nano-particles to the working fluid might be beneficial for ORC power system for which ultra-high heat transfer to

and from the working fluid is relevant [175]. Polymeric materials heat exchangers might also be an option in the future [176].

More detailed information on current and possible future research and development activities is given in the following
sections, depending on the specific application. In this respect, one important factor that might influence the level and amount
of future research is the recent interest in ORC technology by large global companies. This is testified either by the starting
of R&D work devoted to new applications, see, e.g., Refs. [84,164], or by the acquisition of companies that developed ORC

technology [177].
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4.1 Heat Recovery from Automotive Engines

The potential of recovering heat from the exhaust and the cooling system of automotive engines cannot be understated.
The development strategy of this product is radically different from that of stationary units. In case of mini-ORC power
systems for automotive engine heat recovery the paradigm is that of economy of production (large number of standardized
units). If this industrial sector is successful, several new large markets for mini-ORC power systems could open up, see, e.g.,

sec. 4.2.

Recently, interest is being revived [178—182], and a considerable research and development effort by original equipment
manufacturers (OEM) and tier-one suppliers has been focused especially on the waste heat recovery from long-haul truck
engines [164]. In this case, as opposed to car engines [183], the amount of thermal power that can be recovered is arguably
enough to allow for the design of an ORC system that does not incur into the limitations inherent to very small expanders. In
addition, the large number of operating hours at cruising speed, plays an important role in the evaluation of the profitability
of the investment. Feasibility studies on heat recovery from car engines have unveiled several limitations with current

technological and economic conditions.

The first units that will be marketed are likely to be add-ons for existing trucks and their engines, employing ethanol as
the working fluid and using high-speed turbines. Because the system is designed to fit existing truck frames and engines,
strict requirements on the volume occupied by ORC components must be complied with. Regulations and requirements on
the working fluids for the automotive sector are also quite stringent: aspects like toxicity, flammability, ODP and GWP are
regulated. Even though a rational approach would require that these aspects are considered in relation to the corresponding
indexes of the fuel, which is transported in quantities that are orders of magnitude larger. Very importantly, the freezing point
of the working fluid must comply with the typical requirements of the automotive sector, therefore operation of the ORC

system should be guaranteed for engine idle and startup temperatures as low as —40 °C.

An interesting concept that might be successful in the longer run, is the combined-cycle power train: in this case
the primary engine and its integrated heat recovery system are designed together in order to optimize all critical aspects:
efficiency, volume, weight, reliability, etc. The potential for improvement with respect to the add-on approach can be large
if one thinks about the similarity to the design methodology of combined-cycle power stations. In this case the gas and the
steam turbine systems are optimized in an integrated fashion, aiming at maximizing the efficiency of the whole system, which
often leads to a gas turbine which is less efficient than what is achievable with a simple Brayton cycle configuration [184].
In a combined cycle powertrain, also the relatively large amount of thermal energy dissipated by the engine cooling system
could be recovered. Given the radical changes with respect to current practice that such a system could impose, it is likely that
the whole cab and drivetrain should be designed around the new combined-cycle powertrain. Another interesting possibility
is that the combined-cycle engine is part of a hybrid powertrain, thus generating electricity to power electric in-wheel motors

and batteries [185].

In the authors’ opinion, the development of mini-ORC power systems for the automotive sector has the potential to

boost the advancements in many other fields of applications, see secs. 4.2 and 4.3.
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4.2 Domestic CHP

The potential advantages of finely distributed cogeneration have been studied [25], especially in case of capillary natural-
gas distribution, like in large parts of Europe. Besides the high utilization factor and total system efficiency, there might be
a strategic interest in promoting a new business model of distributed power generation, due to the increasing difficulty to

locate or refurbish power stations in densely populated areas because of permitting and public acceptance.

