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Abstract

This study examines the thermodynamic performance of a hybrid solar—biomass
Organic Rankine Cycle system, focusing on the selection of the working fluid and
the integration of nanoparticle-enhanced zeotropic mixtures. The work is motivated
by the need for decentralised renewable energy systems in regions such as sub-
Saharan Africa, where solar potential is high but inconsistent, and biomass provides
a reliable complementary resource.

A simulation framework was developed using ASPEN Plus V14, with the Peng—
Robinson Equation of state used to estimate thermophysical properties. The hybrid
heat source configuration combines evacuated-tube solar collectors with a biomass-
fired boiler, stabilised by a buffer tank to ensure a consistent thermal input to the
ORC evaporator. System performance was assessed under solar-dominant,
balanced, and biomass-dominant scenarios, with operating temperatures ranging
from 120 to 200 °C.

Two sets of zeotropic mixtures were evaluated; transitional refrigerants
(R245fa/R123, R245fa/R1233zd(E), and R1233zd(E)/R123) and newer low-GWP
alternatives (R1224yd(Z)/R1233zd(E), R1224yd(Z)/R1336mzz(2), and
R1233zd(E)/R1336mzz(Z)). Performance metrics included thermal efficiency, net
power output, and heat absorption, supported by system-level indicators such as
condenser load and specific work. Nanoparticles of Ag, Al,Os, CuO, TiO,, and ZnO
were introduced at varying concentrations to examine their effect on thermal
conductivity and cycle stability.

Results show that zeotropic mixtures significantly improve thermal matching in heat
exchangers through temperature glide, thereby reducing irreversibility and
enhancing cycle efficiency. Among the tested fluids, R1233zd(E)/R123 and
R1224yd(Z)/R1233zd(E) demonstrated the best performance, delivering higher net
power and efficiency across a range of conditions. Ag nanoparticles provided the
most substantial enhancement, achieving up to a 16% efficiency improvement at
optimal concentrations; however, higher mass fractions introduced viscosity
penalties and stability concerns. Oxide nanoparticles yielded modest but more
stable performance.

The findings demonstrate the technical feasibility of hybrid solar—-biomass ORC

systems using advanced fluid formulations. While the study is limited to
i



thermodynamic modelling, it provides a reproducible foundation for future
experimental validation and techno-economic assessments. The work contributes
to ongoing efforts to develop sustainable, decentralised energy systems suitable for

regions with variable renewable resources.
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Chapter One

1 General Introduction

1.1 Background Information

Electricity has consistently been a fundamental driver of economic development,
with a strong correlation between energy access and national prosperity. Countries
with low electricity access rates have historically ranked among the poorest globally.
Although the global electricity access rate rose to 90% by 2018, approximately 789
million people remained without access to electricity, with Sub-Saharan Africa (SSA)
accounting for the largest share of this deficit (IEA, 2020). The average electricity
access rate across SSA was 47%, as shown in Figure 1.1. More than half of the
countries in the region had less than 50% of their populations connected to

electricity, and only three had achieved universal access.

POPULATION WITH ACCESS
TO ELECTRICITY (%)
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Figure 1.1: Global Electricity Access For 2018

Source: (IEA, 2020)

The global electricity generation sector has remained predominantly reliant on fossil
fuels, including coal, natural gas, and crude oil, which together accounted for over
60% of total electricity production in 2019 (REN21, 2020). While the share of
renewable energy (RE) in the global electricity mix has steadily increased, reaching



27.3% in 2019, its composition remains uneven. According to REN21 (2020), solar,
biomass, and other non-hydro renewable energy systems contributed only 11.4% of
global electricity generation. Hydropower alone represented more than half of the
total RE share during the same period, as illustrated in

. Technologies such as solar photovoltaics (PV), geothermal energy, concentrated
solar power (CSP), and ocean energy collectively accounted for a mere 3.2% of
total electricity generation, while bio-power contributed only 2.2%. This
underutilisation of renewable energy resources is not due to a lack of resource
potential but rather to persistent technological and economic constraints that hinder
their widespread adoption and integration. Among renewable energy technologies,
solar energy stands out for its widespread availability, scalability, and relevance to

regions with limited grid infrastructure.

72.7% 4}

Non-renewable
electricity

Renewable
electricity

15.9% 5.9% wind power

Hydropower

2 _8% Solar PV
2.2% Bio-power

o Geothermal, CSP
O 4 % and ocean power

Figure 1.2: Global Electricity Generation Mix For 2019
Source: (REN21, 2020)

Solar energy serves as a primary energy source for both thermal and photovoltaic

applications, supporting heating and electricity generation across various sectors. It
is also widely regarded as an indirect source of energy for nearly all other terrestrial
energy forms, except for geothermal and nuclear energy (Quaschning, 2014). Solar
radiation plays a pivotal role in the formation of fossil fuels. It significantly influences



weather and climate patterns, thereby affecting other renewable energy sources
such as wind, wave, hydro, and biomass. As illustrated in Source: (ESMAP et al.,
2019)

, all countries with electricity access rates below 50% (as shown in Figure 1.1) are

in SSA, a region that receives substantial solar radiation (ESMAP et al., 2019).
Average values for Global Horizontal Irradiance (GHI) and Direct Normal Irradiance
(DNI) in SSA are approximately 6.2 kWh/m?/day and 6.0 kWh/m?#/day, respectively.
These figures underscore the region’s considerable solar potential, providing a
compelling rationale for increased investment in solar power infrastructure to
enhance electricity access. Despite the abundance of solar radiation in SSA, solar
energy remains intermittent due to diurnal and seasonal variations. Biomass, on the
other hand, offers a more stable and dispatchable thermal resource, particularly in
rural areas where agricultural residues are readily available. By integrating solar and
biomass heat sources within a hybrid configuration, the system can achieve greater
thermal continuity, reduce reliance on fossil-based backup systems, and enhance
overall energy resilience. This hybrid approach is particularly suited to decentralised

energy systems in off-grid communities.
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Figure 1.3: Global Solar Resource Map
Source: (ESMAP et al., 2019)

Thermal energy derived from sources such as biomass, solar radiation, industrial
waste heat, and geothermal reservoirs typically has low temperatures but contains
substantial energy. Despite this potential, the relatively low temperatures make
these sources commercially unviable for conventional power generation systems.
To address this limitation, several thermodynamic cycles have been developed to
convert low-grade heat into mechanical work. These include the Rankine Cycle,
Stirling Cycle, Kalina Cycle, Inverted Brayton Cycle, and Thermoelectric Energy
Conversion systems (Cipollone et al., 2014). Among these, the Organic Rankine
Cycle (ORC) has emerged as the most effective heat-driven technology for
harnessing low-grade thermal energy to generate mechanical and electrical power.
Its adaptability to a wide range of heat sources and working fluids has positioned it
as a promising solution for sustainable energy conversion (Desideri et al., 2016;
Vélez et al., 2012).



The Organic Rankine Cycle (ORC) differs from the conventional Rankine Cycle in
two principal aspects: the temperature range of the heat source and the nature of
the working fluid. While the conventional Rankine Cycle typically employs water and
operates at temperatures exceeding 300 °C, the ORC is designed to utilise low-
grade heat sources, often below 150 °C, and therefore requires organic fluids such
as refrigerants and hydrocarbons with low boiling points and critical temperatures
(Jiménez-Garcia et al., 2023; Liang & Yu, 2021).

A basic ORC system comprises four main thermodynamic processes:
pressurisation, evaporation, expansion, and condensation. Initially, the working fluid
is pressurised by a pump and then heated at constant pressure in the evaporator
until it vaporises. The vapour enters the expander (typically a turbine or scroll
expander), where it expands and performs mechanical work that may be converted
into electricity. The expanded vapour is subsequently condensed into a subcooled
liquid in the condenser, and the cycle is completed as the fluid is recirculated to the
pump (Wei et al., 2019; Yang et al., 2021).

Recent studies emphasise the importance of selecting appropriate working fluids
based on thermophysical properties, environmental impact, and compatibility with
low-temperature heat sources. Fluids such as R245fa, R1233zd(E), and zeotropic
mixtures have demonstrated favourable performance in subcritical and regenerative
ORC configurations, particularly when enhanced with nanoparticles or integrated
into hybrid systems (Faghih & Pourshaghaghy, 2022; Herath et al., 2020).

ORC systems have gained prominence as a viable means of converting low-grade
thermal energy into mechanical and electrical power. However, their efficiency
remains constrained by the modest temperature levels of renewable heat sources
such as solar and biomass. According to the second law of thermodynamics, the
limited temperature differential between the heat source and sink inherently restricts
the cycle’s thermal efficiency (Yang et al., 2021). The selection of appropriate
working fluids is, therefore, critical to enhancing ORC performance. Fluorine-based
refrigerants, which are commonly used due to their environmental acceptability,
often exhibit low critical temperatures, further limiting the efficiency of the
refrigeration cycle. Although chlorine-based refrigerants historically offered superior
thermodynamic properties, their adverse environmental impact led to their global

phase-out.



To address these limitations, recent research has explored the use of zeotropic
mixtures and nanoparticle-enhanced fluids (nanofluids) to enhance heat transfer
and improve thermodynamic stability. Zeotropic mixtures enable temperature glide
during phase transitions, enhancing thermal matching with variable heat sources
and reducing irreversibilities in heat exchangers (Fergani et al., 2021; Zhang et al.,
2020). Nanofluids, which are colloidal suspensions of nanoparticles in base fluids,
have demonstrated improved thermal conductivity and exergy performance in ORC
applications (Howard, 2022; Mondejar et al., 2017). These enhancements have
shown potential to increase system efficiency by up to 17% compared to

conventional fluids (Sami, 2020).

This study focused on the thermodynamic optimisation of a hybrid ORC system
powered by solar and biomass heat sources, employing nanofluid-enhanced
zeotropic mixtures as working fluids. The objective was to evaluate the performance
of various fluid combinations and nanoparticle concentrations via simulation and to
identify optimal configurations to improve efficiency and system-level resilience. To
achieve meaningful performance improvements, this study employed
thermodynamic optimisation techniques, including parametric analysis and multi-
objective evaluation. Key performance indicators, including thermal efficiency, net
power output, and pumping losses, were evaluated across various fluid
compositions and nanoparticle concentrations. The optimisation framework was
designed to identify configurations that balance energy conversion efficiency with

system stability and environmental acceptability.

1.2 Justification

ORC systems are widely recognised as one of the most promising technologies for
recovering low-grade thermal energy for electricity generation and other
applications. Despite their potential, ORC systems continue to face significant
challenges related to low thermal efficiencies. These limitations are primarily
attributed to the modest operating temperatures of renewable heat sources and the
physicochemical constraints of organic working fluids. Solar thermal energy has
emerged as a key renewable heat source for ORC systems; however, its intermittent
nature necessitates integration with complementary sources such as biomass to

ensure continuous and reliable operation.



The search for more suitable organic working fluids has become increasingly
important following the global phase-out of chlorine-based refrigerants due to their
environmental hazards. Fluorine-based refrigerants, which replaced them under
international protocols such as the Kyoto Protocol, are more environmentally
acceptable but typically possess lower critical temperatures. This thermodynamic
limitation results in reduced cycle efficiencies and, consequently, higher overall
installation and operational costs. Collings (2018) notes that ORC systems tend to
have higher capital costs compared to conventional power generation technologies.
This is primarily due to the low driving temperatures, which result in smaller specific
enthalpy drops across the turbine, necessitating larger components to achieve a

comparable power output.

The temperature of the heat source is, therefore, a critical parameter in the design
and optimisation of ORC systems. Liu et al. (2017) reported a maximum efficiency
of 6.37% for an ORC system powered by a modelled waste-heat source at 200 °C.
Wang et al. (2017) demonstrated that increasing the heat source temperature from
75 to 100 °C improved energy efficiency from 11.3 to 12.6% and exergy efficiency
from 45.8 to 51.3%. Similarly, Dai et al. (2009) observed efficiency improvements of
11.5-13% through parametric optimisation at a heat source temperature of 145 °C.
Biomass-fired ORC systems have achieved temperatures up to 300 °C, while solar-
driven ORC systems have exhibited varying performance depending on the type of
collector used (Ismail et al., 2016). Manolakos et al. (2009) reported low efficiencies
in a solar-powered desalination plant using ORC, and comparative studies showed
that parabolic trough collectors yielded efficiencies of 7.5 to 12.1%, outperforming
evacuated tube collectors (4.2%) and flat-plate collectors (3.2%) (Canada et al.,
2005; Freeman et al., 2015; Quoilin et al., 2010).

Hybridisation of solar and biomass heat sources offers a practical solution to the
intermittency challenge, enabling more stable thermal input and improved system
reliability. Biomass, being locally available and dispatchable, complements solar
energy and enhances the feasibility of continuous ORC operation, particularly in off-
grid and rural contexts. Combined heat and power systems based on ORC
technology and solar thermal input have also demonstrated the advantage of
incorporating inexpensive thermal energy storage to buffer fluctuations in solar
irradiance (Freeman et al., 2017).



The selection of working fluid remains a pivotal factor in ORC system design and
optimisation. Tocci et al. (2017) identified the choice of working fluid and expander
design as major limitations to the widespread adoption of ORC technology. The
transition from chlorine-containing refrigerants, such as R-11 and R-12, to fluorine-
based alternatives, such as R-134a, has led to lower critical temperatures and, by
extension, lower efficiencies. More suitable fluids such as R245fa and pentane have
been employed in both experimental and commercial ORC systems (Liu et al., 2017;
Muratori et al., 2017). Furthermore, Bellos and Tzivanidis (2017) reported a system
efficiency of 20.11% for a solar-driven ORC using nanofluids in a parabolic trough
collector. Andreasen et al. (2014) observed an increase in net power output when

zeotropic mixtures were used instead of pure fluids.

Zeotropic mixtures offer distinct thermodynamic advantages due to their
temperature glide during phase transitions. This property enables improved thermal
matching with variable heat sources, thereby reducing exergy losses and enhancing
overall cycle efficiency. Their application in ORC systems has shown promise in
improving performance under fluctuating thermal conditions, such as those
encountered in hybrid solar—biomass configurations. In parallel, nanofluids (colloidal
suspensions of nanoparticles in base fluids) have demonstrated potential to
enhance heat transfer and thermodynamic stability. Papadopoulos et al. (2010)
proposed using computer-aided molecular design (CAMD) and process optimisation
techniques to select optimal working fluids, a methodology later expanded by
Mavrou et al. (2015) through multi-criteria evaluation frameworks.

Mondejar et al. (2017) reported a 4% reduction in heat exchanger size when using
a 1% nanoparticle concentration, without adverse effects on pump power
consumption, despite an 18% increase in pressure drop. Saadatfar et al. (2014)
similarly reported improved cycle efficiency and reduced component sizing when
nanoparticle-infused pentane was used as the working fluid. These findings
underscore the potential of nanofluids not only to improve heat transfer but also to
enable thermodynamic optimisation of ORC systems. By adjusting the nanoparticle
type and concentration, it becomes possible to fine-tune fluid properties, such as
thermal conductivity, viscosity, and stability, which are key parameters in

maximising efficiency and minimising component size and cost.



In addition to possessing favourable thermophysical properties, suitable working
fluids must also be safe, non-hazardous, and environmentally benign (Deniz, 2015).
Considering the above, this research seeks to address the limitations of
conventional ORC systems by exploring the thermodynamic optimisation of hybrid
solar-biomass ORC configurations using nanofluid-enhanced zeotropic mixtures.
Through simulation and parametric analysis, the study aims to identify fluid
combinations and operating conditions that improve efficiency, reduce component
sizing, and enhance system-level resilience, particularly for deployment in energy-

constrained regions.

1.3 Problem Statement

Organic Rankine Cycle (ORC) systems have emerged as a promising technology
for converting low-grade thermal energy into mechanical and electrical power.
However, their widespread adoption remains limited due to inherently low thermal
efficiencies (Lecompte et al., 2015). These inefficiencies stem primarily from the
modest temperatures of renewable heat sources such as solar and biomass, which
result in low Carnot efficiencies and, by extension, reduced actual cycle efficiencies

as dictated by the second law of thermodynamics.

A critical factor influencing ORC performance is the selection of the working fluid.
While fluorine-based refrigerants are favoured for their environmental acceptability,
having replaced chlorine-based refrigerants due to concerns about ozone depletion,
they typically possess lower critical temperatures (Bederna et al., 2021). This
thermophysical limitation further reduces the efficiency of ORC systems, especially
at low temperatures. Consequently, ORC systems often require larger components
and more complex configurations to achieve comparable power output, resulting in
higher installation and operational costs compared to conventional power

generation technologies (Lemmens, 2016).

Moreover, the intermittent nature of solar energy necessitates integrating
complementary heat sources, such as biomass, to ensure continuous operation.
While hybridisation improves thermal reliability, it also introduces complexity in
system design and fluid compatibility (Manente et al., 2017). Recent advances
suggest that zeotropic mixtures, fluids exhibiting non-isothermal phase change
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behaviour, can enhance thermal matching and reduce exergy losses. Additionally,
nanoparticle doping has shown potential to enhance the thermophysical properties
of working fluids, particularly thermal conductivity and heat capacity (Cao et al.,
2023; Said et al., 2015).

Despite these promising developments, the combined use of zeotropic mixtures and
nanoparticles in ORC systems remains underexplored. There is a lack of
comprehensive studies evaluating how these enhancements impact system-level
performance, particularly in hybrid configurations that utilise solar and biomass
energy sources. This gap presents a significant barrier to optimising ORC systems

for low-grade heat recovery and sustainable power generation.

1.4 Research Questions

The study sought to answer the following research questions:

i.  What combination of solar thermal and biomass thermal sources can reliably
provide adequate temperatures to operate an ORC power system?

ii. Can mixtures of existing organic working fluids be engineered to improve
critical temperatures and other thermodynamic properties, thereby
enhancing ORC cycle efficiency?

iii. To what extent can nanoparticles improve the thermophysical properties,
including thermal conductivity, of organic working fluid mixtures used in ORC
systems?

iv.  How do variations in working fluid composition, nanoparticle concentration,
and heat source temperature affect the overall thermal efficiency and net

power output of hybrid ORC systems?

1.5 Research Objectives

The main objective of the study was to optimise the performance of a hybrid solar—
biomass Organic Rankine Cycle system using nanoparticle-enhanced zeotropic
mixtures as working fluids.
The specific objectives include;
i. To evaluate the thermal suitability of solar and biomass heat sources for
hybrid ORC operation.
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ii. To assess the impact of zeotropic working fluid mixtures on cycle efficiency
and critical temperature.

iii. To investigate the effect of nanoparticle doping on the thermophysical
properties of zeotropic mixtures.

iv. To simulate and optimise ORC system performance under varying fluid

compositions and operating conditions.

1.6 Scope And Research Focus

The study focused on modelling and simulating a hybrid ORC system under various
operating conditions, including different heat-source configurations, working-fluid
compositions, and system configurations. Specifically, it examined the integration of
solar thermal and biomass heat sources to ensure adequate and continuous thermal

input for ORC operation.

The research investigated the thermodynamic performance of zeotropic mixtures
formulated from selected organic fluids, and explored the potential of nanoparticle
doping to enhance their thermophysical properties. While nanoparticle-infused pure
fluids have been studied in previous literature, their application within zeotropic
mixtures remains largely unexplored. This study, therefore, extended existing
knowledge by simulating the effects of nanoparticle doping in zeotropic mixtures and

evaluating its impact on ORC performance.

Performance assessments and evaluations were conducted using ASPEN Plus,
with the Peng-Robinson equation of state, employed to model non-ideal fluid
behaviour. Thermophysical property data were adjusted to account for nanoparticle
effects, and sensitivity analyses were conducted to determine the optimal fluid
compositions, nanoparticle concentrations, and operating conditions for enhanced

cycle efficiency and net power output.
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Chapter Two

2 Literature Review

2.1 Overview of Organic Rankine Cycles

The ORC shares its foundational principles with the conventional Rankine Cycle,
which uses water as the working fluid. In both systems, a high-pressure fluid in a
superheated vapour state expands through a turbine, producing mechanical work.
The fluid then exits the turbine as a low-pressure, saturated liquid-vapour mixture,
which is fully condensed in the condenser before being pressurised by a pump and

returned to the boiler or heat exchanger for heat addition, thus completing the cycle.

A simple ORC system, illustrated in Figure 2.7, comprises four key components;

i. Evaporator - for heat addition
i. Expander - for mechanical work output

ii. Condenser - for heat rejection

iv. ~Pump - to increase fluid pressure before entering the evaporator
Electrical
Heated Pressurized I Energy
vapoun Low pressure
s apom
Expander
Heat = %
Source sg‘ 4
& =]
L% 3
4— —{
Pump Cooling
ST Water

High pressme P Low pressure
liquid liquid
Figure 2.1: The Organic Rankine Cycle

Source: (Shaligram, 2016)
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Unlike the conventional Rankine Cycle, which operates at high temperatures and
pressures using water, the ORC employs organic fluids, such as refrigerants and
hydrocarbons, which boil at significantly lower temperatures. This makes ORC
systems particularly suitable for harnessing low-grade heat from renewable sources,

such as solar and biomass, as well as industrial waste heat and geothermal energy.

The working fluid in any Rankine-based cycle must be capable of transitioning
between liquid and vapour phases under the operating conditions of each
component. Organic fluids used in ORC systems are selected for their low boiling
points, moderate critical temperatures, and favourable thermophysical properties,

enabling efficient operation with heat sources typically below 150 °C.

Due to their modularity and adaptability, ORC systems are well-suited for small-
scale, decentralised electricity generation. They are increasingly deployed in
biomass-fired plants, concentrated solar power systems, geothermal installations,

and waste heat recovery applications.

2.2 ORC Configurations

The performance of ORC systems is primarily influenced by three key variables: the
heat source temperature, the turbine or expander operating conditions, and the
thermophysical properties of the working fluid. According to Bao et al. (2018), the
ORC configuration plays a critical role in determining overall system efficiency,

making it a central consideration in ORC design.

The basic ORC configuration consists of four core components: a turbine for
expansion and work output, a condenser for heat rejection, a pump for fluid
pressurisation, and a heat source for energy input. While this setup is sufficient for
basic low-grade heat recovery, performance can be significantly enhanced by
integrating additional components such as recuperators, regenerators, and ejectors.
These devices enhance thermal matching, minimise irreversibilities, and improve

cycle efficiency.

Li et al. (2021) classified ORC configurations into five distinct categories based on
the inclusion or exclusion of specific components:
i. Basic ORC
i. ORC with Recuperator
13



iii. Regenerative ORC

iv.  ORC with Reheater

v. Ejector ORC
These configurations are summarised in Table 2.1, which presents a comparative
overview of their structural variations and corresponding references from the

literature.

Table 2.1: Classifications of organic Rankine Cycle Configurations

ORC ORC Configurations in Source
Configurations other publications

in Li et al

(2021)
Basic ORC i. Basic ORC (Imran et al., 2014; Lecompte et al.,
i. Simple ORC 2015; Li et al., 2013; Mago et al.,
iii.  Subcritical ORC 2008; Mahmoudi et al., 2018;
Safarian & Aramoun, 2015; Shi et al.,
2018; Tchanche et al., 2014; Wang
et al., 2020; Xu & He, 2011)
ORC with a i. ORC with an internal (Chys et al., 2012; Larsen et al.,
recuperator heat exchanger 2013; Lecompte et al, 2015;

i. Regenerative ORC Mahmoudi et al., 2018; Mazzi et al.,

ii. ORC with a 2015; Meinel et al., 2014; Uusitalo et
recuperator al., 2014; Wang et al., 2011a; Yang
Recuperative ORC etal., 2014)

iv. ~ ORC with a preheater

v. Regenerated ORC

vi. Internal regenerative
ORC
vii.  Recuperated ORC
viii.  Others
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Regenerative i. Single-stage (Branchini et al., 2013; Imran et al.,

ORC regenerative ORC 2014; Lecompte et al., 2015; G. Li,
i. ORC with integrated 2016; Mago et al., 2008; Pei et al.,
feed-fluid heater 2010; Safarian & Aramoun, 2015;
iii. Two-stage ORC Wang et al., 2012)
ORC with a i. ORC with an internal (Li, 2016; Mahmoudi et al., 2018)
reheater heat exchanger
i. Reheat ORC
iii. Reheating ORC
Ejector ORC i. Regenerative ORC (Lietal., 2012; Peris et al., 2013; Xu

with vapour ejector & He, 2011)
i. ORC with ejector

2.2.1 Basic ORC

The basic ORC, illustrated in Figure 2.1, represents the simplest configuration of the
ORC system. It comprises four primary components: the evaporator, turbine,
condenser, and pump. These components work together to convert thermal energy,
typically from low-grade heat sources, into mechanical work, which is subsequently

converted into electricity.

