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Zusammenfassung / Abstract

Diese Dissertation bietet eine experimentelle und simulationsbasierte Bewertung der CORC-
Systemleistung durch die Nutzung verschiedener Arbeitsfluide aus verschiedenen physio-
chemischen Gruppen. Die Arbeit basiert auf einem 158 kW CORC-System, das aus drei
Hauptkreisldufen besteht: Wirmequellenkreislauf, Hochtemperatur-ORC und
Niedertemperatur-ORC. In dieser Arbeit wird die Systemleistung anhand des thermischen
Wirkungsgrads und des exergetischen Wirkungsgrads gemessen, da sie die abgegebene
Leistung im Verhiltnis zum zugefithrten Wirmestrom wiedergeben. Zusitzlich wird die
Leistungsfahigkeit der Hauptkomponenten bewertet, indem der Turbinenwirkungsgrad, die
Wirmeiibertragung zwischen den kaskadierten ORC-Kreisldufen sowie der Exergieverlust in
ihren vier Hauptkomponenten gemessen wird. Dariiber hinaus konzentriert sich diese Arbeit
auf die Untersuchung der Beziehung zwischen der Systemleistung und den
thermophysikalischen Eigenschaften der Arbeitsfluide, wie z.B. der kritischen Temperatur,
dem kritischen Druck, der Molasse und der Molekiilstruktur. Diese Parameter werden iiber
einen weiten Bereich von Betriebsbedingungen beriicksichtigt, einschlieBlich
Wirmequellentemperatur, ~ Turbineneinlassdruck, = Massenstrom  des  Arbeitsfluide,

Uberhitzungsgrad und Druckverhiltnis.

This thesis provides experimental and simulation-based evaluations of CORC system
performance by adopting various working fluids from different physico-chemical groups. The
work is based on a 158 kW CORC system, consisting of three main cycles: heat source cycle,
high-temperature ORC and low-temperature ORC. System performance is measured based on
thermal efficiency and exergy efficiency, as they view power output in relation to the heat flow
input. In addition, the performance of the main components is evaluated by measuring the
turbine efficiency, the heat transfer between the two cascaded ORC as well as the exergy loss
in their four main components. Moreover, it is focused on the relationship between system
performance and the thermophysical properties of the working fluids, such as critical
temperature, critical pressure, molar mass and molecular structure. These parameters are
considered over a wide range of operating conditions, including heat source temperature,

turbine inlet pressure, mass flow rate of working fluid, superheating degree and pressure ratio.
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1. Introduction

1.1. Background

During the past two decades, global energy demand has increased dramatically due to
population increase that was paralleled with technological, industrial and urban development.
Demand for the consumption of energy will further increase over the next two decades, with an
expected world population rise to about nine billion. Figure 1 presents the increase of global
energy consumption for the period from 2000 to 2022, indicating an expected rise to about 620

Exajoules in 2022 [1].
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Fig. 1. Global energy consumption since the year 2000 [1].

The latest report issued by British Petroleum (BP) showed that the energy demand recorded a
historical rise during the last 50 years. According to the statistical review published by BP,
current global energy consumption has recorded an increase of 5.5% in 2021, representing the
fastest growth since the beginning of the 1970s. This report also reflects the quickest growth in
energy consumption since 1970, showing a strong global demand spike after the decline in 2020

due to the COVID-19 pandemic [2].

By reviewing the sources of global energy consumption, it is clear that fossil fuels dominate
with about 80%, while the percentage from renewable and clean sources is only in the range of
16%. Nevertheless, crude oil still covers nearly a third of the world’s energy consumption, as

shown in Fig. 2. In 2021, the world used 94.1 million barrels of oil per day, an increase of 6%
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over 2020, which is still 3.7% less than the consumption in 2019 [1,3]. Moreover, the impact
of the Corona pandemic still dominated the statistics of energy use and consumption, as energy
consumption and production decreased significantly in 2020, but since then the demand has
rebounded again [3].

Other
Hydro renewables

Gas
27 %

Coal
25%

Fig. 2. Comparison of global use of fossil fuels and renewable energy [3,4].

The choice of fossil crude oil-based fuels as the primary energy source worldwide did not come
about randomly. It was driven by availability and ease of use, transportation and storage, as
crude oil can be refined, and other types of fuel can be extracted from it. The use of fossil fuels
leads to many pollutants, including COx, SO, NOx, volatile organic compounds, particulate
and greenhouse gases, such as N>O, CO; and CHy, directly or indirectly related to combustion
of fossil fuels to produce electricity or drive transport. In this context, global CO> emissions
have recovered from 2020 levels, growing by 5.9% in 2021. However, this is still about 1%
below the record levels set in 2018 and 2019 [5,6]. In parallel, the Intergovernmental Panel
Climate Change (IPCC) reported in August 2021 that global warming will reach or exceed 1.5
°C in the next two decades. Key challenges are reducing the pollutants that affect climate
change and using much more renewable energy. Many agreements and treaties have been made
during the past two decades to reduce pollution and global warming, including the Paris
Agreement, which aims to keep the mean global temperature rise below 2 °C and preferably
limit the increase to 1.5 °C. However, emissions must be reduced by approximately 50% until
2030 to keep global warming below 1.5°C, with less reliance on fossil fuels and an increase of

clean energy use by 20% [7].
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To avoid the worst consequences of climate change, pollutant emissions must be halved by
2030 and brought to zero in 2050. This goal can be achieved by reducing the dependence on
fossil fuels and investing more in alternative clean energy sources for power supply. In addition,
a balance must be struck between the large demand for energy and the preservation of the
environment by finding effective alternatives, increasing their efficiency, and preserving the

environment.

To achieve this purpose, international communities have started to generate power from
alternative and clean sources, including solar, wind, biomass, hydro and waste heat from
industrial process. The past decade has seen a steady increase in alternative energy exploitation,
with the proportion of alternative energy increasing from 3% to about 16% of the total global

energy consumption [4].

One of the techniques to generate clean power is exploiting heat sources with low or medium
temperature that are naturally available or emerge as waste heat during industrial processes.
The organic Rankine cycle (ORC) is one of the best technologies to generate electric power
from different heat sources at low and medium heat source temperature. In ORC systems, an
organic working fluid with a low boiling point is used instead of water, which makes it practical
to exploit heat from low and medium temperature sources. This feature has made ORC units
available in the market with a capacity ranging from several kilowatts to several megawatts that
are adopted in many applications. The ORC can exploit several heat sources, including solar,
biomass and industrial waste heat. The widespread use of the ORC for power generation
worldwide is due to several technical reasons, including simple structure, ease of maintenance
and operation, preferred temperature and pressure conditions, safety and flexibility. In addition,
small ORC units were established in the range of one to ten kilowatts, which are efficient in
generating electricity in rural areas, small commercial buildings or remote areas [8,9]. Since
the adoption of the ORC, many improvements, designs and new architectures have been
introduced to increase the system’s thermal efficiency, leading to a better utilization of the heat
source. Different architectures aim to implement various technologies to improve the
performance of ORC systems and to handle many other conditions that are not well accessible
with regular ORC. In the last 20 years, different ORC architectures have been studied, e.g.
single-stage regenerative ORC, dual-stage regenerative ORC, reheat ORC, ORC with
recuperator, dual-loop ORC, cascaded two-ORC or cascaded dual-loop ORC (CORC) [10].

One of the architectures investigated over the past years is the CORC system, which contains

two power generation cycles, instead of one, to maximize thermal energy utilization.
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This system consists of two cycles, a high-temperature cycle (HT-ORC) and a low-temperature
cycle (LT-ORC), containing two working fluids with different critical temperatures. The HT-
ORC exploits the main heat source, while the LT-ORC utilizes the residual heat from the HT-
ORC or uses a secondary heat source. Usually, the working fluid in the LT-ORC has a critical
temperature lower than that of the HT-ORC to exploit the waste heat from the HT-ORC [11].

This thesis presents an experimental and simulation study of the CORC system under different
conditions considering various working fluids from various physico-chemical groups to explore
system performance. Consequently, the relationship between the thermodynamic properties of
working fluids, such as critical temperature, pressure and system efficiency was studied. The
criteria adopted to qualify system performance are thermal and exergy efficiencies, since they

asses the generated net power output with respect to the heat flow input.

The present work presents the development and investigation of the CORC system to utilize
heat sources at different temperature levels. This type of ORC architecture allows using several
heat sources and various working fluids with their respective properties in both the HT-ORC
and LT-ORC. The heat source of the employed test rig was given by four electrical heaters with
an adjustable temperature. Electrical heaters allow for simple control and regulation and are
little demanding concerning safety and hazard requirements. Furthermore, they can operate
over a wide temperature range. The performance of the CORC system was assessed by adopting
different groups of working fluids, covering a wide range of critical temperature and critical
pressure. The investigated working fluids belong to three groups, namely alkanes, refrigerants

and siloxanes.

Despite the considerable quantity of research published on the ORC, there is a massive lack of
work that practically tests CORC system performance. Therefore, this work is based on
introducing and studying a CORC with a flexible design that can concurrently use heat sources
with different temperature levels. In addition, the main components can be used under many

conditions and with varying working fluids.
1.2. Objective and aims

A lot of research has dealt with and explained ORC technology together with its use in various
fields driven by different heat sources. However, only a few covered the CORC extensively,
while testing and comparing the system’s efficiency in practice with various working fluids is
almost completely missing. The main goal of this work was to investigate the performance of

the CORC as a technique for exploiting low and medium temperature heat sources and
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providing clean power by increasing thermal efficiency. The work is based on a CORC unit
with an external power of 158 kW, designed and practically set up at the University of

Paderborn.
The objectives of this PhD thesis were:

e A literature review of the published works on the ORC, especially the CORC, a study
of its characteristics, working fluids and an assessment of its performance.

e Practical investigation using different working fluids, including alkanes, refrigerants,
siloxanes, and evaluation the CORC system performance by comparing the results.

e A practical study of system components, such as the heat exchangers, turbine and
condenser, by testing the heat transfer between the HT-ORC and LT-ORC, as well as
the turbine efficiency and connecting it with system performance.

e Simulation of the CORC system to study its performance by adopting thermal and
exergy efficiencies as indicators, as well as employing many working fluids with a low
global warming potential (GWP) and zero ozone depletion potential (ODP).

e Test how system performance relates to the thermodynamic properties of working
fluids, such as critical temperature and critical pressure.

e Comparison of thermal efficiency between a conventional ORC and a CORC system at
different heat source temperatures.

e Parametric analysis of the CORC system under different operational conditions.
1.3. Thesis outline

This work is comprised two essential parts: the first part is an overview, and the second one

includes four papers that were published in peer-reviewed scientific journals.

The first chapter presents the background of global energy consumption during the last 20 years.
In addition, the increase of fossil fuel consumption and its negative impact on the environment
is addressed. It highlights the utilization of clean energy consumption from different sources

and its percentage of global clean energy consumption.

The second chapter explains the importance of the ORC as a technology for power generation
from low and medium temperature heat sources. Therefore, it was essential to address the
history of the ORC and its development over the past two centuries by looking at the ORC
market of and the number of currently installed units. This chapter contains an explanation of
the ORC system in terms of thermodynamics. A comparison between it and the Clausius-

Rankine steam cycle from thermodynamic and economic aspects is presented.
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Chapter 3 deals with working fluids, their types and how to select a suitable working fluid for
ORC systems. It discusses the criteria used to select appropriate working fluids and the
importance of each criterion. The focus of this work was laid on three groups of working fluids:
alkanes, refrigerants and siloxanes. In addition, it contains a literature review and a statement

on the importance of each working fluid group.

Chapter 4 is a presentation of the CORC system with a detailed explanation. It highlights its
importance by presenting the main aspects of this technique. A literature review was made of
the works that tested CORC units and the most important findings are outlined. Some
publications dealt with the differences between the regular and CORC systems. This work is
based on the experimental and simulative investigation of a CORC test rig. This test rig is
explained, highlighting its essential components, operational conditions and basic cycles.

Further, the reasons behind such designs and applications are discussed.

Chapter 5 contains four papers published in peer-reviewed journals. The first paper deals with
designing, installing and setting up the CORC test rig with the system’s main components and
operational conditions. Two publications deal with an experimental investigation of system
performance using alkanes and siloxanes as working fluids. The fourth paper deals with the
simulation of the CORC test rig using low-GWP alkanes and refrigerants as working fluids.
The research highlights the system’s thermal and exergy efficiencies and their relationship with
several other parameters, including heat source temperature and internal pressure. In addition,
the efficiency of the components was studied by looking at turbine efficiency, heat transfer and
pinch point temperature difference (PPTD). The relationship between system efficiency and

thermophysical properties of working fluids was also studied.
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2. ORC system

Steam turbines, which use water vapor as the working fluid, are often used as heat engines,
especially in large power plants. However, the thermodynamic properties of water vapor make
it unsuitable as a working fluid, if heat sources with a relatively low temperature are utilized,
like heat from geothermal sources. In such cases, the principle of ORC is used as an alternative
to the Clausius-Rankine cycle (CRC) that contains conventional steam turbines. The word
"organic" means that some organic matter (in the sense of chemistry) is used as a working fluid.
Working fluids of ORC systems have a lower boiling temperature so that waste heat flows with
temperatures below 350 °C can also be used to generate power. The working fluid can be
silicone oils, hydrocarbons, like butane, or refrigerants, like fluorinated hydrocarbons. This
feature means that the process can work at lower temperatures and pressures than the
conventional water cycle so that it can be used in the large-scale conversion of industrial waste
heat into power. ORC working fluids have in common that they have relatively low boiling
points compared to water, which allows them to be operated at low temperatures. In contrast to
the steam Rankine cycle (SRC), the ORC operates at relatively low temperatures so that excess
heat in factories can be utilized. It can also generate power from renewable sources, such as

solar or geothermal [12].

The term "ORC" only describes the basic physical principle, but not a specific technical
implementation. It does not even state whether a turbine is used to expand the steam or a
reciprocating engine. The tendency is to use a turbine for higher output, while reciprocating

engines can be cheaper for lower output power.

The system must be optimized for the respective conditions in terms of heat source and heat
sink temperatures, performance and the working fluid to achieve an optimal efficiency.
Therefore, providing a standard steam turbine with a different working fluid is impossible.
However, the basic processes are the same as in conventional steam turbines. For example,
evaporators and superheaters are often used to obtain a dry vapor with higher enthalpy. The
turbine or engine drives a generator that yields electrical power. The efficiencies achieved in
practice are usually well below the Carnot efficiency, which describes the theoretical potential

[13].

The rising interest in alternative energy sources has increased attention to ORC technology.
ORC consist mainly of the four components of SRC: a pump, an evaporator, a turbine and a

condenser.



8 Chapter 2. ORC system

The ORC is a smaller-sized power source ranging from several kilowatts to several megawatts
that can use a heat source temperature ranging from 80 °C to 350 °C. Therefore, ORC can
utilize many heat sources from nature, industries or engines, including solar, biomass,
geothermal and waste heat. In addition, the ORC is used for heating processes in various

applications [12].
2.1. ORC history

ORC history dates to the beginning of the 19" century, when it began as a marginal technique
and became widely applied in the 21* century. The history of the ORC started about a hundred
years after the invention of the steam engine. In his work published in 1824, S. Carnot proposed
the use of an alternative working fluid instead of water in heat engines. T. Howard, in 1826,

used ether as a working fluid in an engine [14].

In 1829, A. Ainger proposed a CORC system design, where each cycle uses a different working
fluid. In this design, the evaporator acts as a condenser for the next cycle. The residual heat
from the HT-ORC is used to drive the LT-ORC. This design was considered the first proposal
to define the CORC system and use two working fluids in one system [15]. In 1853, the French
engineer V. Du Tremblay introduced a binary heat engine, where water was used as a working
fluid in the HT-cycle, while ether was used in the LT-cycle. In this unit, the generated water
vapor was used to evaporate the ether to generate power [16]. At the end of the 19" century,
F.W. Ofeldt developed engines based on the ORC principles using naphtha as a working fluid.
Ofeldt’s invention has been adopted in hundreds of engines built in the United States [17].

The beginning of the 20" century saw the suggestion of using different working fluids, such as
ether, chloroform, ammonia, carbon disulfide and sulfurdioxide. Already then, solar energy was
adopted as a heat source in many units, where a 20 kW ORC unit was built in Missouri in 1904.
F. Shumann built in 1907 a small-scale ORC, where the output power was about 2.6 kW by

utilizing ether as a working fluid [18].

T. Romagnoli in Italy developed ORC systems in 1923. In these units, water vapor was used to

heat ethyl chloride and the output power generated by motors was about 1.5 kW [19].

L. D' Amelio established the first modern application of the ORC principles in 1935. This
system was driven by solar energy and adopted ethyl chloride as a working fluid. The
evaporation and condensation temperatures were 55 °C and 23 °C, respectively, where the

thermal efficiency was low and estimated at 3.6%. Nevertheless, D' Amelio’s technology has
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been adopted in many small units with a capacity of 2.6 kW to generate power from geothermal

heat sources [18].

The technology of the ORC has witnessed many developments, as the first commercial units
that depended on geothermal heat sources were adopted in Congo, where refrigerants were
utilized as working fluids in the middle of the 20" century. These units were used to generate
power for small villages and mining companies, where they depended on heat source
temperatures ranging from 85 °C to 90 °C, and the produced power output was between 200

kW and 670 kW [16,20].

In the mid-1960s, ORC units with capacities of up to 10 kW were invented by Tabor and
Bronicki using monochlorobenzene as a working fluid. These units depended on solar heat
sources and had little need for maintenance and a high efficiency characterized these units at
the time. The same researchers conducted a study and established criteria for selecting a
working fluid based on molecular mass and boiling point. In 1967, A 500 kW ORC was built
in Kamchatka, Soviet Union using a geothermal heat source and R12 as a working fluid. In the
sixties and seventies of the last century, many ORC units were designed by the Ormat (1964)
and Turboden (1970) companies, which are still active in the design and production of ORC
systems around the world. In the 1970s, the evolution of ORC technology continued and saw
the construction of units with greater power and new working fluids, such as R133 and

perchloroethylene [18].

In 1979, a ORC unit was established, exploiting the waste heat from iron and steel industry in
Kawasaki, Japan, with a capacity of 2.9 MW, using R11 as a working fluid. In the same year,
a CORC unit was established with a capacity of 12.5 MW, where isopentane and butane were

used as working fluids in the HT-ORC and LT-ORC, respectively [21].

Later, ORC technology witnessed many developments and additional components, and new
architectures were introduced to enhance the efficiency of these units. A CORC power plant
appeared in 1979 in California. It utilized isobutane in the HT-cycle, while propane was used
in the LT-cycle. It was driven by geothermal heat and produced an output power of 12.5 MW
[20].

By 1981, the number of installed ORC units increased significantly, and the number of working
fluids used reached about 16 in commercial units. Moreover, more than 20 companies were

established that manufactured the components of ORC [18].
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The past two decades witnessed a significant and remarkable development of ORC technology
through increased research and dozens of commercially installed units. In parallel, the number
of experimental test rigs expanded, and tens of working fluids were tested. The evolution of
ORC technology has experienced growth, as many new working fluids have been introduced
and different heat sources have been adopted. Today, there are about 2,000 ORC units
worldwide, with a total installed capacity of around 5 GW [22].

2.2. Thermodynamics of the ORC

The ORC has four main components: pump, evaporator, turbine and condenser as shown in Fig.
3. First, the working fluid in its liquid state is pumped from low to high pressure (process 1 to
2). Next, the high-pressure working fluid in the liquid state enters the evaporator, which is
heated by an external heat source and turns into vapor or superheated gas state when required
(process 2 to 3). The working fluid steam expands through the turbine, generating mechanical
power, usually converted into electricity by the generator. During expansion, the temperature
and pressure of the working fluid decrease (process 3 to 4). The expanded working fluid enters
the condenser, where the phase change process occurs at almost constant pressure, and the vapor
turns into a liquid (processes 4 to 1). Finally, the working fluid is returned to the pump and

pressurized to repeat the process, of Fig. 3.

The thermodynamic efficiency of the ORC is a function of the evaporation and condensation
temperatures, component efficiency and working fluid properties. The most important criteria
for evaluating ORC system performance are thermal efficiency and exergy efficiency, where
both represent the ratio of the turbine power output in relation to the heat input to the system.
Exergy efficiency is defined as the maximum amount of power which can be produced from a
flow of matter, if it would come to equilibrium with a reference environment. Both refer to the

amount of net power generated by the system and its relationship to the input heat [8,9].

The thermal efficiency of the ORC is given by the ratio of net power to heat flow input

Nen = 7. (1
where W,,,, is the signed sum of turbine output power and pump power.

The exergy efficiency of the ORC is given by the ratio of net power to exergy flow input E;,

Nox = net @)

Ein
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Fig. 3. Layout (left) and temperature-entropy diagram (right) of the basic ORC system.

The net power output should be as large as possible for a given heat flow input to increase
thermal efficiency. This can be achieved by reaching the system’s highest possible evaporation
temperature and the lowest possible condensation temperature. In addition to the temperature
levels of the heat source and heat sink, the evaporation temperature is related to the vapor
pressure, which is supplied by the pump, while the condensation temperature is related to the
condensation pressure. Therefore, the significant difference between the evaporation and
condensation pressure leads to greater net power output and, thus, to an increase of thermal
efficiency. Moreover, the efficiency of essential equipment, such as turbine, pump, evaporator
and condenser, plays a crucial role in increasing system performance. In parallel, the working
fluid itself significantly influences system performance [23,25]. The selection of the working
fluid is subject to several criteria, including thermodynamic properties, environmental
friendliness, availability in the market, cost and other qualities that are discussed below in

detail.
2.3. Comparison between ORC and SRC

In this section, a comparison is made between the ORC and the SRC concerning working fluids,
operating conditions, components, system complexity, cost, performance and the impact on the
environment. The most important feature of the ORC is its ability to exploit low and medium
temperature heat sources so that it is a superior technology to take advantage of solar, biomass,
geothermal and industrial waste heat. These properties make the ORC suitable for generating
power without adverse environmental effects due to the combustion of fossil fuel. Although
SRC and ORC utilize the same thermodynamic principles, they have many differences with
respect to the heat source, operating temperature and system construction. The advantages of

the ORC can be explained by utilizing working fluids with a critical temperature lower than
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that of water (373.95 °C), which makes them suitable to employ low or medium temperature
heat sources and waste heat recovery [12]. Astolfi et al. [24] reported that ORC systems allow
for a better match between the working fluid temperature and the heat source temperature,
which reduces the exergy loss and increases the evaporator’s exergy efficiency during heat
transfer. In addition, ORC systems can work at lower evaporation temperature/pressure and a
reasonable mass flow rate when utilizing low or medium temperature heat sources. These
advantages allow for the design of ORC systems with less construction effort and less
component layout complexity than SRC systems. Therefore, ORC systems are suitable for
waste heat recovery from different industrial processes, like cement production, ceramic and
steel industry. Moreover, ORC technology also allows for the implementation of small-scale
systems with an output of around 2 kW and more compact sizes, which means that they are
usable in the transport sector for waste heat recovery from internal combustion engines. Further
benefits of the ORC system consist of favorable operating conditions, little maintenance and

autonomous operation [25,26].

Economically, ORC systems are less expensive than SRC systems, available in capacities
ranging from several kilowatts to several megawatts. Temperature and pressure in ORC are
lower than those in SRC so that the total cost, safety and maintenance requirements are lower.
ORC systems can exploit dry working fluids that do not require superheating before entering
the expander, unlike water in SRC systems. The condenser pressure in ORC is often higher than
the atmospheric pressure due to the low critical temperature of the working fluid. In contrast,
in the SRC, the condensing pressure is lower than the atmospheric pressure, which may increase
the possibility of leakage that affects system performance. The pressure rate in ORC is low.
Therefore, the enthalpy difference across the turbine is comparably small, which makes it
convenient to use a single turbine. In SRC, due to the high pressure rate, the use of a turbine
with several stages is common. In addition, the small enthalpy difference across the turbine of
ORC leads to the direct use of the generator without needing a core box. Most of the working
fluids in the ORC are used directly without primary treatment, while typical SRC need primary
water treatment. In summary, the ORC is characterized by its effectiveness, ease of installation,
excellence in generating electricity with small units in remote areas, ease of maintenance and
reasonable cost. In contrast, the SRC is characterized by a higher thermal efficiency, which is
often above 30%, while the ORC maximum thermal efficiency is about 25%. Compared to the
working fluids of the ORC, the benefits of water are availability, low cost and low viscosity,

entailing a minimal pressure drop in heat exchangers and piping. The differences between the
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ORC and SRC can be summarized in that the ORC is preferred when the heat source

temperature is low or medium [25,27,28].
2.4. ORC market

Since the emergence of the ORC as a clean technology for generating power from varying heat
sources, interest in it has increased and its market has developed significantly. Currently, there
are about 2,700 ORC projects around the world, with a total capacity of about 5 GW. The
capacity of individual units varies from several kilowatts to several megawatts. Since 2016, the
ORC market has witnessed a tremendous development, with increases of 40% in the terms of
capacity (about 1.2 GW) and 46% in terms of installed units (about 900). The significant
increase of the total installed ORC unit capacity during the past four years is because most units
use geothermal sources, which have a typical capacity of 10 MW, while the capacity of units
that depend on biomass and waste heat recovery does not exceed one or two megawatts. By
reviewing the currently installed ORC units, it can be found that geothermal heat is the
dominant heat source for ORC units with 77.4%, while the percentage of waste heat recovery

and biomass are 11.6% and 10.1%, respectively [22,29,30].

