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ABSTRACT

There has been renewed significance for innovative energy conversion
technologies, particularly the heat recovery-to-power technologies for
sustainable power generation from renewable energies and waste heat. This is
due to the increasing concern over high demand for electricity, energy shortage,
global warming and thermal pollution. Among the innovative heat recovery-to-
power technologies, the proposed trilateral flash cycle (TFC) is a promising
option, which presents a great potential for development. Unlike the Rankine
cycles, the TFC starts the working fluid expansion from the saturated liquid
condition rather than the saturated, superheated or supercritical vapour phase,
bypassing the isothermal boiling phase. The challenges associated with the
need to establish system design basis and facilitate system configuration
design-supporting analysis from proof-of-concept towards a market-ready TFC
technology are significant. Thus, there is a great need for research to improve
the understanding of its operation, behaviour and performance. The objective of
this study is to develop and establish simulation tools of the TFCs for improving
the understanding of their operation, physics of performance metrics and to
evaluate novel system configurations for low-grade heat recovery-to-power
generation. This study examined modelling and process simulation of the TFC
engines in order to evaluate their performance metrics, predictions for guiding
system design and parameters estimations. A detailed thermodynamic analysis,
performance optimization and parametric analysis of the cycles were
conducted, and their optimized performance metrics compared. These were
aimed at evaluating the effects of the key parameters on system performances
and to improve the understanding of the performance behaviour. Four distinct
system configurations of the TFC, comprising the simple TFC, TFC with IHE,
reheat TFC and TFC with feed fluid-heating (or regenerative TFC) were
examined. Steady-state steady-flow models of the TFC power plants,
corresponding to their thermodynamic processes were thermodynamically
modelled and implemented using engineering equation solver (ESS). These

models were used to determine the optimum synthesis/ design parameters of



the cycles and to evaluate their performance metrics, at the subcritical operating
conditions and design criteria. Thus, they can be valuable tools in the
preliminary prototype system design of the power plants. The results depict that
the thermal efficiencies of the simple TFC, TFC with IHE, reheat TFC and
regenerative TFC employing n-pentane are 11.85 - 21.97%, 12.32 - 23.91%,
11.86 - 22.07% and 12.01 - 22.9% respectively over the cycle high temperature
limit of 393 - 473 K. These suggest that the integration of an IHE, fluid-feed
heating and reheating in optimized design of the TFC engine enhanced the heat
exchange efficiencies and system performances. The effects of varying the
expander inlet pressure at the cycle high temperature and expander isentropic
efficiency on performance metrics of the cycles were significant. They have
assisted in selecting the optimum-operating limits for the maximum performance
metrics. The thermal efficiencies of all the cycles increased as the inlet
pressures increased from 2 - 3 MPa and increased as the expander isentropic
efficiencies increased from 50 - 100%, while their exergy efficiencies increased.
This is due to increased net work outputs that suggest optimal value of pressure
ratios between the expander inlets and their outlets. A comprehensive
evaluation depicted that the TFC with IHE attained the best performance
metrics among the cycles. This is followed by the regenerative TFC whereas
the simple TFC and reheat TFC have the lowest at the same subcritical
operating conditions. The results presented show that the performance metrics
of the cycles depend on the system configuration, and the operating conditions
of the cycles, heat source and heat sink. The results also illustrate how system
configuration design and sizing might be altered for improved performance and

experimental measurements for preliminary prototype development.
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Waste heat recovery-to-power, power cycle, trilateral flash cycle, process
integration, modelling, process simulation, energy analysis, exergy analysis,

performance optimization, parametric analysis, performance comparison.
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1 Introduction

The need for innovative energy conversion technologies is significant for
sustainable power generation. This is due to the growing concern over the
Earth’s limited fossil fuel reserves (Smith, 1993), rising cost of energy prices in
the global market (Sanjay, 2011), high demand for electricity by an increasing
world population, energy shortage, effects of greenhouse gas emissions
(Quoilin et al., 2010; Khennich and Galanis, 2012) and thermal pollution (Dai et

al., 2009b).

Furthermore, because the primary energy resources and their conversion
systems play a significant role in the world economy, repeated efforts have
been made to study them (Miketa and Mulder, 2005; Valente, 2005) to improve
fuel economy and efficiency, and significantly reduce primary energy demand
and emissions (Patil et al., 2009; Fang et al., 2013). This is definitely not just a
method to conserve these limited resources and the environment but also to

provide a sustainable and affordable power supply.

Among these energy conversion technologies, there has been renewed
significance for heat recovery-to-power technologies. This is due to the growing
interest in heat recovery-to-power generation from renewable energies such as
solar thermal, geothermal and biomass; and waste heat from the conventional
fossil fuel energy systems. A number of novel heat recovery-to-power
technologies have been proposed for heat recovery-to-power generation from

low-to-medium temperature heat sources. Among the proposed innovative



solutions, the trilateral flash cycle (TFC) presents a great potential for

development.

The concern to attain maximum reversible work from a power cycle using a
non-isothermal single-phase heat sources has led to the concept of the TFC, a
modified power cycle for heat recovery-to-power applications that Smith in the
19th century had figured out (Smith, 1993). Smith (1993) proposed and
described the cycle as one of the optimum alternatives among the heat
recovery-to-power technologies capable of attaining this ideal. This cycle also
known as the trilateral cycle (TLC) or trilateral wet vapour cycle is a power (or
thermodynamic) cycle at its basis proposed to enhance the performance of heat
recovery-to-power especially form non-isothermal low-to-medium temperature

heat sources (Brown and Mines, 1998).

Basically, the TFC engine has the same components as the Rankine-cycle
engines but unlike the Rankine cycle, it does not evaporate the working fluid
during the heating phase; instead expands it, from the saturated liquid
condition, as a two-phase mixture. This feat permits better thermal matching
during the heat transfer from the heat source or non-isothermal heat source (i.e.
of variable temperature) to the working fluid (Chan et al., 2013), minimising

exergy destruction and improving performance metrics.

Furthermore, there is a growing interest in this cycle because it thermally
matches the exergy of the temperature profiles of non-isothermal heat source
and functions at rational pressures such that its application is viable

economically for mechanical or electrical power production (Zamfirescu and



Dincer, 2008). It could attain as nearly as possible the theoretical limit of
performance at moderate expansion machine inlet temperature and pressure,

and is characterized by high power density.

Heat recovery-to-power technology as an overall efficiency improvement
measure, unlike renewable sources, is one renewable approach where waste
heat is used as energy source for sustainable power generation (Van Der
Linden and Romero, 2009). Moreover, the distributed generation is one of the
numerous merits of waste heat recovery-to-power generation, by generating
power at its point of use, thus eliminating 4 - 8% losses in power during
transmission and distribution as related to central generation (Van Der Linden

and Romero, 2009).

There are two usual arrangements (or techniques) of the heat recovery-to-
power schemes. This include the recuperation, where the waste heat recovered
from the same cycle is employed to enhance the cycle efficiency; and the
bottoming cycles, where the waste heat is employed as a source of heat for an
independent cycle (Heppenstall, 1998; Franco and Casarosa, 2002) such as the
steam Rankine cycle, organic Rankine cycle, supercritical Rankine cycle and

TFC.

The choice of a suitable working fluid for a given application, the feasible
operating conditions/ parameters and the system configuration design, are the
most essential features of any thermal system design (Dincer and Al-Muslim,
2001; Chen et al., 2011a; Sahin et al., 2013). With the application of a suitable

high molecular working fluid, the TFC power plants could recover and convert



heat energy efficiently from renewable thermal sources as well as from the by-
product (waste heat) of numerous non-renewable sources into mechanical or
electrical power. The high molecular mass allows efficient exploitation of non-
isothermal single-phase heat sources for heat recovery-to-power generation,
which allows the net work output of the TFC in a wide range of power capacities
(Invernizzi et al., 2007; Baral and Kim, 2014). It could span for a unit, from a few
kilowatts to a few megawatts; while poly-units in parallel, could form a multi-
megawatt in numerous applications, such as geothermal, solar thermal,

biomass, ocean thermal and desalination power plants among others.

The by-products (waste heat) of the combustion from an internal combustion
engine that are dissipated into the environment pose severe environmental
concerns. From the perspective of thermal equilibrium, merely 26 - 34% of the
total thermal energy produced as a result of combustion in internal combustion
engine accounts for the output power driving the engine (Dincer and Al-Muslim,
2001). While numerous studies have estimated that as much as 20 - 50% of the
primary energy consumed industrially is exhausted as waste heat (Fang et al.,
2013; Hung et al., 1997; Johnson et al., 2008; Lian et al., 2011). Subsequently,
about 70% of the entire combustion heat of engines and about 50% of the entire
primary energy consumed industrially are dissipated in the environment,

demonstrating the vast potential for waste heat recovery-to-power generation.

1.1 Aim and Objectives

The aim of this study is to develop and establish simulation tools of the TFCs for

improving the understanding of their operation, physics of performance metrics



and to evaluate novel system configurations for low-grade waste heat recovery-

to-power generation.

The research specific objectives are to:

1. Identify the problems and potential of the TFC systems for low-grade waste
heat recovery-to-power generation;

2. Develop a modelling approach to simulate the TFC systems;

3. Analyse the basic processes involved in the TFC systems for low-grade
waste heat recovery-to-power generation;

4. Evaluate innovative improvement schemes of the TFCs to improve heat
exchange performance and system efficiency; and

5. Establish a simulation-based rigorous performance study of TFC systems for

low-grade waste heat recovery-to-power generation.

1.2 Motivation

About 70% of primary energy is discharged to the environment as waste heat in
exhaust gases from conventional fossil fuel energy systems (internal
combustion engines and gas turbines) as well as about 30% from combined-
cycle systems, and about 50% of primary energy consumed industrially,

resulting in severe environmental (thermal) pollution.

Concerns over the environmental challenges, coupled with the socioeconomic
pressures and the vast availabilities of low-grade heat streams of many
renewable energy sources like the solar thermal, geothermal and biomass; and

vast waste heat generation have driven the development of numerous waste



heat recovery-to-power cycles and several novel concepts that have been

proposed.

Among these proposed cycles, the TFC for heat recovery-to-power generation
is, no doubt, a promising option to satisfy the numerous requirements in
electricity demand, environment and performance. The fundamental principles
that govern its processes might be understood, but the cycle applications
require innovative solutions to challenges experienced from working fluid
selection through plant design, development, operation, physics of behaviour

and maintenance.

One of the challenges is that a wide spectrum of low-grade waste streams is
unexploited. The need to examine available heat sources and the power cycle,
in order to craft the power plant to match the exergy of the heat source profile is
significant. Moreover, how to exploit as many as possible of these numerous
energy sources, which are by their nature intermittent, onto the grid as well as
for off-grid electricity supply without degrading the reliability of supply is

challenging.

As observed with other alternative energy technologies like the solar;
development, innovation and investment would drive growth after a market-
ready technology is attained. Whether it be the efficient solar cell or the large
wind turbine, the future prospect of the TFC power plants depend on the
comparative improvements. This can be achieved especially through system
modelling, process optimization and simulation, and analyses to improve

system efficiency as well as efficiencies of development undertakings and



reduce costs. Thus, the proposed TFC technology as well as its variants based
on the optimized system design is studied for low-grade heat recovery-to-power

generation.

1.3 Research Scope

This study directs its attention to establishing and implementing simulation tools
for TFCs to improve the understanding of their operation and physics of
performance, and to evaluate novel configurations for low-grade waste heat

recovery-to-power generation.

The study commenced with the assessment of the technologies associated with
heat recovery-to-power generation. Afterwards, the system design criteria were
established subject to engineering design constraints and the different
components of the TFCs corresponding to their thermodynamic processes were
thermodynamically modelled and implemented, employing EES (engineering
equation solver). The EES is a commercially available software with in-built
thermodynamics and transport properties for working fluids (Klein, 2013). This
software enables the introduction and modification of component models,
allowing consistent analyses of the process and conceptual system design
thermodynamically. It was also employed for the performance optimization of

the cycle to maximise the cycle net work output and/ or thermal efficiency.

In order to model the systems, a semi-empirical modelling approach was
adopted, which requires a limited number of meaningful parameters. These

parameters, which are easily distinguished for process and conceptual system



configuration design, were established subject to engineering design

constraints, manufacturers’ manual and the open literature.

Thermodynamic and parametric analyses of the TFC systems for low-grade
heat recovery-to-power generation were performed as a solution to evaluate the
performance of the cycles and their predictions for guiding conceptual design,
sizing and parameters estimations. Four distinct TFC power plants were
thermodynamically and parametrically analysed. Performance optimization and
future heat exchange improvement scheme of the optimized system design of

the TFCs were examined.

Lastly, performance analysis and comparative study of the TFCs for low-grade

heat recovery-to-power generation were performed.

1.4 Expected Findings

The novelty and contributions to knowledge are:

1. Establishment of a modelling approach and simulation tools for TFC
systems;

2. Implementation of the simulation tools for understanding the requirements
to facilitate a procedure to system configuration design and system
development;

3. Implementation of innovative heat exchange and system performance
improvement schemes of the optimized design of the TFC; and

4. Determination of key operating parameters through sensitivity studies to

establish system configuration design basis for TFC power plants (which



does not include off-design operations), and to understand the

interrelationship among input parameters and system performance metrics.

1.5 Definitions of Terms

Bottoming cycle is a power cycle operating at lower average temperatures that
receives heat from a power cycle operating at higher average temperatures

(Cengel and Boles, 2006).

Cycle is a process, or series of processes, that allows a system to undergo
state changes and returns the system to the initial state at the end of the
process. That is, for a cycle the initial and final states are identical (Cengel and

Boles, 2006).

Efficiency is defined as the ‘ratio of desired result for an event to the input
required to accomplish the event’. Efficiency is one of the most frequently used
terms in thermodynamics, and it indicates how well an energy conversion or

transfer process is accomplished (Cengel and Boles, 2006).

Exergy can be defined as ‘the maximum amount of work produced by a flow of
matter or energy in a process or system as it brings to equilibrium with a

reference reservoir or its environment’ (Joshi et al., 2009).

Exergy analysis can be expressed as ‘a method which employs the principles
of conservation of mass and energy coupled with the second law of
thermodynamics for the analysis, design and improvement of process of a

system, particularly energy systems’ (Dincer and Rosen, 2007).
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Expander is a device that ‘produces shaft work due to a decrease of enthalpy,

kinetic, and potential energies of a flowing fluid’ (Cengel and Boles, 2006).

Heat engines are devices designed for the purpose of converting other forms of

energy (typically in the form of heat) to work (Cengel and Boles, 2006).

Heat source is a heat reservoir that ‘supplies energy in the form of heat’ while
the heat sink is a heat reservoir that’ absorbs energy in the form of heat’

(Cengel and Boles, 2006).

Irreversibilities are the factors that ‘cause a process to be irreversible’. They
include friction, unrestrained expansion, mixing of two gases, heat transfer
across a non-isothermal finite temperature difference, electric resistance,
inelastic deformation of solids, and chemical reactions (Cengel and Boles,

2006).

Process is any change that a system undergoes from one equilibrium state to
another. To describe a process completely, one should specify the initial and
final states of the process, as well as the path it follows, and the interactions

with the surroundings (Cengel and Boles, 2006).

State is the condition of a system not undergoing any change, which gives a set
of properties that completely describes the condition of that system. At this
point, all the properties can be measured or calculated throughout the entire

system (Cengel and Boles, 2006).

Steady-flow process is a process during which a fluid flows through a control

volume steadily. That is, the fluid properties can change from point to point
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within the control volume, but at any point, they remain constant during the
entire process. During a steady-flow process, no intensive or extensive

properties within the control volume change with time (Cengel and Boles, 2006).

Topping cycle is a power cycle operating at the high average temperature that
rejects heat to a power cycle operating at the lower average temperature

(Cengel and Boles, 2006).

Working fluid is the fluid to and from which heat and work is transferred while
undergoing a cycle in heat engines and other cyclic devices (Cengel and Boles,

2006).

1.6 Thesis Structure

Pathways from proof-of-concept towards a market-ready technology of the TFC
system as well as its proposed innovative improvement schemes on the basis
of a modified (or optimized) design for waste heat recovery-to-power generation
are studied and reported in this thesis. Each of its chapters comprises an
element of the bigger picture, consisting of three journal papers and one
conference proceeding. These papers are either accepted, pending acceptance
or being prepared for publication. The thesis is outlined such that all the

elements of this research study are briefly summarised as follows.

CHAPTER ONE gives an overview of the background of study, its motivation
and scope as well as the definitions of terms, thesis structure and research

accomplishments to date.
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In CHAPTER TWO, a comprehensive review of literature is provided. This
includes the definition of low-grade heat, description of the numerous major
sources of low-grade heat that are under-exploited, as well as the discussions
of the major heat recovery-to-power technologies, working fluid and its selection
criteria, and a systemic review of innovative heat recovery-to-power engines
among others. This chapter provides the basis for this study and how system

configuration design and sizing might be altered for improved performance.

CHAPTER THREE examines the modelling, simulation and evaluation of the
performance parameters of the TFC engines for low-grade waste heat recovery-
to-power generation. The simple TFC and proposed novel improvement
schemes of the optimized design of the TFC for improved heat exchange and
system performances are studied. For the proposed cycles, the fixed values of
the input parameters and key decision variables are defined, and system
configuration design criteria are established subject to engineering design
constraints or the defined fixed parameters. Based on the theory of steady-state
steady-flow thermodynamics, the models of the different components of the
TFC systems corresponding to their thermodynamic processes are established
and implemented. The simple TFC, which is the classical design, is expected to

be the reference engine.

In CHAPTER FOUR, the thermodynamic solutions of the TFCs operating at the
subcritical conditions with low-grade heat in the temperature limit of 393 - 473 K
for low-grade waste heat recovery-to-power generation are examined. This is to
assess the performance metrics of the proposed cycles and their predictions.

Four different system configuration designs of the TFC with distinct working
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principles, which include the simple TFC, TFC with internal heat exchanger,
reheat TFC and TFC with feed fluid-heating (known as regenerative TFC) are

studied for improved system performance.

In CHAPTER FIVE, the performance optimization and parametric solutions of
the TFC systems operating at the subcritical conditions with low-grade heat in
the temperature limit of 393 - 473 K for heat recovery-to-power generation are
examined. The parametric sensitivity studies of the models with the key
parameters (variables): the expander inlet pressure at the cycle high
temperature and expander isentropic efficiency are examined by standard
process simulation experimentations of variation of pressure at the cycle high
temperature and expander isentropic efficiency. Results include the cycles’
performances and some sensitivity studies results that illustrate the effects of

key parameters on the thermodynamic performances of the cycles.

CHAPTER SIX provides the optimized performance analysis and comparison of
the TFCs for low-grade heat recovery-to-power generation. The combined
results of the cycles’ thermodynamic performances, thermodynamic analyses,
and performance optimization and sensitivity studies obtained in CHAPTERS

THREE, FOUR and FIVE respectively are discussed in a wider perspective.

Lastly, conclusions are drawn from the research outcomes as well as
recommendations for future work to further progress substantially and optimise
the proposed TFCs for low-grade heat recovery-to-power is provided in

CHAPTER SEVEN.
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1.7 Research Accomplishments
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3. Ajimotokan, H.A., Sher, I. and Yeung, H. (2013) ‘The Study of a Trilateral
Flash Cycle for Conversion of Low-Grade Heat into Power’. Conference
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School of Engineering, Cranfield University, Cranfield, UK; 12" February,
2013.

4. Ajimotokan, H.A. and Sher, I. ‘Trilateral Flash Cycles for Low-Grade Waste
Heat Recovery-to-Power Generation - [. Modelling, Simulation and
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5. Ajimotokan, H.A. and Sher, |. ‘Trilateral Flash Cycles for Low-Grade Waste
Heat Recovery-to-Power Generation - Il. Thermodynamic Analysis’. Pending
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6. Ajimotokan, H.A. and Sher, I. ‘Trilateral Flash Cycles for Low-Grade Waste
Heat Recovery-to-Power Generation - lll. Performance Optimization and
Parametric Analysis’. Being Prepared for Publication

7. Ajimotokan, H.A. and Sher, I. ‘Optimized Performance Analysis and
Comparison of Trilateral Flash Cycles for Low-Grade Waste Heat Recovery-

to-Power Generation’. Being Prepared for Publication
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CHAPTER TWO

LITERATURE REVIEW
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2 Background

A variety of the renewable energies and exhaust waste of low-grade heat
sources that can be employed for power generation or useful mechanical (or
shaft) work are highlighted, reviews of the major power cycle for low-grade heat
recovery-to-power generation are discussed, working fluid and its selection
criteria, expanders for low-grade heat recovery-to-power generation system and
energy related terms are discussed as well as a systemic review of available

published works in the literature for heat recovery-to-power technologies.

2.1 Low-Grade Heat

Low-grade (or low-to-medium temperature) heat is essentially low- and mid-
temperature heat with less exergy density, which cannot be converted efficiently
by conventional methods. Though, there is no definite specification on the
temperature range of low-grade heat, it is acknowledged that a heat source with
temperature limit between 70 - 370°C is considered as a low-grade heat source

(Mathias et al., 2009; Chen, 2010; Chen, 2011a).

2.2 Low-Grade Heat Sources

Typically, one of the products of the combustion of hydrocarbon fuels is the
high-temperature energy (or heat) source. Though, as the temperature of the
heat source diminishes, numerous renewable energies and waste heat sources

are examples of low-to-medium temperature energy (or heat) source.

The major low-grade heat sources are either from renewable energy sources

like solar thermal, geothermal and biomass; or from exhaust waste heat from
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conventional fossil fuel energy systems like internal combustion engines, micro-
gas turbines, gas turbines, steam turbines and combined-cycle systems, or

industrial waste heat.

2.2.1 Solar Thermal

The solar radiation is a high-temperature, high-exergy energy source at its
origin, the Sun, whose irradiance is about 63 MW/m? and which travels to the
earth in the form of electromagnetic radiation. Although, the solar thermal
energy arriving the Earth surface decreases dramatically to about 1 kW/m?, due
to the Sun-Earth separation geometry (Lasode and Ajimotokan, 2011). This low
energy density and the source availability fluctuations are the key drawbacks in
solar thermal energy exploitations (Baral and Kim, 2014). The uses of optical
concentrating solar systems that transform the concentrated radiation typically
into solar thermal energy overcome this deficiency (Romero et al., 2004;
Fernandez-Garcya et al., 2010; Romeo et al.,, 2011). The commercially
available technologies, photovoltaic modules, which are used for direct
conversion of solar thermal energy into electrical energy; have low efficiency

and batteries are required for energy storage (Baral and Kim, 2014).

The solar radiation incident on the surface of the Earth is at a rate of about 1.7 x
10%" watts (Goswami et al., 2000), a value 10,000 times, the present world
energy consumption (National Energy Information Center, 2010). In order to
make this enormous energy source more useable, optical concentrating solar
systems like solar thermal collectors, solar ponds and so on are used to collect

and convert the solar radiation into solar thermal energy (Chen, 2010).
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Solar thermal collectors are classified as low-temperature, medium-temperature
and high-temperature collectors based on the collecting temperatures.
Typically, the low-temperature collectors are flat-plate collectors with (or
without) glazing, which comprise an absorber surface with thermal insulation
behind, as well as a trap to diminish energy losses and a heat transfer medium
(Chen, 2010). While the medium- and high-temperature collectors are made
using double-glazed flat-plate collectors, evacuated tube collectors and
concentrating collectors with (or without) tracking device (Chen, 2010; Goswami

et al., 2000).

On the other hand, the solar ponds, which are salt water pools with a bottom-to-
top density gradient; are the large-scale solar thermal collectors that combine
heat collection and storage (Chen, 2010). Figure 2.1 is a research pond jointly
built in Pyramid Hill, Victoria, Australia by RMIT, Geo-Eng Australia Pty Ltd. and
Pyramid Salt Pty Ltd. The irradiance, in solar ponds is transferred through the
water, captured by the pond’s dark-coloured bottom where the concentration of
the salt water is the maximum. With an ambient temperature of about 293 K, the
solar pond provides a low-temperature in the range of 343 - 353 K; which might
be extracted by either pumping the hot brine at the bottom layer of the pond or

through a heat exchanger system (Chen, 2010).
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Figure 2.1: The Pyramid Hill solar pond in Australia (Chen, 2010)

2.2.2 Geothermal

Geothermal energy (or heat from the Earth) is a renewable energy source,
located in the Earth’s crust. It can be found the world over, though the high-
temperature energy required for energizing power-generating plants is found in
relatively rare locations (DiPippo, 2012). One of its merits when compared with
other renewable sources, like solar energy, wind energy and biomass; is the
great potential in supply that is constant and not dependant on weather
conditions. This makes power-generating stations using energy from
geothermal sources very reliable and feasible for usage in base-load supply

(Geothermal energy association, 2012; Oroz, 2013).
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Figure 2.2: The world map of installed geothermal power plants capacity (Bertani,
2012)

There are enormous quantities of geothermal heat in existence, either in the
form of hydrothermal (or produced) water situated in ‘geothermal aquifers and
hot dry rocks’, which are artificially produced or upgraded underground
reservoirs (Oroz, 2013). The ‘enhanced geothermal system’ can use the heat

energy of the hot dry rock.

There has been a steady growth in installed power plants using thermal energy
from geothermal sources and this growth is estimated to continue in the
geothermal energy market worldwide at about 12% annually (Norden, 2011).
Bertani (2012) reported that power generation from geothermal has increased

from about 8.9 GW installed capacity in 2005, generating 55,709 GWh/ year to
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about 10.9 GW in 2010, generating 67,246 GWh/ year and a projected 19.8 GW
installed capacity by 2015. Figure 2.2 depicts the map of installed geothermal

power plants capacity by country as at 2010.

2.2.3 Biomass

The term ‘biomass’ refers to all the organic matters that possess stored energy
through the process of photosynthesis (Alternative energy, 2014); which are
‘combustible in nature’ (Ashish and Mohapatra, 2013). It mostly exists in one
form as plants and might be found in animal wastes through food chain; all of
which can be used as energy resources through processes like combustion,

pyrolysis and gasification among others (Alternative energy, 2014).

Numerous biomass fuels have been exploited in modern times including the
wood products, by-products and crop residues such as cobs, husks, straws,
etc., and animal refuse among others (McKendry, 2002; Ashish and Mohapatra,

2013).

Although solar, wind and mini/ micro hydro dominate the renewable energy
forecasts; biomass fuels look promising due to new emerging technologies.
They have been playing a vital role in the renewable energy sector despite the
niche markets for solar, wind and mini/ micro hydro (Ashish and Mohapatra,

2013).

In recent times, biomass is becoming one of the widely utilized renewable
energy sources, second only to hydropower in electricity generation (Alternative
energy, 2014). It is such a broadly exploited energy source, perhaps as a result

of its cost effectiveness and indigenous nature, which makes it account for
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nearly 15% of the total energy supply in the world and as much as 35% in
developing countries, and is customarily used for cooking and heating
(Alternative energy, 2014). Broadly speaking, biomass-based technologies are
becoming popular as they have an edge over other renewables. While the
power generating process is the same, be it using biomass fuel or fossil fuel, it

is the required equipment that differs.

2.2.4 Industrial Waste Heat

Industrial waste heat refers to thermal energy generated during industrial
processes, which is unexploited. The major industrial waste heat sources
include hot combustion gases; heated products exiting industrial processes and
heat transfer from heat carriers among others (U.S. Department of Energy,
2008). The amount of industrial waste heat is poorly estimated, however
numerous studies have quantified that about 20 - 50% of the industrial primary
energy consumed is exhausted as waste heat (Johnson et al., 2008; U.S.
Department of Energy, 2008; Lian et al., 2011; Fang et al., 2013). While during
certain industrial processes, heat losses are unavoidable; improving the
efficiency or integrating waste heat recovery-to-power technologies can
diminish these losses. By industrial waste heat recovery-to-power applications,
energy utilization and efficiency is improved, and significantly primary energy
demand and greenhouse gases emissions are reduced (Patil et al., 2009; Fang

et al., 2013).