The simplicity of the basic ORC system offers several advantages:

i. Cost-effectiveness: Fewer components reduce capital and maintenance

costs.

i. Ease of installation and operation: Its straightforward design makes

deployment in diverse industrial settings straightforward.

i.  Suitability for low-grade heat recovery: It is particularly effective in harnessing
waste heat from industrial processes and renewable sources with modest

power demands.

However, the basic ORC system has inherent limitations. The absence of additional
components, such as recuperators or regenerators, limits its ability to optimise heat

recovery and improve thermodynamic performance. This results in:
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i. Lower thermal efficiency

i.  Higher irreversibilities

ii. Increased exergy losses

Recent comparative studies have reinforced these limitations. For instance, Nondy
and Gogoi (2021) conducted a multi-objective optimisation of four ORC
configurations (Basic, Recuperative, Regenerative, and Recuperative-
Regenerative) and found that the Basic ORC had the lowest exergy efficiency and
net power output under optimal conditions. Similarly, Zhu et al. (2015) demonstrated
that regenerative ORCs consistently outperform basic cycles in terms of thermal
efficiency, especially when optimised for working fluid selection and operating

conditions.

In a study published in 2023 by Mana et al., the basic ORC was compared with a
recuperative configuration for waste heat recovery and geothermal applications. The
recuperative system achieved a net efficiency 7.29% higher and an improved exergy
efficiency of 20.54%, highlighting the performance gap between basic and

enhanced designs.

While the basic ORC remains a practical and economical solution for low-grade heat
recovery, its performance can be significantly improved by integrating regenerative
or recuperative components. These enhancements are increasingly relevant to
applications requiring higher efficiency, such as hybrid renewable energy systems

and industrial waste heat recovery.
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2.2.2 ORC with a Recuperator

A recuperator is a heat exchanger that, when integrated into the basic ORC,

significantly enhances system performance. As illustrated in

Figure 2.2, the recuperator is positioned between the turbine outlet and the

evaporator inlet. It recovers residual thermal energy from the turbine exhaust and

transfers it to the working fluid before it enters the evaporator. This preheating

process increases the working fluid's temperature and enthalpy, thereby reducing
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the external heat input required to reach the desired evaporation temperature.

Figure 2.2: Schematic Diagram of an Organic Rankine Cycle with

Recuperator

Source: (Benato & Macor, 2017)

The inclusion of a recuperator improves the thermodynamic efficiency of the ORC

by narrowing the temperature gradient between the heat source and the working

fluid. This results in reduced irreversibilities and enhanced exergy utilisation,

ultimately leading to higher net power output from the same heat source. Benato

and Macor (2017) demonstrated that recuperative ORCs applied to a biogas engine

waste-heat recovery can achieve up to 30% more net electric power than basic

configurations.
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Moreover, ORCs with recuperators offer greater flexibility in selecting the working
fluid. This enables the optimisation of heat transfer characteristics based on the
thermophysical properties of various fluids. Doninelli and Di Marcoberardino (2024)
emphasised the importance of accurately predicting transport properties in
designing recuperators for trans-critical cycles using CO,-based mixtures. Similarly,
Liu et al. (2022) showed that recuperator-equipped ORCs exhibit improved transient

performance and thermal stability under dynamic operating conditions.

Pourahmad et al. (2018), further validated the benefits of recuperator integration in
biomass-powered ORCs, reporting a 7.91% increase in system efficiency from
6.84%. These findings underscore the recuperator’s role in enhancing energy

recovery, reducing fuel consumption, and improving overall system sustainability.

2.2.3 Regenerative ORC

The regenerative ORC is an advanced configuration of the basic ORC that
incorporates a regenerator, a heat exchanger that improves thermal efficiency by
facilitating internal heat recovery between different stages of the working fluid
(Braimakis & Karellas, 2018). This component transfers residual heat from the
expander outlet stream to the pre-evaporator inlet stream, preheating the working
fluid before it enters the evaporator. This internal heat exchange reduces the

external heat input required from the primary heat source.

Depending on the configuration, the regenerator may be implemented as either a

closed-feed or open-feed system:

i. In a closed-feed regenerator, the heat exchange occurs between two fluid
streams without mixing, maintaining separation between the high-pressure

and low-pressure sides.

i. In an open-feed regenerator, partial mixing of streams may occur, typically

involving extraction and reinjection points within the cycle.

These configurations are illustrated in Figure 2.3 and Figure 2.4
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Figure 2.3: ORC With Open-Feed Organic Fluid Heater

Source: (Braimakis & Karellas, 2018)
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Figure 2.4: ORC With a Closed-Feed Organic Fluid Heater

Source: (Braimakis & Karellas, 2018)

The regenerative ORC achieves a higher thermal efficiency than the basic ORC by

recycling internal thermal energy, thereby reducing the demand on external heat
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sources. This internal recovery mechanism also enhances the flexibility of the
working fluid, enabling the selection of fluids tailored to specific heat-source

characteristics and operating conditions (Kindra et al., 2022; Pikra et al., 2020).

However, integrating a regenerator introduces design and operational complexities.

Key considerations include:

i.  Heat transfer effectiveness: Influences the degree of preheating and overall

cycle efficiency.
i. Pressure-drop penalties: Can offset efficiency gains if not properly managed.
i.  Size and cost constraints: Affect system compactness and economic viability.

iv.  Control strategies: Required to manage transient behaviour and ensure
stable operation under varying load conditions (Lopes et al., 2021; Omosehin
et al., 2022).

Despite these challenges, regenerative ORC systems remain a promising pathway
for enhancing energy recovery in low- to medium-grade heat applications,

particularly where system efficiency and fuel savings are critical.

2.2.4 Reheat ORC

The Reheat ORC is a variation of the Basic ORC that incorporates a reheater to
enhance the system's energy conversion efficiency. In the configuration illustrated
in Figure 2.5, the working fluid is reheated by an external heat source after
expansion in the first stage of the turbine before entering the second stage. After
the initial expansion, the temperature of the working fluid drops significantly; the
reheating process raises it back to a higher level, thereby increasing the
temperature and enthalpy of the fluid before it undergoes further expansion in the
second turbine stage (Ma et al., 2023; Pambudi et al., 2021; Zhou et al., 2022).
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Figure 2.5: Reheat ORC

Source: (G. Li, 2016)

The inclusion of a reheater helps to maximise the utilisation of available thermal
energy by extracting additional work from the working fluid. This process increases
the fluid's temperature, improving thermodynamic efficiency and increasing power
output. Additionally, the Reheat ORC allows a broader range of working fluids. The
reheater compensates for the temperature drop during expansion, enabling the use
of low-temperature heat sources that may not be suitable for traditional ORCs
(Daniarta & Kolasinski, 2022; Faghih & Pourshaghaghy, 2022; Jafarmadar &
Habibzadeh, 2017).

However, the design of the reheater must ensure efficient heat transfer and a
controlled temperature rise while minimising pressure losses. The addition of a
reheater also increases system complexity, necessitating additional components

and meticulous thermal integration to ensure stable, efficient operation.

2.2.5 Ejector ORC

The Ejector ORC is an innovative configuration of the Organic Rankine Cycle that
incorporates an ejector to enhance energy conversion and fluid dynamics. As
illustrated in Figure 2.6, the high-pressure vapourised working fluid exiting the
evaporator enters the ejector, where it mixes with a motive fluid, typically high-
pressure steam or refrigerant. This mixing process generates a high-velocity jet,
which increases the pressure and temperature of the working fluid (Mariani et al.,
2022). The resulting high-energy mixture is then directed into the turbine to produce
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mechanical power. After expansion, the working fluid is cooled in the condenser and

pumped back to the evaporator to complete the cycle.

Condenser

Compressor

Ejector

Evaporator Mg mn

Figure 2.6: ORC with an Ejector

Source: (Rostamnejad & Zare, 2019)

The inclusion of an ejector enhances system performance by using the motive fluid
to compress the working fluid, thereby eliminating the need for a mechanical
compressor (Almehmadi et al., 2022; Kumar et al., 2021; Rak et al., 2018). This
approach results in a more efficient, cost-effective design than conventional ORCs.
Moreover, the absence of moving parts in the ejector simplifies the system

architecture, reduces maintenance requirements, and improves overall reliability.

However, the design and optimisation of the ejector require careful consideration of
fluid dynamics and thermodynamic parameters to achieve optimal performance
(Rak et al., 2018). The selection of working fluids must closely match the operating

conditions to ensure efficient mixing, entrainment, and pressure recovery.

2.2.6 Other Complex ORC Configurations

2.2.6.1 Cascade ORC
The Cascade ORC, illustrated in Figure 2.7, is particularly suitable for applications
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involving a wide temperature range between the heat source and the cooling
medium. It employs multiple stages of ORCs arranged in cascaded loops, with each
loop operating at a distinct temperature level (Rashwan et al., 2019). The higher-
temperature loop extracts energy from a high-grade heat source, while the lower-
temperature loop utilises residual or low-grade heat. This configuration allows each
loop to operate within its optimal temperature range, thereby improving the overall

energy conversion efficiency.
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Figure 2.7: Cascade ORC

Source: ( Zhao et al., 2020a)

Cascade ORC can accommodate heat sources with varying temperature profiles by
using multiple loops, ensuring effective heat recovery and utilisation. However, this
configuration requires additional components, such as turbines, condensers, and
heat exchangers, thereby increasing system complexity. The design and
optimisation of a Cascade ORC system involve careful selection of working fluids,
appropriate temperature zoning for each loop, and efficient integration of heat
exchangers and expansion devices (Allison et al., 2022; Ancona et al., 2021; Kilig,
2020). Advanced control strategies and optimisation algorithms can further enhance

system performance and energy conversion efficiency.
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2.2.6.2 Dual-Loop Vaporisation ORC

The dual-loop vaporisation system is an advanced ORC configuration that
incorporates two distinct thermodynamic loops, each utilising a separate working
fluid tailored to specific temperature ranges. As illustrated in Figure 2.8, this
arrangement enhances heat transfer and energy conversion efficiency by dividing

the heat source into two stages (Civgin & Deniz, 2021).

In the primary loop, a high-boiling-point working fluid absorbs thermal energy from
a high-temperature source. This fluid undergoes phase change in the evaporator,
producing high-pressure vapour that drives a turbine to generate mechanical power.
The vapour is subsequently condensed and recirculated. The secondary loop
operates at lower temperatures and employs a low-boiling-point working fluid. It
extracts residual heat from the lower-temperature stage of the source, vaporises in
a separate evaporator, and drives a second turbine before being condensed and
returned to the cycle (Civgin & Deniz, 2021; Vallis et al., 2020).
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Figure 2.8: Dual-Loop Vaporisation ORC

Source: (Civgin & Deniz, 2021)

This dual-loop configuration enables effective utilisation of heat sources at varying
temperatures, thereby improving the overall thermal efficiency of the ORC system.
The strategic selection of working fluids for each loop enables optimal

thermodynamic performance across the entire temperature spectrum. Studies have
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shown that such systems can significantly increase net power output while reducing
fuel consumption and emissions, particularly in marine and industrial waste heat
recovery applications (Civgin & Deniz, 2021; Vallis et al., 2020).

However, the system’s complexity and associated costs are considerable. The
requirement to manage two distinct working fluids introduces operational
challenges, including fluid compatibility, control strategies, and maintenance
demands. These factors must be carefully weighed against the potential efficiency

gains when considering the deployment of dual-loop ORC systems.

2.3 Heat Source

Organic Rankine Cycle systems are designed to harness thermal energy from a
wide range of heat sources, particularly low-grade ones. These include waste heat
from industrial processes, renewable energy sources such as geothermal, solar,
and biomass, and exhaust gases from internal combustion engines. As illustrated in
Figure 2.9, Vélez et al. (2012) categorise these sources into high- and low-
temperature groups based on their suitability for different thermodynamic cycles.

i.  High-temperature sources: Fossil fuels, biomass via gasification or anaerobic

digestion.

i. Low-temperature sources: Solar energy, geothermal energy, and biomass

combustion.
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Figure 2.9: Potential Application of ORC Based on Heat Sources

(Adapted from (Vélez et al., 2012))
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The temperature range of these sources significantly influences the design and
performance of ORC systems. Table 2.2 presents a summary of operating
temperatures for various heat sources used in ORC operations. Low-temperature
sources typically operate between 80 and 200°C, although some configurations,
such as concentrated solar thermal systems, can reach higher temperatures. High-
temperature sources, including industrial waste heat and engine exhaust gases,
may exceed 500 °C, offering greater thermodynamic potential. Recent studies
provide detailed insights into the operating temperature ranges of various heat

sources:

Table 2.2: Typical Operating Temperatures of Various Heat Sources for ORC

Operations
Heat Source Temperature Range
Waste heat from industrial processes 100 - 500 °C
Exhaust gases from internal combustion engines 100 - 500 °C
Geothermal energy 80 - 350 °C
Solar energy 80 - 500 °C
Biomass combustion 200 -450 °C

Source: (Hui-Xing et al., 2022; Zhai et al., 2016)

These ranges underscore the versatility of ORC systems in adapting to diverse
thermal environments. Notably, Concentrated Solar Power (CSP) and geothermal
reservoirs can be engineered to deliver heat at temperatures suitable for both

subcritical and supercritical ORC configurations.

The selection of appropriate working fluids and cycle architectures is closely tied to
the heat source's temperature characteristics. For instance, low-boiling-point fluids
are preferred for low-temperature sources to ensure efficient vaporisation, while
high-boiling-point fluids are used for high-temperature sources to maximise energy

extraction.

2.3.1 Waste Heat

Industrial processes such as power generation, oil refining, and chemical
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manufacturing often produce substantial amounts of waste heat. Similarly, internal
combustion engines, commonly used in vehicles and marine vessels, emit
significant thermal energy as a byproduct of their operation. This waste heat is
typically classified into three categories based on temperature: low-temperature
waste heat (below 200°C), medium-temperature waste heat (between 200°C and
500°C), and high-temperature waste heat (above 500°C). Technologies for
recovering medium- and high-temperature waste heat are well developed. For
instance, heat from exhaust gases at 350 °C emitted by the kiln hood, clinker
coolers, and kiln tail preheaters can be captured by boilers. Likewise, Coke Dry
Quenching (CDQ) technology enables the recovery of high-temperature heat up to
1000 °C from hot coke (Cheng et al., 2020).

To optimise the utilisation of waste heat in industrial settings, Weng et al. (2013)
proposed an energy flow diagram that evaluates the recovery potential across
various sectors, as illustrated in Figure 2.10. The potential for waste heat recovery
is categorised into three distinct classifications. The first involves waste heat that
can be conserved by improving manufacturing process efficiency. The second
pertains to waste heat that can be reused within the facility to meet local thermal
demands. The third classification refers to waste heat that can be repurposed
externally, such as for electricity generation or supplying heat to district heating

networks.

Unrecoverable Waste

Waste Heat Heat
Energy

Energy

entering the
process

Effective
Energy

Waste Heat Recovery Potential

Avoidable On Site Reusable | Off Site Reusable
Waste Heat Waste Heat Waste Heat

Optir of Recovery through: Recovery through
= Heat exchanger = Heating grids

* Heat Pumps = Cooling grids
* Heat Storage * ORC
= Absorption Cooler|

Figure 2.10: Potential for Recovering Waste Heat

Source: (Weng et al., 2013)
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Waste heat can exist in gaseous, liquid, or solid forms. A common example of solid-
state waste heat is hot steel, while flaring gases, low-quality steam, and exhaust
gases represent waste heat in the gaseous state. In liquid form, waste heat is often
found in hot oil and water used for industrial cooling purposes (Hui-Xing et al., 2022;
Zhai et al., 2016). These diverse forms and temperature ranges make waste heat a
valuable resource for energy recovery systems, particularly ORC configurations,

which are designed to efficiently harness low- to medium-grade thermal energy.

2.3.2 Renewable Energy

Renewable energy heat sources commonly used in ORC systems include solar
thermal, biomass combustion, and geothermal energy. These sources are
particularly suitable for low- to medium-temperature applications and offer

sustainable alternatives to fossil-based heat inputs.

Geothermal energy generates electricity by extracting heat from the Earth’s crust.
ORC systems are often employed in geothermal plants to enhance overall efficiency
by recovering additional energy from the geothermal fluid, particularly in binary-cycle
configurations, where the geothermal brine is utilised to vaporise a secondary

working fluid.

Solar thermal energy can be harnessed using various concentrating technologies,
including central receiver systems (solar towers), parabolic troughs, parabolic
dishes, and Linear Fresnel Reflectors. These systems focus solar radiation onto a
receiver, where it transfers heat to the working fluid, which then drives the ORC.
The temperature achieved depends on the concentration ratio and collector type,

with solar towers and parabolic dishes reaching the highest temperatures.

Biomass combustion is another viable renewable heat source for ORC systems. It
utilises agricultural residues, wood chips, and dedicated energy crops to produce
heat through combustion. This heat is then transferred to the working fluid in the
ORC system, generating electricity. Biomass is often paired with solar thermal
energy in hybrid configurations to improve reliability and extend operational hours.

Hybrid systems combining biomass and solar thermal energy have shown promising
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results in terms of efficiency and flexibility. Al-Sulaiman et al. (2011) analysed a
trigeneration system powered by solid oxide fuel cells (SOFC), biomass, and solar
thermal energy. Their study found that the hybrid system, which utilises biomass
and solar thermal energy, achieved the highest trigeneration efficiency, reaching up
to 90%.

The maximum operating temperatures of these renewable heat sources vary based
on technology and system design. As summarised in Table 2.2, geothermal energy
can reach temperatures of up to 350°C, biomass combustion can reach
temperatures of up to 450 °C, and solar thermal systems can reach temperatures of
up to 500 °C (Hui-Xing et al., 2022; Zhai et al., 2016).

These temperature ranges guide the selection of appropriate working fluids and
ORC configurations, ensuring optimal performance and energy recovery across

diverse renewable applications.

2.4 Turbine/Expander

Turbines, also known as expanders, are mechanical devices that convert the energy
in high-pressure fluids into mechanical work. In ORC systems, the turbine/expander
plays a crucial role in determining overall system performance. As the working fluid
expands through the turbine, mechanical energy is generated and subsequently

converted into electricity via a generator coupled to the turbine shaft.

Expanders in ORC systems are broadly categorised into dynamic and volumetric
types, as illustrated in Figure 2.11. Dynamic expanders, also known as velocity-type
expanders, operate by transforming the momentum of high-velocity fluid into
mechanical energy as it passes through a series of blades. During this process, the
fluid exits the expander with reduced pressure and enthalpy. These expanders are
predominantly used in medium- to large-scale ORC applications due to their
superior efficiency and the ability to handle higher mass flow rates. Radial and axial
turbines are typical examples of dynamic expanders, with their performance and
applicability well-documented in the literature (Alshammari et al., 2018b; Rahbar et
al., 2017).

Volumetric expanders, in contrast, are positive displacement devices that extract
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power by applying force to a movable mechanical component. In these systems, a
chamber is filled with pressurised fluid, and its volume increases as the fluid exerts
a net force. Once the chamber reaches its maximum expansion, the low-pressure
fluid is discharged through valves that regulate flow and synchronise with the
chamber’s motion. Volumetric expanders are particularly suited for low-power
applications and are often adapted from HVAC compressors for reverse operation.
Common types include screw, scroll, rotary vane, and reciprocating piston

expanders.

Experimental studies have shown that scroll expanders are the most frequently used
in ORC systems, followed closely by radial inflow turbines. Figure 2.11 presents the
classification of turbine/expander types, while Table 2.3 provides a detailed
overview of empirical investigations involving various expander types, working
fluids, operating temperatures, efficiencies, and power outputs. The data indicate
that scroll expanders are especially prevalent in small-scale ORC applications due
to their compact design and adaptability, whereas radial inflow turbines dominate

medium-scale systems where higher efficiency is required.

- Axial Turbine
B Dynamic —
2 Radial Turbine
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Figure 2.11: Classification of Expander/Turbine Used in ORCs

Source: (Rahbar et al., 2017)
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Using a temperature range of 58 to 170 °C and working fluids such as R227ea,
R245fa, R236fa, R113, R123, R134a, HFE7100, HFE301, HFE7000, CO.,,
ammonia, trifluoroethanol (TFE), and n-pentane, both scroll expanders and radial
inflow turbines demonstrated high isentropic efficiencies. Scroll expanders using
R123 and R245fa achieved isentropic efficiencies of 85.15 and 84.90%,
respectively. Similarly, radial inflow turbines using R123, HFE301, and TFE
achieved efficiencies of 83.6%, 85%, and 85%, respectively (Rahbar et al., 2017; R.
Wang et al., 2019).

Table 2.3 further shows that axial turbines, screw expanders, reciprocating piston
expanders, and rotary vane expanders are less commonly featured in ORC studies,
though they still offer viable performance depending on the application. For
instance, screw expanders using R245fa achieved efficiencies up to 72.5%, while
reciprocating piston expanders using CO, reached 62%. Rotary vane expanders,
though less efficient, provide operational flexibility in specific low-temperature

applications.

These findings emphasise the importance of selecting suitable expander types and
working fluids in accordance with the intended application, temperature range, and
desired efficiency. The integration of suitable expanders not only enhances the
thermodynamic performance of ORC systems but also contributes to their economic

and operational viability.