Furthermore, by reviewing the geographical distribution of ORC technology, it can be seen that
most units are spread in the Middle East and North America, and use geothermal heat sources,
as in the USA and Turkey. On the other hand, most units in Europe use biomass and waste heat
recovery as heat sources, as in Germany and Italy. Many companies manufacture and install
ORC units, but the market is dominated by three companies, which share about 78% of the
market, namely Ormat, Turboden and Exergy. ORC markets were affected by the COVID-19
pandemic, as component manufacturing and installation operations were slowed, but they
recovered after restrictions were lifted in most countries and industrial activity rebounded.
Technical and economic studies anticipate a further development of the ORC market, especially
in Asia and Europe, which play a major role in manufacturing components of ORC. According
to a report issued by Grandview research, the global ORC market size was 415.1 million US$
in 2021 and is expect expand by an annual rate of about 3.3% in the next ten years. Some
suppliers of ORC technology expect an increase of more than 3.3% due to the increasing trend
to use renewable energy. Moreover, the longer life cycle and relatively low cost of operation
and maintenance of ORC are some of the significant drivers globally. On the other hand, ORC
technology faces stiff competition from the availability of classic fossil fuel technology such as

SRC. This increase is the result of the interest of many countries in finding clean energy sources
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and exploiting waste heat in major industrialized countries, such as USA, China, Germany and

Canada [31].
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Fig. 4. Historical trend of the installed plants (left) and installed capacity (right) [29-31].
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3. Working fluid

ORC mainly exploit low and medium temperature heat sources, so water is not a suitable
working fluid for this technology. For this reason, working fluids with a low or medium boiling
point are adopted. The selection of the working fluid depends on the type of ORC system, heat
source, system components, expansion device, safety and environmental considerations. The
thermodynamic properties influence the system’s thermal efficiency, since the working fluid’s
critical temperature is strongly related to the heat source temperature. During the development
of ORC technology, many working fluids belonging to different physico-chemical groups were
used, both in test rigs and units used worldwide for power generation. Generally, the working
fluids used in ORC belong to different groups, such as alcohols, ethers, inorganic fluids,

hydrocarbons, refrigerants, chlorofluorocarbons, mixtures and other [32,33].
3.1. Working fluid categories

Working fluids can be divided into three categories according to the saturated vapor line in the
temperature-entropy diagram. A negative slope (ds/dT < 0) refers to wet working fluids, which
means that entropy increases with falling saturation temperature. A positive slope (ds/dT > 0)
refers to dry working fluids, which means that entropy decreases with falling saturation
temperature. The third category are isentropic fluids, where the slope almost vertical (ds/dT
=0), which means constant entropy. The terms wet, dry and isentropic also refer to the vapor
quality after the expansion. The vapor quality is an essential factor in selecting the expander
device. The disadvantage of wet liquids is that they need to be superheated. Moreover, using
wet fluids may reduce the turbine efficiency and require a heat exchanger with a larger heat
exchange area to provide the required superheating degree. Dry and isentropic working fluids
are preferred in ORC as they do not require superheating and thus better protect the turbine

from corrosion and increase its efficiency [34,35].
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Fig. 5. Types of working fluid [34,35].
3.2. Working fluid selection criteria

Water is an ideal working fluid in classic high-temperature SRC units. However, this feature
cannot be applied to units with low and medium heat source temperatures due to the
thermodynamic properties of water. This renders water most suitable, if the heat source
temperature is between 700 K and 800 K. Therefore, if the heat source temperature is lower
than that, a substance other than water should be used. The temperature of natural heat sources,
such as solar and geothermal, is classified within the low and medium temperature range that
needs working fluids other than water. The selection of the working fluid is one of the crucial
factors for the design of ORC systems. Working fluids affect not only the efficiency of the
system, but also the temperature and pressure levels inside the system, which directly affect the
selection of the remaining components. Other factors that influence the selection of the working
fluid include expander type, size of the heat exchangers, condensation and evaporation pressure
as well as availability in the market. In addition to the above, the selection of the working fluid

is subject to the following criteria:
- Thermodynamic and physical properties

The critical properties of the working fluid must be compatible with the operating conditions,
including the maximum temperature and pressure, where the working fluid should have a
critical temperature above the heat source temperature. The critical temperature is very
important for selecting the working fluid, as it plays a vital role for the system’s thermal
efficiency. It is also essential for the design of the components for heat transfer, such as the

evaporator and condenser. In addition, the selected working fluid must have an appropriate
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boiling point to create vapor at the applied temperature. Another critical factor is the freezing
point of the working fluid, which must be below the lowest temperature during system operation

[9,36].
- Density, enthalpy of evaporation

Density is one of the crucial characteristics that must be considered when choosing a working
fluid. A high density is preferable to provide a large mass flow rate during operation, which is
positively reflected in the increase turbine power output. When the other parameters are defined
during the operation, the working fluid should have a large enthalpy of evaporation, which will
reflect positively on increasing the system performance by rising the turbine power output. This
enthalpy difference plays a vital role in reducing moisture during the expansion process,
affecting the turbine’s working life and reducing maintenance. Moreover, a large enthalpy
difference may increase recovery efficiency and improve thermal efficiency. In brief, the
working fluid with a high density and large enthalpy difference may increase system

performance [37,38,42].
- Molecular weight

High molecular weight fluids are preferred because they result in a greater mass flow rate and
increase turbine efficiency with lower rotational speeds and reduced number of expansion

stages [39].
- Thermal conductivity and viscosity

The thermal conductivity of the working fluid should be high to obtain a large heat transfer
coefficient during the heat exchange processes in the evaporator and condenser, which increases
thermal and exergy efficiencies. The viscosity of the working fluid should be low to reduce

drag and thus dissipation, which directly affects the turbine power output and thermal efficiency

[40,41].
- Chemical stability and compatibility

It is imperative that the working fluid is suitable for the components of the system and does not
interact chemically with them, as it is economically reflected in reducing maintenance costs and
increasing the performance of the devices that constitute the system. In addition, the working
fluid should be chemically stable to avoid decomposition at high temperature and pressure,

which may result in ignition, explosion or corrosion of materials [42,43].
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- Environmental aspects

Environmental considerations have become one of the essential factors for selecting the
working fluid, especially after the emergence of environmental problems due to some
refrigerants. The ORC is one of the technologies used to produce clean power, so a working
fluid with a low GWP and ODP must be selected. Because refrigerants have effectively entered
as a working fluid in ORC systems, environmental aspects must be considered when selecting
refrigerants, since some of them have to be excluded due to their adverse effects on ozone layer

depletion [9,42].
- Safety and toxicity

The working fluid should be non-toxic and non-flammable due to safety considerations. The
use of flammable working fluids requires the consideration of more safety factors, which rises
the operational cost of the ORC system, since they may be dangerous for workers, especially at

high temperature and pressure [9,42].
- Availability and cost

Working fluids must be reasonably priced in the market to reduce the ORC units’ operating

costs [9].

In order to achieve a high thermal efficiency and a better use of the heat source, the working
fluid must be selected carefully. Several studies concluded that there is no optimal working
fluid for all operating conditions and all ORC types. This is due to the presence of differences
related to heat source temperature, different types of ORC architecture, operating conditions

and the presence of several criteria for evaluating system performance [10].

Matching of the working fluid’s critical properties with the heat source is essential for several
reasons, such as adequate heat transfer between the heat source and the working fluid, optimal
use of the heat source and reduced irreversibility. A large temperature difference between the
heat source and the turbine inlet temperature leads to an increase in the exergy loss and a

decrease of the system’s thermal efficiency [44].

A growing body of literature deals with the relationship between system performance and the
thermophysical properties of working fluids, including Jacob number [45], boiling point [46],

critical temperature [47] and molar mass [48].
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Aljundi [49] as well as Mann and Barse [50] reported an important relationship between the
critical temperature of the working fluid and system performance. Song et al. [51] also pointed
out that a high critical temperature of the working fluid might enhance the system’s thermal

efficiency.

Some studies linked the selection of the working fluid and the difference between the heat
source temperature and the critical temperature of the working fluid. For example, Zhai et al.
[52] found that ORC systems achieved a better thermal efficiency when the difference between
the heat source temperature and the critical temperature of the working fluid is between 35 °C
and 50 °C, while Vivian et al. [53] reported that the suitable temperature difference is 35 °C.
Braimakis et al. [11] also showed that a small difference between the critical temperature of the

working fluid and the heat source temperature is favorable.

Chen et al. [54] studied 35 working fluids and confirmed that dry and isentropic working fluids
are more suitable for ORC systems than wet working fluids. Their study was based on several
factors, including thermophysical properties, thermal stability, safety, availability in the market

and environmental aspects.

Branchini et al. [55] emphasized that selecting the optimal working fluid for the ORC must be
based on several considerations, including thermal efficiency, expansion ratio, mass flow rate,

recovery efficiency and heat transfer area.
3.3. Working fluids considered in this work

3.3.1 Alkanes

In organic chemistry, alkanes (formerly often addressed as paraffins) are a group of simple,
saturated hydrocarbons without multiple bonds between the atoms. Like all hydrocarbons, they
consist of the two elements carbon (C) and hydrogen (H) only and belong to the saturated
compounds. The basic structure of the alkanes can consist of unbranched and branched chains
or rings. The first two types, n-alkanes and iso- or neo-alkanes, form a homologous series with
the general molecular formula CnHons2. The ring-shaped molecules are called cycloalkanes and

differ from the chain-like alkanes in terms of their thermo-physical and chemical properties

[56-58].

Alkanes represent a remarkably uniform group of substances that build the framework for many
other groups of organic substances. Due to the different molecular topologies, however,

cycloalkanes have properties that sometimes differ significantly from those of linear alkanes.
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Alkanes, both linear and cyclic types, comprise a wide range of working fluids with different
thermodynamic properties that suit different types of ORC systems. In general, alkanes have an
appropriate critical temperature and critical pressure, good thermal stability, material
compatibility, low toxicity and are environmentally friendly (low GWP and zero ODP).
Moreover, it was shown that alkanes exhibit properties that are desired for the ORC, i.e. good

performance in the components and high efficiency [59].

Many studies have focused on the effectiveness of alkanes as working fluids in ORC systems.
For example, Zhai et al. [60] presented that the thermal efficiency is affected by the molecular
structure of the working fluid. They found that working fluids with a cyclic structure and double

bonds achieved higher efficiencies than linear alkanes.

Siddiqi et al. [61] and Lai et al. [62] reported that alkane-based working fluids are suitable for
high-temperature ORC to achieve a good system performance. Quoilin et al. [63] studied a
small-scale ORC system using refrigerants and alkanes as working fluids. They concluded that
working fluid selection must be based on thermodynamics and economics, which reflects on

the selection of system components.

Shu et al. [64] investigated different alkane-based working fluids for exhaust heat recovery in
diesel engines. The authors reported that cyclic alkanes show a good performance in terms of
net power output, thermal efficiency and exergy loss. They indicated that alkane-based ORC
systems might be more practical than regular steam cycles for waste gas heat recovery. Li et al.
[65] showed that cyclic alkanes are suitable working fluids for high-temperature ORC due to

their ability to achieve a high turbine inlet temperature before the expansion process.

Braimakis et al. [11] evaluated the exergetic efficiency of CORC systems by adopting four
alkanes and refrigerants as working fluids. The authors found that alkanes are promising for

HT-ORC and LT-ORC for a heat source temperature between 100 °C and 300 °C.
3.3.2. Siloxanes

Siloxanes are organic compounds with the general formula R3Si—[O—SiR2]s—O—SiR3, where R
can be hydrogen or alkyl. There are no Si—Si bonds in this group of substances; the silicon
atoms are linked to their neighbouring silicon atom by one intermediary oxygen atom. Siloxanes
are widely applied in electrical and textile industries and in household detergents manufacture.
Global production of siloxanes reaches several million tons per year. The word siloxane is
derived from silicon, oxygen and alkane. In some cases, siloxanes are composed of different

types of groups; they are labelled according to the number of Si-O bonds. M-units:
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(CH3)3S510¢.5, D-units: (CH3)2S10, T-units: (CH3)S101.5. Generally, siloxanes are divided into

linear and cyclic molecules according to their Si-O bonds. Linear siloxanes consist of two M-
units such as  hexamethyldisiloxane = (MM), octamethyltrisiloxane = (MDM),
decamethyltetrasiloxane (MD>M) and dodecamethylpentasiloxane (MD3M). Cyclic siloxanes
consist only of D-units, such as hexamethylcyclotrisiloxane (Da),
decamethylcyclopentasiloxane (Ds) and dodecamethylcyclohexasiloxane (Dg). The critical
temperature of siloxanes rises with the number of units per molecule, starting with D> for cyclic
siloxanes and MM for linear siloxanes. Siloxanes are characterized by good thermodynamic
properties, limited flammability, low/non-toxicity, good thermal stability, suitable lubricating

properties, low GWP and zero ODP [56,66-69].

Many studies indicated that siloxanes, such as MM and MDM, are desirable working fluids for
high-temperature ORC due to their high critical temperature, low flammability, thermal
stability, reasonable cost and environmental friendliness. Fernandez et al. [69] studied several
linear and cyclic siloxanes as working fluids of ORC systems under different conditions,
including saturated, superheated, subcritical and supercritical. They found that MM and D4 are
the best option for supercritical cycles. On the other hand, MDM yielded a high thermal

efficiency for a heat source temperature above 200 °C.

In their experimental work, Dai et al. [70] reported that MM is a suitable working fluid for ORC
systems due to its thermal stability. Loni et al. [71] reviewed ORC systems driven by solar
thermal energy as a heat source. They reported that MM is the best option for high-temperature
ORC, while butane is suitable for low-temperature ORC. Sorgulu et al. [72] reported favorable
energy and exergy analyses of an ORC system that was integrated with drying and combustion

subsystems using MM as a working fluid.
3.3.3. Refrigerants

Since their invention and initial use, the task of refrigerants has been to transfer heat due to their
distinct properties. The use of refrigerants dates back to the 19™ century, when the refrigerant
ethyl ether was used, followed by many uses of natural refrigerants, such as ammonia, carbon
dioxide or hydrocarbons. However, a remarkable transformation in the world of refrigerants
took place after the invention of dichlorodifluoromethane (R12) in 1928 by T. Midgley, which

led to a significant development in the field of refrigerants [73,74].

The use of refrigerants as working fluids in ORC units began early in many experimental and

commercial units. The use of refrigerants as working fluids spread in the 1960s, such as in the
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one in 1967 in Kamchatka, Soviet Union, where R12 was used. That ORC system was operating
with a heat source temperature of 80 °C, adopting geothermal heat as a source, where the power
output was about 680 kW. The distinctive properties of refrigerants, including their low critical
temperature, make them suitable for heat recovery from low-temperature sources such as

geothermal and industrial waste heat [18].

Refrigerants have been used as working fluids in different ORC systems due to their
thermodynamic characteristics, safety and chemical stability. However, the diversity of
refrigerants and the expansion of their use as working fluids in many applications showed that
some of them cause environmental problems, including ozone layer depletion and global
warming [75]. As a result, many conventions and treaties have been established to address the
environmental problems resulting from the use of refrigerants, including the Montreal Protocol
(1987) [76], the Copenhagen amendment (1992) [77], the Kyoto Protocol (1997) [78] and the
EU F-gas regulation [79]. These agreements aimed to phase out and limit refrigerants that cause

ozone layer depletion.
In general, refrigerants can be classified according to their chemical composition:
- Chlorofluorocarbons (CFC)

These refrigerants contain chlorine, fluorine and carbon atoms, such as R11, R12, R13, R113
and R114. They are considered to be among the safest refrigerants and they are odourless, non-
toxic and chemically stable. There were widely used until the 1990s in various applications due
to their distinct properties. However, according to the Montreal Protocol, CFC refrigerants were

phased out due to their very high GWP and ODP [80].
- Hydrochlorofluorocarbons (HCFC)

These second-generation refrigerants and were offered as an alternative because they are more
environmentally friendly than CFC refrigerants, having a lower GWP and ODP. They are
composed of hydrogen, carbon, chlorine and fluorine atoms, such as R123 and R22. However,
according to the Montreal Protocol, the production of HCFC refrigerants has been limited, and

their production will be stopped by 2030 [81].
- Hydrofluorocarbons (HFC)

This third generation of refrigerants is characterized by having less impact on the environment
than CFC and HCFC refrigerants so that they are considered as an excellent alternative to them,

as they are chlorine-free. These refrigerants are composed of hydrogen, carbon and fluorine
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atoms, such as R32, R152a, R134a and R227ea. In addition, they are characterized by their

specific thermophysical properties that make them suitable for many applications [9,82].
- Hydrofluoroolefins (HFO)

These refrigerants are composed of hydrogen, carbon and fluorine atoms, such as R1234yf,
R1336mzz(Z) and R1233zd. They are environmentally friendly, characterized by a low GWP
and zero ODP, while they are an excellent alternative to CFC, HCFC and HFC refrigerants.
HFO refrigerants have boiling and freezing points that are suitable for many applications and

are considered as non-toxic and inert, i.e. chemically stable [9,83].
- Hydrocarbons (HC)

Hydrocarbon refrigerants contain carbon and hydrogen atoms only, such as propane, butane
and isobutane. Because they have a negligible GWP and zero ODP, they are considered as an
alternative for the excluded refrigerants, but their flammability has made them less desirable in
some applications. Nevertheless, they have thermodynamic properties that are appropriate for
many refrigeration applications and as working fluids in ORC systems [9,84].

- Mixtures
Mixture refrigerants are produced by mixing two or more pure compounds to obtain refrigerants
with distinctive properties that reduce undesirable characteristics. Refrigerant mixtures can be
categorized into:
Azeotropic mixtures, such as R433A, R436A and R444A. These mixtures have the advantage
of behaving like a pure compound, evaporating and condensing at a constant temperature and

pressure.

Zeotropic mixtures, such as R510 and R511. These mixtures are composed of different
compounds with different boiling points. At constant pressure, evaporation and condensation
are associated with a temperature variation, i.e. the phase change occurs with a temperature

glide [9,85,86].
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4. CORC system

The ORC is accepted as a useful technology for converting the heat flow from sources at
different temperature levels into power. In addition, it is designed for simple operation with less
maintenance as a source of clean power. Due to these properties that are in very high demand
today, the number of ORC plants worldwide is increasing to utilize heat from various sources.
As a result, regular ORCs are being introduced in the industry in many fields. The next logical
step was to develop new ORC architectures for an optimized utilization of heat sources to
increase system performance and lifting the potential of new working fluids. The past decades
have witnessed great interest in developing the ORC systems in various respects, but the focus
on testing new architectures needs to be sharpened. However, new architectures typically
contain more components and more complex than regular ORC systems. In addition, few

practical data are available on tests of new architectures under different conditions [87].

One of the architectures that researchers have focused on is the multi-loop or multi-cycle ORC
system. Many studies showed theoretically that multi-loop ORC may achieve a better system
performance in terms of net power output and thermal efficiency than conventional ORC
systems. Moreover, they can concurrently recover heat from different sources. Multi-cycle or
loop ORC consist of several ORC cycles, where each one operates under different conditions
(temperature, pressure and mass flow rate). Generally, cascaded two-ORC consist of a high-
temperature ORC (HT-ORC) and a low-temperature ORC (LT-ORC). The HT-ORC (topping
ORC) utilizes the primary heat source, while the LT-ORC (bottoming ORC) utilizes residual
heat from the HT-ORC or is driven by a secondary heat source. Each cycle consists of the main
components, 1.e. turbine, condenser, evaporator and pump. The two-ORC system may improve
thermal efficiency due to a better temperature match between the heat source and the working
fluid of the HT-ORC. The disadvantage of multi-cycle systems is their larger complexity in
terms of devices, sensors and operational parameters that must be coordinated. Such systems
are also characterized by higher cost because they consist of more components than regular

ORC [11].

CORC systems can maximize heat source exploitation mainly when one heat source is used,
where the residual heat from the HT-ORC is used to drive the LT-ORC, leading to a higher
thermal efficiency. Several studies have investigated the advantages of CORC systems to
enhance system performance. As a result, it was shown that multi-loop ORC could theoretically

reach a better thermal efficiency and more turbine power than regular ORC. Therefore, several
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researchers have published reports highlighting the importance and advantages of CORC

systems by comparing their system performance with regular ORC systems [9].

One of the early studies of the CORC system was conducted by Bryszewska-Mazurek, whose
system consisted of several heat exchangers and expansion stages. The results proved that the

highest efficiency was obtained using the multi-ORC system, outmatching regular ORC [88].

Yun et al. [89] compared regular ORC and CORC systems for waste heat recovery of exhaust
gas discharged from marine engines. They presented that a two-ORC system achieved a higher
net power output and better thermal efficiency than regular ORC. The authors reported that a
two-ORC system is a suitable technology to recover waste heat from marine engines, where

about 115% more net power output can be obtained than with regular ORC.

Ayachi et al. [90] investigated the performance of regular ORC and two-ORC systems for waste
heat recovery, adopting refrigerants as working fluids at a heat source temperature of 150 °C
and 165 °C. They found that the inclusion of an additional cycle (LT-ORC) into the system to
use the residual heat from the HT-ORC led to an increase of the exergy efficiency by about

33% compared to regular ORC.

Chen et al. [91] proposed that the CORC system can generate about 8% more net power output
than regular two-ORC systems. In addition, the authors presented that the heat exchanger

volume of the CORC system was 18% smaller than for conventional ORC.

Rashwan et al. [92] conducted a parametric comparative study between the CORC system and
conventional ORC. Their results showed that the thermal and exergy efficiencies were
enhanced by 8% and 21%, respectively. In addition, they found that the exergy loss was reduced
by 27%. Therefore, the authors suggested utilizing CORC systems for heat source temperatures
above 200 °C.

White et al. [93] compared regular ORC and CORC systems for waste heat recovery applied at
200-300 °C. Their results indicated that CORC system could produce 10.5% more output power
than regular ORC. In previous publications [94,95], the same authors found that the CORC
system could produce about 4-6% more power output than the regular ORC at temperatures
above 250°C. In addition, the authors presented that the CORC also allows for the expansion
process to be divided into two parts due to the two constituting cycles, which means that the
total volume expansion ratio was reduced. This feature increases turbine efficiency, reduces
exergy loss and entails lower maintenance costs because the turbine does not have to operate at

its maximum capacity, as in the case of regular ORC.
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Kane et al. [96] considered a mini-scale CORC system using R123 and R134a as working fluids
in the HT-ORC and LT-ORC, respectively. They reported a good stability of the CORC system

over a wide range of the operational conditions.

The advantage of CORC systems in terms of exergy efficiency was studied by Braimaiks et al.
[11]. The authors used low GWP refrigerants and hydrocarbons as working fluids for waste
heat recovery. Their study included performance comparisons between CORC systems and
regular ORC by utilizing a heat source temperature between 100 °C and 300 °C. They found
that the exergy efficiency of the CORC system is about 25% greater when compared to
conventional ORC. They noted that a CORC system is preferred when the difference between

the heat source temperature and the critical temperature of the working fluid is small.

The literature review above emphasizes the importance and advantages of CORC systems in
increasing system performance regarding turbine power, thermal and exergy efficiencies. The
advantages offered by CORC systems make them more suitable for the exploitation of heat
from different sources and from several sources at the same time. In addition, they can operate
with different working fluids having different thermodynamic properties. One of the advantages

of the CORC is that it can exploit high-temperature heat sources.

4.1. CORC test rig

The schematic diagram of the CORC test rig that was employed in this work is shown in Fig.
6. The HT-ORC utilizes the heat flow from the heating cycle (HC), while the LT-ORC exploits
the residual heat flow from the HT-ORC. The heating cycle and the HT-ORC have a shared
heat exchanger (HE1) to evaporate the working fluid, while the HT-ORC and the LT-ORC also
have a shared heat exchanger (HE2). The HE2 represents the condenser of the HT-ORC and
the evaporator of the LT-ORC. This combined heat exchanger reduces the heat dissipated to
the environment and reuses it again in the LT-ORC, which leads to an increase of the thermal
efficiency by a more optimal utilization of the heat source. The CORC unit design and its
features allow for a use of heat from two different sources, where the primary heat source is
used by the HT-ORC, while the secondary heat source is used by the LT-ORC.

The scope of this work was to optimize the system performance of the CORC system in terms
of thermal and exergy efficiencies by studying different parameters. Due to the structure of the
test rig, no recuperator was required. The CORC system set-up was designed to cope with
different working fluids and a wide range of heat source temperatures. The test rig comprised

heating, cooling and power generation cycles, consisting of the HT-ORC and LT-ORC.



Chapter 4. CORC system 27

The system had fast-acting valves and controllers. Safety considerations to avoid reaching

critical situations were embedded technically and protected users and system components from

damage.
Generator
Throttle
>p-<
LT 10
Heaters Heating Cc2

MO M2
Cooling
Air cooler
/'/ > \\ M3

Fig. 6 Layout of the present CORC test rig.

Moreover, the CORC system was designed such that a wide range of operating conditions in
terms of mass flow rate, working fluid, heat source temperature and pressure became accessible.
In addition, temperature and pressure sensors were placed at the inlet and outlet of each
component connected to software for control, giving effectively access the results. Improving
CORC system performance is not straightforward, and different parameters should be
optimized in concert to enhance system performance. These parameters include PPTD,
condensation temperature and pressure, evaporation temperature and pressure as well as the

temperature difference between the heat source and turbine inlet.
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Fig. 7. (a) The cascaded two-ORC test rig, (b) HT cycle heat exchanger, (c) LT cycle heat
exchanger, (d) HT cycle turbine and generator, (e) LT cycle throttle, (f) HT and LT heat

condensers, (g) power and control cabinet, (h) MO pump.
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The optimization of the HT-ORC is the most critical factor that directly affects the overall
system performance, since the HT-ORC is the primary cycle and represents the heat source of
the LT-ORC. Selecting parameters only to increase the turbine power output may harm the
overall thermal and exergy efficiencies. This is because increasing the turbine power output
may require absorbing more heat from the source, leading to a decrease of net power output
and thus reducing the thermal and exergy efficiencies [11]. Fig. 7 shows the layout of the CORC
test rig. The main components of the CORC test rig and their operating range are listed in Table

1.
4.1.1. Heating cycle

Heat was generated by four electric heaters with a maximum power of 158 kW. Each electric
heater consisted of three standard rods controlled by thyristors to set the heat source
temperature. The electric heaters are simple to control and can be easily set up, allowing the
system to be tested over a wide heat source temperature range. Moreover, electric heaters
provide high temperatures with low operating risk and reduce the uncertainty of heat flow input.
In the heating cycle, a heat transfer fluid (Therminol 66) was employed to transfer the heat to
the working fluid in the HT-ORC via HE1. Employing Therminol 66 and electrical heaters
allowed for a good modulation of the thermal power, reducing the uncertainty in the heating
cycle during the experiments. Furthermore, Therminol 66 allows for a high heat source
temperature (up to 300 °C) at atmospheric pressure. Moreover, it avoids corrosion and freezing,
reducing maintenance cost. Therminol 66 is characterized by low toxicity, good heat transfer
properties, suitable price and is usable in a wide temperature range. Therminol 66 was heated
by electric heaters and pumped by the pump (MO) to the heat exchanger (HE1) to transfer heat
to the working fluid in the HT-ORC.

4.1.2. Cooling cycle

The role of the cooling cycle was to dissipate the residual heat of the working fluid after the
expansion process in the turbine. The cooling cycle in the CORC test rig was located outside
the laboratory and consisted of an air cooler connected to a plate heat exchanger. The working
fluid in the cooling cycle was a mixture of ethylene-glycol/water, circulated by the pump (M3).
After the expansion process, the residual heat in the working fluid was absorbed by the
ethylene-glycol/water mixture and released to the ambient by the air cooler. The design of the
cooling cycle allowed to operate the CORC system as a dual cycle or only the HT-ORC as a

single cycle.
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4.1.3. Power generation cycles

The power generation cycles consisted of the HT-ORC and the LT-ORC, which were connected
as a cascade that shared a heat exchanger HE1 so that the HT-ORC can be driven by the residual
heat of the HT-ORC. Each cycle contained the four essential components of the ORC system,
i.e. pump, evaporator, turbine and condenser. However, the LT-ORC contained an expansion
valve instead of a turbine for the present investigation purposes. The working fluid was
compressed to a higher pressure through pump M1 (process 7-3), then entered the evaporator
(process 3-4), where it was preheated, evaporated and superheated before it entered the turbine
(4-5), where it expanded to generate the power output. After the expansion, the working fluid
was still at a high temperature, where its residual heat was used in the LT-ORC. After that, it
entered the condenser to reject the remaining heat, and the same process was repeated. In the
LT-ORC, the working fluid absorbed residual heat from the HT-ORC fluid via the second heat
exchanger (HE2) (process 8-9). The working fluid was thereby converted into steam and
entered the expansion valve (process 9-10). After the expansion process, the working fluid
rejected its residual heat via the condenser C2 (process 10-11), and then entered the pump to be
pressurized to a higher pressure before entering the evaporator (process 11-8), as shown in Fig.

