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ABSTRACT

Energy is essential for sustaining human life and is a key indicator of a society's
prosperity and development. However, rapid population growth and industrialization have
significantly increased global energy demand for electricity, heating, and cooling, leading to
energy crises. To meet this demand, excessive use of fossil fuels, which are already limited in
availability, has become prevalent. Consequently, burning these fuels, particularly the
emission of greenhouse gases like CO., has contributed to severe environmental issues such

as global warming and climate change.

Addressing these challenges requires adopting advanced technologies to reduce global
warming and enhance energy system efficiency. Various nations have proposed and
implemented solutions to mitigate environmental impact. One promising approach is the use
of trigeneration systems, which can meet rising energy needs in a cleaner, more sustainable
and cost-effective manner. Trigeneration systems utilize waste heat recovery to produce
electricity, heating, and cooling simultaneously from a single fuel source. Notably, helium
turbine-based trigeneration systems, combined with efficient waste heat recovery through
organic Rankine cycles, are widely employed in industrial applications, particularly in
process industries. These systems offer high efficiency, low pollution, reduced capital costs,

flexibility, and the capability to generate multiple forms of energy.

This thesis proposes novel helium turbine-based trigeneration systems (Combined
Cooling, Heating, and Power systems) for the simultaneous generation of electricity, chilled
water, and hot water. A solar power tower (SPT) system is a promising option to harness
solar energy for solar thermal electricity generation via power cycles. These days, combined
cycles, especially those based on the supercritical helium Brayton cycle, are very popular.
The performance of different configurations of helium Brayton cycles (HBC) driven with
SPT has been further investigated in this thesis work. Apart from this, organic Rankine cycle
(ORC), ejector refrigeration system (ERC), cascaded vapour absorption refrigeration-vapour
compression refrigeration (VAR-VCR) system, and cascaded ejector refrigeration-vapour
compression refrigeration (ERS-VRS) system were used as bottoming waste heat recovery
cycles. Also, a short analysis has been performed with a combined Rankine power and
vapour absorption refrigeration (VAR) cycle, a CCHP system driven by a low-temperature

heat source using various eco-friendly refrigerants for cooling, heating, and power



generation. Simultaneously, the effects of the working fluids on the system performance were
investigated. First, the output of the SPT-based combined HBC and ORC with an ejector
refrigeration integrated system for combined heating, cooling, power generation, and waste

heat recovery was investigated.

The trigeneration system comprises a Brayton cycle using helium as the working fluid
and an organic Rankine cycle (ORC) integrated with an ejector refrigeration system (ERS) to
recover waste heat from the Brayton cycle. The Brayton cycle and ORC generate power,
while the evaporator and condenser provide simultaneous cooling and heating, respectively.
The heating and cooling effects were generated at 50°C and 10°C for building applications
such as hospitals and hostels. Finally, when all the studied parameters are considered, the

optimal system exhibits exergy and energy efficiency of 25.12% and 23.3%, respectively.

This study evaluates the performance of a combined helium Brayton cycle (HBC) and
organic Rankine cycle (ORC) system, which incorporates a cascade vapour absorption-
refrigeration (VAR) and vapour compression-refrigeration (VCR) system as the bottoming
cycle. By using the ultra-low GWP working fluid R410a, the system aims to minimize global
warming and ozone depletion. Designed for solar power tower (SPT) plants, this trigeneration
system efficiently produces electricity, heat, and cooling at low temperatures using a high-
temperature SPT heat source. It integrates cascaded VAR-VCR refrigeration technology with
the helium Brayton cycle to deliver power, heating, and low-temperature cooling (-20°C) for
applications like food preservation. The SPT plant achieves a power output of 14,865 kW, an
exergy efficiency of 39.53%, and an energy efficiency of 28.82%. The coefficients of
performance for cooling and heating are 0.5391 and 1.539, respectively. Exergy analysis
indicates that the solar subsystem contributes to 78.18% of the total energy destruction in the
plant. Key factors affecting performance include the temperatures of the evaporator,
generator, helium turbine inlet, heliostat, and receiver efficiencies. This system outperforms

configurations using supercritical CO. and Rankine cycles compared to prior studies.

Moreover, parametric analysis of the SPT-based combined HBC and ORC with
cascade ERS-VRS integrated system was investigated. Effects of topping cycle parameters on
combined cycle and ORC performance were also investigated. The organic Rankine (ORC)
cycle, cascaded ejector refrigeration system (ERS), and vapour compression refrigeration
(VCR) system have been implemented in the solar power tower (SPT)-based conventional
helium Brayton cycle (HBC) to enhance the performance of the solar-based energy
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generation system. It was concluded that the overall proposed solar plant (SPT-HBC-ORC-
ERS-VCR) obtained energy efficiency, exergy efficiency, and network output of 60.66%,
35.55%, and 15585 kW, respectively.

The study’s fourth phase involved a thermodynamic analysis of integrated systems
combining rankine-absorption power and refrigeration cycles designed to simultaneously
produce cooling and power. The system generates both outputs from a single heat source
using a binary liquid mixture of water and ammonia as the working fluid. Key parameters
influencing net power output, refrigeration output, and exergy efficiency include the heat
source temperature, ambient temperature, refrigeration temperature, turbine intake pressure,
turbine inlet temperature, and ammonia concentration in the solution. Results show that
increasing the turbine inlet pressure improves the cycle's energy and exergy efficiencies.
Energy dissipation primarily occurs in the heat exchanger exhaust, followed by losses in the
heat exchanger, boiler, turbine, superheater, absorber, condenser, and rectifier. The system's
energy and exergy efficiencies were evaluated and compared with energy loss distributions.
This integrated cycle is well-suited for solar thermal power generation using cost-effective

concentrating collectors, which can lower initial investment costs for solar thermal facilities.

Finally, a study of a combined power, heating, and cooling integrated system driven
by a low-temperature heat source was examined using six ultra-low GWP eco-friendly
refrigerants as working fluids. This study describes an integrated power, cooling, and heating
cycle incorporating an ejector refrigeration system, an ORC, and condenser heating with a
low-temperature heat source. Thermodynamics' first and second laws were used to analyze
the performances of six distinct alternative refrigerants on the combined cycle. The influence
of the most important parameters, including evaporator temperature, turbine entering
temperature, heat source temperature, refrigeration output, exergy efficiency, entrainment
ratio, thermal efficiency, total exergy destruction, and thermal efficiency of the stated system
using different environmentally friendly working fluids (R-123, R-124, R-141b, R-290, R-
134a, and R-152a), was studied. Out of all the working fluids employed in this study, R-152a
and R-134a are the most appropriate from an energy efficiency and environmental
perspective for the suggested combined cycle. Energy efficiency drops as evaporator
temperature rises and increases as turbine inlet temperature rises, respectively. Conversely, if

the heat fluid temperature of the heat source and turbine entering temperature rises, the
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cycle's thermal efficiency also rises. Furthermore, studies have found that as evaporator

temperature rises, the ejector's entrainment ratio drops and refrigeration output rises.

The findings of this study are expected to offer significant insights into helium
turbine-based trigeneration systems, contributing to the advancement of energy solutions that
are efficient, clean, sustainable, and economically viable. By addressing critical aspects of
system performance and efficiency, the results can serve as a valuable resource for
researchers, engineers, and policymakers aiming to develop and implement cutting-edge
energy technologies. These advancements have the potential to support global efforts in
reducing greenhouse gas emissions and promoting the widespread use of renewable energy
sources, thereby fostering a transition to a more sustainable energy future.
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Chapter 1
Introduction
1.1. General Introduction

Energy is crucial for sustaining human existence and serves as an indicator of prosperity
and development in society. Despite significant advancements in renewable energy over the past
few decades, approximately 80% of global energy consumption still relies on fossil fuels [1]. The
dependency on fossil fuels leads to pollution, particularly the release of greenhouse gases like
CO», contributing to environmental problems like climate change and global warming.
Additionally, conventional power plants are relatively inefficient, converting only about 30%-
35% of the fuel’s available energy into power, with a significant portion of the remaining energy

being released as low-grade heat that contributes to thermal pollution [2, 3].

The increasing emissions of greenhouse gases and their detrimental impact on the climate
are significant global concerns. Greenhouse gas emissions are composed of several key
constituents, including water vapour (H20), chlorofluorocarbons (CFCs), hydro-fluorocarbons
(HFCs), carbon dioxide (CO.), methane (CHa), nitrous oxide (N20), and ozone (O3). These gases
trap heat in the atmosphere, leading to a warming effect known as the greenhouse effect. This
phenomenon contributes to various environmental issues, such as rising global temperatures,
melting polar ice, sea level rise, and more frequent and severe weather events. Addressing these
emissions is critical for mitigating climate change and ensuring a sustainable future for the planet

[4].

According to the International Energy Association (IEA), CO: is the leading contributor
to global warming among all greenhouse gases, with its emission rates surging by 61% between
1990 and 2021 [5]. This significant increase is largely attributed to the rising global demand for
power, heating, and cooling, as highlighted by various studies [2]. Fossil-fuel-based electricity,
heating, and cooling are responsible for 65% of total CO, emissions, while the transportation
sector accounts for the remaining 35%. This data underscores the critical need for transitioning

to cleaner energy sources to mitigate the adverse environmental impacts of CO, emissions.



The growing energy demands driven by global population expansion and industrial
activities have intensified the challenge of reducing CO. emissions. As development and
urbanization increase, so does dependence on fossil fuels, underscoring the urgent need for
efficient and sustainable energy solutions. Implementing renewable energy sources and
improving energy efficiency across sectors is crucial to creating a more sustainable and

environmentally friendly energy landscape [6].

The unprecedented consumption of fossil fuels is driven by the rapid increase in global
energy demand, particularly in developing market economies experiencing significant population
and industrial growth [7]. Additionally, fossil fuels are finite resources, meaning their
availability is limited and cannot sustain indefinite use. As fossil fuel reserves diminish, the cost
of energy production escalates due to rising fossil fuel prices. This situation highlights the

pressing need for alternative energy sources to meet growing energy needs sustainably [8].

Despite significant advancements in renewable energy, it remains insufficiently reliable
to fully replace fossil fuel-based power plants at this time. Natural gas is the cleanest among
fossil fuels, as its combustion releases less CO> into the atmosphere. Consequently, natural gas-
powered energy systems present a potentially viable option for meeting global energy demands.
The energy sector often markets natural gas as the “bridge to renewable energy” and natural gas-
powered systems as “bridge technology” [9]. It is crucial to employ cutting-edge design
techniques to enhance the effectiveness and sustainability of natural gas-driven energy
generation. This approach aims to optimize both economic and environmental aspects, ensuring
that natural gas systems can effectively serve as a transitional solution while renewable energy

technologies continue to develop.
1.2. Energy-related scenario

In recent years, the depletion of fossil fuels has accelerated at an alarming rate, creating
an urgent need to transition to renewable energy resources. This transition is imperative to
prevent the depletion of fossil fuels and to reduce the environmental damage triggered by
greenhouse gas emissions and other contaminants. Commercial and non-commercial energy

sources can be distinguished.



Hydroelectric power, wind energy, fossil fuels, and nuclear power are all commercial
energy sources. These sources are highly anticipated and extensively used, particularly in
developed countries such as the United States and those in Europe. In contrast, non-commercial
energy sources consist of wood, agricultural residues, and animal waste. While these non-
commercial sources are still important, they are less frequently used compared to their

commercial counterparts.

The increased reliance on commercial energy sources in developed nations underscores
the importance of investing in renewable energy technologies. This investment addresses the
urgent need for sustainable energy, reduces dependency on depleting fossil fuel reserves, and

minimizes environmental harm. [10].

These renewable energy sources are carbon-free and include hydropower, solar, nuclear
power, and wind. Transitioning from coal to hydrocarbon-based energy and ultimately to
alternative or renewable energy sources reduces carbon emissions and pollutants [11]. The data
in Figure 1.1 depicts the production and consumption of various energy resources worldwide in
2014, emphasizing the transition to cleaner energy options.

1.2.1. Coal

Coal-fired power facilities are substantial emitters of carbon dioxide, as well as sulphur
oxides (SOX), nitrogen oxides (NOX), and particulate matter, all of which have the potential to
impair air quality significantly. Mishra [12] has highlighted various negative environmental
impacts and health hazards linked to using low-quality coal and its transportation over long
distances by diesel trains. In the Indian context, addressing these challenges is particularly
difficult due to ecological, radio-ecological, and pollution-related concerns. The transportation of
coal not only exacerbates air pollution but also poses risks to public health and the environment,

making it a complex issue to manage.
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1.2.2. Natural gas and oil

India's energy requirements are both unsustainable and continually increasing, and its oil

and natural gas reserves are inadequate to satisfy them. In 2009, crude oil production from India

increased by as much as 81%, as illustrated in Figure 1.2.
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Figure.1.2 The fuel-wise growth in import dependence of the Indian energy sector [*2]

Husain Ahmad reported oil prices' positive and negative impacts on the Indian economy [13]. On

the positive side, the decrease in oil prices leads to immediate savings, enabling capital allocation

to long-term assets that generate a high market return.



1.2.3. Hydro plant

India has utilized barely a quarter of its hydroelectric power capacity, unlike developed
countries that have harnessed over 80% of their total potential [14]. In recent years, large
hydroelectric projects in India have faced significant challenges due to local protests highlighting
their adverse impacts on the climate, environment, and social fabric. Prominent examples of such
resistance include the Narmada Bachao Andolan and the Anti-Tehri Dam movements, which
have actively opposed the construction of major hydro projects on the Narmada and Ganges
rivers, citing concerns over environmental degradation and displacement of local communities
[15].

1.2.4. Nuclear power

India initiated its nuclear energy program in the 1960s by establishing the Tarapur
nuclear power plant in 1969, which has a capacity of 320 MW. Throughout the years, the
program has achieved incremental advancements, establishing twenty-two nuclear reactors
distributed among seven nuclear power facilities. As of 2015, these reactors collectively
generated a total of 6,780 MW of power. In addition, around five other reactors were being
constructed at that time, with a total capacity of 3,300 MW [11]. In 2017, nuclear energy
contributed to 3.22% of India's total power generation. For India to efficiently meet its increasing
energy needs, improve energy security, and reduce environmental consequences, it is imperative
to prioritize using renewable energy sources. This shift towards renewable energy is expected to

significantly improve the overall energy landscape.
1.3. RES (Renewable energy sources)

Renewable energy sources (RES) are sustainable or "green™ energy resources that aim to
minimize environmental impacts and reduce secondary waste. The sun is the main provider of
renewable energy, and efficiently harnessing RES can aid in reducing the adverse impacts of
conventional energy sources on greenhouse gas emissions and global warming [16]. Three
primary categories of energy resources are renewable energy, nuclear energy, and fossil fuels.
Solar thermal, solar photovoltaic, small hydro, biomass, wind, and geothermal energy are the

most promising alternative sources due to their continuous and sustainable energy generation



capabilities [17]. Furthermore, Figure 1.3 illustrates the various renewable energy resources and

their applications in energy conversion.
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Figure 1.3 Renewable energy resources and their use in energy conversion [16, 17]

1.4. Solar energy

Solar energy is a renewable and environmentally friendly source of power. At a rate of

approximately 3.8x10%® kW, the Earth absorbs approximately 1.8x10* kW of the total energy

emitted by the Sun [18]. On average, the Earth's surface receives about 1000 watts per square

meter (W/m?2) of solar irradiation each day [19]. The solar constant, which measures the total

solar energy reaching the Earth's surface per unit area when perpendicular to the incoming

radiation, is approximately 1350 W/mz2 [20]. This value represents the intensity of solar energy

received per unit area and time, providing a baseline for understanding solar energy availability.



1.4.1. Solar thermal power system

Solar concentrated energy is an increasingly valuable resource with great potential for
providing electricity to the world's remote areas. These regions, although numerous, benefit from
abundant solar irradiation, making solar energy a practical option for electricity generation there
[21]. Solar thermal power systems [22] harness this solar energy through specialized devices to
produce electricity directly. Sharma et al. [23] highlight that solar thermal electricity, or
concentrated solar power (CSP), represents a burgeoning alternative energy technology with a
notably low marginal cost of production. Ansari et al. [24] suggest that overcoming challenges to
solar energy deployment in India involves exploring various strategies and optimizing the
implementation of large-scale solar conversion techniques to manage resources efficiently and

effectively.
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Figure 1.4 Solar thermal energy conversion systems
1.4.2. Solar collector

Solar collectors function as heat exchangers, converting solar radiation into thermal
energy within a transport medium. They are a vital component of solar energy systems. A solar
collector is a device that catches solar irradiation from the sun, turns it into thermal energy, and

then transfers it to a fluid circulating through the collector. The fluid in question has the potential



to be either air, water, or oil. The thermal energy harnessed by the circulating fluid can be
immediately employed for activities such as heating water and cooling indoor spaces. In
addition, this energy can be stored in a thermal storage unit to be utilized during periods of
reduced sunlight or at night [25]. Figure 1.5 illustrates the operation of a basic flat plate solar
collector (FPC).
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Figure 1.5 FPC in an exploded view (Credit: Mark Fedkin (modified after Duffie and Beckman,
2013)

Advantages of concentrating collectors compared to conventional flat plate collectors (FPC)

[25]:

« A concentrating collector can achieve higher working fluid temperatures with the same
energy-collecting surface area, leading to improved thermodynamic performance
compared to an FPC.

« The thermal efficiency of a concentrating collector is enhanced due to its reduced heat
loss area relative to the receiver's surface area.

« Concentrating collectors generally use less material and have a simpler design than FPCs,
resulting in lower solar collecting surface area costs per unit.

» In concentrating collectors, the receiver has a smaller surface area relative to the amount
of solar energy it produces. This allows for cost-effective measures, such as vacuum
installation and selective surface treatment, to minimize heat losses and boost collector

performance.



Disadvantages of concentrating collectors compared to traditional flat plate collectors (FPCs)
[25]:

« Limited Diffuse Radiation Capture: Concentrating collectors primarily collect direct
sunlight and are less effective at capturing diffuse radiation, which depends on the
concentration ratio of the system.

* Requirement for Tracking Systems: These collectors need a tracking system to
continuously align with the sun’s position throughout the day, ensuring optimal
performance.

» Maintenance Needs: Regular cleaning and maintenance are necessary for concentrating
collectors due to their reflective surfaces, which can degrade over time and lose their

reflectivity.

1.4.3. Technology of concentrated solar power (CSP)

Solar radiation

into HEAT

Figure 1.6 CSP system’s application [?6]

Concentrated Solar Power (CSP) systems utilize lenses or mirrors in conjunction with tracking
devices to focus a broad area of sunlight into a concentrated beam. This concentrated thermal
energy can then be harnessed to generate power in a conventional power plant setup. There are
several advanced CSP technologies available, including Parabolic Trough Solar Collectors
(PTSC), Linear Fresnel Reflectors (LFR), Parabolic Dish Receivers (PDR), and Solar Power
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Towers (SPT). In these systems, intense sunlight heats a fluid, subsequently used to produce
electricity and store energy for future use [26]. Figure 1.6 illustrates the diverse applications of

CSP technology.