Table 2.3: Overview of Empirical Investigations on ORCs Involving Several

Expanders
Expander Working Evaporator Maximum Power
Source
type Fluid Temperature efficiency Specification
(Klonowicz
Axial et al., 2014;
R227ea 58 °C nexp =59 % 10.1 kW _
turbine Klonowicz
et al., 2014)
nexp = 63.7
Axial % (Fu et al,
R245fa 108 °C 219.5 kW
turbine ncyc,th =7. 2015)
94 %
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turbine

Radial inflow

turbine
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turbine
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inflow

turbine

Radial
inflow

turbine

HFE7100

R245fa

HFE301

R123

R123

R245fa

R245fa

Trifluoroeth
anol (TFE)

n-pentane

R123

<100 °C

<100 °C

70 °C

75 °C

80 °C

80 °C

121 °C

77 °C

93 °C

105 °C

nexp = 59.7
%

ncyc,th =
4.01 %
nexp =62 %
ncyc,th =
417 %

nexp = 85 %
ncyc,th =7.
5%

nexp =48 %
nexp = 68 %
ncyc,th = 7.
4 %

nexp = 78.7
%

ncyc,th = 5.
22 %

nexp = 88.6
%

ncyc,th = 9.4
%

nexp =85 %
ncyc,th = 6.
7%

nexp = 49.8
%

ncyc,th =
4.3%

nexp = 65 %
ncyc,th=6.8

%

1.03 kW

1.98 kW

1.5 kW

0.15 kW

2.4 kW

32.7 kKW

300 kW

13.5 kW

1.44 kW

1 kW

(Pu et al.,
2016)

(Pu et al.,
2016)

(Yagoub et
al., 2006)

(Yamamoto
et al., 2001)

(Li et al,
2020a)

(Kang,
2012)

(Wang et
al., 2019)

(Inoue et al.,
2007)

(Nguyen et
al., 2001)

(Pei et al.,
2011)
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%

ncyc,th = 5
%

nexp = 55.4
5 %
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89 %
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%
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10.5 %
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7.57 %

nexp = 18.2
%
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ncyc,th = 12

201 kW

177 kW

1.88 kW

0.35 kW

0.85 kW

1.47 kW

20 kW

50 kW

39.9 kW

0.209 kW

0.45 kW

(Han et al.,
2014)

(Sung et
al., 2016)

(Shao et
al., 2017)

(Zhang et
al., 2007)

(Zheng et
al., 2013)

(Qiu et al.,
2012)

(Cipollone
et al., 2014)

(Brasz et
al., 2000)

(Hsu et al.,
2014)

(Minea,
2014)
(Ingley et
al., 2005)

(Saitoh et
al., 2007)
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%

nexp =49.9
%
nexp = 48.3
%

nexp = 68 %
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%
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%
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0.256 kW
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7.32 KW
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2.05 kW

2.2 kW
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3.75 kW

1.2 kW

1.2 kW

(Peterson et
al., 2008)

(Mathias et
al., 2009)

(Lemort et
al., 2009)

(Kane et al.,
2003)

(Zanelli &
Favrat,
1994)

(Wang et
al., 2009)

(Manolakos
et al., 2007)

(Lemort et
al., 2012;
Manolakos

et al., 2007)

(Quoilin et
al., 2010)

(Ziviani et
al., 2018)
(Bamorova
t Abadi et
al., 2015)

(Galloni et
al., 2015)



nexp =81 %
Scroll R123 140 °C ncyc,th =
6.39 %
nexp =
77.74 %
ncyc,th =
575 %
nexp = 61.4
%
ncyc,th=7.5
%
nexp =
85.17 %
ncyc,th =
3.25%
(Adopted from Rahbar et al. (2017) and Wang et al. (2019))

Scroll R245fa 100-140 °C

Scroll R245fa 120 °C

Scroll R123 110-140 °C

2.4.1 Axial Turbine

2.35 kW

1.02 kW

3.4 kKW

2.01 kW

(Miao et
al., 2015)

(Muhamm
ad et al.,
2015)

(Yun et al.,
2015)

(Feng et
al., 2017)

Axial turbines are suitable for large-scale ORCs that aim for both high efficiency and

power output. They are effective at handling high pressures and flow rates, allowing

them to convert heat into mechanical power via a working fluid, which in turn

promotes the generation of electricity. An axial-flow turbine has a rotor equipped

with a series of blades that are driven by high-pressure fluid, as shown in Figure

2.12. The blades are arranged to direct the flow in a specific direction, turning the

rotor and generating mechanical work (Wang & Peng, 2023). However, axial-flow

turbines are sensitive to variations in pressure and flow rate, which can ultimately

affect the overall system performance.
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Figure 2.12: The Composition of an Axial Turbine

Source: (Weil et al., 2020)

2.4.2 Radial Turbines

Radial turbines are suitable for applications with low mass flow rates and high-
pressure ratios and exhibit better performance under these conditions because they
are less affected by variations in blade profile compared to axial turbines (Rahbar
et al., 2017). Radial turbines are commonly of the radial-inflow design; however,
recent advancements in turbine technology have also made radial-outflow turbines
viable for ORC applications (Alshammari et al., 2018a; Alshammari et al., 2018b;
Rahbar et al., 2017).

In a radial inflow turbine shown in Figure 2.13, the high-pressure fluid enters the
casing through an inlet and initially flows in an essentially radial direction. This radial
flow is then circumferentially transformed to a tangential direction at the inlet to the
rotor, where it comprises both radial and tangential components (Alshammari et al.,
2018b). The flow direction is changed from radial to axial at the rotor exit, which is

generally considered to be the point at which there should be no radial component.
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Figure 2.13: Radial Turbine Design (Right) And Meridional View (Left)
Source: (Alshammari et al., 2018b; Rahbar et al., 2017)
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The radial outflow turbine (ROT), shown in Figure 2.14, has a flow direction that is
the opposite of the flow direction in the radial inflow turbine; fluid enters the ROT in
the centre, close to the axis of rotation, and then flows outwards in the radial
direction while passing through arrays of rotor and stator blades (Alshammari et al.,
2018b; Casati et al., 2014). This process is repeated until the flow reaches the end
of the ROT. The use of ROTs enables the implementation of multi-stator-rotor ring
configurations in the radial direction while retaining low peripheral speeds. This
results in reduced mechanical strain, lower bearing losses, and simplified

connections between the generator and the grid.
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Figure 2.14 Diagram lllustrating the Structure and Operation of a Radial
Outflow Turbine

Source: (Alshammari et al., 2018b; Rahbar et al., 2017)

2.4.3 Screw Expanders

Screw expanders consist of two helical rotors precisely designed with a specific
profile to effectively capture the required quantity of working fluid. The coordinated
motion of interlocking rotors, as shown in Figure 2.15, produces volume profiles that
begin at one end of the rotor and extend to the other, thereby expanding the working
fluid within the meshed chamber. Screw expanders are often used as expansion
devices in ORC facilities, particularly for geothermal and waste heat applications
(Bao & Zhao, 2013).
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Intake Expansion Exhaust

Figure 2.15: Operation of the Screw Expander

Source: (Rahbar et al., 2017)

Wang et al. (2011b) conducted experiments on a single screw expander using
compressed air to evaluate its performance under varying intake flow rates and
rotational speeds. The expander achieved a maximum power output of 4.4 kW and
a temperature difference of 45°C between the inlet and outlet. Although single screw
expanders offer favourable load characteristics and compact design, their efficiency

can vary significantly depending on operating conditions and design parameters.

2.4.4 Scroll Expanders

A scroll expander consists of two spiral wraps, one of which is stationary while the
other spins, as shown in Figure 2.16. When the rotational directions of the moving
and stationary wraps align, the gap between them narrows, enabling them to
function as a compressor. When the direction of rotation is changed, the space
between the two layers expands, effectively functioning as an expander
(Alshammari et al., 2018b; Rahbar et al., 2017). They are commonly used because
they can be obtained from a scroll compressor, reducing the overall cost of the

machine.
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Figure 2.16: Operation of the Scroll Expander
Source: (Rahbar et al., 2017)

In a study by Saitoh et al. (2007), a low-temperature solar ORC with a scroll
expander, using R113 as the working fluid, and a compound parabolic collector
(CPC) was experimentally investigated. The results demonstrated that the ORC
achieved an efficiency of 12% and the scroll expander achieved an efficiency of 63%
when both hot water and actual solar radiation were used as the heating medium.

R134a was used as the working fluid in the dynamic modelling of a scroll expander
that was undertaken by Twomey et al. (2013) for a small-scale solar ORC. The
model's parameters were calibrated using experimental data. When the scroll
expander model was validated, it demonstrated a level of consistency within a range
of £10% for shaft power and +5% for rotational speed. The ORC and scroll expander
efficiencies were reported to be 3.47% and 59%, respectively, for a collector area
of 50 m?, resulting in a total power output of 676 W. Using a solar storage system,
they proposed that the generated electricity could be used during times of high load

capacity.

2.4.5 Rotary Vane Expanders

The rotary vane expander, shown in Figure 2.17, functions on the Wankel principle.

The working fluid enters the expander at a point with a narrow clearance. A rotor

equipped with adjustable vanes is connected to another rotor positioned

asymmetrically near the casing. The revolution of the rotor facilitates the outward

movement of the vanes, effectively capturing the working fluid. As the rotation angle

increases, the volume enclosed by successive vanes also increases, leading to
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expansion of the working fluid.

Outlet Inlet
Chamber D I' |\Il Chamber A

ChamberC

Figure 2.17: Operation of the Rotary Vane Expander

Source: (Alshammari, Usman, et al., 2018)

Using a rotary vane expander with HFE7000 and HFE7100 as the working fluids,
Qiu et al. (2012) conducted an experimental investigation of a biomass-fired ORC
system. Under the tested operating conditions, a maximum expander efficiency of
55.45% resulted in a total electrical efficiency of 1.41% and a net power generation
of 861 W. In Cipollone et al. (2014), the experimental inquiry used R236fa as the
working fluid to assess the performance of the rotary vane expander. The
examinations yielded a maximum cycle efficiency of 7.6 % and a power output of
1.5 kKW. These measurements were obtained during experiments conducted at both

the design and off-design operating conditions.

2.4.6 Piston Expanders

Piston expanders, also referred to as reciprocating piston expanders, are shown in
Figure 2.18. These systems comprise complex mechanisms that require precise
timing of the intake and exhaust valves, resulting in substantial frictional losses from
the abundance of moving parts. Nevertheless, wet expansion can be
accommodated in this type of expander, making it suitable for ORC heat recovery
in most internal combustion engines (ICEs). The working fluid is introduced into the
piston expander when the piston is near the top dead centre (TDC), and thereafter,
the intake valve is closed. As internal pressure pushes the piston, the fluid expands,
transmitting energy to the central crankshaft via the connecting rod. The exit valve

opens at the lowest point of the piston's stroke, allowing the enlarged working fluid
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to leave the chamber. This occurs when the piston advances back towards the top

dead centre.

A INTAKE B COMPRESSION C POWER D EXHAUST

Figure 2.18: Operation of the Rotary Vane Expander
Source: (Rahbar et al., 2017)

Glavatskaya et al. (2012) presented a stable, empirical model of the reciprocating
piston expander that accounted for the effects of ambient and mechanical losses,
as well as internal leakage. The model's accuracy was confirmed using
manufacturer-provided data, with a maximum deviation of 4.7%. Based on the
presented data, the highest expander isentropic efficiency is 70%, and the

volumetric efficiency is 60%.

In a study conducted by Clemente et al. (2013), a fundamental design for developing
a piston expander with an ORC, using R245fa and n-pentane as working fluids, was
examined. The study concluded that a low rotational speed is required to achieve a
significant displacement, which is why the expander's maximum efficiency does not
exceed 65%.

2.5 Working Fluids for ORC

The selection of an appropriate working fluid is a critical determinant of ORC
performance. It influences not only the system's thermal and exergy efficiencies but
also its environmental impact, operational safety, and economic viability. In addition
to fluid selection, other factors, such as heat source temperature, expander
configuration, and heat exchanger design, play significant roles in shaping the

overall system behaviour.
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Numerous studies have demonstrated that increasing the temperature of the heat
source can enhance both thermal and exergy efficiencies. Biomass-fired ORCs and
solar-driven systems employing parabolic trough collectors, for instance, have
shown superior performance compared to those utilising evacuated tube or flat-plate

collectors (Gomaa et al., 2020; Ismail et al., 2016).

Working fluids are categorised as either pure substances or mixtures, with zeotropic
mixtures receiving increasing attention due to their non-isothermal phase-change
behaviour. This property enables improved thermal matching with variable heat
sources, thereby reducing irreversibilities in heat-exchange processes. Fluids may
also be classified as wet, dry, or isentropic based on the slope of the saturated
vapour line in the temperature-entropy (T—s) diagram, as demonstrated in Figure
2.19 (Badr et al., 1985). Dry and isentropic fluids are typically favoured for their
predictable expansion behaviour and reduced risk of liquid droplet formation within
the turbine (Babatunde & Sunday, 2018; Tocci et al., 2017).
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Figure 2.19: Classification of Organic Working Fluids Using the T- s Diagram

Source: (Badr et al., 1985; Kruzel et al., 2022; Mahmoudi et al., 2018; Vicencio &
Aedo, 2017)

Environmental considerations have increasingly influenced the selection of fluids.
The phase-out of chlorine-based refrigerants under international protocols such as
the Kigali Amendment to the Montreal Protocol has accelerated the adoption of low-
global warming potential (GWP) alternatives. Hydrofluoroolefins (HFOs) and other
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advanced organic compounds now offer viable options that balance thermodynamic
performance with ecological responsibility (Garcia-Pabon et al., 2021; Minor et al.,
2014).

Recent developments in fluid enhancement have introduced nanofluids, base fluids
augmented with suspended nanoparticles, as a promising avenue for improving
ORC performance. These formulations exhibit superior thermal conductivity,
specific heat capacity, and density, which collectively enhance heat transfer and
reduce component sizing. Experimental and simulation-based studies have shown
that nanoparticle-infused fluids, such as silver-doped pentane, can improve cycle
efficiency without increasing pumping power requirements (Mondejar et al., 2017;
Saadatfar et al., 2014). Other nanoparticles, including alumina (Al,O3), copper oxide
(CuO), titanium dioxide (TiO;), and zinc oxide (ZnO), have also demonstrated

potential in various ORC configurations (Loni et al., 2019a; Prajapati & Patel, 2020).

2.5.1 Pure Organic Fluids

The performance of an ORC system depends heavily on the thermophysical
properties of its working fluid. While the traditional classification of fluids into wet,
dry, and isentropic fluids has guided fluid selection for decades, it has limitations,
particularly when predicting condensation behaviour and the risk of droplet
formation in the expander. More recent approaches have introduced entropy-based
markers and equilibrium-state models to improve accuracy, especially in low-

pressure regions (Gyorke et al., 2018).

A wide range of pure fluids has been studied under different operating conditions.
Vidhi et al. (2013), for example, assessed supercritical ORC systems using
refrigerants such as R23, R32, R125, and R134a with geothermal heat sources
ranging from 125°C to 200 °C. Their findings showed that thermal efficiencies could
reach up to 21% at higher source temperatures, with moderate efficiencies above
12% at mid-range conditions. Similarly, Siddiqui et al. (2023) compared 21 binary
mixtures and seven pure fluids in a regenerative ORC setup. They found that pure
fluids offered better exergy efficiency, higher specific net power output, and required
smaller heat exchanger areas. Among the fluids tested, RE347mcc, neopentane,

and isopentane stood out for their strong thermodynamic performance.
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The choice of fluid is closely linked to the temperature of the heat source, as shown
in Figure 2.20. Fluids with lower critical temperatures tend to perform better in low-
temperature applications, while those with higher critical points are more suitable for
geothermal or solar thermal systems operating above 150 °C (Jiménez-Garcia et
al., 2023; W. Xu et al., 2021). Other properties, such as molecular weight, critical
pressure, and specific heat capacity, also play essential roles in aligning fluid

behaviour with system-level goals (Linke et al., 2015).

Temperature (°C)

47 92 122 147 172 192 230
R32 R22 CF31 R142b R600 R123
R143a R290 R124 R600a R245fa R601
R134a R152a R236ea R245ca R601a
R227ea R236fa R1225yeE  Neopentene R141b
R1234yf R1233zd (E) Butene R1224ydz R365mfc

Isobutene R1336mzzz R1234ze(Z)
Figure 2.20: Working Fluid Selection as a Function of Heat Source

Source: (Pan et al., 2022; Yang et al., 2021)

From an environmental standpoint, most pure organic fluids have zero ozone-
depletion potential (ODP), making them relatively safe. However, some legacy
fluids, such as R123, R22, and R12, have non-zero ODP values and are being
phased out under international agreements, including the Montreal Protocol and its
Kigali Amendment (Huber et al., 2022). The GWP varies widely: while many fluids
have GWP values below 20, others, such as R125 and R143a, exceed 3,0
(Domanski et al., 2018). Safety is another key concern. Only about 30% of
commonly used ORC working fluids are non-flammable, while approximately 8% are
considered toxic, highlighting the need to balance thermodynamic performance with

operational safety (Babatunde & Sunday, 2018).

Therefore, Table 2.4 summarises the key thermophysical and environmental
properties of commonly studied pure fluids in ORC systems. These data provide a
comparative basis for evaluating fluid suitability across different temperature ranges,
safety profiles, and regulatory constraints.
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Table 2.4: Thermophysical and Environmental Properties of Selected ORC
Working Fluids

Working Molecular Critical Critical
Fluid Weight Temperature Pressure GWP ODP Flammable? Toxic?
(kg/mol) (°C) (Bar)
i-Butane 0.058 134.67 36.29 3 0 Yes No
n-Pentane 0.072 196.55 33.68 3 0 Yes No
n-Butane 0.058 151.98 37.96 4 0 Yes No
i-Pentane 0.072 187.2 33.78 5 0 Yes No
R290 0.044 96.74 42.51 11 0 Yes No
i-Butene 0.056 144.94 40.1 20 0 Yes No
R152a 0.066 113.26 4517 120 0 Yes No
R32 0.052 78.11 57.82 650 0 Yes No
R245ca 0.134 174 39.3 693 0 Yes No
R227ea 0.17 101.75 29.25 3220 0 Yes No
R125 0.12 66.02 36.18 3500 0 Yes No
R143a 0.084 72.7 37.61 4300 0 Yes No
R1336mzz(Z No
) 0.164 171.3 26 2 0 No
R1234yf 0.114 95 33.81 4 0 No No
R1234ze 0.114 109.4 36.4 6 0 No No
R161 0.048 102.2 50.9 12 0 No No
R245fa 0.134 154.01 36.51 1030 0 No No
R236ea 0.152 139.29 34.2 1200 0 No No
R134a 0.102 101.06 40 1300 0 No No
R123 0.153 183.68 36.72 0 0.02 No No
Toluene 0.092 318.1 41.26 0 0 Yes Yes
R22 0.086 96.15 49.9 1700 0.06 Yes Yes
R113 0.187 214.06 33.92 4800 0.8 Yes Yes
R12 0.121 111.97 41.36 8500 0.9 Yes Yes

Source: (Bell et al., 2014; Bianchi et al., 2021; Saleh et al., 2007)

Pure fluids continue to serve as the foundation of ORC technology, offering well-

characterised thermodynamic behaviour and broad applicability. However, their

selection

increasingly demands a careful

balance between performance,

environmental impact, and safety. As system requirements become more complex

and diverse, researchers have turned their attention to alternatives, particularly

zeotropic mixtures and nanoparticle-enhanced formulations, which offer greater

flexibility in tailoring fluid properties to specific operating conditions and application

contexts.
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2.5.2 Zeotropic Mixtures

Zeotropic mixtures are gaining traction in ORC systems due to their behaviour
during phase change. Unlike pure fluids, which boil and condense at constant
temperatures, zeotropic mixtures undergo non-isothermal transitions. This allows
them to better match the temperature profile of low-grade heat sources, reducing
irreversibilities in the evaporator and condenser and ultimately improving cycle
efficiency (Andreasen et al., 2014; X. Zhang et al., 2020).

One of the key advantages of these mixtures is their ability to narrow the average
temperature difference during heat exchange. That means less exergy loss, but it
also comes with trade-offs. Minor temperature differences can require larger heat

exchanger surfaces, potentially increasing capital costs (Dong et al., 2018).

Several studies have explored this balance between performance and cost.
Therefore, Heberle and Briiggemann (2016); Oyewunmi and Markides (2016) found
that mixtures such as R227ea/R245fa and n-pentane/n-hexane delivered higher
thermal efficiencies than their pure counterparts, although they required more
substantial investment in heat exchanger infrastructure. Similarly, Heberle et al.
(2012) and Andreasen et al. (2021) reported that i-butane/i-pentane and R32/R134a

mixtures improved net power output and lowered specific exergy costs.

Fine-tuning the composition of these mixtures has become a major focus. Yang et
al. (2017) showed that R1234yf/R32 mixtures could outperform either fluid alone by
nearly 5% in thermo-economic terms. Kolahi et al. (2016) found that R236eal/c-
hexane mixtures offered the highest thermal efficiency across both simple and
regenerative ORC setups, while R245fa/c-hexane mixtures minimised investment
cost and shortened payback periods. Other researchers, including Imran et al.
(2015) and Feng et al. (2015),have demonstrated that blends such as R245fa/i-
pentane can reduce the heat-transfer area and electricity production costs, making

them attractive for cost-sensitive applications.

Although zeotropic mixtures often exhibit superior thermodynamic and economic
performance compared to their individual pure components, the literature also
reports contrasting findings. For example, Le et al. (2014) evaluated n-pentane,
R245fa, and their mixtures in an ORC system and found that, although the mixture
yielded favourable results, n-pentane alone delivered the highest exergy efficiency

and the lowest levelized cost of electricity (LCOE). Similarly, Garg and Orosz (2018)
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compared pure fluids (R134a, R152a, R161, and R245fa) with their mixtures and
reported that the mixtures generally exhibited slightly lower cycle efficiencies,
resulting in inferior performance indices. Fang et al. (2019) further highlighted the
limitations of mixtures in a comparative analysis of i-butane, butane, i-pentane,
pentane, and their blends, showing that i-butane achieved the greatest turbine
power output and the shortest payback period among the mixtures. Y.-R. Li et al.
(2014) emphasised that zeotropic mixtures may not universally outperform pure
fluids, as their application in certain low-gradient heat exchangers necessitated
larger surface areas, thereby increasing capital costs. In addition, Zhang et al.
(2020), in their screening of 61 zeotropic mixtures for ORC systems using a single
screw expander, identified R441A, R436B, and R432A as viable candidates, though

they cautioned that mixture selection remains highly context dependent.

The success of zeotropic mixtures depends on the specifics of the system, the heat
source temperature, the availability of cooling water, component sizing, and
economic constraints. They can be highly effective in high-temperature ORCs, but
under low-gradient conditions, their benefits may be offset by increased equipment

size and cost.

2.5.3 Nanoparticle-Enhanced Fluids

Nanoparticles have emerged as a promising avenue for enhancing the
thermophysical properties of ORC working fluids. When dispersed in a base fluid,
they form nanofluids that exhibit higher thermal conductivity, heat capacity, and
density compared to conventional fluids. These improvements enhance heat
transfer performance, reduce the heat exchanger size, and ultimately improve cycle

efficiency.

Most applications of nanoparticles in ORC research have focused on integrating
them into heat-transfer fluids for solar collectors, evaporators, and condensers. For
instance, Prajapati and Patel (2020) employed CuO-based nanofluids with R245fa
as the working fluid, while Loni (2019a) demonstrated that increasing the
concentration of Al,O; nanoparticles improved thermal performance and increased
power output in a solar dish concentrator system. Their study reported a 19.3%
improvement in performance at a nanoparticle concentration of 1.1%. Similar
research using CuOloil, SiO,/oil, and Al,Os/oil mixtures has shown thermal

efficiency gains of 2—3%, although SiO, typically contributes the least impact.
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Carbon nanotubes (CNTs), particularly multi-walled (MWCNTSs) and single-walled
(SWCNTSs), have attracted significant interest due to their exceptional thermal
conductivity and heat capacity, surpassing those of conventional nanoparticles such
as Al,O3 and CuO. Mondejar et al. (2017) reported that incorporating 1% CNTs
reduced the boiler area by 4% and increased the pressure drop by 18%, while pump
power remained largely unaffected. When MWCNTs were used in oil as a heat-
transfer fluid with R113 as the working fluid, both system efficiency and the levelized

cost of electricity improved.

Despite these encouraging results, the direct use of nanofluids as working fluids in
the ORC cycle, rather than solely in external heat exchangers, remains
underexplored. Only two studies have explicitly modelled nanoparticle-enhanced
working fluids: Saadatfar et al. (2014), who tested silver-doped n-pentane and
reported significant gains in cycle efficiency alongside reduced condenser and
evaporator sizes; and Mondejar et al. (2017), who evaluated Al,O3, CuO, and ZnO
nanoparticles, noting that other particles, such as Ag, SiO,, TiO,, Sb,05:Sn0O,, and
CNTs, appear less frequently in ORC studies.

Recent innovations have introduced metal-organic heat carriers (MOHCs),
nanoparticles engineered to absorb and release substances within the fluid. These
materials can extract additional heat from the desorption enthalpy, potentially
doubling the latent heat of vaporisation. McGrail et al. (2013) demonstrated that
MOHC/R123 nanofluids improved ORC power output by up to 15%, with no
evidence of nanoparticle deposition in capillary tubes under low Reynolds number
conditions. Similarly, Cavazzini et al. (2019) studied R245fa combined with MIL-101
(@ MOHC nanoparticle) and found that the nanofluid improved system efficiency,

reduced heat exchanger size, and enhanced overall economic feasibility.