6.

Table 1: Basic components of the CORC test rig.

Component Type Range

Flow heaters GC heat DO1-00508 0—- 158 kW

MO Allweiler NTWH 25 200 max. 0.3 kW

M1 Progressive cavity-NETZSCH -20 —-200 °C

M2 Progressive cavity-NETZSCH -20—-200 °C

HE1 Plate & Shell, VAHTERUS -20 - 280 °C, -1 — 60 bar
HE2 Plate & Shell, VAHTERUS -20 - 250 °C, -1 — 100 bar
C1 Heat exchanger, WP 10 L-100 max. 25 bar, -195 - 195 °C
C2 Heat exchanger, WP 10 L-100 max. 25 bar, -195 - 195 °C
Turbine Radial flow max. 325 °C
Generator Six pole synchronous max. 12 kW

Servomotor
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5. Publications

In this section, four publications were presented, where three publications are first author
contributions, and one publication is a second author contribution. The main objective of the
publications was to test CORC system performance for a wide range of operating conditions.
The publications included experiments and simulations of overall system and component
performance. In these papers, the working fluids were selected according to environmental

considerations, thermodynamic properties and availability in the market.

5.1. Experimental setup of a cascaded two-stage organic Rankine cycle

Dubberke F, Linnemann M, Abbas WK, Baumhogger E, Priebe KP, Roedder M, Neef M,
Vrabec J. Experimental setup of a cascaded two-stage organic Rankine cycle. Applied Thermal

Engineering 2018;131:958-964. DOI: 10.1016/j.applthermaleng.2017.11.137.

With permission of Elsevier reprinted from the journal Applied Thermal Engineering

(Copyright 2018).

This paper involved testing and installing a CORC system using cyclopentane and propane in
the HT-ORC and LT-ORC, respectively. One of the primary purposes of the work was to review
system components, specifications and operating conditions. The work included the
measurement of turbine power output, thermal efficiency, in addition to the heat transfer
between HT-ORC and LT-ORC and PPD evaluation. The results showed that system
performance should be tested over a wide range of heat source temperature using different
working fluids. The calculations in this work depended on a fixed heat source temperature of

220 °C and turbine input pressure of 16.32 bar.

Design and layout of the system was done by Frithjof H. Dubberke and Klaus-Peter Priebe.
Elmar Baumhogger and Riidiger Pflock supported the construction and set up process. The
measurement and data evaluation were performed by the author of this thesis and Mathiaas

Linnemann. Jadran Vrabec revised the manuscript.
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5.2. Experimental study of two cascaded organic Rankine cycles with varying working
fluids

Abbas WKA, Linnemann M, Baumhogger E, Vrabec J. Experimental study of two cascaded
organic Rankine cycles with varying working fluids. Energy Conversion and Management

2021;230:113818. DOI: 10.1016/j.enconman.2020.113818.

With permission of Elsevier reprinted from the journal Energy Conversion and Management

(Copyright 2021).

System performance was experimentally tested in terms of thermal efficiency, exergy efficiency
and turbine power output. Cyclopentane, pentane, butane and propane were selected as working
fluids. The system performance was measured over a wide range of heat source temperature
and turbine inlet pressure. Moreover, the component performance was discussed by evaluating
turbine efficiency and enthalpy difference across the turbine. In addition, the heat transfer
between HT-ORC and LT-ORC and PPTD was studied. It was shown that the CORC system

can be considered suitable for exploiting different levels of heat source temperature.

The author of this thesis determined the operating conditions, selected working fluids and
conducted experiments. The experiments were supported by Elmar Baumhogger and Mathiaas
Linnemann. The paper was written by the author of this thesis and was revised by Jadran

Vrabec.
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Organic Rankine cycles convert low-temperature heat from different sources, like solar, geothermal or biomass,
into electricity and may thus help to meet the energy demand in an environmentally friendly way. While single
ORC systems have been studied extensively, there are only very few experimental works on systems consisting of
two cascaded organic Rankine cycles (two-ORC). In this work, an experimental study is carried out on the
performance of a two-ORC system that consists of a high temperature (HT) cycle and a low temperature (LT)
cycle. Each cycle is composed of the four significant components, i.e. expander, evaporator, condenser and pump,
while the LT cycle is equipped with a throttle as expansion device. The HT cycle utilized heat from electrical
heaters, while the LT cycle was driven by the waste heat from the HT cycle. The test rig utilizes Therminol 66 as a
source that is heated up by electrical heaters with a power of 158 kW. Propane, butane, pentane and cyclo-
pentane are chosen as working fluids for the present experiments. Parameter variations are carried out to study
the thermodynamic characteristics of each cycle. The aim is to investigate the HT cycle performance considering
turbine power output, thermal efficiency and exergy efficiency. The effect of the HT cycle on the LT cycle is
examined by studying the heat transfer rate between the two cycles, characteristics of heat exchangers and pinch
point temperature difference. A further goal is to explore the system performance under different conditions to
maximize the exergetic utilization of the heat source. The results confirm that turbine power output and thermal
efficiency increase with heat source temperature and turbine inlet pressure in the HT cycle. The maximum
achieved thermal and exergy efficiencies are 5.5% and 20.2%, respectively, while the maximum turbine power
output is 4.92 kW. Heat transfer measurements show that the maximum transferred heat flow from the HT cycle
to the LT cycle is 23 kW when pentane is used as a working fluid. Temperature profiles and the pinch point
temperature difference in the heat exchangers of both cycles are assessed under conditions where the highest
turbine power is obtained. The experimental tests are promising and show that the two-ORC system is suitable to
utilize heat sources in various temperature ranges.

sources [3]. The ORC has the same operating scheme as the Rankine
cycle, but utilizes organic fluids instead of water. The working fluid

1. Introduction

Global warming and its impact on climate change has received much
attention in recent years. Consequently, many alternative technologies
and solutions have been introduced to reduce the dependence on fossil
fuels. The organic Rankine cycle (ORC) is a suitable technology for
power generation because it can be driven by heat from different sour-
ces. ORC may generate power from low-temperature and waste heat that
might otherwise be emitted into the environment [1,2]. The heat source
has an essential role in the design process of such plants. Therefore, ORC
systems have been devised for various low- and medium-temperature

* Corresponding author.
E-mail address: vrabec@tu-berlin.de (J. Vrabec).

https://doi.org/10.1016/j.enconman.2020.113818

selection is a key step for the design and optimization of ORC under
given heat source characteristics. A large number of studies highlighted
the importance of selecting appropriate working fluids [4].

Saleh et al. [5] tested 31 working fluids for different ORC layouts in
the context of geothermal plants with temperatures varying from 30 °C
to 100 °C. The authors demonstrated that supercritical fluids recovered
the largest amount of heat, while the situation was reversed for high-
boiling subcritical fluids. Bao et al. [6] reviewed different working
fluids and turbines for ORC plants. Their analysis included a study of
thermo-physical properties of working fluids and their influence on ORC
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Nomenclature

C Condenser [-]

HT High temeprature cycle [-]

LT Low temperature cycle [-]

LNG Liquefied natural gas [-]

MO Heat cycle pump [-]

M1 High temperature cycle pump [-]

M2 Low temperature cycle pump [-]

M3 Cooling cycle pump [-]

PPTD Pinch point temperature difference [K]
TIP Turbine inlet pressure [MPa]

o Isobaric heat capacity [kJ/(kg K)]

Ein Exergy flow input [kW]

Myc Mass flow rate in heating cycle [kg/s]
myr Mass flow rate in high temperature cycle [kg/s]
myr Mass flow rate in low temperature cycle [kg/s]
Pec Critical pressure [MPa]

M Molar mass [g/mol]

Q Heat flow [kW]

Tp Boiling point temperature [K]

T Critical temperature [K]

performance, along with a comparison of working fluids that are pure
components or mixtures. It was pointed out that mixtures with an
appropriate composition may improve overall system efficiency. Ma
etal. [7] published a study on system performance of medium- and low-
temperature ORC systems. Their study included a systematic screening
of 70 working fluids with different thermo-physical properties and re-
ported a major dependence of specific turbine volume and thermal ef-
ficiency on their critical point temperature.

Many researchers focused on the selection of suitable heat sources for
different ORC systems to modify the objective functions, like output
power, thermal efficiency, exergy efficiency or heat transfer. The se-
lection included solar energy [12], geothermal energy [13], biomass
[14] or liquefied natural gas (LNG) [15].

A considerable number of investigations focused on developing
different ORC architectures. In this context, ORC systems with multi-
cycle layouts have received attention in recent years [9]. One of these
architectures is the two-ORC system, where each cycle has a different
working fluid, different temperature and pressure levels as well as
different mass flow rates. Generally, a two-ORC system consists of a HT
cycle (topping ORC) and a LT cycle (bottoming ORC). The HT cycle is
driven by the main heat source, while the LT cycle utilizes the residual
heat from HT cycle or a secondary heat source [10]. Several theoretical
investigations have been presented to identify the advantages of multi-
ORC systems. Wang et al. [8] studied a two-ORC system driven by waste
heat of a diesel engine using R245fa and R134a as working fluids. The
authors assessed the influence of turbine efficiency, evaporation pres-
sure of the HT cycle and condensation temperature of the LT cycle on the
system performance. They reported that the use of a two-ORC system
can improve the net power by up to 22%. Braimakis et al. [10] consid-
ered seven working fluids to explore the exergetic optimization of a two-
ORC system, where the heat source temperature ranged from 100 °C to
300 °C. The authors developed a routine to calculate the optimal
evaporation pressure as well as the pinch point temperature difference
during evaporation and condensation to increase power output.
Thereby, the exergetic efficiency increased up to 25% by employing
cyclopentane and butane for the HT and the LT cycle, respectively. They
found that the two-ORC layout is suitable when the critical temperature
difference between the working fluids in the HT and LT cycles is low.
Sung and Kim [16] analyzed a two-ORC system to recover waste heat
from engine exhaust. They revealed that the proposed two-ORC system
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may enhance the performance of the engines such that the net power
output may be 5% higher than that of regular ORC systems. The authors
reported that pentane and R125 are the best option for the HT cycle and
the LT cycle, respectively. Mehrpooya et al. [17] optimized a two-ORC
layout by studying the influence of 11 thermodynamic parameters on
the system performance. The authors also reported a relation between
the improvement of the exergy efficiency and the investment cost of the
ORC layout. Yang et al. [18] proposed a two-ORC layout for heat re-
covery from a compressed natural gas engine. The authors investigated
the effect of evaporation pressure and condensation temperature of the
HT cycle on the system performance, while the same parameters were
kept constant in the LT cycle. Their results indicated that the maximum
power output and the thermal efficiency are 23.62 kW and 10.19%,
respectively. Kosmadakis et al. [19] studied 33 refrigerants to select the
optimal working fluid for the use in the HT cycle of a two-ORC layout.
They discussed the environmental effects and performance of working
fluids under high-temperature conditions. They found that R245fa has
the best properties among the selected working fluids according to its
high turbine power, good thermal efficiency and low impact on the
environment. The thermodynamic analysis of a two-ORC system was
discussed in the work of Xue et al. [20]. The authors presented numer-
ical thermodynamic models to investigate the effect of different pa-
rameters on the system performance. They showed that the maximum
achieved net power output was 1.78 MW, with maximum thermal and
exergy efficiency of 25.64% and 31.02%, respectively. Preissinger et al.
[21] made an exergy analysis of a biomass-fired two-ORC system,
investigating 35 different working fluids. The study concluded that the
achieved thermal and exergy efficiencies were 36% and 60%, respec-
tively. The authors showed that the exergy efficiency is affected by the
LT cycle working fluid more than by the HT cycle working fluid. Ayachi
et al. [22] assessed the exergy efficiency of regular and two-ORC sys-
tems, reporting that the two-ORC system may provide an exergy effi-
ciency of about 42%, which is higher than that of regular ORC systems.
Their study also points out a strong relation between critical tempera-
ture of the working fluid and exergy efficiency. In addition, the highest
efficiencies may be achieved by subcritical cycles. Yun et al. [23] pro-
posed a parallel two-ORC system for marine applications, comparing it
with regular ORC systems for waste heat recovery. They studied the
advantages of two-ORC layouts and considered four models based on
actual sailing data of a container ship. They demonstrated that the two-
ORC system may generate more power output than regular ORC. Their
paper reported that the proposed two-ORC system can be considered for
different marine applications due to its ability to recover waste heat
under different operational conditions. Choi et al. [24] studied multi-
ORC (two- and three-ORC) systems for LNG cold energy recovery for
power production. The authors presented that cycle efficiency, thermal
efficiency and turbine power output increase with the number of system
cycles. The highest turbine power output was gained with a three-ORC
system by using propane as a working fluid. Li et al. [25] proposed a
cascaded two-ORC power generation plant using LNG and solar energy
as heat source and they also investigated the influence of working fluids
on system performance. The authors discussed the design of turbines for
ORC and found that the volume ratio of their expanders is much smaller
than that of regular ORC. Shu et al. [26] analyzed a two-ORC layout with
respect to system performance to recover waste heat from high-
temperature exhaust and engine coolant. They utilized water and six
refrigerants for the HT cycle and the LT cycle, respectively. Their results
revealed that the maximum achieved power output and exergy effi-
ciency are 36.77 kW and 55%, respectively. The selection of the working
fluids for the two-ORC system was discussed in the paper of Emadi et al.
[14]. They studied the applicability of two-ORC technology for waste
heat recovery from a solid-oxide fuel cell system integrated with a gas
turbine. The authors investigated 20 combinations of working fluids and
proposed the combination of pentane and ethane for the HT and the LT
cycle, respectively. According to their study, the two-ORC system pro-
duced electrical power of 1040 kW with an exergetic efficiency of 51%.
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This literature review of theoretical studies indicates that articles
dealing with two-ORC systems are devoted to the effectiveness of this
architecture and may contribute to the environmentally friendly power
supply [28]. Despite many publications on two-ORC technology, there is
still a lack of experimental studies and practice in turning theoretical
research into tangible results.

Experimentally, Linnemann et al. [27] assessed a cascaded two-ORC
system. Their study presented a thermodynamic analysis of different
parameters by utilizing waste heat from a biogas combined heat and
power plant. They found that the maximum achievable thermal effi-
ciency of the HT cycle was 15.20% by using toluene as working fluid,
while it was 8.90% for the LT cycle by using SES36 as a working fluid.
Ntavou et al. [42] practically tested and compared the system perfor-
mance for both regular and two-ORC systems over a wide range of heat
flow input. Their results showed a thermal efficiency of 7% and turbine
power of 6.30 kW for a regular ORC, while the values of the two-ORC
improved to 9.9% and 7.7 kW, respectively. Yu et al. [11] investigated
a cascaded steam-ORC experimentally, which consisted of a HT cycle
and a LT cycle to recover waste heat from a diesel engine. They pointed
out that the maximum power output was 12.7 kW.

The rather large literature review of the present work indicates that
the two-ORC system may be highly promising and effective for waste
heat recovery applications, as elaborated in numerous theoretical
studies. However, the very few experimental studies found that two-
ORC systems are considered to be immature and there is a significant
increase of complexity with respect to the operating conditions of two-
ORC systems. To improve this technology, further practical in-
vestigations are thus necessary, which was the aim of this work. It was
attempted to fill some of the gaps with experimental investigations for
two-ORC system technology by applying a wide range of operating
conditions and parameters.

This paper presents an experimental investigation of a cascaded two-
ORC system by considering four hydrocarbon working fluids. The first
goal is to investigate HT cycle performance concerning turbine power
output, thermal efficiency and exergy efficiency under different heat
source temperatures and turbine inlet pressures. The second goal is to
measure the heat transfer rate from the HT cycle to the LT cycle under
different heat source temperatures and heat exchanger inlet pressures.

Heaters Heating
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The pinch point temperature difference (PPTD) was studied for various
conditions to explore the temperature profiles and heat exchanger
characteristics. These investigations provide sufficient knowledge for
the optimization of future system operation with various combinations
of working fluids.

2. System description

The investigated cascaded two-ORC test rig was designed and set up
in practice at the University of Paderborn [29]. A schematic of this
system is displayed in Fig. 1 and its basic components are listed in
Table 1. The test rig contained two essential cycles, the HT cycle and the
LT cycle. Heat was supplied by four electrical heaters with an adjustable
temperature. Electrical heaters allow for simple control and regulation
and are benign with respect to safety and hazard requirements.
Furthermore, electrical heaters can be sources over a wide range of
temperature [47]. In addition to the two working cycles, the test rig had
four supporting cycles. The heating cycle (HC) contained a heat transfer
fluid (Therminol 66) which was thermostated by electrical heaters to
supply heat to the HT cycle. The mass flow rate of Therminol 66 in the
HC was controlled via the rotational frequency of the radial pump MO.
The temperature of the HC was controlled via a fully adjustable

Table 1
Basic components of the cascaded two-ORC test rig.
Component Type Range
MO Allweiler NTWH 25 200 Max.: 0.3 kW, 0.7 kg/s, 0.8 MPa,
350 °C
Flow GC heat D01-00508 0-158 kW
heaters
M1 Progressive cavity-NETZSCH —20 to 200 °C,
M2 Progressive cavity-NETZSCH —20 to 200 °C,
HE1 Plate & Shell, VAHTERUS —20 to 350 °C, —1 to 6 MPa
HE2 Plate & Shell, VAHTERUS —20 to 250 °C, —1 to 10 MPa
Cl Heat exchanger, WP 10 L-100 Max. 2.5 MPa, —195 to 195 °C
c2 Heat exchanger, WP 10 L-100 Max. 2.5 MPa, —195 to 195 °C
Turbine Radial flow Max. 325 °C
Generator Six pole synchronous Max. 14 kW
servomotor
Generator

Throttle

<

LT 10y

Cooling

Air cooler

g - Ny M3

Fig. 1. Layout of the cascaded two-ORC system investigated experimentally in the present work.
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thyristor-controlled heater (TCH), while three power contactor heaters
(PCH) were in use as well. The temperature of Therminol 66 was raised
by the flow heaters up to a maximum temperature of 623 K to avoid its
thermal decomposition. Cyclopentane was employed as a working fluid
in the HT cycle, while the working fluid in the LT cycle was varied, i.e.
propane, butane and pentane. The HT cycle consisted of the essential
components of the Rankine cycle, i.e. centrifugal radial turbine coupled
to a generator, condenser, plate and shell heat exchanger (as an evap-
orator) as well as a progressive cavity pump. The LT cycle consisted of
the same elements, but the turbine was substituted by a manually
adjustable throttle. Fig. 2 shows the cascaded two-ORC system and the
basic components of the HC, HT and LT cycles.

In the HT cycle, cyclopentane was compressed by the progressive

Fig. 2. (a) The cascaded two-ORC test rig was in a container due to safety
considerations, (b) HT cycle heat exchanger, (¢) LT cycle heat exchanger, (d)
HT cycle turbine and generator, (e) condensers of HT and LT cycles, (f) pumps
of HT and LT cycles, (g) LT cycle throttle.
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cavity pump M1, was then heated up and evaporated in the first heat
exchanger (HE1), followed by the expansion in the turbine. Because
cyclopentane was subsequently still at a high temperature, its residual
heat was employed to drive the LT cycle. In the LT cycle, the working
fluid was heated up in the second heat exchanger (HE2) and expanded
through the throttle. Its residual heat was not used further because the
according temperature was low. Therefore, the working fluid was
condensed via heat discharge to the environment to reach its initial
state.

The HE2 is the connection and the main component for the heat
transfer between the HT cycle and the LT cycle. Therefore, it was
important to explore the performance of the HE2 under different process
conditions. The system performance concerning turbine power output,
thermal efficiency, exergy efficiency and the heat transfer between the
two cycles was investigated under different operational conditions. The
long-term target of the experimental investigations is to achieve a
maximum exergetic utilization of the heat source and the system opti-
mization for future operation. The heat source temperature, turbine inlet
pressure (TIP) and the mass flow rate were varied to investigate the HT
cycle’s system performance. In contrast, the LT cycle was examined by
varying the HE2 inlet pressure for a wide range of heat source
temperature.

Temperature, pressure and mass flow rate sensors were located at the
inlet and outlet of the components to measure the thermodynamic states
and process parameters of the cascaded two-ORC system. Parameter
selection to improve only the turbine power output of the HT cycle may
have a negative effect on the performance of the LT cycle and the overall
system. Optimization of HT cycle parameters has a significant influence
on the LT cycle’s inlet parameters, which are equal to the outlet con-
ditions of the HT cycle. Thermal and exergy efficiency are suitable
criteria for rating the system performance. Thermal efficiency gives the
percentage of the heat input being converted into turbine power output.
In contrast, the exergy efficiency is an indicator for efficient utilization
of the given heat source. Moreover, higher exergy efficiency refers to
higher energy quality utilized in the system [29,48].

The heat source temperature and TIP were selected as independent
variables to investigate turbine power output, thermal efficiency and
exergy efficiency as dependent variables of the HT cycle. The turbine
power output is notably dependent on the mass flow rate and the
enthalpy difference across the turbine. Thermal and exergy efficiencies
may not depend directly on the heat source temperature and TIP, but
these two parameters directly affect the net power and input heat flow
amount. The thermal efficiency depends on the net power and input heat
flow, while thermal exergy depends on two parameters, i.e. net power
and exergy flow input. In the LT cycle, heat source temperature and the
HE2 inlet pressure were selected as independent variables to investigate
the heat transfer rate between the HT cycle and the LT cycle.

All measurements represent average values of temperature and
pressure at each state point. The basic sensors of the cascaded two-ORC
system are listed in Table 2.

Table 2

Measuring devices of the cascaded two-ORC test rig.
Variable Sensor type Range Uncertainty
p (HC) Jumo 0 to 0.6 MPa +0.5%
Ty, T2 (HC) Pt 1000 —40 to 380 °C +0.1%
myc (HC) Pressure difference 0 to 2.5 MPa +0.1%
Ts, Ta, Ts, Te, Ty (HT) Pt 1000 —40 to 380 °C +0.1%
P3, pa (HT) APT 0 to6 MPa +0.5%
Ps, Pe; p7 (HT) APT 0 to 1.6 MPa +0.5%
myr( HT) SITRANS P DS III 0 to 10 MPa <0.065%
Tg, To (LT) Pt 1000 —40 to 380 °C +0.1%
Tho, T11 (LT) Pt 1000 —40 to 380 °C +0.1%
Ps, Po (LT) APT 0 to 6 MPa +0.5%
P10, p11 (LT) APT 0 to 1.6 MPa +0.5%
myr (LT) SITRANS P DS III 0 to 10 MPa <0.065%
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3. Thermodynamic analysis

The expressions and equations employed to define the performance
of different operation modes of the cascaded two-ORC system are dis-
cussed in the following. In this thermodynamic analysis, the equations
were built on the assumptions that there is no significant pressure drop
in heat exchangers, condensers or tubes and that the turbine does not
exchange heat with the environment. These assumptions are standard
practice in the literature. They have also been validated in preceding
work of our group and with experimental investigations [43-46].

In the HC, the flow heaters supply Therminol 66 with the heat flow

QH(' = 'ffllc't',,'(Tz =T) (€9)

where T; and T, are temperatures of Therminol 66 at the inlet and outlet
of HE1, respectively.

The heat flow Q¢ into the heating cycle is equal to the heat flow
driving the HT cycle

QHC = QHE.I = tyr.(hs — h3) 2)

where myris the mass flow rate of cyclopentane in the HT cycle, h; and
hs are cyclopentane enthalpies at the inlet and outlet of the heat
exchanger HE1, respectively.

The turbine power output is

Wy = tiver.(hs — hs) )

where hy and hs are cyclopentane enthalpies at the inlet and outlet of the
turbine, respectively.

After the expansion, cyclopentane was cooled before entering the
pump. The heat transferred via the condenser is given by

Ocy = riyr.(he — hy) ©))

where hg and h; are cyclopentane enthalpies at the inlet and outlet of the
condenser C1, respectively.
The work of the pump was calculated by

Wiy = tir.(hs — hy) (5)

where h; and h; are cyclopentane enthalpies at the inlet and outlet of the
pump M1, respectively.

The thermal efficiency of the HT cycle was calculated as the ratio of
net power to heat flow input

Woer
Nwr = (6)
th HT O
; .7 :
Woer = Wy — WIF-IT

The exergy efficiency of the HT cycle was calculated as the ratio of
net power to exergy flow input
Wi
E

Nexur = 7)
Therein, E;, is the exergy flow from the heat source, which was
calculated by

Eiu = ’hHT[(hJ - hz) - T()(SJ, — 83 )]

whereT, is the ambient temperature, hs and hy are cyclopentane en-
thalpies at the inlet and outlet of HE1, respectively, while s3 and s4 are
the corresponding entropies.

The turbine efficiency of the HT cycle can be calculated by

o =
= iy

8
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where hs; is the enthalpy of cyclopentane at the outlet of a hypothetic
isentropic turbine.
The heat flow through the heat exchanger HE2 was calculated by

QIIE.Z = niyr.(hy — hs) ()]

where myr is the mass flow rate of the working fluid in the LT cycle,
while hg and hg are its enthalpies at the inlet and outlet.
The energy balance of condenser C2 is

Dez = tgr.(ho —hyy) (10)

where hyo and h;; are the working fluid enthalpies at the inlet and outlet
of the condenser C2, respectively.
The work of the pump was calculated by

W{T = nigz.(hg — hyy) £

where hy; and hg are the working fluid enthalpies at the inlet and outlet
of the pump M2, respectively.

4. Selection of working fluids

The selection of working fluids is the most significant key to the
performance of ORC cycles. There are many categories of working fluids
for ORC systems, which differ considerably from each other in terms of
their thermo-physical properties.

Generally, working fluids are divided according to the slope of their
saturated vapor line in the temperature-entropy diagram: A positive
slope refers to dry fluids, a negative slope refers to wet fluids, while a
nearly vertical slope refers to isentropic fluids. Isentropic and dry
working fluids are favored in ORC systems because they cannot
condense in the turbine [30].

In this work, three dry fluids (butane, pentane and cyclopentane) and
one wet fluid (propane) were investigated. The advantages of these
hydrocarbons are their low price, environmental friendliness (low GWP
and ODP) and thermodynamic attractiveness. The disadvantages are
mainly safety related because all of these fluids are very combustible.