The common uses for recovered industrial waste heat include using the heat

internally to increase the efficiency of the industrial processes, for example
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combustion air preheating (Zhang et al., 2001), furnace loads preheating (Hao
et al., 2008) etc. or externally across various industrial or built-up uses, for
example waste heat recovery-to-power generation (Carcasci et al., 2014;
Nguyen et al., 2014), absorption cooling and space heating (Garimella et al.,

2011; Garimella, 2012; Wu et al., 2014) among others.

2.3 Vapour Power Cycle

Power generation and refrigeration are the two most important areas of the
application of thermodynamics, both of which are typically accomplished using

systems that operate on a thermodynamic cycle (Cengel and Boles, 2006).

Thermodynamic cycles can generally be classified into power cycles and
refrigeration cycles. The device or system employed to generate net work
output is frequently known as ‘engine’ and the thermodynamic cycle it operates
on is known as ‘power cycle’ (Cengel and Boles, 2006). While the device or
system employed to generate ‘refrigeration effect’ are known as ‘refrigerators,
air conditioners or heat pumps’ and the cycle they operate on is known as

‘refrigeration cycle’ (Cengel and Boles, 2006).

Thermodynamic cycles can further be classified as either gas or vapour cycles,
subject to working fluid phase. In the gas cycle, the working fluid stays in the
gaseous phase through the whole cycle; while in the vapour cycle, the working
fluid occurs in the vapour and liquid phases at different part of the cycle (Cengel

and Boles, 2006).
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2.4 Heat Engines

Heat engines differ significantly, but can all be characterized as follow; receive
heat from a high-temperature source, convert part of this heat to work (usually
in the form of a rotating shaft), reject the remaining waste heat to a low-
temperature sink, and operate on a thermodynamic cycle (Cengel and Boles,
2006). For low-grade heat recovery-to-power employing an indirect (heat
engine) conversion method, the Rankine-cycle engines using organic working
fluids known as the organic Rankine cycles (ORCs), supercritical Rankine
cycles (SRCs) and trilateral flash cycles (TFCs) are the major cycles that have
been proposed and/or developed (Smith, 1993; Poullikkas, 2005; Fischer,
2011). They are classified as internal and external combustion engines;
depending on how the heat is provided to the working fluid. In external
combustion engines, like the steam power plants, heat is externally supplied to
the working fluid. Heat engines are designed for the purpose of converting
thermal energy into work, and their performance is expressed in terms of the
‘thermal efficiency’, which is the ‘ratio of the net work produced by the engine to

the total heat input’ into the system (Cengel and Boles, 2006).

One of the key driving forces for innovative development in power generation is
the efficiency improvement as well as the capacity gain, as illustrated in Figure
2.3 for the different power-generating plants (Rukes and Taud, 2004). The
steam and the combined-cycle power plants, at the upper end of the spectrum
have attained their impressive unit limits. This implies that additional techno-
economic development of these plants would typically be on efficiency

improvement. The gas turbine power plants as well, with capacity limits of 250 -
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300 MW, have attained impressive unit capacities. The micro-gas turbines or

combined micro-gas turbines with heat recovery-to-power engines have an

excellent market potential, provided it can be operated in a cogeneration mode.

Heat

recovery-to-power technology presents an excellent capacity and

efficiency improvement potential, where waste heat is used as energy source

for sustainable power generation (Van Der Linden and Romero, 2009).

Overwhelmingly, power generation is mainly generated through the conversion

of heat energy into electrical power using predominantly what is commonly

known as a ‘heat engine’, which has the maximum thermal efficiency being

constrained by the Carnot cycle (Brown et al., 2014).
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Figure 2.3: Typical system efficiencies and output of power plants (Rukes and Taud,

2004)
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2.4.1.1 Carnot Cycle

From fundamental thermodynamics, the ideal power cycle in relation to thermal
efficiency is the Carnot cycle, which Sadi Carnot figured out in 1824 (Moran and
Shapiro, 2004; Bejan, 2006). Carnot’s ideal cycle yields the maximum thermal
efficiency that any heat engine operating between a given hot reservoir (or heat
source) at a temperature T, and a cold reservoir (or heat sink) at a temperature
T,.. However, it is essential to note that the Carnot cycle is required to function
between a constant temperature heat and cold reservoirs; that is, a heat source
and heat sink, whose temperatures are large enough such that the heat source
could add or heat sink could receive any quantity of heat energy without any
change in temperature (DiPippo, 2007). Moreover, Carnot’s findings apply to a
cycle that only comprises the reversible processes. Carnot’s conclusions stem
from the Carnot’'s theorem, which states that ‘the efficiency of an ideal
thermodynamic cycle can only depend on the temperatures of the heat source

and heat sink, measured on the absolute temperature scale’ (DiPippo, 2007).

The Carnot cycle comprises four reversible processes; which include the
isentropic compression of working fluid during which work is performed on the
cycle, constant pressure isothermal heat addition to the working fluid by a
heating medium, isentropic expansion of working fluid during which work is
produced by the cycle and constant pressure isothermal heat rejection from the

working fluid to a cooling medium.

The thermal efficiency of a Carnot cycle operating between hot stream and cold

stream reservoirs can be expressed as:
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Th - Tc Tc (2'1)
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Where T, and T;, denote the temperatures of heat sink (or cold stream) and heat

source (or hot stream) respectively.

It is an extremely idealized cycle, which requires an ideal, internally reversible
heat engine although, furthermore, the heats transfer from the reservoirs is also

externally reversible (Winterbone, 1997).

2.5 Heat Recovery-to-Power Cycles

The major techniques for heat recovery-to-power applications are direct and
indirect conversion technologies (Bryson, 2007). Direct conversion technology,
as its name implies, converts the heat energy directly into power without
intermediate conversion and is thus free of any associated intermediate
conversion losses e.g. gas lamp. While the indirect conversion technologies
convert heat energy into power using heat engines. Although, the lack of extra
conversion losses for the direct conversion is very attractive, the materials used
and technigues employed result in lower efficiencies and power outputs

compared with the main alternative, heat engine conversion (Bryson, 2007).

Low-temperature heat sources are defined in terms of their grade. These are
classified into low, medium and high. There is no definite specification of the
temperature range but can be classified within the temperature limit of 343 - 423
K for low, 423 - 773 K for medium (Peterson et al., 2008) and beyond 773 K is

high (Harada, 2010).
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Few decades ago, only high-temperature heat sources were useable for heat
recovery-to-power generation in conventional steam power plants. At present,
low-to-medium temperature heat sources are feasible for power generation
using binary heat recovery-to-power technologies (Kalina et al.,, 1995;

Boghossian, 2011).

Binary power plants use working fluids, which are usually organic fluids. The
fluid works within a power cycle as follows: heat is transferred from the heat
source to the pressurized fluid and the resulting vapour is expanded to derive
shaft work (Boghossian, 2011). Various heat recovery-to-power engines for low-
grade heat recovery-to-power applications have been proposed/ developed for
low-grade heat conversion into mechanical or electrical power. The major ones
are organic Rankine cycle (ORC), supercritical Rankine cycle and trilateral flash
cycle (TFC) (Chen, 2011d). The success of the developed ones like the ORC
technology might be due to the standardized units or dimensions used during
construction of components, which allows flexibility and variety of use of
components (Panesar, 2012). However, due to their wide-ranging applications
in refrigeration, the technological maturity of these key components equally
contributed to the success of the developed heat recovery-to-power
technologies (Schuster et al., 2009). Therefore, the determining factors in heat
recovery-to-power generation are their extent of availability, exergy of the
temperature (or temperature profile) of the heat source, and the recovery and

conversion cost of the waste heat-to-power (Panesar, 2012) among others.
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2.5.1 Organic Rankine Cycle

The steam Rankine cycle is a matured technology that Rankine in the 19th
century had figured out its fundamental principles (Fischer, 2011). It is a closed
vapour power cycle, which comprises the feed pump, evaporator, turbine,
condenser and superheater where superheating is required. The Rankine cycle
utilizes the gain of an insignificant quantity of work input needed to pressurise a
working fluid and the amount of latent heat that can be recovered from a heat

source (Harada, 2010) to power the cycle.

Organic Rankine cycle (ORC) differs from the steam Rankine cycle in that the
working fluid is organic. ORCs are heat recovery-to-power cycles that apply the
principle of the steam Rankine cycle, but employ the heated vapour of organic
working fluid, instead of superheated steam (Sami, 2010; Sami, 2011), for heat

recovery-to-power generation from low-grade heat source(s).

The applications of the ORC system comprise the solar thermal, geothermal,
biomass, ocean thermal energy, waste heat recovery and desalination
(Tchanche et al., 2011; Imran et al., 2014). The cycle has an average thermal
efficiency limit of 2 - 11% and it is even lower with small-scale system lower
than 5 kW (Kang, 2012; Li et al., 2013; Imran et al., 2014). Its thermal efficiency
depends on system configuration and efficiency of the system components,
working fluid, and the operating conditions of the cycle, heat source and heat

sink (Imran et al., 2014).

The ORCs have been largely examined and utilized to generate or co-generate

power from low-to-medium temperature heat sources for their efficiency,
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simplicity in the cycle configuration (Chen et al., 2011a; Liu et al., 2004; Bruno
et al., 2008), dry expanding process and no emission of exhaust gas (Gu et al.,
2009) among others. But a drawback of ORCs is the ‘isothermal boiling’ that
causes poor thermal matching during the heat transfer from the heat source to
the working fluid due to pinch-point (Chen et al., 2011a). The usage of zeotropic
fluid mixtures (Maizza and Maizza, 1996; Maizza and Maizza, 2001; Wang and
Wang, 2009; Borsukiewicz-Gozdur and Nowak, 2007) and supercritical fluids

(Chen et al., 2005; Chen et al., 2006) can mitigate this challenge.

The cycle consists of the feed pump, boiler, turbine or expander, condenser and
superheater (if superheating is required) (Chen, 2011b). Figure 2.4 depicts a
schematic cycle configuration of an ORC and its thermodynamic process in a

temperature—entropy (T—s) diagram.
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Figure 2.4: The organic Rankine cycle, showing the cycle schematic configuration in

(a) and the T—s diagram of its thermodynamic process in (b) (Chen et al., 2010)

2.5.2 Supercritical Rankine Cycle

Supercritical Rankine cycles (SRCs) are heat recovery-to-power cycles that
operate with a working fluid at its relatively low critical temperature and
pressure, compressed to its supercritical pressure and heated directly from

liquid state to its supercritical state before fluid expansion (Chen et al., 2011a).

Due to the bypass of the two-phase region, the SRC attains almost a perfect
thermal match during the heat transfer from the heat source to the working fluid,
minimizing exergy destruction (Karellas and Schuster, 2008; Chen et al.,

2011a). The heating process does not undergo a distinctive two-phase region
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like a conventional Rankine or ORC; consequently a better boiler thermal match
is attained during the heat transfer from the heat source to the working fluid

(Chen, 2011c).

The SRC has been examined to improve the performance of heat recovery-to-
power from low-grade heat (Chen et al., 2006; Zhang et al., 2006; Karellas and
Schuster, 2008). However, there is no SRC in operation, but it is becoming a
new research direction due to its advantages in thermal efficiency and simplicity
in configuration (Chen, 2011c). Figure 2.5 depicts the configuration of the CO,

supercritical Rankine cycle and its thermodynamic processes in a T—s diagram.
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Figure 2.5: The supercritical Rankine cycle, showing the cycle schematic configuration
in (a) and the T—s diagram of its thermodynamic process in (b) (Chen et al., 2011a)

2.5.3 Trilateral Flash Cycle

Smith (1993) described a modified innovative heat engine (or thermodynamic)
cycle for heat recovery-to-power application known as the trilateral flash cycle
(TFC). The TFC has been studied in order to optimise heat recovery-to-power
produced from a non-isothermal finite thermal energy source. This is based on
the thermal matching and optimisation of the heat transfer from the heat source
to the working fluid, cycle and load characteristics; heating the fluid to either its

boiling point, to a saturated state or simply above its boiling point (Kelvin, 2008).

TFCs are heat recovery-to-power cycles in which the working fluid expansion

starts from the saturated liquid condition rather than the saturated, superheated
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or supercritical vapour phase. The TFC is a practical power cycle that mimics
the Carnot cycle. It is a power cycle, which is especially suitable for heat
recovery-to-power form non-isothermal low-to-moderate temperature heat
sources (Brown and Mines, 1998). The cycle comprises four processes, which
are the isentropic compression of working fluid during which work is performed
on the cycle, constant pressure high-temperature heat addition to the fluid
simply to its bubble point from a heating medium, isentropic expansion of the
fluid that produces a two-phase mixture during which work is done by the cycle
and constant pressure low-temperature heat rejection from the fluid to a cooling

medium.

The key distinction between the TFC and the conventional binary cycles is that,
the working fluid of the TFC remains in a liquid state as it leaves the heater, and
the expansion of the fluid in the expander takes place completely as two-phase
mixture in the two-phase region (Brown and Mines, 1998). The key to the
practical implementation of the TFC is the efficient expansion of the pressurized

liquid into the two-phase region.

Basically, it has the same components as the Rankine cycles but does not
evaporate the working fluid; instead expands its saturated liquid, as a two-
phase mixture by flash expansion in an expander for heat recovery-to-power
generation (Zamfirescu and Dincer, 2008). Due to the heat transfer without
pinch-point limitation, there is thermal marching between the exergy of the
temperature profiles of the heat source and the working fluids (Winterbone,

1997; Zamfirescu and Dincer, 2008). Its major advantages are close thermal
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match during the heat transfer from the heat source to the working fluid; it
recovers more heat and achieves a higher working medium temperature than

any other variant ORCs or flash steam systems (Smith et al., 2005).

Theoretically, the TFC has a lot of advantages in term of the efficiency and
simplicity in configuration, which has made it become a subject of novel
research. Moreover, this cycle is remarkable because it could perfectly match
the exergy of the heat source temperature profile and function at rational
pressures (Zamfirescu and Dincer, 2008). However, the difficulty of developing
an efficient expander for two-phase expansion of the working fluid has been the
main drawback. There is no TFC power system reportedly in operation (Chen,
2010) for obvious reason, because it is still at the research stage for technical

development.

2.6 Working Fluid and its Selection Criteria

Predictably, like the conventional Rankine cycles, the efficiency of a heat
recovery-to-power system is restricted by the exergy destruction; i.e. its
thermodynamic irreversibilities, as a result of entropy change within the system
and environment during the different cycle processes (Hung, 2001). The
irreversibilities and efficiency of the system depend on the working fluid and
operating conditions; therefore the highest system efficiency can be attained
when a promising (or suitable) working fluid is selected and operated at optimal

conditions (Hung, 2001).

For any desired power output, the required size and achieved performance of

the power cycle in performing shaft work depends on the working fluid’'s
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properties (Badr et al., 1985). Thus, in any thermodynamic cycle, the working
fluid performs a vital role in the processes of the cycle (Chen et al., 2010) and a
careful selection that meets the cycle requirements is crucial for an ‘efficient and
safe operation’ (Hung et al., 2010). It has its applicability range in line with its
thermo-physical properties and a chemical stability in a desirable range of
temperature. Moreover, operating conditions of any thermodynamic cycle, its
system efficiency, economic feasibility and environmental impact are influenced
by the fluid selection (Desai and Bandyopadhyay, 2009; Chen et al., 2010;

Hung et al., 2010; Rayegan and Tao, 2011).

Organic working fluids normally possess a considerable high molecular mass
that offers small volume streams, resulting in a system with compact size and
that supports high expansion machine efficiency of over 80% (Sami, 2011). In
contrast to expanded steam in the turbine, expanded organic fluids never form
liquid droplets, preventing droplet impingement on the expansion machine
blades and enabling flexibility in the heat exchanger design. One of the merits
of using organic working fluid is that it simply needs a ‘single-stage expansion
machine’, occasioning a ‘simpler, more economical system in terms of capital

costs and maintenance (Andersen and Bruno, 2005)’.

Furthermore, the key benefit of organic fluids as working fluid in heat recovery-
to-power cycles, is that they can be powered at lower temperatures compared
to the steam Rankine cycles and superheating is most often not required (Bruno

et al., 2008).
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The required criteria for selecting a working fluid for a power cycle are
discussed to identify promising fluids for TFC engines. The key criteria and

concerns for careful working fluid selection are as follow:

2.6.1 Thermo-Physical Properties

The thermo-physical properties of the working fluid affect the efficiency of the
power cycle and the power system’s capital cost (Hung, 2001). The most
significant thermo-physical properties necessary for a careful selection of a

promising working fluid are as follow:

2.6.1.1 Critical Points of Fluid

The ‘critical point of a working fluid is the peak point of the fluid saturation
vapour line in a T—s diagram, which suggests the proper operating temperature
and pressure limits for the working fluid in liquid and vapour forms’ (Chen et al.,

2010).

Literature is replete with numerous studies which suggest that recommended
fluids are those with the highest critical temperature ( Hung, 2001; Maizza and
Maizza, 2001; Mago et al., 2008; Dai et al., 2009b; Gu et al., 2009; Aljundi,
2011; Quoilin et al.,, 2011); that is, system performances as well as its
efficiencies can further be increased by choice of the working fluids with higher
critical point (Liu et al.,, 2004) particularly for a power cycle operating at the

subcritical operating conditions.

In a power cycle, the process of condensation is vital and the condensation

design temperature is usually over 300 K to permit low-temperature heat

39



rejection (heat sink) from the working fluid to a cooling medium or to the
environment. Thus, fluids such as methane with a critical temperature lower
than 300 K are not considered due to the difficulty posed by the condensing
temperature of the heat sink (Chen et al., 2010). The operating pressure of fluid
in a cycle must be within an acceptable range because very high pressure
greatly affects cycle reliability and cost. The pressure values within the range
0.1 - 2.5 MPa and a roughly 3.5 pressure ratio are acceptable (Badr et al.,

1985; Tchanche et al., 2009).

2.6.1.2 Other Thermo-Physical Properties

The flash and freezing points of fluid are also vital thermodynamic properties.
The flash point of a working fluid should be high to prevent flammability while
the freezing point should be lower than the lowest temperature of the operating

cycle (Desai and Bandyopadhyay, 2009; Chen et al., 2010; Hung et al., 2010).

Fluids with high molecular weight, like dry or isentropic fluids, exhibit far lesser
comparatively enthalpy drops during expansion compared with the water—steam
mixture (Hung et al., 1997) due to their low specific enthalpy in vapour state
(Smith, 1993). The higher the molecular weight, the smaller the expander
required, consequently, fluids with high molecular weight are well-suited for

system size reduction (Invernizzi et al., 2007).

2.6.2 Fluid Stability and Compatibility with Materials

Typically, at high pressure and high temperature, organic working fluids tend to
chemically deteriorate and decompose (Quoilin, 2007), which could result in

material corrosion and possible ignition (Hung et al., 2010). Thus, the chemical

40



stability of a fluid limits the maximum operating temperature of a cycle.
Generally, working fluids are expected to be non-corrosive and thermally stable
at operating pressure and temperature to avoid possible ignition and should be

compatible with the component materials.

2.6.3 Environmental Concerns

The ozone depletion potential (ODP) and global warming potential (GWP) are
the two key environmental concerns, which symbolize the contributory potential
of the working fluid to the degradation of the ozone layer and the warming of the
globe respectively. Certain fluid usages have been terminated whereas others
are being phased out by 2020 or 2030. Other working fluids, which have
fascinating properties and do not pose any threat of environmental concerns
like the phased out fluids, are being established. The major potential working
fluids are obtained from fluids having fluorine and carbon atoms. The presence
of one or more hydrogen atoms in the molecule, ‘leads to it being mostly
destroyed in the lower atmosphere by naturally occurring hydroxyl radicals,
making sure that little or none of the fluid survives into the stratosphere’ (Crook,

1994).

2.6.4 Availability and Cost

One of the considerations for working fluid selection is its availability and cost.
In ORCs, traditional refrigerants are employed as working fluids; which are quite
costly. The utilization of cost effective hydrocarbons or a more mass
manufactured refrigerants could make them available and reduce cost (Chen et

al., 2010).
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2.6.5 Types of Fluids

The vital characteristic of working fluids in heat recovery-to-power cycles is the
vapour saturation curve, which influences the applicability of the fluid, efficiency
of the cycle and related component arrangement or system configuration of the
cycle (Hung et al., 1997). Working fluids are generally classified into three types
depending on the shape of the slope of the vapour saturation curve (dT/ds) on
the T—s diagram, which could be either positive, negative or vertical and the
fluid is known as dry, wet or isentropic respectively (Figure 2.5) (Andersen and
Bruno, 2005; Chen et al., 2010; Shengjun et al., 2011; Carcasci et al., 2014). As
the value of dT/ds for the isentropic fluids tends to infinity, its inverse; that is,

ds/dT is employed to depict the dryness or wetness a fluid (Chen et al., 2010).

Generally, the wet fluids e.g. water, ammonia, propyne etc. require
superheating whereas dry fluids e.g. n-pentane, benzene, toluene, R-600, R-
600a, etc. and isentropic fluids e.g. R-290, etc. that are mostly organic working
fluids do not. This is because the isentropic expansion of saturated vapours of
the dry fluids terminates at the superheated region while the saturated vapours
of the isentropic fluids would retain their vapour saturated states throughout the
expansion process without condensation (Hua et al., 1997). The property of
persistent saturation through the expansion process and the fact that the need
for a regenerator is overcome, establish the isentropic fluids as suitable working

mediums in the TFCs as well as the ORCs and SRCs.

The use of wet working fluids in the TFCs as well as the ORCs is discouraged

because they become saturated after a ‘large enthalpy drop’ in the expansion
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machine and the fluid droplets impingement on the blades of the expansion
machine during expansion posing a threat of damage to the turbine. Thus,
isentropic or dry fluids are suggested to prevent the aforementioned problem
(Shengjun et al., 2011). Though, the resulting expanded vapour leaves the
expansion machine with a considerable quantity of ‘superheat’ if the working
fluid is too dry, imposing a burden on the condenser. With this latent heat, if the
working fluid is preheated after the feed pump pressurizes it, prior to its entry
into the boiler; it could increase the cycle efficiency (Chen et al., 2010). This has
been achieved through the integration of an internal heat exchanger or a
regenerator in Rankine-cycle engines, which extracts the remaining latent heat
at the exhaust of the expansion machine; reducing the heat exchanger and

condenser loads, and as well improving performances.

The TFCs and SRCs still need much to study to obtain the potential working
fluids. However, the use of wet fluids in SRCs is equally discouraged because it
sub-cools and then nucleates to two-phase mixture, causing droplet
impingement on the turbine blades, and lowering the turbine performance. With
the dry or isentropic fluids, very fine droplets in the two-phase region are formed
and no liquid poses a threat of damage to the turbine during expansion (Chen et

al., 2010).
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Figure 2.6: Working fluids types and their slopes of vapour saturation curve on the T-s
diagram (Wang et al., 2013)

When the working fluid expansion process bypasses the two-phase region, fluid
might leave the expansion machine with considerable quantity of ‘superheat’ if it
is a dry fluid, imposing a burden on the condenser or necessitating a heat
recovery scheme. If it is a supercritical fluid, system efficiency is maximized
(Chen, 2011c) due to reduced desuperheating or because there is no need for
it. For wet fluids, a ‘higher expansion machine inlet temperature’ would be
required to prevent the expansion from undergoing the two-phase region with

less concern over superheat during the process of condensation. However, with
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the use of an expansion machine that involves two-phase region, a resulting
potential net fluid effectiveness improvement in the range of 8% can be
attained. Thus, in supercritical states of the SRCs, dry or isentropic fluids are
preferred to wet fluids if the equilibrium states of the expansion process involve

a two-phase region (Chen et al., 2010; Chen et al., 2011a).

In the saturated states of the TFC, light hydrocarbons are the most promising

working fluids (Smith et al., 1995; Chen, 2011e).

2.6.6 Classification of Fluids

Working fluids used in power cycles can be classified into inorganic fluid (e.g.
water, ammonia, ammonia/ water, etc.) and organic fluid, which can further be
categorised into hydrocarbons, refrigerants (non-hydrocarbon) and siloxanes

(Bruno et al., 2008).

Inorganic fluids are one of the most commonly used fluids in heat recovery-to-
power engines for power generation. But with the low-to-medium temperature
heat sources, their performance as working fluids is either typically inefficient or
not viable (Franco and Casarosa, 2002; Calise et al., 2014). This is specifically
because of the negative slope of their saturation vapour curves on the T-s
diagram (Calise et al.,, 2014). The organic fluids are characterized by a
meaningfully better performance than the inorganic fluids powered by low-to-
medium temperature heat source. This is due to their higher molecular weight,
lower critical and ebullition temperatures (Quoilin et al., 2010), and positive

slope of their saturation vapour curve on the T—s diagram (Calise et al., 2014).
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The hydrocarbons fluids have had a wide-ranging application, from chemical
applications to heat recovery-to-power generation and refrigeration. They
display a strong positive slope of vapour saturation curve on the T—s diagram
and a relatively high heat of vaporization. Although, these fluid are inflammable,
which makes there uses in high-temperature environment challenging (llacqua,
2009). However, hydrocarbon fluids have been broadly utilized in comparative

heat engines with no key challenges.

The refrigerants, on the other hand, have been widely used as a working fluid in
refrigeration systems. These fluids possess critical temperature below 473 K
and their shape of the slope of the vapour saturation curve on the T—s diagram
could be either negative, which are wet fluids; or vertical, which are isentropic
fluids. In addition, refrigerants have relatively low heat of vaporization, and as
regards safety and environmental concerns, they have a high GWP, non-
flammable and categorised as the safest among working fluid classes (Quoilin,

2007).

Siloxanes are organosilicon compounds, which originate from a combination of
silicon, oxygen and alkanes. They comprise the R,SiO units, where R denotes
the hydrocarbon group or the hydrogen atom (llacqua, 2009). Invernizzi et al.
(2007) examined siloxanes as working fluids in Rankine cycle and their
performance metrics obtained depict comparative outcomes. Siloxanes display
a strong positive slope of vapour saturation curve on the T-s diagram, are
thermally stable at temperature limit as much as 673 - 723 K and have a

relatively high molar complexity than the hydrocarbons.
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2.7 Expander in Low-Grade Heat Recovery-to-Power Engine

The low power-output expansion machines in heat recovery-to-power engines
could be categorised into two main classes: turbines and positive-displacement
machines (Badr et al., 1991a). Predominantly, positive-displacement machines
such as volumetric expanders as expansion machines are one of the most
important equipment in the heat recovery-to-power system, which are low-
speed devices (< 5000 rpm) applied in units of relatively low power output, in
the range of 10 kW to 1 MW (Badr et al., 1984). They are possible alternatives
to the single-stage turbines because the power output rises with increasing
speed, whereas the reverse applies for turbines (Badr et al., 1991a; Smith et al.,

2011).

Numerous numbers of devices have been examined for expansion of
pressurized fluids into the two-phase region. There are five broad categories of
these devices, comprising the Lysholm expanders, impulse expanders, total
flow turbines, total flow systems and hero expanders (Brown and Mines, 1998).
Lysholm expanders, also called helical or screw expanders, comprise the
interlocking, counter rotating and helical rotors that rotate as the fluid is

expanded along the axis of the rotors (Brown and Mines, 1998).

The expansion machines of different types for low power output have been
evaluated and analysed based on their operational behaviours. Primarily, more
attention is dedicated to the rotary machines among the positive-displacement
category. This is because the reciprocating ones have numerous rotating

components with associated inherent balancing problems; they display poor
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breathing characteristics because of their high fluid-friction losses; have low
efficiencies due to difficulties in lubrication particularly as in steam heat engines

and are large and expensive to produce (Badr et al., 1991a; Badr et al., 1991b).