Table 2.5 summarises the thermophysical properties of widely studied
nanoparticles, including CuO, Al,O;, TiO,, SiO,, ZnO, Ag, SWCNT, and MWCNT.
While single-fluid nanofluids based on R601, R245fa, and R123 have demonstrated
measurable efficiency gains, there is currently no published research on nanofluid-
enhanced zeotropic mixtures in ORC applications. Nonetheless, findings from
refrigeration systems suggest that combining nanoparticles with zeotropic mixtures
could further improve heat transfer, cycle stability, and overall thermodynamic

performance, representing an important research frontier.
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Table 2.5: Thermophysical Properties of Selected Nanoparticles Used in ORC

Systems
Nanoparticle Heat Thermal Density,p
Capacity, cp Conductivity, k (kg/m3)
(kJ/kg K) (W/m.K)

CuO 0.55 33 6320

Al2Os3 0.85 25 3960

TiO2 0.68 8.4 4230

SiO2 0.93 1.4 2650

ZnO 0.43 13 5610

Ag 0.24 407 10490

SWCNT 2.10 3000 2170

MWCNT 0.733 2586 2100

2.5.4 Hybrid Nanofluid-Zeotropic Systems

Recent research has begun to explore the combination of nanoparticle-enhanced
fluids with zeotropic mixtures to further improve ORC performance. The rationale is
straightforward: zeotropic mixtures offer better thermal matching with variable heat
sources, while nanofluids enhance heat transfer through improved thermophysical
properties. Together, they could address both cycle efficiency and component sizing

challenges.

Although this concept remains largely theoretical in ORC applications, studies on
refrigeration and HVAC systems have demonstrated that nanoparticle-enhanced
refrigerant mixtures can enhance heat transfer coefficients and reduce entropy
generation during phase change (Loni et al., 2019b; Prajapati & Patel, 2019). These
findings suggest that similar benefits may be achievable in ORC systems,
particularly where heat source variabilty and compact design are key

considerations.

However, integrating nanoparticles into zeotropic mixtures introduces new
complexities. Dispersion stability becomes increasingly difficult to maintain, and the
interactions between nanoparticles and the behaviour of the multi-component fluid
remain poorly understood. Mondejar et al. (2017) noted that while Al,O3, CuO, and
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Zn0O nanoparticles are commonly modelled in pure fluids, their behaviour in mixed-
fluid environments remains underexplored. Saadatfar et al. (2014) demonstrated
that silver-doped n-pentane improved cycle efficiency and reduced component size,

but similar studies involving zeotropic blends remain scarce.

Emerging work on metal-organic heat carriers (MOHCs) offers a glimpse into what
hybrid systems might achieve. Cavazzini et al. (2019)demonstrated that
MOHC/R123 nanofluids enhanced power output by up to 15% without experiencing
fouling or deposition issues. Cavazzini et al. (2019) further demonstrated that MIL-
101-based MOHC nanoparticles, combined with R245fa, enhanced both thermal
and economic performance by reducing the heat exchanger size and improving heat

transfer rates.

To date, no studies have documented modelling ORC cycles using nanofluid-
enhanced zeotropic mixtures. However, the potential is clear. As summarised in
Table 2.5, the thermophysical properties of nanoparticles, such as CuO, Al,Os;,
TiO,, and CNTs, can complement the temperature glide behaviour of zeotropic
blends, offering a new pathway for optimising ORC systems. This represents a

promising, yet largely untapped, direction for future research.

2.5.5 Comparative Assessment of Working Fluids

The performance and viability of ORC systems are closely tied to the properties of
the working fluid. As explored in previous subsections, pure fluids, zeotropic
mixtures, and nanoparticle-enhanced formulations each offer distinct advantages
and limitations. This section presents a comparative assessment of these fluid
categories, focusing on thermodynamic behaviour, environmental impact, economic

feasibility, and practical deployment.

Pure fluids are widely adopted in ORC systems due to their well-characterised
phase-change behaviour and compatibility with standard simulation tools. Dry and
isentropic fluids support stable expansion and high exergy efficiency (Badr et al.,
1985; Tocci et al., 2017). Zeotropic mixtures introduce non-isothermal phase
transitions, which improve thermal matching with low-grade heat sources and
reduce irreversibilities in heat exchangers (X. Zhang et al., 2020). Nanofluids
enhance heat transfer by increasing thermal conductivity and specific heat capacity,
often resulting in reduced component sizes and improved cycle efficiency (Prajapati
& Patel, 2019; Saadatfar et al., 2014).
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Environmental regulations have significantly influenced the selection of fluids. Most
pure organic fluids have zero ODP, but some, such as R123 and R22, are being
phased out due to high GWP and toxicity (Huber et al., 2022). Zeotropic mixtures
often combine low-GWP components; however, their environmental impact
depends on the composition and mass fraction (Garcia-Pabon et al., 2021).
Nanoparticle-enhanced fluids introduce additional safety concerns, including
potential toxicity, long-term stability, and disposal challenges. While metal oxides,
such as Al,O; and CuO, are generally considered safe, carbon-based nanoparticles
and silver formulations require careful handling and lifecycle assessment (Cavazzini
et al., 2019; Loni et al., 2019a).

Cost remains a central consideration in ORC deployment. Pure fluids are typically
low-cost and readily available but may require larger heat exchangers in low-
temperature applications. Zeotropic mixtures can improve net power output and
reduce exergy losses, but they often require larger heat exchanger surfaces and
more complex control systems, thereby increasing capital costs (Andreasen et al.,
2021; Heberle & Briggemann, 2016). Nanofluids offer performance gains but
introduce material costs and potential maintenance issues related to nanoparticle
dispersion and fouling. Hybrid formulations, such as MOHC-enhanced fluids, may
offer favourable trade-offs by improving efficiency without significantly increasing

system complexity (McGrail et al., 2013).

Pure fluids benefit from extensive experimental validation and robust
thermodynamic databases (Huber et al., 2022). Zeotropic mixtures require more
sophisticated modelling due to temperature glide and composition-dependent
behaviour. Nanofluids and hybrid systems remain primarily in the research phase,
with limited full-cycle modelling and few commercial implementations. Dispersion
stability, compatibility with system materials, and long-term reliability are ongoing
challenges (Mondejar et al., 2017). Table 2.6 summarises the key attributes of each
fluid category, along with supporting references.

Table 2.6: Comparative Attributes of Working Fluid Categories in ORC
Systems

Attribute Pure Fluids | Zeotropic Nanoparticle- | Key
Mixtures Enhanced References
Fluids
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Phase Change | Isothermal Non- Variable (Badr et al.,
Behaviour isothermal (depends  on | 1985; (Zhang
base fluid) etal., 2019)
Thermal Moderate to | High (with | Potentially High | (Andreasen et
Efficiency High thermal (via enhanced | al., 2021;
matching) conductivity) Prajapati &
Patel, 2020)
Exergy Losses | Moderate Low Low to | (Saadatfar et
Moderate al., 2014; Wu
et al., 2016)
Environmental | Varies (some | Composition- | Depends on | (Cavazzini et
Impact high GWP) | dependent nanoparticle al., 2019;
type Garcia-Paboén
et al., 2021)
Safety and | Well- Varies Requires (Huber et al.,
Toxicity documented careful handling | 2022; Loni et
al., 2019b)
Heat Moderate to | Large Reduced (if | (Li et al,
Exchanger Large stable 2020b;
Size dispersion) Mondejar et
al., 2017)
Modelling Low Moderate to | High (Huber et al.,
Complexity High 2022;
Mondejar et
al., 2017)
Commercial High Moderate Low (Cavazzini et
Availability al., 2019;
Tocci et al.,
2017)
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2.6 Modelling of ORC Operations

Although significant advancements have been made in ORC technology, further
research is required to facilitate the successful commercialisation of micro- and
small-scale systems. System modelling plays a pivotal role in the design,
optimisation, and operational control of ORC configurations. A comprehensive
understanding of dynamic response characteristics and operating parameters is
crucial for accurately evaluating system performance and competitiveness.
Inadequate modelling approaches may yield impractical results, particularly at micro
and small scales, where systems are subject to pronounced fluctuations that

exacerbate challenges related to profitability and reliability.

Numerous studies have contributed to the development of robust ORC models.
Jung et al. (2015) proposed a numerical model for simulating a standard ORC
system and its heat exchangers, serving as a design tool for high-efficiency power
plants. Liu et al. (2017) developed a practical model tailored for small-scale ORC
systems, focusing on fluid charge management and off-design performance
analysis. Quoilin et al. (2010) integrated computational modelling with empirical data
to identify opportunities for performance improvement in scroll expander-based
ORC systems. Zhang et al. (2012) investigated the dynamic behaviour of ORCs in
waste heat recovery applications and introduced a multivariable control strategy to
enhance system responsiveness and efficiency. Imran et al. (2020) emphasised the
critical role of heat exchangers in dynamic modelling and advocated for the use of

model predictive controllers to achieve optimal performance.

Simulation tools for ORC systems are broadly categorised into code-based and
library-based platforms. The selection of appropriate software depends on the
nature of the analysis (steady-state or transient) and the degree of customisation
required. Code-based tools offer greater flexibility in defining system equations,
whereas library-based tools rely on predefined component models and equations.
Liu et al. (2018) provided a comparative overview of popular ORC simulation
platforms, summarised in Table 2.7. These tools vary in their capabilities, ranging
from thermodynamic analysis and component-level modelling to support for property
databases such as REFPROP and COOLProp.
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Table 2.7: Overview of Popular Software Capable of Simulating ORC
Systems

Software Type Summary
Aspen Plus Library-based Supports non-linear algebraic
Code-based systems, complete fluids, and
solids library
AMESim Library-based Ready-to-use components,

Steady/Unsteady  Analyses,
REPROP, COOLProp

Cycle-Tempo Library-based Thermodynamic analyses,
optimisation of energy systems,
Fluid prop

DWSIM/DWSIM Pro Library-based Ready-to-use components,
Steady/Unsteady  Analyses,
REPROP, COOLProp

Engineering Equation Code-based Supports non-linear algebraic
Solver (EES) systems, REPROP, COOLProp
FLOWNEX SE Library-based Ready-to-use components,

Steady/Unsteady  Analyses,
REPROP, COOLProp

MATLAB/Simulink Library-based S-Functions, Steady/Unsteady
Code-based Analyses, REPROP,
COOLProp
Modelica Library-based Object-oriented language,
Unsteady analyses, REPROP,
COOLProp
Python Code-based High-level coding, REPROP,
COOLProp

[Adapted from (L. Liu et al., 2018)]

2.7 Research Gaps

Despite significant advancements in ORC research, several unresolved issues
continue to limit the optimisation, scalability, and practical deployment of ORC
systems, particularly those involving advanced working fluids. This section
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synthesises the key gaps identified in the literature, focusing on zeotropic mixtures,
nanoparticle-enhanced fluids, system-level modelling, and real-world

implementation challenges.

2.7.1 Limited Comparative Studies on Zeotropic Mixtures

Zeotropic mixtures have garnered attention for their ability to minimise
irreversibilities in heat exchangers due to their temperature glide, which enables
better thermal matching with heat sources (Chen et al., 2010; Saleh et al., 2007).
However, most studies focus on a limited set of mixtures, often selected based on
prior use or commercial availability, rather than through systematic thermodynamic

screening.

For example, Yamamoto et al. (2001) and Quoilin et al. (2013) investigated mixtures
such as R245fa/R227ea and n-pentane/n-hexane, demonstrating improved
performance over pure fluids. However, these studies rarely compare multiple
mixtures under consistent operating conditions, making it difficult to generalise

findings or identify optimal combinations for specific applications.

Moreover, environmental and safety considerations, such as flammability, toxicity,
and global warming potential, are often overlooked in the selection of mixtures
(Heberle & Briggemann, 2016). There is a need for comprehensive benchmarking
that evaluates =zeotropic mixtures across thermodynamic, economic, and

environmental dimensions, using consistent criteria and simulation frameworks.

2.7.2 Underexplored Role of Nanoparticles in ORC Working Fluids

Nanoparticles have demonstrated remarkable potential in enhancing thermal
conductivity and heat transfer rates in various thermal systems (Das & CHOI, 2009;
Eastman et al., 2001). In conventional applications, such as solar collectors and
microchannel heat exchangers, nanofluids have demonstrated efficiency gains of
up to 20% (Said et al., 2016). However, their integration into ORC working fluids

remains underexplored.

Most existing studies on nanofluids concentrate on water or ethylene glycol, but
there is notably limited exploration involving organic fluids that are suitable for ORCs
(Mahbubul, 2019). Although nanofluid-enhanced heat transfer has been well-
studied (including in porous media), the impact of incorporating nanoparticles within

zeotropic mixtures remains largely uninvestigated (Kasaeian et al., 2017).

55



The absence of experimental and simulation-based research on hybrid nanofluid—
zeotropic systems represents a significant gap. Furthermore, the influence of
nanoparticle type, concentration, and surface treatment on full-cycle ORC
behaviour, particularly under the low-temperature conditions typical of many ORCs,

remains largely unknown.

2.7.3 Dispersion Stability and Practical Deployment Challenges

Simulation studies often assume ideal conditions, including perfect nanoparticle
dispersion and stable thermophysical properties. Nanofluids face challenges such
as agglomeration, sedimentation, and chemical incompatibility with system
materials (Kole & Dey, 2010; Yu & Xie, 2012). These issues can degrade

performance over time and complicate maintenance protocols.

Sundar et al. (2013) further demonstrated that nanoparticle stability is highly
sensitive to fluid chemistry, operating temperature, and flow conditions. These
challenges become even more critical in ORC systems, which operate under cyclic

thermal loads in closed-loop configurations.

Despite these concerns, limited research addresses long-term stability and
proposes practical mitigation strategies, such as surfactants, nanoparticle surface
functionalisation, or active mixing techniques (e.g., magnetic stirring).
Comprehensive experimental validation and lifecycle assessments are still needed
to evaluate the durability, reliability, and maintenance implications of nanoparticle-

enhanced working fluids in ORC environments.

2.7.4 Lack of System-Level Performance Evaluation

A significant portion of ORC research focuses on optimising individual components,
such as evaporators, condensers, or expanders, without assessing the impact on
overall cycle performance (Hung, 2001; Wang et al., 2011c). This fragmented
approach limits the ability to evaluate trade-offs between subsystems and to

optimise the cycle holistically.

For instance, attempts to improve heat transfer in the evaporator can inadvertently
increase pumping power due to higher fluid viscosity, ultimately reducing net cycle
efficiency. Similarly, deploying high-performance fluids may necessitate more
complex control systems, which could affect both reliability and operational costs.
Ambriz-Diaz et al. (2022) emphasise the importance of integrating thermodynamic,
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exergy, economic, and environmental metrics when evaluating ORC systems to

ensure balanced, system-wide performance analysis.

Robust system-level modelling is essential for capturing these interdependencies
and validating the practical viability of proposed ORC configurations. Without such
a holistic evaluation, performance improvements derived from optimising isolated

components may be misleading or fail to scale in real-world applications.

2.7.5 Gaps in Thermo-Economic and Environmental Evaluation

Most ORC studies prioritise thermodynamic metrics such as efficiency, heat
recovery ratio, or exergy destruction, while neglecting economic and environmental
considerations (Manente et al., 2017; Quoilin et al., 2011). However, the selection
of working fluid and system configuration has direct implications for capital costs,

operating expenses, safety, and sustainability.

To address this, Papadopoulos et al. (2010) proposed a multi-criteria decision-
making framework that evaluates working fluids and ORC configurations using a
combination of economic, environmental (GWP, ODP), safety, and performance
indicators. Their case study demonstrated that a fluid with slightly lower
thermodynamic efficiency, but better environmental and cost profiles, resulted in a

more sustainable and viable system choice.

This holistic assessment approach is especially crucial for decentralised or
developing region deployments, where affordability, regulatory compliance, and

long-term sustainability are as important as energy performance.

2.8 Summary of Literature Review

This chapter explored the evolving landscape of ORC systems, focusing on how
working fluid choices influence thermodynamic performance, environmental impact,
and system design. It began by examining pure organic fluids, their strengths and
limitations, and why they remain foundational despite growing concerns about their

global warming potential and heat source compatibility.

The discussion then shifted to zeotropic mixtures, which offer a unique advantage
through their temperature glide. This property enables better thermal matching and

reduced irreversibilities, particularly in low-grade heat recovery applications. While
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promising, the literature shows that only a narrow set of mixtures has been studied,
often without consistent benchmarking or consideration of environmental trade-offs.
Nanoparticle-enhanced fluids have been introduced as a new frontier. These
formulations, ranging from metal oxides to carbon nanotubes, have shown potential
to boost heat transfer and reduce component size. However, their use in ORC
cycles, particularly in combination with zeotropic blends, remains largely theoretical.
Issues such as dispersion stability, long-term reliability, and compatibility with

organic fluids remain unresolved.

To clarify these fluid categories, the chapter included a comparative assessment
across thermodynamic, economic, and environmental dimensions. Tables
summarising fluid properties and nanoparticle characteristics helped visualise the
trade-offs engineers face when designing ORC systems.

The final section identified five major research gaps: limited comparative studies on
zeotropic mixtures, underexplored nanoparticle integration, challenges with
dispersion stability, lack of system-level modelling, and the absence of thermo-
economic and environmental trade-off analysis. These gaps highlight the need for a
more comprehensive approach, one that prioritises not only efficiency but also

considers cost, sustainability, and practical viability in the real world.
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Chapter Three

3 Methodology and Simulation Framework

3.1 Introduction

This chapter presents the framework for investigating the thermodynamic
performance of advanced working fluids in a hybrid solar—-biomass ORC system.
The focus is on environmentally friendly zeotropic mixtures enhanced with
nanoparticles, tested under dynamic heat input conditions that mimic the behaviour

of decentralised renewable energy systems.

The ORC, which is powered by two complementary heat sources, including solar
thermal energy and biomass combustion, was integrated through a controlled
mixing system with a stratified thermal buffer tank, which helps stabilise the
temperature of the heat delivered to the evaporator. This design allows the system
to adapt to fluctuations in solar radiation, while the biomass boiler provides steady

support to maintain reliable operation.

Two working-fluid sets were considered in this study to assess thermodynamic
performance under hybrid solar—biomass conditions. The first set consists of
conventional and transitional fluids, R123, R245fa, and R1233zd(E). These are well-
known and widely studied, making them useful for benchmarking and comparison.
However, their use is limited by environmental concerns, such as ODP, and, in some
cases, relatively high GWP.

The second set focuses on advanced zeotropic mixtures for more efficient,
environmentally friendly ORC operation. This group includes R1224yd(Z),
R1233zd(E), and R1336mzz(Z), whose mixtures were chosen for their favourable
temperature glide, high critical temperatures, and ultra-low GWP values. Their
zeotropic behaviour also enables better thermal matching in the evaporator, thereby

improving cycle efficiency under varying heat-supply conditions.
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To further enhance heat transfer, selected nanoparticles, including TiO,, ZnO, Ag,
Al,O3, and CuO, were added to the working fluid mixtures in carefully controlled
amounts. By increasing thermal conductivity and lowering evaporator thermal
resistance, these additives support greater cycle stability, faster response, and

higher net power output, even as solar and biomass inputs fluctuate.

The system is modelled in ASPEN Plus using the Peng—Robinson equation of state
to capture non-ideal fluid behaviour. Energy balances are applied to each
component to evaluate turbine work, cycle efficiency, and evaporator performance.
Sensitivity studies were then conducted to investigate the impact of changes in
operating temperature, mixture composition, and nanoparticle concentration on the

results.

3.2 System Configurations

The hybrid energy system examined in this study combines solar thermal and
biomass resources to drive an ORC for small-scale power generation. As shown in
Figure 3.1, the solar-biomass hybrid thermal system is configured to handle variable
heat inputs, with a stratified buffer tank and a controlled mixing system that ensure
steady heat delivery to the ORC evaporator. This arrangement enables flexible
prioritisation of energy sources and ensures reliable operation across daily and

seasonal fluctuations.

The solar thermal subsystem consists of a collector array, such as parabolic troughs
or evacuated tube collectors, which captures radiation and transfers heat to a high-
temperature heat transfer fluid (HTF), typically Therminol VP-1. Because solar
output varies with irradiance and collector efficiency, dynamic control is required to
prevent overheating and maintain a consistent supply. Complementing this is a
biomass boiler, which burns agricultural residues or wood pellets to provide
dispatchable heat. Its output is controlled by adjusting the fuel feed rate and airflow,

enabling rapid ramp-up to offset solar shortfalls or sustain nighttime operation.

A stratified buffer tank provides the thermal interface between the sources and the

ORC. Heat from both solar and biomass sources flow into the tank via a control
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valve, which a controller governs. Four temperature sensors (T1: solar inlet, T2:
biomass inlet, T3: buffer outlet, and T4: evaporator inlet) provide feedback, allowing
the controller to maintain the buffer outlet temperature at a set point, typically 150—
200 °C, depending on the chosen working fluid. The control strategy prioritises solar
energy during the day, with biomass supplementing only when the buffer
temperature falls below the target. At night or under low irradiance, biomass serves

as the primary energy source.

The ORC power block is a closed-loop system comprising a pump, an evaporator,
an expander or turbine, a condenser, and a recirculation pump. The working fluid,
selected from advanced zeotropic mixtures, is pumped into the evaporator, where it
absorbs heat from the buffer. The resulting vapour expands through the turbine to
generate shaft power, which can be converted to electricity. To enhance thermal
performance, nanoparticle-doped fluids are utilised to improve heat transfer

coefficients, reduce thermal resistance, and improve system responsiveness.
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Figure 3.1: Solar-Biomass Hybrid Thermal System
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3.3 Working Fluid and Nanoparticle Selection

The selection of working fluids and thermal enhancement additives in this study was
guided by thermodynamic suitability, environmental compliance, and compatibility
with hybrid solar-biomass heat input conditions. Two distinct sets of working fluids
were considered; each paired with specific nanoparticles to evaluate their combined

impact on heat transfer performance and cycle efficiency.

3.3.1 Benchmark Fluids and Additives

The first set comprises conventional and transitional fluids, including R123, R245fa,
and R1233zd(E), which are used primarily for benchmarking and comparative
analysis. These fluids are well-characterised and widely used in ORC systems,
offering reliable thermodynamic behaviour and extensive experimental validation.
However, their long-term viability is constrained by environmental factors, such as
ODP and high GWP.

To enhance the thermal conductivity of these fluids and improve evaporator
performance, three nanoparticles were introduced: Ag, Al,O3;, and CuO. These
additives were selected based on their high thermal conductivity, chemical stability,
and compatibility with conventional organic fluids. Their inclusion improves heat
transfer rates, reduces thermal resistance, and enhances responsiveness under

steady-state biomass-dominant conditions.

The thermophysical and environmental properties of the selected working fluids are

summarised in

Table 3.1.