The selection of the working fluids was based on their thermody-
namic properties, which were calculated with REFPORP 9.0 [31]. The
selection was also based on the experimental and simulation results of
references [10,17,18,32-38]. Table 3 presents the basic properties of
these working fluids. Cyclopentane, that has the highest critical tem-
perature, was selected for the HT cycle, while propane, butane or
pentane were alternatively selected for the LT cycle. 40 kg of cyclo-
pentane was used in the HT cycle, while about 20 kg of working fluid
was used in the LT cycle.

5. Operational conditions of the experiments

Different parameters were investigated to assess the system perfor-
mance. The HT cycle performance considering turbine power output,
exergy efficiency, thermal efficiency, enthalpy difference and turbine
efficiency was investigated under different conditions. Under condition
1, the HT cycle performance was studied for a heat source temperature
from 453 K to 533 K at 10 K intervals. The maximum heat source tem-
perature was limited to the critical temperature of cyclopentane due to
safety considerations. Under condition 2, the heat source temperature
was kept constant at 533 K (the maximum temperature under condition
1), while the TIP was varied from 2.0 MPa to 3.0 MPa.

The LT cycle was driven by the residual heat flow from the HT cycle
so that its output represents the input of the LT cycle and the overall
performance depends on the amount of heat flow transferred between
the cycles. The influence of the HT cycle on the LT cycle was investigated
by looking at the heat transfer between the two cycles. For that purpose,
two additional conditions were investigated. Under condition 3, the heat
source temperature was varied from 453 K to 533 K. Under condition 4,
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Table 3

Properties of the selected working fluids.
Substance M [g/mol] Ty [K] T, [K] pec [MPa] Type GWP ODP Ref.
Propane 44.096 231.036 369.89 4.25 Wet 3 0 [39]
Butane 58.122 272.66 425.13 3.79 Dry 4 0 [40]
Pentane 72.149 309.21 469.70 3.37 Dry 4 0 [35]
Cyclopentane 70.133 322.375 511.72 4.57 Dry <1 0 [41]

the heat source temperature was kept constant at 503 K and 533 K, while
the heat transfer was measured for different HE2 inlet pressures.
Moreover, the PPTD, which is one of the most important factors
affecting the heat transfer, was investigated for different conditions in
HE1 and HE2. Under conditions 1 and 2, the PPTD was investigated at
points where the maximum turbine power output was achieved. Under
conditions 3 and 4, the PPTD was investigated where the largest amount
of heat was transferred from the HT cycle to the LT cycle for each
working fluid. The HE2 is the device for the heat transfer between the
HT cycle and the LT cycle. Therefore, it was important to explore its
performance under different process conditions. Basic parameters and
operational conditions of the present two-ORC system are listed in
Table 4. The selected operational conditions and different parameters
are related to the thermo-physical properties of working fluids and the
design aspects of various components of the cascaded two-ORC system.

6. Results and discussion

The heat source consisted of four electrical flow heaters in the HC
cycle with a maximum power of 158 kW in total. These heaters allowed
for adjusting the heat source temperature, both manually and with
automatic controllers. The heat flow amount during the experiments
was varied by means of the temperature and mass flow rate of Therminol
66 in the HC cycle. The cascaded two-ORC system was studied for heat
source temperatures in the range between 453 K and 533 K and the TIP
was varied between 2.0 MPa and 3.0 MPa. The impact of these impor-
tant parameters is discussed for each cycle.

Table 4
Basic parameters and operational conditions of the present experiments
with the cascaded two-ORC test rig.

Parameter Range

Condition 1

Temperature of heat source 453-533 K

Mass flow rate (HC) 0.48-0.55 kg s
Ambient temperature 278.15-288.15 K
Ambient pressure 0.1013 MPa
Mass flow rate (HT) 0.08-0.12kg s !
Condition 2

Temperature of heat source 533 K

Turbine inlet pressure 2.0-3.0 MPa
Mass flow rate (HC) 0.48-0.55 kg s7!
Mass flow rate (HT) 0.12-0.15kg s~ "
Condition 3

Temperature of heat source 453-533 K

Mass flow rate (HC) 0.48-0.55 kg s
Mass flow rate (HT) 0.12kgs™ !

Mass flow rate (LT) 0.030-0.035 kg s !

Condition 4

Temperature of heat source 533 K

HE2 inlet pressure 1.2-3.6 MPa
Mass flow rate (HC) 0.48-0.55 kg st
Mass flow rate (HT) 0.12kgs *

Mass flow rate (LT) 0.035-0.048 kg s !

6.1. Effects of heat source temperature on the HT cycle performance
(condition 1)

The first step was to study the impact of the heat source temperature
on the cascaded two-ORC system performance. Thermal efficiency,
turbine power output and exergy efficiency were investigated for
different heat source temperatures. The mass flow rate of cyclopentane
was thereby also varied from 0.08 kg/s to 0.12 kg/s. The maximum heat
source temperature was selected to keep the turbine inlet temperature
below the critical temperature of cyclopentane to avoid supercritical
states.

For the variation between 453 K and 533 K, the impact of heat source
temperature on the turbine power output can be seen in Fig. 3 (a). As the
heat source temperature increases, the turbine power output rises. A
comparison between the three configurations shows that the maximum
turbine power output was 4.64 kW at a heat source temperature of 533 K
and a mass flow rate of 0.12 kg/s. Furthermore, the turbine power
output varied from 0.65 kW to 2.86 kW at a mass flow rate of 0.08 kg/s,
while it varied between 1.09 kW and 3.64 kW at a mass flow rate of 0.10
kg/s. The observed increase of turbine power output can be explained by
the fact that with the rise of the heat source temperature, the ratio be-
tween inlet and outlet pressure of the turbine increases. This means that
the increasing heat source temperature increased both inlet and outlet
pressure of the turbine. Nevertheless, the increasing rate of the inlet
pressure outweighs the increasing rate of the outlet pressure. This leads
to a larger enthalpy difference across the turbine, as shown in Fig. 4 (a),
so that its power output increases. The enthalpy difference across the
turbine increases for all three working fluid mass flow rates with rising
heat source temperature. The results indicate that the impact of enthalpy
drop across the turbine on the turbine power output is more significant
than that of mass flow rate.

The thermal efficiency as a function of the heat source temperature is
depicted in Fig. 3 (b). When the heat source temperature rises from 453
K to 533 K for a cyclopentane mass flow rate of 0.08 kg/s, the thermal
efficiency increases from 1.84% to 4.80%. At a mass flow rate of 0.10
kg/s, the thermal efficiency rises from 2% to 5.3%. The maximum
thermal efficiency in this experiment was 5.50% at a temperature of 533
K, where the mass flow rate was 0.12 kg/s. The increase of thermal ef-
ficiency with heat source temperature indicates that the increasing net
power rate is higher than that of the heat flow input to the HT cycle so
that the thermal efficiency increases gradually.

The variation of the exergy efficiency as a function of heat source
temperature for different mass flow rates of cyclopentane is shown in
Fig. 3 (c). As expected, the three investigated cases (=0.08, 0.10 and
0.12 kg/s) show an increasing trend. The maximum exergy efficiency of
20.2% was obtained for a mass flow rate of 0.12 kg/s and a heat source
temperature of 533 K. It was throughout observed that the exergy effi-
ciency rises with the heat source temperature. The main reason is that
the net power increases with heat source temperature and the increasing
rate is higher than that of exergy flow input.

The variation of the turbine efficiency with heat source temperature
is shown in Fig. 4 (b). The results demonstrate that the turbine efficiency
rises with heat source temperature, which can be related to the increase
of enthalpy difference across the turbine. As seen in Fig. 4 (a), the
enthalpy difference increased with the heat source temperature leading
to a higher turbine efficiency. The maximum measured turbine effi-
ciency was 39.12% at a heat source temperature of 533 K.
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Fig. 3. Variation of (a) turbine power output, (b) thermal efficiency and (c)
exergy efficiency of the HT cycle as a function of heat source temperature for a
varying cyclopentane mass flow rate.

6.2. Effects of TIP on the HT cycle performance (condition 2)

In this section, the impact of the TIP on the cascaded two-ORC system
performance was studied. The heat source temperature was kept con-
stant at 533 K, where the highest HT cycle performance was achieved
under condition 1. The mass flow rate of cyclopentane was varied from
0.12 kg/s to 0.15 kg/s by adjusting the rotational frequency of the pump
M1. The inlet pressure was again kept throughout below the critical
pressure of cyclopentane to avoid supercritical states.

Fig. 5 shows the impact of the TIP on the turbine output power,
thermal and exergy efficiencies and demonstrates the variation of tur-
bine power output with TIP. When the TIP rises from 2.0 MPa to 3.0
MPa, the turbine power output increases slightly from 3.18 kW to 4.92
kW for a mass flow rate between 0.12 kg/s and 0.15 kg/s. However, the
turbine power output is related to turbine inlet and outlet pressure and
both were increased during this experiment. The higher pressure ratio in
this test entails a larger enthalpy drop across the turbine and more
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Fig. 4. Variation of (a) enthalpy difference across the turbine and (b) turbine
efficiency as a function of heat source temperature for a varying cyclopentane
mass flow rate.

power output was generated as depicted in Fig. 6. When the TIP in-
creases, the enthalpy difference across the turbine rises as well and
causes an increase of the turbine power output.

The variation of the thermal efficiency versus TIP is also shown in
Fig. 5. It can be concluded that the thermal efficiency increased slightly
from 4.17% to 4.60% as the TIP increased from 2.0 MPa to 3.0 MPa. The
rise of the TIP led to a larger heat flow transferred from the HC cycle to
the HT cycle, while pump work increased as well. However, the
increasing rate of net power slightly outweighs that of the increasing
rate of the heat flow input Qy¢, which led to a slight increase in thermal
efficiency according to Eq. (6).

The influence of the TIP on exergy efficiency is also shown in Fig. 5. It
can be noted that the exergy efficiency increases with TIP. When the TIP
increases from 2.0 MPa to 3.0 MPa, the exergy efficiency rises from
16.30% to 17.11%. This increasing trend is expected, as the TIP in-
creases, the enthalpy difference across the turbine increases, which re-
sults in a higher turbine power output and a better exergy efficiency. In
other words, the ratio of net power to exergy flow input Ej, increases
with increasing TIP.

Fig. 6 displays the turbine efficiency and the enthalpy difference
across the turbine upon variation of the TIP. As the TIP increased, the
enthalpy difference rises from 26.87 kJ/kg to 32.82 kJ/kg, while the
turbine efficiency increased from 29.1% to 31.6%. Generally, by
comparing condition 1 with condition 2, the highest turbine power
output was gained under condition 2 at a heat source temperature of
533 K and a TIP of 3.0 MPa, which is due to the positive impact of the
higher TIP. The thermal and exergy efficiencies under condition 2 were
lower than under condition 1. This can be explained as follows:
Increasing the TIP required more pump work during the experiment.
Moreover, the HT cycle absorbed more heat from the HC cycle under
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condition 2. This results in a lower thermal efficiency, which is related to
turbine power output, pump work and heat flow input. Increasing the
pump work reduced the increasing rate of the net power which directly
affected the exergy efficiency. The system achieved the maximum
thermal and exergy efficiencies under condition 1, where the heat source
temperature was 533 K and the mass flow rate 0.12 kg/s. In contrast, the
maximum turbine power output was obtained under condition 2, where
the heat source was 533 K, TIP 3.0 MPa and the mass flow rate 0.15 kg/s.
Solely turbine power output does not reflect system performance
improvement because focusing on selected parameters may have a
negative impact on the overall system performance. In the case of a two-
ORC system, it is better to adopt thermal and exergy efficiencies as
criteria for the system performance [10].

Fig. 7 depicts the heat transfer and temperature profiles in HE1 under
conditions 1 and 2 at operating parameters where the maximum turbine
power output was achieved. State points 1 and 2 refer to the inlet and
outlet of Therminol 66 in the HC cycle, respectively. Moreover, HE1 was
divided for both conditions into three sections: preheating (3-3a),
evaporation (3a-3b) and superheating (3b-4). Fig. 7 also shows PPTD
under conditions 1 and 2, which is the minimum temperature difference
between Therminol 66 and cyclopentane in HE1. The PPTD was calcu-
lated by the following equations according to Figs. 2 and 7.

Under condition 1:

600
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Fig. 7. Comparison of heat transfer, temperature profiles and PPDT in the heat
exchanger HE1 under (a) condition 1 and (b) condition 2.

PPDT =T, - T, (12)
Under condition 2:
05 3,= 0514 13)
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05 14 = titnc-cy(To = Tha) (15)
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Ty = 2oy 7, (16)
Myc-Cp
PPDT =Ty, — T3, a7

The heat flow-temperature diagram gives a clearer picture of the
heat exchanger’s performance and the matching between Therminol 66
and the cyclopentane during evaporation for optimal exergy utilization
of the heat source temperature. Furthermore, an optimal PPTD during
the heat transfer from the heat source to the HC cycle and to the HT cycle
may reduce exergy losses.

Fig. 7 (a) represents the operation parameters where the maximum
turbine power output of 4.6 kW was gained under condition 1. At a heat
source temperature of 533 K, a heat flow of 83 kW was transferred from
the HC cycle to the HT cycle. The transferred heat flow was utilized for
preheating, evaporating and superheating a mass flow rate of 0.12 kg/s
of cyclopentane from state point 3 to state point 4. The PPTD under
condition 1 was 30 K and was located at the HE1 outlet.

Fig. 7 (b) depicts the operation parameters where the maximum
turbine power output of 4.9 kW was yielded under condition 2. At a heat
source temperature of 533 K, the HC cycle transferred a heat flow of
99.82 kW to the LT cycle. The heat flow was employed for preheating,
evaporating and superheating 0.15 kg/s of cyclopentane from state
point 3 to state point 4. The PPTD was 23 K and was located at the
beginning of the evaporation section (3a-3b). However, the location of
the PPTD depends on the temperature profiles in HE1, the amount of the
heat flow from the HC cycle and system performance. The PPTD is a
significant factor affecting the heat flow from the HC cycle to the HT
cycle. Moreover, the PPTD is related to the heat exchange surface area
and the performance of the heat source fluid. Optimal PPTD lead to
small exergy losses between the two streams in the HE1, but require a
large heat exchange surface area to transfer the heat flow from Ther-
minol 66 to cyclopentane in the HT cycle. The variation in the PPTD
values in Fig. 7 (a) and (b) is due to several factors, which are the dif-
ference in mass flow, the amount of transferred heat flow and the inlet
and outlet temperature of HE1 in both cases. At the highest heat source
temperature of 533 K, the heat flow under condition 2 was higher than
that under condition 1, but the thermal and exergy efficiencies were
lower. That means the amount of transferred heat flow that was con-
verted into useful work and the utilization of source heat temperature
under condition 2 was lower than that under condition 1.

6.3. Effects of heat source temperature on the LT cycle performance
(condition 3)

During the present experiments, three working fluids, i.e. propane,
butane and pentane, were used to investigate the heat transfer from the
HT cycle to the LT cycle. The throttle in the LT cycle was manually
adjusted to provide an appropriate expansion process according to the
properties of the working fluids and the operational conditions of the
system.

Since the present test rig was designed as a cascaded two-ORC sys-
tem, the second heat exchanger HE2 was a crucial component in this
experiment for the heat transfer between the HT cycle and the LT cycle.
It was important to investigate the different parameters and operational
conditions related to HE2 characteristics, such as inlet temperature,
mass flow rates and HE2 inlet pressure.

Fig. 8 shows a comparison of the heat transfer rate form the HT cycle
to the LT cycle for the three organic fluids. The mass flow rate of the
working fluids in the LT cycle was varied from 0.030 kg/s to 0.035 kg/s.
The heat source temperature in the HC cycle for pentane and butane
ranged from 453 K to 533 K in increments of 10 K, while the heat source
temperature for propane was in a smaller range from 453 K to 503 K
because of its low critical temperature (369.89 K). A comparison be-
tween the three configurations shows that among the three working
fluids, pentane is the one with the highest transferred heat flow rates.
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Fig. 8. Variation of heat flow from the HT cycle to the LT cycle as a function of
heat source temperature for three different LT cycle working fluids.

The maximum transferred heat flow to the LT cycle was 21 kW, obtained
at a mass flow rate of 0.035 kg/s and a heat source temperature of 533 K.
Because the heat source temperature was not fixed, the heat absorbed by
the LT cycle varied and rose with an increase of the heat source tem-
perature. As the heat source temperature was raised from 453 K to 503
K, the transferred heat flow grew from 13.80 kW to 16.82 kW in case of
propane and from 14.90 kW to 19.30 kW for butane, while the according
numbers were 16.35 kW to 21.00 kW for pentane. Generally, the amount
of transferred heat flow depends on the thermo-physical properties of
the working fluids and the process parameters of the LT cycle, such as
temperature and the mass flow rate. As the amount of transferred heat
flow increased with the rising heat source temperature, it was primarily
expected that the maximum transferred heat flow in the case of propane
is lower. This is primarily because the maximum heat source tempera-
ture was lower than that of pentane and butane.

6.4. Effects of HE2 inlet pressure on the LT cycle performance (condition
4)

This test was carried out at a heat source temperature of 533 K,
where the highest amount of heat flow was transferred from the HT
cycle to the LT cycle under condition 3 by using pentane and butane as
working fluids. The heat source temperature for propane was 503 K
because of its low critical temperature. The mass flow rate of the
working fluids was varied in the range from 0.035 kg/s to 0.048 kg/s.
The variation of HE2 inlet pressure and the heat transfer to the LT cycle
can be seen in Fig. 9. For all working fluids, an increase of the HE2 inlet
pressure led to a gradual increase of the heat transfer from the HT cycle
to the LT cycle. The transferred heat flow for propane increased from
14.88 kW to 19.30 kW at a heat source temperature of 503 K, as the HE2
inlet pressure rises in the limited range from 3.2 MPa to 3.6 MPa to avoid
critical conditions. Moreover, when using butane as a working fluid, the
HE2 inlet pressure varied from 2.2 MPa to 2.7 MPa, while the transferred
heat flow increased from 16.21 kW to 21.00 kW. The maximum
achievable heat transfer during these experiments was 23 kW by
employing pentane as working fluid, when the HE2 inlet pressure was
raised from 1.2 MPa to 1.7 MPa. As mentioned earlier, it was expected
that the amount of transferred heat flow in the case of propane is lower
since the maximum heat source temperature is less than that in the case
of pentane or butane.

The heat transfer rate values under condition 4 are higher than under
condition 3 for all working fluids. The main reason is that the variation
of the mass flow rate of working fluids under condition 1 was larger than
that under condition 3. For all working fluids under condition 4, the
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Fig. 9. Variation of heat transfer from the HT cycle to the LT cycle as a function
of inlet pressure of heat exchanger HE2, by using (a) pentane, (b) butane and (c)
propane as a working fluid in the LT cycle.

mass flow rate varied from 0.035 kg/s to 0.048 kg/s and led to an in-
crease of the HE2 inlet pressure and an increase of the absorbed heat
flow rate from the HT cycle. Furthermore, the HE2 inlet pressure had a
more significant effect on the heat transfer rate values than the heat
source temperature variation. Since the LT cycle employed a throttle as
an expansion device, it was important to explore the heat transfer be-
tween the two cycles and the PPTD to examine the performance of HE2,
which is helpful for designing the LT cycle’s turbine.

Fig. 10 shows the temperature profile, heat flow and PPTD at the
operating condition where the maximum amount a heat flow was
transferred from the HT cycle to the LT cycle under condition 3 in the
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Fig. 10. Comparison of heat transfer, temperature profiles and PPTD in heat
exchanger HE2 under condition 3, by using (a) pentane, (b) butane and (c)
propane as a working fluid in the LT cycle.

HE2. The PPTD under these conditions was calculated by

0o 50 = —0s_s, (18)
Qy_s, = ritur-(ho — hs,) 19
Qs;sfl = 'ﬁfir't‘p'(Ts —Tsq4) (20)
Top= mQ,jf; +Ts (21)
PPDT =T5, — Ty, (22)

Fig. 10 (a) shows operating parameters where the maximum heat
flow was transferred under condition 3 in the HE2 by using pentane as a
working fluid. At a heat source temperature of 533 K and a mass flow
rate of 0.12 kg/s, cyclopentane from the HT cycle supplied the LT cycle a
heat flow of 21 kW. The absorbed heat was utilized for preheating,
evaporating and superheating a mass flow rate of 0.035 kg/s of pentane
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from state point 8 to state point 9. The PPTD was 19 K and was located at
the beginning of the evaporation section (8a-8b).

Fig. 10 (b) shows the temperature profile, heat flow and PPTD where
the maximum heat flow absorbed by butane under condition 3 in the
HE2. A heat flow of 19.30 kW was transferred from the HT cycle to the
LT cycle. The absorbed heat was used for preheating, evaporating and
superheating 0.035 kg/s of butane from the state point 8 to state point 9.
The PPTD was 25 K and located at the beginning of evaporation section
(8a-8b).

Fig. 10 (c) shows the same properties when propane was employed as
a working fluid. The mass flow rate of cyclopentane was raised to 0.12
kg/s at a heat source temperature of 503 K. A heat flow of 16.82 kW was
transferred from the HT cycle to the LT cycle for preheating, evaporating
and superheating 0.04 kg/s of propane. The PPTD was 33 K and was
located at the beginning of the evaporation section (8a-8b).

Fig. 11 shows the heat transfer, temperature profiles and the PPTD in
HE2 at operating parameters where the maximum heat flow was
transferred from the HT cycle to the LT cycle under condition 4. In the
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Fig. 11. Comparison of heat transfer, temperature profiles and PPTD in heat
exchanger HE2 under condition 4, by using (a) pentane, (b) butane and (c)
propane as a working fluid in the LT cycle.
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HT cycle, the mass flow rate of cyclopentane was raised up to 0.12 kg/s
at a heat source temperature of 533 K. A heat flow of 23.00 kW was
transferred to the LT cycle from the HT cycle. The heat flow was utilized
for preheating, evaporating and superheating 0.04 kg/s of pentane at a
pressure of 1.7 MPa from state point 8 to state point 9 as shown in Fig. 11
(a). The PPTD was 13 K and was located at the beginning of the evap-
oration section (8a-8b).

Fig. 11 (b) shows the same properties in HE2 under condition 4 by
using butane as a working fluid. A heat flow of 21.00 kW was transferred
to the LT cycle for preheating, evaporating and superheating 0.04 kg/s
of butane at a heat source temperature of 533 K and a pressure of 2.7
MPa. The PPTD was 21 K and located at the beginning of the evaporation
section (8a-8b).

Fig. 11 (c) is analogous for propane as a working fluid. At a heat
source temperature of 503 K, propane was pressurized to 3.6 MPa. A
heat flow of 19.30 kW was transferred to the LT cycle for preheating,
evaporating and superheating a mass flow rate of 0.048 kg/s of propane
from state point 8 to state point 9. The PPTD was 30 K and located at the
beginning of the evaporation section (8a-8b).

The PPTD is an important factor for the heat exchanger effectiveness
and is related to the overall system performance. The lower PPTD led to
an increase of the absorbed heat flow from the HT cycle. Moreover, the
amount of transferred heat flow to the LT cycle and the PPTD location
depend on the HT cycle performance, the temperature profile of the
HE2, thermo-physical properties of the working fluid and process pa-
rameters of the LT cycle. By comparing Figs. 10 and 11, the PPTD values
under condition 4 are lower than under condition 3 for all working fluids
and the maximum transferred heat flow for all working fluids is higher
than that under condition 3. This variation may be explained as follows:
Under condition 4, the mass flow rate variation of the working fluids was
larger than that under condition 3. This led to an increase in the
absorbed heat flow from the HT cycle, which was higher under condition
4. Therefore, under condition 4, the PPTD values were lower than those
under condition 3 in the HE2 for the same working fluids.

7. Conclusion

A cascaded two-ORC system was studied experimentally, filling the
gap in scientific research with respect to testing the two-ORC system for
a wide range of temperatures and pressures. Various parameters were
employed to provide practical results that can be used for system im-
provements and optimization. Cyclopentane was used in the HT cycle,
while pentane, butane and propane were alternatively employed as
working fluids in the LT cycle. The purpose of this work was to inves-
tigate the cascaded two-ORC system performance under different
operating parameters. Results were presented for the performance of the
HT cycle and the LT cycle for a heat source temperature between 453 K
and 533 K as well as different values of the mass flow rate and the
turbine inlet pressure. The maximum power output of the HT cycle was
4.92 kW for a heat source temperature of 533 K and working fluid mass
flow rate of 0.15 kg/s. The maximum thermal efficiency was 5.5% for a
heat source temperature of 533 K and a mass flow rate of 0.12 kg/s,
while the maximum exergy efficiency was 20.15% under the same
condition. Since the LT cycle employed a throttle as an expansion de-
vice, it was important to explore the heat transfer between the two cy-
cles and the PPTD to examine the performance of HE2. The heat transfer
rate between the HT cycle and the LT cycle was examined by employing
three working fluids. The results illustrate that part of the residual heat
from the HT cycle was absorbed by the working fluid in the LT cycle and
the remainder was dissipated by the cooling cycle. Heat transfer mea-
surements showed that the best option among the considered fluids was
pentane. The maximum heat transferred to the LT cycle and absorbed by
pentane was 23 kW. However, the majority of the heat flow from HT
cycle was not transferred to the LT cycle. The present experimental re-
sults demonstrate that more work is needed to enhance the system
performance. The experimental investigations were promising and
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showed that the two-ORC system is suitable to utilize heat sources under
different operational conditions. The present paper is encouraging
further experimental and theoretical examinations for clarifying the
advantages of cascaded two-ORC systems.

Furthermore, to present the convenience of cascaded two-ORC sys-
tems, a new turbine must be designed and built to study the power
output, thermal and exergy efficiency of the LT cycle. In addition, the HT
cycle performance should be studied for varying working fluids.
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In this paper, alkanes and 31 low-GWP refrigerants were selected as working fluids for the
CORC system. Thermal and exergy efficiencies were used as criteria to evaluate the system
performance. The working fluid selection was based on the environmental considerations
(GWP < 150). In addition, the relation between the thermo-physical properties and system
performance was investigated. The obtained results underlined the dependence of thermal and
exergy efficiencies on the critical temperature and molecular structure of working fluids.
Moreover, a comparison between the regular ORC and the CORC system was performed with

respect to thermal efficiency.

The author of this thesis selected the working fluids, operating conditions, simulation
parameters and conducted the simulations with EBSILON®Professional. The author validated
the results by comparison with literature references. The paper was written by the author of this

thesis and was revised by Jadran Vrabec.
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ARTICLE INFO ABSTRACT

Keyword:

Cascaded dual-loop ORC

Low GWP refrigerants

Thermal efficiency

Critical temperature of working fluids

A cascaded dual-loop organic Rankine cycle (CD-ORC) consisting of a high-temperature ORC (HT-ORC) and a
low-temperature ORC (LT-ORC) with a shared heat exchanger is studied. Thermal efficiency is investigated as a
key indicator for system performance over a wide range of heat source temperature ranging from 170 °C to
330 °C. The relation between the thermal efficiency and the critical temperature of the working fluids is
explored. For this purpose, six alkanes and 31 refrigerants with a low GWP (<150) are considered as working
fluids in the HT-ORC and the LT-ORC, respectively. Cyclohexane and cyclopentane are found to be suitable for
the HT-ORC with a maximum thermal efficiency of 19.13% and 18.03%. The thermal efficiency of both loops is
highly affected by the working fluids since it increases with the critical temperature. As a whole, the CD-ORC
may achieve a total thermal efficiency of 25.24%, 24.88% and 24.60% when using the working fluid combi-
nations cyclohexane-R1366mzz(Z), cyclohexane-R1233zd(E) or cyclohexane-butane. This indicates that low
GWP refrigerants are well-suited for LT-ORC. Compared to regular ORC, CD-ORC systems may achieve a thermal

efficiency that is better by around a quarter.