1.4.4. Central (heliostats) receiver system

The solar power tower (SPT) is the most recent technology among the different
concentrated solar power (CSP) systems. The SPT system has various sophisticated sub-systems,
including a receiver, a tower measuring 75-150 meters in height, an optional thermal storage
system, a heliostat field with each heliostat covering an area of 50-150 square meters, and a

power conversion system.
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Figure 1.7 Diagram of central receiver tower [2]

Solar radiation is focused onto a central receiver by a field of heliostats, where it is
harnessed to produce high-temperature heat for generating electricity or supplying industrial
processes [27, 28]. The heat transfer fluid (HTF) receiver is at the top of a tower, surrounded by
a vast array of heliostats that concentrate sunlight onto this central receiver, as depicted in Figure
1.7. Each heliostat has a unique monitoring system that guarantees that it remains focused on the
receiver. The circulating HTF is heated by the concentrated sunlight, which is subsequently
utilized to power a turbine. This approach enables the effective utilization of solar energy in

various applications.
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The solar power tower is the most cost-effective concentrated solar power (CSP)
technology, known for its superior energy storage capabilities and performance. Examples
include Barstow, California, and Sanldcar la Mayor, Spain installations. Solar power towers offer
advantages such as a high concentration range of 300 to 1500, improving energy capture and
electricity conversion efficiency. Unlike parabolic trough collectors, solar power towers can
reduce mid-term electricity costs by incorporating multiple intermediate stages within high-
energy cycles. These stages utilize gas turbines to generate electricity at temperatures exceeding
1000°C, offering greater efficiency than the conventional Rankine cycle. [25].

1.5. Technology of supercritical carbon dioxide (sCO2) cycle

When carbon dioxide (CO3) is subjected to temperatures and pressures above its critical
values (304.13 K and 7.38 MPa), it enters a state known as supercritical carbon dioxide (sCO>).
CO2 can be utilized as a working fluid in various energy conversion cycles in this supercritical
state. The sCO> cycle is particularly versatile, allowing for the generation of heat from diverse
sources, including waste heat from exhaust gases, natural gas, geothermal energy, solar thermal
energy, and coal power [29]. This adaptability makes the sCO2 cycle an efficient option for
harnessing heat from multiple inputs. Figure 1.8 illustrates the fundamental principles of the

sCOz cycle power conversion system.
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Figure 1.8 Principle of sCO,cycle power conversion system 129

Additional benefits of sCO2 cycle technology include:
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» The thermal efficiency of the sCO> cycle can be enhanced by up to 5% compared to the
supercritical Rankine cycle (SRC) [29].

» The sCO> cycle allows for smaller turbo-machinery and can reduce the overall system
size by up to four times compared to traditional SRC systems [29].

» The sCOz cycle's purification system requirements are less stringent than the SRC
system's due to its operating pressure being above the CO; critical pressure (7.38 MPa).

These results in simpler power conversion mechanisms than steam cycles [29].

CO2 and helium, used in the sCO2 cycle, are relatively more economical and pose less risk
regarding ventilation systems designed to handle potential large-scale CO> releases in power

conversion systems [29].

1.6. Technology of supercritical helium Brayton cycle (HBC)

The helium Brayton cycle has gained considerable interest in high-temperature power
generation systems, having numerous helium Brayton cycle reactor systems already operational
worldwide, including nine specific installations [30]. Helium can be used as a substitute for
supercritical CO2 (sCO) to enhance the heat transfer properties of the Brayton cycle, which
improves the system's overall efficiency and reduces the number of compressor stages required.
The helium Brayton cycle is currently being incorporated into the conceptual design of the third-
circuit energy conversion system within advanced high-temperature reactor (AHTR) systems
[31]. The solar-based helium Brayton system is also a promising option for high-temperature
applications. The helium Brayton cycle can utilize high-temperature primary coolants and
achieve efficiencies of up to 54% at 900°C with the use of triple-pressure recuperation and
intercooling. Brayton cycles employing inert gas working fluids can exploit higher outlet
temperature ranges, significantly boosting power conversion efficiency and potentially lowering
capital costs for power conversion systems compared to traditional steam Rankine and sCO;

cycles.

12



1.7. Organic Rankine cycle (ORC) technology

When it comes to generating electricity, gas or steam cycles often fall short both
technically and economically for a diverse array of heat sources, particularly when the
temperature and thermal power available from these sources are low. An organic Rankine cycle
(ORC) system becomes a practical alternative in such scenarios. The ORC technology excels in
generating electricity from small-scale heat sources and operates effectively at temperatures in
the lower to medium range (below 400°C-500°C) [32]. This makes ORC a superior choice for
converting low-temperature heat into electrical energy, whereas other methods may be

impractical.

Organic Rankine cycle (ORC) technology functions similarly to a steam cycle, but
instead of using refrigerants or hydrocarbons, it employs water as the working fluid. Water offers
numerous benefits as a working fluid. It boasts high thermal and chemical stability, eliminating
the need for decomposition. Its low viscosity translates to reduced pumping work, while its high
latent and specific heat makes it an efficient energy carrier. Additionally, water is non-flammable
and has a negligible ozone depletion potential (ODP) and global warming potential (GWP).
Being abundant and cost-effective, water is readily available across the planet [33]. Compared
with other selected organic fluids, the temperature-entropy (T-s) graph for water is illustrated in

Figure 1.9.
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Figure 1.9 Temperature-entropy (T-s) graph for water and other selected organic fluids 3
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ORC-WHR (Organic Rankine Cycle - Waste Heat Recovery) is emerging as the fastest-
growing company in the realm of ORC technologies, offering immense potential within the
combined-cycle power plant sector. This rapid expansion is driven by increasing environmental
concerns, such as rising oil prices and the pressing issue of climate change [34]. The ORC-WHR
approach is recognized for its effectiveness, cleanliness, and safety in electricity generation.
Figure 1.10 illustrates the configuration of components within an ORC system that harnesses

thermal energy.
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Figure 1.10 Basic components of ORC system [34

e Moreover, the organic Rankine cycle (ORC) system offers several advantages over
traditional steam-based power plants [34]:

e Lower Heat Requirements: The ORC system requires less heat for evaporation than
steam-based systems.

e Efficient Evaporation: The ORC process operates at lower temperatures and pressures
during evaporation.

e No Need for Superheating: Superheating is unnecessary since the expansion process
occurs within the vapour phase. This eliminates the risk of blade erosion typically

associated with steam turbines.
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e Reduced Pressure Drop/Ratio: The ORC system experiences a smaller pressure drop and

ratio due to the minimal temperature changes between evaporation and condensation.

Consequently, it can utilize a simpler, single-stage turbine.

Table 1.1 Fluid property comparison of SRC and ORC system 34

Parameters

Fluid used

Boiling point
Critical temperature
Critical pressure
Condensing pressure
Viscosity
Environmental impacts
Toxicity

Specific heat
Availability

Flammability

Steam cycle
Water
Higher
Higher
Higher
Lower
Lower
No

No
Higher
Available

No

ORC system
Organic compound
Lower

Lower

Lower

Acceptable
Relatively higher
High and depends on fluid
Yes

Lower

Supply problem

Yes and depends on fluid

1.7.1. Working fluid selection in ORC

Numerous scientific studies have been published on the selection of working fluids. These

studies generally focus on comparing the thermodynamic efficiency of different fluids and are

often based on a range of typical working fluids used in various applications [35]. Researchers

typically analyze how different fluids perform regarding energy conversion efficiency,

considering factors such as temperature range, pressure conditions, and fluid properties. This

research helps in identifying the most effective fluids for specific thermodynamic cycles and

applications. When selecting the most appropriate working fluid, several factors and guidelines

should be taken into account [35]:
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Thermal performance: The working fluid should exhibit high power output and
efficiency across the temperature range between the heat source and the sink. Key
thermo-physical properties such as the critical point, specific heat, and density are
interrelated factors that influence the output.

Saturation vapour curve: A negative saturation vapour curve for wet fluids like water
can lead to droplet formation during expansion stages. The vapour must be superheated
before entering the turbine to prevent turbine damage. In the case of dry fluids, which
have a positive saturation vapour curve, a recuperator can be employed.

High vapour density: Fluids with low condensing pressures, such as silicon oils, require
high vapour density. Low-density results in higher volume flow rates, necessitating larger
heat exchangers to reduce pressure drops, significantly impacting device costs.

Low viscosity: Fluids with low viscosity enhance heat transfer coefficients and reduce
friction losses in heat exchangers for both vapour and liquid phases.

High heat transfer coefficient: A high heat transfer coefficient is crucial for effective
conductivity in heat exchangers.

Appropriate evaporating pressure: High evaporating pressures can increase
development costs and complexity, similar to the case with water.

Positive condensing gauge pressure: The cycle's low pressure should exceed
atmospheric pressure to prevent air infiltration.

High-temperature stability: The chemical stability of the working fluid limits the
maximum temperature of the heat source. Organic fluids, unlike water, may decompose
or deteriorate at elevated temperatures.

Melting point: The melting point of the working fluid should be lower than the lowest
expected ambient temperature to prevent freezing.

High safety level: Safety considerations include flammability and toxicity. Refrigerants
are classified under ASHRAE Standard 34, which helps assess specific working fluids'
safety.

Low ozone depletion potential (ODP): According to the Montreal Protocol, fluids with
non-zero ODP are being phased out. New refrigerants should have an ODP of zero or

very close to zero.
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e Low global warming potential (GWP): GWP is measured relative to CO,. While some
refrigerants have high GWP values, current regulations do not yet impose strict limits on
high-GWP fluids.

e Cost and availability: Fluids commonly used in industries such as refrigeration and

chemicals are generally more accessible and cost-effective.

1.8. Waste heat recovery (WHR) technologies

Waste heat refers to the thermal energy that is expelled into the environment by a process
or equipment, which, if properly managed, could be harnessed for beneficial use. According to
the second law of thermodynamics, releasing some thermal energy into the environment is an
unavoidable consequence of converting heat into mechanical work [36]. This inherent energy
loss implies that a significant portion of the fuel energy is wasted, contributing to potential
thermal pollution. However, it is possible to capture and reuse some of this otherwise wasted
energy by implementing waste heat recovery systems. This not only helps in reducing fuel

consumption but also mitigates environmental damage [37].

The effectiveness of utilizing waste heat energy depends on several factors outlined
below. Waste heat recovery (WHR) is influenced by various elements, including the principles
of heat recovery operation, the specific needs of users, and the properties of the waste heat
source. Each WHR method presents its own unique set of challenges, making the technology
complex and multifaceted. Figure 1.11 illustrates a schematic representation of the various

pathways for transferring waste heat energy.
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Figure 1.11 Waste heat recovery from various heat sources [
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A crucial approach involves harnessing waste heat to fuel thermal cycles, thereby
converting thermal energy into electricity. Among the methods studied extensively in recent
years is the organic Rankine cycle (ORC), which utilizes organic fluids with lower boiling
points. For the ORC to perform competitively, the waste heat temperature must range between
90°C and 250°C. On the other hand, the Kalina cycle, which employs a mixture of ammonia
(NHs) and water (H20) as its working fluid, operates effectively within a broader temperature
range of 100°C to 450°C. This versatility allows the Kalina cycle to more closely align with the
temperature profiles of various waste heat sources. Consequently, while the ORC excels in
recovering waste heat at lower temperatures, both cycles offer promising solutions for improving

energy efficiency and reducing thermal pollution.

Trigeneration systems represent a promising approach to meeting increasing energy
demands in a cleaner and more cost-effective way [2, 6]. These systems operate on the principle
of waste heat recovery, allowing them to simultaneously produce electricity, heating, and cooling
from a single fuel source. Among these systems, gas turbine-based trigeneration systems are
particularly advantageous for industrial applications, especially in process industries. They are
favoured for their high efficiency, low pollution levels, relatively low capital costs, flexibility,
and capability to provide multiple forms of energy [39-43]. Given that electricity, heating, and
cooling are fundamental to energy consumption in residential, commercial, and public buildings
globally, the development of efficient gas turbine-based trigeneration systems holds significant

promise [2].
1.9. Integrated energy systems

In traditional power plants, more than 61% of the thermal energy is expelled via flue gas,
leading to substantial losses in both energy and financial resources [44]. Figure 1.12 illustrates an
energy flow diagram for such a power plant. This substantial loss of fuel energy to the
environment underscores the need for enhanced waste heat recovery to improve fuel conversion
efficiency in conventional power plants. One of the most effective methods for recovering this
waste heat involves incorporating thermodynamic cycles into the primary energy conversion
process [45]. Doing so makes it possible to capture and utilize the excess heat that would

otherwise be wasted, thereby boosting the overall efficiency and reducing energy and cost losses.
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Figure 1.12 Energy flow diagram for a conventional power plant 2
1.9.1 Cogeneration systems

The cogeneration system, often called a combined heat and power (CHP) system,
represents one of the simplest forms of integrated energy systems. In such systems, the overall
thermal efficiency usually ranges from 40% to 50%, reflecting the proportion of fuel converted
into both electricity and heat [2]. In a typical CHP system, the exhaust gases from the prime
mover are harnessed to generate either steam through a heat recovery steam generator (HRSG) or
hot water via a heat exchanger. This process optimizes energy use by capturing waste heat that
would otherwise be lost. An illustrative layout of a standard CHP system can be found in Fig.
1.13.
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In this context, the Heat Recovery Steam Generator (HRSG) is essential for capturing
waste heat from the gas turbine's exhaust and converting it into steam to drive the steam turbine
cycle. Combined Gas Turbine-Steam Turbine (GT-ST) Combined Cycle Power Plants (CCPP)
can achieve thermal efficiencies of up to 60% [43]. The steam produced by these integrated
systems can also be utilized to power thermally driven cooling technologies, including
absorption cooling systems (ACS), adsorption cooling systems (ADS), and ejector refrigeration
systems (ERS). The chilled water from these cooling units can then be employed in heating,
ventilation, and air conditioning (HVAC) systems. Since these integrated setups provide

electricity and cooling, they are called Combined Power and Cooling (CPC) systems.
1.9.2. Trigeneration systems

Trigeneration systems are intended to generate electricity, cooling, and heating from a
single fuel source. These systems are a more sophisticated version of combined heat and power
(CHP) systems. In a trigeneration system, a portion of the steam produced is employed for
cooling operations, while the remaining steam is employed for heating applications. These
systems are also known as combined cooling, heating, and power (CCHP) systems [46]. An
energy transmission diagram of a typical CCHP system is illustrated in Fig. 1.14 for visual

representation.
A Combined Cooling, Heating, and Power (CCHP) system offers numerous benefits, including:

a) Enhanced Overall Efficiency: CCHP systems significantly increase the overall efficiency
of energy use by simultaneously generating power, heat, and cooling from a single
energy source, leading to more effective utilization of energy.

b) Decreased Fuel Costs and Greenhouse Gas Emissions: By optimizing energy conversion
and reducing waste, CCHP systems lower fuel consumption, reducing fuel costs and
decreasing greenhouse gas emissions.

c) Reduction in Greenhouse Gas Emissions: These systems contribute to a cleaner
environment by minimizing the release of harmful greenhouse gases, further aiding in the

fight against climate change.
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d) Smaller Cooling System Requirements: The integration of cooling, heating, and power
generation in a single system allows for a reduction in the size and capacity of separate
cooling systems, leading to space and cost savings.

e) Lower Capital Costs: The efficiency and multifunctionality of CCHP systems can reduce
the initial capital investment needed for separate heating, cooling, and power generation
equipment.

f) Potential for Additional Revenue Streams: By generating electricity and thermal energy
more efficiently, CCHP systems can create opportunities for additional revenue
generation, such as selling excess power back to the grid or offering district heating and

cooling services.
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Figure 1.14 Energy flow diagram for a CCHP system [

A comprehensive strategy that integrates principles of energy analysis, exergy analysis, and
environmental analysis [47] can be employed to design and develop thermal systems that are
both highly efficient and environmentally friendly. The goals and contributions of analyzing a
thermal system include the following [48, 49]:

a) Assess the heat and work interactions occurring within each component of the

thermal system.
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b) Identify the sources, magnitudes, and locations of exergy destruction and losses
throughout the thermal system.

c) Evaluate the environmental impact associated with the pollution emitted by
thermal systems.

Based on the above-mentioned literature gaps, the proposed research has been carried out with
the key objective of “Energy and exergy analyses of four different combined power and cooling

systems integrated with an external renewable heat source”.
1.10. Conclusions from brief introduction

Based on the contents of this chapter, it is evident that addressing challenges related to
energy conservation, atmospheric protection, and the increasing energy demands of the near
future will significantly benefit from renewable energy sources (RES). It has been suggested that
solar thermal power represents a promising alternative for electricity generation in India.
Specifically, technologies like parabolic trough solar collectors (PTSC) and solar power towers
(SPT) can generate heat at maximum temperatures of 400°C and 750°C, respectively, and are
also capable of producing solar thermal electricity [50]. These innovations offer a viable path

toward meeting future energy needs while mitigating environmental impacts.

Renewable Energy Systems (RES), especially concentrated solar power (CSP) systems, are
anticipated to enhance the performance of supercritical CO2 (sCO) and supercritical helium
Brayton cycles in the near future. This study aims to evaluate the integration of the supercritical
helium Brayton cycle (SPT) as an alternative to the sCO2 cycle for power generation.
Additionally, organic Rankine cycles (ORC) are employed to recover low-grade energy in
bottoming low-temperature refrigeration cycles. The research explores combined power, cooling,
and heating (CCHP) effects by assessing these cycles' exergy and energy efficiencies.
Specifically, it examines the helium Brayton cycle as the topping cycle and evaluates the
potential of ORC, Variable Refrigerant Air Conditioning (VAR), and Vapor Compression
Refrigeration (VCR) systems as bottoming cycles to recover waste heat from the SPT-based

helium Brayton cycle.
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1.11. Outline of thesis chapter
The thesis is divided into six chapters; the outline of each chapter is structured as follows:

Chapter 1: Introduction

Starting with an overview of the present global energy landscape, this chapter emphasizes
the urgent need for renewable energy sources (RES) to prevent energy crises and environmental
issues in the near future, as well as the rapid depletion of fossil fuels. The following section then
investigates the environmental consequences of the distribution of various fuels, including both
conventional and unconventional sources, in the primary energy supply. Subsequently, the
chapter investigates renewable energy scenarios and their integration into energy conversion

technologies.

The discussion then transitions to comparing concentrating and flat-plate collectors (FPC)
systems, assessing their respective advantages and disadvantages to support the selection of
concentrating collectors (SPT) as the preferable heat source. Furthermore, the chapter examines
the importance and advantages of the supercritical CO, (sCO2) cycle, supercritical helium
Brayton cycle, and Organic Rankine Cycle (ORC) mechanisms for various heat sources in

various temperature environments.