Table 3.1: Thermophysical and Environmental Properties of Selected
Working Fluids

Boiling | Critical | Critical | GWP Safet
Referenc
Fluid Point | Temp. | Pressur | (AR6, | ODP y
e
(°C) (°C) e (bar) | 100-yr) Class
R123 27.6 183.7 36.2 ~77 0.01 B1 (Zhou et
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2 al., 2023)
(Arpagau
s &
R245fa 15.3 154.0 36.4 ~950 | 0.00 A1
Bertsch,
2021)
R1233zd(E (Fedele et
18.3 165.5 35.7 ~1 0.00 A1
) al., 2023)
(Arpagau
R1224yd(Z s &
~14.0 154.6 ~32.0 ~1.4 0.00 A1
) Bertsch,
2021)
R1336mzz (Fedele et
~33.4 171.3 ~29.0 ~2 0.00 A1
(2) al., 2023)

3.3.2 Advanced Zeotropic Mixtures and Additives

The second set focuses on advanced zeotropic mixtures tailored for high-efficiency,
low-emission ORC operation. Specifically, the fluids in the mixtures include
R1224yd(Z), R1336mzz(Z), and R1233zd(E). These combinations were selected for
their favourable temperature glide characteristics, elevated critical temperatures,
and ultra-low GWP values. Their zeotropic behaviour enables improved thermal
matching between the working fluid and the heat source, reducing irreversibilities in
the evaporator and enhancing cycle efficiency under variable operating conditions.
To further augment thermal performance, this set was paired with TiO,, zinc oxide
ZnO, and Ag nanoparticles. These additives were chosen for their high thermal
conductivity and proven effectiveness in enhancing heat transfer in nanofluid
applications. Their integration supports dynamic thermal response, particularly
under fluctuating solar input, and improves evaporator effectiveness and net power

output.

3.3.3 Nanoparticle Properties and Application Strategy

The thermophysical properties of the selected nanoparticles are presented in Table
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3.2. Each nanoparticle was applied to a specific fluid set based on compatibility,
dispersion stability, and target operating conditions. Ag was used across both sets

due to its exceptional thermal conductivity and versatility.

Table 3.2: Thermophysical Properties of Selected Nanoparticles

Thermal Specific | Particle
Density
Nanoparticle (kg/m?) Conductivity Heat Size Reference
m
g (W/m-K) (J/kg-K) | (nm)
TiO, (Topuz et al.,
~4200 ~8.4 ~686 10-50
2021)
Zn0O (Topuz et al,
~5600 23-30 ~500 20-50
2021)
Ag (Rahman et al.,
10490 ~429 ~235 5-50
2024)
Al,O; (Said & Saidur,
~3970 ~36 ~880 20-50
2017)
CuO (Topuz et al,
~6500 ~76 ~540 20-50
2021)

These modified parameters were incorporated into the ASPEN Plus simulation
environment to evaluate their impact on evaporator duty, turbine work output, and
overall cycle performance. The simulation assumes ideal mixing and single-phase
flow, with nanoparticle effects captured through adjusted thermophysical

correlations.

3.4 Heat Source Characterisation

The ORC system in this study is driven by a hybrid heat source that combines solar
thermal energy with biomass combustion. The principle is straightforward: solar
energy is prioritised whenever available, while biomass serves as a reliable backup
during periods of low irradiance. This arrangement reflects real-world deployment
strategies, particularly in regions such as sub-Saharan Africa, where solar potential

is high but subject to daily and seasonal variability.

64



The solar subsystem is modelled using monthly DNI data to capture seasonal
fluctuations in resource availability. Instead of simulating the full year at hourly
intervals, representative conditions are defined for three operating modes: solar-
dominant, balanced hybrid, and biomass-dominant. A medium-temperature
evacuated tube collector was adopted in this study, with an efficiency range of 55-
65%, consistent with reported values for evacuated tube collectors operating within
the 100-200 °C range. The heat transfer fluid (HTF), Therminol VP-1, circulates
through the collector field, transferring energy to a buffer tank. Two HTF flow rates
(0.05 kg/s and 0.1 kg/s) are considered to examine the impact of mass flow rate on

outlet temperature and subsequent biomass demand.

The biomass subsystem uses agricultural residues or wood pellets as fuel, with a
lower heating value (LHV) of 15- 18 MJ/kg. The boiler is assumed to operate at 80-
85% efficiency, and its feed rate is dynamically adjusted to maintain the buffer tank
outlet temperature. The combustion process is treated as steady and ideal, with
transient effects and detailed reaction kinetics excluded from the scope of the

present study.

The buffer tank plays a central role in integrating both heat sources. It combines
thermal inputs, smooths out short-term fluctuations, and provides a stable
temperature to the ORC evaporator. The control strategy prioritises solar energy:
biomass is engaged only when the buffer outlet temperature falls below the setpoint
by a small deadband (1- 3 °C). This ensures reliable operation while minimising

biomass consumption.

For simulation purposes, the buffer outlet temperature is treated as a boundary
condition. Four setpoints (140, 160, 180, and 200 °C) are used to represent distinct
operating scenarios. These values define the hot-side conditions supplied to the
ORC evaporator in ASPEN Plus. By managing the heat source in this manner, the
study strikes a balance between realism and computational tractability, enabling
consistent comparisons of zeotropic mixtures and nanoparticle-enhanced fluids

under hybrid operating conditions.
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3.5 Simulation Setup and Modelling Tools

The thermodynamic performance of the hybrid solar-biomass ORC system was
evaluated using a steady-state simulation framework developed in ASPEN Plus
V14. The simulation replicates the system configuration illustrated in Figure 3.1 and
follows a structured design and analysis workflow, as depicted in the flowchart in
Figure 3.2. This workflow outlines the iterative process of heat source
characterisation, system modelling, baseline simulation, and performance
evaluation. Each working fluid—nanoparticle combination was assessed under
identical operating conditions to ensure comparability and isolate the effects of fluid

composition and thermal enhancement.
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Figure 3.2: Flowchart for ORC System Evaluation
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3.5.1 System Boundary and Assumptions

The simulation assumes a closed-loop ORC operating under steady-state
conditions. Heat input is supplied from a stratified buffer tank that receives thermal
energy from both solar collectors and a biomass boiler. Several simplifying
assumptions were made to streamline the modelling process: single-phase flow was
assumed for all nanoparticle-enhanced fluids, and pressure drops across heat
exchangers were considered negligible. The ambient temperature was maintained
at 25 °C for the condenser calculations, and nanoparticle mass fractions were varied
from 0.000001 to 0.01 to assess their impact on heat transfer and cycle

performance.

3.5.2 Fluid Property Integration

All working fluids and mixtures in this study were modelled in ASPEN Plus V14 using
the Peng—Robinson equation of state. This EOS was chosen due to its proven ability
to handle the non-ideal behaviour of organic fluids at moderate to high temperatures
and pressures. To ensure consistency, the same framework was applied across

pure fluids, zeotropic mixtures, and nanoparticle-enhanced formulations.

For nanoparticle-enhanced fluids, the nanofluid was represented as a pseudo-
homogeneous mixture. The modified thermophysical properties, density, specific
heat, viscosity, and thermal conductivity, were calculated automatically in ASPEN
Plus. In this way, PEOS could still perform phase-equilibrium and energy-balance
calculations without requiring custom subroutines. The nanoparticles themselves
were not modelled as discrete solid phases; rather, their effects were incorporated

into the adjusted bulk fluid properties.

This modelling approach provided a uniform thermodynamic framework, enabling
direct comparison of base fluids and their nanoparticle-enhanced counterparts. It
also ensured that differences in performance could be attributed to fluid properties

rather than inconsistencies in the simulation method.

3.5.3 Component Modelling

Each component of the ORC system was modelled in ASPEN Plus V14 using
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standard unit operation blocks configured to capture realistic thermodynamic
behaviour. The evaporator was represented as a counterflow heat exchanger, with
the nanoparticle-enhanced working fluid on the tube side and the buffer tank output
on the shell side. The temperature gradient and fluid properties drove heat transfer.
The expander was implemented using a turbine block, where the enthalpy
differences across the expansion process determined the mechanical work output.
ASPEN Plus’s built-in thermodynamic calculations were used to estimate power

output for each fluid configuration.

The condenser was modelled as an air-cooled heat exchanger operating at a fixed
ambient temperature of 25 °C. This ensured complete condensation and subcooling
of the working fluid before recirculation. The feed pump was defined by pressure
rise specifications tailored to each fluid, enabling the accurate estimation of input

work and pressurisation.

3.5.4 Simulation Workflow and Analysis

The simulation workflow followed a structured and iterative process, as illustrated in
Figure 3.2. It began with the characterisation of the heat source and the definition
of key system parameters, after which the thermodynamic model was constructed
in ASPEN Plus V14. Baseline simulations were then performed for each working
fluid—nanoparticle combination under identical heat source conditions to ensure

consistency and comparability across scenarios.

Decision points were built into the workflow to evaluate performance; however, the
sensitivity analysis primarily focused on variations in nanoparticle concentration and
working fluid composition. Simulation outputs included evaporator duty, turbine work
output, thermal efficiency, and condenser load. These performance metrics
provided the basis for comparing configurations and identifying the most promising

fluid—nanoparticle pairings.
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3.6 Governing Thermodynamic Equations

The thermodynamic behaviour of the hybrid ORC system was evaluated using
standard energy balance relationships applied to each major component. These
equations in Table 3.3 provide the analytical foundation for quantifying energy flows,
component efficiencies, and overall cycle performance. Each expression is
formulated in terms of measurable parameters such as mass flow rate, enthalpy,

pressure, and solar irradiance.

For the pump, the governing relationship estimates the mechanical work required to
pressurise the working fluid. The equation assumes incompressible flow and relates
the fluid's specific volume to the pressure rise across the pump. This step is
important for quantifying parasitic power consumption and, by extension, the net

work output of the cycle (Quoilin et al., 2013).

In the evaporator, the working fluid absorbs heat until vaporisation occurs. The
thermal input is expressed as the enthalpy difference between inlet and outlet
states. Depending on the fluid, this may include both sensible heating and latent
heat of vaporisation. The effectiveness of this process is strongly influenced by the

buffer tank temperature and the selected working fluid (Hung, 2001).

The turbine extracts useful mechanical power during expansion. Its work output is
calculated from the enthalpy drop across the turbine, representing the conversion
of thermal energy into shaft power. This equation is central to evaluating cycle

performance since turbine work directly drives electrical generation.

The condenser is responsible for rejecting residual heat to the surroundings and
restoring the fluid to a subcooled liquid state. The enthalpy change across the
condenser determines the cooling load. This step not only closes the cycle but also

governs the required size and design of the cooling system.

For the solar thermal collector, the available heat is estimated as a function of

collector efficiency, aperture area, and incident solar irradiance. This relationship
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links environmental inputs to the thermal energy supplied to the buffer tank, ensuring

that the solar contribution is realistically captured in the model.

When solar energy is insufficient, the biomass boiler provides supplementary heat.

Its output is calculated from the fuel mass flow rate and its lower heating value

(LHV), assuming complete combustion at steady state. This contribution is essential

for simulating hybrid operation, particularly under variable irradiance conditions.

Table 3.3: Governing Thermodynamic Equations for Key ORC Components

Component Equation Remarks

Pump Win = Woymp = m-v - (AP) m= Mass flow rate of the
working fluid
v= Specific volume of the
working fluid
AP= Pressure rise across
the pump

Evaporator Qin = Qepap =M+ (hy — hy) h,= Enthalpy of the
working fluid at the
evaporator inlet
h,= Enthalpy of the
working fluid at the
evaporator outlet

Turbine Woue = Wirp, = 1+ (hs — hy) h;= Enthalpy of the
working fluid at the
turbine inlet
h,= Enthalpy of the
working fluid at the
turbine outlet

Condenser Qout = Qcong =M - (hy — hy) h,= Enthalpy of the
working fluid at the
condenser outlet
h,= Enthalpy of the
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working fluid at the

condenser inlet

Solar Thermal

Collector

Qin = Neollector * Acottector * 1

Neollector™ Efficiency of
the solar collector
Acollector= Collector

surface area

[= Solar irradiance

Biomass Boiler

Qbiomass = mfuel “LHV

ey = Mass flow rate of
the biomass fuel
LHV = Lower heating

value of the biomass

3.7 Performance Metrics and Evaluation Criteria
The thermodynamic performance of the ORC system was evaluated using a set of

core performance metrics designed to capture both overall energy conversion

efficiency and component-level effectiveness. These indicators were derived

directly from the ASPEN Plus V14 simulation outputs and applied consistently

across all working fluid—nanoparticle configurations to ensure comparability.

The primary metric was the thermal efficiency (n), defined as the ratio of the net

power output to the total heat input from the buffer tank. This served as the central

measure of system performance under hybrid solar—biomass conditions.

To provide further insight into subsystem behaviour, the following component-level

metrics were monitored:

i.  Evaporator duty (Qevap): quantifies the heat absorbed by the working fluid

during vaporisation.

i.  Turbine work output (Wturb): represents the mechanical energy generated

during the expansion process.

i. Condenser load (Qcond): measures the heat rejected to the environment,

ensuring complete condensation and reliable fluid recirculation.
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For comparative analysis, the specific net power output (kJ/kg) was calculated for
each working fluid, allowing the results to be normalised to the mass flow rate. In
addition, environmental sustainability was evaluated using GWP and ODP values
reported in the literature. Finally, safety classifications based on ASHRAE standards
were considered to contextualise the thermodynamic results with respect to real-

world applicability, encompassing aspects such as flammability and toxicity.

3.8 Validation Strategy and Benchmarking Approach

To ensure the reliability of the simulation outcomes, validation was performed
through a combination of literature benchmarking and internal consistency checks.
Well-established reference fluids, such as R245fa and R1233zd(E), were chosen
for their frequent use in ORC systems and for the availability of published
performance data under comparable operating conditions. These fluids were
simulated within the hybrid solar-biomass configuration, and key indicators, thermal
efficiency, evaporator duty, and turbine work, were compared with ranges reported

in peer-reviewed studies.

The benchmarking emphasised trend validation rather than exact numerical
replication, confirming that the ASPEN Plus V14 model produced outputs consistent
with the expected performance of the reference fluids. Any discrepancies were
traced to differences in boundary conditions, component assumptions, or system

configuration, and were explicitly documented.

Internal consistency was further ensured by applying uniform heat-source
conditions and system parameters across all working-fluid—nanoparticle scenarios.
This design controlled for external influences, ensured that performance variations

could be attributed solely to fluid properties and nanoparticle effects.

Although experimental validation was beyond the scope of this study, the
combination of literature benchmarking and controlled modelling protocols
established a robust foundation for assessing the credibility and relevance of the

simulation framework.
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3.9 Limitations of the Simulation Framework

While the developed simulation framework provides valuable insights into the
thermodynamic performance of the hybrid solar—biomass ORC system, several

limitations must be acknowledged.

First, the model was restricted to steady-state operation, thereby excluding transient
behaviour and dynamic control responses to fluctuating solar input. This
simplification was adopted to maintain computational stability and to enable clear

comparisons across different fluid configurations.

Second, isentropic efficiencies of the expander and pump were not explicitly varied
or calibrated; instead, ASPEN Plus defaults were applied, with work output
estimated directly from enthalpy differences. Likewise, pinch-point constraints in the
evaporator were not imposed, meaning that heat exchanger performance was

determined solely by fluid properties and temperature gradients.

Third, nanoparticle-enhanced fluids were modelled as pseudo-homogeneous
mixtures. While the PEOS captured their thermodynamic behaviour, particle-scale
effects such as agglomeration, sedimentation, and long-term stability were not
included. This limits the framework’s ability to replicate real-world transport

behaviour under cyclic loading or varying flow regimes.

Finally, the study was confined to thermodynamic analysis. Broader techno-
economic, environmental lifecycle, and operational assessments were outside the

scope of this study but represent important directions for future research.

Despite these constraints, the modelling framework establishes a consistent and
reproducible basis for assessing fluid-side enhancements and provides a useful

foundation for subsequent experimental validation and system-level studies.

3.10 Summary of the Methodological Framework

This chapter outlined the methodology adopted to evaluate the thermodynamic
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performance of a hybrid solar—-biomass ORC system using ASPEN Plus V14. The
modelling framework began with the detailed configuration of system components
and the selection of advanced working fluids, including both conventional
refrigerants and nanoparticle-enhanced mixtures. Thermophysical properties were
implemented through the PEOS, ensuring consistent treatment of phase behaviour

and energy balances across all fluid categories.

System components, including the evaporator, expander, condenser, and pump,
were modelled under steady-state conditions using standard ASPEN Plus modules.
Although transient dynamics and pinch-point constraints were not explicitly
simulated, realistic boundary conditions were applied to reflect both hybrid heat
input and working-fluid circulation. The iterative workflow enabled comparative

evaluation across multiple fluid—nanoparticle scenarios.

Key performance indicators, including thermal efficiency, evaporator duty, turbine
work output, and condenser load, provided a robust basis for analysis. Validation
was achieved through benchmarking against the literature and internal consistency
checks, lending credibility to the simulation outputs. While the scope was limited to
thermodynamic assessment, the framework establishes a reproducible foundation
for future extensions into techno-economic and environmental studies, as well as

experimental validation.
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Chapter Four

4 Results and Discussion

4.1 Introduction

This chapter presents and discusses the results of thermodynamic simulations
evaluating the performance of different working-fluid configurations in a hybrid
solar-biomass ORC system. The analysis follows the methodological framework
outlined in Chapter 3, focusing on how fluid properties, nanoparticle enhancements,

and heat source conditions influence overall cycle efficiency and system behaviour.

The results are presented in four main sections. Section 4.2 evaluates system
performance under three representative heat-source scenarios, using the buffer
outlet temperature as the key control parameter. Section 4.3 compares the
behaviour of pure fluids with zeotropic mixtures, highlighting how temperature glide
and mixture composition influence energy conversion efficiency. Section 4.4
examines the role of nanoparticles, investigating how particle type and
concentration impact heat transfer, cycle efficiency, and potential operational
challenges. Section 4.5 consolidates these results by evaluating system-level
metrics, including net power output, specific work, and evaporator duty, while also
benchmarking the findings against the governing thermodynamic equations

introduced in Chapter 3.

Throughout the discussion, performance indicators such as evaporator duty, turbine
work, thermal efficiency, and heat rejection are used to assess the viability of each
fluid configuration. Where necessary, results are normalised to facilitate fair
comparisons across fluids with varying thermophysical properties. The chapter not
only evaluates technical performance but also considers practical implications for
decentralised renewable energy systems, especially in contexts where reliability

and sustainability are as important as efficiency.
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4.2 Resource Assessment and Heat Source Behaviour

The viability of a hybrid solar-biomass ORC system depends not only on the
presence of renewable energy sources but also on their consistency, thermal
quality, and suitability for integration. This section examines the solar irradiance and
biomass resources available in the operational region, providing the basis for

configuring the system.

The assessment examined both the potential and the limitations of solar and
biomass inputs. Regional energy profiles were analysed to understand seasonal
variability, resource reliability, and thermal compatibility with ORC requirements.
These insights helped shape the design of the hybrid system, ensuring it could
realistically operate within the local environment's constraints. While resource
availability supports the concept, the findings also highlight the need to carefully
balance solar input and biomass supplementation to maintain stable performance

throughout the year.

4.2.1 Solar Resource Assessment

To evaluate the compatibility of solar energy with the hybrid solar—biomass ORC
system, this study examined the availability and thermal quality of solar irradiance
in the operational region, focusing on DNI, which is critical for concentrating solar

power applications.

Data from the ESMAP et al., (2019), in Figure 4.1, indicate that the average DNI
across sub-Saharan Africa is approximately 6.5 kWh/m?/day (El Alani et al., 2022;
ESMAP et al., 2019), confirming the region’s strong solar energy potential. This level
of irradiance is sufficient to provide meaningful thermal input to the ORC cycle,

particularly during the dry season, when solar availability peaks.

The highest solar exposure is observed in Namibia, Botswana, and parts of South
Africa, where DNI values exceed 7.0 kWh/m?day and GHI ranges from 6.6 to 7.0
kWh/m?/day. The Sahel region, including Sudan, Chad, Mali, and Niger, also
exhibits elevated DNI levels, making it suitable for solar-thermal applications. In

contrast, equatorial and coastal areas, such as West and Central Africa, exhibit
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more moderate irradiance, with DNI values ranging from 2.0 to 4.0 kWh/m?/day.

Matuszewska (2024) highlights the thermal compatibility between solar collectors
and ORC systems, noting that the operating temperatures of typical solar collectors
align well with the thermal requirements of ORC processes. This reinforces the
feasibility of solar energy as a primary heat source in hybrid configurations,
especially when paired with a backup system to mitigate seasonal and diurnal
variability.
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Figure 4.1: GHI and DNI Maps for Sub-Saharan Africa
Source: (ESMAP et al., 2019)

4.2.2 Biomass Resource Assessment

In parallel with the solar evaluation, a biomass resource assessment was conducted
to assess its suitability as a stable, dispatchable thermal input for hybrid ORC
operation. Sub-Saharan Africa’s tropical and subtropical climate supports
substantial biomass productivity, with an estimated annual energy potential of 200-
400 terajoules (EJ) (International Energy Agency, 2022). However, availability alone

does not guarantee usability; factors such as conversion efficiency, supply
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consistency, and infrastructure limitations also play a role.

Biomass resources in the region can be broadly categorised into four groups:

i.  Agricultural Residues: Maize stalks, rice husks, sugarcane bagasse, cassava
waste
i. Forest Resources: Firewood, charcoal, wood chips
iii.  Animal Waste: Cow dung, poultry litter, biogas sludge

iv.  Energy Crops: Jatropha, Napier grass, eucalyptus

Each category exhibits distinct energy characteristics, with lower heating values
(LHV) ranging from 10 to 22 MJ/kg as shown in Table 4.1. Agricultural residues are
widely available in countries such as Nigeria, Ethiopia, and Kenya, while forest-
derived fuels remain dominant despite growing concerns over deforestation.
Livestock-rich nations, such as Ethiopia, Sudan, and South Africa, generate
substantial volumes of organic waste that is suitable for biogas production. Energy
crops, particularly Jatropha and Eucalyptus, are recognized for their high LHV and
have been increasingly cultivated for biofuel applications. Jatropha has been
reported in Ghana, Nigeria, and Tanzania, while Eucalyptus residues are common

in South Africa, Kenya, and Ethiopia.

Table 4.1: Estimated LHV of Various Biomass Sources in Sub-Saharan Africa

Biomass Estimated LHV
Common Examples
Category (MJ/kg)
Agricultural Maize stalks, rice husks, sugarcane 12_18
Residues bagasse, cassava waste
Forest
Firewood, charcoal, wood chips 15-20
Resources
Cow dung, poultry litter, biogas
Animal Waste 9P Y J 10-16
sludge
Energy Crops Jatropha, Napier grass, eucalyptus 16 — 22

Source:(Basu, 2018; Bishoge et al., 2020; Come Zebra et al., 2021; IRENA and
AfDB, 2022; Roder et al., 2022)
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Despite its promise, biomass utilisation in the region faces several challenges.
Inefficient conversion technologies, limited access to processing infrastructure, and
unsustainable harvesting practices, particularly for wood-based fuels, can
undermine long-term viability (International Energy Agency, 2022; IRENA and AfDB,
2022). These constraints must be considered when designing systems that rely on

biomass as a thermal backbone.

Nonetheless, biomass offers a critical advantage over solar energy: dispatchability.
Unlike solar irradiance, which is intermittent and seasonally variable, biomass can
provide consistent thermal input, making it a reliable complement in hybrid
configurations. Its integration into the ORC system helps stabilise output during low-
DNI periods and nighttime operation, ultimately improving system resilience and

energy access in off-grid or resource-constrained settings (Alvi et al., 2024).

4.2.3 Heat Source Analysis

The thermal energy required to drive the ORC system in this study is supplied by a
hybrid configuration consisting of an evacuated tube solar collector (ETC) and a
biomass-fired backup boiler. This setup leverages the region’s abundant solar
resource while ensuring reliability through biomass supplementation during periods

of low irradiance or nighttime operation.

The selected site ranks among the highest in West Africa for annual DNI, making it
highly suitable for solar thermal applications. Monthly DNI values obtained from
ESMAP et al. (2019), shown in Figure 4.2, reveal the characteristic seasonal pattern
of savannah climates: peak irradiance occurs in December (152.2 kWh/m?/month pr
4.91 kWh/m?#*day), while the lowest values are recorded in August (89.7
kWh/m?/month or 2.89 kWh/m?/day), during the rainy season.
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Figure 4.2: Monthly Average DNI

An evacuated tube collector system was chosen for its high efficiency under both
direct and diffuse radiation. Therminol VP-1, a synthetic thermal oil, serves as the
heat transfer fluid (HTF) due to its stability up to 400 °C, moderate specific heat
(approximately 2.3 kJ/kg-K), and density of approximately 1,060 kg/m?3.