1. Introduction

The rise in population as well as urban and technology development
was accompanied by a significantly increased demand for energy, which
is met by fossil fuels as the primary energy source due to their avail-
ability and low cost. However, studies have analyzed the risks of using
fossil fuels and their derivatives which entail extensive pollution and
threaten environmental disasters in the future [1]. Pollution and
increased carbon dioxide emissions were accompanied by climate
change and unprecedented weather events. The IPCC reported on
August 9, 2021 that the world will reach 1.5 °C of warming within the
next twenty years. There is thus a growing need to find alternative fuels,
clean power sources with less harmful emissions and impact on the
environment [2,3].

A large body of literature has grown around the organic Rankine
cycle (ORC) as a technology to generate power from low and medium
temperature heat sources. The ORC is a sustainable technology for
power generation because it can utilize heat from geothermal [4], solar
[5], combined heat and power [6], biomass [7], waste heat from in-
dustrial processes [8,9] or other sources [10].

Many studies have investigated different ORC architectures to

* Corresponding author.
E-mail address: vrabec@tu-berlin.de (J. Vrabec).
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0196-8904/© 2021 Elsevier Ltd. All rights reserved.

enhance system performance. It was shown that multi-loop ORC theo-
retically can achieve a better thermal efficiency and net power output
than regular ORC systems. Moreover, they have the capacity to
concurrently recover heat from different sources [11-18]. Multi-loop
ORC consist of several ORC loops, where each loop operates under
different conditions (temperature, pressure and mass flow rate).
Generally, dual-loop ORC consist of a high-temperature loop (HT-ORC)
and a low-temperature loop (LT-ORC). The HT-ORC (topping ORC) is
driven by the main heat source, while the LT-ORC loop (bottoming ORC)
employs residual heat from the HT-ORC and/or is driven by a secondary
heat source. A dual-loop ORC may allow for a better temperature profile
matching between the heat source and the working fluid in the power
generating cycle, which improves thermal efficiency. The disadvantage
of multi-loop systems is their higher cost since they require more com-
ponents than regular ORC. Such systems are also characterized by more
complexity in terms of devices, sensors and operational parameters that
need to be orchestrated [19].

Ayachi et al. [20] made an exergetic optimization to examine regular
and dual-loop ORC performance for heat source temperatures between
150 °C and 165 °C. The authors considered three low GWP refrigerants,
i.e. R1234yf, butane and isobutene, and reported that the critical tem-
perature of the working fluid is closely related to exergy efficiency.
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Nomenclature

C1 HT-ORC condenser [—]

Cc2 LT-ORC condenser [—]

HE1 HT-ORC heat exchanger [—]

HE2 LT-ORC heat exchanger [—]

GWP Global warming potential [—]
G1 HT-ORC generator [—]

G2 LT-ORC generator [—]

LNG Liquefied natural gas [—]

MO Heating cycle pump [—]

M1 HT-ORC pump [—]

M2 LT-ORC pump [—]

M3 Cooling cycle pump [—]

¢ Specific isobaric heat capacity [kJ/(kg K)]
Ein Exergy flow input [kW]

h Specific enthalpy [kJ/kg]

Myc Mass flow rate in heating cycle [kg/s]
myr Mass flow rate in HT-ORC [kg/s]
myr Mass flow rate in LT-ORC [kg/s]
M Molar mass [g/mol]

De Critical pressure [bar]

Pe Evaporation pressure [bar]

Q Heat flow [kW]

s Specific entropy [kJ/(kg K)]

T, Critical temperature [°C]

Wt Net power output [kW]

Wp Pump power [kW]

Wr Turbine power output [kW]

Nex HT Exergy efficiency of HT-ORC [%]
7, Turbine efficiency [%]

N Thermal efficiency [%]

Kosmadakis et al. [21] tested 33 refrigerants to select a suitable working
fluid for the HT cycle of a dual-loop ORC, where the operating tem-
perature is between 130 °C and 140 °C. They discussed the performance
of selected refrigerants together with their environmental issues and
found that low GWP refrigerants may allow for good power output and
thermal efficiency.

Preissinger et al. [22] studied a dual-loop ORC system driven by a
wood pellet heater and considered 35 working fluids to examine system
performance. The authors presented a relationship between the system
performance and the thermophysical properties (critical temperature,
critical pressure and molar mass) of the working fluids. They reported
that the overall thermal efficiency is affected more by the LT-ORC
working fluid than by the HT-ORC working fluid.

A study of a dual-loop ORC for waste heat recovery from a catalytic
membrane reactor with hydrocarbons and low GWP refrigerants as
working fluids has been presented by Fouad [23]. The author showed
that the highest thermal efficiency was achieved with heptane as a
working fluid in the HT-ORC. He found that R1234ze(Z) is a suitable
alternative for R245fa and reported a maximum overall thermal effi-
ciency of 13.39%.

Shu et al. [24] proposed a dual-loop ORC and analyzed the impact of
the working fluid and other parameters on system performance. The
proposed system consists of a HT-ORC to recover waste heat from
exhaust gas and a LT-ORC to recover the residual heat from the HT-ORC
and engine coolant. The authors selected six low GWP refrigerants for
the LT-ORC and reported that the highest net power output was ach-
ieved with R1234yf. On the other hand, the maximum thermal effi-
ciency was obtained with butane.

Wang et al. [25] investigated sub- and supercritical dual-loop ORC to
recover waste heat from internal combustion engines. They utilized four
pairs of working fluids, including two low GWP refrigerants, i.e.
R1234yf and R1233zd(E). The authors showed that these are the most
appropriate for dual-loop ORC among the considered working fluids.

Emadi et al. [26] studied working fluid selection for a dual-loop ORC,
where the HT-ORC recovers heat from a solid-oxide fuel cell, while the
LT-ORC was driven by LNG cryogenic energy. They considered 17 low
GWP refrigerants and hydrocarbons to investigate performance in terms
of exergy efficiency and turbine power output. It was found that
maximum exergy efficiency and power output are achieved with a
combination of hydrocarbons.

Xia et al. [27] made a theoretical investigation on working fluids for
dual-loop ORC by employing their normal boiling point as a selection
criterion. The authors studied 27 candidate pairs to choose combina-
tions for HT-ORC and LT-ORC to maximize performance. They found
that the optimal combination is cyclohexane-butane for the HT-ORC and

LT-ORC, respectively.

Xue et al. [28] analyzed a dual-loop ORC layout to recover waste
heat from LNG cryogenic energy and a gas-steam combined cycle power
plant by taking two refrigerants as working fluids in the HT-ORC and LT-
ORC. They studied the influence of operational conditions, such as mass
flow rate and turbine inlet pressure, on performance. It was found that
the maximum thermal efficiency was 25.64%.

The exergetic optimization of dual-loop ORC for waste heat recovery
was studied by Braimaikis et al. [19]. They employed seven low GWP
working fluids (three refrigerants and four hydrocarbons) to investigate
the exergy efficiency for a heat source temperature between 100 °C and
300 °C. The authors compared dual-loop ORC with regular ORC and
reported that the exergy efficiency of dual-loop ORC improves by up to a
quarter when using cyclopentane and butane in the HT-ORC and LT-
ORGC, respectively. They noted that the dual-loop ORC is appropriate
when the difference between the critical temperature of the working
fluids and the heat source temperature is small.

This literature overview outlines that the dual-loop ORC is a prom-
ising technology for power generation and efficient utilization of heat
sources. It also demonstrates that low GWP refrigerants are advanta-
geous working fluids for dual-loop ORC because of environmental and
safety aspects. To improve dual-loop ORC technology, more studies are
needed for further development, which was the goal of this work. It was
attempted to fill some of the gaps with a simulative investigation of dual-
loop ORC technology by looking at a wide range of heat source tem-
perature. Despite many studies on refrigerants, there is a lack of work
that examines low GWP (<150) working fluids, especially zeotropic and
azeotropic refrigerant mixtures. Several studies have considered re-
frigerants in ORC systems, but most have focused on specific groups
only.

This paper considers six alkanes and 31 low GWP refrigerants as
working fluids in the HT-ORC and LT-ORC, respectively. The selection
criteria were based solely on environmental considerations, where the
selected working fluids have a GWP value of up to 150 and zero or
negligible ODP. The first goal was to estimate performance in terms of
thermal efficiency over a wide range of heat source temperature by
employing EBSILON@Professional as simulation software, resting on
the most accurate equations of state for the thermophysical properties.
The second goal was to investigate the correlation between critical
temperature of the working fluid and thermal efficiency. The efficiency
of a dual-loop ORC system is discussed by comparing with that of a
regular ORC.
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2. Working fluids

The selection of working fluids is a fundamental factor for ORC
system design and performance. Many publications have demonstrated
their vital role [37]. In case of dual-loop ORC, the working fluids in the
HT-ORC and LT-ORC must match with each other and with the heat
transfer fluid in the heating cycle. Several considerations have to be
taken into account in this selection to satisfy the relevant requirements,
including environmental friendliness, thermophysical characteristics,
specific heat, heat transfer properties, chemical stability, material
capability, safety, availability in the market and cost [40.41]. A
considerable amount of literature deals with the impact of thermo-
physical properties on ORC system performance, including its relation-
ship with the boiling point [29,30], molar mass [31,32], Jacob number
[33,34] and critical temperature [35,36]. Most investigations have
focused on the relationship between the thermal efficiency and the
critical temperature. Song et al. [35] reported that working fluids with a
higher critical temperature may achieve a better thermal efficiency.
Barse and Mann [38] as well as Aljundi [39] also reported a strong
relation between thermal efficiency and critical temperature of the
working fluids, which rise together.
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Vivian et al. [42] proposed that the optimum difference between the
heat source temperature and the critical temperature of the working
fluid is 35 °C, while Zhai et al. [43] showed that this difference varies
between 35 °C and 50 °C. Braimakis et al. [19] found that a small gap
between heat source temperature and critical temperature of the
working fluid is favorable.

In this study, the thermal efficiency was investigated by considering
different working fluids over a wide range of heat source temperature.
37 working fluids were examined to analyze the impact of their critical
temperature on the thermal efficiency of the HT-ORC and the LT-ORC
separately as well as overall system performance. The critical temper-
ature of the selected working fluids varies from 85.60 °C to 295.59 °C,
while the critical pressure varies between 24.83 bar and 55.79 bar.

2.1. Heating cycle

As a source, electric heaters were assumed so that a suitable heat
transfer fluid is needed to transfer heat efficiently from the heating cycle
(HC) to the HT-ORC. Therminol 66 was selected for this purpose due to
its capability to operate over a wide range of temperature up to 345 °C.
Therminol 66 has a low vapor pressure, good thermal stability and is

Table 1

Properties of working fluids considered in this work.
Substance IUPAC name/Composition* T.[7C) pe [bar] M [g/mol] OoDP GWP Refs.
Alkanes
Octane Octane 295.59 24.836 114.23 0 ~20 [40,83]
Cyclohexane Cyclohexane 280.45 40.805 84.159 0 ~20 [40,85]
Heptane Heptane 267.05 27.357 100.2 0 ~20 [40,83]
Cyclopentane Cyclopentane 238.57 45.828 70.133 0 ~20 [40,86]
Hexane Hexane 234.67 30.441 86.175 0 ~20 [40,83]
R601 Pentane 196.55 33.675 72.149 0 ~20 [40,83]
HFO
R1366mzz(Z) (2)-1,1,1,4,4,4-Hexaflouro-2-butene 171.35 29.03 164.06 0 9 [83,96]
R1233zd(E) trans-1-chloro-3,3,3-trifluoro-1-propene 166.45 36.237 130.5 0 4.5 [87,96]
R1234ze(Z) cis-1,3,3,3-Tetrafluoropropene 150.12 35.306 114.04 0 7 [89,96]
R1234ze(E) trans-1,3,3,3-Tetrafluoropropene 109.26 36.349 114.04 0 7 [92,96]
R1243zf 3,3,3-Trifluoropropene 103.78 35.179 96.051 0 149 [83,96]
R1234yf 2,3,3,3-Tetrafluoroprop-1-ene 94.7 33.822 114.04 0 4 [95,96]
HC
R600 Butane 151.98 37.96 58.122 0 4 [88,961
R600a Isobutane 134.66 36.29 58.122 0 3 [88,96]
RE170 Dimethyl ether 127.23 53.368 46.068 0 3 [90,96]
Cyclopropane Cyclopropane 125.15 55.797 42.081 0 ~20 [40,83]
R290 Propane 96.74 42.512 44.096 0 3 [94,96]
R1270 Propylene 91.061 45.55 42.08 0 2 [83,96]
HFC
R152a 1,1-Difluoroethane 113.26 45.168 66.051 0 124 [91,96]
R161 Fluoroethane 102.1 50.46 48.06 0 12 [93,96]1
HC mixtures
R510 0.88 RE170, 0.12 R600a 125.67 51.186 47.244 0 3 [83,97]
R441A 0.031 R170, 0.548 R290, 0.06 R600a, 0.361 R600 118.47 44.928 48.305 0 0 [83,96]
R436B 0.52 R290, 0.48 R600a 117.43 42.509 49.873 0 20 [83,971
R436A 0.56 R290, 0.44 R600a 115.89 42.728 49.334 0 20 [83,971
R432A 0.8 R1270, 0.2 RE170 97.256 47.564 42.821 0 16 [83,97]
R511A 0.95 R290, 0.05 RE170 96.977 42.879 44.19 0 9 [83,96]
R433A 0.3 R1270, 0.7 R290 94.416 43.454 43.471 0 20 [83,97]
HC/HFC mixtures
R435A 0.8 RE170, 0.2 R152a 123.07 51.919 49.035 0 27 [83,96]
R429A 0.6 RE170, 0.1 R152a, 0.3 R600a 121.95 47.297 50.762 0 14 [83,96]
R430A 0.76 R152a, 0.24 R600a 107.2 40.891 63.957 0 110 [83,96]
R431A 0.71 R290, 0.29 R152a 89.591 42.069 48.8 0 53 [83,961
HFC/HFO mixtures
R444A 0.12 R32, 0.05 R152a, 0.83 R1234ze(E) 106.36 44.728 96.696 0 150 [83,96]
R451A 0.898 R1234yf, 0.102 R134a 94.364 34.43 112.69 0 149 [83,96]
R457A 0.18 R32, 0.12 R152a, 0.7 R1234yf 90.046 43.08 87.605 0 139 [83,96]
R459B 0.21 R32, 0.69 R1234yf, 0.10 R1234ze(E) 87.468 43.606 91.208 0 145 [83,96]
R454C 0.215 R32, 0.785 R1234yf 85.669 43.188 90.776 0 148 [83,96]
R455A 0.03 CO2, 0.215 R32, 0.755 R1234yf 85.609 46.538 87.453 0 145 [83,96]

*The composition is given in terms of the mass fraction.
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non-corrosive to metals utilized in the construction of heating systems
[44]. It was selected and recommended as a heat transfer fluid in ORC
systems for different heat sources [45-47]. Its properties are listed in
Table S1 in the supplementary material.

2.2. High-temperature cycle

Six alkanes were considered as working fluids for the HT-ORC cycle.
They comprise four linear alkanes (pentane, hexane, heptane and oc-
tane) and two cyclic alkanes (cyclopentane and cyclohexane). The
shorter four alkanes (methane, ethane, propane and butane) are not
preferred in HT-ORC due to their low critical temperature. In addition,
the working fluids for the HT-ORC were selected to satisfy operational
requirements, being suitable with the heat source temperature
[13,48-52]. The selected alkanes have the desired properties for work-
ing fluids in HT-ORC: thermal stability, material compatibility, appro-
priate critical temperature and pressure, low toxicity, zero ODP and low
GWP. Moreover, alkanes exhibit a good performance and high efficiency
in HT-ORC systems [52,53]. The critical temperature of these working
fluids varies from 196.55 °C to 295.59 °C, while the critical pressure
varies between 24.83 bar and 45.82 bar. The properties of the consid-
ered HT-ORC working fluids are listed in Table 1.

2.3. Low-temperature cycle

Global warming and ozone depletion are among the biggest chal-
lenges that the world faces. Several conventions and protocols emerged,
such as the Montreal Protocol [54], Kyoto Protocol [55] and European
regulations [56], to protect the ozone layer by eliminating or reducing
the production of substances that are responsible for its depletion. The
Montreal Protocol deals with excluding ozone-depleting refrigerants
that contain either chlorine or bromine. In general, refrigerants can be
classified according to their molecular composition into classes.

e Chlorofluorocarbons (CFC)

CFC refrigerants contain chlorine, fluorine and carbon atoms, such as
R11, R12, R113, R114 or R115. These refrigerants were widely used in
different applications due to their safety and thermodynamic properties.
According to the Montreal Protocol, CFC refrigerants were phased out
due to their high ODP and GWP values [57,58].

e Hydrochlorofluorocarbons (HCFC)

HCFC refrigerants contain hydrogen, chlorine, fluorine and carbon
atoms, such as R22 or R123. These refrigerants are classified as having a
medium to high GWP value and were introduced as substitutes for CFC
due to thermodynamic similarity, intermediate ODP and somewhat
lower GWP values. The Montreal Protocol was revised to phase out R22
by 2020 and all HCFC by 2030 [58].

e Hydrofluorocarbons (HFC)

HFC are the third generation of fluorine-based refrigerants and were
introduced as transitional substitutes for CFC and HCFC. These re-
frigerants are classified as having zero ODP, but a significant GWP and
were selected as alternatives for HCFC and CFC. Examples are R152a,
R134a or R32 [59].

o Hydrofluoroolefins (HFO)

HFO contain hydrogen, fluorine and carbon atoms and represent the
fourth generation of fluorine-based refrigerants, such as R1234yf,
R1336zz(Z) or R1234ze(E). They are classified as environmentally
friendly due to zero ODP and low GWP values so that they are a suitable
alternative to CFC, HCFC and HFC refrigerants [60]. HFO are mildly
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flammable, may release hazardous substances, have a high price and
require additional safety requirements [100,101]. The thermodynamic
performance of HFO as working fluids in ORC systems is not well known.
There is thus a need to evaluate favorable conditions (inlet temperature
and pressure) under which a high thermal efficiency of ORC systems can
be achieved [102].

e Hydrocarbons (HC)

HC are natural refrigerants, such as propane, propylene, butane or
isobutane. These refrigerants are characterized by zero ODP, minimal
GWP and low cost. HC refrigerants were introduced as alternatives for
all existing fluorocarbon refrigerants that will phase out in the coming
years. In addition, they are used as components in safety mixture fluids
for small equipment applications [61].

e Refrigerant mixtures

Refrigerant mixtures are produced by blending pure refrigerants.
They were introduced to provide fluids with a suitable thermodynamic
behavior and to reduce undesired properties. Refrigerant mixtures may
exhibit a good temperature profile match with heat transfer fluids in
heat exchangers [62] and can be classified into:

Zeotropic mixtures, known as R5xx, contain two or more refrigerants
species that have a different boiling point. This mixture type is charac-
terized by a gliding condensation and evaporation temperature for a
given pressure [63].

Azeotropic mixtures, known as R4xx, condensate and evaporate at a
constant temperature for a given pressure so that they behave as pure
refrigerants during phase change [64].

The implementation of European regulations on the environment
and climate eliminated refrigerants with a high GWP, which includes
R245fa and R134a, that are often used as working fluids in ORC systems
[80]. Consequently, demand arose for alternatives of these eliminated
refrigerants, which should have similar thermodynamic properties,
good performance under different operational conditions and be envi-
ronmentally friendly. Several studies suggested substitutes, such as HFO
refrigerants [65], hydrocarbons, ammonia or carbon dioxide. Further-
more, refrigerant mixtures with tuned properties were proposed [66].

Lee et al. [67] presented two low GWP refrigerants, i.e. R455A and
R454C, as suitable alternatives. Other studies have recommended syn-
thetic refrigerants (R152a, R444A and R445A) for many applications as
substitutes for high GWP refrigerants [68-70]. Xue et al. [71] and Sethi
etal. [72] discussed that R600a and R455A can be considered as suitable
for various applications due to desirable thermodynamic properties and
lower GWP. Eyerer et al. [73] and Yang et al. [74] presented R1233zd(E)
as an attractive alternative for R245fa in ORC systems. In addition,
Molés et al. [75] and Yang et al. [76] assessed ORC system performance
by utilizing R1336mzz(Z), R1234yf and R1233zd(E) as working fluids
and alternatives for R245fa and R134a. The authors showed that such
ORC systems could yield a higher thermal efficiency. Longo et al. [77]
made a comparative study and showed that R1233zd(E) and R1234ze(Z)
may lead to a similar or higher thermal efficiency than R245fa. More-
over, Bianchi et al. [78] laid out that R1234yf and R1234ze(E) are
suitable substitutes for R134a in ORC systems. Devecioglu et al. [79]
considered a HFO/HFC mixture that showed an excellent performance.
However, most research has focused on a specific group of refrigerants
only. There is still a lack of investigations on other low GWP refrigerants,
especially refrigerant mixtures, as working fluids in dual-loop ORC
systems.

In this study, 31 refrigerants were considered as working fluids for
the LT-ORC. All of them have a low GWP (<150) and negligible ODP.
These working fluids include six HFO (R1366mzz(Z), R1233zd(E),
R1234ze(Z), R1234ze(E), R1234yf and R1243zf), six HC (R600a, R290,
R600, RE170, cyclopropane and R1270), seven HC mixtures (R510A,
R511A, R436A, R436B, R432A, R433A and R441A), four HC/HFC
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mixtures (R429A, R430A, R431A and R435A), six HFC/HFO mixtures
(R444A, R451A, R454C, R455A, R457A and R459B) and two HFC re-
frigerants (R152a and R161). Their critical temperature varies from
85.60 °C to 171.35 °C, while their critical pressure lies between 29.03
bar and 55.79 bar. The properties of the selected refrigerants are listed in
Tablel.

3. System description

The simulated system is based on an actual CD-ORC test rig, which is
experimentally set up and tested at the University of Paderborn [81].
The present simulations consider the two main operational cycles, i.e.
HT-ORC and LT-ORC. The heat source of the CD-ORC is given by elec-
trical heaters because of their inherently simple regulation and control,
together with less strict safety and hazard requirements. Furthermore,
electrical heaters as a thermal equivalent are a source allowing for a
wide range of temperature. Their maximum thermal power is 158 kW to
supply the main cycles with the required heat. Both cycles consist of the
four essential components, i.e. turbine, evaporator, condenser and
pump. The simulation parameters and components were selected to be
close to the actual CD-ORC test rig.

In the heating cycle (HC), the heat transfer fluid (Therminol 66) is
heated up by the electrical heaters and transferred to the HT-ORC. The
HT-ORC utilizes that heat directly, while the LT-ORC utilizes the re-
sidual heat from the HT-ORC. In the HT cycle, the low-pressure satu-
rated working fluid liquid is compressed by the HT-ORC feed pump (M1)
and then enters the evaporator (HE1) to be vaporized isobarically into a
saturated or superheated state. The working fluid at high pressure and
temperature is supplied to the turbine (HT-turbine) to generate me-
chanical power and then electrical power via the generator (G1). After
expansion, the working fluid is still at a high temperature and the re-
sidual heat is used to drive the LT-ORC. The expanded working fluid
enters the condenser (C1) to release its remaining residual heat in an
isobaric process.

A similar thermodynamic process occurs in the LT-ORC. The working
fluid absorbs the heat from the HT-ORC and evaporates in HE2. It ex-
pands across the turbine (LT-turbine) to yield mechanical power output.
Subsequently, the working fluid releases residual heat in the second
condenser (C2) and is converted into a saturated liquid. Finally, the
working fluid is compressed by the LT-ORC pump (M2) to continue the
thermodynamic cycle.

HT-

Heaters

HC
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4. Thermodynamic analysis

Simulations were carried out with EBSILON@Professional [82] to
investigate system performance under different operating conditions.
Various assumptions were made to build the simulation setup of the CD-
ORC system depicted in Fig. 1.

Process (1-2): In this process, the heat transfer fluid Therminol 66
enters the HE1 to heat up and carry thermal energy to the HT-ORC. The
heat flow can be calculated by

Onc = tuc.cp.(To — Th) @

where Qyc is the heat flow of the HC cycle, rigc the mass flow rate, ¢, the
isobaric heat capacity of Therminol 66 and T; and T, are its tempera-
tures at the inlet and outlet of HE1, respectively. The heat flow in the HC
cycle is equal to the heat flow driving the HT-ORC (3-4), leading to
isobaric evaporation and superheating of the alkane in the HT-ORC. The
heat flow absorbed by the alkane in the HT-ORC can be expressed as

QHT = niyr.(hs — hs) 2)

where myr is the mass flow rate of the alkane in the HT-ORC, h3 and hy
are its enthalpies at the inlet and outlet of HE1.

Process (4-5) refers to the adiabatic expansion work of the HT-
turbine. High pressure and temperature alkane enters and expands
across the HT-turbine into a low pressure state. The HT-turbine power
output is given by

WT.HT = myr.(hs — hs) ()]

where h4 and hs are the enthalpies at the inlet and outlet.

Process (6-7) refers to the isobaric condensation of the alkane in the
HT-ORC, which releases residual heat in condenser Cl1 and can be
calculated by

QL-l = tiyr.(he — hy) (©)]

where he and h; are the enthalpies at the inlet and outlet.
Process (7-3) is the compression with pump M1 that can be deter-
mined as

WP.HT = f"ur-(h} = h7) 5)

Generator

b ©
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'."

turbine
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Fig. 1. Layout of the CD-ORC system investigated in the present work.
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where h; and hs are the enthalpies at the inlet and outlet.
The thermal efficiency of the HT-ORC can be defined as the ratio of
the net power output to the heat flow input to the HT-ORC

W
r.m.HT (6)

Ny =
" O

where Wheenr = W’I‘AHT _WPAHT-

Process (5-6): The heat flow from the HT-ORC is transferred to the
LT-ORC via HE2 and is equal to that absorbed by the working fluid in the
LT-ORC in process (8-9)

Our = singr.(hy — hg) 7

where myris the mass flow rate of the refrigerant in the LT-ORC, hg and
hg are its enthalpies at the inlet and outlet.