The chapter also addresses the criteria for selecting working fluids for the ORC system to
determine the most suitable option. It further develops into waste heat recovery technologies,
including cogeneration and trigeneration energy systems. Finally, the chapter wraps up with an

outline of the thesis, summarizing the key points discussed.

Chapter 2: Literature Review

This chapter comprehensively examines the current body of research on energy and
exergy analysis for cogeneration and trigeneration systems. It specifically investigates
integrating concentrated solar power (CSP) technologies with thermal cycles, such as the sCO>
cycle and ORC systems, to investigate power generation, heating, cooling, and waste heat
recovery (WHR). The literature review is divided into distinct sections: the first section explores
the use of the sCO> cycle in trigeneration systems, while the second section focuses on ORC
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systems, particularly their applications in power generation and WHR, with studies on combined
cooling, heating, and power (CCHP), variable air volume (VAR) systems, vapour compression
cycle (VCC), and ejector refrigeration systems. The chapter concludes with a summary of key
findings from the literature, highlighting research gaps and setting the stage for future research

goals.
Chapter 3: System Description

This chapter provides a comprehensive overview of various models across different
sections. The first section summarises the SPT-based combined HBC and ORC integrated
system with ejector refrigeration. The second section details the SPT-based combined HBC
featuring a cascaded compression-absorption integrated system. In the third section, the focus
shifts to the SPT-based combined HBC-ORC system, which includes a cascaded ejector-
compression integrated system. The fourth section presents an integrated system combining
Rankine and absorption power cycles with a heating process. Finally, the fifth section describes a
system that integrates power, heating, and cooling cycles driven by a low-temperature heat
source and utilizes various eco-friendly refrigerants. Additionally, this section compiles all

parametric values for the selected combined cycles in a tabulated format.
Chapter 4: Methodology

This chapter concentrates on thermodynamic modeling, which involves simulating
mathematical energy and exergy equations into computer code. This code aims to resolve these
equations using computational numerical methods, specifically through the engineering equation
solver (EES) software. The chapter is divided into five sections, each dedicated to discussing the

mathematical modeling of different models, emphasizing their key assumptions.
Chapter 5: Results and Discussion

This chapter presents the findings of a study that examines the performance of solar-
driven cycles using computational numerical techniques. The results are discussed in various
sections, each addressing different aspects of the analysis. The first section focuses on evaluating
a combined system of solar-powered turbines (SPT) with a helium Brayton cycle (HBC) and
organic Rankine cycle (ORC) integrated with ejector refrigeration. It explores how different
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system variables such as compressor pressure ratio, helium turbine inlet temperature, compressor
inlet temperature, ORC turbine inlet temperature, pump pressure ratio, evaporator temperature,
solar direct normal irradiation, and solar heliostat efficiency affect the system's performance. The
analysis utilizes various working fluids to assess these effects. Additionally, this section
compares and validates the HBC and ORC-Ejector Refrigeration System (ERS) performance
with previous studies to confirm the accuracy and relevance of the current integrated system's

results.

The second section provides a detailed parametric analysis of a combined HBC cascaded
compression-absorption integrated system. Initially, the thermal efficiency of the standalone
HBC cycle and the coefficient of Performance (COP) of vapour absorption refrigeration (VAR),
vapour compression refrigeration (VCR), and the cascaded cycle were compared. Following this,
a thorough parametric analysis of the integrated system was conducted, evaluating the thermal
efficiency, exergy efficiency, and exergy destruction of each subsystem and the entire system.
Key performance parameters considered include the compressor pressure ratio, compressor inlet
temperature, helium turbine inlet temperature, generator temperature, evaporator temperature,
cascade condenser temperature, absorber temperature, heliostat field efficiency, and receiver
efficiency. The final subsection of the analysis presents a validation of the system’s performance

by comparing it with previous research findings.

The third section focuses on the parametric analysis of the combined HBC and Organic
Rankine Cycle (ORC) cascaded ejector-compression integrated system using the SPT. It further
examines how varying the parameters of the topping cycle impacts the performance of both the
bottoming ORC and the cascade cycle. Initially, the standalone HBC's thermal efficiency and the
ORC-ERS system's parametric results were validated. The study further determined the energy
efficiency, exergy efficiency, network output, heating effect, cooling effect, exergy destruction,
and total output energy for each sub-system and the overall system. The investigation also
analyzed how different system variables such as heliostat field efficiency, receiver efficiency,
compressor pressure ratio, turbine inlet temperature, and compressor inlet temperature, pinch
point temperature difference in the HRVG, entrainment ratio, cascade condenser temperature,
and evaporator temperature affect system performance. The subsequent section presents the

validation of the model.
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In the fourth section, an analysis was conducted on the performance of a combined
Rankine absorption power and refrigeration cycle integrated with a heating process. The
computed results from this system were compared and validated against previously published
data. The performance of the integrated system was evaluated under specified input parameters.
The study explored how various system variables, such as the temperature of the heat source,
turbine inlet pressure, and refrigeration temperature, affect the system's overall performance.
Finally, the exergy distribution of the system’s components in relation to the heat source energy

was determined.

The fifth section explores a combined power, heating, and cooling cycle driven by a low-
temperature heat source, utilizing various eco-friendly refrigerants. The system's computed
results have been validated against previously published data. The output parameters of the
proposed system, which were evaluated for six different eco-friendly refrigerants, include
thermal efficiency, exergy destruction rate, exergy efficiency, ejector entrainment ratio, network
output, and cooling effect. Performance was found to be influenced by factors such as evaporator
temperature, turbine inlet temperature, and heat source temperature. Additionally, the

distribution of input source energy across different system components was analyzed.
Chapter 6: Conclusions and future scopes

The current research focuses on developing a solar-based trigeneration system designed
to improve the efficiency of solar power plants. The novel system proposed in this study
incorporates a helium Brayton cycle (HBC) instead of traditional CO> or air Brayton cycles,
using helium as the working fluid in the topping cycle to enhance overall performance. Four
different trigeneration systems were analyzed for their ability to harness solar heat from a solar
power tower (SPT) system, and their performance was compared against a conventional SPT-
based helium Brayton cycle system. This approach optimizes solar plant efficiency by delivering
power, heating, and cooling simultaneously. The key findings and conclusions are detailed in the
final chapter of the thesis, which also outlines potential areas for future research in combined

cooling, heating, and power (CCHP) systems.
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Chapter 2
Literature review
2.1. Introduction

The current research on integrated energy systems, primarily cogeneration, cascaded, and
trigeneration systems, is covered in this chapter. The use of thermal cycles, such as the sCO-
cycle, HBC, and organic Rankine cycle system, for power production and waste heat recovery
(WHR) to power integrated CCHP systems has been the subject of numerous studies in the
literature. The literature review was done in a thorough manner and is divided into several

sections:

The first section looks at the numerous research studies on utilising the sCO; cycle in
terms of power generation and waste heat recovery. The second section then looks at the prior
studies that have been done on the use of waste heat recovery and the HBC to produce power.
The third section then goes over the performance studies that are now accessible in the realm of
combined cycles, focusing on the ORC system, HBC, and sCO; cycle combined. The fourth
portion also goes over the various refrigeration cycles depending on ORC. The fifth and final
section covers the research on using renewable energy sources to run integrated combined cycles
(CCHPs).

Furthermore, after completing the literature survey, the significant findings are
discovered and described in the respective area. The research gaps are then recognized based on
the breadth of previously published literature. Lastly, the thesis organization is provided in the
final section of this chapter, which outlines the structural division of the thesis into its many

divisions.

2.2. Supercritical COz2 cycle applications

When used for WHR from a gas turbine, the sCO., Rankine cycle can reach high
efficiency compared to the steam/water cycle because of its compact structure and simplicity, as
stated by According to Kim et al. [51], maximizing the cycle's thermal efficiency (1) as well as
waste heat use could raise the net output power. Among the three methods, the split-cycle might

offer the highest power under a range of operating circumstances, according to their comparison
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of the energy and performance of the three distinct cycles. In addition, twelve distinct sCO; cycle
topologies, including dual cascade, simple recuperated, single heated cascade, etc., were
compared by Kim et al. [52], for gas turbine bottoming. Compared to the other configurations
they looked at, their study showed that pre-compression and recompression cycles had better

efficiency. They also recommended more investigation on the fusion of these two cycles.

A thermodynamic study on CO centered power cycles was presented by Cardemil and
da Silva [53]. They covered some topics, including cycle type (Brayton or Rankine), recuperator
configurations, and operating conditions like heat source temperature and CO upper and lower
operating pressure. Furthermore, they evaluated the relative efficacy of energy conversion cycles

using four working fluids: water, ethane, and toluene.

Mecheri et al. [54] examine the sCO> cycle's thermodynamic performance of coal-fired
power plants. Research showed that a recompression cycle was required despite the low-
temperature heat present in the flue gas from coal burning and that its efficiency differed from
the typical Brayton cycle by more than 4.5%. Additionally, they discovered that a single reheat
was a useful arrangement, increasing efficiency by 1.5% points as compared to a cycle without
reheating. Furthermore, they concluded that the performance of the sCO coal-fired power plant
had improved by 6%, from roughly 46% to 48%, with the material already in place under the
current operating conditions. Finally, while integrating the sCO. power cycle, several
technological issues surfaced.

The thermodynamic performance of a power plant with a sCO2 power cycle was
examined by Park et al. [55]. Their findings demonstrated that, compared to the SRC system
employed in the current coal-fired power plant, integrating the sCO2 power cycle with the coal-
fired power plant increased power production efficiency by 6%—7% and decreased the cost of
energy by roughly 7%-13.6%.

Li et al. [56] examined how well R245fa-based ORCs and trans-critical CO, (tCO»)
power cycles performed for low-grade power generation in an experimental study. Furthermore,
80 kWe micro-turbine CHP unit's exhaust flue gases were used. They also looked into how

performance is impacted by important operational limitations like mass flow rate and input heat
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flux. The study found that with a tCO> system and an R245fa-based ORC, power generation and

overall efficiency could greatly increase with a fixed input heat flux and larger mass flow rates.

The possibility of preheating the sCO. power system is examined by Song et al. [57].
Researchers noted that the original technique employed low-temperature jacket cooling water for
preheating the sCO> fluid. Their thermodynamic analysis determined that the system could
provide up to 63.7 kW of net power at the maximum preheating temperature. Subsequently, they
added a regeneration branch to the enhanced preheating sCO. system, significantly increasing the
regeneration heat load. The modified system's greatest net power production was recorded at
68.4 kW, 7.4% more than the original system’s. Finally, they came to the conclusion that 6.9%
more engine output power (996 kW) could be added to the upgraded WHR preheating system.

Neises and Turchi [58] examines the various sCO> cycle configurations' performance,
cost, and design. They discovered that although the recompression cycle is the most expensive, it
can achieve higher thermal efficiency and partial cooling cycles due to its requirement for larger
turbo-machinery capacity. Finally, they disclose that the power tower's partial cooling cycle
generates more net electricity and is also a less expensive choice.

Combined super-critical (sCO.) and transcritical (tCO2) cycles as a bottoming cycle was
suggested by Fan et al. [59]. The sCO2-tCO> cycle can run at 10% to 100% of the generator
capacity, reaching efficiencies between 24.5% and 65.7%, according to their extended multi-
objective optimization under partial load conditions. Additionally, they performed a sensitivity
analysis on design parameters such as the pressure and flow split ratio to evaluate cycle's

performance.

The sCO2 recompression Brayton cycle, in conjunction with the transcritical carbon
dioxide cycle as a bottoming cycle backed by a CSP system, was thoroughly analyzed by
Khatoon et al. [60]. They discovered that increasing waste heat and decreasing cooling water
flow increased the combined cycle's efficiency. In the SPT system, molten salt was used to
power the sCO. recompression cycle. They concluded that high temperatures might also be

effectively utilized with the sCO: cycle.

Yu et al. [61] looked at the recovery of waste heat from IC engine exhaust using four

various configurations of sCO- cycle. For every system, they computed exhaust heat recovery
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ratios and n. According to the study, the pre-compression cycle's 5.8 MPa and the recuperated

cycle's 7.65 MPa had the highest exhaust heat recovery ratios.

Ma et al. [62] examined how solar power towers (SPT) and the sCO> cycle could work
together. Even though the sCO> Brayton cycle is becoming more popular in SPT plants as a cost-
effective energy source, they used an exergoeconomic method to determine the best way to
combine primary compression intercooling and the recompression sCO2 Brayton cycle. They
contrasted their findings with those obtained by thermodynamic optimization, which seeks to

maximize the system's energetic efficiency.

In their analysis of the sCO2 Brayton cycle's performance for CSP applications, Garg et
al. [63] compared it with trans-critical and sub-critical cycles and discovered that the
supercritical cycle's n peaks at about 85 bar before beginning to decline. Conversely, raising the
low-side pressure increases the efficiency (n) of both trans-critical and sub-critical cycles.
Additionally, they show that the sCO> cycle can provide power with a nt of more than 30% even

at low source temperatures of 820 K.

Chacartegui et al. [64] investigated various combined cycle configurations using a CO>
gas turbine topping cycle to overcome issues with the solar power plant receiver's size and
construction. At the supercritical compressor's intake pressure, this ratio varied between 0.7 and
0.85. Additionally, their research showed that adding CO- to the topping cycle increases total
efficiency by three percentage points as compared to the air cycle.

The cascaded solar and biomass energy-driven sCO2 system was proposed by Wang et
al. [65], who also executed an energy and exergy analysis to assess the system's viability.
According to their findings, thermal efficiency can reach 40% and energy efficiency varies over
time. According to their statement, the efficiency value will be at its lowest point, whereas the
direct normal irradiance (DNI) will be at its highest point. This might be the result of poor use of
the excess energy that the solar receiver collected. They also discovered the solar field's maximal

energy destruction.

Compared to supercritical and superheated steam cycles, the sCO2 Brayton cycle offers
the possibility of greater cycle efficiency at temperatures suitable for CSP applications,

according to Neises and Turchi [66]. Additionally, they look into how well basic,
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recompression and partial cooling cycles work. They concluded that the partial cooling cycle was
preferable to the recompression cycle. This was advantageous since it made it possible to employ
more affordable thermal energy storage systems that sparked the creation of more thermally

efficient receivers.

Chacartegui et al. [67] studied implementing CO, Brayton cycles in CSP plants with
central receivers. They discovered that because of its more intricate design, improved heat
recovery, and capacity to operate in supercritical conditions at the compressor's input, the
recompression cycle (arrangement 2) delivered higher cycle efficiency. Additionally, sCO,-ORC
used in solar power plants can increase power output by 7% for central receivers operating at

maximum temperatures.
2.3. Helium Brayton cycle (HBC) applications

Helium Brayton cycles were investigated by Sanchez et al. [68] as power cycles to
achieve great thermal efficiency. The maximum temperature of the energy source is quite low
due to its working conditions, which restricts the cycle's thermal performance. Their research
aims to assess the potential of the helium Brayton cycles as power cycles. In particular, the
effects of reheating and intercooling have been investigated. A helium Brayton cycle's maximum
thermal efficiency of over 36% has been achieved by adding multiple intercooling stages, and

adding a reheating mechanism may help the cycle's efficiency rise to 37%.

Energy conversion cycles were examined by Kusterer et al. [69], who took into account
mixed or Brayton cycles in addition to their primary focus on water/steam cycles (Rankine
cycles). Their study includes a thermodynamic analysis of many closed helium Brayton cycles
(HBC). They demonstrated that a Helium Brayton Cycle can attain nth of at least 46%. The
turbine inlet temperature, which must be at least 900 °C, is a crucial component of this

efficiency, meaning the pressurized receiver must endure even greater temperatures.

A unique combined power cycle for solar power tower (SPT) systems was reported by
Khan et al. [70], which combined an HBC and aCO: cycle. The potential of this device to
generate carbon-free energy through waste heat recovery is examined. Using exergoeconomic
and thermodynamic analyses, the study contrasts the working of the SPT-HBC-tCO. cycle with
that of the basic SPT-HBC cycle. According to the findings, SPT-HBC-tCO> costs 1.613 US
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cents per kWh for electricity while achieving 34.68% energy efficiency and 32.39% thermal
efficiency. Improvements of 13.21% in thermal efficiency and 13.18% in exergy efficiency are

shown in this combined cycle.

A unique linked cycle intended for power generation in solar power towers was proposed
by Zare et al. [71]. The system recovers waste heat from a closed Brayton cycle on helium by
incorporating two organic Rankine cycles. Both 1%and 2" laws of thermodynamics were used to
analyse the system. According to the results, the power plant achieves an energy efficiency of
more than 30%. Furthermore, the study discovers that the suggested power cycle performs better
in these solar power plants than alternative Rankine and supercritical CO. systems under

comparable circumstances.

A novel working fluid composition, a mixture of NoO—He, was investigated by Miao et
al. [72]. Key factors, including the split ratio, pressure ratio, etc., were the subject of extensive
investigation and adjustment. The proposed revolutionary working fluid cycle performs better

than cycles employing N2O (with a 5.1% variance) and CO. (with a 6.5% deviation).

Bi et al. [73] investigated the design of an integrated hydrogen liquefaction system by
combining the steam methane reforming (SMR) method with the use of LNG cold energy.
According to their comparison analysis, the suggested procedure lowers the specific energy
consumption (SEC) from 10.780 kWh/kg to 7.95 kWh/kg and increases it from 0.1205 to 0.1634.

Zhou et al. [74] examined a combined cycle based on the supercritical Brayton cycle that
uses helium as the working fluid. For improving waste heat recovery (WHR), the suggested
system combines the conventional Brayton cycle, an absorption chiller, and the organic Rankine
cycle. The objectives of multi-objective optimization and thermodynamic and economic analysis
are to lower power costs and increase energy efficiency. As compared to the basic system, the
combined cycle reduced power costs and energy efficiency by 11.9% and 14.5%, respectively,
under ideal circumstances. Moreover, this new system works better than supercritical CO>

systems and Rankine cycle-based systems, according to comparisons with previous studies.

A binary gas mixture of helium and xenon was investigated by Malik et al. [75] for use
as the working fluid in the axial compressor of nuclear power facilities located on land. They

thoroughly examined the thermo physical characteristics of this helium-xenon mixture and found
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that it provides a 7% greater heat transfer coefficient at the necessary conditions. They could
lower the high-temperature gas-cooled reactor's (HTGR) compressor from 16 to 3 stages in the

closed Brayton cycle (CBC).
2.4. RES integrated ORC system

The working fluid utilized in an ORC plant determines its efficiency and profitability
[76]. This supports the literature on choosing fluids for various heat recovery applications, which
summarizes the qualities of suitable fluids [77-82]: Low viscosity, High latent heat of
vaporization, High density, and Noncorrosive. High specific heat, High thermal conductivity,
Nontoxic and nonflammable, High energetic/energetic efficiency, Low ODP, low GWP, Low
cost and good availability, Stable at high temperature, More critical parameters (temperature,
pressure), etc.