Experimental studies have shown that volumetric expanders are good
candidates for low power output, due to their high efficiency, low rotating speed,
reduced number of rotating components, reliability, wide range of power output,
ready availability, simplicity in structure and good isentropic effectiveness
(Guangbin et al., 2010; Quoilin et al., 2011). In particular, experimental studies
have revealed very promising results on the scroll expanders modified from
scroll compressors, with the reported isentropic effectiveness as much as 48 -
68% (Lemort et al., 2009; Quoilin et al., 2011). Another very promising
candidate is the screw expander, which operates at a marginally higher output
power showing the benefit of intake of a high liquid fraction at the inlet, giving

room for the design of a wet cycle (Smith et al., 2011).

The expander is one of the main components of the heat recovery-to-power
engines and its selection is a key element in heat recovery-to-power engine
system design. The selection of the an appropriate expander depends on the
working fluid thermo-physical properties, required mechanical power, mass and
volumetric flow rates, and volumetric expansion ratio (Quoilin et al., 2010;
Calise et al., 2014). The expanders are rotating machines that produce shaft (or
mechanical) work by flash expansion of high pressure vapour (or saturated

fluid) to a low condensation pressure vapour—liquid (Smith et al., 2011). Ideally,
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because this expansion is isentropic, it not only decreases the pressure of the

vapour but also its temperature.

2.7.1 Isentropic Efficiency

A complication is initiated when determining the specific enthalpy h, which is the
‘sum of the internal energy u, and the product of pressure p and volume v; i.e.,
h = u + pv after a process if change of entropy is considered. Meanwhile, a
process can be neither reversible nor adiabatic, so also there can be no change
of entropy; which is always greater at the initial state of the process than at the

end (Gentle et al., 2001).

Entropy can be simply expressed as that thermodynamic property, if it is plotted
against absolute temperature, and the area under the process curve is the heat

energy transferred (Gentle et al., 2001).

From this,

5Q (2-2)

Thus, the Sl unit of the specific entropy is J/kgK or more typically, kJ/kgK.

From an engineering perspective, it is sufficient to say that as the change in
entropy of a process tends to zero, the more effective it is. For example, more
of the heat energy is converted into work after the expansion of gas, steam or

vapour in a turbine or an expander, provided the change in entropy is minimal.

For any expander, isentropic efficiency indicates the change of entropy (Gentle
et al., 2001). Its measured values for expanders differ generally and depend on

the expander types, its expansion ratio and the thermo-physical property of the

49



working fluid (Brown and Mines, 1998). The ideal is 100%, denoting no change

in entropy, but a usual isentropic efficiency limit is 75 - 90%.

2.8 Exergy: A Measure of Useful Work Potential

The concepts of energy and exergy stem from thermodynamics, which have
found applications in all fields of science and technology. The introduction of a
new energy quantity termed ‘exergy’ to work out in what manner work or power
could be used considering a specified energy quantity with regard to the
reference environment and/ or reasons for inefficiencies and the impossibility of
ideal efficiency in all energy processes, are due to thermodynamic

irreversibilities (Sato, 2004).

In engineering thermodynamics, exergy denoted by = or B, is the maximum
useful work done by a system for the duration of a transformation as the system
comes to equilibrium with a reservoir or reference environment. Energy that is
available to use is thus called exergy. The exergy of a system is equal to zero

when the system and reference environment reach equilibrium (Pierre, 1998).

When a process involves a change in temperature, exergy is continuously
destroyed. This destruction is proportional to the entropy rise of the system
coupled with its reference environment. The exergy destroyed is known as
anergy. Energy and exergy are interchangeable terms for a process or a
change taking place at constant temperature (isothermal process) as exergy

destruction does not arise (Exergy-Wikipedia Free Encyclopedia, 2011).
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A Slovene mechanical engineer, Zoran Rant in 1953, coined the term exergy
while Willard Gibbs developed the concept in 1873 (Wall, 1986). Exergy
analysis was first conducted in the field of industrial ecology for a more efficient
utilization of energy. Its application to unit operations in chemical plants in the
1900s, partly account for the enormous progress of the chemical industry. Then,
it generally termed the available work or availability (Exergy-Wikipedia Free

Encyclopedia, 2011).

2.8.1 Forms and Characteristics of Exergy

The exergy and exergy efficiency of an assessed process or system for
practical computational purposes can be classified into the following basic forms

(Andelkovi¢ and Krsti¢, 2007):

Kinetic exergy can be expressed as the kinetic energy determined by virtue of

velocity of motion with regard to the reference environment.

Potential exergy can be expressed as the potential energy determined by
virtue of its position (zero level) with regard to the reference environment.
Meanwhile, all the forces influencing the assessed matter and the reference

environment are essential to determine the potential energy.

Thermal exergy can be expressed as the flow of exergy that passes through a
substance of controlled volume, which is classified usually into two: physical

and chemical exergy of flow.

The exergy of a substance is therefore conservatively categorised as the

physical exergy, exergy related to temperature changes (thermal exergy),
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pressure changes (pressure exergy, dynamic exergy), and concentration
changes (mixing exergy), and chemical exergy, exergy related to changes in

chemical composition of the substances (Sato, 2004).

2.8.2 Comparison of Energy and Exergy

Energy is neither created nor destroyed but conserved during any processes,
while exergy is dissipated in spontaneous processes. Energy depends upon the
matter or energy flow parameters only, while exergy depends on both the
matter or energy flow parameters and upon the parameters of the reference
environment. Energy is based on the first law of thermodynamics, while exergy
is based on the second law of thermodynamics coupled with mass and energy
conservation principles. Lastly, energy is a measure of quantity, while exergy is

a measure of quantity and quality (Odeyemi, 2010).

2.8.3 Exergy Analysis Method

There are three different approaches to system analysis and performance
evaluation based on the ffirst and second laws of thermodynamics’, which
include the energy, entropy and exergy analyses (Sato, 2004). The energy
analysis is absolutely a first law consideration, during which energy balances
are performed to determine the energy flow rates into the system and out of it.
The ‘analysis of entropy’ is also an exclusively second law consideration, which
is associated with the mass flows and entropy generation as a result of energy
transfer coupled with the processes transformation in a system. The exergy
analysis or “exergy method of analysis” on the other hand however, is guided by

a combination of the first and second laws of thermodynamics coupled with the
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concept of irreversible production of entropy. For a proper assessment of a
system performance, the incorporation of the second law consideration is

necessary either as entropy or exergy analysis (Bejan, 1996).

Carnot and Clausius laid down the basics of exergy analysis in 1824 and 1865
respectively. The energy-related engineering systems are designed and their
performance is evaluated primarily by using the energy balance deduced from
the first law of thermodynamics. Engineers and scientists have traditionally
applied the first law of thermodynamics to compute the enthalpy balances for
quantifying the loss of efficiency in a process due to the loss of energy.
However, in recent years the second law analysis, herein called the exergy
analysis, of energy systems has more and more drawn the interest of energy
engineers and the scientific community. The exergy concept has gained
considerable interest in the thermodynamic analysis of thermal processes and
plant systems since it has been seen that the first law analysis has been
insufficient from an energy performance point stand (Bejan, 1996; Njoku et al.,
2014). In this analysis, the heat does not have the same value as the work, and
the exergy losses represent the real losses of work. When analysing novel and
complex thermal systems, experience needs to be supplemented by more
rigorous quantitative analytical tools. Exergy analysis provides those tools and
helps to locate weak spots in a process. This analysis provides a quantitative
measure of the quality of the energy in terms of its ability to perform work and
leads to a more rational use of energy. In general, the specific exergy denoted

by ex is calculated using the following equation (Ganapathy et al., 2009):
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ex = exye + exXp, t+ exy, + excy (2-3)

Where, ex,, and ex, . are exergies due to motion or kinetic energy and exergy

due to potential energy respectively, ex,, is physical exergy i.e. exergy due to

temperature difference and pressure difference with respect to the reference

point and ex;, is chemical exergy (i.e. due to chemical reactions).

Exergy analyses are thus effective for improving the energy efficiency of

practically all manufacturing processes or systems. This is because it is

(Ganapathy et al., 2009):

An effective method employing the conservation of mass and conservation
of the energy principles together with the second law for the design and

analysis of energy systems;

An effective way to study how to make systems and processes more

efficient;

An efficient technique revealing whether or not and by how much it is
possible to design more efficient energy systems by reducing the

inefficiencies;

A suitable technique for furthering the goal of more efficient energy-

resource use;

A key tool for determining the locations, causes, and magnitudes of wastes

and losses;
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vi. A measure of usefulness, quality or potential of a stream to cause change;

and

vii. A tool for sustainable development.

2.9 Areas of Application of Energy and Exergy Analyses

The development of exergy analysis began around the 1930s and has
increased notably since the 1970s (Moran and Sciubba, 1994). A wide range of
devices, processes and systems have been since examined, including many
related to electricity generation, such as gas-turbine cycles (Tyagi et al., 2005),
Kalina cycles (Borgert and Velasquez, 2004), Stirling cycles (Martaj et al.,
2006), geothermal binary power plants (Dagdas, 2005), and cogeneration
(Kwon et al., 2001) assessments have been conducted. Thermo-exergetic of
the sugar mill processes (Duarte et al., 2004), exergo-economic of thermal,
chemical, and metallurgical processes (Can et al., 2002; Seider et al., 2004),
exergo-economic of manufacturing sector (Al-Ghandoor et al., 2010) and
exergy-based environment (Salas et al., 2005) assessments have also been

undertaken.

Numerous studies conducted by Al-Ghandoor et al. (2009), Rosen and Tang
(2006a), Rosen and Tang (2006b), Rosen and Dincer (2003) and Horlock et al.,
1998 have contributed to the principles, applications and practice of exergy
analysis. Recently, Hepbasli (2008) carried out a key review on exergy analysis
and assessment of renewable energy resources, while Rezac and Metghalchi
(2004) outlined the history of exergy analysis. Moran and Sciubba (1994)

provided a brief survey of exergy principles and analyses along with emphasis
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on areas of application. They concluded that the exergy balance can be used to
determine the location, type, and true magnitude of the waste of energy
resources, and thus can play an important part in developing strategies for more

effective fuel use.

2.10 Reversible Work and Irreversibilities

Exergy is a valuable tool in assessing the ‘quality of energy’ and ‘comparing the
work potentials’ of different energy sources or systems. Exergy based
assessment alone is, no doubt, adequate for examining devices operating
within fixed states because the final state is assumed always at dead state;

which is apparently not true for engineering systems.

Reversible work and irreversibility (or exergy destruction) are two quantities that
relate the apparent initial and final states of processes and serve as valuable
tools in the thermodynamic analysis of a component or system (Cengel and

Boles, 2006).

Reversible work W, is defined as ‘the maximum amount of useful work that
can be produced (or the minimum work that needs to be supplied) as a system
undergoes a process between the specified initial and final states’ (Cengel and
Boles, 2006). This is the useful work output achieved (or input used) when the
process within the initial and final states is performed in a totally reversible

manner.
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When the ‘final state is the dead state, the reversible work equals exergy’
(Cengel and Boles, 2006). For work consuming processes, ‘reversible work

represents the minimum amount of work necessary to carry out that process’.

The differential within the reversible work W,..,, and the useful work W, is owing
to the irreversibilities in the course of the process, and this differential is known

as irreversibility 1. It expressed as (Cengel and Boles, 2006):

I = Wrev,out - Wu,out (2'4)

Or

I = Wu,in - Wrev,in (2'5)

In a reversible process, reversible and useful work terms are the same, so
irreversibility is zero, which is expected because a reversible process does not
generate entropy. While for a reversible process, the irreversibility is a positive
quantity because W, is greater than or equal to W, for a work producing

device and W, is less than or equal to W, for a work consuming device.

The wasted work potential or the lost work opportunity is regarded as
irreversibility, which represents the energy that may perhaps be converted to
work but was not. The smaller the irreversibility associated with a process, the
greater the work that is produced (or the smaller the work that is consumed)
(Cengel and Boles, 2006). The performance of a system can be improved by

minimizing the irreversibility associated with it.

57



2.11 Review of Innovative Heat Recovery-to-Power Generation

Systems

Literature is replete with numerous studies conducted on the analyses and
performance evaluation of energy conversion systems for power generation
from conventional fuels, based on energy and exergy considerations. These
have provided useful insights into the power cycles and, thereby, presented a
basis for efficiency improvement efforts (Rosen and Tang, 2008), process

integration and systemic analysis.

However, some extensive efforts have been devoted in the past two decades to
the development and evaluation of the proposed innovative heat recovery-to-
power engines, which are able to recover and convert into mechanical work,
low-to-medium temperature heat sources such as hot exhaust gases from
topping Brayton and/ or steam Rankine cycles, waste heat from industrial
processes, geothermal sources, solar thermal, nuclear reactors or ocean

thermal energy (Zamfirescu and Dincer, 2008) to mention a few.

Among these proposed heat recovery-to-power engines, there is a wealth of
literature on the ORCs technology for heat recovery-to-power generation, which
is typically categorized into the working fluids selection (Tchanche et al., 2009;
Saleh et al., 2007; Lakew and Bolland, 2010; Bao and Zhao, 2013; He et al.,
2014; Roy et al., 2010), modelling and simulation of the ORCs (Quoilin et al.,
2011; Lemort et al., 2009; Wei et al., 2008; Lemort and Quoilin, 2009),
applications of the ORCs (Tchanche et al., 2011; Hajabdollahi et al., 2013; Liu

and Li, 2014), expanders modelling and design (Bao and Zhao, 2013; Lemort
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and Quoilin, 2009; Giuffrida, 2014), and design and optimization of the ORCs
(Roy and Misra, 2012; Quoilin et al., 2013; Imran et al., 2014). Considering the
enormous number of published works on this cycle, the cited references are a
far cry of what is available in the literature. While ORCs are used in existing

power plants, the TFC is still at the research stage of technical development.

The following are the comprehensive review of the available published works in
the literature on the TFCs technology for heat recovery-to-power generation.
Smith, (1993) studied the basic principles for the development of the simple
TFC for heat recovery-to-power. He found that, provided the two-phase
expander can attain isentropic efficiency not less than 75%, the net work output
of the cycle can be as much as 80% higher than simple Rankine-cycle engines
for heat recovery-to-power from heat streams of temperature limit of 373 - 473
K. Moreover, the estimated cost per unit net work output is almost equal to that
of Rankine-cycle engines. The preferred working fluids for TFC power plants
are light hydrocarbons. Smith and da Silva (1994) investigated the proposed
TFC engine using working fluid mixture as a means of increasing work output of
the cycle for heat recovery-to-power from low-to-medium temperature heat
sources. The results obtained depict that at the inlet temperature limit of 423 -
453 K and condensing temperature limit of 273 - 323 K, it is possible with a
mixture of the n-pentane and neopentane for fluid to complete the expansion
process as dry saturated vapour. The method of fluid property estimation was
described and its accuracy confirmed by experiment. Smith et al., (1996)
performed wide-ranging studies that has led to an improved understanding of

how Lysholm twin-screw expansion machines might be used to derive
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mechanical (shaft) work from two-phase flash expansion processes. The
operating mode of the machine was described as well as the types of rotor
shapes used. Process simulation results of the expansion process were
analyzed and the effects of different working fluids, varying rotor profiles and
sizes, and power outputs of 5 - 850 kW were investigated. There were good
agreements between the predicted and measured performance metrics.
Moreover, the statistical analyses of the results indicate that this is unlikely to be
improved without the development of more refined methods of two-phase flow
analysis. Brown and Mines (1998) carried out detailed computations to examine
the applicability of a shortlist of 20 different working fluids in trilateral cycle
(TLC) for heat recovery-to-power from geothermal brines at temperature limit of
366 - 433 K. The differentials in the net work outputs of almost 50% were
computed for the different fluids at the lower temperature limits examined; while
at the upper temperature limits, the differentials in the net work outputs were
less pronounced. The working fluid selection the TLC is based on the
temperature of heat source and any limitation on the fluid expansion ratio within
the expander. The more volatile of the fluids evaluated had the lower expansion
ratios and the computed results suggest that the TLC could use geothermal
resource more efficiently than conventional binary cycles at the given
temperature limit. In relation to a binary cycle, operating at an expander
isentropic efficiency of 85%, the TLC has a comparative advantage if the two-
phase expander isentropic efficiency about 76% or above. Bryson (2007)
studied a modified heat engine using an innovative heat recovery-to-power

cycle, known as TFC that utilizes an organic working fluid. The theoretical
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results were compared with the empirical results and reasons for their
discrepancies were investigated. Zamfirescu and Dincer (2008) assessed the
thermodynamic performances of ammonia—water based trilateral cycle (TLC),
which does not use a boiler, instead expands its saturated liquid by flash
expansion in expander for heat recovery-to-power generation. The effects of the
varying isentropic efficiency of the expander, concentration of the ammonia and
the cooling fluid rate on system performances were examined. Fischer (2011)
performed a comparison of the optimized TLC systems using water as working
fluid and optimized ORC systems using pure organic working fluids. It was
found that the exergy efficiency for heat recovery-to-power generation is higher
by 14 - 29% for the TFC than for the ORC. Lai and Fischer (2012) presented
model results for power flash cycles (PFCs) (a generalization of TLCs) engines
including the heat addition to and rejection from different working fluids. A
comparison of the TLC using water as working fluid, ORCs and water Clausius-
Rankine cycles were made. General outcomes show that the PFC has higher
efficiencies than ORC but larger volumetric flows at the exhaust of the
expander. Also, the TLCs using water as working fluid have the highest heat
recovery-to-power efficiencies. The drawback of using water is the large outlet
volumetric flows at low-temperature limits. In these cases, light hydrocarbon like
alkanes are promising working fluid in PFC due to their substantially smaller
outlet volumetric flows and rather high heat recovery-to-power efficiencies.
Wang et al.,, (2012) developed mathematical models for determining the
performance metrics of a twin-screw expander in a simple TFC system using

organic components. The geometry parameters of the twin-screw expander
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associated with the angle of rotation for the male rotor comprising suction and
discharge port area, leakage area and groove volume among others were
employed in the modelling. The combined effects of internal leakage, oil
injection, gas-oil heat transfer and thermo-physical property of the refrigerant
were considered and their single parametric sensitivity studies were carried out.
The models were validated with the analysed results of the diagram of the twin-
screw expander experimental recording and there were good agreement
between the theoretical calculation and the experimental data. This suggested
that the models could be used for performance prediction and product

development.

A critical review of the vital literature confirmed the need for development of the
TFCs technology for low-grade waste heat recovery-to-power generation using
unconventional working fluid. It underscored that, in recent years, though
significant development has been achieved, largely in the working fluid
selection, applications of TFC, and expanders modelling and design
approaches particularly for twin-screw expanders. Research and development
in the establishment of simulation and design tools of the TFC, its design and
optimization, thermodynamic and parametric analyses for heat recovery-to-
power generation, are required. This is because significant research prospects
exist in modelling, simulation and evaluation of performance metrics of the TFC,
its thermodynamic feasibility, system configuration design and optimization
among others. These are needed for performance prediction and system
development from the proof-of-concept towards a market-ready TFC technology

for waste heat recovery-to-power generation.
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Therefore, the need to establish simulation tools of the TFC for improving the
understanding of its operation, physics of performance metrics and to evaluate

novel configurations for low-grade waste heat recovery-to-power generation.
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CHAPTER THREE

MODELLING, SIMULATION AND EVALUATION OF
TRILATERAL FLASH CYCLE SYSTEMS
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3 Introduction

Heat recovery-to-power has been a longstanding challenge that Carnot,
Clausius and Rankine in the 19th century had figured out its fundamental
principles (Fischer, 2011). Conventionally, mechanical power is recovered from
external heat sources, such as combustion products, using Rankine-cycle
engine that uses steam as the working fluid (Smith et al., 2011). It has gained
prominence because of its very attractive features like good thermal integration
with the topping cycle, highly reliable and extensive industry experience
(Chacartegui et al., 2009). However, because the heat discharged are between
70 - 370° C (Hung et al., 1997), values not compatible with the conventional
Rankine-cycle engine or due to the low conversion efficiency (Chen et al.,
2011a; Liu et al., 2004); low-grade heat streams of many renewable thermal
sources as well as the by-product (waste heat) of numerous combustion

processes are ordinarily under-exploited.

One consequence of these, at present, is the intensified studies of heat
recovery-to-power cycles using unconventional working fluid for low-grade heat
recovery-to-power generation (Zamfirescu and Dincer, 2008; Zamfirescu and
Dincer, 2009). This had resulted in a number of novel thermodynamic cycles
being proposed for improved efficiency, reduced emissions and to gain on a
smaller scale, a comparable advantage of efficiency, where performance of the
conventional steam power plants are generally inefficient (Franco and
Casarosa, 2002). These low-grade heat recovery-to-power cycles mainly
include organic Rankine cycles (ORCs), supercritical Rankine cycles and

trilateral flash cycles (TFCs).
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Among these cycles, the ORCs have been broadly studied and employed to
generate and co-generate power from low-to-moderate temperature (low-grade)
heat sources for their efficiency, simplicity in the cycle configuration (Liu et al.,
2004; Bruno et al., 2008; Husband and Beyene, 2008a; Husband and Beyene,
2008b; Wei et al., 2008; Chen et al., 2011a), ease of maintenance, improved
part-load performance (Desai and Bandyopadhyay, 2009; Chen et al., 2010;
Hung et al., 2010) and ability to be adapted to different heat source temperature
profile (Delgado-Torres and Garcia-Rodriguez, 2010). But a crucial limitation of
the ORCs is the ‘isothermal boiling’ particularly with the pure fluids, which
causes poor thermal matching during the heat transfer from the heat source to
the working fluid due to pinch-point (Chen et al.,, 2011a). As a result of the
pinch-point limitation, there is huge exergy destruction during the heat

exchange process of the cycle.

The TFC is a heat recovery-to-power cycle at its basis proposed to enhance the
performance of heat conversion into power particular from low-to-medium
temperature non-isothermal heat source, i.e. of variable temperature. Basically,
it has the same components as the Rankine-cycle engines but unlike the
Rankine cycle, it does not evaporate the working fluid during the heating phase;
instead expands it, from the saturated liquid condition, as a two-phase mixture.
Due to the bypass of the isothermal boiling phase, there is a better thermal
match during the heat transfer from the heat source to the working fluid
(Zamfirescu and Dincer, 2008; Chan et al., 2013), which minimizes exergy
destruction. Moreover, there is a growing interest in the cycle because it

thermally matches the exergy temperature profiles of non-isothermal heat
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sources and functions at moderate pressures such that its application is viable

economically for shaft work or power generation (Zamfirescu and Dincer, 2008).

The choice of suitable working fluid for a given application, the feasible
operating conditions/ parameters and the system configuration design, is one of
the utmost essential factors that influence the performance of heat recovery-to-
power cycles (Chen et al., 2011a; Sahin et al., 2013). The applicability range of
the working fluid must be within its thermo-physical properties and its chemical
stability in a desirable range of temperature (Chen et al., 2010). The cycle high
temperature upper limit depends on the fluid thermal stability and its lower limit
on the techno-economic factors (Boghossian, 2011) such as the size of the heat

exchangers required for the heat addition to and rejection from the working fluid.

With the application of suitable working fluid, the TFC system can be designed
to recover and convert low-grade heat efficiently from the renewable thermal
sources as well as from the by-product (waste heat) of numerous non-
renewable sources into electrical power. Its power generating capacity for a unit
could span from few kilowatts to few megawatts, while poly-units in parallel

could form multi-megawatt thermal power plant.

3.1 Methodology

A design criterion for the trilateral flash cycles (TFCs) power plants was
established subject to the engineering design constraints. The system
configuration designs of the TFCs for waste heat recovery-to-power generation

were configured such that the cycles recover and convert waste heat from a
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broader application, especially for the evaluation outside the boundaries of

known application.

The TFCs, which consist of the simple TFC and proposed improvement
schemes of the process integration of the TFC to optimize the cycle
configuration design and/ or operation for improved heat exchange performance

and system efficiency were studied.

The system configuration designs considered were the simple TFC, TFC with
internal heat exchanger (IHE), TFC with reheating otherwise known as reheat

TFC and TFC with feed fluid-heating also termed regenerative TFC.

A semi-empirical modelling approach that involves limited number of meaningful
parameters, which were easily distinguished for the system configuration design
and sizing, experimental measurements for prototype development and
parameters estimations, performance predictions as well as for the evaluations
of the different applications, was adopted. This is because such models are
easily interconnected to build a larger process simulation model (Quoilin et al.,

2010).

The governing equations and complete balance equations, i.e. mass, energy
and exergy rate balances were formulated for each individual cycle

components.

Steady-state steady-flow models of the TFCs power plants, corresponding to
their thermodynamic processes were thermodynamically modelled and

implemented employing EES (engineering equation solver) (Klein, 2013). The
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process simulations of the models of the cycles and ancillary components at the
subcritical operating conditions were implemented using the defined model
input parameters and results obtained. The performances of the cycles were
evaluated using an expander inlet pressure limit of 2 - 3 MPa and expander inlet
temperature limit of 393 - 473 K at the average condensing temperature of 309
K. The results were analysed for all cycles and their design base were

established within the viable operating (working) conditions.

3.1.1 System Description

Figure 3.1 depicts the simple TFC schematic cycle configuration and the
temperature—entropy (T—s) diagram of its thermodynamic process. It comprises
four key components, which are the feed pump, heater, expander and

condenser.

Like the Rankine cycles, the working fluid of the TFC is a saturated liquid at the
ambient (reference) temperature and pressure (state 1) supplied to the feed
pump where it is pressurized (state 1 - 2) to a higher pressure. Afterward, heat
is added to the fluid (state 2 - 3) just to its saturated temperature (boiling point)
by a heating medium in the heat exchanger at constant pressure and is being
injected into the expander; where shaft work is produced by flash expansion of
the high pressure saturated fluid to a low condensing pressure (state 3 - 4),
driving a generator to produce electrical power. Subsequently, the resulting
vapour—liquid content is condensed to liquid (state 4 - 1) (by cooling agent that

enters the condenser) to start the new cycle.
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Figure 3.1: The simple trilateral flash cycle, showing the schematic cycle configuration

in (a) and the T—s diagram of its thermodynamic process in (b)
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3.1.2 Improvement of the Trilateral Flash Cycle

The improvement scheme (or modification) of the optimised design of the TFC
considered in this study uses the concept of process integration of the simple
TFC with an internal heat exchanger (IHE) (heat recuperator), reheating and
regeneration (regenerator); which have been used in the conventional steam
power plants. The following modified cycle configurations of the TFC integrate

the aforesaid innovative efficiency improvement scheme.

3.1.2.1 Integration with Internal Heat Exchanger

When the expander expansion process terminates in superheated region, the
integration of an IHE at the exhaust of the expander might be beneficial for
preheating the working fluid prior heating to the saturated temperature in the
heat exchanger. The integration of an IHE, which extracts the remaining latent
heat at the expander's exhaust would reduce the heat exchanger and

condenser loads, and as well improve performances.

Thus, the integration of IHE to the simple TFC is considered for improvement of
the heat exchange performance and system efficiency. The performance study
of the effects of the integration of the IHE on simple TFC using organic working

fluid is examined.