Process (9-10) refers to the refrigerant expansion across the LT-ORC
turbine and the power output is given by

WT.I.T = lf"l.‘r-(’h A hm) (8)

where hg and h are the enthalpies at the inlet and outlet.
Process (10-11) is the isobaric residual heat discharge of the
refrigerant in the LT-ORC condenser C2

ch = nz.(hyo — hn) 9

where hjo and h;; are the enthalpies at the inlet and outlet.
Process (8-11): After condensation, the refrigerant is compressed
adiabatically by the pump M2. The pump work in the LT-ORC is

WP,LT = ritgr.(hg — hyy) (10)

where hy; and hg are the enthalpies at the inlet and outlet.
The thermal efficiency of the LT-ORC can be defined as the ratio of
the net power output to the heat flow input to the LT-ORC

Woerir
Ny = —=t an
" O

where Wyer = Wrar —Wpyr.

The total thermal efficiency of the CD-ORC is

W sora

N jorat = ﬁ;' (12)
where Wnct.to[al == WneLHT+ Wnel.LT-

The exergy flow input can be calculated as
Ein = mHT'[(]74 - hz) - 7'()(54 - 53)] (13)

where Ty is the ambient temperature, hs and h4 are working fluid en-
thalpies at the inlet and outlet of HE1, respectively, while s; and s4 are
the corresponding entropies.

The exergy efficiency of the HT-ORC can be calculated as

W/l(' ,
Newsr = =g a4
Finally, the total exergy efficiency of the CD-ORC system can be
calculated as

Wnrr.mml

Nexporal = E‘m (15)

5. Assumptions

The CD-ORC process was simulated with the software EBSILON@-
Professional and the underlying thermophysical properties of the
working fluids were supplied by REFPROP 10 [83] that rests on the most
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accurate equations of state as recommended by the National Institute of
Science and Technology. The system was driven by heat from electrical
heaters with a maximum heat flow of 158 kW. Evaporators and con-
densers of the CD-ORC system were assumed to be counter-current heat
exchangers with a saturated or superheated outlet. It was operated
under steady-state conditions in a steady flow process, neglecting po-
tential and kinetic energy changes. Heat loss and pressure drop in
pipelines and components as well as friction losses were neglected,
except for turbine and pump efficiencies. The turbine inlet temperature
was assumed to be lower than the critical temperature of the working
fluid to avoid critical conditions. Isentropic efficiency of turbines and
pumps in the HT-ORC and LT-ORC was set to 75% and the minimum
pinch point temperature difference in evaporators and condensers was
set to 5 °C. The minimum condensation temperatures were specified to
be 50 °C and 35 °C in the HT-ORC and the LT-ORC, respectively. These
assumptions and simulation parameters are listed in Table 2.

6. System validation

Due to the lack of work on CD-ORC systems (under the same oper-
ating conditions and the same working fluids), the present HT-ORC
simulation was validated against literature data of a regular ORC sys-
tem. The HT-ORC thermal efficiency was compared with results of
Uusitalo et al. [84], where cyclohexane, cyclopentane, octane, heptane,
hexane and pentane were considered as working fluids. To validate the
present simulations, input parameters and conditions were the same as
those in Ref. [84]: condensation temperature of 50 °C, 1,=0.75, no
recuperator and a small degree of superheating were set for all working
fluids in the HT-ORC and a maximum evaporation pressure (p./p. = 0.9)
was used to keep the working fluid below critical conditions. Moreover,
the inlet state of the LT-ORC (heat flow and turbine inlet temperature)
was compared with our previous experimental work using propane and
butane as working fluids in the LT-ORC [81,98]. The thermal efficiency
of butane was also compared with the study of Uusitalo et al. [84] at a
turbine inlet temperature of 100 °C. The system behavior corresponded
with the thermodynamic analysis of the thermal efficiency of the regular
ORC system by using the same working fluids as in Refs. [52,53]. A
comparison of the present work with these references is made in Table 3.
Based on the good agreement with literature work, the present simula-
tion model can be assumed to be validated.

7. Results and discussion

CD-ORC system performance in terms of thermal efficiency was
simulated by adopting alkanes and low GWP refrigerants as working
fluids. The first goal was to estimate the HT-ORC performance by
employing cyclic and linear alkanes. The second goal was to simulate
and analyze the entire CD-ORC and its overall system performance by

Table 2

Assumptions and operational conditions.
Parameter value
Isentropic efficiency of turbines 75%
Mechanical efficiency of turbines 98%
Isentropic efficiency of pumps 75%
Mechanical efficiency of pumps 98%
Electric efficiency of pumps 85%
Efficiency of generators 90%
Power factor of generators 85%
Motor efficiency of pumps 85%
Minimum condensation temperature (HT-ORC) 50 °C
Minimum condensation temperature (LT-ORC) 35°C
Minimum condensation pressure 1 bar

Mass flow rate of the HT-ORC 0.120-0.165 kg/s
Mass flow rate of the LT-ORC 0.05-0.10 kg/s
Minimum PPTD in evaporators 5°C

Minimum PPTD in condensers 5°C
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Table 3
Comparison with the work by Uusitalo et al. [84].

Thermal efficiency [%]

Working fluid This work Ref. [84] Difference
Cyclohexane 19.13 18.70 0.43
Cyclopentane 18.03 17.78 0.25
Octane 17.22 17.04 0.18
Heptane 16.23 16.52 0.29
Hexane 15.21 15.69 0.48
Pentane 13.92 14.08 0.16

utilizing low GWP refrigerants in the LT-ORC. A comparison between
the regular ORC and the CD-ORC was made. This includes a study on the
relationship between the critical temperature of the working fluid and
the thermal efficiency as well as the effect of the HT-ORC on the LT-ORC.
In addition, light is shed on the effectiveness of the CD-ORC for
increasing the total thermal efficiency.

7.1. Thermal efficiency of the HT-ORC

A wide range of heat source temperature in increments of 10 °C was
explored to study the thermal efficiency of the HT-ORC. Simulations
were carried out by adopting cyclopentane, cyclohexane, pentane,
hexane, heptane and octane as working fluids. The maximum applied
heat source temperature was limited such that the HT-turbine inlet
temperature was lower than the critical temperature of the given
working fluid to avoid critical conditions. Consequently, the heat source
temperature was in the range of 170-270 °C for cyclopentane,
170-320 °C for cyclohexane, 170-250 °C for pentane, 170-270 °C for
hexane, 170-300 °C for heptane and 170-330 °C for octane.

Fig. 2 shows the thermal efficiency of the HT-ORC for this variation.
As expected, an increasing trend of the thermal efficiency with heat
source temperature was found for all working fluids. Simulation data
indicate that cyclohexane has the most pronounced increase of thermal
efficiency, while pentane has the lowest. The thermal efficiency
increased from 11.53% to 19.13% for cyclohexane, from 11.28% to
18.03% for cyclopentane, from 9.52% to 17.22% for octane, from 8.83%
to 16.22% for heptane, from 8.45% to 15.21% for hexane and from
7.95% to 13.92% for pentane. The main reason for that increasing trend
is that the absorbed heat from the heating cycle and the net power
output increase with rising heat source temperature. However, the net
power output outweighs the increasing rate of the absorbed heat so that
the thermal efficiency increases gradually with heat source temperature.
Generally, a higher critical temperature is suitable for bringing the
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Fig. 2. Thermal efficiency of the HT-ORC as a function of heat source tem-
perature for varying working fluids.
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turbine inlet temperature to a high level, which may allow for an in-
crease of the enthalpy difference across the turbine and leads to higher
net power output and thermal efficiency. In addition, a higher critical
temperature allows for a better use of the heat source. At a higher
temperature, the heat flow carries a larger share of exergy, which is an
indicator of the quality of energy.

The results show that the cyclic alkanes allow for a better thermal
efficiency than the linear alkanes. Cyclic alkanes exhibit higher evapo-
ration temperature levels, which leads to a suitable temperature match
between heat source and working fluid to enhance the heat transfer
between the heating cycle and the HT-ORC. Moreover, there is a direct
correlation between thermal efficiency and critical temperature of the
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working fluid in each group. It can be seen that the thermal efficiency
rises with the critical temperature of the working fluid. Fig. 3 depicts the
relation between the thermophysical properties of working fluids and
the maximum thermal efficiency of the HT-ORC. In each working fluid
group (linear and cyclic alkanes), the thermal efficiency increases with
rising critical temperature and molar mass. In contrast, it falls with
increasing critical pressure in each working fluid group.

These results correspond to the findings of Shu et al. [52] and Liu
et al. [53]. These authors investigated the thermal efficiency by
employing cyclohexane, cyclopentane, octane, heptane, hexane and
pentane as working fluids. They reported that the thermal efficiency of
cyclohexane and cyclopentane is superior to that of linear alkanes.
Uusitalo et al. [84] also showed that cyclic alkanes may achieve a higher
thermal efficiency than linear alkanes.

7.2. Exergy flow analysis

Exergy indicates the quality of energy and defines the maximum
achievable work during a process that brings the system into equilibrium
with its environment [99]. An analysis was undertaken to determine the
exergy flow input at the maximum applied heat source temperature,
where each working fluid achieved its maximum thermal efficiency.
Fig. 4(a) depicts the variation of exergy flow input with the maximum
heat source temperature of the HT-ORC. The highest exergy flow input
was 49.16 kW at a heat source temperature of 330 °C when using octane
as working fluid, while the lowest exergy flow input was 36.92 kW at a
heat source temperature of 250 °C when using pentane as a working
fluid. In other words, the exergy flow input directly depends on the
critical temperature of the working fluid. It also depends on the state of
the system, the environment temperature and the temperature
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difference between the highest (the outlet of HE1) and lowest temper-
ature (the inlet of HE1) as well as the mass flow rate of the working fluid.
The inlet temperature of HE1 was constant for all working fluids, but the
outlet state was limited by the critical temperature of the working fluid
so that octane was capable to absorb the highest exergy flow input.

Fig. 4(b) depicts the variation of exergy efficiency of the HT-ORC at
the maximum heat source temperature, where each working fluid ach-
ieved its maximum thermal efficiency. The highest exergy efficiency was
43.02% at a heat source temperature of 320 °C when using cyclohexane
as a working fluid, while the lowest exergy efficiency was 31.58% at a
heat source temperature of 250 °C when using pentane as a working
fluid. In analogy to the thermal efficiency calculations, there is a direct
correlation between exergetic efficiency and critical temperature of the
working fluid in each group.

7.3. Thermal efficiency of the LT-ORC

The thermal efficiency of the LT-ORC was simulated for a wide heat
source temperature range and only its maximum value is shown in
Figs. 5(a)-8(a). Throughout, maximum thermal efficiency was achieved
at the highest heat source temperature. The thermal efficiency was
determined for all HT-ORC and LT-ORC working fluid combinations.
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Figs. 5(b)-8(b) depict the variation of maximum thermal efficiency with
critical temperature, where the LT-ORC working fluids are grouped.

Fig. 5(a) shows the maximum thermal efficiency of the LT-ORC when
cyclohexane is used as a working fluid in the HT-ORC. The results
represent data for a wide range of the heat source temperature from
170 °C to 330 °C. In general, it can be seen that there is a relation be-
tween the critical temperature of the working fluid and the efficiency, as
shown in Fig. 5(b). Working fluids with a higher critical temperature in
the range from 171.35 °C to 102.10 °C achieved a thermal efficiency
from 13.20% to 9.32%, while refrigerants with a lower critical tem-
perature in the range from 97.25 °C to 85.60 °C had a thermal efficiency
from 9.54% to 6.81%. The LT-ORC has the highest thermal efficiency of
13.20% with R1366mzz(Z), followed by R1233zd(E) 12.70%, cyclo-
propane 12.50%, butane 12.48% and R1234ze(Z) 12.40%. The lowest
thermal efficiency was 7.66%, 7.22%, 6.90%, 6.83% and 6.80% for
R457A, R431A, R459B, R454C and R455A in the LT-ORC, respectively.
Among the LT-ORC working fluids, the HC and HFO yield a higher
thermal efficiency in the range from 13.20% to 8.02% compared to the
other refrigerant groups.

Fig. 6(a) illustrates the LT-ORC thermal efficiency when using
cyclopentane in the HT-ORC and varying refrigerants in the LT-ORC.
The system was investigated for a heat source temperature range from
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170 °C to 270 °C and the results also indicate that the thermal efficiency
increases with the critical temperature for all refrigerants in the LT-ORC.
The thermal efficiency of R1366mzz(Z), R1233zd(E), cyclopropane,
butane and R1234ze(Z) is the highest. In contrast, lower thermal effi-
ciency was achieved by R457A, R431A, R459B, R454C and R455A. Pure
refrigerants, namely HFO, HC and HFC, achieved a thermal efficiency
ranging from 7.45% to 11.86%, 6.77% to 11.58% and 8.32% to 8.85%,
respectively. Moreover, a thermal efficiency from 7.12% to 10.65%,
6.11% to 9.87% and 5.70% to 8.65% was reached with HC, HC/HFC and
HFC/HFO mixtures. Fig. 6(b) shows the increase of thermal efficiency
with the critical temperature of the refrigerants.

Fig. 7(a) depicts the thermal efficiency of the LT-ORC by employing
octane as a working fluid in the HT-ORC. The system was investigated
for a heat source temperature range from 170 °C to 330 °C. The highest
thermal efficiency was 13.40%, 13.22%, 13.20%, 13.11% and 13.08%
for R1366mzz(Z), R1233zd(E), cyclopropane, butane and R1234ze(Z),
respectively. In contrast, lower thermal efficiencies of 7.87%, 7.34%,
7.15%, 7.05% and 7.01% were found for R457A, R431A, R459B, R454C
and R455A. Fig. 7(b) indicates that the pure refrigerant groups, namely
HFO, HC and HFC, exhibit a thermal efficiency ranging from 9.11% to
13.40%, 8.10% to 13.11% and 9.75% to 10.78%. Thermal efficiency
ranged from 9.03% to 12.22%, 7.34% to 11.98% and 7.01% to 10.02%
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for HC, HC/HFC and HFC/HFO mixtures.

Fig. 8(a) illustrates the variation of the LT-ORC thermal efficiency
when using heptane in the HT-ORC. The system was investigated for a
heat source temperature range from 170 °C to 300 °C. The highest
thermal efficiency was 12.20%, 12.00%, 11.98%, 11.95% and 11.90%
by using R1366mzz(Z), R1233zd(E), cyclopropane, butane and R1234ze
(Z), respectively. A thermal efficiency of 7.55%, 7.02%, 6.77%, 6.60%
and 6.55% was found for R457A, R431A, R459B, R454C and R455A.
Fig. 8(b) shows the increase of thermal efficiency with rising critical
temperature of the refrigerants. The pure refrigerant groups, namely
HFO, HC and HFC, exhibit a thermal efficiency ranging from 8.23% to
12.20%, 7.71% to 11.95% and 8.64% to 9.70%. Thermal efficiency
ranged from 8.10% to 11.02%, 7.02% to 10.45% and 6.55% to 9.12% for
HC, HC/HFC and HFC/HFO mixtures.

Hexane and pentane as working fluids in the HT-ORC lead to a
further reduced thermal efficiency so that they are not described here in
detail. The according results are depicted in Figs. S1 and S2 of the
supplementary material.

The present data clearly indicate that pure fluids are preferred over
refrigerant mixtures in any of the considered scenarios.

Fig. 9 summarizes the variation of the LT-ORC thermal efficiency for
all working fluid combinations. It can be seen that the highest thermal
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Fig. 9. Maximum thermal efficiency of the LT-ORC by utilizing cyclohexane,
cyclopentane, octane, heptane, hexane and pentane as a working fluid in the
HT-ORC.

efficiency of the LT-ORC was achieved with octane as a working fluid in
the HT-ORC, while the lowest thermal efficiency was achieved with
pentane as a working fluid in the HT-ORC. The figure demonstrates the
effect of the working fluids’ critical temperature on the thermal effi-
ciency not only for the HT-ORC but also for the LT-ORC. For example,
butane achieved a thermal efficiency of 13.11% when octane (with the
highest critical temperature) was used as a working fluid in the HT-ORC.
In comparison, butane achieved a thermal efficiency of only 8.80%
when using pentane (with the lowest critical temperature) as a working
fluid in the HT-ORC. Since the outlet of the HT-ORC turbine is the heat
source of the LT-ORC, working fluids with a high critical temperature in
the HT-ORC lead to an increase of the LT-ORC thermal efficiency.

It can be seen that the thermal efficiency of the LT-ORC is also highly
affected by the critical temperature of the refrigerant. This can be
explained by the fact that refrigerants with a high critical temperature
allow for a higher turbine inlet temperature than refrigerants with a
lower critical temperature. Moreover, a high critical temperature allows
for a high evaporation temperature, which leads to an increase of
thermal efficiency and an increase of the enthalpy difference across the
turbine. Generally, a high critical temperature enhances the utilization
of heat source temperature and is more suitable for temperature
matching between the heat source and the working fluids. The effect of
the critical temperature of alkanes acts not only on the HT-ORC, but on
the LT-ORC as well.

Fig. 10 shows the total thermal efficiency of the CD-ORC for all
working fluid combinations. The term (x-y) refers to x and y as working
fluids in the HT-ORC and the LT-ORC, respectively. The results indicate
that the highest total thermal efficiency of 25.24% was achieved by the
combination (cyclohexane-R1366mzz(Z)) as working fluids in the CD-
ORC system. In contrast, the lowest total thermal efficiency of 15.58%
was obtained by employing the combination (pentane-R455A). A very
high total thermal efficiency of 24.88%, 24.60%, 24.44% and 24.11%
was also achieved by employing the combinations (cyclohexane-
R1233zd(E)), (cyclohexane-butane), (cyclohexane-R1234ze(Z)) and
(cyclohexane-isobutane), respectively.

7.4. Improvement of thermal efficiency

The total thermal efficiency of the CD-ORC was compared to that of a
regular ORC under six conditions to analyze the percentage by which the
thermal efficiency increased. This analysis is based on a comparison of
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Fig. 10. Total thermal efficiency of the CD-ORC system.

the highest thermal efficiency of the HT-ORC by adopting alkanes as a
working fluid and the highest thermal efficiency of the CD-ORC system
by adopting a combination of (alkane-R1366mzz(Z)). The combination
(alkane-R1366mzz(Z)) was selected under all conditions because the
CD-ORC always reached its highest total thermal efficiency by using
R1366mzz(Z) in the LT-ORC. The combinations (cyclohexane-
R1366mzz(Z)), (cyclopentane-R1366mzz(Z)), (octane-R1366mzz(Z)),
(heptane-R1366mzz(Z)), (hexane-R1366mzz(Z)) and (pentane-
R1366mzz(Z)) were used as working fluids under conditions (1) to (6) in
the HT-ORC and LT-ORC of the CD-ORC system. The heat source tem-
perature and the working fluids are listed in Table 4. Fig. 11 shows a
comparison of the thermal efficiency of regular and CD-ORC under these
conditions. The CD-ORC with the combination (cyclohexane-R1366mzz
(Z) may enhance the thermal efficiency by a quarter, compared to the
regular ORC (with cyclohexane as working fluid) at the maximum
applied heat source temperature under condition (1). The comparison

Table 4
Different conditions for comparison of the thermal efficiency of regular ORC and
CD-ORC.

Condition (1)

Heat source temperature 320°C

Regular ORC working fluid
CD-ORC working fluids

Condition (2)

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

Condition (3)

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

Condition (4)

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

Condition (5)

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

Condition (6)

Heat source temperature
Regular ORC working fluid
CD-ORC working fluids

Cyclohexane
Cyclohexane-R1366mzz(Z)

270 °C
Cyclopentane
Cyclopentane-R1366mzz(Z)

330°C
Octane
Octane-R1366mzz(Z)

300 °C
Heptane
Heptane-R1366mzz(Z)

270 °C
Hexane
Hexane-R1366mzz(Z)

250 °C
Pentane
Pentane-R1366mzz(Z)
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Fig. 11. Comparison of the thermal efficiency of CD-ORC and regular ORC
under different operating conditions.

also shows the rise of the thermal efficiency under conditions (2) to (6),
respectively. The results indicate that the thermal efficiency of the CD-
ORC is higher than that of regular ORC, which is evidence of a more
efficient utilization of the heat source. The addition of the LT-ORC in the
CD-ORC led to more turbine power output and a higher thermal
efficiency.

7.5. Improvement of exergy efficiency

This section focuses on the analysis of the total exergy efficiency that
can be achieved with the CD-ORC system. The results indicate that the
highest total exergy efficiency of 56.23% was achieved by the combi-
nation (cyclohexane-R1366mzz(Z)) as working fluids in the CD-ORC
system. A very high total exergy efficiency of 54.85%, 54.23%,
53.54% and 53.14% was also achieved with the combinations (cyclo-
hexane-R1233zd(E)), (cyclohexane-butane), (cyclohexane-R1234ze(Z))
and (cyclohexane-isobutane), respectively. By comparing the results of
the total exergy efficiency of CD-ORC with that of the HT-ORC, the ex-
pected increase of the total exergy efficiency due to the increase of the
net power output can be noticed. The results of exergy efficiency agree
with the analysis of Braimakis et al. [19], who reported that the exergy
efficiency may improve using a dual-loop ORC.

8. Conclusions

Alkanes and low GWP refrigerants were considered to investigate the
thermal efficiency of the CD-ORC system. Simulations with EBSI-
LON@Professional were carried out for a wide range of heat source
temperature. The relation between the thermal efficiency and the crit-
ical temperature of the working fluids was analyzed. In the HT-ORC, the
thermal efficiency is highly affected by the critical temperature, mo-
lecular mass and critical pressure. The results confirm that cyclic alkanes
may achieve a higher thermal efficiency than linear alkanes. Thus, the
thermal efficiency of alkanes rises with the critical temperature within
the same group. Among the HT-ORC working fluids, cyclohexane pro-
vided the best thermal efficiency of 19.13%, while pentane achieved the
worst thermal efficiency of 13.92%. The LT-ORC analysis with respect to
the thermal efficiency was carried out by employing low GWP re-
frigerants as working fluids. Refrigerants with a high critical tempera-
ture are superior to other refrigerants. Relatively, R1366mzz(Z),
R1233zde(E), cyclopropane, butane and R1234ze(Z) showed the highest
thermal efficiency in the LT-ORC and refrigerant mixtures were found to
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be less suitable. The CD-ORC system achieved a total thermal efficiency
of 25.24%, 24.88%, 24.60%, 24.44% and 24.11% by utilizing the
combinations (cyclohexane-R1366mzz(Z)), (cyclohexane-R1233zd(E)),
(cyclohexane-butane), (cyclohexane-R1234ze(Z)) and (cyclohexane-
isobutane), respectively. The CD-ORC system with a heat source tem-
perature in the range from 170 °C to 330 °C exhibited a favorable per-
formance when using refrigerants with a high critical temperature.
Compared to the regular ORC, the CD-ORC system may lead to an in-
crease of the thermal efficiency by up to a quarter. The results indicate
that HFO refrigerants (namely R1366mzz(Z), R1233zd(E) and R1234ze
(Z)) and HC refrigerants (namely butane, cyclopropane and isobutane)
may be good alternatives for the refrigerants that are excluded by
environmental regulations. Future work will include testing low GWP
refrigerants as working fluids in CD-ORC systems practically, since our
department has a CD-ORC test rig. Emphasis will also be placed on the
simulation of environmentally friendly refrigerants under different
conditions as working fluids in ORC as an alternative to excluded
refrigerants.
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The HT-ORC in the CORC system was tested as a regular ORC unit over a wide range of heat
source temperature and turbine inlet pressure. MM, cyclopentane, pentane and butane were
selected as working fluids. In addition, the system performance in terms of thermal and exergy
efficiencies was investigated for various values of superheating degree and pressure ratio.
Exergy loss measurement was performed for the main components at the highest heat source
temperature. The results indicated the positive effect of large heat source temperature and
pressure ratio. The results showed that the superheating degree should be within a certain range.
Moreover, the relationship between system performance and thermo-physical properties, such

as critical temperature and critical pressure, was studied.

The author of this thesis selected the working fluids, operating conditions and conducted the
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An experimental investigation of the organic Rankine cycle (ORC) is carried out using butane, pentane, cyclo-
pentane or hexamethyldisiloxane as a working fluid. Thermal and exergy efficiencies are used to assess system
performance over a wide range of heat source temperature, turbine inlet pressure and superheating degree. The
results indicate that both of these efficiencies increase with rising heat source temperature and turbine inlet
pressure. Under the present experimental conditions, without using an optimized turbine, the highest thermal
efficiency and exergy efficiency are 8.0% and 25.2%, respectively. The results show that hexamethyldisiloxane is

a better working fluid than the alkanes under all studied experimental conditions. Moreover, it is found that a
small superheating degree may be beneficial. Exergy loss analysis indicates that most of the loss occurs in the
evaporator and that a working fluid with a high critical temperature is advantageous for ORC systems driven by a
heating cycle with a heat transfer fluid.

Introduction

Power supply is at the core of modern societies and it is clear that the
demand for more is poised to further increase in the decades to come due
to population growth and development. While the large majority of
electrical energy stems from fossil sources, the associated release of
carbon dioxide is not sustainable. Now, it is widely accepted that
traditional energy conversion processes must be curbed and alternatives
are urgently needed [1,2]. One option that can yield clean, eco-friendly
power is the organic Rankine cycle (ORC). This technology can be driven
by any heat source, such as geothermal, biomass, solar-thermal or in-
dustrial waste heat, utilizing various temperature levels [3].

Currently, there are more than 2700 ORC projects with power gen-
eration units ranging from a few kilowatts to several dozen megawatts
and the total capacity is above 4 GW. Since 2016, the ORC market has
witnessed a significant growth, as more than 850 units were added with
a capacity of about 1.18 GW. The total capacity can be divided into
geothermal (77.4 %), waste heat recovery (11.6 %) and biomass (10.1
%), while other applications have a minor percentage: waste-to-energy
(0.7 %), solar (0.2 %) and remote (0.03 %) [4,5].

Since the emergence of ORC technology, many studies have experi-
mentally tested its efficiency and studied different operating conditions,
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E-mail addresses: jadran.vrabec@upb.de, vrabec@tu-berlin.de (J. Vrabec).
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architectures and heat sources. Most of the published experiments were
based on small-scale ORC or prototypes [6]. Park et al. [7] presented a
comprehensive review of experimental investigations from 2009 until
2018. They reported that R245fa, R123 and R134a were the most widely
employed working fluids and that the majority of published works
examined ORC systems with a turbine power output below 10 kW. The
investigated ORC systems were thus on a small scale and the applied
heat source temperature was either constant or varied over a small
range.

In the subsequent short review of experimental works from 2018
until today, we also found that most researchers have studied small-scale
ORC with a turbine power output between 1 and 50 kW. It was focused
on system performance in terms of thermal, exergy and turbine effi-
ciencies as well as heat characteristics. The thermal efficiency is usually
considered as the most suitable indicator because it is the ratio between
the net power output and the heat flow rate supplied to the evaporator.