An exergy analysis of an Organic Rankine Cycle (ORC) was carried out by Mago [83],
who assessed several organic fluids, including R245fa, R123, R142b, isobutene etc., with critical
temperatures ranging from 407.7 to 524.9 K, According to the study, the ORC could produce in
the range of 13.8 and 30 kW at a temperature of 503 K for exhaust. The study also demonstrated
how important it is to consider the fluid's critical temperature while selecting a working fluid.
Energy performance is improved when a fluid's critical temperature is closer to the exhaust

temperature because this reduces the pinch point temperature discrepancy.

Ahmadi et al. [84] created a thermodynamic model that combines a gas turbine cycle, an
ORC system, a single-effect absorption chiller, and a domestic water heater to supply electricity,
heating, and cooling. Moreover, analyzing energy and exergy, they evaluated the effects on the
environment. According to their findings, this tri-generation system uses less energy than gas
turbine cycles or traditional combined heat and power systems. Furthermore, they discovered
that the combustion chamber undergoes the greatest exergy destruction because of the substantial
temperature differential linking the working fluid and the flame and the irreversibility of

chemical reactions.

Al-Sulaiman et al. [85] evaluated the operation of a new approach for combined power,
heating, and cooling that is based on PTSC and ORC. They also considered three different

configuration options: solar, solar with storage, and storage mode. In addition to three scenarios,
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heating-cogeneration, cooling-cogeneration, and electrical power, ultimately, their findings show
that the maximum electrical efficiency was discovered to be 15%, 7%, and 6.5%, respectively.
On the other hand, the maximum power, heating, and cooling efficiency was around 47%, 42%,
and 94%, respectively.

The working of a toluene ORC and NH3/CO2-based cascade refrigeration system was
examined by Lizarte et al. [86] for applications involving low-evaporation temperatures, or
55°C to 30°C. They discovered that the highest overall system COP and energetic efficiency

were 0.8 and 31.5%, respectively, as compared to the ORC evaporation temperatures.

In 2020, Song et al. [87] conducted an analysis of the SORC to recover waste heat from
low-grade waste heat at low temperatures. They found that the R152a fluid was the most
effective fluid in terms of producing the highest net power and thermal efficiency and that SORC

is a suitable method for recovering waste heat from industrial sources.

Zhou [88] claims that because the organic fluid's supercritical condition achieves an
improved thermal match, reducing irreversibility, the Supercritical Organic Rankine Cycle
(SORC) has greater conversion efficiency than the traditional ORC. According to their technical
analysis, a hybrid plant based on the SORC performs better thermodynamically than one based
on the subcritical ORC. Furthermore, their energy study reveals that a supercritical hybrid plant
attains an exergetic efficiency of between 27-34%, whereas a subcritical hybrid plant's exergetic

efficiency ranges from roughly 23-32%.

Chen et al. [89] looked into how well supercritical Rankine cycles and ORC systems
converted waste heat into electricity. Additionally, they demonstrated that isentropic and dry
fluids work better in ORC systems since wet fluids require superheating. However, because of
the consequences of superheating, employing dry fluids may harm cycle efficiency. They also
investigated the application of low critical pressures and temperatures for fluids in the

supercritical Rankine cycle.

The effectiveness of a direct vapour generation SORC system powered by linear Fresnel
Reflector (LFR) concentrators was assessed by Xu et al. [90]. They talked about how the
receiver evaporator's intricate two-phase problems are avoided by the supercritical process.

Comparing cyclohexane to other working fluids, they found that it obtained a greater overall
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efficiency of 19.7%. They observed that the efficiency of the ORC improved faster than the
efficiency of the LFR system with growing turbine input temperatures, resulting in a greater

overall efficiency, when they compared this system to a conventional subcritical ORC system.

Wang et al. [91] investigated how the SORC system's performance was affected by the
inlet temperature of the cooling water. They discovered that when the cooling water inlet
temperature rises from 20°C to 30°C, thermal efficiency reduces by 19%, 11%, and 11%, while
the net power output of the ORC decreases by 30%, 21%, and 16%, respectively, with the

specified flue gas temperatures.

The ORC, WHR potential was examined by Braimakis et al. [92], who discovered that
the critical temperature of the working fluid affects the system's energy efficiency. According to
their research, propane has the potential to increase efficiency by up to 18%. They also pointed
out that cycle performance might be improved in subcritical and supercritical circumstances by
employing zeotropic binary mixes rather than pure fluids. Furthermore, their investigation
revealed that these blends provide better second-law efficiency than their individual components,
maybe as high as 60% with supercritical cyclopentane-propane, contingent upon heat source

temperature.

Moloney et al. [93] state that the subcritical ORC is more effective for geothermal
energy than the conventional ORC. As part of their research, they evaluated a range of safe and

non-toxic fluids and performed analysis at the turbine's inlet.

Shaaban [94] used the steam Rankine cycle and ORC as bottoming cycles to recover
waste heat from solar-integrated combination cycles examination. After testing fifteen different
ORC working fluids, the author found that R1234ze (Z) offered the optimum balance of

thermoeconomic, environmental, and safety features.

According to Guo et al. [95], the heat source and sink profile must be considered while
choosing the optimal working fluid. Additionally, they noted that pure fluids may perform better
than combinations in situations with a low-temperature gradient and a high heat source input
temperature. Additionally, their research shows that the mixtures function better when the heat
source's intake temperature drops, which raises the temperature gradient of the heat sink and the

heat source.

35



A 250 kW ORC system using a turbine expander and working fluids like R245fa was
researched by Fu et al. [96]. The power output of 242 kW and nw of 8.3% was found in their
results, with the evaporation and condensation temperatures being 104.4°C and 32.3°C,
successively. They also observed a +1.7 kW variation in the net power output. Their results

showed enhanced system stability and great WHR applications.

The working of the parallel double evaporator ORC (PDORC) and the traditional ORC
was compared by Dai et al. [97]. They investigated how zeotropic mixes and multi-evaporator
systems can improve ORC performance efficiently. Four parameters were used to assess the
systems' performance: heat exchanger area, cycle efficiency, net power production, and heat
exchanger area per net power output. They employed both pure organic fluids and zeotropic
mixes to create sub-models for condensers and evaporators. For performance optimization, a GA

was used to match the two statistically.

The ORC system has been highlighted by Wang et al. [98] as a potentially useful
technology for reclaiming energy from the waste heat generated through engines. They
suggested a dual-loop ORC system to improve energy recovery from coolant and engine exhaust
fumes. This system would consist of two cascading ORCs. This strategy might raise the
effectiveness of energy recovery overall. Their study concentrated on a regenerative dual-loop

ORC system for compressed natural gas engine WHR employing R1233zd and R1234yf.

Furthermore, Singh and Mishra [99] carried out an exergy and energy study of a
supercritical ORC integrated with a parabolic trough solar collector (PTSC). The suggested
working fluids for the supercritical ORC include cyclohexane, toluene, R152a, and isobutene.
The performance measures investigated in this study were the fuel depletion ratio, expansion
ratio, rate of energy degradation, improvement potential, irreversibility, and expansion rates.
According to the data, exergy efficiency rises steadily with increasing solar irradiation intensity
and turbine inlet pressure; R600a exhibits the highest exergy efficiency of all the fluids tested.

Hoang [100] examined using the ORC as a bottoming cycle to recover heat from diesel
engine exhaust waste. They revealed that although a system combined with a diesel engine could
reach up to 90% thermal efficiency, an ORC could only achieve up to 25%. Diesel engines

produce the most pollutants and CO2 emissions but are also essential for transportation,
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agriculture, and small to medium-sized stationary generators. In actuality, though, over 60% of
the energy generated during the combustion of an air-fuel mixture is wasted as waste heat and is

instead released into the atmosphere.

A comparison and optimization study of single and dual-pressure evaporation ORCs was
carried out by Li et al. [101]. In comparison to the single-pressure evaporation ORC, they
discovered that the dual-pressure evaporation ORC produced more work. Additionally, the
maximum work output rose for nine distinct working fluids as the heat source temperature

dropped, with maximum increments ranging from 21.4% to 26.7%.

The energy, exergetic, and financial performance of a solar-powered trigeneration system
were examined by Bellos et al. [102]. They said an ORC that discards heat can be fed by PTSC
and a storage tank to the heat pump. They also optimize the system's performance. They
discovered an internal return rate of 20.02% and a payback period of 5.33 years, indicating a

workable system.

A study on the hybrid ORC powered by solar energy (PTSC) and waste heat (temperature
variations between 150°C and 300°C) was conducted by Bellos and Tzivanidis [103]. They
chose four distinct fluids: n-pentane, MDM, cyclohexane, and toluene. According to their

findings, toluene may produce the most amount of electricity, ranging from 479 kW to 845 kW.

Power systems utilizing the steam Rankine cycle (SRC), ORC, and steam ORC (S-ORC)
were created by Zhang et al. [104]. Using numerical models, they calculated and compared
these three systems' power output, operating pressure, and efficiencies. The outcomes
demonstrated that as the temperature was 150 and 210 °C, the ORC attained the best exergy
efficiency and power production. On the other hand, the S-ORC outperformed the SRC and ORC

systems in terms of thermal and energy efficiency.

Moloney, Almatrafi, and Goswami [105] performed a parametric study of the SORC
system and concluded that the SORC is more efficient than the ORC for low-temperature heat
sources. Additionally, after conducting a thermal analysis of the SORC, Sadon and Islam [106]
found that it outperformed the basic ORC with a preheater in terms of both power output and

thermal efficiency.
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2.5. Application of ORC system for VCR, VAR, ejector and cascade cycle

Li et al. [107] studied selecting the optimal working fluid for a combined ORC-VCC
system. Butane was found to be the best working fluid for this system, considering temperature
differences at the boiler outlet ranging from 30 to 55 °C, with evaporation and condensation
temperatures varying between 60 to 90 °C and -15 to 15 °C, respectively. At a boiler outlet

temperature of 90 °C, the system's overall COP was found to be 0.47 when using butane.

Hu et al. [108] examined how well an ORC-VCC system running on solar energy
performed. They came to the conclusion that the temperature of generation and condensation
affects the amount of ice produced as well as cooling power. R245fa was chosen as the suitable
fluid for this application. Ice production per unit meter square collecting area and cooling power
with R245fa were 7.61 kg/m?/day and 126.44 W/m?, respectively.

A model for a low-temperature heat-activated combination ORC-VCC system was
projected by Moles et al. [109]. The system's electrical and thermal coefficients of performance
(COPs) were found to range from 15 to 110 and 0.30 to 1.10, respectively. Furthermore, HFO-

1234ze (E) was found to be an appropriate working fluid to improve efficiency.

According to Wu et al. [110], little exergy loss in the VAR cycle's component parts and
maximal exergy loss in the reactor. Finally, their exergo-economic optimization results show
that, as compared to the sCO: cycle, the combined structure has greater first and second law

efficiency by 26.12% and 2.73%, respectively.

Saleh [111] examined ORC's energy and exergy analysis integrated with a VCC system.
After considering system performance and environmental considerations, he concluded that
R602 was a suitable working fluid. In particular, the system achieved a maximum COP of 0.99,
an exergy efficiency of 53.8%, a turbine pressure ratio of 12.2, and a working fluid total mass
flow rate of 0.005 kg/s-kW utilizing R602 at a condenser temperature of 25°C.

Li et al. [112] focused on optimization strategies while comparing the combination
sCOo/lithium bromide-water system with the sCO./ammonia-water system. An energy and
exergy study of a combined ORC system with single and double evaporator VCC designs was
done by Pektezel and Acar [113]. They discovered that R600a was the system's ideal working
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fluid. They also found that the combined cycle with a single evaporator had a better COP and

exergy efficiency than the arrangement with two evaporators.

The study of the regenerative ORC-VCC system was carried out by Javanshir et al.
[114]. They stated that the boiler and turbine had the highest amounts of energy destruction and
that the product's total unit cost was $60.7/GJ.

Patel et al. [115] proposed an innovative trigeneration system that integrates the ORC
with a vapour compression—absorption cascade refrigeration cycle. Using n-pentane as the
working fluid for the ORC, the proposed system's calculated energy and exergy efficiencies are
79.02% and 46.7%, respectively.

Patel et al [116] presented the thermo-economic optimization of a cascaded vapour
compression-absorption refrigeration system powered by an ORC and waste heat. In this setup,
using a dry working fluid, the ORC generates power to drive the VCRS. Additionally, the high-
temperature organic working fluid from the expander outlet meets the thermal needs of the
vapour absorption refrigeration system. While this method effectively provides cooling at low
temperatures, its practical limitations include complexity and high initial capital costs. The
system's energetic efficiency is calculated at 22.3% for cooling-only mode and 79% for

cogeneration mode (cooling and heating).

Patel et al. [117] proposed a novel solar-biomass ORC system combined with a cascaded
system for low-temperature cooling applications. They conducted a thermo-economic study to
assess the system's performance and commercial feasibility. In contrast, for the linear Fresnel
reflector (LFR) based system, the solar fraction was 0.179 due to lower annual efficiency, but the
BEP was lower at 7.43 years due to a smaller LFR field and reduced biomass energy generation

costs.

Faruque et al. [118] presented a unique cascade design for a compression absorption
refrigeration system. They used parametric tests, genetic algorithm optimization, and energy and
exergy analysis to assess the suggested system using two distinct refrigerant combinations. Their
results demonstrated that by employing the R41 and LiBr/H.O combination, the suggested
system could attain a 15.39% improvement in COP and exergy efficiency over the conventional

cascade absorption cycle at an evaporator temperature of -35 °C.

39



Askari et al. [119] presented an integrated refrigeration system that uses linear Fresnel
solar collectors to power the ejector-cascade compression (R1234yf)-absorption (LiBr—H20)
cycle, organic Rankine cycle (ORC, using toluene), and thermoelectric generator (TEG). To
assess the effect of parameters on performance, such as heat transfer areas, solar field size, ideal
dimensions for the thermal energy storage (TES) system, and the levelized cost of cooling
energy (COC), they performed a thermo-economic analysis. Compared to the system without an
ejector, the results demonstrated that adding the ejector increased the system's efficiency and the
cascade cycle's coefficient of performance by 27.02% and 51.19%, respectively.

Using R1234yf as the refrigerant, Li et al. [120] studied the working attributes of an
ejector-expansion refrigeration cycle (EERC). Additionally, they used R1234yf and R134a to
compare the performance of EERC systems. According to the study, at 40°C for condensing and
5°C for evaporation, R1234yf attained a peak volumetric cooling capacity (VCC) of 2590.76
kJ/m?3 and a coefficient of performance (COP) of 5.91. All things considered, the R1234yf EERC
works better than the traditional refrigeration cycle, particularly at greater condensing and lower
evaporation temperatures. In addition, the R1234yf cycle exhibits better VCC and COP than the
R134a cycle.

Wang et al. [121] proposed a novel combined power and refrigeration cycle for
cogeneration that integrates the Rankine cycle with the ejector refrigeration cycle by placing an
extraction turbine between the heat recovery vapour generator (HRVG) and the ejector. This
combined cycle, powered by flue gas from a gas turbine or engine, solar energy, geothermal

energy, and industrial waste heat, can simultaneously produce both power and refrigeration.

As an alternative to absorption cooling systems, Lianga et al. [122] investigated a heat-
driven cooling system that combined a transcritical CO> (T-CO2) refrigeration cycle with a
supercritical CO2 (S-CO>) power cycle. They suggested that this integrated system could cool
refrigerated cars so that food may be preserved by using engine waste heat recovery. According
to their research, a combined S-CO2/T-CO: cycle that uses a single cooler functions similarly
and is technically possible thermodynamically. With the S-CO,/T-CO; system, there is enough
heat in the exhaust gas to chill the vehicle compartment that is refrigerated efficiently.
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Khan et al. [123] presented an innovative combined cycle that uses a supercritical
Brayton cycle with helium as the working fluid to produce power. This novel cycle provides
additional heating and low-temperature cooling for food storage by combining a cascaded vapour
absorption-compression refrigeration technology with the conventional Brayton cycle for waste
heat recovery. The predicted plant's energy, exergy efficiency, and power output were
determined to be 28.82%, 39.53%, and 14,865 kW, respectively. The cooling coefficient (COP)
was measured at 0.5391, and the heating coefficient at 1.54 at 850 W/m?2 of direct normal

irradiation.

Mosaffa [124] presented a novel geothermal-driven combined power and dual ejector
refrigeration (CPDER) system using a zeotropic mixture. According to the study, the
evaporator's outlet temperature and capacity have the greatest influence on refrigeration capacity,
whereas the turbine's outlet pressure and mixture composition have the most effects on overall
exergy destruction and net power output. A tri-objective optimisation approach was also used to
find the ideal operating conditions, emphasising energy efficiency, energy efficiency, and total
unit cost. The energy and energy efficiency of the suggested CPDER system improved by 6.0%
and 11.9%, respectively, according to the optimization results.

Modi et al. [125] conducted energy and exergy assessments of a single-effect li-Br
absorption system. Their findings showed that as the generator temperature increases from
750°C to 1100°C, both the coefficient of performance (COP) and exergy efficiency improve. The

generator and absorber were identified as having the highest levels of exergy destruction.

A thermodynamic analysis of a unique combined cooling and power system powered by
low-grade heat sources and an ammonia-water mixture was carried out by Wang et al. [126].
They looked into energy destruction to understand how energy is dispersed across the many
components. The findings showed that the main locations of energy destruction are heat

exchangers.

Rashidi et al. [127] created a computer program to analyze a combined power and
ejector cooling cycle using R123 as the working fluid. Their study assessed how different
operational parameters affect the cycle's performance. They found that the boiler and ejectors

experience the greatest energy losses. They also observed that the evaporator temperature
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increases with the first and second law efficiencies. Moreover, as the turbine inlet pressure

increases, the 1% law efficiency improves while the 2" law efficiency decreases.

Habibzadeh et al. [128] assessed the thermodynamic performance of an ejector
refrigeration cycle with combined power in their 2013 study. They determined the ideal turbine
and pump input pressures for the selected working fluid to reduce the cycle's overall thermal
conductance. Furthermore, energy and exergy evaluations of comparable systems were carried
out by Dai et al. [129], Agrawal et al. [130], Khalig [131], and Khaliq et al. [132].

Refrigeration plays several crucial roles in human life, including air conditioning,
cooling, preserving fruits and vegetables, maintaining pharmaceutical products, and controlling
environmental conditions. Many researchers have investigated using solar power as a heat source
for absorption and ejector refrigeration systems. In the ejector refrigeration system, the ejector is
a key component that increases pressure without directly using mechanical energy. As a result,

an ejector that boosts pressure is simpler and safer than a compressor or pump.

Keenan et al. [133] established the foundational concept of the ejector cycle built on gas
dynamics, which was later developed further by Huang et al. [134] and Ouzzaneet et al. [135].
Their simulations of a solar absorption system using LiBr-H2O revealed a relationship between
the hot water input temperature, coefficient of performance (COP), and the absorption surface
area. Khalig et al. [136] found that the overall exergy destruction in NH3-H20 systems is greater
than in LiBr-H2O systems. They identified the generator and absorber as the primary sources of
energy destruction and suggested that increasing the absorber temperature could enhance

exergetic efficiency.
2.6. RES integrated combined cycles (CCHP)

An exergoeconomic analysis of the sCO2/tCO> and sCO2/ORC configurations was carried
out by Wang and Dai [137]. Furthermore, their analysis showed that the sSCO2/ORC cycle's total

product unit cost is somewhat less than the sCO./tCO: cycle's.