To examine the effect of mass flow rate on collector performance and biomass
demand, two values were assessed: 0.05 and 0.1 kg/s. The collector area was set
at 10 m?, with an assumed efficiency of 60%, which is typical for commercial ETCs.
Solar energy absorption was calculated from monthly DNI values, assuming 12

hours of sunshine per day.

The results in Figure 4.3 show that reducing the flow rate increases outlet
temperatures due to longer fluid residence time within the collector. Peak outlet
temperatures reached 178.8 °C in December at a flow rate of 0.05 kg/s, compared
to 152.1 °C at a flow rate of 0.1 kg/s. However, the lower flow rate limited total heat
throughput, thereby increasing the biomass energy required to reach the ORC’s
operating temperature of 200 °C. The effect of reduced flow rate on heat throughput
has been quantified. When the flow rate was decreased by approximately 20%, the
total heat throughput was reduced by about 18%. As a result, the biomass energy
required to reach the ORC operating temperature of 200 °C increased by nearly
22%.
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Figure 4.3: Monthly Average Collector Outlet Temperatures at Two Flow
Rates

Biomass heat demand was then estimated to compensate for the gap between solar
outlet temperature and the ORC setpoint (200 °C).

Figure 4.4 and Table 4.2 summarise the monthly biomass requirement under both
flow conditions. As expected, demand is highest during low-DNI months (e.g.,

August), with lower flow rates amplifying the shortfall.
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Figure 4.4: Monthly Biomass Heat Requirements
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Table 4.2: Monthly Biomass Heat Requirements at Two Flow Rates

DNI Tout EL‘;TaSS Tout Biomass Heat
Month (kWh/m?) (@g)1 kgls @0.1 kgls (@g).OS kals (@k\(’)v(r)‘;sdlgg;l)s
(kWh/day)
Jan 11431 148.5 23.2 175.1 33.0
Feb 1175|1401 27.3 166.8 38.1
Mar | 4025 1345 30.3 161.2 415
APT 11004 |1336 30.7 160.4 42.0
May 11118 | 1384 28.4 165.2 39.1
Jun 11009 | 1338 30.6 160.6 41.9
U 1994 133.2 30.9 160.0 42.2
Aug 1597 128.5 33.2 155.4 44.9
Sept 11050 | 135.9 29.4 162.6 40.6
Oct 11336 | 1455 24.6 172.2 35.0
Nov | 1486 | 150.7 22.0 177.4 32.0
Dec 4522 | 152.1 21.6 178.8 31.2

These results highlight a key trade-off in system design: lower flow rates improve

collector outlet temperature but also increase biomass fuel demand, particularly in

months with low irradiance. Effective system optimisation must therefore balance

flow rate, collector sizing, and biomass availability to minimise costs while ensuring

thermal reliability.

4.3 Working Fluid Performance Evaluation

This section presents the performance evaluation of the six zeotropic mixtures

considered in this study, grouped into two sets based on their critical thermophysical

properties. Each mixture was assessed under various operating temperatures, with

performance indicators including thermal efficiency (n), net power output (Wnet),
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and heat absorbed (Qin). Nanoparticle enhancement was subsequently applied to

assess how different particle types and concentrations influence cycle behaviour.

4.3.1 Baseline Performance of Zeotropic Mixtures

The baseline performance of the ORC system was evaluated using six zeotropic
mixtures grouped into two sets. Simulations were conducted under fixed cycle
conditions, with the expander operating at an inlet temperature of 200 °C and a
pressure of 800 kPa, while the condenser was maintained at 163 °C and 200 kPa.
These conditions provided a consistent reference point for assessing the influence
of fluid composition and thermophysical properties on cycle behaviour. The key
performance indicators considered were thermal efficiency (n), net work output
(Wnet), and heat absorbed (Qin).

For the first set of fluids, which involved R245fa/R123, R245fa/R1233zd, and
R1233zd/R123 mixtures, and Al,O3;, CuO, and Ag as nanoparticles, the results
showed a clear dependence of performance on the proportion of the more volatile
component. As the mass fraction of the lower-boiling fluid (e.g., R1233zd)
increased, thermal efficiency rose across all three tested source temperatures (120,
150, and 200 °C), as shown in Error! Reference source not found., 4.6 and 4.7.
Among these, the R1233zd/R123 mixture consistently outperformed the others,
delivering the highest efficiency and net work output. This trend highlights the
advantage of strong temperature glide, which enhances thermal matching in the

evaporator and condenser, thereby reducing irreversibility.
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Figure 4.5: Thermal Efficiency Variation with Mass Fraction for Set 1 Mixtures
at 200 °C
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Figure 4.6: Thermal Efficiency Variation with Mass Fraction for Set 1
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Figure 4.7: Thermal Efficiency Variation with Mass Fraction for Set 1 Mixtures
at 120 °C

Interestingly, higher source temperatures did not always guarantee better
performance. At 200 °C, only certain mass fractions showed efficiency gains
compared to results at 150°C or even 120°C. This suggests that mixture
composition is often more critical than an absolute operating temperature. These
findings are consistent with earlier reports, such as those by Hamdi et al. (2023),

which emphasise that improper mixture ratios can lead to pinch-point constraints in

heat exchangers.

The second set of fluid mixtures involving R1224yd(Z)/R1233zd(E),
R1224yd(Z)/R1336mzz(Z), and R1233zd(E)/R1336mzz(Z) with TiO,, ZnO, and Ag
as nanoparticles, revealed similar composition-driven behaviours, but with some
notable differences. The analysis of Set2 mixtures was conducted at a
representative operating temperature of 150 °C, consistent with the mid-range
condition applied in Set 1. Since comparable temperature conditions were used, the

influence of temperature was not repeated in the graphical presentation, and the
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trends were interpreted directly from the enthalpy and performance data. Figure 4.8
illustrates the variation in turbine work with mixture composition. For
R1224yd(Z)/R1233zd(E), turbine output increased steadily as the share of
R1233zd(E) rose, reaching a maximum at 100% R1233zd(E). This confirms the
strong thermodynamic potential of R1233zd(E) as a working fluid. By contrast, the
R1224yd(Z)/R1336mzz(Z) mixture showed the opposite trend: turbine work
decreased as the R1336mzz(Z) proportion increased, with peak performance at
100% R1224yd(Z). Similarly, the R1233zd(E)/R1336mzz(Z) mixture exhibited
declining turbine work as R1336mzz(Z) was added, again highlighting the limitations
of this fluid for high-performance ORC systems.
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2
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X
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Mixture Composition
= R1224yd(Z)/R1233zd(E) R1224yd(Z)/R1336mMzz(Z) ===——R1233zd(E)/R1336mzz(Z)

Figure 4.8: Turbine Work Variation for Set 2 Mixtures

The role of critical properties is especially important in explaining these results.
Figure 4.9 illustrates that the R1224yd(Z)/R1233zd(E) mixture achieved the highest
net work output (23.2 kJ/kg) and thermal efficiency (8.5%). This is largely due to the
favourable balance between their critical temperatures (153.7 °C for R1224yd(Z)
and 165.6 °C for R1233zd(E)) and critical pressures (approximately 3.6 MPa), which

enabled effective energy absorption and expansion. In contrast,
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R1224yd(Z)/R1336mzz(Z) delivered the weakest performance (20.5 kJ/kg and 8.0%
efficiency). Although R1336mzz(Z) has a relatively high critical temperature
(171.3°C), its lower critical pressure (2.90 MPa) limits its expansion potential,
resulting in poorer cycle efficiency. The R1233zd(E)/R1336mzz(Z) blend yielded
intermediate results, with a net work output of approximately 22.20 kJ/kg and a
corresponding efficiency of 8.2%, consistent with the thermodynamic definition of
cycle efficiency as the ratio of net work to heat input. This suggests that although
R1336mzz(Z) tends to reduce performance, its impact is less pronounced when
paired with R1233zd(E).
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Figure 4.9: Net Work Output and Efficiency Comparison for Set 2 Mixtures

Overall, these baseline results confirm that fluid composition exerts a stronger
influence on ORC performance than source temperatures alone. Mixtures
containing R1233zd(E) consistently demonstrated superior efficiency and work
output, making them more promising candidates for hybrid solar-biomass ORC
systems. By contrast, fluids with a higher proportion of R1336mzz(Z) exhibit less
favourable thermodynamic behaviour and are, therefore, less suitable for small-

scale power applications.
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4.3.2 Net Power Output and Heat Absorption

The net power output of the Set 1 mixtures was strongly influenced by both
composition and source temperature. As shown in Error! Reference source not
found. — 4.8, the R1233zd/R123 mixture consistently produced the highest Whe:
across all operating conditions. This superior performance stems from the high

volatility of R1233zd, which enhances evaporation and expansion processes.

By contrast, the R245fa/R123 mixture showed a steady decline in net power output
as the R123 fraction increased. The reduced volatility of R123 compromised turbine
inlet conditions, resulting in reduced work output. The R245fa/R1233zd blend
delivered intermediate results but showed greater sensitivity at higher temperatures,
especially at 200 °C, where phase-change mismatches limited output.

Heat absorption behaviour followed similar trends. Error! Reference source not
found. 4.12 shows that R1233zd/R123 exhibited relatively high heat input
requirements, particularly at elevated temperatures, but did not consistently require
the greatest Q;,across all mass fractions and operating conditions. The mixture
nevertheless demonstrated efficient conversion of absorbed heat into turbine work,

providing a thermodynamic advantage over the R245fa-based mixtures.
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Figure 4.10: Heat Input for Set 1 Mixture R245fa/R123
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Figure 4.11: Heat Input for Set 1 Mixture R245fa/R1233zd
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4.3.3 Nanoparticle Effects

This section examines how nanoparticle type and concentration affect the
performance of the two sets of zeotropic mixtures. The analysis focuses on three
key indicators: thermal efficiency, net power output, and heat absorption, all of which

are evaluated under varying operating conditions.

4.3.3.1 Mixture Set 1: R245fa/R1233zd(E), R245fa/R123, and R1233zd(E)/R123

This set comprises transitional refrigerants that are frequently studied in ORC
research. A fixed base ratio of 20/80 was applied, and three nanoparticles, Ag,
Al,O3, and CuO, were dispersed at concentrations ranging from 0.000001 to 0.01
by mass.

As shown in Error! Reference source not found. — 4.15, Ag nanoparticles
consistently outperformed the oxide-based particles. Efficiency gains reached as
high as 16% at a concentration of 0.01, a direct result of silver’s superior thermal
conductivity (429 W/m-K). By contrast, both Al,O; and CuO produced negligible
improvements at low concentrations and even reduced efficiency at higher ones. At
a mass fraction of 0.01, efficiency declined by 2% for Al,O; and by 1% for CuO,
most likely due to increased viscosity and associated flow resistance. For Ag, the
decline in generator efficiency observed as the mass fraction increased from 0.01
to 0.1 has been attributed to compositional effects that alter vaporization
characteristics and increase irreversibility in the generator. The mismatch between
heat input and effective vapor generation becomes more pronounced at higher

mass fractions, leading to reduced efficiency.
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Figure 4.13: Thermal Efficiency vs. Nanoparticle Mass Fraction for
R245fa/R123
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Figure 4.14: Thermal Efficiency vs. Nanoparticle Mass Fraction for
R245fa/R1233zd
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Figure 4.15: Thermal Efficiency vs. Nanoparticle Mass Fraction R1233zd/R123

Trends in net work, shown in Error! Reference source not found. — 4.18, mirrored
the efficiency results. Ag nanoparticles delivered higher output in all three mixtures,
with the effect strongest in R245fa/R1233zd(E) and R1233zd(E)/R123. CuO and
Al,O; slightly improved the net work up to a mass fraction of 0.001 but plateaued or
declined at higher concentrations. Ag showed some variability in the R245fa/R123

mixture but still outperformed oxide nanoparticles overall.
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Figure 4.16: Net Power Output vs. Nanoparticle Mass Fraction for R245fa/R123
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Figure 4.17: Net Power Output vs. Nanoparticle Mass Fraction for
R245fa/R1233zd
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Figure 4.18: Net Power Output vs. Nanoparticle Mass Fraction for
R1233zd/R123

Heat input behaviour demonstrated in Error! Reference source not found. — 4.21
highlighted silver’s advantage at low concentrations, particularly in the R245fa/R123
blend. However, this benefit diminished as concentration increased, again because
higher viscosity reduced flow and heat transfer efficiency. Al,O3; and CuO supported
stable heat absorption, with small peaks around 0.001 mass fraction, after which

further increases yielded diminishing returns.
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Figure 4.19: Heat Absorbed vs. Nanoparticle Mass Fraction for R245fa/R123
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Figure 4.20: Heat Absorbed vs. Nanoparticle Mass Fraction for
R245fa/R1233zd
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Figure 4.21: Heat Absorbed vs. Nanoparticle Mass Fraction for R1233zd/R123

For Set 1, silver nanoparticles offered the greatest improvements in efficiency, net
work, and heat absorption, but only when the concentration was optimised.
Overdosing undermined performance by raising viscosity and hydraulic losses. The
oxide nanoparticles provided greater thermal stability but lacked the conductivity

advantage needed to significantly boost performance.

4.3.3.2 Mixture Set 2: R1224yd(Z)/R1233zd(E), R1224yd(Z)/R1336mzz(Z), and
R1233zd(E)/R1336mzz(2)

This mixture set features newer low-GWP fluids, designed for higher-temperature
ORC systems. Nanoparticles assessed Ag, TiO,, and ZnO at mass fractions of
0.0001, 0.001, 0.01, and 0.1.

Silver once again produced the largest efficiency improvements, peaking at 10.68%
for R1224yd(Z)/R1336mzz(Z) and 10.77% for R1224yd(Z)/R1233zd(E) at a 0.1
mass fraction, as shown in Error! Reference source not found. — 4.24. TiO, and

ZnO maintained a steady efficiency of 8.3% at lower fractions but exhibited slight
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declines at 0.1 because higher viscosity reduced turbine effectiveness.
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Figure 4.22: Variation of Thermal Efficiency with Nanoparticle Mass Fraction
for R1224yd(Z)/R1336mzz(Z)
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Figure 4.23: Variation of Thermal Efficiency with Nanoparticle Mass Fraction
for R1224yd(Z)/R1233zd(E)
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Figure 4.24: Variation of thermal efficiency with nanoparticle mass fraction for
R1233zd(E)/R1336mzz(Z)

Among the three mixtures, R1224yd(Z)/R1233zd(E) produced the highest net work
values across all nanoparticle cases, as shown in Figure 4.25 - 4.27. At low
concentrations, TiO, and ZnO exceeded 147 kJ/kg, while Ag peaked at 132.4 kJ/kg
at 0.1 mass fraction. By contrast, R1233zd(E)/R1336mzz(Z) delivered the lowest
overall net work, ranging from 21.8 to 22.3 kJ/kg. At high Ag fractions (0.1), negative
turbine work was observed in some cases, suggesting phase instability or phase

incompatibility.
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Figure 4.25: Net Power Output Variation with Nanoparticle Mass Fraction for
R1224yd(Z)/R1336mzz(Z)
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Figure 4.26: Net Power Output Variation with Nanoparticle Mass Fraction for
R1224yd(Z)/R1233zd(E)
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Figure 4.27: Net Power Output Variation with Nanoparticle Mass Fraction for
R1233zd(E)/R1336mzz(Z)

While silver offers the strongest thermophysical advantages, high concentrations or
extended cycling may lead to agglomeration, sedimentation, or chemical reactivity
with metals such as stainless steel or copper. TiO, and ZnO, though less

conductive, are more stable and less prone to dispersion issues.

Nanoparticles do not alter the vapour—liquid equilibrium of zeotropic mixtures. The
base fluids retain their characteristic temperature glide, with nanoparticles only
modifying transport properties. This is consistent with previous findings (Mondejar
& Thern, 2017; Saadatfar et al., 2014).

Mixture Set 2 confirms that silver can significantly enhance efficiency and net power
output, particularly in R1224yd(Z)/R1233zd(E), but its benefits are highly
concentration-dependent. TiO, and ZnO provide smaller but more stable
improvements, making them preferable where operational stability is prioritised over

peak efficiency.
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4.4 Comparative Analysis with Existing ORC Systems

The comparison of the two zeotropic mixture sets reveals distinct thermodynamic
performance profiles that align with trends reported in recent ORC literature. At a
heat source temperature of 200 °C, Mixture Set 2, comprising newer low-GWP
fluids, consistently delivered higher specific work and comparable or slightly higher
thermal efficiency than Mixture Set 1. These outcomes reflect the benefits of
temperature glide and critical property matching, which underpin improved thermal
integration and reduced irreversibility. Similar conclusions have been drawn by
Siddiqui et al. (2023) and Saadatfar et al. (2014), who emphasise that well-designed
mixtures enhance exergy utilisation even when specific power may be constrained

by pinch point behaviour or component sizing.

4.4.1 Mixture Sets in the Context of Literature Benchmarks
The best-performing blend in Set 1, R1233zd(E)/R123, achieved the highest thermal

efficiency and net power output within the group. However, its performance remains
moderate when compared to newer mixtures. This trend is consistent with
experimental findings by Wang et al. (2023), who reported thermal efficiencies of 5—
6% and exergy efficiencies up to 23.2% for R245fa/R141b mixtures in scroll-based
ORC systems. These legacy blends benefit from temperature glide but are often
limited in specific power due to pinch point constraints at elevated source

temperatures.

The simulated results show higher thermal efficiency than those reported in small-
scale experimental setups, as expected given the idealised modelling assumptions
and optimised heat-source coupling. Nonetheless, the directional trade-offs, in
which mixture glide improves exergy efficiency, but pure fluids may yield higher
specific power, are consistent with the comparative analyses of Siddiqui et al. (2023)
and Zhao et al. (2020b).

Among the Set 2 mixtures, R1224yd(Z)/R1233zd(E) demonstrated superior
performance, achieving approximately 23 kd/kg in net work output and thermal
efficiencies of 8.3—8.5%. This reflects strong thermodynamic compatibility between
the pair, driven by favourable critical properties and robust temperature glide. In

101



contrast, R1224yd(Z)/R1336mzz(Z) lagged on Dboth metrics, while
R1233zd(E)/R1336mzz(Z) delivered intermediate results.

These findings align with the work of Saadatfar et al. (2014) and Mondejar & Thern
(2017), who showed that low-GWP fluids with well-matched critical properties and
non-ideal phase behaviour can reduce entropy generation and improve thermal
matching. Gains in exergy efficiency often coincide with modest penalties in specific
power when mixtures are not perfectly aligned with heat exchanger pinch points or

when one component (e.g., R1336mzz(Z)) limits expansion potential.

Mixture Set 2 outperformed Set 1 in both specific work and thermal efficiency at
200 °C. This advantage is attributed to stronger property matching and more
effective glide behaviour. The observed trade-off, higher thermal efficiency from
mixtures versus potentially higher power density from pure fluids, is consistent with
the findings of Siddiqui et al. (2023) and Blondel et al. (2023), who note that pursuing
higher specific power with pure fluids often demands larger heat exchanger areas

and tighter control of pinch conditions.

4.4.2 Implications Relative to Reported Trade-Offs

Although exergy efficiency was not explicitly calculated in this chapter, the observed
trends, such as reduced irreversibility in Set 2 mixtures and improved thermal
matching, suggest superior exergy behaviour compared to Set 1. This inference is
supported by Saadatfar et al. (2014) and Mondejar & Thern (2017), who
demonstrated that zeotropic mixtures with strong temperature glide reduce entropy
generation and improve exergy utilisation. Siddiqui et al. (2023) further noted that
pure fluids may vyield slightly higher specific net power at 200 °C, but mixtures offer

more stable efficiency under variable heat-source profiles.

Findings from Siddiqui et al. (2023) and Blondel et al. (2023) confirm that pure fluids
require larger heat exchanger areas to achieve higher specific power. The results
show that Set 2’'s leading pair (R1224yd(Z)/R1233zd(E)) mitigates this risk by
improving critical property alignment and glide behaviour, enabling a more compact
and efficient system design.
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Experimental scroll-based systems typically report lower absolute thermal
efficiencies than simulations (Budianto et al., 2024; Liang & Yu, 2021). The higher
thermal efficiency values observed in this chapter at 200 °C are consistent with
idealised modelling and improved resource coupling. The alignment with
experimental trends strengthens confidence in the comparative insights, even when

absolute magnitudes differ.

4.5 System-Level Performance

The interplay between working fluid properties, heat source behaviour, component-
level dynamics, and enhancement strategies such as nanoparticle doping, shapes
system-level performance in ORC applications. This section consolidates the
findings from previous analyses to evaluate how these factors collectively influence
key performance metrics, including thermal efficiency, net power output, and

evaporator duty.

4.5.1 Thermodynamic Integration and Temperature Glide

Zeotropic mixtures demonstrated a clear advantage over pure fluids in terms of
temperature glide, enabling improved thermal matching in both the evaporator and
the condenser. This alignment reduced irreversibility and exergy destruction,
particularly under variable-heat-source conditions. Mixtures such as
R1224yd(Z)/R1233zd(E) demonstrated strong compatibility with the hybrid solar—
biomass input profile, maintaining stable performance across seasonal DNI

fluctuations and biomass-supplementation cycles.

These findings are consistent with the work of Saadatfar et al. (2014), who
emphasised that zeotropic mixtures with well-matched critical properties reduce
entropy generation and improve exergy utilisation in hybrid ORC systems. Mondejar
& Thern (2017) further demonstrated that temperature glide enhances heat-source
coupling and reduces pinch-point constraints, allowing smoother heat exchange and

better utilisation of available thermal energy.
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4.5.2 Nanoparticle Enhancement and Hydraulic Trade-offs

Silver nanoparticles consistently improve heat transfer performance due to their high
thermal conductivity (429 W/m-K). At optimal concentrations (typically < 0.01 mass
fraction), Ag-enhanced mixtures achieved thermal efficiency gains of up to 16% and
notable increases in net power output. However, higher concentrations introduced

instabilities in the system.

Ali et al. (2018) reported similar trends, noting that while metallic nanoparticles such
as Ag offer superior thermal conductivity, they also pose challenges related to
dispersion stability and hydraulic losses. Oxide-based nanoparticles (Al,O3, CuO,
TiO,, ZnO) offered more stable but modest improvements. Their lower conductivity
limited heat transfer enhancement, but they maintained dispersion stability and
avoided the agglomeration risks associated with metallic nanoparticles. These
trade-offs underscore the need for careful dosage control and compatibility

assessment when integrating nanofluids into ORC systems.

4.5.3 Component-Level Interactions and Cycle Behaviour

The performance of individual components, particularly the evaporator and
expander, was sensitive to both fluid composition and nanoparticle concentration.
Mixtures with strong temperature glide reduced thermal mismatches and improved
evaporator duty, while high-conductivity nanofluids accelerated heat absorption.
However, turbine performance was constrained when fluid viscosity exceeded

optimal thresholds, especially at high nanoparticle loadings.

The condenser performance remained stable across most configurations, but
mixtures with poor critical property alignment (e.g., R1224yd(Z)/R1336mzz(Z))
exhibited reduced expansion potential and lower net work output. These
observations reinforce the findings of Siddiqui et al. (2021), who showed that fluid
compatibility and phase behaviour significantly influence component-level efficiency

and cycle stability.
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4.5.4 System Optimisation and Design Implications

Achieving optimal system-level performance requires an integrated design
approach. Isolated enhancements, such as selecting a high-efficiency fluid or
adding nanoparticles, are insufficient unless they align with the broader
thermodynamic and hydraulic context. The most promising configurations in this
study, which balanced fluid composition, nanoparticle concentration, and heat

source variability, delivered consistent performance.