Figures 3.2 depict the schematic configuration of the TFC with IHE and the T—s
diagram of its thermodynamic process. It comprises five key components, which
are the feed pump, heater, expander, IHE and condenser. The latent heat

extracted from the superheated vapour—liquid at the expander outlet by the IHE
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is used to preheat the sub-cooled liquid at the feed pump outlet (state 2 - 3).
Afterward, the fluid is heated to its saturated temperature (state 3 - 4) by a
heating medium in the heat exchanger at constant pressure and is being
injected into the expander (state 4 - 5), where shaft work is produced.
Subsequently, the latent heat of the resulting vapour-liquid content is being
bled (state 5) and condensed (state 6 - 1) by a cooling medium in the

condenser to start the new cycle.
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Figure 3.2: The trilateral flash cycle with IHE, showing the schematic cycle
configuration in (a) and the T—s diagram of its thermodynamic process in (b)

3.1.2.2 Reheating

The reheating is a technique used to increase the expansion work of a
thermodynamic cycle or process. The expansion process is completed in stages
while the reheating of the working fluid is in between these stages. Since the
steady-flow compression work is proportional to the specific volume of the flow,
the specific volume of the working fluid should be as large as possible during an
expansion process. Reheating is a practical solution to the excessive moisture
problem in the lower-pressure stages of expander, and it is used frequently in

modern vapour power cycles (Cengel and Boles, 2006).
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Once the working fluid used in a TFC is a wet fluid for instance water, a
reheating would be required to improve fluid dryness because it becomes
saturated after an enthalpy drop in the expansion machine while the fluid
droplets impingements on the blades of the expansion machine during
expansion pose a threat of damage (Chen et al., 2010). Thus, to improve fluid
dryness, the expansion process is split into two, and a reheating is introduced
between both expansion stages. For performance study of the effects of
reheating on TFC system, the TFC with reheating using organic fluid was

examined.

The reheat TFC is a modification of the simple TFC, in which the working fluid is
expanded in the expander in two stages and reheated in between. Figure 3.3
depicts the schematic cycle configuration of the reheat TFC and the T-s
diagram of its thermodynamic process. It comprises five key components, which
are feed pump, heater, high pressure (HP) expander, low pressure (LP)
expander and condenser. Like the simple TFC, the high pressure saturated fluid
is first expanded in the HP expander (state 3 - 4) and the medium pressure fluid
is then returned to the heater where it is reheated to its saturated temperature
(state 4 - 5) by a heating medium. Afterwards, the medium pressure saturated
fluid is expanded in the LP expander (state 5 - 6); where shaft work is produced,
with the resulting vapour—liquid content then condensed (state 6 - 1) by a

cooling medium in the condenser to start the new cycle.
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Figure 3.3: The trilateral flash cycle with reheating, showing the schematic cycle
configuration in (a) and the T—s diagram of its thermodynamic process in (b)
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3.1.2.3 Regeneration

The regeneration is the process of transferring energy within a cycle from a
working fluid at high temperature in part of the cycle to a lower temperature in
another part of the cycle to reduce the amount of external heat transfer that is
required to power the cycle. This technique is used to raise the temperature of
the liquid leaving the pump (by the latent heat of the feed fluid) before it heated
by the heating medium in the heat exchanger (Cengel and Boles, 2006). For
instance, in steam power plants, ‘extracting’ or ‘bleeding’ steam at different
points from the turbine is performed to attain a practical regeneration process.
This steam, which could have produced more work by expanding further in the
expansion machine, is used to preheat the feed water instead (Cengel and

Boles, 2006).

For improved heat exchange performance and system efficiency, the
regenerative TFC using an open feed fluid-heating for preheating the working
fluid was considered. Thus, the performance study of the effects of feed fluid-

heating on TFC system using organic fluid was examined.

The regenerative TFC is a modification of the simple TFC, which is
accomplished by ‘extracting’ or ‘bleeding’ vapour from the expander. Figure 3.4
depicts the schematic cycle configuration of the regenerative TFC and the T—s
diagram of its thermodynamic process. It illustrates the system working principle
with a bleed point for preheating the working fluid in an open feed fluid-heater. A
fraction of the vapour flow rate is bled (point 5a) at the transitional pressure

between the heating and the condensing pressure, which is directed to the heat
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exchanger to preheat the pressurised feed fluid. The working fluid is
pressurized with the condensate pump (state 1 - 2), then preheated in the feed
fluid-heater (state 2 - 3) and is being pressurized to a high pressure with the
feed pump (state 3 - 4). The high pressure fluid is heated (state 4 - 5) by a
heating medium in the heat exchanger and injected into the expander (state 5 -
6); where it is expanded, with the resulting vapour-liquid content being bled
(point 5a) for the preheating of the working fluid (at point 7) and condensed

(state 6 - 1) by a cooling medium in the condenser to start the new cycle.
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Figure 3.4: The regenerative trilateral flash cycle, showing the schematic cycle
configuration in (a) and the T—s diagram of its thermodynamic process in (b)

3.1.3 Cycle Thermodynamic Processes

The thermodynamic processes of any cycle are illustrated with the pressure—
enthalpy (p—h), pressure—volume (p—v) or T—s diagrams. The T—s diagram is
typical used because it is valuable as a visual aid in the analysis of ideal power

cycles: cycles that do not involve any internal thermodynamic irreversibilities.

The ideal TFC comprises four internally reversible processes, which include two
constant pressure heat exchange processes, and an isentropic compression
and expansion processes (Figure 3.1 (a)). These are the isentropic
compression of working fluid in feed pump (process 1 - 2) during which work is

performed on the cycle, constant pressure heat addition by a heating medium in
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the heat exchanger (process 2 - 3), isentropic expansion of working fluid in the
expander (3 - 4) during which work is done by the cycle and constant pressure
heat rejection from the working fluid to a cooling medium in the condenser
(process 4 - 1). States 3 and 5 in Figure 3.2 (b) depicted the integration of an

IHE to the simple TFC.

Unlike the simple TFC, the reheat TFC comprises three constant pressure heat
exchange processes, an isentropic compression process and two isentropic
expansion processes (Figures 3.3). The reheating is depicted by states 4 and 5

on the T-s diagram of the cycle (Figure 3.3 (c)).

The regenerative cycle comprises three constant pressure heat exchange
processes, two isentropic compression processes and an isentropic expansion
process (Figure 3.4). Typically, the preheating with the expander bled and the
condensate at the exit of the open feed-fluid heater is assumed at saturated
condition. States 5a and 7 on the T-s diagram of the cycle (Figure 3.4 (d))

depict the regeneration process.

On a T-s diagram, the heat addition process proceeds in the direction of
increasing entropy, while the heat rejection process proceeds in the direction of
decreasing entropy, and the isentropic (internally reversible, adiabatic) process

proceeds at constant entropy.

3.2 Working Fluid Selection

The preliminary cycle evaluations and an in-depth investigation of the promising
working fluids that can be used in the TFC were performed using the in-built

thermodynamics and transport properties of working fluids in EES database.
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Primarily, the working fluids screened include the ‘linear, branched and cyclic
hydrocarbons, refrigerants and siloxanes’. Of the initial shortlist of promising
fluids, refrigerants containing chlorine were screened out due to prohibition with
respect to their ozone depletion potential. Fluids that displayed a wet or a
negative slope of vapour saturation curve on the T—s diagram were also screen

out to ensure that the fluid after expansion tends to dry out.

Research have shown that for a heat source and heat sink profiles, light
hydrocarbons are preferable working fluids for TFC systems based on the
favourable considerations of the thermo-physical properties (relatively high
specific enthalpy drops, low liquid density), thermal stability and environmental
protection, system cost and expander design (Smith, 1993; Smith and da Silva,
1994). Subsequently, numerous categories of the light hydrocarbons comprising
alcohols, aldehydes, alkanes, alkenes, alkynes, cyclic hydrocarbons,
halocarbons, ketones and organometallic compounds were therefore
considered in the search for a suitable organic working fluid for the TFC power
plants. Of these fluids, a shortlist of 24 potential working fluids was evaluated
based on their slope of vapour saturation curve (dT/ds) on the T—s diagrams,
thermo-physical properties, fluid stability and compatibility, environmental

concerns, and availability and cost.

The vital characteristic of working fluids in heat recovery-to-power cycles is the
vapour saturation curve, which influences the applicability of the fluid, efficiency
of the cycle and the related component arrangement or system configuration of

any cycle (Smith, 1993). Working fluids are generally classified into three types
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depending on the shape of the dT/ds on the T—s diagram, which could be
positive, negative or vertical and the fluid is known as dry, wet and isentropic

respectively (Hung et al., 1997).

Not any of the alcohols, aldehydes, alkenes, alkynes and ketones had the
requisite positive slope on the T—s diagram. The familiar halocarbons, because
of their high molecular mass are all unacceptable, even though R-216 has
about the right positive slope on the T—s diagram. This is because fluids with
high molecular mass exhibit far lesser comparatively enthalpy drops during
expansion (Chen et al.,, 2010; Andersen and Bruno, 2005; Shengjun et al.,
2011) due to their low specific enthalpy in vapour state (Hung et al., 1997).
Similarly, the outcomes of the cyclic hydrocarbons considered, comprising the
cyclopropane, cyclobutane and cyclopentane are unacceptable. While the
simplest of organic compounds, alkanes display a strong positive slope of the
vapour saturation curve on the T—s diagram from pentane upward and the liquid
pentane expansion tends to dry out at temperatures slightly exceeding 453 K
(Smith, 1993). Thus, the focus of the search is on the isomers of butane and
pentane, and further consideration was given to n-pentane, neopentane and

isopentane.

The n-pentane was adopted as working fluid for this study because of its strong
positive slope on the T-s diagram (Figure 3.5) and its saturated liquid
expansion tends to dry out at temperatures slightly exceeding 453 K (Smith and
da Silva, 1994). It possesses good thermo-physical properties, availability and

low-cost, a boiling point slightly above the room temperature and relative safety
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compared with the other isomers of pentane for low-to-medium temperature
heat recovery-to-power applications. Moreover, n-pentane is a dry fluid (Desai
and Bandyopadhyay, 2009) with low latent heat and specific volume, whose
thermo-physical properties are well-suited for heat recovery-to-power
generation from low-to-medium temperature heat sources. Table 3.1 listed

some of the properties n-pentane.

Table 3.1: Properties of n-pentane (F-Chart Software, 2012)

Molecular mass Critical Critical pressure, Boiling point
[kg/kmol] temperature, T, [K] P. [kPa] temperature, Ty, [K]

72.15 469.5 3364.0 309.0

500 - . - . . . : : : .

T[K]
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400} ]
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200
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s [kJ/kg-K]

Figure 3.5: Temperature—entropy diagram of n-pentane illustrating its positive slope of
the vapour saturation curve (Klein, 2013)
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3.3 Formulation of Governing Equations

The governing (general balance) equations for each component of the TFC
systems were established depending on the heat, work and mass; energy and
exergy considerations as well as the expressions for energy and exergy
efficiencies for the TFC systems. The first-law (or energy) and second-law (or
exergy) relations for the system components were employed to determine the
energy terms, which include the heat addition and work output, energy and

exergy efficiencies, and exergy load and irreversibilities.

Assuming a steady-state steady-flow process; the general mass balance for any

control volume in rate form can be written as (Dincer and Rosen, 2007):

Where m; and m, denote the mass flow rate at specific irreversibility and
specific energy respectively. The general energy and exergy balances
respectively for any control volume at steady-state and steady-flow (or flow of
matter) with negligible potential and kinetic energies changes through a system
can be expressed as:

Z enym; + Q = Z engm, + W (3-2)
e

l

and

Z ex;m; + Z Exg, = Z exem, + ExV + I (3-3)
K

i e
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Where Ex,, denotes thermal (heat) exergy rate and Ex" exergy rate at specific

work.

Note that the system exergy consumption [ is greater than zero for any
irreversible process and equal to zero for a reversible process. Therefore,

equation (3-3) can be written as:

z Exuy, = Ex" + 1 (3-4)
k

and the exergy flow rate (quantity of exergy (Ex) multiplied by the mass flow

rate) of a flowing stream of matter, which can be expressed as:
Ex = m(Ex) = m(Expy + Excp) (3-5)

However, the kinetic and potential exergies are usually neglected because there
is no chemical substance from the cycle to the environment, thus, the chemical
exergy Ex., is zero (Dincer, 2007)(Vidal et al., 2006). The specific thermo-

mechanical exergy ex;,, is expressed as:

exym = (h—hy) —To(s — so) (3-6)

Usually, the analysis of a process requires the difference in thermo-mechanical
exergy ex;,, for two states in the process rather than the reference (ambient)

state (Vidal et al., 2006). Therefore, equation (3-6) can be expressed as:

exXem = (hy — hy) — T, (51— S2) (3-7)

84



Associated with the heat transfer in and/or out of a control process from the
heat source, is another form of exergy called thermal exergy Ex;,, which can be

expressed in rate form as:

Exe, = Z (1 - TT—;) Qns (3-8)

where Tj; denotes the uniform temperature of the heat source and Q,; is the

heat transfer rate of the heat source.

Therefore, the exergy flow rate from equations (3-6) and (3-7) for a stream in

steady flow yields:
Ex =m(h—h,) —T,(s —s,) (3-9)

Moreover, it is convenient from the described TFCs (Figures 3.1, 3.2, 3.3 and
3.4) to find the change in entropy for the nth stream As, first and then evaluate

the exergy destroyed due to thermodynamic irreversibilities during the process.

Irreversibility I is the difference between the reversible work W, and the useful
work W, due to the presence of thermodynamic irreversibilities during the
process. Irreversibility is viewed as the wasted work potential or the lost
opportunity to do work. The irreversibility rate | of a process is the sum of all of
available energy destruction of all the streams in the system and its rate can be

shown to be equal to:

[ =Exgpse =T, Z m,As, (3-10)
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The exergy analyses of the irreversibility (loss/ destruction) within a system and
to the environment by each individual component in the thermodynamic loop

from the TFCs schematic diagram can be expressed as (Vidal et al., 2006):

Pump:

ip — (Exout Exln) N _ m(hout hzijn) T (Sout L (3_11)

Where ExJ* and Ex3"* denote the exergy rate at the pump inlet and outlet
respectively, and s{,” and sp** are the entropy at the pump inlet and outlet

respectively.

Heat Exchanger:

Iy = Exily — Exiyt = m(hily — hf") — T, (shy — six®) (3-12)

Expander:

exp (Exexp - Exeut) M/exp = m(hexp - hg,lfzt,) T, (Sexp — Seut) (3-13)

Condenser:

icon = E:xégn - Exggri = m(hcon - h(c)grg) —T, (scon Sg(;ir’ih) (3'14)

The exergy balance of the TFC can be expressed as:

Ex, + Exyr = EXexp + Iy + Ioxp + Icon (3-15)
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Where Exp denotes the exergy input by the pump and Exwf is the exergy rate of

the working fluid gained by absorbing heat from the heat source.

The energy balance for a system undergoing any process can be stated as ‘the
net energy transfer by heat, work and mass during the process, which is equal
to the change in internal, kinetic, potential, etc., energies’ (Dincer and Al-

Muslim, 2001). That is,
Ein —Eout = Esys (3-16)
or, in the rate form, as:

. . dE 3-17
Ein —Eout = sys/dt ( )

At steady-state steady-flow, the dESyS/ gt =0

Therefore,
Ein = Eout (3-18)

Recalling that energy can be transferred by heat, work and mass only, the
energy balance in equation (3-18) for a general steady-state steady-flow system
with the heat input into the system at a rate of Q and work output at a rate of W

can be expressed as:

Q + mh, = W + mh, (3-19)
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Since the change in kinetic and potential energies, Ake andApe respectively are

approximately equal to zero; i.e., Ake = Ape = 0.

While the exergy balance for a steady-state steady-flow system undergoing any
process can be stated as ‘the exergy change of a system during the process is
equal to the difference between the net exergy transfer (Ex;, — Ex,,;) through
the system boundary and the exergy destroyed X,., within the system

boundaries as a result of irreversibilities’ (Cengel and Boles, 2008). That is,

(Exin — EXout) — EXgest = AExsys (3-20)

or, in the rate form, as:

. . . dEx 3-21
Exin — Exour — EXgest = syst:em/dt ( )

Where the rates of exergy transfer by heat and work are expressed as Exjoq; =
1-— (TO/T) Q and Exyori = Wyserur, respectively. The exergy balance can also
be expressed per unit mass as:

(exin - exout) — €Xgest = Aexsys (3-22)

where all the parameters are expressed per unit mass of the system.

However, for a reversible process, the exergy destroyed Ex,. ; drops out from
the equations (3-19) to (3-21). It is also convenient to find the entropy

generation Sy, first and then evaluate the exergy destroyed. The exergy
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destroyed is proportional to the entropy generated, which is expressed in rate

form as (Cengel and Boles, 2008):

Exdest = Tosgen or EXgest = ToSgen (3-23)

With specified ambient conditions, the change in exergy, which is the difference

between the final and initial exergies can be determined; i.e.,

AEx = ExZ - Exl = (EZ - El) + PO(VZ - Vl) - TO(SZ - Sl) (3‘24)

or on per unit mass basis,

Aex =ex, —ex; = (e, —e) + B,(vy, —v1) — T, (S, — S4) (3-25)

where V denotes the total volume of the system.

3.4 System Modelling

Depending on the working conditions for the described systems accompanied
by the thermo-physical requirements of the TFCs, steady-state steady-flow
models of the different components of the cycles, corresponding to their
thermodynamic processes were established and implemented. Some standard
simplifying assumptions made, based on a detailed review of existing
manufacturers’ catalogue, experimental rule-of-thumb and thermodynamic
requirements subject to the engineering constraint imposed by the cycles are as
follows:

i. The cycles and their components operates at steady-state steady-flow

conditions;
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ii. There is a thermodynamic equilibrium at the inlets and outlets of the
components;

iii. Variations of kinetic and potential energies of the heat transfer and working
fluid in the cycles are negligible; and

iv. The heat loss and pressure drop in the systems (heat exchanger and

connecting pipes) are negligible.
The equipment assumptions are as follows:

i. The expander isentropic efficiency is 90%;
ii. The expander mechanical efficiency is 98%; and

iii. The pump isentropic efficiency is 95%.

Using these defined parameters; i.e. the feasible operating region as specified
by constraints (ii) to (iv), the performance of the cycles were analysed. The
individual components of the TFCs power plants corresponding to the
thermodynamic processes depicted in Figures 3.1 (b), 3.2 (b), 3.3 (b) and 3.4

(b) respectively were thermodynamically modelled.

The steady-state steady-flow models of the different components of simple

TFC, corresponding to its thermodynamic processes as depicted in Figures 3.1

(b) are as follows:

For the pump,
w,

o = Ty (AR — hgt) = 1 (A5 — hyt) /my (3-26)

For the heat exchanger,
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Qin = s (hi%t — hifs (3-27)
For the expander,
Wexp = 1y (hekp — heiip) = i (helkp — hep i) exp (3-28)
For the condenser,
Qout = Tuys (hion — h25) (3-29)

Where ri,,; denotes the mass flow rate of the working fluid, h5* and k)% are the
specific enthalpy at the pump inlet and outlet respectively, hgi‘i’; is the specific
enthalpy of the pump isentropic efficiency at pump outlet, A2 and h%¥ are the
specific enthalpy at the heat exchanger inlet and outlet respectively, hZ%, and
hoys are the specific enthalpy at the expander inlet and outlet respectively,
hg;;g_is specific enthalpy of the expander isentropic efficiency at the expander
outlet, %, and h2% are the specific enthalpy at the condenser inlet and outlet

respectively, n, is the pump isentropic efficiency and 7., is the expander

isentropic efficiency.

While the steady-state steady-flow models of the different components of the
TFC with IHE, corresponding to its thermodynamic processes as depicted in
Figure 3.2 (b) (same as Figure 3.1 (b) except the integration of IHE), which is as

follows:

For the IHE,
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Qrep = mwf (h%‘,ﬁ - hirelp)

(3-30)

The steady-state steady-flow models of the different components of the reheat

TFC, corresponding to its thermodynamic processes as depicted in Figure 3.2

(c) are as follows:

For the pump,

W, = it (A — BE7) = e (RS — 1),

For the heat exchanger,
Qin = Muyr (hPY" — hils
For the high pressure expander,

i — a in out ) in out
Wexp,hp = Myr (hexp,hp - hexp,hp) = Myy (hexp,hp - hexp,hp _is)nexp

For the reheating,
Qrn = ity (REXE — i
For the low pressure expander,

i ) in out — in out
Wexp,lp = mwf( exp,lp — hexp,lp) - mwf( exp,lp — hexp,lp _is)nexp

For the condenser,

Qout = mwf (h%n - hggﬁ)
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And the steady-state steady-flow models of the different components of the

regenerative TFC, corresponding to its thermodynamic processes as depicted

in Figure 3.3 (d) are as follows:

For the condensate pump,

Wep = ity (hE* — hiy) = 1t (hE"

cp_is

For the feed-fluid heat exchanger,

Qfnx = Myp(hZy — Ay

For the feed pump,

i ) out in _ .3 out
Wrp = mWf(hfp - hfp) = mWf(hfp_is

For the heat exchanger,

Qin = iy (hPYE — hL

For the expander,

VVexp = mwf(hei;}cp - hg}c%) = Thwf (h(ie?cp - hg;g_is)nexp

For the condenser,

0 — in out
Qout = Myyr (hcon - hcon
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The models of the cycles were established by connecting the models of
individual component of the cycles and the models were employed for the

rigorous performance study at the subcritical operating conditions of the cycles.

Table 3.2: Cycle configuration parameters

Parameters Values [Units]
Expander isentropic efficiency 90 [%]
Pump isentropic efficiency 95 [%]
Reference temperature, T, 298.15 [K]
Maximum working fluid temperature, Tax 473 [K]
Condensation temperature, Tcon 309 [K]
Feed pump pressure, P, 3 [MP3g]

All the models process simulations and analyses of the cycles were constrained

by the defined fixed cycle model input parameters presented in Table 3.2.

3.4.1 Thermodynamic and Design Methodology

Generally, the process simulation models always require numerous model input
parameters and defining those that might easily be distinguished for a
significant effect on performance metrics (measures or responses) are
overwhelming undertaking. The typical approach of varying single parameter at
a time is often inappropriate. This is due to the fact that numerous model

parameters act together to influence response.

In this study, a thermodynamic approach is used for the design of simulation

models of the cycles, which is aimed at establishing simplified thermodynamic
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models to predict performance response or to determine the combination of

parameters that optimizes performance metrics of the cycles.

3.4.2 Simulation Algorithm

The operating criteria of the simulation program are specifically complex. Firstly,
subprograms were particularly established for individual components of the
power plants in EES environment. All subprograms consist of input and output
parameters and specified equations, which permit the computation of the
performance metrics of the cycles based on the fixed input model parameters.
Distinctly, all the subprograms of each cycle are precisely interconnected and
they embody the realistic physics of interconnections, which transpire among

the components of the individual cycles.

3.4.3 Computation Methodology

In the heat exchanger, the temperature and the mass flow rate of the heat
source were fixed as well as the maximum temperature of the working fluid.
With the energy balance of the heat exchanger, the return working fluid
temperature is initialised; consequently working fluid mass flow rate and the

heat source temperature were computed.

With a fixed expander inlet pressure at the average condensing temperature,
the working fluid temperature and its mass flow rate were computed. At the
condenser, the expander exhaust (or discharge) pressure can be computed by
exploiting the saturated temperature of the working fluid. Thus, the condensing

pressure was assessed using the ambient temperature. By setting the
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condenser’s cooling system temperature differences, the cooling fluid mass flow

rate was calculated.

Using the subcritical operating inlet conditions of the expander, expander
exhaust pressure and its isentropic efficiency, the expander’s specific work
output and the exhaust conditions of the working fluid can be assessed. Thus,
net work output was computed based on the product of the mass flow rate of

the working fluid and the expander’s specific work output.

Consequently, with the defined fixed values of the model input parameters
based on the thermodynamic and design basis methodology, standard process
simulation runs of the models were performed at the subcritical operating
conditions. Using the defined key input parameters; an expander inlet pressure
of 3 MPa, expander inlet temperatures of 473 K and expander isentropic
efficiency of 90% at the average condensing temperature of 309 K; the various
cycles’ thermodynamic states were computed as well as the performance
metrics of the cycles. The working fluid at the expander exist state was
assessed to safeguard that its mostly dry (90% or above minimum dryness

fraction) at the exhaust of the expander for all simulations performed.

The thermal efficiency, exergy efficiency and net work output of the cycles were
evaluated by varying the expander inlet pressure over 2 - 3 MPa and the
expander inlet temperature over 393 - 473 K at the average condensing

temperature of 309 K.
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3.5 Thermodynamic Analysis

Thermal efficiency, which is dependent on the first-law of thermodynamics, is
typically utilized to assess and compare power cycles. The thermal efficiency of
the simple TFC n,, is:

Wnet I/i/exp - VVp (3'43)
Mth = —=— =

Qin Qin

The thermal efficiency of the TFC with IHE is expressed as:

Netn =

Wnet _ I/i/exp - M/p I/i/exp - (M/cp + Wfp) (3'44)
Qin Qin th + Qrep

The thermal efficiency of the TFC with reheating is expressed as:

Wnet _ Wexp,hp + Wexp,lp - I/Vp (3'45)
Qin th + th

Ntn =

And the thermal efficiency of the regenerative TFC is expressed as:

Wnet _ VVexp - VVp VVexp - (VVCp + Wfp) (3'46)

Qin Qin th + thx

Nen =

The exergy (second-law) efficiency n;; of a system during a thermodynamic
process (or of various steady-flow devices) is defined as (Cengel and Boles,

2008):
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Exergy recovered Exergy destroyed (3-47)
N = =1-

Exergy supplied Exergy supplied

The exergy efficiency for a power cycle can be defined as the ‘ratio of the actual
thermal efficiency to the maximum possible (reversible) thermal efficiency under
same conditions’ (Cengel and Boles, 2008). That is,

Men (3-48)
nth,rev

nn =

and reversible thermal efficiency 7., .., (Carnot equivalent) can be determined

as follows:

T) (3-49)

Nethrev = (1 - T_:l

Where T, and T;, denote the temperatures of heat sink (or cold stream) and heat

source (or hot streams) respectively.

For work producing devices (e.g. expanders), the exergy efficiency can also be
expressed as ‘the ratio of the useful work output and the maximum possible

(reversible) work output’. That is,

Wy (3-50)
M = W
rev,max
While for work consuming devices (e.g. pumps), the exergy efficiency can also

be expressed as ‘the ratio of the minimum (reversible) work input to the useful

work input’. That is,

98



Wrev,min (3-5 1)

N = W,

3.6 Results and Discussion

The trilateral flash cycles (TFCs) power plants that comprised a heat source, a
power cycle and a heat sink; employing n-pentane as the working fluid were
thermodynamically modelled, implemented and analysed. The process
simulation runs of n-pentane based simple TFC, TFC with internal heat
exchanger (IHE), reheat TFC and regenerative TFC and their computed results
based on the expander inlet pressure of 3 MPa, expander inlet temperature of
473 K and expander isentropic efficiency of 90% at the average condensing
temperature of 309 K were presented (Appendices A.1 to A.4). The cycles’
thermodynamic performances were analysed by varying the expander inlet

pressure over 2 - 3 MPa and expander inlet temperature over 393 - 473 K.