Khaliqg et al. [138] proposed an innovative cogeneration system combining the Rankine
power cycle with the absorption refrigeration cycle to recover industrial waste heat and generate
electricity and refrigeration. Their findings indicate that as the gas inlet temperature increases,
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the first law efficiency decreases while the power-to-cooling ratio increases. Conversely, as the
pinch point temperature rises, the first law efficiency improves, but both energy efficiency and

the power-to-cooling ratio decrease.

Njoku et al. [139] examined the working of a combined plant integrated with an ORC
and a VAR cycle. Their study evaluated the energy, exergy, and environmental sustainability
indices. The results revealed that the ORC, using R113 and powered by waste heat from the
combined cycle power plant, generated an additional 7.5 MW of electricity. Furthermore, the
VAR cycle, which cooled the inlet air stream to 15°C in the gas turbine plants, contributed an
extra 51.1 MW of electricity.

An energy and exergy analysis of a system comprising a solar parabolic trough collector,
an ORC acting as the bottoming cycle, and a basic recuperated sCO2 cycle was carried out by
Singh and Mishra [140]. At a solar irradiation of 0.85 kW/m2, they discovered that the fuel
depletion ratio was 0.2583. According to their investigation, the system's energy and exergetic

efficiencies both increased as sun irradiation increased.

In 2014, Akbari and Mahmoudi [141] performed an exergoeconomic study of a
combined R-SCO; Brayton cycle and ORC system. They evaluated eight different ORC working
fluids. Using EES software, they optimized both the thermodynamic and economic operation of
the combined cycle. Their results indicated that the combined cycle achieved up to 11.7% higher
energy efficiency compared to the R-SCO> Brayton cycle and had a total product unit cost 5.7%
lower than the basic recompression cycle.

The efficiency of a combination ORC-VCRS using low-grade thermal energy was
examined by Saleh [142]. A variety of working fluids were taken into consideration, such as
hydrocarbons, hydrofluorocarbons (HFCs), and hydrofluoroolefins (HFOs). The performance of
the system was examined in relation to changes in the isentropic efficiencies of the compressor
and expander, as well as variations in the temperatures of the evaporator, condenser, and boiler.
It was discovered that although while the total mass flow rate per kW of cooling capacity
decreased, the overall COP of the system improved once the temperature of the boiler and
evaporator rose along with the isentropic efficiency of the compressor and expander. The fluids

with the maximum COP values for the system were found to be R600 and R245fa.
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According to Polyzakis et al. [143], gas turbine power plants have somewhat lower
capital costs than steam power plants. Additionally, they compared the various gas turbine cycle
configurations, including simple, intercooled, reheated, and intercooled, and optimized based on
combined cycles. Their research revealed that a reheated gas turbine was ideal configuration
because of the turbine's high exhaust gas temperature, which can lead to a high bottoming steam
cycle thermal efficiency. Lastly, they said that a gas turbine cycle that is optimized could result

in a combined cycle power plant that is more efficient and saves a significant amount of money.

Ersayin and Ozgener [144] used the 1% and 2" laws of thermodynamics to study a
combined cycle power plant. It was discovered that the plant had an energy efficiency of 56%
and an energy efficiency of 50.04%. The combustion chamber, among other components, had the
maximum rate of exergy destruction, as per their investigation. Additionally, they pointed out
that lowering extra air in the combustion chamber and adjusting the A/F ratio might lower
energy and exergy losses, enhancing the combined cycle power plant's first and second law

efficiencies.

Using a zeotropic mixture, Hou et al. [145] conducted a thermodynamic investigation of
a novel combined RSCO: cycle and regenerative ORC. Using a GA for multi-objective

optimization, they discovered that the most efficient zeotropic mixture was R236fa/R227ea.

Song et al. [146] evaluated how different recuperative ratios of the sCO- cycle, the initial
temperature of the heat source, and the overall heat load affected the performance of the ORC as
a bottoming cycle. They designed cycles with: one with a pre-cooler and one without. They
suggested that incorporating a bottoming cycle could improve residual heat recovery and

enhance the system's thermal efficiency.

According to Javanshir et al. [147], the best thermal efficiency is achieved when R141b
and an ORC are combined when the cycle's maximum temperature is less than 300°C.
Additionally, their investigation revealed that the best cycles for maximum temperatures between
300°C and 650°C were CO2 regeneration Brayton cycles with recompression and Rankine/ORC
cycles. They also found that the regenerative Brayton cycle with recompression and the
combined Brayton/ORC cycle obtained the highest nw for maximum pressures and cycle

temperatures exceeding 650°C.
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An exergy analysis using SPTC was carried out on a thermal power system by Al-
Sulaiman [148]. To generate power, the study investigated a mixed cycle technique that used an
SRC as the topping cycle and an ORC as the bottoming cycle. The ORC employed a variety of
refrigerants, including R134a, R152a, etc, in addition to ammonia. The investigation showed that
exergy efficiency rises with solar radiation; the maximum exergy efficiency of the combined
cycle utilizing R134a was 26%, and the exergy efficiency of the R152a-based cycle was an
additional 25%. Furthermore, the study discovered that the solar collector which accounted for

about 70% of all energy losses was mostly to blame for energy destruction.

With an emphasis on low-temperature thermal energy storage, Gao et al. [149] examined
a parameter and optimized high-temperature solar sCO2 and ORC combined power system with
a storage device. Their research showed that while the system's overall thermal efficiency drops,
greater compressor input temperatures cause an increase in the ORC's intake turbine temperature

as well as the system's power output ratio.

Al-Zahrani and Dincer [150] analyzed the energy and exergy performance of a solar-
powered sCO> Brayton cycle integrated with an ORC. Their study found that the CO. Brayton
cycle achieved an energy conversion efficiency of about 40% and an energy efficiency of
roughly 69%. The total power output was approximately 102.7 MWe, using a mirror area of
450,000 m2.

Using statistical analysis and exergy, Garcia et al. [151] studied the ammonia-water
power and cooling cycle. Their findings show that variables like ammonia content, pressure
ratio, turbine efficiency, and the heat exchanger's pinch point temperature have a big effect on
the cycle's performance. They discovered that the combined cycle performed best with an ideal
pressure ratio of around 14 and an ammonia composition of roughly 0.47 at the absorber outlet.
They also noticed that the thermal performance of the linear Fresnel reflector (LFR) collector
field was comparable to that of the solar parabolic trough collector (SPTC) field, despite the LFR

having 40% larger mirror area.
2.7 Important literature review on recent studies

To meet the energy needs of tiny structures in remote places, Saini et al. [152] developed

a revolutionary solar-driven compact and sustainable integrated system. Energy, economic, and

45



environmental studies are conducted. By taking into account the temperature of the generator,
evaporator, and condenser, pinch point temperature differential. Raising the temperature of the
generator or evaporator lowers the cost of cooling and power while increasing energy efficiency,
CO:2 emissions, and heating expenses. Raising the condenser temperature raises CO2 emissions
and increases heating costs while lowering energy efficiency, cooling expenses, and power

prices.

To find an environmentally viable solution for upcoming energy needs and human
luxury, Saini et al. [153] investigated three distinct topologies of solar-driven combined cooling,
heating, and power (CCHP) systems. They compared the thermodynamic performance of these
configurations assessing many factors such as performance index, irreversibility etc.—using
solar energy. The analysis revealed that Configuration-1 achieved the highest power output and
total energy efficiency, whereas Configuration-3 delivered the greatest heating output and

performance index.

Dabwan et al. [154] presented the outcome of a study on the thermodynamic, economic,
and environmental aspects of power plants using parabolic trough collectors. The study includes
an analysis of the facilities' hourly and annual performance with varying sizes of gas turbines and
solar fields. Additionally, a theoretical approach for optimizing solar integration has been

developed and demonstrated.

An inventive solar-powered trigeneration system with a thermal energy storage unit
(TESU) was presented by Sheykhlou et al. [155]. Double-effect absorption chillers, a modified
Rankine cycle, and parabolic dish collectors are all part of this system. During solar operation,
the study evaluated the sensitivity of a number of variables, such as energy and exergy
efficiency, power-to-heating and cooling ratios, heating capacity, input energy, and net output
power. The findings demonstrated that the various operating modes attained respective energy
and exergy efficiency of 15.53%, 14.47%, and 8.58%, and overall energy efficiencies of 97.23%,
81.98%, and 40.23%.

An experimental assessment of the energy efficiency of a trigeneration system using a
solar PVT-assisted heat pump in an industrial setting was carried out by Coca-Ortego et al.

[156]. Their results show that this solar-powered system can provide power, heat, and cooling
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efficiently. Even though it contributes less to heat production, the PVT system's solar thermal
component is important for providing hot water for household usage. On the other hand, the heat
pump compressor gains a lot from the solar electricity produced. A variety of performance

metrics were used to examine the system's performance.

A tri-generation system to simultaneously produce different final energy forms for an
office building was studied by Chen et al. [157]. The carbon price is incorporated to monetize
the emissions, and extensive optimization is carried out to optimize the energy, environmental,
and economic benefits. With the maximum solar energy utilization rate, the suggested system
outperforms the conventional system in terms of energy performance and environmental
advantages by 41.7% and 41.4%, respectively. In the best scenario, the economic performance

increases by just 14.4%, although at the lowest solar energy usage rate.

Tsimpoukis et al. [158] proposed the implementation of a supercritical CO; trigeneration
system to serve a refrigerated warehouse in Athens. They analyzed the system's energy
performance and assessed its financial benefits compared to a system that solely relies on ejector
refrigeration. Under the selected nominal conditions, the power production efficiency was found
to be 11.77%, the combined power and refrigeration production efficiency was 66.09%, and the

overall trigeneration efficiency reached 163.70%.

Alharthi et al. [159] investigated combined energy system that integrates a power
generation unit (TCP), a single-double-effect absorption chillers, and a solar collector utilizing
CO:z as the heat transfer medium. They analyzed how temperature variations at the pump inlet
and evaporator of the absorption chillers affect power generation, refrigeration performance,

cooling exergy, and the overall CCHP efficiency.

An optimization of a solar-powered combined cooling, heating, and power (CCHP)
system was reported by Wang et al. [160]. A solar collector with a flat plate was used to capture
solar radiation. To generate energy and cooling capacity, the CCHP system integrated an ORC
with an ejector refrigeration cycle. For optimization purposes, a mathematical model of the solar-
powered CCHP system was created. It was discovered that the optimal values for the total heat

transfer area and average useable output were 46.16 m? and 6.40 kW, respectively. The ideal
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values for the combined cooling and power (CCP) mode were 5.84 kW for the average usable

output and 58.74 mz for the total heat transfer area.

A novel micro solar combined CCHP cycle that uses the ORC for both summer and
winter operations was proposed by Boyaghchi et al. [161]. A storage tank was created to
balance the supply and demand of solar energy for the CCHP system in order to guarantee steady
and continuous functioning. According to the study, under ideal circumstances, the nwm, energy
efficiency, and total product cost rate increased dramatically to 28%, 27%, and 17% in the

summer from 4%, 13%, and 4%, respectively, during the winter.

A novel cogeneration system for electricity, cooling, and heating was presented by
Mahdavi et al. [162]. To improve efficiency, zeotropic mixtures are used as the working fluids
in the dual-pressure ORC and ejector refrigeration cycles. The main source of power for the
system is solar collectors with parabolic troughs. Under certain circumstances, such as using
pentane and isobutane as the zeotropic working fluids and keeping the sun radiation rate (DNI)
constant at 1000 W/m2, optimal performance was attained. The system had an overall exergy loss
of 22.19 MW, with peak energy and exergy efficiencies of 15.81% and 20.26%, respectively.

You et al. [163] proposed a trigeneration system utilizing solid oxide fuel cells (SOFCs)
to simultaneously produce power, cooling, heating. The system features key components
including a heat exchanger, a steam ejector refrigerator (SER), a gas turbine, an ORC, and an
SOFC. Their analysis revealed that while increasing the fuel cell current density lowers both the
system's average cost and its environmental impact per unit of energy, higher SOFC inlet
temperatures, working pressures, pinch point temperature differentials, and generator
evaporation pressures lead to increased costs and environmental effects. Optimization of the
system aimed to realize the best exergy-based working; however, even with optimization, the

system's energy efficiency was reduced by 7.64%.

Bellos and Tzivanidis [164] investigated a solar-driven trigeneration system optimized
under various criteria. The system utilizes parabolic trough collectors to supply heat to the
generator and includes an ejector, an evaporator for cooling, and a condenser for heating. For

applications such as hotels, the system provides cooling at 10°C and heating at 50°C, which are
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typical for building temperatures. The optimal configuration achieved an energy efficiency of

11.26%, with a cash flow for energy savings of 7.694 €/h, and an overall efficiency of 8§7.39%.

Three varieties of helium-regenerated Brayton cycles were examined by Li et al. [165]:
the single-reheat cycle with intercooling, the cycle with intercooling, and the double-reheat cycle
with intercooling. These cycles aim to improve the efficiency of solar power towers operating at
temperatures above 1300°C. With the largest temperature differential of 1028.5 °C and the
highest energetic efficiency of 65.32% were all attained by the optimized cycle. The best cycles
had energetic efficiencies of 55.91%, 61.57%, and 65.28%, in that order.

A new multigeneration plant featuring two thermoelectric generators, a PEM unit, a home
water heater, a steam Rankine cycle, a supercritical CO2 Brayton cycle, a methane-powered
Brayton cycle, and a multi-effect desalination process was introduced by Kelem et al. [166].
Their research focuses on CO2 emissions, energy and energy efficiency, and environmental and
thermodynamic studies. The system's freshwater generating capacity, net power output, and
hydrogen production rate were determined to be 1336 kW, 0.002004 kg/s, and 0.954 kg/s,
respectively. Furthermore, measurements showed that the plant's energy and efficiency were
55.76% and 52.17%, respectively.

Two unique sCO2 cycles were proposed by Sun et al. [167] for gas turbine waste heat
recovery. The two systems' energy, exergy, and exergoeconomic analyses are examined. This
research can aid in investigating the possibilities of cutting-edge waste heat recovery systems. As
a result, the suggested systems offer fresh approaches to using gas turbine waste heat more

affordably and serve as models for designing comparable cycles.

Khan et al. [168] studied the thermodynamic performance of two different
configurations: the sCO2 cycle/ORC (configuration-1) and sCO; cycle/parallel double evaporator
ORC (PDORC) (configuration-2). Both configurations were evaluated with a solar power tower
(SPT) as the heat source. The study found that, with a direct normal irradiation (DNI) of 950
W/mz, adding a basic ORC or PDORC to the standalone inter-cooled cascade sCO: cycle
improved thermal efficiency by 2.3% and 6.7%, respectively. The waste heat recovery ratios for
PDORC and basic ORC were 0.1775 and 0.1197, respectively. Configuration-2 demonstrated an
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optimal thermal efficiency of 52.34%, surpassing configuration-1 in waste heat recovery

performance.

Qin et al. [169] created a novel combined cycle system with a transcritical CO:
refrigeration cycle and a supercritical CO, recompression Brayton cycle to recover waste heat
from a marine turbine for power generation and refrigeration. Through a parametric sensitivity
analysis, they investigated how different system characteristics affect the system's performance
and economy. After that, multi-objective optimization was used to adjust the system's settings.
Furthermore, the low-temperature heat exchanger is essential to the system's total exergy

destruction.

The integration of power cycles, thermal energy storage, and heliostat fields was the main
topic of Khatoon et al. [170]. Supercritical carbon dioxide Brayton cycles are becoming
increasingly common because they function better at extremely high temperatures than standard
Rankine cycles. According to their findings, the integrated system's efficiency increases when
recompression cycles are used; this improvement ranges from 39% to 45%. With regeneration
cycles, the average net power production was calculated to be 37.17 MW, and with

recompression cycles, it was 39.04 MW.

Anjum et al. [171] developed a trigeneration system for SPT plants that efficiently
produce power, heating and cooling at low temperatures from a high-temperature SPT heat
source. This trigeneration unit integrates a cascaded vapour compression-absorption refrigeration
system and a helium Brayton cycle for power generation to create heating and low-temperature
cooling benefits for food preservation. The numerical technique of exergy energy analysis was
performed using engineering equation solver software to evaluate the performance of the
proposed SPT plant. The power output, exergy and energy efficiency of the SPT plant were
found as 14,865kW, 39.53% and 28.82%, respectively. The coefficient of performance values for
cooling and heating were observed as 0.5391 and 1.539, respectively. Exergy evaluation revealed
that approximately 78.18% of the total energy destruction of the entire plant is attributed to the
solar subsystem only. Furthermore, a parametric investigation shows that the temperature of the
evaporator, generator and helium turbine inlet, and the efficiency of the heliostat and receiver all

have a significant impact on the plant performance. Furthermore, a comparative analysis with
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relevant previous studies has shown that the proposed system outperforms systems based on

supercritical CO2 cycles and the Rankine cycles.

Anjum et al. [172] proposed a novel trigeneration system that was presented to utilize
the SPT for combined power generation, heating, and cooling. The trigeneration system consists
of a helium Brayton cycle and organic Rankine cycle (ORC) with an ejector refrigeration system
for recovering the waste heat. The power was produced by the helium Brayton cycle and ORC
turbine, whereas cooling and heating were produced simultaneously by the condenser and
evaporator. The heating and cooling effects were generated at 50°C and 10°C for building
applications such as hospitals and hostels. Finally, the optimal system exhibits exergy and energy
efficiency of 25.12%and 23.3%, respectively, when all the studied parameters are considered.
Apart from this power output, heating and cooling productions were observed as 14,998, 60.52
and 8.25kW, respectively, at the 2.3 of compressor pressure ratio, 197.2°C of inlet temperature
of ORC turbine.
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2.8. Outcomes of the literature review

1. RES can be used as an energy source for the high-temperature supercritical cycle, like
high-temperature fuel cells, CSP systems, and geothermal power plants [173].

2. Of the several CSP technologies, SPT has a wide temperature range of 150-1500°C. SP
produces high-temperature heat for power generation through a high energy cycle or
industrial process supplies [174,180].

3. the PTSC system is the most developed type of CSP system and demonstrates its ability
to function in a commercial setting; nevertheless, it may eventually face competition
from the LFR system since its temperature range (60°C to 500°C) is smaller than that of
the SPT system [22, 76, 174].

4. Even in the 400°C temperature range, compactness and simplicity can make it more
economical than SRC in the sCO. cycle and HBC [184].

5. The specific volume will undoubtedly drop if the helium fluid is compressed at its critical
point in the HBC cycle, which lowers the compression work. As a result, the cycle's
overall size decreased, and its efficiency increased [30].