Among the technologies that are suitable for small-capacity electrical power conversion and cogeneration of heating,
domestic ORC CHP units underwent research and development activities [186,187]. In comparison to Stirling and micro-gas
turbine generators, ORC systems display some potential advantages. In case of recent developments, the power capacity is
either very small, 1 kW [186], or small, 10 — 30 kW [187], and the need to keep the cost low, especially in the case of a
new application promoted by small companies, resulted in low-temperature cycles and the use of scroll expanders [188],
whereby the electric efficiency is bound to be low (5 — 10%). In any case the total energy efficiency can be very high
(up to approximately 85 —90%). The market for mini-ORC CHP units for domestic use could be very large (e.g., several
millions unit per year in Europe only), but the higher investment cost compared to a traditional heater might be a barrier to
widespread market introduction. In an increasing number of countries, however, mini-CHP systems are eligible for feed-in
tariff schemes, which provide subsidy for early technology adopters. In the future, a large market might arise in developing

countries where low-cost solid biomass fuel is locally available.

4.3 Concentrated Solar Power - CSP

The majority of the present research efforts are devoted to low-to-medium temperature solar ORC systems, aiming
at using comparatively inexpensive solar collectors and at cogenerating heat and cooling. However, considering also the
promising results achieved in the past [64,70, 89], the investigation of higher temperature and thus high-efficiency systems
might be worth more attention. ORC systems combined with solar-trough fields cannot compete in terms of cost and effi-
ciency with solar-tower power plants for centralized power production. The advantage of solar ORC power systems is the
possibility of locally integrating thermal storage and cogenerating heat and cooling, and still achieving an electric efficiency
that is competitive with photo-voltaic panels, at the cost of a more complex system, possibly requiring more maintenance.
The potential market of distributed solar cogeneration is very large, e.g., for buildings in the solar belt. In this respect,
innovative concepts aimed at including thermal storage, while simplifying plant layout and operation, and preserving or
improving performance might be successful [189]. the use of small-capacity solar or biomass-fueled ORC modules to power
the electrification of remote areas has been envisaged since the first studies on this technology [36,46], and this research
field is still actively investigated [148, 190]. The combination of solar power conversion with other functions has also been
studied: examples are desalinized water, or combination with cooling by means of absorption chillers [6,191-194]. Also the
hybridization with other energy sources seems promising; this is the case of systems integrating concentrated solar input with

biomass combustion [195], industrial waste heat recovery [138], geothermal energy [196], or ocean thermal energy [10].
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4.4 QOcean Thermal Energy Conversion - OTEC

An ORC power plant could be suitable for the conversion of the energy deriving from the temperature difference between
surface and deep ocean water (600 — 1000 m), which is in the range 20 — 25 °C in various parts of the tropical and equatorial
belt. The OTEC concept has been studied for a long time [197], though no commercial application exists, the very low
power density being the main technical and economic challenge. Recently, experimental research has been resumed and
pilot plants have been built, utilizing ammonia as the working fluid in a saturated cycle configuration [198]. An ORC
system utilizing a refrigerant or a hydrocarbon as working fluid are options, compared to the more conventional and studied
ammonia Rankine cycle OTEC plant, or to the potentially more efficient Kalina or Uheara cycle power plants [198-200].
Note that ammonia-water mixtures implies lower heat transfer coefficient than pure fluids, thus possibly much larger heat
exchangers. Technical problems related to deep-water pipes and pumps can now be solved because of advancements in
off-shore technology. Economic viability might be achieved in the future, depending on energy value and policy, arguably
only with large installations (many tens to hundreds or more MW) [201]. Such conditions push for the highest possible
efficiency. The co-production of other goods or utilities (e.g. desalinated water) could also positively influence the economic
feasibility. An interesting overview of various aspects related to OTEC power plants can be found in Ref. [10], together
with the illustration of a study on the hybridization of an OTEC power plant with the addition of solar concentrators, and the

utilization of complex configuration (multiple pressure level) for maximum thermodynamic efficiency.