Table 3.3 listed the key set of the expander work outputs and performance
metrics of the cycles for the design case based on the expander inlet pressure
of 3 MPa, expander inlet temperature of 473 K and expander isentropic

efficiency of 90% at the average condensing temperature of 309 K.
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Table 3.3: Key cycles work outputs simulation results and their performance metrics

Power output result

Design basis values [Units]

Expander work output 139.1 [kW]
Simple TFC Performance metrics  Design basis values [Units]
Thermal efficiency 21.97 [%)]
Exergy efficiency 63.36 [%0]
Net work output 134.1 [kW]
Power output result Design basis values [Units]
Expander work output 150.9 [kwW]
Simple TFC Performance metrics Design basis values [Units]
with IHE Thermal efficiency 23.91 [%]
Exergy efficiency 68.96 [%0]
Net work output 145.9 [kW]
Power output result Design basis values [Units]
Expander work output 129.07 [kW]
Performance metrics Design basis values [Units]
Reheat TFC Thermal efficiency 22.07 [%]
Exergy efficiency 63.65 [%]
Net work output 124.1 [kW]
Power output result Design basis values [Units]
Expander work output 135.82 [kW]
Regenerative  Performance metrics Design basis values [Units]
TFC Thermal efficiency 22.9 [%]
Exergy efficiency 66.05 [%]
Net work output 130.5 [kW]

The results of performance variation with expander inlet pressure are given in
Figure 3.6. Figure 3.6 (a) depicts the variation of thermal efficiencies of the
various cycles with expander inlet pressure. The resulting thermal efficiencies of

the cycles increased as their inlet pressure increased from 2 - 3 MPa. This is
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because a meaningful well-pressurized working fluid was injected into the
expander at higher pressure per unit mass flow rate of the working, while the
expander outlet pressure remained nearly constant. The observed incremental
rises in thermal efficiencies diminished in magnitudes as the expander inlet
pressure increased. Figure 3.6 (b) depicts the variation of exergy efficiencies of
the cycles with inlet pressure, showing how their exergy efficiencies increased

as the inlet pressure increased from 2 - 3 MPa.
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Figure 3.6: Performance variation with expander inlet pressure
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Figure 3.6 (c) depicts the variation of net work outputs of the cycles with inlet
pressure, showing how their net work output increased as the inlet pressure
increased from 2 - 3 MPa. The observed behavioural trends are exciting as the
net work outputs of the cycles increased with increasing inlet pressure until their
respective maximal were attained (at ‘different pressure levels’) and afterward

diminished as the pressure increased.

The results of thermal efficiency variation with expander inlet temperature are
given in Figure 3.7. Figure 3.7 depicts the variation of thermal efficiencies of the
various cycles with expander inlet temperature. The resulting thermal
efficiencies of the cycles increased as their inlet temperature increased from
393 - 473 K. This is because more quantities of thermal energy per unit mass of
the working fluids were injected into the expander at higher temperature, while
the expander outlet (or condensing) temperatures remain nearly constant. The
observed incremental rises in thermal efficiencies diminished in magnitudes as

the expander inlet temperature increased.

In conclusion, the effects of varying expander inlet pressure and temperature on
the absolute levels attained by performance metrics of the cycles were
significant. As inlet pressure increases, optimal pressure ratios between the
expander inlets and their outlets increased, resulting in higher efficiencies due
to increased net work outputs from the cycles. While as inlet temperature
increases, a meaningful more thermal energy per unit mass of the working fluid

were injected into the expander, resulting in higher system efficiencies.
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3.7 Conclusions

This study presents modelling, simulation and evaluation of the trilateral flash
cycles (TFCs) power plants employing n-pentane as the working fluid for low-
grade waste heat recovery-to-power generation. Steady-state steady-flow
models of TFCs were modelled and implemented. These models were used to
determine the optimum synthesis/ design parameters of the cycles and to
evaluate their energetic performance, at the subcritical operating conditions and
design criteria. Thus, they might be valuable tools in the preliminary prototype

system design of the power plants.

A system design criteria was established subject to engineering design

constraints and the corresponding thermodynamic processes of the simple
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TFC, TFC with internal heat exchanger (IHE), reheat TFC and regenerative
TFC were thermodynamically modelled and implemented. These were used to
examine the performance metrics of the cycles at the subcritical operating
conditions with low-grade heat in the range of 393 K - 473 K and the design
criteria. The results depict that the thermal and exergy efficiencies, and as well
the net work outputs increased as the expander inlet pressures increased from
2 - 3 kPa (Figure 3.6 (a) - (c)). Similarly, the thermal efficiency increased as the
expander inlet temperature increased from 393 - 473 K (Figure 3.7). The
thermal efficiencies of the cycles increased from 11.85 - 21.97%, 12.32 -
23.91%, 11.86 - 22.07% and 12.01 - 22.9% for the simple TFC, TFC with
internal heat exchanger, reheat TFC and regenerative TFC respectively. While
the plants were found to generate 134.1 kW, 145.9 kW, 124.1kW and 130.5 kW
of power for the simple TFC, TFC with internal heat exchanger, reheat TFC and

regenerative TFC respectively.
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CHAPTER FOUR

THERMODYNAMIC STUDY OF TRILATERAL FLASH
CYCLES
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4 Introduction

At present, heat recovery-to-power technologies have been resourcefully
exploited for sustainable power generation; bridging the growing gap between
energy needs and its sustainable and affordable supply, improving the overall
energy efficiency and reducing the unit costs of energy (Heppenstall, 1998;
Demirkaya et al., 2011). Consequently, decreasing fossil fuels burning and
relaxing greenhouse gases emission (Smith et al., 2005) and thermal pollution

of the environment (Dai et al., 2009b).

Conventionally, the steam Rankine cycle has been broadly utilized for heat
recovery-to-power generation from thermal energy of external heat sources,
such as combustion products (Smith et al., 2011). However, due to the low
conversion efficiency (Franco and Casarosa, 2002; Chen et al., 2011a) or cost
of the exploiting available work (Chan et al., 2013), low-grade heat streams of
numerous renewable energies and exhaust waste heat sources are ordinarily

under-exploited.

The consequence of these, are the growing interest in the quest for innovative
low-grade heat recovery-to-power technologies (Zamfirescu and Dincer, 2008;
Zamfirescu and Dincer, 2009). Among them, the trilateral flash cycle (TFC) is a
promising heat recovery-to-power cycle, which presents a great potential for
development. Few studies and developmental efforts from the proof-of-concept
towards a market-ready technology of this promising cycle have been carried
out to demonstrate its feasibility for heat recovery-to-power generation onto the

grid as well as for off-grid electricity supply.
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In contrast to the Rankine cycles, which use the conventional working fluid: the
vapour steam; innovative heat recovery-to-power cycles use unconventional
working fluids: refrigerants or hydrocarbons (Tchanche et al., 2009). The
economics of these cycles depend on the thermo-physical properties of the
working fluid and the consequence of a wrong choice would be an inefficiently
low and costly power plant (Andersen and Bruno, 2005; Tchanche et al., 2009).
Thus, in a thermodynamic cycle, the working fluid performs a vital role in the
processes of the cycle (Chen et al., 2010), and a careful selection that meets
the cycle requirements is crucial for an ‘efficient and safe operation’ (Hung et
al., 2010). It applicability range must be within its thermo-physical properties
and the chemical stability in a desirable range of temperature (Chen et al.,
2010). Moreover, the operating conditions of the thermodynamic cycle, its
system efficiency, economic feasibility and environmental impact are influenced
by its fluid selection (Liu et al., 2004; Desai and Bandyopadhyay, 2009;

Rayegan and Tao, 2011).

There are several integration techniques for efficient usage of thermal energy
like the pinch technology (El-Sayed, 2003; Seider et al., 2004), thermo-
economic analysis (Uran, 2006; Gassner and Maréchal, 2008; Quoilin et al.,
2011), exergy analysis (Rivero, 2001; Dagdas, 2005; Cihann et al., 2006; Dai et
al., 2009a) and exergo-economic analysis (Hua et al., 1997; Kwon et al., 2001;
Cardona and Piacentino, 2006) that have been employed to analyse, evaluate

and compare different power cycles in the recent times.

Exergy analysis is universally acceptable in the efficiency analysis of energy

systems and other processes or systems. This is because it is a systematic
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technique that allows localization and the measure of the degree of inefficiency,
depicting the utmost inefficient components of a process or system (Brodyanski
et al., 1994). For heat recovery-to-power generation systems, the exergy-based
assessment permits the determination of the maximum potential for power
generation depending on the input thermal flows into the system. This maximum
is achievable only when the utilization of the input thermal flow into the
processes ultimately brings it to complete thermodynamic equilibrium with the

environment, while generating power.

4.1 Trilateral Flash Cycles

The simple trilateral flash cycle (TFC) power plant was studied for low-grade
waste heat recovery-to-power generation. In order to improve the heat
exchange performance and system efficiency, the TFC was integrated with an
internal heat exchanger (IHE), reheating and feed fluid-heating. Thus, four
distinct system configurations of the TFC: simple TFC, TFC with IHE, reheat
TFC and TFC with feed fluid-heating (or regenerative TFC) were

thermodynamically analysed.

Previously established and implemented steady-state steady-flow models of the
cycles were used to thermodynamically assess the performance metrics of the
cycles and their predictions. The models were established based on the
corresponding thermodynamic processes of the power cycles. The
thermodynamic properties for temperature, pressure, enthalpy and entropy as
well as the performance of the cycles during process simulations were predicted

at the subcritical operating conditions of the cycle. The results were analysed
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for all cycles and their operating characteristics were established within the

viable configuration (working) parameters.

A detailed thermodynamic analysis was performed using an expander inlet
pressure of 3 MPa and expander isentropic efficiency of 90% at the cycle high
temperature of 473 K and average condensing temperature of 309 K. The
thermal and exergy efficiencies of all the cycles as well as their exergy
efficiencies of the condensing and heating processes were computed at the

cycle high temperature of 473 K and average condensing temperature of 309 K.

4.1.1 Descriptions of Trilateral Flash Cycle Systems

The schematic cycle configurations of the four TFC power plants are shown in
Figure 4.1, illustrating the distinct operating features of the various system

configuration designs.

Figure 4.1 (a) depicts the schematic cycle configuration of the simple TFC,
which comprises four key components: feed pump, heater, expander and
condenser. Similar to the Rankine cycles, the saturated working fluid is
pressurized (state 1 - 2) to a higher pressure, afterward heated just to its
saturated temperature (state 2 - 3) at constant pressure and is being injected
into the expander (state 3 - 4); where shaft work is produced, driving a
generator to produce power. Subsequently, the resulting vapour—liquid content

is condensed (state 4 - 1) to start the new cycle.

Figure 4.1 (b) depicts the schematic cycle configuration of the TFC with IHE,

which comprises five key components: feed pump, heater, expander, IHE and
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condenser. The latent heat extracted by the IHE at the expander outlet is used

to preheat the sub-cooled liquid at the pump outlet.

Figure 4.1 (c) depicts the schematic cycle configuration of the reheat TFC,
which comprises five key components: feed pump, heater, high pressure (HP)
expander, low pressure (LP) expander and condenser. Unlike the simple TFC,
the high pressure fluid is injected into the HP expander (state 3 - 4); where it is
first expanded. Afterwards, the fluid is then returned to the heater where it is
reheated to its saturated temperature (state 4 - 5) and is expanded in the low
LP expander (state 5 - 6), with the resulting vapour—liquid content then

condensed (state 6 - 1) to start the new cycle.

Figure 4.1 (d) depicts the schematic cycle configuration of the regenerative
TFC, which comprises six key components: condensate pump, feed fluid-
heater, feed pump, heater, expander and condenser. The working fluid is
pressurized by the condensate pump (state 1 - 2), afterwards preheated in the
feed fluid-heater (state 2 - 3) and is being pressurized to a high pressure with
the feed pump (state 3 - 4). The high pressure fluid is heated (state 4 - 5) and
injected into the expander (state 5 - 6); where shaft work is derived, with the
resulting vapour-liquid content being bled (state 5a) for preheating the sub-
cooled liquid at the condensate pump outlet (process 5a - 7) and condensed

(state 6 - 1).
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Figure 4.1: The trilateral flash cycle, showing the schematic cycle configurations of the
simple TFC in (a), TFC with IHE in (b), reheat TFC in (c) and regenerative TFC in (d)
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Figure 4.2: The T—s diagrams of the trilateral flash cycles, showing the thermodynamic
process of the simple TFC in (a), TFC with IHE in (b), reheat TFC in (c) and
regenerative TFC in (d)
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The cycles’ temperature—entropy (T-s) diagrams of their thermodynamic
processes are shown in Figure 4.2. The simple TFC comprises four internally
reversible processes. These include processes 1 - 2 and 3 - 4 that depict the
isentropic compression and expansion processes of the working fluid
respectively during which work is either performed on or produced from the
cycle; and processes 2 - 3 and 4 - 1 that depict the constant pressure high-
temperature heat addition and low-temperature heat rejection processes of the
working fluid (Figure 4.2 (a)). While states 3 and 5 in Figure 4.2 (b) depict the
integration of IHE in the simple TFC; the reheating process is depicted by states
4 and 5 (Figure 4.2 (c)) and states 5a and 7 (Figure 4.2 (d)) depicted the

regeneration process.

4.1.2 n-Pentane

The working fluid adopted for the study is n-pentane because of its good
thermo-physical properties (e.g. relative high critical temperature and pressure),
low-cost, and a boiling point slightly above room temperature. It displays a
strong positive slope on the T—s diagram and its saturated liquid expansion
tends to dry out at temperatures slightly exceeding 453 K (Smith and da Silva,
1994). More so, n-pentane is a dry fluid (Desai and Bandyopadhyay, 2009),
whose thermo-physical properties are well-suited for low-grade heat recovery-

to-power generation.

4.2 System Modelling

The steady-state steady-flow process simulation models of the described

systems, corresponding to their thermodynamic processes were
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thermodynamically established and implemented employing EES (engineering
equation solver) (Klein, 2013). The models process simulations with defined
fixed cycle configuration (or model) input parameters at the subcritical operating

conditions were carried out and results obtained.

The results of the process simulations of the n-pentane based simple TFC, TFC
with IHE, reheat TFC and regenerative TFC were computed based on the inlet
pressure of 3 MPa and expander isentropic efficiency 90% at the cycle high

temperature of 473 K and average condensing temperature of 309 K.

4.3 Thermodynamic Analysis

The thermodynamic analysis for all the cycles was evaluated at the cycle high

temperature of 473 K and average condensing temperature of 309 K.

4.3.1 Energy and Exergy Efficiencies of the Trilateral Flash Cycles

Thermal efficiency, which is dependent on the first-law of thermodynamics, is
typically utilized to assess and compare power cycles. The first-law (energy or
thermal) efficiency n,, is basically expressed as the ‘ratio of the useful energy
output to the total energy input’. Mathematically, it is expressible for simple TFC

system as:

Wnet _ I/i/exp - VVp (4'1)
Qin Qin

Netn =

While the thermal efficiency of the TFC with IHE is expressed as:
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_ Wnet _ I/i/exp - VVp _ I/i/exp - (Vch + Wfp) (4-2)

Nen = —— = =

Qin Qin th + Qrep

The thermal efficiency of the TFC with reheating is expressed as:

Nen = Wnet _ Wexp,hp + Wexp,lp - M/p (4'3)
th — - -

Qin th + th

And the thermal efficiency of the regenerative TFC is expressed as:

Wnet — I/i/exp - Vl/p I/i/exp - (M/cp + Wfp) (4'4)

Qin Qin Qnx + Q fhx

Ntn =

In a thermodynamic cycle, total exergy input comprises the work input by the
feed pump and as well the working fluid’s exergy input by thermal exergy
transferred from the heat source; while net work output is the exergy output of

the cycle. Therefore, the exergy efficiency of a power cycle 7., can be

expressed as (Chen et al., 2011b):

Wnet (4-5)

Niteye = 5, o

Where AEWf denotes the working fluid’s exergy acquired by the heat exchange

with the heat source, which is:

AEx,; = 1y, [(RI — hG4) — T, (s — sg4))] (4-6)
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4.3.2 Exergy Efficiency of Heat Exchange

As the heat exchange (or heat recovery) takes place from a high-temperature
(or hot streams) to a low-temperature (or cold streams) irreversibly, ‘exergy is
destroyed’. However, the rate of irreversibility (exergy destruction) per unit
thermal exergy transferred is substantially low, if the hot and cold streams are
substantively higher than the ambient temperature (Chen, 2010). This suggests
that maximizing the thermal match (or heat recovery) in the condensing process is

advantageous than in heating.

For a heat transfer process, i.e. the heating and condensing processes, the

change of exergy flow of the hot stream is:

AExy, = my[(RE — RM) — Ty (st — spt)] 4-7)

and the exergy change of the cold stream is:

AEx, = i [(h* — ho¥t) — T, (s — s2¥)] (4-8)
Therefore, the heat exchange exergy efficiency n;; n.x is expressed as (Chen,
2010):

AExCp B AEx, B mc[(hén — h?”t) -T, (Sci" — Sé’ut)] (4-9)
AExp, " AEx, mp[(RIF = hO¥) — Ty (st — sout))]

Niihex =

4.3.2.1 Exergy Efficiency of Heating and Condensing Processes

The exergy analysis of the cycles was used to examine the performance of the

heating (i.e. the heat transfer to the cycle from the heat source) and condensing
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(i.e. the heat rejection by the cycle to the heat sink) processes of the n-pentane
in the cycles. Figures 4.3 (a) - (d) and Figures 4.4 (a) - (d) are the T—s diagrams
of the thermodynamic processes of the cycles, illustrating their thermal match of

the heating and condensing processes at the top left corners of the figures.
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Figure 4.3: Heating process of the n-pentane in the cycles and their thermal match
with the heat source
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Figure 4.4: Condensing process of the n-pentane in the cycles and their thermal match
with the cooling fluid

Process simulations of the cycles heating processes were carried out using
heat transferred to the working fluid at state 2 to 3 (Figures 4.3 (a), (b) and (d))
and at state 2 to 3 alongside state 4 to 5 (Figure 4.3 (c)) by a pressurized heat
source of 610.4 kJ/kg (0.5 MPa). The mass flow rate of the working fluid for
each cycle (in kgs™) is heated to cycle high temperature of 473 K, assuming a
fixed mass flow rate of heat source and its temperature that is constantly
sufficient for heating the working fluid to 473 K. While those of the condensing
processes were carried out using heat dissipated to the cooling fluid by the

working fluid from saturated vapour—liquid condition to saturated liquid.

The exergy flow from the heat source at the heat exchanger inlet (point a) to the

outlet (point b) (Figures 4.3 (a), (b) and (d)) of the cycles are:
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AEth = mhs(éa - éb) = mhs[(ha - hb) —T, (Sa - Sb)] =0 (4'10)

and the exergy flow rate to the working fluid from subcooled liquid (state 2) to
saturated liquid temperature (state 3) (Figures 4.3 (a), (b) and (d)) is similarly

expressed as:
AEfo = mwf(é3 —é) = mwf[(h3 —hy) —=Ty(s3 —5,)] =0 (4-11)

Where é, — ¢, and é; — é, denote the changes in energy flow per unit mass
from point a to point b and from state 2 to state 3 respectively, m,; is the heat
source mass flow rate, h, and h;, are the heat source specific enthalpies at
points a and b respectively and h, and h; are the working fluid specific

enthalpies at states 2 and 3 respectively.

Hence, the exergy efficiency of the heating process 7, ,, of the working fluid for

the cycles were computed to be 86.15%, 92.33% and 88.74% for the simple

TFC, TFC with IHE and regenerative TFC respectively using Eq. (4.12):

AExhs _ Mps(€q — €p) (4-12)

ExXyy T (63 — &)

Nihp =

While the exergy flow from the heat source at the heat exchanger inlet (point a)
to the outlet (point b) coupled with reheating at point c to d (Figure 4.4 (c)) of the

reheat TFC is expressed as:
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AE.'xhs = mhs((éa —ép) + (é. — éd)) (4-13)

= mhs[((ha - hb) + (hc - hd)) - To((sa - Sb) + (Sc - Sd))]

=0

and the exergy flow rate from the subcooled liquid (state 2) to saturated liquid
temperature (state 3) coupled with the flow from the reheated resulting vapour—
liquid (state 4) to saturated liquid temperature (state 5) (Figure 4.4 (c)) is

similarly expressed as:

AExy,; = 1y, ((é3 — ;) + (65— é,)) (4-14)

= mwf[((h3 — hy) + (hs — h4)) - To((53 —53) + (55— 54))]

=0

Hence, the exergy efficiency of the heating process 7,, »,, of the working fluid for

the reheat TFC was computed to be 87.45% using Eq. (4.15):

AExhs _ mhs((éa —ép) + (6. — éd)) (4-15)
AEXy; iy (63— &) + (65 — €4))

Nithp =

While the mass flow rate of the cooling fluid is expressed based on the energy

balance of the condenser at steady-state steady-flow as:
Mwae(hy — he) + My (hy —hy) = 0 (4-16)

Hence, the cooling fluid mass flow rate m,,, was computed to be 27.77 kgs™

using Eq. (4.16). The exergy flow of the cycles to the cooling fluid (water) at the
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condenser inlet (point e) to the outlet (point f) (Figures 4.4 (a) - (d)) is equally

expressed as:
AE.'xwat = mwat(éf - ée) = mwat[(hf - he) - To(sf - Se)] =0 (4-17)

and the exergy flow rate of working fluid from the vapour—liquid (state 4 or 6) to

the cooling liquid (Figures 4.4 (a) - (d)) for the cycles is similarly expressed as:
AExwf = mwf(é4 —é1) = mwf[(h4 —hy) —T,(s4—51)]=0 (4-18)

Hence, the exergy efficiency of the condensing processes 7, of the working
fluid were computed to be 75.46%, 75.51%, 75.46% and 75.51% for the simple
TFC, TFC with IHE, reheat TFC and regenerative TFC respectively using Eq.
(4.19):

AE’vxwat _ mwat(éf - ée) (4'19)
AExy; T (€4 — 1)

Nitep =

4.3.3 Exergy Efficiencies of the Cycles

The exergy efficiency n;; of a power cycle is the ‘ratio of the actual thermal
efficiency 7., to the maximum possible (reversible) thermal efficiency n¢p rey

under same conditions’. That is,

Men (4-20)
nth,rev

Nn =

Where 7., ., denotes the reversible thermal efficiency (Carnot equivalent),

which can be determined as follows:
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T, ) (4-21)

Nethrev = (1 - T_:l

Where T, and T;, denote the temperatures of heat sink (or cold stream) and heat
source (or hot streams) respectively. Hence, the exergy efficiency n;; of the
cycles were computed to be 63.34%, 68.96%, 63.65% and 66.05% for the
simple TFC, simple TFC with IHE, reheat TFC and regenerative TFC

respectively using Eq. (4.20).

The exergy efficiency measures the performance of actual processes in relation
to the performance of the corresponding reversible processes. This enables the
comparison of the performance of different devices or systems that are
designed to do the same task on the basis of their efficiencies, illustrating the
better the design, the lower thermodynamic irreversibilities and the better

exergy efficiency.

4.4 Results and Discussion

The performance parameters of the trilateral flash cycles (TFCs) with the n-
pentane as working fluid were examined thermodynamically, from the resource
and technology viewpoints. The process simulations and a detailed
thermodynamic analysis of the simple TFC, TFC with internal heat exchanger
(IHE), reheat TFC and regenerative TFC, and their ancillary components at the
subcritical operating conditions were conducted and results obtained

(Appendices A.1to A.4).

The computed thermodynamic properties for temperature, pressure, enthalpy

and entropy of the various cycles’ thermodynamic states at the cycle high
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temperature of 473 K and average condensing temperature of 309 K is listed in

Table 4.1.

Table 4.1: Cycle thermodynamic properties

Cycle State  Temperature Pressure Enthalpy Entropy
no. K] [kPa] [kg/kJ] [kg/kJ-K]
1 298.2 101.3 23.36 0.07772
_ 2 298.2 3,000 28.37 0.07772
Simple TFC 3 473 3,000 638.7 1.583
4 309 101.3 499.6 1.583
1 298.2 101.3 23.36 0.07772
_ 2 298.2 3000 28.37 0.07772
vECEinlisE T 301 3000 4655 1.144
4 473 3000 638.7 1.583
5 371.9 101.3 499.6 1.583
6 309 101.3 487.8 0.6332
1 298.2 101.3 23.36 0.07772
2 298.2 3000 28.37 0.07772
Reheat TFC 3 473 3000 638.7 1583
4 371.9 1800 622.8 1.583
5 433 1800 574.8 1.478
6 309 101.3 461.7 1.478
1 298.2 101.3 23.36 0.07772
2 208.2 300 23.71 0.07778
. 3 412 300 112.87 0.3504
Regenerative
TFe 4 461.7 3000 117.84 0.3511
5 473 3000 638.74 1.583
6 309 101.3 513.52 1.62
7 412 101.3 583.06 1.796

Tables 4.2 and 4.3 present the comparison of the heating and condensing
processes of working fluid in the cycles. It is observed that the exergy
efficiencies of the heating processes were 86.15%, 93.46%, 87.05% and

88.74% respectively for the simple TFC, simple TFC with IHE, reheat TFC and
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regenerative TFC. Their corresponding exergy efficiencies of the condensing

processes are 75.46%, 75.51%, 75.51% and 75.46% respectively.

The exergy efficiencies of the cycles were computed to be 63.34%, 68.96%,
63.65% and 66.05% for the simple TFC, TFC with IHE, reheat TFC and
regenerative TFC respectively. Compared with the simple TFC, the exergy
efficiency of the TFC with IHE improved by about 8.9% over the simple TFC
while those of the regenerative TFC and reheat TFC improved approximately by
4.3% and 0.5% respectively. This is due to the lower exergy destruction rates in

the heat exchanger and/ or the condenser.

Table 4.2: Thermodynamic properties of the heating process of the working fluid

Heat source temperature [K] Point a* 473
Point b* 369
Simple TFC Working fluid temperature [K] State 2* 298.2
State 3' 473
Exergy efficiency [%)] 86.15
Heat source temperature [K] Points a* 473
Points b* 406.9
Simple TFC Working fluid temperature [K] State 2° 298.2
with IHE State 4* 473
Exergy efficiency [%)] 93.46
Heat source temperature [K] Point a* 473
Point b* 368.6
Reheat TFC Working fluid temperature [K] State 2" 298.2
State 3' 473
Exergy efficiency [%)] 87.05
Heat source temperature [K] Point a* 473
Point b* 406.9
Regenerative Working fluid temperature [K] State 2* 298.2
TFC State 5 473
Exergy efficiency [%] 88.74

'Refer to points a, and b, and states 2 and 3 respectively in Figure 4.3
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Table 4.3: Thermodynamic properties of the condensing process of the working fluid

Working fluid temperature [K] State 1° 298.2
Simple TFC State 42 309
Cooling fluid temperature [K] Point e? 293
Point f* 297

Exergy efficiency [%)] 75.46

Working fluid temperature [K] State 1* 298.2
State 6 309
TFC with IHE Cooling fluid temperature [K] Point e 293
Point 2 297

Exergy efficiency [%] 75.51

Working fluid temperature [K] State 1° 298.2
Reheat TFC State 6° 309
Cooling fluid temperature [K] Point e* 293
Point 2 297

Exergy efficiency [%)] 75.51

Working fluid temperature [K] State 1° 298.2
Regenerative State 62 309
TFC Cooling fluid temperature [K] Point e* 293
Point f° 297

Exergy efficiency [%)] 75.46

“Refer to points e and f, and states 1, 4 and 6 respectively in Figure 4.4.

4.5 Conclusions

This study presents the process simulations and detailed thermodynamic
analyses of the trilateral flash cycle (TFC) systems as a solution to improve the
system efficiency and to create a more secure, sustainable and affordable
energy system. The thermodynamic performance of the simple TFC, TFC with
internal heat exchanger (IHE), reheat TFC and regenerative TFC operating at
the subcritical conditions with low-grade heat in the temperature limit of 393 K —
473 K for heat recovery-to-power generation were examined. Their

corresponding heat transfer from the heat source to the power cycles,
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thermodynamic efficiency of the power cycles, and heat dissipation from the

power cycles to the heat sink.