6. It is realistically possible to recover waste heat from gas turbine cycles based on helium
cycles, instead of SRC [51]. As a result, the HBC cycle might take the role of the SRC to
increase thermal efficiency [31].

7. Due to the working fluid's compression when in a liquid state or, in this instance, the fact
that liquid water is incompressible, SRC can achieve high efficiency at low turbine input
temperatures. Since air is a compressible fluid requiring a high inlet turbine temperature,
the gas turbine cycle necessitated a significant amount of compression effort, which
raised material concerns.

8. The sCO2 cycle's thermal efficiency is not appreciably higher than the SRC because of
the above-mentioned factors. Aside from this, the gas turbine cycle and SRC are
advantages of the HBC cycle. Hence, unlike SRC, a large turbine inlet temperature might
be given with fewer material problems because HBC will be compressed in an
incompressible area [70].

9. The helium Brayton cycle (HBC) fluid stays dense throughout because the system
operates above the critical point, and the minimum pressure is higher than in the gas

Brayton cycle and SRC. The HBC cycle requires ten times less turbo-machinery than the
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10.

11.

12.

13.

14.

15.

16.

17.

SRC cycle because of the higher fluid density, which causes the volumetric flow rate to
decrease [70].

The cold side flow in the recuperator of the HBC cycle has a specific heat that is two to
three times higher than the hot side flow. As a result, the helium flow in the
recompression configuration is split to maximize heat recovery and offset the variation in
specific heat in the LTR unit. Decreasing waste heat may improve the recompression
cycle's thermal efficiency [68].

Because of its low working temperature, ORC can recover heat from various sources,
including solar energy, geothermal heat, biomass, and industrial waste heat [33].

The solar-powered ORC's efficiency increases as the inlet turbine temperature rises, and
when the temperature rises above the critical point, thermal efficiency increases even
more as the inlet turbine pressure rises [149].

Using the superheat left over from the expansion process, the ORC's recuperator may be
used to warm the working fluid following the pump. The cycle's efficiency is increased
by this technique [77].

The SORC can be used when the working fluid's critical temperature is much lower than
the heat source temperature. Nonetheless, when the fluid's critical temperature is
marginally lower than the heat source temperature, both the SORC and subcritical ORC
are feasible [82].

The helium Brayton cycle is an attractive substitute for power plants due to its simplicity,
compactness, superior economy, sustainability, low capital cost due to the small size of
the equipment and plant footprint, enhanced safety, and high cycle efficiency, among
other reasons [71, 72].

Considering his low cost, abundance in nature, non-flammability, non-hazardous nature,
and ability to withstand higher temperatures, he is a notable and promising option for a
working fluid [73].

In both SORC and subcritical ORC, the internal heat exchanger is used to preheat the
liquid before evaporation if the organic fluid vapours at the turbine outlet are hot enough;
however, vapours are cooling down before entering in the condenser. As a result of this

process, the cycle's overall efficiency can be increased [191].
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The ORC can be used to recover heat from a source with a temperature range of 90°C to
350°C [191].

An ORC system can use an internal heat exchanger known as a recuperator or
regenerator, particularly when working with dry or isentropic fluids. By using this
component, the evaporator's pinch limitation can be further relaxed by lowering the
amount of thermal energy collected from the heat source. High thermal efficiency and
power production are thus possible for the same heat input conditions by using working
fluids with greater flow rates in the ORC until the pinch conditions are restored [192].
Compared to SRC, a substantially smaller cycle pressure ratio and a comparatively higher
turbine exit temperature have been observed in the case of HBC cycles; as a result,
thermal efficiency increases due to the significant quantity of heat recovered [74].

SRC is primarily suitable for a heat source with a maximum temperature of more than
500°C and can use high-pressure steam or water as the circulating working fluid. In
summary, SRC is inappropriate for low temperature and pressure conditions since it
demands high operational temperature and pressure [104].

When the heat source temperature is between 150 and 210 degrees Celsius, the ORC's
power-generating capacity is higher than that of the steam-ORC and SRC. When the heat
source temperature rises to 200 degrees Celsius, the ORC's power-generating capacity is
clearly lower than that of SRC. When the heat source temperature reaches 350 degrees
Celsius, the ORC and SRC's power generating capacity are extremely close [104].

When connected to any power cycle, the VCR system and the VAR system can also use
solar energy. Because of the compressor, VCRs demand more power than any other
cooling system. Its COP is higher than that of the VAR system, though. Consequently,
the VCR system must be powered by solar energy.

SPT-based trigeneration system performance and energy and exergy efficiency are
enhanced when combined with ORC and cascaded refrigeration cycle [118, 124].
Buildings such as hospitals and hostels, among others, could benefit from simultaneous
heating and cooling when a cascade refrigeration cycle linked with an ORC and power
cycle based on an SPT plant is used [119, 127, and 128].
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26. For food storage and industrial applications, a cascaded VAR-VCR integrated ORC-

based trigeneration system powered by a solar plant may produce cooling and heating
effects at -40°C and 80°C, respectively [115, 123].

27. Using the waste heat from the ORC to generate additional power and power the ejector

refrigeration system can further enhance the performance of the SPT-based HBC [127,
132].

2.9. Research gap in literature

A large body of research has been done in the areas of cascaded refrigeration cycles, ORC-

integrated WHR systems, and CSP-based CCHP cycles. The following section discusses several

significant topics that have been raised in this context by previous research, along with the gaps

in knowledge that resulted from those findings.

While many researchers focused on examining the combined power and absorption
refrigeration cycle, relatively few studied the combined organic Rankine cycle and
ejector refrigeration cycle's performance.

Research on the performance assessment of solar power tower (SPT) powered
combination cycles, which use waste heat to power organic Rankine cycles as bottoming
cycles and helium Brayton cycles as topping configurations, is extremely sparse.

The results of a thorough literature review indicate that the parametric analysis of the
SPT-integrated combined solar-operated helium Brayton cycle with cascaded vapour
absorption refrigeration-vapour compression refrigeration (VAR-VCR) system has not
yet been completed.

The literature assessment revealed that very little research has been done on the Brayton
cycle with helium serving as the working fluid for power plants' low-temperature cooling
while utilizing the high-temperature heat from the SPT system.

Not much research has been done on the effectiveness of different helium Brayton cycle
configurations that use the waste heat, SPT driven in conjunction with bottoming organic

Rankine cycle-ejector refrigeration cycle (ORC-ERC) system.
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e The helium Brayton cycle powered by solar energy and employing waste heat to power

an ORC-integrated cascaded ejector-compression

parameterized and studied.

2.10. Research objectives

1.
2.

Thermodynamic analysis of combined power, cooling and heating system.
Thermodynamic analysis of combined power and absorption-compression cascaded
refrigeration system.

Thermodynamic analysis of combined power cycle using ejector-compression
cascaded refrigeration system.

Thermodynamic analysis of combined power cycle using vapour absorption
refrigeration system and heating process.

Thermodynamic analysis of combined power, heating and cooling cycle using low-

temperature heat source with various eco-friendly refrigerants.

refrigeration system has been
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Chapter 3

System Description

This chapter overviews the relevant important figures and input parameters for the
considered thermodynamic cycles. The description of the SPT-based helium Brayton cycle
(HBC) with different configurations of combined power, cooling and heating (CCHP) system
integrated with ORC, ERC, VAR, and VCR to recover waste heat from the topping cycle by
acting as a bottoming cycle has been explored.

3.1. Description of SPT-based combined HBC and ORC with ejector refrigeration

integrated system

In this system, SPT has been identified as the heat source. SPT is the newest technology
that powers cycles at high temperatures and is highly developed for commercial use. It can
withstand temperatures between 300°C and 2000°C [28]. To enhance the Brayton cycle's
potential for power generation, sCO> can replace helium (He), thereby increasing the system
efficiency and decreasing the number of stages of the compressor [30]. However, the idea behind
the solar-powered helium Brayton system is an appealing option in high-temperature
applications. When it comes to power conversion systems, Brayton cycles with inert gas working
fluids can be more cost-effective than steam Rankine and sCO. cycles by utilizing the larger
outlet temperature range of the systems to achieve significant increases in power conversion
efficiency. [31]. Helium is regarded as the working fluid in each of the models that have been
considered, the reason for choosing He as a working fluid in these models has been covered in
the previous chapter. The performance of the SPT-based HBC can be further improved by
utilizing the waste heat by incorporating ORC that developed extra power.

The current model of an integrated combined cycle was developed to enhance the
performance of the HBC based on SPT by utilizing the waste heat for extra power and additional
heating and cooling effects. This model aims to make an efficient integrated trigeneration system
for CCHP application for the SPT plant. The proposed system's exergy and energy analysis was
carried out to examine its utility. Also, parametric analysis was performed to investigate the
impact of the different parameters of the SPT system and combined cycle on the performance of

the SPT-based plant. Figure 3.1 shows the schematic diagram of the integrated system powered
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by the SPT. This suggested system is composed of three subsystems. The first one is the SPT
subsystem, in which the receiver and heliostats work as the main components. Air is considered
as the heat transfer fluid (HTF) flowing through the central receiver due to its stability at the
high-temperature application [74].

The second system is the supercritical Brayton cycle, which receives the heat from HTF
through an internal heat exchanger (IHE). Here, as the working fluid, helium is used rather than
supercritical carbon dioxide. The bottoming combined ORC-ERS is considered the third
subsystem powered by the waste heat recovery unit (WHRU) using the heat from the topping
HBC. The path of helium in the HBC can be described as helium at the lowest temperature and
pressure (state 1) compressed through the helium compressor (HC) to state 2. The compressed
helium stream passes through the recuperator (states 2-3) and enters the IHE, where it receives
the heat from the HTF (states 3-4). This high-temperature helium stream in supercritical vapour
form enters into the helium turbine (HT), where it expands and turbine work is obtained (state 4—
5). This stream still has a small amount of heat and enters into the recuperator, where it relieves
heat to a cold stream of helium (state 5-6). Still, some amount of heat remains. This amount of
heat is received by bottoming combined ORC-ERS via WHRU (process 6-7). Then, the helium
stream passes via a precooler (process 7-1), where it gains the temperature that is required at the

inlet of the helium compressor by rejecting heat to cooling water.

The bottoming cycle includes the combined ORC-ERS operated by waste heat through
the WHRU. The working fluid of the bottoming cycle is heated in WHRU and becomes
superheated vapour (state 9). This superheated vapour goes to the ORC turbine (OT), expands
there, and obtains power. After the OT (state 10), the fluid is a lower-pressure superheated
vapour. The primary flow that enters the ejector is this stream, which is ‘‘mixes with another
(secondary flow). The secondary flow is a saturated, low-pressure vapour originating from the
evaporator (state 14). State 9’s mass flow rate is (mg), State 14’s mass flow rate is (me), and State
11°s mass flow rate at the ejector’s outlet is (mc). The condenser, where the heating is created,
receives the stream from the ejector output. In all of the examples of this study that were looked
at, the condenser’s temperature level was set to 50°C. This temperature is typical of the demand

for heating in the construction industry. The stream is converted to liquid after the condenser
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(state 12), and it is then split into two different currents. The one substream having mass flow
travels through the evaporator to generate the cooling effect.
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Figure 3.1 Schematic diagram of the SPT based integrated HBC and ORC-ERS system.

The pressure is decreased with enthalpy conservation before the evaporator at a throttling
valve (state 13). The 10°C as the evaporator temperature has been set. At this temperature, the
cooling demands for building applications can be satisfied. The pressure of the other sub-stream
increases as it approaches the liquid pump, creating a high-pressure sub-cooled liquid (state 8).

This stream, which enters the generator with a mass flow rate of mg, absorbs heat via helium.
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For the investigation, the operating conditions of the integrated HBC-ORC-ERS system are

mentioned in Table 3.1.

Table 3.1 Simulation data of the considered system for the analysis

Operating condition

Designed efficiency of Heliostat field (n,, )
Heliostat’s number ( Npe;)

Solar irradiation (DNI)

Each heliostat reflective area ( Ape))
Aperture area of the receiver (Arec)

Designed efficiency of the Receiver (1)

rec

Maximum inlet temperature at HBC

Isentropic efficiency of helium compressor (n,.)

Effectiveness of heat exchanger (¢)
HC inlet pressure (P1)

helium turbine isentropic efficiency (n,)
OT isentropic efficiency (n,)
OT inlet temperature (Tg)

Pinch point difference in condenser
WHRU- Pinch point

Sun’s apparent temperature (Tsyp)
Ambient temperature (' Ty)

Ambient pressure ( Py)

IHE pressure loss

Pressure loss in WHRU/recuperator
Ejector diffuser designed for efficiency
Ejector mixing designed for efficiency

Ejector nozzle designed for efficiency

Value

0.6428 [71]
624 [71]

850 W/m? [163, 194, 195]
9.45x12.84 m?[71,163]
68.1 m? [71]
0.75 [74]

800 °C [71]
0.88 [74]

0.9 [71, 74]
2500 kPa [71]
0.9 [74]

0.8 [71]
197.2°C

5°C [71]

10 °C [71, 163]
4500 K [196]
25 °C

101.3 kPa

2% [71]

1% [71]

0.95 [164]
0.85 [164]

0.9 [164]
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Isopentane is the working media in the ORC-ERS system that is being studied. It is a
dependable answer because isopentane has been investigated in other research investigations in
related configurations [123, 197]. However, isopentane has not been investigated in ORC-ERS
as a waste heat recovery system; therefore, our study is particularly interested in its selection.
Dry fluid isopentane has a critical pressure and temperature of 3380 kPa and 187.2°C
respectively. This fluid has a low GWP of 20, an approximate zero ozone depletion potential,
and is A3 ASHRAE safe [163, 197].

3.2. Description of SPT based combined HBC and ORC with cascade VAR-VCR integrated
system

The description of the SPT-based HBC system was covered in the preceding section.
Additionally, The ORC was utilized as the bottoming cycle [123,197] incorporated with a
cascaded VAR-VCR cycle that uses the solar heat from the high-temperature SPT system to
recover waste heat from the topping cycle for heating applications and cooling effect at low
temperatures for food preservation, etc. Therefore, the proposed trigeneration system is able to
produce CCHP utilizing the high-temperature SPT heat source. There are the following
objectives of the present work;

» To make a tri-generation (HBC-VAR-VCR) system for CCHP application for the SPT
plant.

» To determine the suggested CCHP system’s exergetic and energetic performance.

» To perform the parametric analysis on the proposed system to examine the impact of
various parameters.

» To perform performance comparison analysis of the proposed energy generation system

using earlier research conducted under similar SPT working conditions.

As seen in Figure 3.2, this suggested system comprises four subsystems. The first is the SPT
subsystem, in which the receiver and heliostats are the main components. Air is considered as the
heat transfer fluid (HTF) flowing through the central receiver due to its stability at the high-
temperature application [74]. The second system is HBC, which receives the heat from HTF
through an internal heat exchanger (IHE). Here, helium is used as the working fluid instead of

supercritical carbon dioxide. The bottoming cascading VAR-VCR is the third and fourth
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subsystem powered by the generator using the heat from the topping cycle. The path of helium in
the HBC can be described as helium at the lowest temperature and pressure (state 1) compressed
through the helium compressor (HC) to state 2. The compressed helium stream passes through
the recuperator (states 2 to 3) and enters the IHE, where it receives the heat from the HTF (states
3 to 4). This high-temperature helium stream in supercritical vapour form enters into the helium
turbine (HT), where it expands and turbine work is obtained (states 4 to 5). This stream still has a
small amount of heat and enters into the recuperator, where it relieves heat to a cold stream of
helium (states 5 to 6). Still, some amount of heat remains. This amount of heat is received by the
bottoming cascaded VAR-VCR cycle via the generator (processes 6 to 7). Then, the helium
stream passes via a precooler (process 7 to 1), where it gains the temperature that is required at

the inlet of the helium compressor by rejecting heat to cooling water.

The arrangement creates the cascade VAR-VCR system (states 8 to 21) by thermally combining
the VCR system (states 8 to 11) and the VAR system (states 12 to 21) through the common
condenser called cascade condenser (CC). VAR cascading lowers the VCR unit condenser's
temperature (CC) while reducing energy consumption in the compressor. A cascaded
refrigeration system requires both electricity and low-temperature heat as energy inputs. The
refrigerant in a VCR system is throttled by the expansion valve-2 (EV2) from cascaded
condenser pressure (state 8) to evaporator (Evap) pressure (state 9). Then vapor-liquid mixture
(PG-Water)/chilled water moves through the evaporator to provide the cooling load. It
evaporates the liquid-vapour mixture to the saturated vapour of the refrigerant (state 10). This
saturated vapour is compressed isentropically in the compressor (Comp) (state 10 to 11) to reach
the pressure of the CC. After the compressor, the refrigerant is in the superheated vapour form,
transfers the heat load to the VAR cycle through the CC and converts into the saturated liquid
(states 11 to 8).

VAR system considered the mixture of LiBr-H2O as the absorbent and refrigerant fluid.
The VAR system is used for food preservation; therefore, NH3-H-O is not used here. In the VAR
system, the heating load supplied by the VCR system is absorbed by the refrigerant (H20), as
previously mentioned. The H>O evaporates completely and reaches the state 12. In the absorber,
the saturated solution absorbs the LiBr water by rejecting the heat at the temperature of 25°C to

35°C. This process heat (at low grade) is used for applications like drying, heating water and
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bleaching etc. The rich absorbent-refrigerant (H2.O-LiBr) mixture (state 13) is pumped to the

generator (state 15), passing through the solution heat exchanger (SHE). In the generator, water

vapour escapes from the mixture by taking the heat from the HBC system. The hot, weak

solution in the refrigerant transfers the heat to the rich solution of referent through the SHE

(states 16 to 17). Then, a weak solution in refrigerant reduces the pressure through the pressure-

reducing valve (PRV) (states 17 to 18). The generator's (state 19) water vapour condenses

through the condenser (Cond), producing low-grade heat (25 °C — 35 °C) that can be used for a

variety of external purposes, including pasteurizing, cleaning, drying, bleaching, and heating

household water. Condensation is the process that turns the water vapour into a saturated liquid

(state 20). Moreover, the liquid refrigerant flows via the expansion valve (EV1), enters the

absorber, and then recalculates in the cycle.
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Figure 3.2 Schematic diagram of combined solar-based CCHP system
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The suggested system could be used somewhere with moderate to high potential for solar
energy. It is more appropriate because of its higher thermodynamic efficiency, more compact
design, and less running expenses. Although PTSCs are the most common and economically
appropriate technique for solar collectors, SPT systems have recently gained popularity [187]
and are developing more quickly. The first-ever commercial SPT is held at the PS10 facility in
Seville, Spain. Its technological aspects are illustrated in numerous publications. Each heliostat
area in this system, which directs DNI towards a receiver located 115 meters above the ground,
is around 121 m3. This project's yearly production of power is planned to be 23 GWhe [180].
Nevertheless, the Ivanpah power plant in California, USA, is the largest SPT in the world. It
comprises three 140 m towers with a rated capacity of 390 MW and more than 170,000
heliostats. In September 2013, the system's first unit was connected to the electrical grid [199].