4.5 Other applications

Other niche applications attracted some research efforts because the use of an ORC power system implies several ad-
vantages. An example is the heat recovery from high-temperature fuel cells. Molten Carbonate Fuel Cell (MCFC) and
Solid Oxide fuel cell (SOFC) discharge flue gases at temperatures around 400 to 600 °C, and can achieve extremely high
electrical efficiency (50% to 60%). They have not reached widespread market introduction because of the very high cost
per kilowatt and because of long-term reliability and maintenance issues. The first commercialized MCFC units are in the
300 kW, — 3 MW, power range, and an ORC power system is the heat recovery system of choice, not only because of tech-
nical reasons, but also because its cost per kilowatt is bound to be lower than that of the fuel cell, thus inherently improving
the return on investment of the total system [202-204].

ORC turbogenerators are increasingly studied also as bottoming cycles in combined systems for advanced power con-
version facilities. According to several authors, this can be the solution of choice to recover power from the exhaust of high
efficiency small and medium-size gas turbines, in order to exceed 50% efficiency at power levels as low as 5 MW, [205,206].
Similar systems are being considered also for CBC-based plants proposed for next generation nuclear and CSP applica-
tions [207].

Another notable application that has been studied in the past and that might attract attention in the future is the conversion
from solar radiation in space. At the time of the initial activities aimed at the development of the International Space
Station, together with Stirling engines and closed Brayton cycle gas turbines, ORC power systems were much studied, also

experimentally [67,208,209]. It is well possible that the increasing presence of devices orbiting around the earth and further
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space exploration will drive the development of special solar or nuclear-powered ORC systems, whereby the main advantage
with respect to photovoltaic panels could be the possibility of efficiently cogenerating the heat needed for the thermal control

of on-board equipment.

5 Conclusions

The concept of the organic Rankine cycle engine is almost coeval with that of the steam engine. Similarly to steam
engines, the concept has been implemented into actual power systems with an impressive growth of technological sophisti-
cation. The main cause of the recent success of ORC power systems is possibly their very high flexibility, and their relatively
high conversion efficiency in the low power range. It is a technology that can be used to convert external sources of ther-
mal energy at widely different temperature levels, and at an equally wide range of capacities. This characteristic places
ORC power systems in a prominent position among the technologies that are suitable for renewable of renewable-equivalent
thermal energy conversion (geothermal reservoirs, biomass combustion, concentrated solar radiation, industrial waste-heat
recovery, waste heat recovery from reciprocating engines and gas turbines, ocean thermal gradient). ORC power systems can
also co-generate heat and cooling, thus are inherently suitable for distributed energy conversion with unequaled total thermal
efficiency.

Technical solutions have been developed out of scientific and technical research, and sometimes quite fundamental
investigation paved the way to highly innovative improvements. This is the case, for instance, of the study on new fluids,
and their modeling, and the study of the complex gasdynamics of dense vapors and supercritical fluid flows of organic
substances. Equally important were technical inventions related to the various components of the system, and the hermetic
turbogenerator, or the recently re-descovered radial outflow turbine are good examples. Design problems are quite complex
because fundamental aspects, e.g., those related to thermodynamic cycles, and fluid dynamics, cannot be studied without
taking into account realistic technical constraints at the same time. The development of new technology benefits today
from the application of the most advanced engineering methods, like high-fidelity simulations of fluid flows and complex
multi-physics and system and component optimization.