Mascuch et al. [8] carried out an experimental study on a kilowatt-
scale biomass-fired ORC utilizing hexamethyldisiloxane (MM) as a
working fluid with a turbine inlet temperature of 192 °C. The authors
showed that the isentropic efficiency of the turbine was between 28%
and 52%, which led to a low thermal efficiency of 2.5%. Feng et al. [9]
considered R245fa as a working fluid and explored the performance of
basic and regenerative ORC. The maximum thermal efficiency was 5.5%
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Nomenclature HC Heating cycle [-]
HE Heat exchanger [-]

Cp Specific isobaric heat capacity [kJ/(kg K)] HT High-temperature [-]

B Exergy flow input [KW] LT Low-temperature [—]

h Specific enthalpy [kJ/kg] OoDpP Ozone depletion potential [-]

i Exergy flow loss [kW] TIP Turbine inlet pressure [bar]

rfl Mass flow rate ?n ORC' [kg/s] Greek symbols

5 Gl e e il nr Isentropic turPlne efficiency [%]

Q_‘ leat flow (kW] i Thermal efficiency [%)]

Qe Heat flow in heating cycle [kW] Subscripts and superscripts

s Specific entropy [kJ/(kg K)] 1-2 Process from state 1 to state 2

T, Critical temperature [°C] C Condenser

Wiet Net power output [kW] G Generator

W Pump power [kW] MO Heating cycle pump

: : M1 ORC pump

Wr Turbine power output [kW] M2 Cooling eycle pump

Acronyms

GWP Global warming potential [-]
and it was found that the evaporator was critical with respect to exergy
loss, indicating that system performance can be improved by decreasing Table 1
the temperature difference between the heat source and the turbine Overview of recent experimental studies of the ORC.
inlet. Gao et al. [10] investigated a R290-based ORC experimentally by Ref.  Working fluid Source temperature  7,,[%] nel%]
varying evaporation pressure and pressure drop, achieving a maximum -
thermal efficiency of 6.78%. Wang et al. [11] studied a 1 kW-scale ORC :z: ;lzl\:sfa ;3?1‘58 © ;‘::Z MR
with R290 as a working fluid in the context of cold energy utilization. [10]  R290 na 6.7%
System performance was evaluated at a heat source temperature in the [11]  R290 20-55°C 6.49%
range of 20-55 °C and the maximum thermal efficiency was 6.49%. (12]  R1223:d(E) & R245fa 85.7°C 5.0%
Araya et al. [12] experimentally compared R1233zd(E) and R245fa as IUH‘JI E;’;SZ;OO g:_a oo g.g:q,% 52-71%
working fluids with respect to system performance. They reported that [15] R24Sfa 120 °C 2.64%
the highest thermal efficiency was 5.0% when utilizing R1233zd(E) at a (6] R245fa 70-110 °C 4-6%
heat source temperature of 85.7 °C. Kaczmarzyk et al. [13] presented an [16]  R1223zd(E) & n-pentane  135-136 °C 5.6-5.3%

[17] R245fa 120-155 °C 7.4% 57%

experimental investigation on a small-scale ORC system which uses a
biomass boiler as a heat source. They utilized a radial-flow turbine as
expander device and recorded an isentropic turbine efficiency in the
range from 52% to 71%, leading to a maximum thermal efficiency of
6.5%. Ipek etal. [14] investigated the performance of a low-temperature
ORC system to recover heat from a gas turbine using R134a as a working
fluid. They found that the heat source temperature in the range 86-88 °C
was optimal to reach maximum system performance in terms of thermal
efficiency, expansion ratio and turbine power output. The highest ach-
ieved thermal efficiency was 6.84% at a heat source temperature of
86.5 °C. Wu et al. [15] studied system performance in terms of thermal
and exergy efficiencies and exergy loss using R245fa as a working fluid.
They reported that the highest thermal and exergy efficiencies were
2.54% and 8.09%, respectively. The authors also found that most of the
exergy loss occurred in the evaporator (58.38%). Fatigati et al. [6] fol-
lowed an experimental approach to evaluate turbine power output and
thermal efficiency of a small-scale ORC for different flow rates of R245fa
working fluid. Their system generated a turbine power output in the
range of 200-500 W, while the thermal efficiency was 4-6%. The au-
thors pointed out that the low thermal efficiency was due to the poor
efficiency of the turbine, which underlines that the latter is a crucial
parameter for ORC system performance. Qui and Entchev [16] carried
out an experimental study with a micro-combined heat and power ORC
system using R1223zd(E) and n-pentane as a working fluid. The thermal
efficiency of both working fluids was tested at a turbine inlet tempera-
ture of 135-136 °C and a pressure ratio of 3.65, leading to a maximum
thermal efficiency of 5.6% and 5.3%, respectively. Carraro et al. [17]
investigated the performance of a biomass-fired micro-ORC system

using R245fa as a working fluid that had its maximum performance for a
heat source temperature of 150 °C. They reported that the electrical
efficiency (ratio of net electric power to absorbed heat flow) and turbine
efficiency were 7.4% and 57%, respectively. Qiu et al. [18] tested an
ORC-based micro-combined heat and power unit for residential appli-
cations. They selected pentane as a working fluid to study turbine power
output and cycle efficiency. Their simulation results showed that their
system may reach a cycle efficiency of 10%, which was higher than the
experimental results.

The present literature review confirms that ORC systems with a
turbine power of up to 15 kW are characterized by a low thermal effi-
ciency, which in turn is attributed to the poor turbine efficiency at this
power scale. Most research focused on specific working fluids and the
measurements were done at a specific heat source temperature or over a
narrow range. Rather few parameters were varied in a given work.
Studies dealing with alkanes and siloxanes as working fluids are very
limited. As far as the authors are aware, there is no experimental study
that tests and compares the performance of several alkanes and a
siloxane over a wide range of operating conditions. Table 1 gives a
summary of the present literature review.

Generally, there is a gap between theoretical and practical work
looking at ORC system performance. The reason is that theoretical
studies depend on calculations with simulation programs to assess
different working fluids and varying operating conditions. However,
most of these theoretical studies assumed parameters at optimal values
that require well-designed components that are different to be put in
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Fig. 1. Layout of the investigated ORC test rig in the present work.

practice [19,20].

The novelty of this work is that the performance of a ORC system is
studied experimentally in terms of thermal and exergy efficiencies using
four working fluids over a wide range of heat source temperature, tur-
bine inlet pressure and superheating degree. Turbine efficiency,
enthalpy drop across the turbine and exergy loss are investigated as well.
It attempts to fill this gap with an experimental investigation of ORC
system technology over a wide range of operating conditions, where
butane, pentane, cyclopentane and MM were employed as a working
fluid.

Materials and methods
ORC test rig

The present test rig facility is a part of the cascaded two-ORC system
(CORC) that was designed and built at the University of Paderborn. It
formed the basis for several studies. The first one dealt with the instal-
lation of the system and explained its main components and operation
process, outlining a preliminary test using two working fluids [22]. The
second investigation looked at CORC operation with varying working
fluids, where thermal efficiency, heat transfer properties and pinch point
temperature difference were assessed [25]. The third paper described a
simulation study of the same system considering alkanes and 31 low-
GWP refrigerants [26].

The CORC consists of two cascaded ORC, namely the high-
temperature cycle (HT-ORC) and the low-temperature cycle (LT-ORC).
Each cycle consists of the main components of an ORC system, i.e. pump,
evaporator, turbine and condenser. According to the design of the test
rig, the HT-ORC can operate as a regular ORC system because it contains
all main components and is directly connected to the heat source.

The ORC test rig has three main cycles, i.e. heating cycle that acts as
the source, power generation cycle and cooling cycle. The process dia-
gram and the front view of the ORC test rig are shown in Fig. 1. The
system was connected to the heating cycle with a thermal power of up to
158 kW. The maximum applicable temperature was specified to be
300 °C to avoid thermal decomposition of the heat transfer fluid
(Therminol 66) in the heating cycle. The ORC test rig provided a stable
and controlled mass flow rate of working fluid and heat source tem-
perature. To mitigate safety issues, the system was equipped with fast-
acting controllers and valves. The system components were designed

and selected to improve operating flexibility and allow for the utilization
of a wide range of working fluids. Furthermore, the ORC test rig com-
ponents were sized to meet demanding conditions in terms of heat
source temperature, vapor pressure, mass flow rate of the working fluid,
environmental and safety aspects. Consequently, the turbine was not
optimized for a specific working fluid or operating conditions. The
flexible design of the present ORC test rig makes it suitable for testing a
large number of working fluids over a wide range of conditions. The
maximum operating temperature of the system is 300 °C so that it may
recover heat from several source types, such as biomass or waste heat,
which can be found e.g. in cement or aluminium industries. Moreover,
the ORC system is an assembly of heat exchangers, pumps and con-
densers that are readily available in the market such that it can be
converted into a practical application quite straightforwardly. The ORC
cycle and its main components are shown in Fig. 2. Tables 2 and 3 list
the basic components and measuring devices of the ORC test rig.

ORC cycle

The present ORC consisted of a progressive cavity pump (M1), a plate
heat exchanger acting as an evaporator (HE), a radial turbine as an
expander (T), a six-pole synchronous generator (G) and a plate heat
exchanger as a condenser (C). The pump pressurized the working fluid in
the liquid state and delivered it to the evaporator (process 6-3), where it
was preheated, evaporated and superheated (process 3-4). Then, the
working fluid expanded through the turbine to generate power (process
4-5). After expansion, the working fluid was cooled down and liquified
in the condenser by discharging heat to the ambient via the cooling cycle
(process 5-6).

Heating cycle

Four flow heaters represented the heat source with a maximum
thermal power of 158 kW. The electrical heaters consisted of three
standard heating rods and one thyristor-controlled heating rod for
specifying the heat source temperature. Electrical heaters are inherently
simple to control and can be easily adjusted, which allows for the
investigation of a wide range of heat source temperatures. Moreover,
electrical heaters may reach a high temperature level with low opera-
tional risk and reduce the uncertainty of heat flow input. Therminol 66
was used as a heat transfer fluid due to its good thermal stability, low
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(2

Fig. 2. (a) The ORC test rig was in a container due to safety considerations, (b) air cooler, (¢) pump M2, (d) condenser C, (e) heat exchanger HE, (f) turbine T and
generator G, (g) pump MO.

vapor pressure and non-corrosiveness to the components of the heating deliver the driving heat flow to the working fluid via the heat exchanger.
cycle. The heat transfer fluid was supplied by Fragol [27]. During the
process, Therminol 66 was heated up by the electrical heaters and
circulated through the heating cycle via a radial flow pump (MO) to
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Table 2 Table 4
Main components of the ORC system considered in the present work, Working fluids and their properties.
Component Type Range Refs. Working fluid T, (°C)  p. (bar} M (g/mol) GWP ODP  Refs.
MO Radial flow Up to: 350 °C, 1250 m*/h [21] MM 245.55 19.311 162.38 Very low 0 [51]
Flow heaters GC heat D01-00508 0- 158 kW [22] Cyclopentane 238.57 45.828 70.133 ~20 0 [46,50]
M1 NETZSCH NEMO —20 - 200 °C [23] Pentane 196.55  33.675 72.149 ~20 0 [46,49]
HE Plate & Shell —20 - 280 °C, 0 - 60 bar [24] Butane 151.98  37.96 58.122 4 0 [46,48]
C Plate heat exchanger Max, 25 bar [221
T Radial flow Up to 325 °C [22]
G 6-pole servomotor Up to 15 kW [22] option for low-temperature ORC units, while MM may be suitable for
high-temperature ORC systems due to its high critical temperature, good
thermal stability and thermodynamic performance. Sorgulu et al. [35]
Table 3 reported energy and exergy analyses of an ORC system that was inte-
Measuring devices of the ORC test rig. gra}ed w1t.h drying a‘nd Fombustmn subsystems using MM as a Wf)rkl}'lg
- - fluid. Their results indicated that the energy and exergy efficiencies
b PERSOE type Range Racertainty were 29.45% and 28.05%, respectively. Bahrami et al. [36] presented a
p (HO) Jumo 0-6 bar +0.5% review of low-GWP working fluids for ORC applications and pointed out
Tr, Tz (HO) Pr1000 —40 to 380 °C +0.1% that alkanes allow for a good thermodynamic performance. Pili et al.
myc (HC) Pressure difference 0-25 bar ) ) L R i
+0.1% [37] reported a multi-objective optimization of an ORC system utilizing
Ty Ty Pt 1000 ~40to 380 °C £0.1% three working fluids. Their results indicated that pentane is the best
Ts Te Pt 1000 —40 ‘I‘; 250°C +0.1% option for their ORC among the selected working fluids in terms of net
P3 P4 APT 0-60 bar +0.5% - F -
Ay ol 0215 ba e power output. The'exergguc optlmlzatvlon‘o'f two stage ORC for wa§te
" Pressure difference 0-100 bar <0.065% heat recovery was investigated by Braimaikis et al. [38]. They consid-
ered four alkanes and three refrigerants to explore the exergy efficiency
for a heat source temperature between 100 °C and 300 °C. They reported
Cooling cycle that their system achieved the highest exergy efficiency when utilizing

The role of the cooling cycle of the ORC system was to dissipate the
residual heat after the expansion process. The cooling cycle was located
outside of the test laboratory and consisted of an air cooler connected to
a condenser in the form of a plate heat exchanger. The working fluid in
the cooling cycle was a binary ethylene-glycol/water mixture that was
circulated with a pump (M2). The residual heat flow after expansion was
absorbed by the liquid ethylene-glycol/water mixture and rejected to
the ambient via the air cooler.

Working fluid selection

The selection of the working fluid is of key importance for the per-
formance and is the first step of designing an ORC system. It should
address several considerations, including thermodynamic properties,
thermal stability, material compatibility, inertness with respect to the
employed materials, heat transfer characteristics, specific heat, cost,
safety aspects and environmental considerations (GWP and ODP)
[28,29]. The working fluids selected in this work have a low GWP and
zero ODP. MM is environmentally friendly and does not harm the ozone
layer, while the alkanes have a GWP of about 20 and zero ODP.

Alkanes have been introduced as working fluids due to environ-
mental aspects and their desirable critical temperature, which allows for
a wide range of heat source temperatures. Consequently, butane and
pentane are utilized in some commercial ORC systems [30]. Siloxanes
have been introduced as a working fluid of ORC systems with a high heat
source temperature, Wang et al. [31] measured the thermal stability of
siloxanes and reported that they are appropriate working fluids for high-
temperature ORC systems. In this context, a noticeable number of
studies investigated the effect of different working fluid groups on ORC
system performance. Li et al. [32] reported that alkanes are suitable for
high-temperature waste heat recovery as well. The authors recom-
mended working fluids with a high critical temperature for high heat
source temperatures due to the high turbine inlet temperature that can
be imposed during the expansion process. Uusitalo et al. [33] evaluated
the impact of the critical properties of working fluids on ORC perfor-
mance for alkanes and siloxanes. Their results indicated that there is a
strong relationship between the thermal efficiency of the system and the
critical properties of the working fluid. Loni et al. [34] presented a re-
view of solar-driven ORC systems. They found that butane is the best

cyclopentane and butane in the high-temperature ORC and the low-
temperature ORC, respectively.

There is a growing body of literature that deals with the relationship
between ORC system performance and the thermophysical properties of
working fluids. The selection of working fluids with a high critical
temperature may allow for a good thermal efficiency in low- and high-
temperature ORC systems [39]. Aljundi [40] and Barse et al. [41]
showed a correlation between thermal efficiency and the critical tem-
perature of the working fluid. Braimakis et al. [38] reported that a small
difference between the heat source temperature and the critical tem-
perature of the working fluid is advantageous. In this context, Vivian
et al. [42] reported that a difference of 35 °C between the heat source
temperature and the critical temperature of the working fluid is optimal,
while Zhai et al. [43] proposed that this difference should vary between
35 °C and 50 °C.

The objective of this work was to provide practical data on the
performance of a ORC using alkanes and MM as working fluids and
under different conditions, including heat source temperature, turbine
inlet pressure (TIP), superheating degree and pressure ratio. The rela-
tionship between system performance and critical properties of the
working fluids was studied as well. The critical temperature of the four
working fluids varies from 151.98 °C to 245.55 °C, while the critical
pressure varies from 19.311 bar to 45.828 bar. Table 4 lists the prop-
erties of the selected working fluids.

Thermodynamic analysis

To evaluate the experimentally measured data, the ORC system was
modelled on the basis of the first and second laws of thermodynamics.
Thereby, it was assumed to be in a steady state and heat losses in the
components were neglected. Furthermore, it was assumed that no sig-
nificant pressure drop occurs in the condenser, heat exchangers or pipes
and that the turbine does not exchange heat with the ambient.

For the evaluation of the measured quantities of this experimental
study, working fluid properties were calculated with the REFPROP 10.0
[44] database, which rests on the most accurate equations of state, i.e
the ones by Biicker et al. [45] for butane, Span et al. [46] for pentane,
Gedanitz et al. [47] for cyclopentane and Thol et al. [48] for MM.

Process (1-2): Therminol 66 is heated by electrical heaters to transfer
the heat flow Quc[kW] to the working fluid of the ORC via the heat
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exchanger HE. The heat flow [kW] can be calculated by [22]
QH(' = tigecy(T2 — T) 1)

where myc [kg/s] the mass flow rate of Therminol 66, ¢, [kJ/(kg K)] its
specific isobaric heat capacity and T; and T> [°C] are the inlet and outlet
temperatures of the heat exchanger, respectively. The heat flow deliv-
ered by the heating cycle drives the ORC (3-4) and evaporates the
working fluid. The heat flow [kW] absorbed by the working fluid is [22]

0 = rit(hs — hs) ]

where m is the mass flow rate of the working fluid in the ORC, h; and h4
[kJ/kg] are its enthalpies at the inlet and outlet of the heat exchanger
HE.

Process (4-5) represents the expansion of the working fluid through
the turbine, where the power output [kW] is given by [11]

W = m(hy — hs) (3)
where hy and hs are the enthalpies at the inlet and outlet of the turbine.

Process (5-6) refers to the condensation process of the working fluid
which rejectes heat in condenser C and can be calculated by [49]

O = milhs —hg) 4)

where hs and hs are the enthalpies at the inlet and outlet of the
condenser.

Process (6-3) represents the compression with pump M1 and the
associated power [kW] can be determined as [11]

Wp = it (hy — hg) (5)

where hg and h; are the enthalpies at the inlet and outlet of the pump.
The thermal efficiency [%] of the ORC can be defined as the ratio of
the net power output [kW] to the heat flow input to the ORC [49]

WJN‘F

M = = (6)
" Oe

where

W = Wp =W, @

The exergy efficiency [%)] of the ORC is expressed as the ratio of net
power output to exergy flow input [kW] [38]

Wi

8
& (8)

Nex =

Therein, £ [kW] is the exergy flow from the heat source, which was
calculated by [38]

E" = tige[(hiy — ho) — To(si — 50)] 9
where subscript O refers to ambient conditions, s;; and sg [kJ/(kg K)] are
the corresponding entropies, while the subscript in refers to the inlet
condition of Therminol 66.

The isentropic turbine efficiency [%] can be calculated by [11]

_ hy — hs
"~ hy—hs,

M1 (10)

where hs; is the enthalpy of the working fluid at the outlet of a hypo-
thetical isentropic turbine.
The exergy loss of component i [kW] can be calculated by [19]

f, _ E-:” - E-.TMI an

where E:" is the exergy flow into component i and E" is the exergy flow
at the outlet of component i.
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Selection of working fluids according to test rig
specification, environmental aspects, cost and
thermodynamic properties

V

Selection of operational conditions

v

Preparation of the test rig for the experiment, including
calibration, safety aspects and required conditions

v

Addition of the working fluid and check for leaks after the
filling process

Vi

Start of the experiment according to the lab protocol

\‘0/

Setting of the required operating conditions (heat source
temperature, TIP, superheating degree, etc.)

Error

No

Save data

Calculation of the system performance using REFPROP 10.0
(thermal and exergy efficiencies)

End

Fig. 3. Procedure of the experimental work.

The exergy loss percentage [%)] of each component was calculated by
[40]
I
X =— (12)

Jmmn‘

where Iy is the total exergy loss [kW] in the system.

All measurements that we inserted in to Egs. (1) to (12) to evaluate
the ORC process were average values of temperature and pressure at
each state point.

Parameters and operational conditions of the experiments

Heat source temperature, TIP and superheating degree were
employed as parameters to investigate system performance. Thermal
efficiency indicates the use of the heat source and the fraction of heat
flow input that is converted into turbine power output. Therefore, it is
linked to the available heat flow, which is related to heat exchanger
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Table 5
Parameters and operational conditions.

Parameter Range

Effects of heat source analysis

Heat source temperature 80-280 °C
Mass flow rate (ORC) 0.08-0.12 kg/s
Ambient pressure 1.013 bar
Ambient temperature 5-25°C

Mass flow rate (HC) 0.42-0.55 kg/s
Effects of turbine inlet pressure

Turbine inlet pressure 10-44 bar

Mass flow rate (ORC)

Mass flow rate (HC)

Effects of superheating degree
Superheating degree

Mass flow rate (ORC)

Mass flow rate (HC)

0.09-0.14 kg/s
0.37-0.56 kg/s

1-18°C
0.08-0.12 kg/s
0.45-0.55 kg/s

performance. On the other hand, exergy analysis (exergy efficiency and
exergy loss) addresses maximum power that can theoretically be
generated by bringing the system into equilibrium with its surrounding
and clarifies the exergy loss in different components of the ORC system
[50]. Moreover, the turbine efficiency and enthalpy drop across the
turbine were calculated because these two factors have a direct impact
on the design of the turbine and the thermal efficiency of the system.

First, the performance of the ORC in terms of turbine power output,
thermal efficiency and exergy efficiency was investigated over a wide
range of heat source temperature. Experiments were carried out by using
either butane, pentane, cyclopentane or MM as a working fluid. To avoid
critical conditions, the maximum applied heat source temperature was
restricted by the operating temperature of the heat exchanger and it was
ensured that the turbine inlet temperature was below the critical tem-
perature of the working fluid. Consequently, the heat source tempera-
ture was in the range of 80-180 °C for butane, 130-230 °C for pentane,
180-280 °C for cyclopentane and 180-280 °C for MM.

Measurements were carried out according to the experimental pro-
cedure shown in the flow chart in Fig. 3. Initially, the electric heaters
were turned on to bring the heat transfer fluid to the targeted heat
source temperature. Then, the mass flow of Therminol 66 was gradually
raised and pump M1 was switched on to transfer the working fluid to the
evaporator (HE) to absorb heat from the heating cycle. When the
measuring point was changed, the electric heating power was gradually
increased to raise the heat source temperature by an increment of 10 °C
and the mass flow rates of Therminol 66 and the working fluid were
adjusted. When the required parameters were reached, it has waited for
sampling until the operation point was stable. The measured data were
stored automatically with a personal computer.

Second, the heat source temperature was kept constant at the
maximum applicable temperature for each working fluid, while the TIP
was varied from 28 bar to 36 bar for butane, 24 bar to 32 bar for
pentane, 36 bar to 44 bar for cyclopentane and 10 bar to 18 bar for MM.
Third, system performance was investigated by applying a varying
superheating degree between 1 °C and 18 °C. The TIP was varied by
changing the rotational speed of the pump M1. Each time the rotational
speed of the pump was raised, the mass flow of the heating cycle and the
heat source temperature were adjusted to meet the required values.

The heat source temperature controllers were set to the required
temperature and the TIP was gradually raised, with attention to other
parameters like working fluid mass flow rate. The same superheating
range was measured for all working fluids, ensuring that the heat source
temperature did not reach critical states.

The operating conditions and basic parameters of these experiments
are listed in Table 5. They are related to design aspects of various
components and the thermophysical properties of the working fluids in
the present ORC system.
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Table 6
Comparison of present results with the literature.
Working Parameter Temperature This Ref. Difference
fluid [%] [°cl work
Pentane Ny 136 5.38% 5.3 % 0.08
[16]
Butane Ny 180 5.4% 5.51% 0.11
[26]
9
(a)
8
2 77
2
€ 51
]
E 41
]
E 3]
—&— Butane
I —O— Pentane
21 —w— Cyclopentane
—4— MM
1
(b)
24 -
X214
oy
518 ]
]
§
15
3
3
o 12 4
—&— Butane
9 - —O— Pentane
—w— Cyclopentane
—L— MM
6 T : : :
50 100 150 200 250 300

Heat source temperature / °C

Fig. 4. Effect of heat source temperature on (a) thermal efficiency and (b)
exergy efficiency for varying working fluids.

Uncertainties and validation

Thermodynamic calculations were based on REFPROP, which is a
Helmholtz energy equation of state library provided by the National
Institute of Standards and Technology, Boulder, CO. Typical un-
certainties of the thermodynamic properties of the selected working
fluids vary from 0.2% to 1% in terms of isobaric heat capacity, 0.1% to
1% in terms of speed of sound, 0.1% to 0.2% in terms of vapor pressure
and 0.2% to 0.3% in terms of density [44]. The uncertainties are larger
in the region around the critical point, which was avoided in this
investigation.

The uncertainties of the measuring devices of the test rig are listed in
Table 3. Due to the lack of experimental investigations on ORC systems
with the same working fluids and the same operating conditions, the
thermal efficiency of pentane was compared with Ref. [16] for a heat
source temperature of 136 °C. The thermal efficiency of butane was
compared with our simulation work [26] at the same heat source tem-
perature. Present results are compared with literature data in Table 6.
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Fig. 5. (a) Enthalpy difference and (b) turbine efficiency as a function of heat
source temperature for varying working fluids.

Results and discussion
Heat source temperature

A system performance analysis was made to identify suitable oper-
ating conditions of the present ORC. The experiments were carried out
adopting butane, pentane, cyclopentane or MM as a working fluid over a
heat source temperature in increments of 10 °C. The heat source tem-
perature was in the range of 80-180 °C for butane, 130-230 °C for
pentane, 180-280 °C for cyclopentane and 180-280 °C for MM.

Fig. 4 (a) depicts the variation of thermal efficiency with heat source
temperature. As expected, all working fluids showed an increasing
thermal efficiency with rising heat source temperature. The most pro-
nounced increase of thermal efficiency was found for MM, while it was
lowest for butane. The thermal efficiency increased from 1.9% to 5.4%
for butane, from 2.1% to 6.4% for pentane, from 3.1% to 6.9% for
pentane and from 3.3% to 8.0% for MM. The main reason for the
enhanced thermal efficiency is that the enthalpy drop across the turbine
increases with rising heat source temperature, leading to more net
power output. The increase of the heat source temperature led to an
increase of the heat flow input from the heating cycle, but the increasing
rate of net power output outweighed the rising rate of absorbed heat so
that the thermal efficiency increased gradually. In addition, a higher
heat source temperature in this test allowed for a better utilization of the
heat source for each working fluid.

Fig. 4 (b) depicts the variation of exergy efficiency with heat source
temperature. The higher the heat source temperature, the higher the
exergy efficiency for all working fluids. The increasing trend of exergy
efficiency is related to the increase of net power output rising with the
heat source temperature. The highest achieved exergy efficiency was
20.3%, 22.5%, 23.5% and 25.2% by adopting butane, pentane,
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cyclopentane and MM, respectively.