Table 3.2 lists the input data and other assumed values and designed parameters. The
PS10 SPT plant was the basis for selecting the heliostat size in the current study. Located in
Seville, Spain, this is the world's first commercial bike powered by SPT [187]. The system's
actual operating conditions and limitations are also considered while selecting the
thermodynamic parameters. For example, the maximum temperature value for T4 is constrained
by the heat source temperature of nearly about 1000°C [70] of the SPT system. It is ensured that
helium attains supercritical fluid conditions in the HBC by choosing the appropriate compressor

pressure ratio and pressure range.

For the investigation, the specifications of the proposed solar-based CCHP system are given in
Table 3.2.

Table 3.2 Operating parameters considered for the developed plant

Parameter Value

Sun’s apparent temperature (Tgy,) 4500 K [71,196]

HT isentropic efficiency (n,;,) 0.9 [74]

Receiver aperture area (Aec) 68.1 m?[180]
Heliostat’s area (Ape) 9.45%12.84 m?[180]
Efficiency of receiver (n__.) 0.9 [196]

Heliostat’s count (Ny,}) 500 [180,167]
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Field efficiency of heliostat ()

Pressure ratio of HC (CPR)

Inlet Pressure of HC (P;)

Effectiveness of recuperator (€)

HC- isentropic efficiency (Myc)

Highest temperature of HBC (T,)

Solar irradiation (DNI)

CC- minimum temperature difference (ATyin cc)
Cascade condenser water temperature at outlet (T;,)

Isentropic efficiency of VCR compressor (nCOmp)

Absorber temperature (T;3)
Condenser inlet temperature (T,4)
Generator temperature (T;o)
Absorber outlet temperature (T,,)

Isentropic efficiency of VAR pump (npump)

Effectiveness of SHE (esyg)
Refrigeration effect (Q.)

Ambient pressure (P,)

Evaporator outlet (PG-chilled water) temperature (T,o)

Absorber inlet water temperature (T,g)
Condenser outlet water temperature (T,s5)

Atmospheric temperature (T)

0.75 [196]

2.5 [167]

2500 kPa [71]

0.9 [71, 74]

0.88 [74]

850°C [70,180]
850 W/m?[71,180]
8 °C [115-117]

6 °C [115-117]
0.85 [115-117]

37 °C [116]

27 °C [115-117]
80 °C [116]

32 °C [115-117]
0.9 [115-117]

0.7 [115-117]

30.7 kKW [115-117]
101.3 kPa [70,167]
-15 °C [115-117]
27 °C [115-117]
32 °C [115-117]
25 °C [115-117]
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3.3. Description of SPT based combined HBC and ORC with cascade ERS-VRS integrated

system

The recuperation methods employed by the cascade cycle before the cooler help to
reduce excess heat, and the extra heat that is recovered and used for an expansion phase in a
different turbine could enhance the heat supply. The temperature of the final exhaust output is

extremely low even though there is just one heat exchanger [51,236].

This study used a bottoming system that combined an ejector system with an ORC to
produce more electricity and offer simultaneous heating and cooling benefits for facilities like
hospitals and hostels. This study was the first to use ORC-ERS as the bottoming cycle for the
HBC system operated by the SPT plant [168,197]. This statement defines the current research

novelty. The present study's objectives are;

» To develop a tri-generation system for the SPT plant incorporating a cascaded ejector and
vapour compression that can produce heating and cooling effects at -40°C and 80°C,
respectively, for industrial applications and food storage.

» To examine the suggested trigeneration system's performance using energy and exergy
analysis.

» To investigate how the various SPT system key components and combined cycle

influence plant performance using parametric analysis

Figure 3.2 shows the suggested system schematic diagram. The proposed integrated system is
powered by the SPT sub-system as its heat source, air has been employed as the heat transfer
fluid (HTF) because it is easily accessible and economical. HBC absorbs heat from the SPT
subsystem through its internal heat exchanger (IHE). In the topping cycle, helium operates as the
working fluid rather than sCO3; the remaining heat is sent to the bottoming combination ORC-
ERS via a heat recovery vapour generator (HRVG). The working fluid flow direction can be
explained by taking into account that heated, high-temperature helium enters the turbine-1 (T1)
(states 4-5) through the intermediate heat exchanger, or IHE. The helium expands once turbine-1
(T1) gets heat from the solar power tower (SPT) system. Subsequently, the expanded stream then
moves to a colder stream, which absorbs the heat from the expanded stream, after entering the

recuperator (states 5-6). Furthermore, the ORC-ERS system at the bottom absorbs the remaining
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leftover heat through the HRVG (states 6-7). It was further compressed using compressor-1 (C1)
(states 1-2). The cold stream of helium passes through the HTR (states 2-3) and then arrives at
the IHE. The HRVG heats the bottoming coupled ORC-ERS in contrast to the topping cycle.
Condenser heating was obtained through the bottoming cycle for industrial applications.

Isopentane is employed as the working fluid in the ORC-ERS system analysis.
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Figure 3.3 Schematic diagram of the suggested solar-based integrated system

This response might be deemed trustworthy since isopentane has been examined in
similar conditions in previous studies [197, 200]. This study is particularly noteworthy for its
choice of isopentane, which has not previously been examined in the context of ORC-ERS.
Through the cascaded condenser (CC), the VCR system works, and -40 °C cooling was obtained
from the evaporator (EVAP) for food storage application using Propylene-Glycol (PG) water as
a cooling medium. The VCR system uses R410a as its operating fluid. The anhydrous fluid
isopentane has a critical temperature of 187.2 °C and a critical pressure of 3380 kPa with a low
GWP of 20 and nearly no ability to deplete the ozone layer, this fluid is rated as A3 ASHRAE
safe [197, 200].
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proposed solar based trigeneration system.

Table 3.3 lists the input data, other assumed values and designed parameters for investigating the

Table 3.3 Simulation data considered for the proposed trigeneration system

Operating condition

The efficiency of receiver (n... )

rec

Aperture area of the receiver (Ayec)
Field efficiency of heliostat ()
Heliostat’s area (Ayep)

Heliostat’s number ( Npe;)

Solar irradiation (DNI)

T1 inlet temperature (T,)
Isentropic efficiency of compressor-1 (n,)
C1- input pressure ( P;)

T1- isentropic efficiency (n,)

T2- isentropic efficiency (n..,)
ORC inlet temperature (Ty)
IHE-Effectiveness (&)

Condenser pinch

HRVG pinch

Cascade condenser temperature (Tcc)
Evaporator temperature (Tgyap)
Sun’s temperature (Tsyp)
Environment temperature (' Ty)
Environment pressure ( Py)
Ejector’s mixing efficiency
Ejector’s nozzle efficiency

Ejector’s diffuser efficiency

Value

0.75 [74]

68.1 m2 [71]
0.6428 [71]
9.45x12.84 m2[71,123]
624 [71]

850 W/m? [123]
850 °C [74]
0.89 [71]

2500 kPa [71]
0.93[129,115]
0.8 [71]

197.4 °C

0.95 [115]

5°C [71]

10 °C [71, 123]
-10°C

-40 °C

4500 K [71, 196]
25°C

101.3 kPa

0.85 [164]

0.9 [164]

0.95 [164]
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3.4. Description of combined Rankine-absorption power and cooling cycle with heating

process integrated system

This study considers combining the Rankine power cycle with the vapour absorption
refrigeration cycle to generate electricity and refrigeration from a single low-temperature heat
source, such as solar or geothermal energy. Owing to the internal working components, the
structure under consideration, and the cycle's presumed ideal conditions, it can produce a larger
refrigeration output related to other cycles involving power and refrigeration [202]. This
combined cycle can potentially lower the capital cost of a solar thermal power plant and is best
suited for solar thermal electricity employing economical concentrating collectors.

The considered cycle in this study, as shown in Figure 3.4, is used where a saturated base
mixture leaves the absorber towards the pump (path 4) and its pressure is increased by the pump
(path 5). After that, it travels via path 6 to the heat exchanger to get heated before being sent to
the rectifier. The rectifier is divided into two streams: the enriched ammonia vapour (path 10)
and the weak ammonia solution (path 13). A heater is located under the rectifier where the weak
solution of ammonia-water is heated and turns into saturated vapour (path 7). The weak saturated
solution is heated by the superheater and is sent to the turbine (path 8). After going via a pressure
relief valve, the enriched ammonia vapour is transformed into liquid inside the condenser,
decreasing its pressure (path 1 to 2). In this always unalloyed path, ammonia is entirely
converted into vapour by the evaporator (path 3). The absorber subsequently takes up this
stream, which uses the expanded weak dilution from path 9 inside the turbine. The ammonia
water basic dilution is created once here, and the cycle is completed. The heat source fluid is first
passed through the superheater (path 14), and then, via path 15, enters the steam boiler. It then
travels along path 16 and exits to the surroundings after using path 17 to pass via the heat

exchanger.

For the analysis, the base case conditions of the considered integrated system are summarized in
Table 3.4.
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Figure 3.4 Schematic diagram of the integrated power and refrigeration system

Table 3.4 Main assumptive operating conditions for the analysis [201]

Ambient temperature (°C)

Ambient pressure (MPa)

Inlet pressure of turbine (MPa)

Inlet temperature of turbine (°C)
Turbine’s isentropic efficiency (%)
Refrigeration temperature (°C)
Operating fluid temperature (°C)
Operating fluid mass rate (kg/s)

Pinch point temperature difference (°C)
Pump’s isentropic efficiency (%)

Mass fraction of ammonia

20
0.10135
2.5
285.0
85
-25
300
20
15
70
0.34
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3.5. Description of combined power, heating and cooling integrated system driven by Low-

temperature heat source using various eco-friendly refrigerants

The heat sources at low temperatures, like waste heat, solar energy, fossil fuel
combustion, etc., are abundant. Since it converts low-temperature energy into more useful forms
of energy with higher system efficiency and lower pollutant emissions, the ORC and power
generation systems that use a binary mixture as the working fluid are a promising solution to the
energy turmoil and pollution-related problems of recent decades. Analysing the integrated
combined heating, cooling and power (CCHP) and waste heat recovery has enhanced the
system's overall efficiency by efficiently utilising low-temperature heat sources [128, 204].

The current study illustrates the parametric study of ORC and ERS integrated with the fluid at
low temperatures using the eco-friendly operating fluids (R-123, R-124, R-141b, R-290, R-134a
and R-152a) as the operating fluid.

The proposed cycle's schematic diagram is shown in Figure 3.5, which includes the ORC
and ejector refrigeration. The components mainly include a heat generator (HRVG), a turbine
(T), an ejector (EJE), a condenser (C), a pump (P), a regenerator (RE), a valve (EV) and an
evaporator (E). The suggested system can be operated by low-grade heat, such as exhaust gas

from an engine, industrial waste heat, solar heat, etc.

The heat source fluid temperature may be used to increase the temperature of high-
pressure refrigerants through the HRVG. Refrigerants in a superheated state get expanded across
the turbine to get power production. Entering the ejector at state-5, the partially extracted vapour
is a primary flow. On the other hand, vapour fluids enter the ejector at state 13 as a secondary
flow. Consequently, the above two fluids are allowed to mix across the mixing section, followed
by an abrupt shock, after which there will be an increase in pressure. The mixed flow leaves
from the ejector at state-7 and gets combined with the flow at state-6, leaving the turbine. The
combined vapour at state-8 is allowed to cool at the low-pressure regenerator, and finally, at
state-9, It enters the condenser. The stream outflows from the condenser at state-10 are separated
into two parts. The first stream flows inside the pump while the second one flows inside the

evaporator, followed by a decrease in pressure through the valve. The vapour gets vaporized
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across the evaporator by transferring heat with the environment to get the desired refrigeration

output, and finally, the stream enters the ejector as a secondary flow.
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Figure 3.5Schematic diagram of the integrated power and refrigeration system

On the other hand, pump-provided pressurized liquid enters the regenerator, and finally, the

vapour gets a superheated state as it enters the HRVG. The baseline conditions for analysis of

the proposed ORC and ejector cooling system are illustrated in Table 3.5.

Table 3.5Main assumptive parameters considered for combined cycle [204]

Ambient Temperature (K)
Ambient Pressure (MPa)
Turbine's input temperature (K)
Turbine's input pressure (MPa)
Turbine's back pressure (MPa)
Evaporator temperature (K)

Turbine’s Isentropic efficiency (%)

298.15
0.10135
373.15
0.6

0.2
263.15
85
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Pump’s isentropic efficiency (%) 80

Extraction ratio 0.35
Operating fluid mass rate (kg/s) 75
Power/cooling 2.5
Mass rate of cooling water (kg/s) 20
Efficiency of the HRVG (%) 100
Variation in temperature at pinch point (°C) 10.0
Ejector’s nozzle efficiency (%) 90
Ejector’s mixing chamber efficiency (%) 85
Ejector’s diffuser efficiency (%) 85

3.5.1. Refrigerants under consideration

High GWP refrigerants, particularly those that leak into the environment during operation
or maintenance, greatly increase greenhouse gas emissions, one of the main contributors to
global warming [123]. In an effort to slow global warming, the Kyoto Protocol put further
limitations on using conventional refrigerants in 1997 because of their high greenhouse gas
content (GWP). So, the primary characteristics of the most recent government regulations are the
complete prohibitions and gradual phase-down of several common refrigerants in the market and
limitations on the maintenance of equipment that uses HFCs. The major objective of these laws
is to lessen the harmful emissions and replace these refrigerants with ecologically suitable
alternatives [185]. Choosing the appropriate working fluids is usually the first stage in a cycle
analysis [131]. A variety of factors must be fulfilled regarding the ideal working fluid. When
selecting a working fluid, three important factors need to be considered: the possibility for ozone
depletion, global warming and the desired different physical and chemical properties because
they impact the environment. Since the stated cycle consists of ORC and an ejector-cooling
system, the appropriate thermodynamic parameters must be present in the working fluid to get
the generation of electricity and refrigeration effect simultaneously. Numerous studies have been
done on various working fluids for ORC systems [157], but operating fluids utilized in the ORC

are also applicable to the ejector refrigeration system.
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In order to achieve optimal thermo-physical properties at optimal temperature and
pressure, the ORC faces challenges in selecting its working fluid because, above its maximum
temperature, it loses its chemical stability [200]. The ORC system uses three different types of
working fluids: moist, isentropic, and dry. Because the expander output produces high-quality
vapour, dry and isentropic operating is more appropriate than using other types of fluids [111].
Consequently, eight working fluids, isopentane, R-123, R-124, R-141b, R-290, R-134a, R-1523,
and R410a, were taken into consideration for the ORC analysis in this study due to the above-
mentioned reasons as well as low-temperature applications. The safety group categorization for
each refrigerant consists of two or three alphanumeric characters (e.g., B1 or A2L). The numeral
(with or without a suffix letter) signifies flammability, whereas the first character represents
toxicity. There are two classifications of toxicity: class A (low toxicity) and class B (severe
toxicity). The four flammability classes are 1, 2L, 2, or 3 [205]. The environmental information,
thermal characteristics, security, and different operating fluids selected for every model in the
thesis are listed in Table 3.6.

Table 3.6 Characteristics of organic working fluids [200,205].

Operating Pc Te Tb Weight  Type ODP GWP Lifespan Safety

fluid (MPa)  (°C) (°C) (kg/mole) (years) group
Isopentane  3.38  187.2 27.8 72.1 D 0 20 0.009 A3
R-123 3.668 183.7 27.8 152.93 D 0.020 77 1.3 Bl
R-124 3.624 1223 -11.9 136.5 NA 0.022 609 NA Al
R-152A 537 12695 -24.7 66.05 D 0 124 1.2 A3
R-290 4247  96.68 -42.1 44.10 w 0 ~20 0.041 A3
R-134a 4.059 101 -26.1 102.03 | 0 1430 14 Al
R410a 4.90 72.8 -48.5 72.6 D 0 2088 4.9 Al
R141b 421 204.35 32 116.94 NA 0 1.2 4.6 Al
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Chapter 4
Mathematical Modeling

The study of thermodynamic modelling of the models under consideration has been
conducted in this chapter using mathematical equations. At first, the mathematical modelling of
SPT was examined; subsequently, the modelling of a combined HBC and ORC with ejector
refrigeration integrated system based on SPT was examined, SPT-based combined HBC and
ORC with cascade VAR-VCR integrated system, SPT-based combined HBC and ORC with
cascade ERS-VRS integrated system, combined Rankine-absorption power and refrigeration
cycle with heating process integrated system and combined power, heating and cooling
integrated system driven by Low-temperature heat source using various eco-friendly refrigerants.
Additionally, an engineering equation solver is used to solve the mathematical equations after

they have been programmed into computer code.
4.1. Modeling of SPT system

On the basis of energy and exergy conservation equations, thermal modelling equations for

the proposed system were derived, taking the following assumptions into account.

a) The steady state conditions were ultimately attained by all system components.

b) Each component disregards friction loss and pressure.

c) Although all thermodynamic processes are adiabatic, they are not isentropic.

d) Neglecting the energy resulting from the height and velocity of each component.

e) The simulation is supported by the presumed input data and keeping the heliostat and
receiver parameters constant, as indicated in Table 3.1.

f) Heat transfer fluid (HTF), i.e. Air temperature inlet to the IHE, has been taken 1000°C
[28].

g) The inlet temperature of the working fluid is 50°C lower than the HTF temperature at the
inlet to the IHE as a result of thermal losses.

h) The SPT modelling equations have been derived from previous studies [60, 206], and

each component has been considered as a control volume.
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The direct solar heat incident upon the heliostat field is defined as [60, 206]:
Qsolar = Gb " An - Np (4.1.1)

Where, Gythe solar irradiation per unit area is also known as direct normal irradiation (DNI), An
is the single heliostat area (m?), and Ny is the number of heliostats. Even so, a portion of that heat
is dissipated into the environment as a result of the heliostat's efficiency. Therefore, the precise
quantity of heat that is acquired via the heliostat field is denoted as [60, 206];

Qh = Qsolar "Nh (4.1.2)

Where nn represents the efficiency of the heliostat. Heat transfer fluid flows through the solar
receiver, where this quantity of heat is directed. However, a portion of the heat is lost in the

atmosphere. The solar center receiver's heat availability is subsequently evaluated as [60, 206];
Q= Qn M = Qu—Quoss,r (4.1.3)
Where, ,.is the receiver thermal efficiency, is defined as [60];

Nr = a—[{ fview o TR heonv * feonv (TR—Tair)]/Gb: M- Cr (4.1.49)

Here, TR represents the surface temperature of the solar receiver, and Cr, the concentrated ratio.
The solar emittance is denoted by C. It is possible to approximate the calculation of heat loss as
[60];

Tr=T1+8Tr (4.1.5)

Where Ty represents the turbine's inlet temperature and 8Tr denotes the solar receiver's approach
temperature. The table contains the geometric and operating values of the heliostat field and

solar receiver. 3.1.
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4.2. Modeling of SPT based combined HBC and ORC with ejector refrigeration integrated

system

The current framework has been analyzed with the following assumption:

(1) Each component works on thermodynamic steady-state conditions.