The cumulative installed capacity (CIC) of ORC power plants have been growing at a sustained rate starting from the
first years of the new millennium, as well as the number of ORC power systems. The current CIC is over 2,000 MW, and
close to a hundred units are commissioned every year. The number of vendors is increasing, and large manufactures of
conventional power equipment are entering the market, together with several new dynamic enterprises. The trend might be
similar to that of the CIC of wind power plants, if one looks at some ten to fifteen years ago. The analysis of the available
information about commercial power plants shows that the range of power outputs of ORC units that enter into operation
is becoming both smaller and larger, if compared to few years ago. The application of ORC technology to geothermal
heat and biomass combustion conversion, the two applications that sparked the growth of ORC installations, continues the
trend, whereby the power output of geothermal ORC power plants is increasing (the plants that were recently commissioned
feature capacities from several tens of MW up to the last one, which is approximately 100 MW). Biomass-fuelled ORC

power plants are still spreading in Europe, where policy is favorable, but the situation is not yet equally favorable in other
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continents. Waste heat recovery from prime movers and industrial processes by means of ORC power plants has also started
to grow in recent years, and it is the application with arguably the highest potential in the foreseeable future.

Very recently, a considerable amount of research and development efforts are dedicated to the development of ORC
systems for applications suitable for high-volume production, and heat recovery from automotive engines stands out. The
automotive industry is committed to the initiative. Several solutions are investigated, different above all with respect to the
expander. Volumetric (piston, screw, scroll) expanders are attractive, as much knowledge from small refrigeration compres-
sors is available, but limitations related to the maximum expansion ratio and inlet temperature are difficult to overcome.
High-speed turbines are very promising given their ability to expand vapors from high temperature and to handle large ex-
pansion ratio. In addition they potentially offer a high degree of reliability, given their simplicity, as it can be extrapolated
from the experience with turbo-chargers. The first models of mini-ORC turbogenerators for heat recovery from the exhaust
of truck engines will likely be commercialized in the next few years. If successful, the production of a large number of
standardized and cost-effective units could promote the adoption of mini-ORC power systems in many other high-volume
applications. Examples are domestic CHP, distributed solar power plants cogenerating heat and/or cooling with thermal
storage, and capillary waste heat recovery. The possibility that ORC power blocks will make OTEC plants a viable solution
for base-load energy conversion in the tropical oceans is also worth consideration.

The increase in interest and technological development around ORC power system resulted in the consolidation of a
community of technical professionals who met for the first time in 2011 at the first international seminar on ORC power
systems, held at the Delft University of Technology. The success of the initiative resulted in the establishment of the ORC
Power Systems committee within the ASME International Gas Turbine Institute. The committee has in the website of the
Knowledge Center on organic Rankine cycle technology its hub for the dissemination of information [210]. The committee
now organizes the bi-annual ASME ORC conference.

As a final remark, it is worth noting that modern technological progress is often due to strong collaboration between
academia and industry. Academics shall continue to strive with their role of looking at high-risk high-reward research,
especially now that the technology grew further from its infancy. The level of research and development should reach those
of more mature energy conversion technologies, like, e.g., gas turbines or reciprocating engines. The companies that have
been on the market since the beginning of the diffusion of ORC power systems, and those that are now entering the market,
shall therefore maintain or increase their attitude toward research and innovation, without which the solutions needed in

order to fulfill the high potential of current and future applications cannot be obtained.
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Fig. 7: Exemplary ORC power plants. Large systems - courtesy of Ormat Technologies Inc. [86]: 7a aerial view of the
Ngatamariki 100 MW, geothermal plant (NZ), featuring four 25 MW, units. Geothermal fluid is available at 192 °C, brine
and condensate return at 90 °C; 7b turbines of the axial type for similar applications during the assembly phase, approx.
15 MW, power output each. Medium scale systems - courtesy of Turboden s.r.l. [92]: 7c aerial view of a 5,600 kW,
geothermal plant installed in Germany; 7d 2 MW, ORC unit, i.e. turbine and regenerator/condenser, for the hybrid plant
built in Ait Baha (MO), recovering heat from a cement plant and integrating it with a solar thermal source. Small scale
§yFRm4-1 668rtesy of Triogen BV. [90]: 7e 160 kW, @oivmistalled in Belgium, recovering thermal power from a biogs
engine; 7f hermetic turbo-generator assembly for the same system, with single stage radial expander.
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