For decentralised energy systems, especially in off-grid or resource-variable
settings, this balance is critical. Mixtures such as R1224yd(Z)/R1233zd(E) with Ag
doping at controlled concentrations offer a viable pathway to high-efficiency, low-
GWP power generation. However, long-term stability, material compatibility, and
lifecycle impacts must be addressed through experimental validation and robust
control strategies, as emphasised by Ali et al. (2018) and Mondejar and Thern
(2017).

4.6 Summary of Results and Discussions

This chapter presented a comprehensive thermodynamic evaluation of a hybrid
solar-biomass ORC system that integrates zeotropic mixtures and nanoparticle-
enhanced working fluids. The key findings are summarised below:

i.  The selected West African site demonstrated strong solar potential, with peak
DNI exceeding 150 kWh/m? during the dry season. Biomass resources,
including agricultural residues, forest products, and animal waste, provided a
stable thermal baseline, ensuring year-round operability. The hybrid
configuration effectively balanced seasonal variability, leveraging solar input
when available and supplementing it with biomass during periods of DNI.

i. Lower mass flow rates (e.g., 0.05 kg/s) improved collector outlet
temperatures due to increased residence time, reaching up to 178.8°C in
December. However, this came at the cost of reduced throughput and
increased biomass demand. Optimal flow rate selection must strike a balance
among heat recovery, fuel cost, and system efficiency.

i.  Zeotropic mixtures outperformed pure fluids in terms of thermal matching and
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Vi.

temperature glide. Mixture Set 2, particularly R1224yd(Z)/R1233zd(E),
achieved the highest net work output (~23 kd/kg) and thermal efficiency
(~8.3-8.5%), benefiting from favourable critical property alignment and
robust glide behaviour. These results align with findings by Saadatfar et al.
(2014) and Mondejar and Thern (2017), who emphasised the exergy
advantages of well-matched mixtures.

Silver nanoparticles delivered the most significant thermal gains, with optimal
concentrations (< 0.01 mass fraction) yielding up to a 16% improvement in
thermal efficiency. However, higher loadings introduced viscosity penalties
and dispersion instability. Oxide-based nanoparticles (Al,O3;, CuO, TiO,,
Zn0O) offered more stable but modest enhancements. These trends are
consistent with the work of Ali et al. (2018), who highlighted the trade-offs
between conductivity and hydraulic performance.

The most effective configurations balanced the fluid composition,
nanoparticle concentration, and heat-source variability. Mixtures with strong
temperature glide reduced irreversibility and improved evaporator duty, while
Ag-enhanced fluids accelerated heat absorption. However, turbine
performance was sensitive to viscosity increases, particularly at high
nanoparticle loadings. These findings underscore the importance of
integrating design strategies that account for thermodynamic, hydraulic, and
operational constraints.

Mixture Set 2 consistently outperformed Set 1 in both net work and thermal
efficiency, confirming literature trends that favour low-GWP, high-stability
fluids with synergistic phase behaviour. The trade-offs between exergy
efficiency and power density observed in this study mirror those reported by
Siddiqui et al. (2023), underscoring the importance of fluid-property matching

and pinch point control.
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Chapter Five

5 Conclusions and Recommendations

5.1 Summary of Major Findings and Contributions

This chapter concludes the thesis by synthesising its principal findings and

highlighting original contributions to the field of thermodynamic system optimisation.

The research focused on enhancing the performance of hybrid ORC systems

powered by solar and biomass heat sources, using HFO-based zeotropic mixtures

and nanoparticle-enhanced working fluids. Through rigorous simulation and

comparative analysis, the study addressed key challenges in low-grade heat

utilisation, fluid selection, and hybrid energy integration, with particular relevance to

energy-constrained regions such as Sub-Saharan Africa.

The investigation yielded several notable insights:

Among the fluid sets explored, R1224yd(Z)/R1233zd(E) emerged as the
most thermodynamically favourable. Its strong temperature glide and well-
aligned critical properties enabled improved heat source matching and
reduced entropy generation during phase transitions.

Silver nanoparticles, when applied at optimal mass fractions (NPF < 0.01),
significantly enhanced thermal conductivity and system efficiency. Peak
thermal efficiencies reached up to 10.77%, outperforming oxide-based
alternatives such as TiO, and ZnO. However, the study also emphasised the
importance of dosage control and dispersion stability to mitigate hydraulic
losses.

The combination of solar and biomass inputs within a parallel configuration
improved operational reliability and ensured continuity of thermal supply
under variable environmental conditions. This dual-source strategy
effectively addressed the intermittence challenges associated with solar

energy alone.
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iv. A modular simulation environment was constructed in ASPEN Plus to model
ORC behaviour under varying fluid compositions, nanoparticle
concentrations, and heat-source conditions. This framework enabled
sensitivity analysis and performance benchmarking across multiple design
scenarios.

v. Drawing on simulation insights and the literature, the study proposes a
modular, scalable ORC system architecture tailored for decentralised energy
deployment. The design prioritises adaptability, ease of integration, and

compatibility with locally available renewable resources.

The research questions outlined in Section 1.4 were systematically addressed
throughout the study. Research Question (i) was resolved in Section4.1 and
reinforced in Section 5.1.iii, where the dual-source solar-biomass configuration
improved reliability. Research Question (i) was examined in Section4.2 and
concluded in Section 5.2, with R1224yd(Z)/R1233zd(E) identified as the most
favourable mixture. Research Question (iii) was addressed in Section 4.3 and
summarised in Section 5.2, where silver nanoparticles at NPF <0.01 enhanced
conductivity and efficiency. Finally, Research Question (iv) was explored in
Sections 4.2—4.3 and synthesised in Section 5.1.iv, confirming that composition

often outweighs absolute temperature in determining performance.

5.2 Thermophysical Insights and Fluid-Selection
Guidance

This research provided detailed thermophysical insights that guided the selection
and optimisation of working fluids for ORC applications. The findings highlight how
fluid behaviour, environmental compatibility, and nanoparticle integration

collectively influence system performance.

Zeotropic mixtures, particularly those based on hydrofluoroolefins, demonstrated
significant advantages over pure fluids. Their non-isothermal phase transitions
enabled the gradual absorption and rejection of heat, creating a temperature glide
that improved thermal matching with the heat source. This behaviour reduced
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entropy generation and enhanced exergy efficiency, especially at medium

temperatures.

HFO-based fluids emerged as environmentally responsible alternatives to legacy
refrigerants. With low GWP, zero ODP, and favourable thermodynamic properties,
these fluids are well-suited for sustainable deployment in decentralised energy

systems.

Among the nanoparticle types investigated, silver exhibited exceptional thermal
conductivity and maintained stable dispersion at low mass fractions. When paired
with the R1224yd(Z)/R1233zd(E) mixture, Ag nanoparticles enhanced heat transfer
and reduced thermodynamic irreversibilities. However, the study also underscored
the importance of dosage control. While low nanoparticle mass fractions (NPF <
0.01) improved performance, excessive doping (NPF = 0.1) increased viscosity,

pumping work, and net power output.

Based on these insights, the R1224yd(Z)/R1233zd(E) mixture doped with Ag at NPF
= 0.01 is recommended as the optimal working fluid for hybrid ORC systems
operating within the 100-200 °C temperature range. This pairing strikes a balance
between thermal enhancement and fluid stability, offering a promising pathway for

efficient and environmentally conscious energy conversion.

5.3 System Desigh Recommendations

Building on the thermophysical insights and simulation results, this section presents
practical system design recommendations for hybrid ORC configurations operating
within the 100-200 °C temperature range. These recommendations aim to guide
future implementation, improve operational reliability, and support scalable

deployment in decentralised energy contexts.

i. The R1224yd(Z)/R1233zd(E) zeotropic mixture, doped with silver
nanoparticles at a mass fraction of NPF = 0.01, is recommended as the
optimal working fluid. This pairing offers strong temperature glide, enhanced
thermal conductivity, and low global warming potential, making it suitable for

medium-grade heat recovery and environmentally conscious design.
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ii. A hybrid configuration that combines solar collectors and biomass boilers is
recommended to ensure thermal continuity. Solar energy should be
prioritised during high-DNI periods, while biomass serves as a reliable
auxiliary source during low insolation or nighttime operation. This dual-source
strategy mitigates intermittency and supports stable power generation.

iii. Parallel heat exchanger arrangements are recommended to allow
independent or simultaneous engagement of solar and biomass inputs. This
configuration improves thermal control, simplifies flow management, and
enhances system flexibility. Careful sizing based on fluid properties and
expected operating conditions is essential to minimise pinch point losses.

iv. ~To maintain nanoparticle stability and prevent agglomeration, low-
concentration doping (NPF < 0.01) should be used. Advanced dispersion
techniques, such as ultrasonic agitation or surfactant stabilisation, may be
considered in experimental setups. Real-time monitoring of viscosity and flow
behaviour is critical to ensure consistent performance.

v. Thermostatic and flow-based control systems should be implemented to
regulate the engagement of the heat source and maintain fluid stability.
Sensor networks for temperature, pressure, and nanoparticle dispersion can
support adaptive operation and fault detection, especially in off-grid or remote
installations.

vi.  The proposed ORC architecture should adopt modular design principles to
support scalability, ease of maintenance, and integration with locally
available resources. Modular components, including pumps, turbines, and
heat exchangers, allow for flexible system expansion and tailored

deployment across diverse geographic and economic settings.

5.4 Limitations and Future Experimental Directions

While the study provided valuable modelling insights into hybrid ORC systems,
several limitations were acknowledged, warranting further investigation and

experimental validation.
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First, the simulations were conducted under steady-state conditions and assumed
ideal component behaviour. In practice, ORC systems exhibit dynamic responses,
transient effects, and nonlinear interactions that the current framework does not
capture. These real-world complexities may influence system stability, control

strategies, and overall performance.

Second, nanoparticle dispersion stability was modelled using empirical correlations.
The study did not experimentally validate agglomeration, sedimentation, or long-
term fluid compatibility, all of which are critical factors for sustained thermal
enhancement and reliable operation. Without laboratory verification, the practical

viability of nanofluid integration remains uncertain.

Third, the economic feasibility of the proposed system was not assessed. Key
financial metrics such as capital investment, operational costs, payback period, and
lifecycle emissions were beyond the scope of this thesis. However, these
considerations are essential for commercialisation and policy adoption, particularly

in resource-constrained regions.

Fourth, the environmental impact of nanopatrticle disposal and fluid degradation was
not evaluated. The long-term ecological implications of nanofluid use, including
potential toxicity, recyclability, and waste management, require careful research to

ensure safe and sustainable deployment.
To address these limitations, future research should focus on the following areas:

i. Experimental validation of nanoparticle-enhanced zeotropic mixtures under
controlled laboratory conditions, including thermal cycling, flow stability, and

material compatibility assessments.

i. Development of advanced dispersion techniques, including ultrasonic
agitation, surfactant stabilisation, and magnetic alignment, to enhance

nanoparticle distribution and prevent agglomeration.

ii. Techno-economic modelling to evaluate the cost-effectiveness, scalability,
and financial viability of hybrid ORC systems across diverse geographic and

socio-economic contexts.
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iv.  Integration of intelligent control algorithms and sensor networks to enable
adaptive operation, fault detection, and real-time performance optimisation,

especially in decentralised or off-grid environments.

These directions will help bridge the gap between simulation and deployment,
ensuring that future ORC systems are not only thermodynamically optimised but

also economically viable, environmentally responsible, and operationally robust.

5.5 Contribution to Knowledge

The contributions presented in this study have been derived from a rigorous
thermodynamic optimisation and modelling framework. Although real-time
experimental validation was not conducted, the reliability of the findings has been
supported through benchmarking against established reference fluids and
systematic energy-exergy analysis across hybrid solar-biomass scenarios. The
absence of experimental validation defines the scope of the work as computational
optimisation and highlights the need for subsequent empirical studies. In this way,
the contributions are positioned as credible within the modelling domain, while also
providing a clear foundation for future experimental verification and practical

deployment.
Key contributions include:

i. The identification and thermodynamic characterisation of the
R1224yd(Z)/R1233zd(E) zeotropic mixture, especially when doped with
silver nanoparticles at low mass fractions, offers a novel working fluid
configuration that balances thermal efficiency, environmental responsibility,
and fluid stability. This pairing has not been extensively explored in prior
literature and demonstrates strong potential for medium-grade heat

applications.

i. The proposed dual-source configuration, combining solar and biomass heat
sources, provides a resilient, context-sensitive solution to the intermittency

challenges of renewable energy. This framework supports continuous
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thermal input and is particularly relevant for decentralised energy systems in

Sub-Saharan Africa and other regions with energy constraints.

The development of a modular ASPEN Plus simulation environment enables
detailed performance benchmarking across fluid compositions, nanoparticle
concentrations, and heat source conditions. This framework supports
reproducibility, comparative analysis, and future adaptation to emerging

fluids and technologies.

The study introduces a modular and scalable ORC architecture tailored for
off-grid deployment. By emphasising adaptability, ease of integration, and
compatibility with locally available resources, the design contributes to the

practical advancement of sustainable power generation technologies.

The research deepens an understanding of how temperature glide, critical
property alignment, and nanoparticle doping influence exergy efficiency and
system behaviour. These insights inform fluid selection strategies and
highlight the trade-offs between thermal enhancement and hydraulic

performance.
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Appendices

Appendix A — Simulation Parameters and Input Data

This appendix provides the complete set of simulation inputs and assumptions used
to model the hybrid solar-biomass ORC system in ASPEN Plus V14. The details
cover boundary conditions, component assumptions, module settings, property

adjustments for nanofluids, and heat source management strategies.

A1. Boundary Conditions

Parameter Value(s) Remarks

Evaporator inlet 140, 160, 180, 200 °C Buffer outlet setpoints

temperature

Evaporator pressure 800 kPa (Set 1); 3.1-3.5 Adjusted for critical
MPa (Set 2) pressures

Condenser temperature 25 °C Ambient air-cooled

Condenser pressure 200 kPa (Set 1); per Pc for Cycle closing condition
Set 2

HTF flow rate 0.05 kg/s and 0.1 kg/s Solar loop flow rates

A2. Component Assumptions

Pump isentropic efficiency: default ASPEN thermodynamic calculation
Turbine isentropic efficiency: default ASPEN thermodynamic calculation
Pressure drops in pipes/heat exchangers: neglected

Evaporator and condenser: HXFlux module (counterflow)

140



Module Settings

Property method: Peng—Robinson EOS (PEOS)
Convergence criteria: tolerance 1e-6; max iterations = 200
Solver: Wegstein acceleration enabled

Nanofluid Property Adjustments

Nanoparticle-enhanced fluid properties were calculated using the following

relations:
o Density:
Pt = (1= P)pr + dpp
« Specific heat capacity:
Conf = (L= @)Cpr + PCpp
o Thermal conductivity (Maxwell relation):

ke + 2k — 2¢(ky — k)

kot = ke G 2k + g — k)

o Viscosity (Brinkman model):

-
SNCEE
Where:

e ¢= nanoparticle volume fraction

« Subscripts fand prefer to base fluid and particle respectively

Heat Source Management
Solar energy prioritized; biomass engaged if buffer outlet < setpoint — 3 °C
Biomass efficiency: 80—-85%

Fuel LHV: 15-18 MJ/kg
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Appendix B — Thermophysical Properties of Working

Fluids

This appendix summarizes the thermophysical and environmental properties of the

working fluids and nanoparticles evaluated.

Zeotropic Mixtures — Set 1

Fluid Tc (°C) Pc (MPa)
R245fa 154.0 3.65
R1233zd(E) 165.6 3.63
R123 183.7 3.67
Zeotropic Mixtures — Set 2
Mixture Tc (°C) Pc (MPa)
R1224yd(Z) 153.7 3.62
R1336mzz(Z) 171.3 2.90
R1233zd(E) 165.6 3.63

Nanoparticle Properties

142

GWP / ODP
1030/0

~71/0

77/0.012

GWP / ODP
~1/0

~2/0

~7/0

Notes

Widely used in ORC
studies; relatively
high GWP
Low-GWP HFO;
ASHRAE A1
classification
Transitional
refrigerant; phased
out under the
Montreal Protocol
due to ODP

Notes

Low-GWP HFO;
zero ODP; suitable
for medium-T ORC
Very low GWP; high
Tc; candidate for
high-T ORC

Low GWP, zero
ODP; ASHRAE A1

classification, stable



Nanoparticle
Ag

Al,O;

CuO

TiO,

ZnO

k (W/m-K)
429
36
20
8.4
23

p (kg/m?)
10,500
3970
6320
4230
5600
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cp (J/kg-K)
235
765
535
692
495



Appendix C — Governing Equations and Derivations

This appendix presents the fundamental thermodynamic equations and derivations
used in modeling the hybrid ORC systems described in Chapters 3 and 4. The
equations underpin the simulation framework developed in Aspen Plus and support

the performance analysis of zeotropic mixtures and nanoparticle-enhanced fluids.

Energy Balance Equations
Pump Work:
v-AP

pump =
Npump

Where:
v= specific volume of the working fluid
AP= pressure rise across the pump
Npump= isentropic efficiency of the pump
Turbine Work:
Whurbine = Tturbine * (Rin — hout)
Where:
hin, hout= specific enthalpies at turbine inlet and outlet

Nwrbine= 1s€ntropic efficiency of the turbine

Net Work Output:
Whet = Whurbine — Wpump

Heat Input and Rejection:

Qin = hevap,out - hevap,in; Qout = hcond,out - hcond,in

Efficiency Metrics
Thermal Efficiency:
n= Wnet
Qin

Exergy Efficiency:
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Wnet

Nex =

_Qin'(l_ To

TSOUFCG

Where:
T,= ambient temperature
Tsource= heat source temperature
Heat Transfer and Fluid Property Equations
Heat Transfer Rate:
Q=m-c,- AT
Where:
m= mass flow rate
c,= specific heat capacity
AT= temperature difference across the heat exchanger
Nanofluid Property Adjustments:
Effective properties for nanoparticle-enhanced fluids were calculated using
empirical correlations:

Effective Thermal Conductivity (Maxwell model):

o kot 2k = 20 (ks — k)
T Yk + 2k + (ks — k)

keff =

Effective Viscosity (Brinkman model):

Mot = s - (1 — )75

Where:
k¢, ng=thermal conductivity and viscosity of base fluid
k,= thermal conductivity of nanoparticle

¢= nanoparticle volume fraction

Equation of State (EOS) Modifications
The Peng—Robinson EOS was used to model fluid behaviour, with
adjustments for nanofluid mixtures:
RT a(T)

P =y~ ver v b2

Where:
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a(T)and bare fluid-specific parameters
Nanoparticle effects were incorporated by modifying a(T)based on effective

heat capacity and dispersion stability.
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Appendix D — Supplementary Results

This appendix presents additional simulation outputs, performance graphs, and sensitivity analyses that support the findings discussed in
Chapters 3 and 4. These results offer deeper insight into system behaviour across varying fluid compositions, nanoparticle concentrations,

and heat source conditions.