The exergy efficiencies of heating and condensing processes of the simple TFC
were 96.55% (Eq. 12) and 75.46% (Eq. 19) respectively, compared with 93.46%
(Eq. 12) and 75.51% (Eqg. 19) for the TFC with IHE, 88.74% (Eqg. 12) and
75.51% (Eq. 19) for the regenerative TFC, and 87.05% (Eq. 15) and 75.46%
(Eq. 19) for the reheat TFC. The exergy efficiencies of the simple TFC was
computed to be 63.34%, compared with 68.96% for the TFC with IHE, 66.05%
for the regenerative TFC and 63.65% for the reheat TFC (Eq. 20). These
suggest that the integration of IHE, reheating and fluid-feed heating in the TFC

enhanced the heat exchange performance and as well the system efficiency.

Exergy-based assessment of TFC systems was carried out to permit a realistic
modelling, prediction of behaviour and application of TFCs for waste heat
recovery-to-power. Moreover, it provides a valuable evaluation of TFCs from

strictly thermodynamics perspective.
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CHAPTER FIVE

PERFORMANCE OPTIMIZATION AND PARAMETRIC
STUDY OF TRILATERAL FLASH CYCLES
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5 Introduction

In recent times, there is a growing interest in waste heat recovery-to-power
technologies because as much as 20 - 50% of the total industrial primary
energy consumed or the heat generated is exhausted as waste heat (Hung et
al., 1997; Johnson et al., 2008; Lian et al., 2011; Fang et al., 2013) and from
numerous other sources; which are generally low-grade (Chen, 2010). As a
result of the absence of efficient low-grade waste heat recovery-to-power
systems (Franco and Casarosa, 2002; Chen et al., 2011a), low-grade heat has
been under-exploited, resulting in severe environmental (thermal) pollution (Dai

et al., 2009b).

The mounting pressure for more power generation from alternative sources and
improving energy efficiency, basically motivated by the severe environmental
challenges have promoted the heat recovery-to-power generation applications.
As a result, a number of innovative solutions, which have been developed/
proposed for sustainable and affordable power generation, had made low-grade

waste heat recovery-to-power generation become feasible.

The trilateral flash cycle (TFC) has been studied for heat recovery-to-power
generation (Smith, 1993; Smith and da Silva, 1994; Fischer, 2011). Yet, its
application has not been achieved due to concerns about thermodynamic and
technical feasibilities, safety as well as the expansion of a two-phase mixture in
an expander. The expander, a technically most challenging component, may be
a variable phase turbine, a scroll expander, a screw expander or a reciprocating

engine (Fischer, 2011). The cycle feasibility depends on the efficient isentropic
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expansion of light hydrocarbons from the saturated liquid phase into the two-
phase region. This is performed most efficiently with a Lysholm twin-screw
expander particularly when the exhausted vapour is wet (Smith and da Silva,
1994). A screw expander has also been proposed as suitable for the TFC
application, as it can reach isentropic efficiency of over 75% (Smith et al.,
2001). Moreover, expanders available from a good number of original
equipment manufacturer, used for LNG applications involving two-phase fluids

attain isentropic efficiencies of about 95% (Kaupert et al., 2013).

With the present status of development in the energy conversion technology,
large combined-cycle systems are exceeding 70% of the maximum theoretical
(Carnot) efficiency. Though, this accomplishment is only achieved with power
plants above 300 MW at a large scale. Novel heat recovery-to-power cycles and
designs are vital at feasible costs to achieve this similar remarkable

performance on a smaller scale (Korobitsyn, 1998).

Developments within the existing heat recovery-to-power cycles and an
approach towards complex cycles: combinations of basic cycles on the basis of
system synthesis (Jin and Ishida, 1993; Jin et al., 1997) are the promising
options for improved performance of small- and medium-scale energy
conversion technologies. Advanced and combined-cycle systems are reputable
due to the fact that no single cycle provides high efficiency as a result of the
underlying limitations and the impossibility to function within a wide temperature
range. The shortcomings experienced by the single cycles are not suffered by
the combined cycles because the bottoming cycle employed the heat rejected

by the topping cycle (Korobitsyn, 1998). According to the temperature level,
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basic cycles are integrated: high maximum temperature cycles as the topping
application while intermediate and/ or low maximum temperature cycles at the

bottoming application.

Generally, the application of the TFC systems would be as a bottoming cycle of
the gas and/ or steam Rankine cycle to form a combined-cycle system for
sustainable and affordable power supply. This study examines the parametric
study of performance parameters of the TFC systems for low-grade heat

recovery-to-power generation.

5.1 System Configurations

The trilateral flash cycle (TFC) systems for low-grade waste heat recovery-to-
power generation from by-product (waste heat) of numerous combustion
processes like gas turbine or other sources of heat were examined. Four
distinct system configuration designs of the TFC: the simple TFC, TFC with
internal heat exchanger (IHE), reheat TFC and TFC with feed fluid-heating (or

regenerative TFC) were parametrically analysed.

130



Expander

Expander

Generator :@Heam

3

Generator

] g)Healer

h2

6
Condenser

Condenser

Recuperator 1

(b) Feed pump

Feed pump

Expander
Heater

[

@ Generator

Condenser

Feed pump poad fluid-heater Condensate pump

(d)

Feed pump

Figure 5.1: The trilateral flash cycles, showing the schematic cycle configurations of
the simple TFC in (a), TFC with IHE in (b), reheat TFC in (c) and regenerative TFC in

(d)

Figures 5.1 and 5.2 depict the schematic cycle configurations and the
temperature—entropy (T—s) diagrams of their thermodynamic processes

respectively.

Figure 5.1 (a) depicts the simple TFC schematic configuration. Like the Rankine
cycle, the simple TFC (Figure 5.2 (a)) comprises four ideal thermodynamic
processes. These are the isentropic compression of working fluid in the feed
pump (process 1 - 2) during which work is performed on the cycle, constant
pressure high-temperature heat addition in the heat exchanger (process 2 - 3),
isentropic expansion of high pressurized heated working fluid in the expander (3

- 4) during which work is done by the cycle and constant pressure low-
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temperature heat rejection from the working fluid in the condenser (process 4 -

1). Figures 5.1 (b) - (d) depict the schematic cycle configurations of the TFC

with IHE, reheat TFC and regenerative TFC respectively. The constant pressure

latent heat extraction by the IHE at the expander exhaust (states 3 and 5 in

Figure 5.2 (b)) depicts the addition of IHE to the simple TFC. The constant

pressure high-temperature heat addition in the heat exchanger (process 4 - 5 in

Figure 5.2 (c)) depicts the reheating of reheat TFC, while the constant pressure

fluid bleeding to preheat the sub-cooled liquid at the condensate pump outlet

(process 5a - 7 in Figure 5.2 (d)) depicts the regeneration process of the

regenerative TFC.
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Figure 5.2: The T—s diagrams of trilateral flash cycles, showing the thermodynamic
process of the simple TFC in (a), TFC with IHE in (b), reheat TFC in (c) and

regenerative TFC in (d)
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5.1.1 Working Fluid

n-pentane, a dry fluid (Dai et al., 2009b); which its thermo-physical properties
are well-suited for low-grade heat recovery-to-power generation within the
temperature limits under consideration was adopted as the working fluid for this
study. This is because it displays a strong positive slope on the temperature —
entropy (T—s) diagram and its saturated liquid expansion tends to dry out at
temperatures slightly exceeding 453 K (Smith and da Silva, 1994). Moreover, it
possesses good thermo-physical properties (e.g. high critical temperature and

pressure), low-cost, and a boiling point slightly above the room temperature.

5.1.2 Systems Modelling and Optimization

For the described systems, steady-state steady-flow models of the cycles
corresponding to their thermodynamic processes were thermodynamically
established and implemented employing EES (engineering equation solver)
(Klein, 2013). The models process simulations with model input parameters at

subcritical operating conditions were carried out and results obtained.

The process simulation results of the n-pentane based TFCs were computed
based on the inlet pressure of 3 MPa, expander isentropic efficiency of 90% at
the cycle high temperature of 473 K and average condensing temperature of

309 K.

In this present study of the TFCs designed for waste heat recovery-to-power
generation; a thermodynamic optimization search technique aimed at finding
the operating parameters that optimize net work output was carried out. That

also corresponds to optimizing system efficiency only if the mass flow rate of
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heat source and its temperature is fixed. The optimization process and the
irreversibilities minimization (entropy generation minimization) analysis
determine the optimum operating parameters for the cycles, which maximise
performance metrics at the cycle high temperature and reduce exergy

destruction of the plants.

The following conditions were taken into consideration as a matter of general

rule:

i. The condensing temperature must be kept at a temperature as low as
possible; and
ii. Optimal heating temperature results of optimization should be kept as high

as possible at the overall heat recovery efficiency.

With the analysis of a power cycle and the working fluid combination, the
optimal subcritical operating conditions; that is, for heating and condensing
temperatures, were determined for cycle net work output per unit mass flow rate

of working fluid: the target function of optimization.

Figure 5.3 depicts the simulation algorithm of performance optimization of the
cycles. The optimization process was programmed in accordance with the
optimization simulation algorithm of the cycles. Using the fixed input parameters
at the start of the optimization computation, the simulation algorithm computed

the net work output per unit mass flow rate of working fluid for all the cycles.

The results were analysed for all the cycles and their operating characteristics

established within the viable design configuration parameters. Thus, the
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distinctive operating characteristics for all cycles were evaluated and compared

based on the optimisation outcomes.
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Figure 5.3: The flow chart of simulation algorithm for performance optimization
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5.2 Parametric Analysis

With the defined values of the model input parameters, standard process
simulations of the models were performed at the subcritical operating
conditions. A detailed parametric analysis was then carried out by process
simulation experimentations with the main models input parameters: the
expander inlet pressure at different cycle high temperatures and the expander
isentropic efficiency to study the effects of varying these input parameters on
system performance of the cycles. That was examined as a function of the
expander inlet pressure at cycle high temperature and not temperature because
the main constraint in waste heat recovery-to-power technology is the heat

source and not the feed pump pressure.

Using the defined model input parameters: the expander inlet pressure of 3
MPa, expander isentropic efficiency of 90% at the cycle high temperature of 473
K and average condensing temperature of 309 K; various cycles’
thermodynamic states were computed as well as the performance metrics of the
cycles. The parameter sensitivity studies of the models to the expander inlet
pressure at the cycle high temperature and expander isentropic efficiency were
conducted by process simulation experimentations of pressures over 2 - 3 MPa
at the cycle high temperatures of 463 K, 468 K and 473 K respectively and

customized expander isentropic efficiency limit of 50 - 100%.

5.3 Results and Discussion

A detailed parametric analysis was conducted to examine the effects of key

input parameters on performance metrics of the trilateral flash cycles (TFCs) at
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the subcritical operating conditions for heat recovery-to-power generation were

examined.

From the process simulation experimentations, the system performance of the
cycles and behavioural curves were presented to depict the effects of variation
of expander inlet pressures at the cycle high temperature and expander

isentropic efficiency parameters on the system performance.

The system configuration designs of the cycles considered were the simple
TFC, TFC with internal heat exchange (IHE), reheat TFC and regenerative TFC.
The n-pentane based cycles were simulated with operating parameters of
expander inlet pressure of 3 MPa, expander isentropic efficiencies 90% at the
cycle high temperature of 473 K and average condensing temperature of 309 K.
The parametric sensitivity studies were performed by varying the expander inlet
pressure over 2 - 3 MPa at the cycle high temperatures of 463 K, 468 K and
473 K and expander isentropic efficiency limit of 50 - 100% to study their effects

on the performance metrics.

The results of the thermal efficiency and net work output are presented
(Appendices A.1 to A.4). The behavioural plots of performance metrics of the

cycles are presented in Figures 5.4 and 5.5.
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Figure 5.4: The variation of thermal efficiency and net work output with expander inlet
pressure at the cycle high temperatures of 463 K, 468 K and 473 K; showing the
results of the simple TFC in (a), TFC with IHE in (b), reheat TFC in (c) and regenerative
TFCin (d)
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The results of the thermal efficiency and net work output variation with expander
inlet pressure at the cycle high temperatures of 463 K, 468 K and 473 K is given
in Figure 5.4. Figures 5.4 (a) - (d) depict the variation of the thermal efficiencies
and net work outputs of the simple TFC, TFC with IHE, reheat TFC and
regenerative TFC respectively with expander inlet pressure. It is observed that
there were maximal limiting pressures and optimal pressures at each cycle high
temperature for the thermal efficiencies and the corresponding net work outputs
of the cycles respectively. The resulting thermal efficiencies of the cycles
increased as their inlet pressure increased from 2 - 3 MPa. Their corresponding
net work outputs increased with increasing inlet pressure until respective
optimal pressure were attained and then diminished with increasing pressure.
At the cycle high temperature of 463 K for instant, the thermal efficiencies of all
the cycles increased from 20.28 - 21.94%, 22.29 - 23.09%, 16.46 - 18.06% and
20.56 - 23.05% for the simple TFC, TFC with IHE, reheat TFC and regenerative
TFC respectively. Their corresponding net work outputs increased from 131.6 -
134.1 kw, 1459 - 152.2 kw, 113.8 - 124.1 kW and 124.9 - 130.5 kW
respectively. The increases were due to the addition of maximum quantities of
thermal energy per unit mass of the working fluid being injected into the
expander, which increase proportionately to the expander inlet pressure;
suggesting optimal pressure ratio between the expander inlet and its outlet

increases.
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The results of the thermal efficiency and net work output variation with expander
isentropic efficiency are given in Figure 5.5. Figures 5.5 (a) and (b) depict the
variation of the thermal efficiencies and net work outputs of the simple TFC,
TFC with IHE, reheat TFC and regenerative TFC respectively with expander
isentropic efficiency. The resulting thermal efficiencies of the cycles increased
proportionately as the expander isentropic efficiency values increased. Their
corresponding net work outputs increase almost proportionately with increasing
expander isentropic efficiency values. The thermal efficiencies of all the cycles
increase from 11.21 - 22.65%, 13.07 - 25.91%, 11.66 - 23.25% and 12.76 -
25.48% for the simple TFC, TFC with internal heat exchange (IHE), reheat TFC
and regenerative TFC respectively. Their corresponding net work outputs
increase from 76.41 - 147 kW, 93.58 - 152.3 kW, 57 - 135.9 kW and 73.18 -
144.4 KW respectively; when the expander isentropic efficiency values were
increased from 50 - 100%. The increases in the thermal efficiencies were due to
the significant increase in the expander work outputs, which suggest optimal
pressure ratios between the expander inlets and their outlets increased as the

isentropic efficiencies increase.

5.4 Conclusions

The parametric analyses of the trilateral flash cycle (TFC) systems using n-
pentane as working fluid for low-grade waste heat recovery-to-power generation
were presented as a solution to evaluate the effects of key thermodynamic
parameters on the performance metrics. Their predictions can be used for
guiding system design, improve understanding of the cycles’ operation and

behaviour of performance metrics. The parametric study of the simple TFC,
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TFC with internal heat exchanger (IHE), reheat TFC and regenerative TFC
operating at the subcritical conditions with low-grade heat of 393 K - 473 K were

examined.

The models process simulation results of the n-pentane based TFCs were
computed based on the inlet pressure of 3 MPa, expander isentropic efficiency
of 90% at the cycle high temperature of 473 K and average condensing
temperature of 309 K. Parametric sensitivity studies of the cycles were carried
out by varying expander inlet pressure at different cycle high temperatures and
the expander isentropic efficiency; and their performance metrics based on

these input parameters were computed.

Results depict that the thermal efficiencies and net work outputs of all the cycles
increase as the inlet pressure at the cycle high temperature increased from 2 - 3
MPa and increase as the expander isentropic efficiency increased from 50 -
100%. The effects of varying expander inlet pressure at cycle high temperature
and expander isentropic efficiencies on performance metrics of the cycles were
significant. As the expander inlet pressure at the cycle high temperature
increased, optimum pressure ratios between the expander inlets and their
outlets increased, coupled with an increase in the quantities of thermal energy
addition per unit mass flow rate of the working fluid. This resulted in higher
efficiencies and increased work outputs. As the expander isentropic efficiencies
increased, there are increases in the thermal efficiencies because the expander
work outputs increased substantially, which suggest optimal values of pressure

ratios.
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CHAPTER SIX

OPTIMIZED PERFORMANCE ANALYSIS AND
COMPARISON OF THE TRILATERAL FLASH CYCLES
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6 Introduction

There have been significant quantities of low-grade waste heat dissipated into
the environment due to the exhaust waste heat from conventional fossil fuel
energy systems and industrial waste heat (Hung et al., 1997; Johnson et al.,
2008; Lian et al., 2011; Fang et al., 2013). This has resulted in severe
environmental pollution (Dai et al., 2009b). There are numerous renewable
sources of energy like geothermal, solar thermal and biomass (Yari, 2009;
Fischer, 2011), providing low-to-medium temperature (low-grade) heat sources

that are ordinarily under-exploited.

Thus, there is a renewed significance for low-grade heat recovery-to-power
generation, motivated by the quest to improve system efficiency, significantly
reduced the primary energy demands and emissions (Patil et al., 2009; Fang et
al., 2013), and reduce the carbon footprint of power generation (Ziviani et al.,
2014). Numerous heat recovery-to-power technologies have been proposed to
exploit low-grade heat sources, which are otherwise challenging to convert

using conventional Rankine systems (Ziviani et al., 2014).

Unlike the Rankine cycles, the TFC does not either use a boiler or evaporate
the working fluid, instead expands its saturated liquid by flash expansion in an
expander for heat recovery-to-power generation (Zamfirescu and Dincer, 2008).
Due to bypass of isothermal boiling phase, there is a heat transfer without a
pinch-point limitation, causing thermal marching between the exergy

temperature profiles of the heat source and the working fluids for the merit of
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improved system performance (Winterbone, 1997; Zamfirescu and Dincer,

2008).

Four distinct cycle configuration designs of the TFCs: simple TFC, TFC with
IHE, reheat TFC and regenerative TFC; have been modelled, implemented and
analysed thermodynamically and parametrically. The combined results of the
optimized performances of the n-pentane based TFCs obtained are discussed

in a wider perspective.

6.1 Performance Analysis and Comparison of the Cycles

The optimized performance analyses and comparison of the trilateral flash
cycles (TFCs) were performed using an expander inlet pressure at the cycle
high temperature and average condensing temperature. The optimization
results of cycles were computed using an expander inlet pressure of 3 MPa and
expander isentropic efficiency of 90% at the cycle high temperature of 473 K
and average condensing temperature of 309 K. The optimized operating
parameters sensitivity analysis was conducted using an expander inlet pressure
of 2 - 3 MPa at the cycle high temperature of 473 K and expander isentropic

efficiency limit of 50 - 100%.

6.1.1 Thermodynamic Efficiencies and Net work Outputs of the
Cycles

A comparison of the performance metrics of the cycles is given in Figure 6.1.

Figures 6.1 (a) - (c) depict the thermal efficiencies, exergy efficiencies and net

work outputs of the various cycles at an expander inlet pressure of 3 MPa at the

cycle high temperature of 473 K.
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Figure 6.1 (a) depicts that the simple TFC has an optimized thermal efficiency
of 21.97%, which is the lowest among the cycles; while that of the TFC with IHE
is 23.91%, which is the highest. Compared with the simple TFC, the thermal
efficiency of the TFC with IHE has an improvement of about 8.9% over the
simple TFC. The regenerative TFC has an optimized thermal efficiency of
22.9%, which is higher than that of the reheat TFC and about a 4.2%
improvement over the simple TFC. The reheat TFC has an optimized thermal
efficiency of 22.07%, which is a marginal 0.5% improvement over the simple

TFC.

Figure 6.1 (b) depicts that the simple TFC at the optimized operating condition
has an exergy efficiency of 63.34%, which is the lowest among the cycles; while
that of the TFC with IHE is 68.96%, which is the highest. Compared with the
simple TFC, the exergy efficiency of the TFC with IHE has an improvement of
about 8.9% over the simple TFC due to lower irreversibility rates in the heat
exchanger and the condenser. The regenerative TFC has an optimized exergy
efficiency of 66.05%, which is higher than that of the reheat TFC and an
improvement of about 4.3% over the simple TFC. This is because there is no
heat rejection (i.e. lower irreversibility rates) from about 40% of the working fluid
in the condenser. The reheat TFC has an optimized exergy efficiency of

63.65%, which is a marginal 0.5% improvement over the simple TFC.

Figure 6.1 (c) depicts that the reheat TFC has an optimized net work output of
124.1 kW, which is the lowest among the cycles; while that of the TFC with IHE
is 152.2 kW, which is the highest. Compared with the simple TFC, the net work

output of the TFC with IHE shows an improvement of about 13.5% over the
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simple TFC. The regenerative TFC has an optimized net work output of 130.5
kW, which is marginally higher than that of the reheat TFC and about 2.7%
lower than the simple TFC. Compared with the simple TFC, the net work output

of the reheat TFC is about 7.5% lower than the simple TFC.

The causes of the differences among the thermal efficiencies and the net work
outputs of the cycles are suggested as follow. The IHE extracts and transfers
huge quantities of latent heat from the superheated vapour—liquid to preheat the
sub-cooled liquid at the feed pump outlet. It lowers the needed heat input, and
thus, improves the thermal efficiency of the cycle. Consequently, the quantity of
thermal energy addition required to power the TFC with IHE is less than the
simple TFC. Moreover, the work output of the cycle is marginally higher than the
simple TFC. Thus, the TFC with IHE has a substantially better thermal

efficiency than the simple TFC.
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Figure 6.1: Performance comparison of various trilateral flash cycles
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The quantity of thermal energy addition from the reheat TFC and its low
pressure expander work output increase when the working fluid temperature
increased during the reheating. Though, the magnitude of the increased
quantity of thermal energy addition is much higher compared to the net work
output. Consequently, the system thermal efficiency is not significantly improved

with an increasing quantity of thermal energy addition during reheating.

The quantity of thermal energy addition of the regenerative TFC is significantly
lower than that of the simple TFC. Yet, the net work output of the cycle
decreases because about 40% of the working fluid is bled during the expansion
process. Therefore, the thermal efficiency is marginally higher than the simple

TFC but lower than that of the TFC with IHE.

6.1.2 Sensitivity Studies

The optimized performances of the cycles have been analysed and compared
at the same subcritical operating conditions of expander inlet pressure and
expander isentropic efficiency at the cycle high temperature and average

condensing temperature.

The results of performance variation with expander inlet pressure at the cycle
high temperature of 473 K are given in Figure 6.2. Figures 6.2 (a) and (b) depict
the variation in thermal efficiencies and net work outputs of the cycles with
expander inlet pressure at the cycle high temperature of 473 K. The results
depicts that the resulting thermal efficiencies of the cycles increased as inlet
pressure increased from 2 - 3 MPa at the cycle high temperature of 473 K. Their

corresponding net work outputs increased with increasing inlet pressure until
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respective optimal pressure were attained and then diminish with increasing
pressure. The thermal efficiencies of all the cycles increase from 20.13 -
21.97%, 23.29 - 23.91%, 20.62 - 22.07% and 20.36 - 22.9% for the simple TFC,
TFC with IHE, reheat TFC and regenerative TFC respectively. Their
corresponding net work outputs increased from 131.6 - 134.1 kW, 145.9 - 152.2
kW, 113.8 - 124.1 kW and 124.9 - 130.5 kW respectively. The increases were
as a result of the addition of maximum quantities of thermal energy to the cycles
that increased proportionately to the expander inlet pressure. While the net
work output of the cycle increased marginally. Thus, the thermal efficiencies of
all cycles increased. Nevertheless, the TFC with IHE still had the highest
thermal efficiency with varying pressure at the cycle high temperature among
the cycles. The thermal efficiency of the regenerative TFC is likewise higher
than that of the reheat TFC and the simple TFC. The thermal efficiency of the
reheat TFC is almost equal to the simple TFC. This suggests that simply

reheating the working fluid cannot significantly improve performance.
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The results of the performance variation with the expander isentropic efficiency
are given in Figure 6.3. Figures 6.3 (a) and (b) depict the variation of thermal
efficiencies and net work outputs of the cycles with expander isentropic
efficiency. The resulting thermal efficiencies of the cycles increased
proportionately and their corresponding net work outputs almost proportionately
as the expander isentropic efficiency values increased. The thermal efficiencies
of all the cycles increased from 11.21 - 22.65%, 13.07 - 25.91%, 11.66 -
23.25% and 12.76 - 25.48% for the simple TFC, TFC with internal heat
exchange (IHE), reheat TFC and regenerative TFC respectively. Their
corresponding net work outputs increased from 76.41 - 147 kW, 93.58 - 152.3
kW, 57 - 135.9 kW and 73.18 - 144.4 kW respectively when the expander
isentropic efficiency values increased from 50 - 100%. The increases in the
thermal efficiencies were due to the significant increase in the expander work
outputs as the isentropic efficiencies increased. Thus, the thermal efficiencies of
all the cycles increased. Nevertheless, the TFC with IHE still had the highest
thermal efficiency with varying expander isentropic efficiency among the cycles.
The thermal efficiency of the regenerative TFC was also higher than that of the
reheat TFC and the simple TFC. The thermal efficiency of the reheat TFC was

almost same as the simple TFC.
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Figure 6.3: Performance variation with expander isentropic efficiency
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6.2 Conclusions

The optimized performance analysis and comparison of the trilateral flash
cycles (TFCs) for low-grade waste heat recovery-to-power generation were
conducted using an optimization search technique to compute the optimal net
work output that also corresponds to optimizing system efficiency at fixed mass

flow rate of heat source and its temperature.

Results depicted that the variation in expander inlet pressure at the cycle high
temperature and expander isentropic efficiency on the absolute levels attained
by performance metrics of the cycles were significant. The thermal efficiencies
and net work outputs at the cycle high temperature for all the cycles increased
as the inlet pressure increased from 2 - 3 MPa. This is because optimal
pressure ratios between the expander inlets and their outlets increased,
coupled with an increase in the quantities of thermal energy addition, resulting
in higher system performance. In addition, the thermal efficiencies and net work
outputs for all the cycles increased as the expander isentropic efficiency
increased from 50 - 100%. This is because there were increases in the thermal

efficiencies due to the significant increase in the expander work outputs.
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7 Summary

In the present study, one of the most suitable and efficient ways from proof-of-
concept towards a market-ready trilateral flash cycle (TFC) technology for low-
grade waste heat recovery-to-power generation: modelling, process
optimization and simulation were explored. Modelling and process simulation
are valuable tools in the optimization of engineering system design, its
performance predictions, development, operation and maintenance. Moreover,
innovative thinking about the system configuration design and process that
were needed to ensure technology integration and drive towards a step change

in investment and commercialization were examined.

The objective of this study is to establish and implement the simulation tools of
the TFC for improving the understanding of its operation, physics of
performance and to evaluate innovative system configurations. In order to
achieve this objective, a rigorous performance study of the TFC and the effects
of integration of TFC with an internal heat exchanger (IHE), reheating and
regeneration on system performances were examined for low-grade waste heat
recovery-to-power generation. Thus, the simple TFC and process integration of
TFC with an IHE, reheating and feed fluid-heating to improve the heat exchange

performance and system efficiency were investigated.

Furthermore, the screening of promising working fluids was conducted coupled
with the choice of the subcritical operating conditions at the inlets of the
expander and condenser. Afterwards, steady-state steady-flow models of the

TFCs power plants, corresponding to their thermodynamic processes were
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modelled and implemented. The thermodynamic properties for temperature,
pressure, enthalpy and entropy of all cycles’ thermodynamic states at the cycle
high temperature of 473 K and average condensing temperature of 309 K were
calculated. The results of the models process simulations of the cycles were
computed with an expander inlet pressure of 3 MPa and expander isentropic
efficiency of 90% at the cycle high temperature of 473 K and average
condensing temperature of 309 K. The thermodynamic analyses for all the
cycles were evaluated at the cycle high temperature of 473 K and average
condensing temperature of 309 K. While the operating parameter sensitivity
analyses of the models to the expander inlet pressure at the cycle high
temperature and expander isentropic efficiency were examined by the process
simulation experimentations of the pressure over 2 - 3 MPa at cycle high
temperatures of 463 K, 468 K and 473 K respectively and customized expander

isentropic efficiency limit of 50 - 100%.