As shown in Fig. 5 (a), the enthalpy difference across the turbine
increased greatly upon temperature rise from 17.91 kJ/kg to 43.9 kJ/kg,
from 13.7 kJ/kg to 46.0 ki/kg, from 17.5 kJ/kg to 47.6 kJ/kg and from
28.3 kJ/kg to 48.8 kJ/kg by adopting butane, pentane, cyclopentane
and MM, respectively. Fig. 5 (b) shows the variation of turbine efficiency
with heat source temperature. The results indicate that the turbine ef-
ficiency increased with heat source temperature for all working fluids.
The highest turbine efficiency was 48.2%, 49.6%, 50.1% and 51.1% for
butane, pentane, cyclopentane and MM, respectively. Turbine efficiency
and enthalpy difference are two important factors for evaluating the
performance of the turbine and for the future design of a dedicated
turbine.

Turbine inlet pressure

System performance was investigated for different TIP levels that
were in the range of 28-36 bar for butane, 24-32 bar for pentane, 36-44
bar for cyclopentane and 10-18 bar for MM. The heat source tempera-
ture was kept constant at 180 °C for butane, 230 °C for pentane, 280 °C
for cyclopentane and 280 °C for MM in these TIP variations. These heat
source temperatures were selected because the system reached the
highest thermal and exergy efficiencies under these conditions. The TIP
was gradually increased for each working fluid by adjusting the rotation
frequency of the pump M1. The inlet pressure was maintained below the
critical pressure of the given working fluid to avoid supercritical con-
ditions. Fig. 6 (a) shows the effect of the TIP on the thermal efficiency.
When the TIP rises, the thermal efficiency increases rather slightly from
3.3% to 4.7%, from 4.4% to 5.1%, from 4.8% to 5.9% and from 6.1% to
7.2% by adopting butane, pentane, cyclopentane and MM as a working
fluid, respectively. The increase of the TIP led to an increase of the
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pressure ratio between inlet and outlet. A rising pressure ratio is related
to the enthalpy drop across the turbine and more net power is produced
as shown in Fig. 7 (a). In other words, the increase of the TIP resulted in
an increase of the ratio of net power output to heat flow input, i.e. a
better thermal efficiency.

The variation of exergy efficiency with TIP is depicted in Fig. 6 (b). It
can be seen that the exergy efficiency also rises with TIP. It increased
from 14.0% to 18.4% for butane, from 16.1% to 20.6% for pentane, from
17.8% to 22.3% for cyclopentane and from 18.4% to 23.1% for MM. This
exergy efficiency trend is expected due to the rising enthalpy drop across
the turbine as shown in Fig. 7 (a). A higher TIP led to more net power
output and better exergy efficiency. Increasing the TIP led to a better
ratio of net power output to exergy flow input.

Fig. 7 shows the effect of the TIP on the enthalpy difference across
the turbine and the turbine efficiency. As the TIP increased, the enthalpy
difference increased from 34.5 kJ/kg to 41.3 kJ/kg, from 33.2 kJ/kg to
41.0 kJ/kg, from 36.4 kJ/kg to 42.4 kJ/kg and from 34.3 kJ/kg to 43.7
kJ/kg for butane, pentane, cyclopentane and MM, respectively. The
maximum turbine efficiency was 50.2%, 50.6%, 51.3% and 53.5%
adopting butane, pentane, cyclopentane and MM, respectively.

A higher TIP required more pump power, which reduced net power
output. Moreover, increasing the TIP led to a rise of the absorbed heat
from the heating cycle and reduced the thermal efficiency. Conse-
quently, the thermal efficiency in the heat source temperature case (
Fig. 4) is higher for all working fluids than in the TIP case (Fig.6). The
same applies to the exergy efficiency.

Superheating degree

System performance was assessed for a varying superheating degree
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in the range of 1 °C to 18 °C. The heat source temperature was carefully
increased together with the mass flow rate of Therminol 66 to reach a
targeted superheating degree. In Fig. 8 (a), it can be seen that the
thermal efficiency first increases slightly with superheating degree up to
a maximum and then decreases slightly for all working fluids. The
highest thermal efficiency was generally at a superheating degree be-
tween 3 °C and 6 °C. MM and pentane reached the highest thermal ef-
ficiency at a superheating degree of 5 °C, while cyclopentane and butane
showed the highest thermal efficiency at 6 °C and 4 °C, respectively. A
further increase of the superheating degree did not have a significant
effect. With the rise of the superheating degree, the ratio of net power to
absorbed heat flow increased until a certain superheating degree, then
the effect was reversed and that ratio fell so that the thermal efficiency
decreased. These results agree with the analysis of Uusitalo et al. [33]
and our previous work [26]. Uusitalo et al. recommended a small
superheating degree for regular ORC (without recuperator) to achieve a
better performance and to control the heat transfer in the evaporator of
the ORC system. A control of heat transfer may reduce the exergy loss in
the evaporator and increase thermal and exergy efficiencies.

Fig. 8 (b) depicts the variation of exergy efficiency with superheating
degree. The exergy efficiency also increases with superheating degree
and then decreases. As shown in Fig. 8 (b), it reaches maximum values
between 3 °C and 6 °C of superheating for all working fluids. At a
superheating degree between 3 °C and 6 °C, the ratio of net power
output to exergy flow input increases slightly. MM and cyclopentane
reached the highest exergy efficiency at a superheating degree of 5 °C,
while pentane and butane led to the highest exergy efficiency at 4 °C and
6 °C, respectively. These results agree with those of Zhou et al. [20], who
found that a further increase of the superheating degree may lead to a
slight decrease of the exergy efficiency. According to the impact of the
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superheating degree on the system performance, it is clear that the
superheating degree should be controlled to be in that limited range.

Pressure ratio

Fig. 9 shows the variation of system performance with the pressure
ratio, which is given in the form of TIP divided by the critical pressure.
The results indicate that both thermal end exergy efficiencies increase
with the pressure ratio for all working fluids. It can be seen that MM
reached the highest thermal and exergy efficiencies at a pressure ratio of
0.9, while cyclopentane, pentane and butane reached the highest ther-
mal efficiency at a pressure ratio of 0.91, 0.88 and 0.89, respectively,
which is rather close to the critical pressure of the given working fluid.
The main reason is that the increase of the TIP led to an increase of the
pressure difference between the inlet and outlet of the turbine and thus a
large enthalpy difference, which raised the net power output and
increased thermal and exergy efficiencies.

Critical properties

Fig. 10 (a) shows the relation between the critical properties of the
working fluids and the thermal and exergy efficiencies. It can be seen
that there is a clear relation between system performance and the critical
temperature of the working fluid, where thermal and exergy efficiencies
attained better values with increasing critical temperature. The higher
the critical temperature of the working fluid, the higher the efficiencies.
MM with the highest critical temperature achieved the best thermal and
exergy efficiencies under all experimental conditions. The mean reason
is that working fluids with a high critical temperature allow for a high
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turbine inlet temperature and evaporation temperature, which resulted
in a large enthalpy difference across the turbine. In addition, the use of a
working fluid with a high critical temperature may yield more turbine
net power output and a better thermal efficiency. The relation between
critical temperature and system performance as outlined in the present
work agrees with the results and analyses in Refs. [33,51,52]. On the
other hand, Fig. 10 (b) shows that there is no clear relationship between
the eritical pressure of the working fluid and system performance.

Exergy loss analysis

Exergy loss analysis is important to explore the dissipation of usable
energy in the ORC components due to irreversibilities. Such an analysis
was carried out for each component of the present ORC system under the
operating conditions where the highest thermal and exergy efficiencies
were reached. Fig. 11 shows that the highest exergy loss occurred in the
evaporator (HE) due to the irreversibility during heat transfer between
Therminol 66 and the working fluid. The percentage of exergy loss was
55.4%, 53.6%, 51.7% and 50.4% adopting butane, pentane, cyclo-
pentane and MM, respectively. The results agree with the analyses of Li
et al. [53] and Safarian et al. [54], who reported that the highest exergy
loss occurs in the evaporator which represents the critical component of
regular ORC systems. Other practical works [9,15] that looked at the
exergy loss in ORC systems also found that the largest contribution is
exerted in the evaporator. The exergy loss in the evaporator using
butane or pentane with a heat source temperature in the range of
180-230 °C is higher than when using cyclopentane or MM with a heat
source temperature of 280 °C. Working fluids with a high critical
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temperature can provide a high turbine inlet temperature and evapo-
ration temperature. Moreover, they allow for a better matching between
the heating cycle and working fluid in the evaporator at higher tem-
peratures. This explains the large exergy loss in the evaporator when
adopting butane or pentane in comparison to cyclopentane or MM. In
this context, butane for a heat source temperature of 180 °C had a larger
difference between the heat source temperature and the turbine inlet
temperature and more exergy loss in the evaporator, while MM had a
smaller difference and less exergy loss.

The results attribute the low thermal efficiency to the poor turbine
efficiency, as it generates less power output in relation to the available
enthalpy difference. Using a turbine with a better efficiency would in-
crease the thermal efficiency and performance of the ORC system. In
general, the present ORC system may be effective for recovering heat
from wide range of heat sources, especially since the market needs to
introduce small units to recover heat from various sources.

Conclusions and outlook to future work

An ORC system was experimentally investigated utilizing electrical
heaters as a heat source. System performance in terms of thermal effi-
ciency and exergy efficiency was studied over a wide range of heat
source temperature, turbine inlet pressure and superheating degree by
using butane, pentane, cyclopentane or MM as a working fluid. The heat
source temperature was in the range of 80-180 °C for butane,
130-230 °C for pentane, 180-280 °C for cyclopentane and 180-280 °C
for MM. The turbine inlet pressure was in the range of 28-36 bar for
butane, 24-32 bar for pentane, 36-44 bar for cyclopentane and 10-18
bar for MM. The maximum measured values of thermal efficiency and

11

exergy efficiency were 8.0% and 25.2%, respectively, and were found
for MM. The maximum turbine efficiency and enthalpy drop across the
turbine were 53.5% and 48.8 kJ/kg adopting MM as a working fluid.
With a superheating degree from 3 to 6 °C, all working fluids reached the
highest thermal and exergy efficiencies. Moreover, a pressure ratio be-
tween 0.88 and 0.91 was optimal throughout. The results show that a
small degree of superheating is efficient to increase system performance.
An exergy loss analysis indicated that the highest exergy loss occurred in
the evaporator due to the irreversibility during heat transfer from the
heat source. In addition, it was confirmed that working fluids with a
high critical temperature are more beneficial for ORC systems with a
heating cycle.

This work aims to provide experimental data that can be employed to
improve and optimize ORC systems. The low turbine efficiency during
the present operations clearly indicates that a new dedicated turbine
must be designed to enhance power output. Moreover, we are interested
to experimentally investigate low-GWP refrigerants as working fluids.
Future work will include the heat transfer properties of the system, i.e.
pinch point temperature difference, heat recovery efficiency and heat
exchanger performance.
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6. Summary and conclusions

Using the ORC system to generate power is a promising technology to meet the growing energy
demand and reduce the adverse environmental effects of fossil fuels. Several architectures of
the ORC have been developed and designed to enhance system performance and optimize the
utilization of heat sources. One of these adopted architectures is the CORC system, which
consists of two cycles instead of one for better utilization of heat flows from different sources.
This type of architecture may increase thermal and exergy efficiencies, reducing the exergy
loss, since the residual heat from the HT-ORC is used in the LT-ORC. The novelty of this work
involves the investigation of system performance experimentally and by simulations choosing
working fluids from different groups, namely low GWP refrigerants, alkanes and siloxanes. In
this work, the fluid selection process was based on the thermodynamic properties and
environmental considerations, including GWP and ODP values. Experimental and simulation
work was carried out and based on the CORC test rig at the University of Paderborn. The results

have been published in four papers.

6.1. Simulation results

The simulation process was based on the CORC test rig, using alkanes and low GWP
refrigerants in the HT-ORC and LT-ORC, respectively. System performance was evaluated
based on two criteria: thermal and exergy efficiencies over a wide heat source temperature
range. In addition, the relationship between system performance and thermophysical properties
of the working fluid, such as critical temperature, critical pressure, molar mass and molecular
structure, was investigated. The results indicated that the maximum achieved thermal and
exergy efficiencies were 25.2% and 54.8% by adopting cyclohexane and R1366mzz(Z) in HT-
ORC and LT-ORC, respectively. Moreover, the results underlined the close relationship
between thermophysical properties and system performance, as the thermal and exergy
efficiencies increased with a rising critical temperature of the working fluid. On the other hand,
the thermal and exergy efficiencies decreased with the rise of the critical pressure of the working
fluid. The molecular structure shows a close relationship with thermal and exergy efficiencies,
as cyclic alkanes achieved higher efficiencies than linear alkanes in the HT-ORC. The CORC
system achieved an about 25% higher thermal efficiency than the regular ORC system
represented by the HT-ORC. In the simulation process, 31 refrigerants were considered, and it
was found that the thermal efficiency is strongly correlated with the critical temperature of the
working fluid, where the thermal efficiency increased with the rise of the critical temperature

of refrigerants. This is due to the fact that working fluids with a high critical temperature can
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provide a high turbine inlet temperature, and thus the enthalpy difference across the turbine
increases and the thermal efficiency rises. The results indicate that HFO refrigerants (namely
R1366mzz(Z), R1233zd(E) and R1234ze(Z)) and HC refrigerants (namely butane,

cyclopropane and isobutane) may be suitable candidates for CORC units.

6.2. Experimental results

Under various conditions, the system performance was practically tested using four working
fluids: propane, butane, pentane and cyclopentane. The objective was to investigate the thermal
and exergy efficiencies, turbine power output, turbine efficiency and enthalpy difference across
the turbine. System efficiency was measured over a wide heat source temperature range, turbine
inlet pressure and mass flow rate of the working fluid. The results indicated that the highest
turbine power output and exergy efficiency were 4.92 kW and 20.2%, respectively. Thereby,
the heat exchanger performance was tested, since the two cycles were connected with a
common heat exchanger. Therefore, it was adequate to investigate the heat transfer between the
HT-ORC and the LT-ORC in context with the PPTD. According to the heat transfer calculations
between the two cycles, pentane was the best option among the selected working fluids in the

LT-ORC.

The second section of the experimental work focused on testing the HT-ORC as a regular ORC
system. The HT-ORC plays the most important role in the CORC system, as it presents the
cycle that exploits the primary heat source and also is the heat source for the LT-ORC. The
selected working fluids were butane, pentane, cyclopentane and MM. The purpose of the tests
was to measure the thermal, exergy and turbine efficiencies over a wide range of heat source
temperature, turbine inlet pressure, superheating degree and pressure ratio. Moreover, it was
focused on studying the relationship between the thermodynamic properties of working fluids,
system efficiency and exergy loss in the main components. The maximum achieved thermal
and exergy efficiencies were 8.0% and 25.2%, respectively, and were obtained with MM as a
working fluid. In addition, the maximum turbine efficiency was 53.5% and was also found for
MM. The maximum exergy loss was identified to be in the evaporator due to the irreversibility
during the heat transfer from the heat source. Moreover, it was found that a superheating degree
between 3-6 °C is beneficial to reach the optimal thermal and exergy efficiencies. The results
confirmed that working fluids with higher critical temperature are more appropriate for the HT-
ORC. Generally, the simulations and experiments indicated that the CORC system is a
promising and suitable technology to utilize heat sources, enhancing thermal and exergy

efficiencies, and reducing exergy loss.
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Appendix

A. Supplementary material for:
Experimental study of two cascaded organic Rankine cycle with varying working fluids

This supplementary provides information about the operating conditions that have been adopted
to study the system performance. Moreover, it provides an uncertainty analysis of the

experimental work.

Table Al: Basic parameters and operational conditions of the experimental work under condition

1 using cyclopentane as a working fluid.

Parameter Range
Temperature of heat source 453 -533 K
Mass flow rate (HC) 0.50 - 0.55 kg s!
Ambient temperature 278.15-288.15 K
Ambient pressure 0.1013 MPa
Mass flow rate (HT) 0.08 —0.12 kg s!

Table A2: Basic parameters and operational conditions of the experimental work under condition

2 using cyclopentane as a working fluid.

Parameter Range
Temperature of heat source 533 K
Mass flow rate (HC) 0.50 - 0.55kg s!
Mass flow rate (HT) 0.12-0.15kg s™!
Ambient temperature 288.15-298.15 K

Ambient pressure 0.1013 MPa
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Table A3: Basic parameters and operational conditions of the experimental work under condition 3.

Working fluid Heat source Mass flow Mass flow Mass flow Ambient Ambient pressure
temperature (K) rate (HC) kg/s rate (HT) kg/s rate (LT) kg/s temperature (K) (bar)
Pentane 453-533 0.48-0.55 0.12 0.03-0.035 283.15-293.15 0.1013
Butane 453-533 0.48-0.55 0.12 0.03-0.035 281.15-288.15 0.1013
Propane 453-503 0.48-0.55 0.12 0.03-0.035 280.15-293.15 0.1013

Table A4: Basic parameters and operational conditions of the experimental work under condition 4.

Working fluid Heat source Mass flow Mass flow Mass flow Ambient Ambient pressure
temperature (K) rate (HC) kg/s rate (HT) kg/s rate (LT) kg/s temperature (K) (bar)
Pentane 533 0.48-0.55 0.12 0.035-0.048 285.15-293.15 0.1013
Butane 533 0.48-0.55 0.12 0.035-0.048 283.15-288.15 0.1013
Propane 503 0.48-0.55 0.12 0.035-0.048 280.15-293.15 0.1013
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Table AS: Uncertainties of the measuring devices implemented in the test rig.

Variable Uncertainty
p (HC) +0.5%
T:;, T> (HC) +0.1%
m ye (HC) +0.1%
T3, T4 Ts, Ts, T; (HT) +0.1%
p3 p+ (HT) +0.5%
ps, ps, p7 (HT) +0.5%
m yr (HT) <0.065 %
Ts, To (LT) +0.1%
T, T11 (LT) +0.1%
ps, po (LT) +0.5%
pio, p11 (LT) +0.5%
m (LT <0.065 %

Table A6: Uncertainties of the equations of state implemented in REFPROP.

Parameter Uncertainty (%) Reference
Density 0.01-0.5 [1-4]
Speed of sound 0.01-1 [1-4]
Isobaric heat capacity 0.2-1 [1-4]
Vapor pressure 0.02-0.5 [1-4]
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B. Supplementary material for:

Cascaded dual-loop organic Rankine cycle with alkanes and low global warming

potential refrigerants as working fluids

This supplementary material provides information about the LT-ORC maximum thermal
efficiency by using hexane and pentane as a working fluid in the HT-ORC and the relation
between maximum thermal efficiency and critical temperature of the working fluid in the LT-
ORC. Moreover, it provides an uncertainty analysis of the simulations, the underlaying

assumptions, exergy loss analysis and the properties of the heat transfer fluid Therminol 66.

B.1 Uncertainties analysis of simulation

Working fluid properties in the simulation software (Ebsilon@Professional) are based on
REFPROP, which is a Helmholtz energy equation of state library. Typical uncertainties of the
thermodynamic properties of the selected working fluids vary from 0.01% to 0.1% in terms of
speed of sound, from 0.5% to 2% in terms of isobaric heat capacity and from 0.02% to 1% in
terms of vapor pressure [1]. The uncertainties are larger for most of the selected working fluids

in their critical region, but that range of states was avoided in this study.
B.2 Simulation assumption

In these simulations, the heat source temperature was set for each working fluid such that the
turbine inlet temperature was below the critical temperature with a small superheating degree.
A screw expander was assumed with an isentropic efficiency of 0.75, which is a common value
[2]. The minimum condensation temperature in both cycles was between 35 °C and 50 °C,
which is reasonable for most ORC systems and allows to validate the present results with those
of reference [3]. No recuperator or internal heat exchanger was adopted in this investigation
due the design of the CORC test rig [2]. The pinch point temperature difference in the heat
exchangers and condensers was set to 5 °C following literature practice [4,5]. The maximum
evaporation pressure was set to be lower than the critical pressure. The mechanical efficiency
of turbines and pumps, efficiency and power factor of generators were assumed to be standard

values as in most simulation and experimental works.
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B.3 Exergy loss analysis

The exergy analysis was carried out for each component in the CORC in cases where the highest

total exergy efficiency was reached. From Fig. B4, it can be seen that the highest exergy loss

occurs in the evaporator due to the irreversibility during heat transfer. The exergy loss in the

evaporator was 69.4%, 70.1%, 72.5% and 72.8% using the combinations cyclohexane-

R1233zd(E),

cyclohexane-butane,

cyclohexane-R1234ze(Z) and cyclohexane-isobutane,

respectively. These results agree with the analyses of Safarian et al. [6] and Li et al. [7].

Moreover, the evaporator represents the critical component in the CORC and has a more

dominating effect on the system performance than the other components.

The exergy loss of the element i can be calculated as

Ii = Ein _ Eout
i . .
where E" is the exergy flow into element i and E™
1

Maximum thermal efficiency / %

Maximum thermal efficiency / %

4

l

vvvvvvvvvvvvvvvvvvvvvvv
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is the outlet exergy of element .

Fig. B1. (a) Variation of the LT-ORC maximum thermal efficiency by using hexane as a
working fluid in the HT-ORC and (b) relation between maximum thermal efficiency and
critical temperature of the working fluid in the LT-ORC.



89

Appendix

10
(a)
S 914A A & A,
)
5 ° a 4
O
&2 A
% 7 A R
Tg A AA
o
2 61 A
= A A A
E 51 & A
-E A
3lllllllll|l||||lll|llll|llll|||
TN AN S S ST IITITITUIIIOIIUSIS I
SHNPYVE S T 2RI TLEITRR & Tk
JIEINE S
S @
19
10
(b)
o 9 - @
o 6 (e ®
y
5 % v
Q
£ m
5 7 =
: N 4
L @
g o ® HFO
E 5 e O HC
x l} ¥ HC-mixture
= |, | B HFC
49 o O HC/HFC
& HFC/HFO
3 T T T T T T T T T
80 90 100 110 120 130 140 150 160 170 180

Critical temperature / °C

Fig. B2. (a) Variation of the LT-ORC maximum thermal efficiency by using pentane asa
working fluid in the HT-ORC and (b) relation between maximum thermal efficiency and
critical temperature of the working fluid in the LT-ORC.
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Build CORC system in
Ebsilon{@ Professional

L]
Select working fluids
alkanes + low GWP refrigerants

h

Set assumptions and simulation
parameters

k4

h 4

Simulation process

Yes

Calculate of thermal and exergy
efficiencies

Fig. B3. Methodological approach of the present simulation procedure.
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Evaporator 69.4%

Pump 1.3%

Condenser 3.8%

TI.II';JiﬂE 25.5%
(a)

Evaporator 72.5%

Pump 1.3%

Condenser 3.6%

Turbine 22.6%

(c)

Evaporator 70.1%

Pump 1.6%

C’ondenser 4.5%

Turbine 23.8%

(b)

Evaporator 72.8%

Pump 1.4%

Condenser 4.1%

Turbine 21.7%

(d)

Fig. B4. Percentage of exergy loss in the components of the CORC using the working fluid
combinations (a) cyclohexane-R1233zd(E), (b) cyclohexane-butane, (c) cyclohexane-

R1234ze(Z), (d) cyclohexane-isobutane.
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Table B1. Properties of Therminol 66 [8].

Properties
Autoignition temperature (DIN 51794) 399°C
Maximum film temperature 375°C
Normal boiling point 359°C
Recommended bulk temperature 345°C
Flash point 184°C
Average molecular weight 252 g/mol
Chlorine content (DIN 51577) <10 ppm
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C. Supplementary material for:

Experimental investigation of organic Rankine cycle performance using alkanes or

hexamethyldisiloxane as a working fluid

This supplementary provides information about the operating conditions that have been adopted

to study the system performance. Moreover, it provides an uncertainty analysis of the

experimental work.

Table C1: Parameters and operational conditions.

Parameter Range
Effects of heat source analysis
Heat source temperature 80 — 280 °C
Mass flow rate (ORC) 0.08 —0.12 kg/s
Ambient pressure 1.013 bar
Ambient temperature 5-25°C
Mass flow rate (HC) 0.42 —0.55 kg/s
Effects of turbine inlet pressure
Heat source temperature 180-280 °C
Turbine inlet pressure 10 — 44 bar
Mass flow rate (ORC) 0.09 —0.14 kg/s
Mass flow rate (HC) 0.37 —0.56 kg/s
Ambient pressure 1.013 bar
Ambient temperature 10— 25 °C
Effects of superheating degree
Superheating degree 1-18°C
Mass flow rate (ORC) 0.08 —0.12 kg/s
Mass flow rate (HC) 0.45 —0.55 kg/s
Ambient pressure 1.013 bar
Ambient temperature 10 - 20 °C
Effects of critical properties
Ambient pressure 1.013 bar
Ambient temperature 5-20°C
Heat source temperature 180-280 °C

Mass flow rate (HC)
Mass flow rate (ORC)
Turbine inlet pressure

0.37 - 0.56 kg/s
0.08 — 0.15 kg/s
10 — 45 bar
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Table C2: Uncertainties of measuring devices implemented in the test rig.

Variable Sensor type Uncertainty
p (HC) Jumo +0.5%
T;, T> (HC) Pt 1000 +0.1%
myc (HC) Pressure difference +0.1%
T3, Ty Pt 1000 +0.1%
Ts, Ts Pt 1000 +0.1%
D3, P4 APT +0.5%
Ds, Ds APT +0.5%
m Pressure difference <0.065 %

Table C3: Uncertainties of the equation of state implemented in REFPROP.

Parameter Uncertainty (%) Reference
Density 0.02-1 [1-4]
Speed of sound 0.1-1 [1-4]
Isobaric heat capacity 0.2-1 [1-4]
Vapor pressure 0.1-2 [1-4]

References

[1]

(3]

E.W. Lemmon, M.L. Huber, M.O. McLinden, Reference fluid thermodynamic and
transport properties (REFPROP), version 10.0, in NIST Standard Reference Database 23.
National Institute of Standard and Technology, Gaithersburg, MD, 2007.

H. Gedanitz, M.J. Davila, E.-W. Lemmon, Speed of sound measurements and a
fundamental equation of state for cyclopentane, J. Chem. Eng. Data 60 (2015) 1331-
1337. doi:10.1021/je5010164.

Biicker D, Wagner W. Reference equations of state for the thermodynamic properties of
fluid phase n-butane and isobutane, J. Phys. Chem. Ref. Data 2006;35:929-1019.
doi:10.1063/1.1901687.

Thol M, Dubberke F, Rutkai G, Windmann T, Koster A, Span R, Vrabec J. Fundamental
equation of state correlation for hexamethyldisiloxane based on experimental and
molecular simulation data. Fluid Phase Equilibria 2016;418:133—151.
doi:10.1016/J.FLUID.2015.09.047.


https://doi.org/10.1063/1.1901687
https://doi.org/10.1063/1.1901687
https://doi.org/10.1016/J.FLUID.2015.09.047