Mixture Set 1 Results Table

R245fa/R123 (200 oC) AI203 Cuo Ag
100/ | 90/1 | 80/2 | 70/3 | 60/4 | 50/5 | 40/6 | 30/7 | 20/8 | 10/9 | 0/10 | 0.01 | 0.00 | 0.00 | 0.00 | 0.000 | 0.01 | 0.00 | 0.00 | 0.00 | 0.000 | 0.01 | 0.00 | 0.00 | 0.00 | 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 | 001 1 01 001 | 001 1 01 001 | 001
W_t | 376 | 371 | 365 | 36.0 | 3556 | 35.0 | 344 | 33.9 | 334 | 328 | 323 | 331 | 334 | 334 | 33.4 | 3342 | 330 | 33.3 | 33.3 | 334 | 3342 | 331 | 333 | 331 | 334 | 33.42
ur 4 2 9 7 4 2 9 6 2 9 5 3 6 2 2 9 9 5 3 1 9 2 0
W_p | 046 | 045 | 045 | 045 | 044 | 044 | 044 | 043 | 043 | 043 | 043 | 047 | 044 | 043 | 043 | 043 | 044 | 043 | 043 | 043 | 043 | 043 | 043 | 043 | 043 | 043
ump
Qin | 354. | 346. | 339. | 331. | 323. | 316. | 308. | 300. | 292. | 284. | 276. | 295. | 292. | 292. | 292. | 292.6 | 292. | 292. | 292. | 292. | 292.6 | 255. | 288. | 292. | 292. | 2926
15 60 02 41 76 06 31 51 63 68 63 95 98 67 63 3 00 57 62 64 3 29 88 26 59 3
Qo | 316. | 309. | 302. | 295. | 288. | 281. | 274. | 266. | 259. | 252. | 244. | 263. | 259. | 250. | 250. | 259.6 | 259. | 259. | 259. | 259. | 259.6 | 222. | 255. | 259. | 259. | 259.6
ut 97 94 88 79 66 48 26 98 64 22 70 29 92 68 64 4 34 61 70 65 5 62 92 57 63 4
W_n | 371 | 366 | 361 | 356 | 351 | 345 | 340 | 335 | 329 | 324 | 31.9 | 326 | 33.0 | 32.9 | 329 | 32.99 | 326 | 329 | 329 | 329 | 3299 | 326 | 329 | 326 | 329 | 32.99
et 8 6 4 2 0 8 5 2 9 6 3 6 3 9 9 5 6 2 9 8 6 9 6
Eff 105 | 105 | 106 | 10.7 | 108 | 109 | 110 | 111 | 12 | 114 | 115 | 110 | 112 | 112 | 112 | 1127 | 111 | 112 | 112 | 112 | 127 | 128 | 14 | 11 | 112 | 11.27
0% | 8% |6% |5% |4% |4% |[4% |6% |7% |0% |4% |4% |7% |7% | 7% | % 8% | 7% | 5% | 7% | % 0% | 1% | 8% | 7% | %
R245fa/R123 (150 oC) AI203 Cuo Ag
100/ | 90/1 | 80/2 | 70/3 | 60/4 | 50/5 | 40/6 | 30/7 | 20/8 | 10/9 | 0/10 | 0.01 | 0.00 | 0.00 | 0.00 | 0.000 | 0.01 | 0.00 | 0.00 | 0.00 | 0.000 | 0.01 | 0.00 | 0.00 | 0.00 | 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 | 001 1 01 001 | 001 1 01 001 | 001
W_t | 328 | 324 | 319 | 314 | 31.0 | 305 | 30.0 | 295 | 291 | 286 | 281 | 28.8 | 29.0 | 29.0 | 291 | 2911 | 287 | 291 | 291 | 291 | 2911 | 28.8 | 29.0 | 29.1 | 29.0 | 29.1
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ur 8 1 4 7 0 3 6 8 1 3 5 5 9 9 1 9 2 1 1 3 8 1 8
W_p 0.46 0.45 0.45 0.45 0.44 0.44 0.44 0.43 0.43 0.43 0.43 0.47 | 044 | 044 | 043 0.43 0.44 | 043 | 043 | 043 0.43 043 | 043 | 043 | 043 0.43
ump
Q_in | 296. 290. 283. 277. 271. 265. 259. 252. 246. 240. 233. 249. 246. 246. 246. 246.5 245. 246. 246. 246. 246.5 209. 242. 246. 246. 246.5
10 05 97 86 70 51 26 95 57 1 56 72 91 91 58 7 75 49 56 57 7 34 84 20 53 7
Q.o 263. 258. 252. 246. 241. 235. 229. 223. 217. 211. 205. 221. 218. 218. 217. 217.9 217. 217. 217. 217. 217.8 180. 214. 217. 217. 217.9
ut 68 09 48 83 14 41 64 80 90 91 84 34 25 25 90 0 40 80 88 89 9 93 19 52 89 0
W_n 324 31.9 31.4 31.0 30.5 30.0 29.6 291 28.6 28.2 27.7 28.3 | 286 | 28.6 | 286 28.68 28.3 | 286 | 28.6 | 28.6 28.68 284 | 286 | 286 | 28.6 28.67
et 2 6 9 3 6 9 2 5 8 0 2 8 6 6 8 5 9 8 8 0 5 7 4
Eff 10.9 11.0 11.0 111 11.2 11.3 1.4 11.5 11.6 1.7 11.8 11.3 11.6 11.6 11.6 11.63 11.5 11.6 11.6 11.6 11.63 13.5 11.8 11.6 11.6 11.63
5% 2% 9% 7% 5% 3% 3% 2% 3% 4% 7% 7% 1% 1% 3% % 4% 4% 3% 3% % 7% 0% 5% 2% %
R245fa/R123 (120 oC) Al203 CuO Ag
100/ 90/1 80/2 70/3 60/4 50/5 40/6 30/7 20/8 10/9 0/10 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001
W_t 29.9 294 29.0 28.6 28.1 27.7 27.2 26.8 26.4 25.9 25.5 26.1 26.3 | 264 | 26.4 26.41 26.0 | 26.3 | 26.4 | 26.4 26.41 26.1 26.3 | 264 | 26.4 26.41
ur 1 8 4 1 7 3 9 5 1 6 1 6 9 6 1 5 9 4 1 6 8 0 1
W_p 0.46 0.45 0.45 0.45 0.44 0.44 0.44 0.43 0.43 0.43 0.43 0.47 | 044 | 043 | 043 0.43 0.44 | 043 | 043 | 043 0.43 043 | 043 | 043 | 043 0.43
ump
Q_in | 262. 257. 252. 247. 241. 236. 230. 225. 219. 214. 208. 222. 220. 219. 219. 219.8 218. 219. 219. 219. 219.8 182. 216. 219. 219. 219.8
91 68 41 1 77 38 94 44 88 23 49 80 19 91 88 8 59 75 86 87 8 68 14 50 84 7
Q.o 233. 228. 223. 218. 214. 209. 204. 199. 193. 188. 183. 197. 194. 193. 193. 193.9 192. 193. 193. 193. 193.8 156. 190. 193. 193. 193.9
ut 46 65 82 95 04 09 09 03 90 70 40 12 24 88 91 0 98 79 86 90 9 95 19 53 87 0
W_n 294 29.0 28.5 28.1 27.7 27.2 26.8 26.4 25.9 25.5 25.0 256 | 2569 | 26.0 | 259 25.97 256 | 2569 | 26.0 | 259 25.98 257 | 25,9 | 269 | 25.9 25.97
et 5 2 9 6 3 9 5 1 7 3 9 9 5 3 7 1 5 0 8 3 5 7 7
Eff 11.2 11.2 11.3 1.4 11.4 11.5 11.6 11.7 11.8 11.9 12.0 11.5 11.7 11.8 11.8 11.81 11.7 11.8 11.8 11.8 11.82 14.0 12.0 11.8 11.8 11.81
0% 6% 3% 0% 7% 5% 3% 2% 1% 2% 3% 3% 9% 4% 1% % 2% 1% 3% 1% % 8% 1% 3% 1% %
R245fa/R1233zd (200 oC) Al203 CuO Ag
100/ 90/1 80/2 70/3 60/4 50/5 40/6 30/7 20/8 10/9 0/10 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001
W_t 37.6 37.7 37.7 37.8 37.8 37.9 37.9 38.0 38.0 38.1 38.1 37.7 | 38.0 | 38.0 | 38.0 38.09 37.7 | 38.0 | 38.0 | 38.0 38.08 37.7 | 38.0 | 38.0 | 38.0 38.09
ur 4 0 6 1 7 3 8 3 9 4 9 6 6 8 9 2 5 9 9 2 5 8 9
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W_p 0.46 0.46 0.46 0.47 0.47 0.47 0.48 0.48 0.48 0.49 0.49 0.52 | 049 | 048 | 0.48 0.48 0.49 | 048 | 048 | 0.48 0.48 048 | 048 | 048 | 0.48 0.48
ump
Q_in | 354. 351. 349. 347. 345. 343. 341. 339. 336. 334. 332. 340. 337. 336. 336. 336.9 336. 336. 336. 336. 336.9 299. 333. 336. 336. 336.9
15 99 83 67 52 37 23 08 94 80 66 08 27 97 94 4 05 85 93 95 4 15 15 56 90 3
Q.o 316. 314. 312. 310. 308. 305. 303. 301. 299. 297. 294. 302. 299. 299. 299. 299.3 298. 299. 299. 299. 299.3 261. 295. 298. 299. 299.3
ut 97 75 54 33 12 92 72 53 33 14 96 84 70 37 34 3 82 28 33 34 4 90 58 96 30 3
W_n 371 37.2 37.2 37.3 374 374 37.5 375 37.6 37.6 37.7 372 | 375 | 376 | 376 37.60 372 | 375 | 376 | 376 37.60 372 | 375 | 376 | 376 37.60
et 8 4 9 5 0 5 0 6 0 5 0 4 7 0 0 3 7 0 1 4 7 0 0
Eff 10.5 10.5 10.6 10.7 10.8 10.9 10.9 11.0 111 1.2 11.3 10.9 111 111 111 11.16 11.0 111 111 111 11.16 12.4 11.2 111 111 11.16
0% 8% 6% 4% 2% 1% 9% 8% 6% 5% 3% 5% 4% 6% 6% % 8% 5% 6% 6% % 5% 8% 7% 6% %
R245fa/R1233zd (150 oC) AI203 CuO Ag
100/ 90/1 80/2 70/3 60/4 50/5 40/6 30/7 20/8 10/9 0/10 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000
0 0 (1] 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001
W_t 32.8 32.9 32.9 33.0 33.0 33.1 33.1 33.1 33.2 33.2 33.2 32.9 | 331 33.2 | 33.2 33.22 32.8 | 331 33.2 | 33.2 33.22 329 | 331 33.2 | 331 33.22
ur 8 2 7 1 5 0 4 8 2 6 9 3 9 2 2 8 8 1 3 0 9 5 9
W_p 0.46 0.46 0.46 0.47 0.47 0.47 0.48 0.48 0.48 0.49 0.49 0.52 | 049 | 048 | 0.48 0.48 049 | 048 | 0.48 | 0.48 0.48 048 | 048 | 0.48 | 0.48 0.48
ump
Q_in | 296. 294. 293. 291. 289. 288. 286. 285. 283. 282. 280. 286. 284. 283. 283. 283.7 282. 283. 283. 283. 283.7 246. 279. 283. 283. 283.7
10 55 00 45 91 37 83 30 76 23 70 84 09 80 77 6 84 67 75 76 6 14 99 80 77 6
Q.o 263. 262. 260. 258. 257. 255. 254. 252. 251. 249. 247. 254. 251. 251. 251. 251.0 250. 250. 251. 251. 251.0 213. 247. 251. 251. 251.0
ut 68 08 49 91 33 75 17 60 03 46 90 43 38 06 03 3 46 97 02 02 3 72 29 03 06 3
W_n 324 324 32.5 32.5 32.5 32.6 32.6 32.7 32.7 32.7 32.8 324 | 327 | 32.7 | 32.7 32.74 32.3 | 32.7 | 32.7 | 32.7 32.74 324 | 32.7 | 32.7 | 32.7 32.74
et 2 6 0 4 8 2 6 0 4 7 1 1 0 3 3 9 0 3 5 2 0 7 1
Eff 10.9 11.0 11.0 111 11.2 11.3 11.3 11.4 11.5 11.6 11.6 11.3 11.5 11.5 11.5 11.54 11.4 11.5 11.5 11.5 11.54 13.1 11.6 11.5 11.5 11.54
5% 2% 9% 7% 4% 1% 9% 6% 4% 1% 9% 0% 1% 3% 4% % 5% 3% 4% 4% % 7% 8% 5% 3% %
R245fa/R1233zd (120 oC) Al203 CuO Ag
100/ 90/1 80/2 70/3 60/4 50/5 40/6 30/7 20/8 10/9 0/10 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000 0.01 0.00 | 0.00 | 0.00 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001
W_t 29.9 29.9 29.9 30.0 30.0 30.0 30.1 30.1 30.1 30.2 30.2 29.9 | 3041 30.1 30.1 30.18 29.8 | 3041 30.1 30.2 30.18 29.8 | 30.1 30.1 30.1 30.18
ur 1 5 8 2 5 8 2 5 8 1 4 1 5 7 8 3 4 7 0 9 5 7 8
W_p 0.46 0.46 0.46 0.47 0.47 0.47 0.48 0.48 0.48 0.49 0.49 0.52 | 049 | 048 | 0.48 0.48 0.49 | 048 | 048 | 0.48 0.48 048 | 048 | 048 | 0.48 0.48
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ump
Q_in | 262. | 261. | 260. | 259. | 257. | 256. | 255. 254. | 253. | 251. | 250. 256. | 253. | 253. | 253. 253.0 | 251. | 252. | 253. | 253. 253.0 | 215. | 249. | 252. | 253. 253.0
91 67 44 20 97 74 51 29 07 84 62 01 38 10 07 7 92 95 05 06 7 53 30 69 03 6
Q_o | 233. | 232. | 230. | 229. | 228. | 227. | 225. 224. | 223. | 222. | 220. 226. | 223. | 223. | 223. 223.3 | 222. | 223. | 223. | 223. 2233 | 186. | 219. | 223. | 223. 223.3
ut 46 19 92 65 39 13 87 62 37 12 88 62 71 40 37 7 58 29 36 35 6 11 63 00 33 7
W_n | 294 | 294 | 295 | 295 | 295 | 296 | 296 | 296 | 29.7 | 29.7 | 29.7 | 293 | 296 | 296 | 29.7 29.70 | 29.3 | 296 | 296 | 29.7 29.70 | 29.4 | 296 | 29.6 | 29.7 | 29.70
et 5 9 2 5 8 1 4 7 0 2 5 9 6 9 0 4 6 9 1 1 7 9 0
Eff 11.2 11.2 1.3 1.4 11.4 1.5 11.6 11.6 1.7 11.8 11.8 14 | 1.7 | 1.7 | 117 11.73 16 | 1.7 | 1.7 | 11.7 11.74 136 | 119 | 1.7 | 11.7 11.73
0% 7% 3% 0% 7% 3% 0% 7% 3% 0% 7% 8% 1% 3% 3% % 5% 3% 3% 4% % 5% 0% 5% 4% %
R1233zd/R123 (200 oC) AI203 CuO Ag
100/ | 90/1 80/2 | 70/3 | 60/4 | 50/5 | 40/6 | 30/7 | 20/8 | 10/9 | 0/10 | 0.01 | 0.00 | 0.00 | 0.00 0.000 | 0.01 | 0.00 | 0.00 | 0.00 0.000 | 0.01 | 0.00 | 0.00 | 0.00 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001
W_t 38.1 376 | 37.0 | 364 | 358 | 352 | 346 | 34.1 335 | 329 | 323 | 33.2 | 335 | 335 | 335 33.52 | 331 | 334 | 335 | 335 33.51 33.2 | 334 | 335 | 335 33.52
ur 9 1 2 4 6 7 9 1 2 4 5 3 0 3 2 9 9 2 2 0 9 2 2
W.op [ 049 | 048 | 048 | 047 | 046 | 046 | 045 | 045 | 044 | 043 | 043 | 048 | 044 | 044 | 044 0.44 045 | 044 | 044 | 044 0.44 0.44 | 044 | 044 | 044 0.44
ump
Q_in | 332. | 327. | 321. | 316. 310. | 305. | 299. 293. | 288. | 282. | 276. 291. | 288. | 288. | 288. 288.1 287. | 288. | 288. | 288. 288.1 250. | 284. | 287. | 288. 288.1
66 19 71 19 65 08 48 84 15 42 63 37 49 18 15 5 49 09 14 15 5 78 40 77 11 5
Q.o | 294. | 290. | 285. | 280. | 275. | 270. | 265. 260. | 255. | 249. | 244. 258. | 255. | 255. | 255. 255.0 | 254. | 255. | 255. | 255. 255.0 | 218. | 251. | 254. | 255. 255.0
ut 96 07 16 22 26 27 24 17 07 91 70 62 43 09 07 7 75 04 07 07 8 02 35 69 03 6
W_n | 37.7 | 371 365 | 359 | 353 | 348 | 342 | 336 | 330 | 325 | 319 | 327 | 33.0 | 33.0 | 33.0 33.08 | 32.7 | 33.0 | 33.0 | 33.0 33.07 | 32.7 | 33.0 | 33.0 | 33.0 33.08
et 0 2 5 7 9 2 4 6 8 0 3 5 6 9 8 5 5 8 8 7 5 8 8
Eff 11.3 11.3 1.3 1.3 11.3 11.4 1.4 11.4 11.4 11.5 11.5 112 | 14 | 14 | 114 11.48 113 | 114 | 14 | 114 11.48 13.0 | 116 | 115 | 114 11.48
3% 5% 6% 8% 9% 1% 3% 6% 8% 1% 4% 4% 6% 8% 8% % 9% 7% 8% 8% % 7% 2% 0% 8% %
R1233zd/R123 (150 oC) AI203 Cuo Ag
100/ | 90/1 80/2 | 70/3 | 60/4 | 50/5 | 40/6 | 30/7 | 20/8 | 10/9 | 0/10 | 0.01 | 0.00 | 0.00 | 0.00 0.000 | 0.01 | 0.00 | 0.00 | 0.00 0.000 | 0.01 | 0.00 | 0.00 | 0.00 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001
W_t 33.2 32.7 32.2 31.7 31.2 30.7 30.2 29.7 29.1 28.6 28.1 28.9 29.1 29.2 29.1 29.19 28.8 29.1 29.1 29.1 29.18 28.9 29.1 29.2 29.1 29.18
ur 9 8 7 5 4 2 1 0 8 7 5 3 7 1 8 6 5 8 9 0 5 1 5
W.p [ 049 | 048 | 048 | 047 | 046 | 046 | 045 | 045 | 044 | 043 | 043 | 048 | 044 | 044 | 044 0.44 045 | 044 | 044 | 044 0.44 0.44 | 044 | 044 | 044 0.44
ump

150




Q_in | 280. | 276. | 271. | 266. | 262. | 257. | 252. 248. | 243. | 238. | 233. 246. | 243. | 243. | 243. 243.3 | 242. | 243. | 243. | 243. 243.3 | 206. | 239. | 243. | 243. 243.3
70 13 53 91 26 57 86 11 31 46 56 35 63 34 31 1 45 22 30 31 1 03 57 35 31 1

Q_o | 247. | 243. | 239. | 235. | 231. | 227. | 223. 218. | 214. | 210. | 205. 217. | 214. | 214. | 214 2145 | 214. | 214. | 214. | 214 2145 | 177. | 210. | 214. | 214. 2145

ut 90 83 74 62 48 31 10 86 57 23 84 90 90 57 57 5 03 51 55 55 7 57 86 58 60 7

W_n | 328 | 323 | 317 | 312 | 307 | 302 | 297 | 292 | 287 | 282 | 277 | 284 | 287 | 287 | 28.7 28.75 | 284 | 28.7 | 287 | 28.7 28.74 | 284 | 28.7 | 287 | 28.7 | 28.74

et 1 0 9 8 7 7 6 5 4 3 2 5 3 7 4 2 1 5 5 6 1 7 1

Eff 11.6 1.7 1.7 1.7 1.7 1.7 1.7 1.7 11.8 11.8 11.8 115 | 1.7 | 1.8 | 1.8 11.82 117 | 118 | 11.8 | 11.8 11.81 138 | 119 | 11.8 | 11.8 11.81
9% 0% 1% 2% 3% 5% 7% 9% 1% 4% 7% 5% 9% 2% 1% % 2% 0% 1% 2% % 2% 8% 2% 0% %
R1233zd/R123 (120 oC) AI203 CuO Ag
100/ | 90/1 80/2 | 70/3 | 60/4 | 50/5 | 40/6 | 30/7 | 20/8 | 10/9 | 0/10 | 0.01 | 0.00 | 0.00 | 0.00 0.000 | 0.01 | 0.00 | 0.00 | 0.00 0.000 | 0.01 | 0.00 | 0.00 | 0.00 0.000
0 0 0 0 0 0 0 0 0 0 0 1 01 001 001 1 01 001 001 1 01 001 001

W_t 302 | 297 | 292 | 288 | 283 | 278 | 274 | 269 | 264 | 259 | 255 | 26.2 | 264 | 264 | 264 26.48 | 26.1 | 264 | 264 | 26.4 2648 | 26.2 | 264 | 264 | 26.4 | 26.46

ur 4 6 9 2 5 8 1 3 6 9 1 1 4 6 5 0 2 6 8 1 4 6 6

W.p [ 049 | 048 | 048 | 047 | 046 | 046 | 045 | 045 | 044 | 043 | 043 | 048 | 044 | 044 | 044 0.44 045 | 044 | 044 | 044 0.44 0.44 | 044 | 044 | 044 0.44

ump

Q_in | 250. | 246. | 242. | 238. | 234. | 230. | 225. 221. | 217. | 212. | 208. 220. | 217. | 217. | 217. 217.2 | 215. | 217. | 217. | 217. 217.2 | 179. | 213. | 216. | 217. 217.2
62 55 45 33 18 00 78 53 23 89 49 04 53 26 23 3 88 10 22 23 3 99 49 86 19 3

Q.o | 220. | 217. | 213. | 209. | 206. | 202. 198. 195. 191. 187. 183. 194. | 191. | 191. | 191. 191.1 190. | 191. | 191. | 191. 191.1 154. | 187. | 190. | 191. 191.2

ut 88 27 64 98 29 58 83 04 21 33 40 30 53 24 22 9 23 1 20 19 9 21 50 84 17 1

W_n | 297 | 29.2 | 288 | 283 | 278 | 274 | 269 | 264 | 26.0 | 255 | 250 | 257 | 26.0 | 26.0 | 26.0 26.04 | 256 | 259 | 26.0 | 26.0 26.04 | 257 | 26.0 | 26.0 | 26.0 | 26.02

et 5 8 2 5 9 2 5 9 2 5 9 3 0 2 1 5 8 2 4 8 0 2 2

Eff 11.8 11.8 11.8 11.9 11.9 11.9 11.9 11.9 11.9 12.0 12.0 116 | 119 | 119 | 119 11.99 1.8 | 119 | 119 | 119 11.99 143 | 121 | 120 | 11.9 11.98
7% 8% 9% 0% 1% 2% 4% 6% 8% 0% 3% 9% 5% 8% 7% % 8% 7% 8% 9% % 2% 8% 0% 8% %
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Mixture Set 2 Results Table

R1224yd(2)/R1336mzz(Z)

Nano TURBIN Wpum Efficienc
Particle NPF COND EVAPO PUMP E Wtur p Qevap Qcond Wnet vy
654.6 146.9 1740.0 1595.6 144.3
0.0001 7 -938.48 -941.02 801.60 3 2.54 8 9 9 8.30%
649.5 146.7 1738.6 1594.3 144.2
0.001 0 -942.35 -944.89 796.27 6 2.54 1 9 2 8.30%
TiO 598.6 145.4 17251  1582.1 142.9
0.01 0 -981.04 -983.56 744.07 7 2.52 1 6 5 8.29%
1368.0 1370.4 132.3 1590.1  1460.1 129.9
0.1 89.78 3 1 222.08 0 2.38 1 9 2 8.17%
654.8 146.9 1739.9 1595.5 144.3
0.0001 0 -938.25 -940.79 801.72 2 2.54 6 8 8 8.30%
651.8 146.7 1738.6 1594.3 144.2
0.001 2 -940.01 -942.55 798.59 7 2.54 0 7 3 8.30%
ZnO 621.8 145.5 17249 1581.9 142.9
0.01 0 -957.65 -960.19 767.30 0 2.53 5 9 6 8.29%
3221 11341 1136.6 132.3 1588.5 1458.7 129.8
0.1 2 8 6 454.41 0 2.48 9 7 2 8.17%
655.6 146.6 1740.0 1595.9 144 .1
0.0001 1 -937.76 -940.30 802.25 4 2.54 1 0 0 8.28%
659.9 143.9 1739.0 1597.6 141.4
Ag 0.001 6 -935.11 -937.65 803.90 4 2.54 1 1 0 8.13%
633.5 145.4 1687.6 1544.7 142.9
0.01 4 -908.65 -911.17 779.00 6 2.52 5 1 4 8.47%
439.1 132.3 1217.8 1087.8 130.0
0.1 0 -646.42 -648.71 571.41 1 2.29 2 0 2 10.68%
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R1224yd(Z)/R1233zd(E)

645.5 149.5 1752.2 1605.2 147.0
0.0001 9 -957.09 -959.64 795.17 8 2.55 6 3 4 8.39%
640.5 149.4 1750.9 1604.0 146.8
0.001 6 -960.95 -963.49 789.96 0 2.55 0 ) 5 8.39%
Tio 589.7 1002.0 148.0 1737.3  15891.7 145.5
0.01 3 -999.50 3 737.81 8 2.53 1 7 5 8.38%
1385.0 1387.4 134.6 1601.3  1469.1 132.2
0.1 81.69 4 3 216.35 6 2.39 9 2 7 8.26%
645.8 149.5 1752.2 1605.2 147.0
0.0001 6 -956.86 -959.40 795.41 5 2.55 6 6 0 8.39%
642.8 149.4 1750.8 1604.0 146.8
0.001 7 -958.61 -961.15 792.28 1 2.55 9 3 6 8.39%
Zn0O 612.9 148.0 1737.1  1591.6 145.5
0.01 8 -976.12 -978.66 761.04 7 2.54 6 3 3 8.38%
314.0 11511 1153.6 134.6 1599.8 1467.7 132.1
0.1 3 8 7 448.68 5 2.48 6 0 6 8.26%
646.2 149.2 1751.8 1605.2 146.6
0.0001 8 -956.37 -958.91 795.52 4 2.55 9 0 9 8.37%
647.1 146.3 17471 1603.4 143.7
A 0.001 5 -953.71 -956.25 793.45 0 2.55 6 0 6 8.23%
9 624.6 148.0 1699.8 1554.3 145.5
0.01 8 -927.14 -929.66 772.75 7 2.52 9 4 5 8.56%
431.0 134.6 12294 10971 132.3
0.1 5 -663.75 -666.05 565.72 7 2.29 8 0 8 10.77%
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R1233zd(E)/R1336mzz(2)

106.3
0.0001 2 -141.92 -142.33  128.82 22.50 0.41 270.74 248.65 22.09 8.16%

101.7
O 0.001 3 -146.49 -146.90  124.20 22.47 0.41 270.69 248.62 22.06 8.15%
0.01 5575 -192.17 -192.58 78.02 22.27 0.41 27020 248.34 21.86 8.09%

403.9
0.1 9 -647.18 -647.68  -383.73 20.26 050 263.45 243.69 19.76 7.50%

106.5
0.0001 6 -14169 -14210  129.05 22.49 0.41 270.74 24865 22.08 8.16%

104.0
700 0.001 5 -144.15 -14456  126.52 22.47 0.41 270.67 248.61 22.06 8.15%
0.01 79.00 -168.79 -169.22  101.26 22.26 0.42 270.05 24822 21.84 8.09%

171.6
0.1 5 -413.54 -41410 -151.39 20.25 055 262.15 242.45 19.70 7.51%

107.3
0.0001 7 14120 -14161  129.58 22.21 0.41 270.78 248.98 21.80 8.05%

109.1
Ag 0.001 2 -139.25 -139.66  131.84 22.72 0.41 27110 248.78 22.31 8.23%
0.01 90.72 -119.94 -12035  112.99 22.27 040 23293 211.06 21.87 9.39%
01 -5436 5841 58.04  -34.06 20.30 0.36 -92.46 -112.40 19.94  -21.56%
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