An in-depth literature review was conducted to provide an introductory
investigation of the topic before embarking on a formal research project with the
aim to substantiate why this study is significant. Thus, a review of the variety of
renewable energies and exhaust waste low-grade heat sources, review of the
major power cycles for low-grade heat recovery, working fluids and their
selection criteria, expanders for low-grade heat recovery-to-power generation
and the energy related terms were highlighted as well as a systemic review of

the available studies on waste heat recovery-to-power technologies.

A comprehensive screening of the promising working fluids of the TFCs for heat

recovery-to-power generation was conducted and a shortlist of 24 potential
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fluids was evaluated. These shortlisted fluids were selected based on meeting
the environmental criteria and possessing a positive slope of vapour saturation
curve on the temperature—entropy diagram. Of the shortlist, the most promising
working fluid, which satisfies the thermo-physical, environmental and techno-
economic concerns suitable for the maximum cycle temperature limit of 393 -

473 K at subcritical operating conditions, was selected.

The methodology was designed to systematically solve the research problems
and to achieve the set objectives. Four distinct cycle configuration designs of
the TFC: the simple TFC, TFC with internal heat exchanger (IHE), reheat TFC
and regenerative TFC were examined. The steady-state steady-flow models of
the TFCs power plants were thermodynamically modelled and implemented to
represent the procedure to system development and the understanding needed
to support such process. These embody valuable tools to “Run Simulations” for
scenarios that could be apparently unmanageable in the physical experiment, in

order to generate relevant information and data.

The thermodynamic solutions of the cycles for low-grade heat recovery-to-
power generation were examined at the subcritical operating conditions to
assess the performance of the proposed cycles and their predictions.
Parameter sensitivity studies of the cycles were performed to investigate the
effects of the configuration parameters on the thermodynamic performance of
the cycles for waste heat recovery-to-power generation. Parametric optimization
of the cycles was carried out using an optimization search technique to find the
optimum net work output at the cycle high temperature that corresponds to the

optimum system efficiency of the cycle. The resulting optimized performances
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were compared and analysed over the same temperature limits at the

subcritical operating conditions.

7.1 Conclusions

This study established and implemented simulation tools of four distinct system
configuration designs of the TFCs employing n-pentane as their working fluid
and their optimized performance metrics were examined for low-grade waste
heat recovery-to-power generation. The effects of the key operating parameters
(variables) on the thermodynamic performance metrics of the cycle were

investigated.

Steady-state steady-flow models of different components of the cycles,
corresponding to their thermodynamic processes were established and
implemented. The models of the cycles were simulated to obtain a good
understanding of their behaviour at subcritical operating conditions.
The models were afterwards utilized to optimize the cycles, from basic cases
and improving them in a realistic procedure to assess the system performance

metrics.

By establishing and implementing the simulation models, and examining the
effects of the key operating parameters, an improved understanding of the

cycles’ operation and physics of their performance metrics have been obtained.

The main conclusions drawn from the research outcomes are summarised as

follows:

160



The optimized thermal efficiency of the simple TFC is the lowest among the
cycles. The TFC with IHE has the highest, which is higher than that of the
regenerative TFC and the regenerative TFC is more than that of the reheat
TFC. With operating parameters of an expander inlet pressure of 3 MPa
and expander isentropic efficiencies 90% at the cycle high temperature of
473 K and average condensing temperature of 309 K, the computed
thermal efficiency of the simple TFC is 21.97%. Compared with the simple
TFC, the thermal efficiency of the TFC with IHE has an improvement of
about 8.9% over the simple TFC, and the regenerative TFC and the reheat
TFC has an improvement of about 4.2% and 0.5% respectively over the
simple TFC.

The exergy efficiency of the simple TFC at the optimized operating
condition is the lowest among the cycles. The TFC with IHE is the highest,
which is higher than that of the regenerative TFC and the regenerative TFC
is higher than that of the reheat TFC. With operating parameters of an
expander inlet pressure of 3 MPa and expander isentropic efficiencies 90%
at the cycle high temperature of 473 K and average condensing
temperature of 309 K, the computed thermal efficiency of the simple TFC is
63.34%. Compared with the simple TFC, the thermal efficiency of the TFC
with IHE has an improvement of about 8.9% over the simple TFC, and the
regenerative TFC and the reheat TFC has an improvement of about 4.3%
and 0.5% respectively over the simple TFC.

The optimized net work output of the reheat TFC is the lowest among the

cycles. The TFC with IHE is the highest, which is more than that of the
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simple TFC and the simple TFC is more than that of the regenerative TFC.
With operating parameters of an expander inlet pressure of 3 MPa and
expander isentropic efficiencies 90% at the cycle high temperature of 473 K
and average condensing temperature of 309 K, the computed net work
output of the simple TFC is 134.1 kW. Compared with the simple TFC, the
net work output of the TFC with IHE has an improvement of about 13.5%
over the simple TFC, and those of regenerative TFC and reheat TFC were
about 2.7% and 7.5% lower than that of the simple TFC respectively.

The thermal efficiencies and net work outputs of all the cycles observably
increased as the inlet pressure increased from 2 - 3 MPa and increased as
the expander isentropic efficiencies increased from 50 - 100%, while their
exergy efficiencies increased.

From a comprehensive evaluation of the optimized thermodynamic
performances of the cycles, the TFC with IHE attained the best
comparative performance metrics among the cycles over same subcritical
operating conditions. It is followed by the regenerative TFC whereas the
simple TFC and the reheat TFC is the last choice. Though, the goal of
evaluating the proposed cycles was not to claim the absolute quality of
been at a comparative advantage. But to showcase their distinct features,
establish a system configuration design basis, and to understand the
interrelationship among key input parameters and system performance

metrics.

Nevertheless, the development of a dependable and efficient TFC engines is

reputable because they would be the key sub-engines to attain combined-cycle
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or complex systems with high thermodynamic efficiency for the grid as well as
for distributed power generation. Furthermore, because there is no single cycle
that can provide high efficiency as a result of the underlying cycle limitation,

which is partially explained by the low-temperature heat of the energy source.

7.2 Recommendations for Further Research

The research outcomes of this study demonstrate that there is a great potential
for the application of the proposed TFCs for low-grade waste heat recovery-to-
power generation. The following are recommended for future work to further
progress substantially and optimise the TFC technology for low-grade heat

recovery-to-power generation.

In CHAPTER THREE, a synopsis of the promising working fluids for the TFCs
and a shortlist of 24 potential fluids were evaluated. Though, it is
comprehensive, a systemic analysis of the behaviour of the different categories
of workings fluid should be conducted to outline a selection procedure to decide
the most promising fluid. That should be able to satisfy the thermo-physical,
environmental (ozone depletion and global warming potentials) and techno-
economic (toxicity, fluid stability, availability and cost) concerns. Also, zeotropic
mixtures of working fluid have been innovatively suggested in order to improve
the performance of heat recovery-to-power cycles. The TFCs using pure
working fluids and zeotropic fluid mixtures should be studied to optimize heat
recovery-to-power generation from renewable energies and waste heat.
Furthermore, a selection procedure on the suitable choice of working fluids for

various heat sources and heat sink profiles should be established for the
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proposed cycles. This is required in order to adapt and take full advantage of
the cycle performances for renewable energies and waste heat recovery-to-

power generation.

This study does not include the improvement scheme of the TFC with a
combination of the feed fluid-heating (regenerator) and the internal heat
exchanger (recuperator) examined in CHAPTER THREE. This can also be
employed to optimize the design configuration of the cycle for improved heat
exchange performance and system efficiency. That is, a power plant using
regenerative TFC with IHE is another motivating and promising alternative that

should be studied in detail.

The optimization carried out in CHAPTER FIVE is simply rudimentary. The
target function is the net work output of the heat recovery-to-power engine. A
topic laudable of research is the optimization of working fluids for various heat
sources and heat sink profiles. An ‘auxiliary function’ could be added to show
the effects of the operating pressure, thermal conductivity and exergy density

the working fluid.

Furthermore, the parametric study conducted in CHAPTER FIVE does not
reflect specifically the effects of factors, like the condensing temperature and
pressure, sizes of the component, and working fluid thermal conductivity, on the
system efficiency and performance metrics. Nevertheless, because these are
one of the vital factors in practical sense, a detailed systematic investigation of

these parameters would be significant.
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In order to avoid an environment susceptible to thermal pollution due to the
condenser cooling fluid at fairly high temperature being dissipated as waste
heat, an integrated heat recovery-to-power generation with process heating (for
direct usage in a process) or district heating applications as a combined heat
and power system is suggested. This can be an additional alternative to

improve the system efficiency and energy utilization.

Lastly, after modelling and simulation, validating models simulation results by
numerical and/ or experimental data is one of the challenges of novel modelling
approaches. Though, modelling efforts are not always supported by the
availability of experimental test rig, the setting up of test facilities are
recommended for TFC engines particularly in the small- and medium-scale

power range for further studies.

165



REFERENCES

Al-Ghandoor, A., Jaber, J. O. and Al-Hinti, I. (2009), "Assessment of energy and
exergy efficiencies of power generation sub-sector in Jordan”, vol. 3, no. 1,
pp. 1-8.

Al-Ghandoor, A., Phelan, P. E., Villalobos, R. and Jaber, J. O. (2010), "Energy
and exergy utilizations of the U.S. manufacturing sector”, Energy, vol. 35,
no. 7, pp. 3048-3065.

Aljundi, I. H. (2011), "Effect of dry hydrocarbons and critical point temperature
on the efficiencies of organic Rankine cycle", Renewable Energy, vol. 36,
no. 4, pp. 1196-1202.

Alternative energy (2014), Biomass energy, available at:
http://www.altenergy.org/renewables/biomass.html (accessed July 7, 2014).
Andelkovi¢, B. and Krsti¢, I. (2007), "Application of exergetic analysis in the risk
analysis of technological systems and environmental protection”, Facta
Universitatis Series: Working and Living Environmental Protection, vol. 4,

no. 1, pp. 31-39.

Andersen, W. C. and Bruno, T. J. (2005), "Rapid screening of fluids for chemical
stability in organic rankine cycle applications”, Industrial and Engineering
Chemistry Research, vol. 44, no. 15, pp. 5560-5566.

Ashish, M. and Mohapatra, S. K. (2013), "Biomass-based gasifiers for internal
combustion (IC) engines - A review ", Sadhana, vol. 38, no. 3, pp. 461-476.

Badr, O., Probert, S. D. and O'Callaghan, P. W. (1985), "Selecting a working
fluid for a Rankine-cycle engine”, Applied Energy, vol. 21, no. 1, pp. 1-42.

Badr, O., Naik, S., O'Callaghan, P. W. and Probert, S. D. (1991a), "Expansion
machine for a low power-output steam Rankine-cycle engine", Applied
Energy, vol. 39, no. 2, pp. 93-116.

Badr, O., Naik, S., O'Callaghan, P. W. and Probert, S. D. (1991b), "Rotary
Wankel engines as expansion devices in steam Rankine-cycle engines",
Applied Energy, vol. 39, no. 1, pp. 59-76.

Badr, O., O'Callaghan, P. W., Hussein, M. and Probert, S. D. (1984), "Multi-
vane expanders as prime movers for low-grade energy organic Rankine-
cycle engines”, Applied Energy, vol. 16, no. 2, pp. 129-146.

Bao, J. and Zhao, L. (2013), "A review of working fluid and expander selections
for organic Rankine cycle", Renewable and Sustainable Energy Reviews,
vol. 24, no. 0, pp. 325-342.

Baral, S. and Kim, K. C. (2014), "Thermodynamic Modeling of the Solar Organic
Rankine Cycle with Selected Organic Working Fluids for Cogeneration”,
Distributed Generation and Alternative Energy Journal, vol. 29, no. 3, pp. 7-
34.

166


http://www.altenergy.org/renewables/biomass.html

Bejan, A. (2006),
Advanced Engineering Thermodynamics 3rd ed, John Wiley & Sons, New
York, USA.

Bejan, A. (1996), Entropy generation minimization, CRC Press, Boca Raton,
USA.

Bertani, R. (2012), "Geothermal power generation in the world 2005-2010
update report”, Geothermics, vol. 41, no. O, pp. 1-29.

Boghossian, J. G. (2011), Dual-temperature Kalina cycle for geothermal-solar
hybrid power systems (unpublished Bachelor of Science thesis),
Department of Mechanical Engineering, Massachusetts Institute of
Technology, USA.

Borgert, J. A. and Velasquez, J. A. (2004), "Exergoeconomic optimisation of a
Kalina cycle for power generation”, International Journal of Exergy, vol. 1,
pp. 18-28.

Borsukiewicz-Gozdur, A. and Nowak, W. (2007), "Comparative analysis of
natural and synthetic refrigerants in application to low temperature
Clausius—Rankine cycle", Energy, vol. 32, no. 4, pp. 344-352.

Brodyanski, V. M., Sorin, M. V. and Le-Goff, P. (1994), The efficiency of
industrial processes: exergy analysis and optimization, Elsevier,
Amsterdam, The Netherlands.

Brown, B. W. and Mines, G. L. (1998), "Flowsheet simulation of the trilateral
cycle", Geothermal Resources Council Transactions, Vol. 22, 20-23
September, pp. 373.

Brown, J. S., Brignoli, R. and Daubman, S. (2014), "Methodology for estimating
thermodynamic parameters and performance of working fluids for organic
Rankine cycles", Energy, vol. 73, no. 0, pp. 818-828.

Bruno, J. C., Lopez-Villada, J., Letelier, E., Romera, S. and Coronas, A. (2008),
"Modelling and optimisation of solar organic rankine cycle engines for
reverse osmosis desalination”, Applied Thermal Engineering, vol. 28, no.
17-18, pp. 2212-2226.

Bryson, M. J. (2007), The conversion of low grade heat into electricity using the
thermosyphon Rankine engine and trilateral flash cycle (PhD thesis), RMIT
University, School of Aerospace, Mechanical and Manufacturing
Engineering Science, Melbourne, Australia.

Calise, F., Capuozzo, C., Carotenuto, A. and Vanoli L. (2014),
"Thermoeconomic analysis and off-design performance of an organic
Rankine cycle powered by medium-temperature heat sources", Solar
Energy, vol. 103, no. 0, pp. 595-609.

Can, A., Buyruk, E. and Eryener, D. (2002), "Exergoeconomic analysis of
condenser type heat exchangers”, Exergy, An International Journal, vol. 2,
pp. 113-118.

167



Carcasci, C., Ferraro, R. and Miliotti, E. (2014), "Thermodynamic analysis of an
organic Rankine cycle for waste heat recovery from gas turbines”, Energy,
vol. 65, no. 0, pp. 91-100.

Cardona, E. and Piacentino, A. (2006), "A new approach to exergoeconomic
analysis and design of variable demand energy systems", Energy, vol. 31,
no. 4, pp. 490-515.

Cengel, Y. A. and Boles, M. A. (2006), Thermodynamics: An Engineering
Approach, Fifth Edition ed, McGraw-Hill, New York, USA.

Cengel, Y. A. and Boles, M. A. (2008), Thermodynamics: An Engineering
Approach, Sixth Edition ed, McGraw-Hill, New York, USA.

Chacartegui, R., Sanchez, D., Mufoz, J. M. and Sanchez, T. (2009),
"Alternative ORC bottoming cycles for combined cycle power plants”,
Applied Energy, vol. 86, no. 10, pp. 2162-2170.

Chan, C. W., Ling-Chin, J. and Roskilly, A. P. (2013), "A review of chemical
heat pumps, thermodynamic cycles and thermal energy storage
technologies for low grade heat utilisation", Applied Thermal Engineering,
vol. 50, no. 1, pp. 1257-1273.

Chen, H. (2010), The conversion of low-grade heat into power using
supercritical Rankine cycles (PhD thesis), Department of Chemical &
Biomedical Engineering, College of Engineering, University of South
Florida, Theses and Dissertations, Paper 3447. Available online at:
http://scholarcommons.usf.edu/etd/3447.

Chen, H. (2011a), Low-grade heat sources In: converting low-grade heat into
electrical power, available at: http://www.eng.usf.edu/~hchen4/Low-
Grade%20Heat%20Sources.htm (accessed February 14, 2012).

Chen, H. (2011b), Organic Rankine cycle, In: converting low-grade heat into
electrical power, available at:
http://www.eng.usf.edu/~hchen4/Organic%20Rankine%20Cycle.htm  (accessed
February 14, 2012).

Chen, H. (2011c), Supercritical Rankine cycle, In: converting low-grade heat
into electrical power, available at:
http://www.eng.usf.edu/~hchen4/Supercritical%20Rankine%20Cycle.htm
(accessed February 14, 2012).

Chen, H. (2011d), Thermodynamic cycles for the conversion, In: converting low-
grade heat into electrical power, available at:
http://www.eng.usf.edu/~hchen4/Thermodynamic%20Cycles%20for%20the%20C
onversion.htm (accessed February 14, 2012).

Chen, H. (2011e), Trilateral flash cycle, In: converting low-grade heat into
electrical power, available at:
http://www.eng.usf.edu/~hchen4/Trilateral%20Flash%20Cycle.htm (accessed
February 14, 2012).

168


http://scholarcommons.usf.edu/etd/3447
http://www.eng.usf.edu/~hchen4/Low-Grade%20Heat%20Sources.htm
http://www.eng.usf.edu/~hchen4/Low-Grade%20Heat%20Sources.htm
http://www.eng.usf.edu/~hchen4/Organic%20Rankine%20Cycle.htm
http://www.eng.usf.edu/~hchen4/Supercritical%20Rankine%20Cycle.htm
http://www.eng.usf.edu/~hchen4/Thermodynamic%20Cycles%20for%20the%20Conversion.htm
http://www.eng.usf.edu/~hchen4/Thermodynamic%20Cycles%20for%20the%20Conversion.htm
http://www.eng.usf.edu/~hchen4/Trilateral%20Flash%20Cycle.htm

Chen, H., Goswami, D. Y. and Stefanakos, E. K. (2010), "A review of
thermodynamic cycles and working fluids for the conversion of low-grade
heat", Renewable and Sustainable Energy Reviews, vol. 14, no. 9, pp.
3059-3067.

Chen, H., Goswami, D. Y., Rahman, M. and Stefanakos, E. K. (2011a), "A
supercritical Rankine cycle using zeotropic mixture working fluids for the
conversion of low-grade heat into power", Energy, vol. 36, no. 1, pp. 549-
555.

Chen, H., Yogi Goswami, D., Rahman, M. M. and Stefanakos, E.,K. (2011b),
"Energetic and exergetic analysis of CO2- and R32-based transcritical
Rankine cycles for low-grade heat conversion”, Applied Energy, vol. 88, no.
8, pp. 2802-2808.

Chen, Y., Lundqvist, P., Johansson, A. and Platell, P. (2006), "A comparative
study of the carbon dioxide transcritical power cycle compared with an
organic rankine cycle with R123 as working fluid in waste heat recovery",
Applied Thermal Engineering, vol. 26, no. 17-18, pp. 2142-2147.

Chen, Y., Lundqgvist, P. and Platell, P. (2005), "Theoretical research of carbon
dioxide power cycle application in automobile industry to reduce vehicle’s
fuel consumption”, Applied Thermal Engineering, vol. 25, no. 14-15, pp.
2041-2053.

Cihann, A., Hacihafizoglu, O. and Kahveci, K. (2006), "Energy-exergy analysis
and modernization suggestions for a combined-cycle power plant",
International Journal of Energy Research, vol. 30, no. 2, pp. 115-126.

Crook, A. W. (ed.) (1994), Profiting from low-grade, IEE energy series 7 ed, The
institute of electrical engineers, London, UK.

Dagdas, A. (2005), "Exergy analysis and pressure optimisation of geothermal
binary power plants", International Journal of Exergy, vol. 2, pp. 409-422.
Dai, Y., Wang, J. and Gao, L. (2009a), "Exergy analysis, parametric analysis
and optimization for a novel combined power and ejector refrigeration

cycle", Applied Thermal Engineering, vol. 29, no. 10, pp. 1983-1990.

Dai, Y., Wang, J. and Gao, L. (2009b), "Parametric optimization and
comparative study of organic Rankine cycle for low grade waste heat
recovery”, Energy Conversion and Management, vol. 50, no. 3, pp. 576-
582.

Delgado-Torres, A. M. and Garcia-Rodriguez, L. (2010), "Analysis and
optimization of the low-temperature solar organic Rankine cycle (ORC)",
Energy Conversion and Management, vol. 51, no. 12, pp. 2846-2856.

Demirkaya, G., Vasquez Padilla, R., Goswami, D. Y., Stefanakos, E. and
Rahman, M. M. (2011), "Analysis of a combined power and cooling cycle
for low-grade heat sources”, International Journal of Energy Research, vol.
35, no. 13, pp. 1145-1157.

169



Desai, N. B. and Bandyopadhyay, S. (2009), "Process integration of organic
Rankine cycle", Energy, vol. 34, no. 10, pp. 1674-1686.

Dincer, I. (2007), "Exergetic and sustainability aspects of greeen energy
systems", Clean - Soil, Air, Water, vol. 35, no. 4, pp. 311-322.

Dincer, I. and Al-Muslim, H. (2001), "Thermodynamic analysis of reheat cycle
steam power plants”, International Journal of Energy Research, vol. 25, no.
8, pp. 727-739.

Dincer, I. and Rosen, M. A. (2007), Exergy, energy, environment and
sustainable development, First ed, Elsevier, Oxford, UK.

DiPippo, R. (2012), Geothermal Power Plants: Principles, Applications, Case
Studies and Environmental Impact , Third ed, Elsevier, Waltham, USA.
DiPippo, R. (2007), "Ideal thermal efficiency for geothermal binary plants”,

Geothermics, vol. 36, no. 3, pp. 276-285.

Duarte, L., Lobo, P. and Jorge, A. (2004), "A computational method for thermo-
exergetic analysis of the sugar mill process", Mechanical Computation, vol.
23, pp. 2353-2363.

El-Sayed, Y. M. (2003), The thermoeconomics of energy conversions, Elsevier,
Budapest, Hungary.

Exergy-Wikipedia Free Encyclopedia (2011), Exergy, available at:
http://en.wikipedia.org/wiki/exergy#head (accessed February 14, 2012).

Fang, H., Xia, J., Zhu, K., Su, Y. and Jiang, Y. (2013), "Industrial waste heat
utilization for low temperature district heating”, Energy Policy, vol. 62, no. 0,
pp. 236-246.

F-Chart Software, (2012), Engineering equation solver - Fluid properties, 1992-
2012 ed., F- Chart Software, Madison, USA.

Fernandez-Garcya, A., Zarza, E., Valenzuela, L. and Perez, M. (2010),
"Parabolic-trough solar collectors and their applications", Renewable and
Sustainable Energy Reviews, vol. 14, pp. 1695-1721.

Fischer, J. (2011), "Comparison of trilateral cycles and organic Rankine cycles",
Energy, vol. 36, no. 10, pp. 6208-6219.

Franco, A. and Casarosa, C. (2002), "On some perspectives for increasing the
efficiency of combined cycle power plants”, Applied Thermal Engineering,
vol. 22, no. 13, pp. 1501-1518.

Ganapathy, T., Alagumurthi, N., Gakkhar, R. P. and Murugesan, K. (2009),
"Exergy analysis of operating lignite fired thermal power plant", Journal of
Engineering Science and Technology Review, vol. 2, no. 1, pp. 123-130.

Garimella, S. (2012), "Low-grade waste heat recovery for simultaneous chilled
and hot water generation”, Applied Thermal Engineering, vol. 42, no. 0O, pp.
191-198.

Garimella, S., Brown, A. M. and Nagavarapu, A. K. (2011), "Waste heat driven
absorption/vapor-compression cascade refrigeration system for megawatt

170


http://en.wikipedia.org/wiki/exergy#head

scale, high-flux, low-temperature cooling", International Journal of
Refrigeration, vol. 34, no. 8, pp. 1776-1785.

Gassner, M. and Maréchal, F. (2008), "Thermo-economic optimisation of the
integration of electrolysis in synthetic natural gas production from wood",
Energy, vol. 33, no. 2, pp. 189-198.

Gentle, R., Edwards, P. and Bolton, B. (2001), "2 - Thermodynamics", in Gentle,
R., Edwards, P. and Bolton, B. (eds.) Mechanical Engineering Systems,
Butterworth-Heinemann, Oxford, UK., pp. 7-111.

Geothermal energy association (2012), Geothermal basics: Q&A, available at:
http://geo-energy.org/reports/Gea-GeothermalBasicsQandA-Sept2012_final.pdf
(accessed September 20, 2013).

Giuffrida, A. (2014), "Modelling the performance of a scroll expander for small
organic Rankine cycles when changing the working fluid", Applied Thermal
Engineering, vol. 70, no. 1, pp. 1040-1049.

Goswami, D. Y., Kreith, F. and Kreider, J. F. (2000), Principles of solar
engineering , Taylor & Francis, Philadelphis, USA.

Gu, W., Weng, Y., Wang, Y. and Zheng, B. (2009), "Theoretical and
experimental investigation of an organic Rankine cycle for a waste heat
recovery system", Proceedings of the Institution of Mechanical Engineers,
Part A: Journal of Power and Energy, vol. 223, pp. 523-533.

Guangbin, L., Yuanyang, Z., Liansheng, L. and Pengcheng, S. (2010),
"Simulation and experiment research on wide ranging working process of
scroll expander driven by compressed air", Applied Thermal Engineering,
vol. 30, no. 14-15, pp. 2073-2079.

Hajabdollahi, Z., Hajabdollahi, F., Tehrani, M. and Hajabdollahi, H. (2013),
"Thermo-economic environmental optimization of Organic Rankine Cycle
for diesel waste heat recovery", Energy, vol. 63, no. 0, pp. 142-151.

Hao, X., Gu, J., Chen, N., Zhang, W. and Zuo, X. (2008), "3-D Numerical
analysis on heating process of loads within vacuum heat treatment
furnace", Applied Thermal Engineering, vol. 28, no. 14-15, pp. 1925-1931.

Harada, K. J. (2010), Development of a Small Scale Scroll Expander
(unpublished M.Sc thesis), Department of Mechanical Engineering, Oregon
State University, Oregon, USA.

He, C., Liu, C., Zhou, M., Xie, H., Xu, X., Wu, S. and Li, Y. (2014), "A new
selection principle of working fluids for subcritical organic Rankine cycle
coupling with different heat sources", Energy, vol. 68, no. 0, pp. 283-291.

Hepbasli, A. (2008), "A key review on exergetic analysis and assessment of
renewable energy resources for a sustainable future”, Renewable and
Sustainable Energy Reviews, vol. 12, no. 3, pp. 593-661.

Heppenstall, T. (1998), "Advanced gas turbine cycles for power generation: A
critical review", Applied Thermal Engineering, vol. 18, no. 9-10, pp. 837-
846.

171


http://geo-energy.org/reports/Gea-GeothermalBasicsQandA-Sept2012_final.pdf

Horlock, J. H., Young, J. B. and Manfrida, G. (1998), "Rational efficiency of
fossil-fuel power plants”, Sancaktar E. (ed.), in: Proceedings of the 1998
ASME International Mechanical Engineering Congress and Exposition, Vol.
38, 15 November 1998 through 20 November 1998, Anaheim, CA, USA,
ASME, Fairfield, NJ, United States, pp. 235.

Hua, B., Chen, Q. L. and Wang, P. (1997), "A new exergoeconomic approach
for analysis and optimization of energy systems", Energy, vol. 22, no. 11,
pp. 1071-1078.

Hung, T. C., Shai, T. Y. and Wang, S. K. (1997), "A review of organic rankine
cycles (ORCs) for the recovery of low-grade waste heat", Energy, vol. 22,
no. 7, pp. 661-667.

Hung, T. C., Wang, S. K., Kuo, C. H., Pei, B. S. and Tsai, K. F. (2010), "A study
of organic working fluids on system efficiency of an ORC using low-grade
energy sources"”, Energy, vol. 35, no. 3, pp. 1403-1411.

Hung, T. (2001), "Waste heat recovery of organic Rankine cycle using dry
fluids", Energy Conversion and Management, vol. 42, no. 5, pp. 539-553.
Husband, W. W. and Beyene, A. (2008a), "Feasibility study of low grade heat
recovery rankine cycle using ozone-neutral refrigerant”, 2008 ASME Turbo

Expo, Vol. 7, 9 June 2008 through 13 June 2008, Berlin, pp. 371.

Husband, W. W. and Beyene, A. (2008b), "Low-grade heat-driven Rankine
cycle, a feasibility study”, International Journal of Energy Research, vol. 32,
no. 15, pp. 1373-1382.

llacqua, K. Y. (2009), Utilization of waste heat from diesel engine-generator sets
to produce electricity (unpublished M.Sc. thesis), School of Engineering,
Cranfield University, Cranfiled, UK.

Imran, M., Park, B. S., Kim, H. J., Lee, D. H., Usman, M. and Heo, M. (2014),
"Thermo-economic optimization of Regenerative Organic Rankine Cycle for
waste heat recovery applications”, Energy Conversion and Management,
vol. 87, no. 0, pp. 107-118.

Invernizzi, C., lora, P. and Silva, P. (2007), "Bottoming micro-Rankine cycles for
micro-gas turbines”, Applied Thermal Engineering, vol. 27, no. 1, pp. 100-
110.

Jin, H. and Ishida, M. (1993), "Graphical exergy analysis of complex cycles",
Energy, vol. 18, no. 6, pp. 615-625.

Jin, H., Ishida, M., Kobayashi, M. and Nunokawa, M. (1997), "Exergy evaluation
of two current advanced power plants: Supercritical steam turbine and
combined cycle", Journal of Energy Resources Technology, Transactions of
the ASME, vol. 119, no. 4, pp. 250-256.

Johnson, |., Choate, B. and Dillich, S. (2008), "Waste heat recovery:
Opportunities and challenges”, TMS Annual Meeting, pp. 47.

Joshi, A. S., Dincer, I. and Reddy, B. V. (2009), "Thermodynamic assessment of
photovoltaic systems", Solar Energy, vol. 83, no. 8, pp. 1139-1149.

172



Kalina, A., Leibowitz, H., Lazzeri, L. and and Diotti, F. (1995), "Recent
development in the application of Kalina cycle for geothermal plants ",
GRC, , pp. 2093-2096.

Kang, S. H. (2012), "Design and experimental study of ORC (organic Rankine
cycle) and radial turbine using R245fa working fluid", Energy, vol. 41, no. 1,
pp. 514-524.

Karellas, S. and Schuster, A. (2008), "Supercritical fluid parameters in organic
rankine cycle applications”, International Journal of Thermodynamics, vol.
11, no. 3, pp. 101-108.

Kaupert, K., Gandhi, S. and Kaehler, C. (2013), Flashing liquid expanders for

LNG liquefaction trains, available at:
http://fullnulled.com/doc/pdf/download/www__gastechnology _org--Training--
Documents--LNG17-proceedings--Mach-2-Kevin_Kaupert.pdf (accessed

November 4, 2013).

Khennich, M. and Galanis, N. (2012), "Thermodynamic analysis and
optimization of power cycles using a finite low-temperature heat source”,
International Journal of Energy Research, vol. 36, no. 7, pp. 871-885.

Klein, S.A., (2013), Engineering equation solver (EES), Commercial and
professional versions 1992-2013 ed., F- Chart Software, USA.

Korobitsyn, M. A. (1998), New and advanced energy conversion technologies:
analysis of cogeneration, combined and integrated cycles, Febodruk BV,
Enschede, Amsterdam, The Netherlands.

Kwon, Y., Kwak, H. and Oh, S. (2001), "Exergoeconomic analysis of gas turbine
cogeneration systems", Exergy International Journal, vol. 1, no. 1, pp. 31-
40.

Lai, N. A. and Fischer, J. (2012), "Efficiencies of power flash cycles", Energy,
vol. 44, no. 1, pp. 1017-1027.

Lakew, A. A. and Bolland, O. (2010), "Working fluids for low-temperature heat
source", Applied Thermal Engineering, vol. 30, no. 10, pp. 1262-1268.

Lasode, O. A. and Ajimotokan, H. A. (2011), "Development and preliminary
testing of a parabolic trough solar water heater”, Nigerian Journal of
Technological Development, vol. 8, no. 1, pp. 1-9.

Lemort, V. and Quoilin, S. (2009), "Designing scroll expanders for use in heat
recovery rankine cycles", International Conference on Compressors and
their Systems, 7 September 2009 through 9 September 2009, London, pp.
3.

Lemort, V., Quoilin, S., Cuevas, C. and Lebrun, J. (2009), "Testing and
modeling a scroll expander integrated into an Organic Rankine Cycle",
Applied Thermal Engineering, vol. 29, no. 14-15, pp. 3094-3102.

Li, M., Wang, J., He, W., Gao, L., Wang, B., Ma, S. and Dai, Y. (2013),
"Construction and preliminary test of a low-temperature regenerative

173


http://fullnulled.com/doc/pdf/download/www__gastechnology__org--Training--Documents--LNG17-proceedings--Mach-2-Kevin_Kaupert.pdf
http://fullnulled.com/doc/pdf/download/www__gastechnology__org--Training--Documents--LNG17-proceedings--Mach-2-Kevin_Kaupert.pdf

Organic Rankine Cycle (ORC) using R123", Renewable Energy, vol. 57, no.
0, pp. 216-222.

Lian, H., Li, Y., Shu, G. and Gu, C. (2011), "An overview of domestic
technologies for waste heat utilization", Energy Conservation Technology
29, vol. 2, no. 123 -128, pp. 133.

Liu, B., Chien, K. and Wang, C. (2004), "Effect of working fluids on organic
Rankine cycle for waste heat recovery", Energy, vol. 29, no. 8, pp. 1207-
1217.

Liu, C. and Li, W. (2014), "An Experimental Study of a Novel Prototype for
Thermoelectric Power Generation from Vehicle Exhaust®, Distributed
Generation & Alternative Energy Journal, vol. 29, no. 2, pp. 8-23.

Mago, P. J., Chamra, L. M., Srinivasan, K. and Somayaji, C. (2008), "An
examination of regenerative organic Rankine cycles using dry fluids",
Applied Thermal Engineering, vol. 28, no. 8-9, pp. 998-1007.

Maizza, V. and Maizza, A. (1996), "
Working fluids in non-steady flows for waste energy recovery systems",
Applied Thermal Energy, vol. 16, no. 7, pp. 579-590.

Maizza, V. and Maizza, A. (2001), "Unconventional working fluids in organic
Rankine-cycles for waste energy recovery systems", Applied Thermal
Engineering, vol. 21, no. 3, pp. 381-390.

Martaj, N., Grosu, L. and Rochelle, P. (2006), "Exergetical analysis and design
optimisation of the stirling engine”, International Journal of Exergy, vol. 3,
pp. 45-67.

Mathias, J. A., Johnston Jr., J. R., Cao, J., Priedeman, D. K. and Christensen,
R. N. (2009), "Experimental testing of gerotor and scroll expanders used in,
and energetic and exergetic modeling of, an organic Rankine cycle",
Journal of Energy Resources Technology, Transactions of the ASME, vol.
131, no. 1, pp. 0122011-0122019.

McKendry, P. (2002), "Energy production from biomass (part 1): overview of
biomass ", Bioresource Technology, vol. 83, pp. 37-46.

Miketa, A. and Mulder, P. (2005), "Energy productivity across developed and
developing countries in 10 manufacturing sectors: Patterns of growth and
convergence", Energy Economics, vol. 27, no. 3, pp. 429-453.

Moran, M. J. and Shapiro, H. N. (2004), Fundamentals of Engineering
Thermodynamics, 5th ed, John Wiley & Sons, New York, USA.

Moran, M. J. and Sciubba, E. (1994), "Exergy analysis: principles and practice",
Journal of Engineering for Gas Turbines and Power, vol. 116, no. 2, pp.
285-290.

National Energy Information Center (2010), "International Energy Outlook
2010", in Energy Information Adminstration, Washington,DC 20585, USA,
pp. 1-338.

174



Nguyen, T., Knudsen, T., Larsen, U. and Haglind, F. (2014), "Thermodynamic
evaluation of the Kalina split-cycle concepts for waste heat recovery
applications”, Energy, vol. 71, no. 0, pp. 277-288.

Njoku, H. O., Ekechukwu, V. O. and Onyegegbu, S. O. (2014), "Analysis of
stratified thermal storage systems: an overview", Heat Mass Transfer, vol.
50, pp. 1017-1030.

Norden, B. (2011), Geothermal Energy Utilization in Low-Enthalpy Sedimentary
Environments, Scientific Technical Report STR 11/06, Deutsches
GeoForschungsZentrum GFZ, Postdam, Germany.

Kelvin M. O'Brien. (2008) Apparatus and method for producing sustainable
power and heat. USA. Patent no. US20080163625 Al. Available at:
http://www.google.com/patents/US20080163625 (Accessed: March 14, 2014) .

Odeyemi, S. O. (2010), Cumulative exergy consumption design for a residential
building service life in llorin, Nigeria — a tropical subregion (unpublished
M.Eng. thesis), Department of Civil Engineering, University of llorin, llorin,
Nigeria.

Oroz, J. (2013), Comparative study of organic rankine cycle and trilatereal flash
cycle in low-temperature geothermal binary power plants (unpublished
MSc thesis), School of Engineering, Cranfield University, UK.

Panesar, A. S. (2012), A study of organic Rankine cycle systems with the
expansion process performed by twin screw machines (unpublished PhD
thesis), City University, London, UK.

Patil, A., Ajah, A. and Herder, P. (2009), "Recycling industrial waste heat for

sustainable district heating: a multi-actor perspective ", International
Journal of Environmental Technology and Management, vol. 10, no. 3 - 4,
pp. 412-426.

Peterson, R. B., Wang, H. and Herron, T. (2008), "Performance of a small-scale
regenerative Rankine power cycle employing a scroll expander”,
Proceedings of the Institution of Mechanical Engineers, Part A: Journal of
Power and Energy, vol. 222, no. 3, pp. 271-282.

Pierre, P. (1998), A to Z of thermodynamics, Oxford University Press, Oxford,
UK.

Poullikkas, A. (2005), "An overview of current and future sustainable gas turbine
technologies"”, Renewable and Sustainable Energy Reviews, vol. 9, no. 5,
pp. 409-443.

Quoilin, S., Declaye, S. and Lemort, V. (2010), "Expansion machine and fluid
selection for the Organic Rankine Cycle", Proceedings of the 7%
International Conference on Heat Transfer, Fluid Mechanics and
Thermodynamics (HEFAT2010), 19-21 July, Antalya, Turkey, .

Quoilin, S. (2007), Experimental study and modeling of a low temperature
Rankine cycle for small scale cogeneration Department of Aerospace and
Mechanical Engineering, University of Liege, Belgium.

175


http://www.google.com/patents/US20080163625

Quoilin, S., Broek, M. V. D., Declaye, S., Dewallef, P. and Lemort, V. (2013),
"Techno-economic survey of organic rankine cycle (ORC) systems",
Renewable and Sustainable Energy Reviews, vol. 22, pp. 168-186.

Quoilin, S., Declaye, S., Tchanche, B. F. and Lemort, V. (2011), "Thermo-
economic optimization of waste heat recovery Organic Rankine Cycles",
Applied Thermal Engineering, vol. 31, no. 14-15, pp. 2885-2893.

Quoilin, S., Lemort, V. and Lebrun, J. (2010), "Experimental study and modeling
of an organic Rankine cycle using scroll expander”, Applied Energy, vol. 87,
no. 4, pp. 1260-1268.

Quoilin, S., Aumann, R., Grill, A., Schuster, A., Lemort, V. and Spliethoff, H.
(2011), "Dynamic modeling and optimal control strategy of waste heat
recovery Organic Rankine Cycles", Applied Energy, vol. 88, no. 6, pp.
2183-2190.

Rayegan, R. and Tao, Y. X. (2011), "A procedure to select working fluids for
solar Organic Rankine cycles", Renewable Energy, vol. 36, no. 2, pp. 659-
670.

Rezac, P. and Metghalchi, H. (2004), "A brief note on the historical evolution
and present state of exergy analysis”, International Journal of Exergy, vol.
1, pp. 426-437.

Rivero, R. (2001), "Exergy simulation and optimization of adiabatic and diabatic
binary distillation”, Energy, vol. 26, no. 6, pp. 561-593.

Romeo, L. M., Lara, Y. and Gonzalez, A. (2011), "Reducing energy penalties in
carbon capture with Organic Rankine Cycles", Applied Thermal
Engineering, vol. 31, no. 14-15, pp. 2928-2935.

Romero, M., Martynez, D. and Zarza, E. (2004), "Terrestrial solar thermal power
plant. on the verge of commercialization”, Proceedings of the 4th
International Conference on Solar Power from Space, Granada, Spain, pp.
81-89.

Rosen, M. A. and Dincer, I. (2003), "Survey of thermodynamic methods to
improve the efficiency of coal-fired electricity generation”, Proceedings of
the Institution of Mechanical Engineers, Part A: Journal of Power and
Energy, vol. 217, no. 1, pp. 63-74.

Rosen, M. A. and Tang, R. (2008), "Improving steam power plant efficiency
through exergy analysis: effects of altering excess combustion air and
stack-gas temperature”, International Journal of Exergy, vol. 5, no. 1, pp.
31-51.

Rosen, M. A. and Tang, R. (2006a), "Assessing and improving the efficiencies
of a steam power plant using exergy analysis. Part 1. assessment”,
International Journal of Exergy, vol. 3, no. 4, pp. 362-376.

Rosen, M. A. and Tang, R. (2006b), "Assessing and improving the efficiencies
of a steam power plant using exergy analysis. Part 2. improvements from

176



modifying reheat pressure”, International Journal of Exergy, vol. 3, no. 4,
pp. 377-390.

Roy, J. P. and Misra, A. (2012), "Parametric optimization and performance
analysis of a regenerative Organic Rankine Cycle using R-123 for waste
heat recovery", Energy, vol. 39, no. 1, pp. 227-235.

Roy, P., Désilets, M., Galanis, N., Nesreddine, H. and Cayer, E. (2010),
"Thermodynamic analysis of a power cycle using a low-temperature source
and a binary NH3-H20O mixture as working fluid", International Journal of
Thermal Sciences, vol. 49, no. 1, pp. 48-58.

Rukes, B. and Taud, R. (2004), "Status and perspectives of fossil power
generation”, Energy, vol. 29, no. 12-15, pp. 1853-1874.

Sahin, A. Z., Mokheimer, E. M., Bahaidarah, H. M., Antar, M. A., Gandhidasan,
P., Ben-Mansour, R., Al-Dini, S., Rehman, S., Bejan, A., Al-Nimr, M. A.,
Oztop, H. F., Chen, L., Midilli, A. and Lawrence, J. (2013), "Special issue:
Thermodynamic optimization, exergy analysis, and constructal design”,
Arabian Journal for Science and Engineering, vol. 38, no. 2, pp. 219.

Salas, F., Marcos, C., Pérez-Ruzafa, A. and Marque, J. C. (2005), "Application
of the exergy index as ecological indicator of organically enrichment areas
in the Mar Menor Lagoon (South-Eastern Spain)”, Energy, vol. 30, pp.
2505-2522.

Saleh, B., Koglbauer, G., Wendland, M. and Fischer, J. (2007), "Working fluids
for low-temperature organic Rankine cycles", Energy, vol. 32, no. 7, pp.
1210-1221.

Sami, S. M. (2010), "Energy and exergy analysis of new refrigerant mixtures in
an organic Rankine cycle for low temperature power generation",
International Journal of Ambient Energy, vol. 31, no. 1, pp. 23-32.

Sami, S. M. (2011), "Behaviour of ORC low-temperature power generation with
different refrigerants”, International Journal of Ambient Energy, vol. 32, no.
1, pp. 37-45.

Sanjay, R. (2011), "Investigation of effect of variation of cycle parameters on
thermodynamic performance of gas-steam combined cycle", Energy, vol.
36, no. 1, pp. 157-167.

Sato, N. (2004), Chemical energy and exergy, Elsevier, San Diego, USA.

Schuster, A., Karellas, S., Kakaras, E. and Spliethoff, H. (2009), "Energetic and
economic investigation of Organic Rankine Cycle applications", Applied
Thermal Engineering, vol. 29, no. 8-9, pp. 1809-1817.

Seider, W. S., Seader, J. D. and Lewin, D. R. (2004), Product and process
design principles: synthesis, analysis, and evaluation, Wiley and Sons Inc.,
New York, USA.

Shengjun, Z., Huaixin, W. and Tao, G. (2011), "Performance comparison and
parametric optimization of subcritical Organic Rankine Cycle (ORC) and

177



transcritical power cycle system for low-temperature geothermal power
generation”, vol. 88, no. 8, pp. 2740-2754.

Smith, I. K., Stosic, N. and Kovacevic, A. (2001), "Power recovery from low cost
two-phase expanders”, Transactions-Geothermal Resources Council, , pp.
601-606.

Smith, I. K., Stosic, N., Mujic, E. and Kovacevic, A. (2011), "Steam as the
working fluid for power recovery from exhaust gases by means of screw
expanders”, Proceedings of the Institution of Mechanical Engineers, Part E:
Journal of Process Mechanical Engineering, vol. 225, no. 2, pp. 117-125.

Smith, I., Stosic, N. and Aldis, C. (1995), "Trilateral flash cycle system a high
efficiency power plant for liquid resources"”, Proceedings World Geothermal
Congress 1995. Available at:
http://pangea.stanford.edu/ERE/db/IGAstandard/record_detail.php?id=4830, pp.
2109.

Smith, I. K. (1993), "Development of the trilateral flash cycle system Part 1:
fundamental consideration”, Proceedings of the Institution of Mechanical
Engineers, Part A: Journal of Power and Energy, vol. 207, no. 3, pp. 179-
194.

Smith, I. K. and da Silva, R. P. M. (1994), "Development of the trilateral flash
cycle system. Part 2: increasing power output with working fluid mixtures"”,
Proceedings of the Institution of Mechanical Engineers, Part A: Journal of
Power and Energy, vol. 208, no. 2, pp. 135-144.

Smith, I. K., Stosi¢, N. and Aldis, C. A. (1996), "Development of the trilateral
flash cycle system. Part 3: the design of high-efficiency two-phase screw
expanders”, Proceedings of the Institution of Mechanical Engineers, Part A:
Journal of Power and Energy, vol. 210, no. 1, pp. 75-92.

Smith, I. K., Stosic, N. and Kovacevic, A. (2005), "Screw expanders increase
output and decrease the cost of geothermal binary power plant systems",
Geothermal Resources Council 2005 Annual Meeting, Vol. 29, 25-28
September 2005, Reno, USA, pp. 787.

Tchanche, B. F., Papadakis, G., Lambrinos, G. and Frangoudakis, A. (2009),
"Fluid selection for a low-temperature solar organic Rankine cycle", Applied
Thermal Engineering, vol. 29, no. 11-12, pp. 2468-2476.

Tchanche, B. F., Lambrinos, G., Frangoudakis, A. and Papadakis, G. (2011),
"Low-grade heat conversion into power using organic Rankine cycles — a
review of various applications”, Renewable and Sustainable Energy
Reviews, vol. 15, no. 8, pp. 3963-3979.

Tyagi, S. K., Chen, J. and Kaushik, S. C. (2005), "Optimal criteria based on the
ecological function of an irreversible intercooled regenerative modified
Brayton cycle", International Journal of Exergy, vol. 2, pp. 90-107.

U.S. Department of Energy, (2008), Waste Heat Recovery: Technology and
Opportunities in U.S. Industry , BCS, Incorporated, USA.

178


http://pangea.stanford.edu/ERE/db/IGAstandard/record_detail.php?id=4830

Uran, V. (2006), "Optimization system for combined heat and electricity
production in the wood-processing industry”, Energy, vol. 31, no. 14, pp.
2660-2680.

Valente, S. (2005), "Sustainable development, renewable resources and
technological progress”, Environmental and Resource Economics, vol. 30,
no. 1, pp. 115-125.

Van Der Linden, S. and Romero, M. (2009), "Advanced heat recovery
technology improves efficiency and reduces emissions”, 2008 ASME
International Mechanical Engineering Congress and Exposition, IMECE
2008, Vol. 7, 31 October - 6 November 2008, Boston, USA, ASME, USA,
pp. 21.

Vidal, A., Best, R., Rivero, R. and Cervantes, J. (2006), "Analysis of a combined
power and refrigeration cycle by the exergy method", Energy, vol. 31, no.
15, pp. 3401-3414.

Wall, G. (1986), Exergy: a useful concept (unpublished PhD thesis), Chalmers
University of Technology, Gothenburg, Sweden.

Wang, D., Ling, X., Peng, H., Liu, L. and Tao, L. (2013), "Efficiency and optimal
performance evaluation of organic Rankine cycle for low grade waste heat
power generation”, Energy, vol. 50, no. 0, pp. 343-352.

Wang, H. and Wang, H. (2009), "Selection of working fluids for low-temperature
solar thermal power generation organic rankine cycles", Dongli
Gongcheng/Power Engineering, vol. 29, no. 3, pp. 287-291.

Wang, Z., He, S., Li, J. and Song, G., (2012), Modeling and testing a screw
expander integrated into a Trilateral Flash Cycle.

Wei, D., Lu, X., Lu, Z. and Gu, J. (2008), "Dynamic modeling and simulation of
an organic Rankine cycle system for waste heat recovery", Applied Thermal
Engineering, vol. 28, no. 10, pp. 1216-1224.

Winterbone, D. E. (1997),
Advanced Thermodynamics for Engineers First ed, John Wiley & Son, Inc.,
New York, USA.

Wu, W., Wang, B., Shi, W. and Li, X. (2014), "Absorption heating technologies:
A review and perspective", Applied Energy, vol. 130, no. 0, pp. 51-71.

Yari, M. (2009), "Performance analysis of the different organic Rankine cycles
(ORCs) using dry fluids", International Journal of Exergy, vol. 6, no. 3, pp.
323-342.

Zamfirescu, C. and Dincer, I. (2008), "Thermodynamic analysis of a novel
ammonia-water trilateral Rankine cycle", Thermochimica Acta, vol. 477, no.
1-2, pp. 7-15.

Zamfirescu, C. and Dincer, I. (2009), "Thermodynamic analysis of a novel
ammonia-water rankine cycle”, 2nd International Conference on Energy
Sustainability, ES 2008, Vol. 2, 10-14 August 2008, Jacksonville, FL, USA,
pp. 51.

179



Zhang, X. R., Yamaguchi, H., Uneno, D., Fujima, K., Enomoto, M. and Sawada,
N. (2006), "Analysis of a novel solar energy-powered Rankine cycle for
combined power and heat generation using supercritical carbon dioxide",
Renewable Energy, vol. 31, no. 12, pp. 1839-1854.

Zhang, Y., He, Y., Li, S., Shen, Y., Huang, X., Tang, Q., Li, H. and Wang, M.
(2001), "Effect of preheating on combustion of ceramic burners”, Ranshao
Kexue Yu Jishu/Journal of Combustion Science and Technology, vol. 7, no.
3, pp. 267-270.

Ziviani, D., Beyene, A. and Venturini, M. (2014), "Advances and challenges in
ORC systems modeling for low grade thermal energy recovery”, Applied
Energy, vol. 121, pp. 79-95.

180



APPENDICES

181



Appendix A NUMERICAL MODELLING

A.1l Simulation Results of Simple Trilateral Flash Cycle

File Edit Search Options Calculste Tables Plots Windows Help Examples

vEIR~E HEHEE BEEE METNETRE = 7 |4

Unit Settings: 51 K kPa kJ mass deg

e = 0.8 np=098 TMthemal = 0.2187 m = 0,745

Oy = 6104 [kfkg] Oyt = 4762 [kJfkg] Wegn = 1391 [kifkg] Wier= 1341 [kkg]
Wy, = 5.003 [kka] W5 = 4753 [kfka]

Click on this line to see the array wariahles in the Arrays Table window

Mo unit problems were detected

Calculation time = .0 sec.

Figure A.1l: Screen shot of the EES software displaying the simulation results of simple
TFC
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A.2 Simulation Results of Trilateral Flash Cycle with Internal Heat

Exchanger

File Edt Search Options Calculate Tables Plots Windows Help Examples
el E HEBO vERMET HEEHE BEEE mETNEFEE - | 7|4

Unit Settings: S K kPa kJ mass deg

TNewp = 0.9 np=0.95 Tihermel = 0.2391 m = 06853 Q= 610.4 [k/kg]
Qo = 4645 [kfkg] Wayp = 150.9 [kfeg] Wiet=145.9 [kfkg] W = 5.003 [kkg] "W, = 4753 [kfeg]
y=06

Click on this line to see the array wariahles in the Arrays Table window

Ma unit problems were detected

Calculation time = 0 sec

Figure A.2: Screen shot of the EES software displaying the simulation results of TFC
with IHE
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A.3 Simulation Results of Reheat Trilateral Flash Cycle

File Edit Search Options Calculate Tables Plots Windows Help Examples

=& OB VB BME & B =Rl 7 |8

Unit Settings: 51 K kPa kJ mass deg
Texp =049 p=0.95 Tthemal = 02207

Qi =562.4 [kikg] Oyt = 438.3 [kfko] Weuppp = 15.97 [kJ/kg] Weppip = 113.1 [kika]
Whet= 1241 [kiikg] Wy = 5003 [kikg] Wi = 4.753 [kdfkg]
Click onthig line to see the array variables in the Arrays Tahle window

MNounit problems were detectad

Calculation time = 0 sec

Figure A.3: Screen shot of the EES software displaying the simulation results of reheat
TFC
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A.4 Simulation Results of Regenerative Trilateral Flash Cycle

e
Edit Search Options Calculate Tables Plots Windows Help Examples

vEm~E B B [ [ WEMNERE =

File

Unit Settings: SI K kPa kJ mass deg

Newp = 0.9 np=0.95 Tthemal = 0.228 f=04159

= 07661 Qjy = 569.9 [kka] Qg = 4902 [kfkef] Wy = 125.2 [llfker]
Whet = 1305 [kfkg] Wy =532 [klk] Wi ep = 0.3428 ki) Wog =-4977 [klk]

Click on this line to see the array variables in the Arraye Takle window

INa unit problems were detectad

Calculafiontime = .0 sec.

Figure A.4: Screen shot of the EES software displaying the simulation results of
regenerative TFC
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Appendix B Cooling System

Assuming a water-cooling system is employed in the trilateral flash cycle power
plants. The cooling water mass flow rate m,,,; in the cooling system at 297 K

(point f) sub cooled to 293 K (point €) can be expressed as:

mwat(hf - he) + mwf(h4 - hl) =0 (B'l)
Which implies
P Myyr(hgy — hy) (B-2)
wat (hf _ he)

Putting 1,5 = 1 kgs™, hy = 499.6 kJkg™, hy = 23.36 kJkg™, hy = 100.49 kJkg™,
he = 83.34 kJkg™, s; = 0.3510 kJkg K™ and s, = 0.2944 kJkg™'K ™ into Eq. (B-2),

the cooling water mass flow rate m,, ; is computed to be 27.77 kgs™.
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