(2) Assumed pressure loss for each component of the HBC has been listed in Table 3.1.

(3) Changes in kinetic and potential energy were considered negligible.

(4) Designed efficiencies and effectiveness of heat exchangers, turbines, compressors, pumps,
etc., are assumed.

The present proposed plant is divided into three subsystems for thermodynamic
modelling. First is the solar subsystem, which includes heliostats and a receiver as the main
component. The second is HBC, and the third one is the combined ORC-ERS system. Each
component in the proposed model has been considered as the thermodynamic system for
thermodynamic modelling. The computational software Engineering Equation Solver (EES) is
employed to simulate the thermodynamic model of each component in the system. Therefore, the
control volume approach following steady-state equations has been used for energy and exergy

evaluation.
4.2.1. Energy and exergy balance equation for the component of the proposed cycle

Taking the control volume approach the equation for the energy and exergy balance

equation following steady-state conditions can be written as;

Qev — Wey + X (hyhy) — Y (mehe) = 0 (4.2.1)
ED = EX;, — EXout (4.2.2)

where EX;, and EX,,. denote the rate of exergy entering and exiting the control volume,
respectively, and (ED) " denotes the rate at which exergy is destroyed within the component. The
heat and work interaction from the control volume are denoted by Qcy andWey respectively. The
concept of exergy is used to evaluate second-law performance. The kinetic/potential exergy is
disregarded for the considered system, and the chemical exergy for the considered system would

be eliminated due to the absence of the combustion process. In the absence of chemical exergy

77



and energy due to velocity and height (due to the absence of chemical concentration in the

specified system), the physical flow exergy can be expressed as;

EXj = m'[(hj — hg) — To(sj — 50)] (4.2.3)
Where j denotes the particular state and E'X,- is the physical exergy at the j™" state.

Modelling the solar sub-section is vital because the sun serves as the system's primary
propulsion system. The solar component is simulated using models derived from previous
publications [71, 74]. The solar portion consists of two main components: the receiver and the
heliostat field. Where, A, refers to the reflective area of the heliostat. Heliostats focus the
energy from the sun’s radiation on the receiver that is situated at the top of the power tower. The
sun irradiation per unit area (DNI) and total area of the heliostat field (A;;) determine thetotal

solar heat obtained by the heliostats. The expression to determine total solar heat is:
Qsun = DNI * Ape; * Npgy (4.2.4)
Where, N, refers to the number of heliostats used.

Amount of the solar heat received by the receiver from the heliostats is determined by the

heliostat field efficiency (nfe1q). This energy’s rate can be stated as follows:
Qrec,in = r]field.QSun = TNfield’ DNI - Ahel ’ Nhel (425)
Where, nyelq IS the heliostat field efficiency (optical), and expressed as [71, 74];

Nfield = Ncos Nspp *Nint " Natt Nref (4.2.6)

The variables ncos, Nspb Mints Nater Nrer Fepresents the efficiencies of the cosine effect, shading

and blocking, interception efficiency, atmospheric attenuation and heliostats reflectivity
respectively. It is vital to note that this current research relies on actual values from an existing

SPT plant, and the determination of these values falls outside the scope of this study.

The receiver absorbs a heat amount denoted by Qrec’in , While Qrec’loss is the amount of heat loss
to the environment due to different modes of heat transfer. The remaining heat QrecnetiS then

transferred to the HTF. The efficiency of heat transfer of the receiver is described as [71];
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nrec — Qrec,net (427)

Qrec,in

Qrec,in = Qrec,in + Qrec,loss = rhair(hl6 - h17) + Qrec,loss (4-2-8)

The mathematical equations used for thermodynamic modelling of the trigeneration
system based on the position numbers shown in Figure 3.1 have been illustrated below.
Equations for energy and exergy analysis of each component based on input data provided in

Table 3.1 are given below:

The energy equation for the heliostat field is expressed as;

Qrecin = Nieqg” DNI * Aner * Npel (4.2.9)
The energy equation for the Receiver can be expressed as;

Qrec,in = My (hyg —hy7) + Qrec,loss (4.2.10)
The energy equation for an internal heat exchanger (IHE) can be expressed as;

Quug = Mair (hyg — hy7) + Mye (hy — h3) (4.2.11)

Work obtained by helium turbine (HT) and its efficiency can be expressed as;

WHT = the'(h4_ - h5) (4212)
__ (hy—hs)
MHT = th,—hso) (4.2.13)

Work input given to the helium compressor (HC) and its efficiency can be expressed as;

Wy = e (h, — hy) (4.2.14)
_ (hzs_hl)
Nue = (hy—h;) (4.2.15)

The energy balance equation for waste heat recovery unit (WHRU) can be expressed as;
ye (hg —h;) = mg (hg — hg) (4.2.16)
The energy balance equation for the precooler can be expressed as;
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mye (h; — h1) = rhwater'(h16 - h15) (4.2.17)

The energy balance equation for the recuperator and its effectiveness can be expressed as;

(h3 —hy) = (hs — hg) (4.2.18)
(T3-Ts)
€Recuperator = ﬁ (4.2.19)

The heat transfer equation of the condenser can be expressed as;
Q¢ = mc(hy; —hyy) (4.2.20)

Work obtained by ORC turbine (OT) and its efficiency can be expressed as;

Wor = mg(hg — hy) (4.2.21)
Nor = % (4.2.22)
Work input is given to pump (P) and its efficiency can be expressed as;

Wp = 1i1g(hg — hy,) (4.2.23)
Mp = ((}LSS__—:”)) (4.2.24)
The equation for expansion valve (EXV) can be given as;

hi; =hys (4.2.25)
The equation for evaporator (E) can be given as;

Qg = ric(hyy —hy3) (4.2.26)
The equation for ejector can be given as;

mchyy = mghyg + Mehyy (4.2.27)

Additionally, this section will address the exergy analysis of the combined system. After
presuming that there is no heat loss in the component, the exergy balance equation is applied to
calculate the exergy destruction and exergy of each component. [207].

The exergy equation for the heliostat field is expressed as;
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. T . T .
Qsun (1 - . ) = Qrec,in' (1 - > ) + EDpg

T'ref,Sun Tref,hel

The exergy equation for the receiver can be expressed as;

To
Tref,hel

To

E.X17 + Qrec,in' (1 - ) = E.X18 + Qrec,loss' (1 - ) +EDrec

The exergy equation for an internal heat exchanger (IHE) can be expressed as;
EX,s — EX;; = EX, — EX3 + EDjyg

The exergy equation for a helium turbine (HT) can be expressed as;

EX, = EXs + Wyr + EDyr

The exergy equation for a helium compressor (HC) can be expressed as;

EX, = EX, — Wyc + EDyr

The exergy equation for the helium recuperator can be expressed as;

E.XS - E.X6 = E'XB - E'XZ + E.DRecuperator

The exergy balance equation for Precooler can be expressed as;

E.X7 - E:.X1 = E.X16 - E.X15 + E.DPreooler

The exergy balance equation for waste heat recovery unit (WHRU) can be expressed as;

EX¢ — EX; = EXg — EXg + EDywpry
The exergy equation for the condenser (C) can be given as;

. . . T .
EXyy — EXyp = Q¢ (1 - ﬁ) +ED¢
The exergy equation for the ORC turbine (OT) can be given as;
EXy = EX;o + Wor + EDor

The exergy equation for pump (P) can be given as;

EX;, = EXg — Wp + EDp

(4.2.28)

(4.2.29)

(4.2.30)

(4.2.31)

(4.2.32)

(4.2.33)

(4.2.34)

(4.2.35)

(4.2.36)

(4.2.37)

(4.2.38)
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The exergy equation for evaporator (E) can be given as;

EXys — EXys = Qg (1- $—2) + EDg (4.2.39)
The exergy equation for ejector can be given as;

EX10 + EX14 = EXy3 + EDgjector (4.2.40)
The exergy equation for the expansion valve (EXV) can be given as;

EX;, — EX;3 = EDgyy (4.2.41)

The simulation code incorporates each of these relationships, and it was generated using EES
software. To determine all unknown parameters, the program retrieves thermodynamic
characteristics from its collection of property functions, including state point thermodynamic

properties, heat and work interactions, and exergy rates for each stream.

4.2.2. Energy and exergy efficiency of the proposed system

The ratio of net output power to the energy or exergy input available with the sun
irradiation on the heliostat field is the overall energy and exergy efficiency for the researched
solar power plant. [196, 164]:

nen — WnetQ+QE+QC (4.2.42)
Sun
. - To - To
Whet+Qe'|1—- = )+Qc’| 1— =
Nex, = —— e i (4.2.43)

QSun'(l_T o )

ref,Sun

Where, Tiefsun IS thesun's apparent temperature that was used as the equivalent temperature of

the source of heat for exegetic evaluation [196].W,.. is the net power output of the plant

evaluated as:

Wiet = Wyp — Wye + Wor — W,

bump (4.2.44)
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4.2.3. Ejector modeling

The main sections of the analyzed ejector are shown in Figure 4.1. The device has one
outlet and two inlets. The OT (state 10) generates the primary flow, whilst the evaporator (state
14) generates the secondary flow. These flows combine at the mixing portion, then go to the
throat region and finally to the diffuser region after that. The state point 11 is the ejector's outlet.
More particular, the pressure of the flow pressure decreases (state pf2) when it enters the
ejector's motive nozzle (point pfl). The pressure of the stream secondary flow (state sf1) declines
as it enters the ejector's suction nozzle (state point sf2).The two streams' decreased pressure
readings are equal (Piow). Due to the ejector's design, the pressure differential (Psri—Piow) is rather
minimal. Furthermore, it is crucial to reiterate that in order for the state points pf, and sfzto be
mixed (mf) in the mixing section, their respective pressure levels must be the same. The pressure
level is assumed to be constant in the throat section and to rise at the end of the diffuser (Pd) in
this modelling. The condenser device's pressure level and its level of pressure at the ejector exit

are the same.

MNozzle Mixing Throat Diffuser
Section Section Section Section
- Outlet
(pf1) (pf2) | {mf) Mixing Flow ‘ Flow
Primary | ‘
Flow —/""

Figure 4.1 Model of ejector device for the mathematical modelling

The following lists the major presumptions of ejector modeling [164, 120]:

a) Throughout the mixing procedure, the pressure levels are constant.
b) There is no mixing of the secondary and primary streams prior to the entry of the throat

portion, where both streams obtained equal pressure.
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c) Throughout the mixing process, momentum, as well as energy, is preserved.

d) The flow is expected to be a single-dimensional homogenous equilibrium flow with
steady-state conditions.

e) At the entry points and the outflow, it presumes that there is no velocity.

f) The non-ideal process in the ejector portions is modelled using efficiency modelling.

g) The ejector has thermal insulation, so it doesn't lose heat to the surroundings.
(a) Motive nozzle

It is crucial to note that at the state point (pfl), the inflow velocity is insignificant. The motive

nozzle's energy conservation can be expressed as follows:

2
foz

hper = hpp, + =3 (4.2.45)
Also, its nozzle efficiency (nn) is expressed as:
_ (hpfl_hpr) (4 2 46)

no (hpfl _hpfz,s)

The state point (pf2,s) is an optimum position when taking into account the amount of entropy at
the state point (pfl) and a pressure level (Piow) that is lower than the secondary flow pressure
(Psf). The pressure drop is typically a few kPa and relies on the working fluid and ejector design
[120]:

(b) Suction nozzle

The suction nozzle's energy efficiency and energy balance can be expressed as follows. It is

crucial to note that at the state point (sf1), the inflow velocity is insignificant.

2
hygy = hyp + 22 (4.2.47)

— (hsfl_hsfz)
nn (hsfl_hsfz,s) (4248)

The state (sf2,s) is the optimum point because it has the lowest secondary flow pressure (Psf) and

the lowest state point (sf1) entropy.
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(c) Mixing section

The entertainment ratio () is a crucial variable for ejector modelling. The entertainment ratio ()

is the ratio of the mass flow rate of secondary flow to the primary flow can be expressed as:

p = st (4.2.49)

As was seen in the previous hypotheses, the pressure in the mixing section is equal to Piow. The
primary equations that describe the mixing process are shown here. The ideal conservation of

momentum may be expressed as follows:
Vpe + WVpe = (14 1) Vings (4.2.50)

The mixing efficiency (n,,) [121] is used to account for friction losses along with other non-ideal

elements and is described as:

2
Vinf

Mm =5 = (4.2.51)
The final mixed flow velocity is derived through the combination of Eq. (16) and (17).
— (L. u
Vinf = VNm (m Ve + mst> (4.2.52)
The conversion energy can be written as:
Ving? Vpe? Ve
1+ p)- (hmf + o) = (hpf +-2 )'p' (hsf+ < ) (4.2.53)

d) Diffuser section

After neglecting the flow velocity at the exit of the diffuser i.e at point (d), the energy balance

equations and the diffuser efficiency were expressed as;

2
Vinf

hg = hpye + = (4.2.54)
_ (hgs—hmy)
Nd = "G Thon (4.2.55)
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The state point (d,s), isentropic point at the condition point (mf) and pressure (P4) which is equal

to the condenser pressure.

4.3. Modeling of SPT based combined HBC and ORC with Cascade VAR-VCR integrated

system

The following assumptions were made while analyzing the present work as follows:

a) Each component works on thermodynamic steady-state conditions.

b) Assumed pressure loss for each component of the HBC has been listed in Table 3.2 [70].

c) Change in kinetic and potential energy was considered as negligible.

d) Isentropic efficiencies and effectiveness of heat exchangers, turbines, compressors,
pumps, etc., are assumed.

e) During the examination of the VAR-VCR system, heat and pressure loss in the heat
exchangers and pipes were neglected [115].

f) At the specific pressure and temperature LiBr-H20 is assumed in equilibrium in the
generator and absorber [115].

g) Water cooling is provided in the condenser and absorber.

h) Cooling water temperature and pressure have been assumed and given in Table 3.2[115].

i) States 8, 10, 12, and 20 are taken as the saturated states [115].

During the thermodynamic modelling of the proposed system, the complete plant is divided into
two subsystems. The first subsystem is the solar system, which includes the receiver and
heliostats as the prime components while neglecting the effect of the blower. The second
subsystem is the trigeneration unit (HBC-VAR-VCR) for thermodynamic study.

4.3.1. Energy and exergy balance equation for the components of the proposed system

Each component was considered as the thermodynamic system while applying the
energy/exergy balance equations. Therefore, following the control volume/steady state equations

were considered for calculating the energy and exergy interactions from the components;
Qcv — Wey + X (yhy) — ¥ (hehe) = 0 (4.3.1)

ED = Xin — Xout (4.3.2)
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Where,X;,, and X, refers total exergy interaction at the inlet and outlet of the control volume,
respectively. ED is the exergy destruction within the component. The concept of exergy is used
to evaluate second-law performance. The four components of total exergy for a fluid stream are
as follows [67]:

X]' = Xph + Xch + Xke + Xpe (433)

The systems under discussion do not take into account the kinetic/potential exergy. Additionally,
the balancing equations would negate the chemical exergy for the HBC and trigeneration system.

Thus, the total exergy for these systems can now be mathematically represented as:
X; = Xpn = m’[(hj — hg) — To(s; — so)] (4.3.4)

Modelling the solar sub-section is essential due to the sun's role as the primary propulsion
system. This section is simulated using models that have been developed from previous literature
[70, 74]. The solar sub-section consists of two main components: the receiver and the heliostat
field. The term "A; " represents the area of each heliostat. Heliostats concentrate the solar
radiation onto the receiver located at the apex of the power tower. The total solar heat obtained
by the heliostats is determined by the direct normal irradiance (DNI) of the sun and the total area

of the heliostat field (Aye;). The formula representing this parameter is:

Qsolar = DNI - Ape] " Npe (4-3-5)

The amount of solar heat received by the receiver from the heliostats is determined by the

heliostat field efficiency (ng,,4)- This energy’s rate can be stated as follows:

Qrec = nﬁeld'Qsolar (4.3.6)
Where, ng,,4 IS determined as [70, 74];

Nfield = Neos Nsab * Mint “Natt " Mref (4-3-7)

The variables n, ,,n represent the efficiencies associated with the interception

att,ncos’ T]ref’ T.ls&b
efficiency, atmospheric attenuation, cosine effect, heliostat reflectivity, shading and blocking
respectively. It is vital to note that this current research relies on actual values from an existing

SPT plant, and the determination of these values falls outside the scope of this study.
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The receiver absorbs a heat amount is denoted bereC,in, while Qrec,loss is the amount heat loss
to the environment due to different modes of heat transfer. The remaining heat Q¢ et iS then

transferred to the HTF. The efficiency of heat transfer of the receiver is described as [70];

nrec — Qrec,net (438)

Qrec,in

The net heat transfer through the receiver can be defined as;
Qrec,net = I'hair'(h30 - h31) (4.3.9)

Qrec,net = Qrec,in + Qrec,loss (4310)

The thermodynamic modelling equations of the trigeneration system (HBC-VAR-VCR) are
listed below. EES code has been developed for solving these equations using the given data in
Table 3.2 together. Using the EES library of the property functions, the state point
thermodynamic properties, heat and work interactions, and exergy rate at every state have been

calculated.

The mathematical equations used for thermodynamic modelling of the trigeneration
system based on the position numbers shown in Figure 3.2 has been illustrated below. Equations
for energy and exergy analysis of each component based on input data provided in table 3.2 are

given below:

The energy equation for the heliostat field is expressed as;
Qrec,in = Nfjeld DNI - Aper * Npel (4.3.11)
The energy equation for the receiver can be expressed as;

Qrec,in = riAlair(hBO - h31) + c.2rec,loss (4-3-12)

The energy equation for an internal heat exchanger (IHE) can be expressed as;

Qe = i (hzo — hzq) + thge (hy — hy) (4.3.13)
Work obtained by helium turbine (HT) and its efficiency can be expressed as;

WHT = mye'(hy — hs) (4.3.14)
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_ (hy=hg)
Nyt = (hy=hss) (4.3.15)

Work input given to the helium compressor (HC) and its efficiency can be expressed as;

Wyc = e (hy —hy) (4.3.16)
Nhe = % (4.3.17)
The energy and mass balance equation for generator (g) can be expressed as;

Qg = My9'hyg + my6'hye — my5hys (4.3.18)
Mmy5 = My + Myg (4.3.19)
The energy balance equation for the precooler can be expressed as;

Mye'(hy — hy) = Myager (hzz — hzz) (4.3.20)

The energy balance equation for the recuperator and its effectiveness can be expressed as;

(hs —hy) = (hs — hg) (4.3.21)
(T3—T,)
€Recuperator — (Tz—Tz) (4.3.22)

The heat transfer equation of the VAR condenser can be expressed as;
Qc = y9(hyg — hyp)=Myater (has — hyy) (4.3.23)

The equation for expansion valve-1 can be expressed as;

h20 = h21 (4324)

The equation for absorber (a) can be expressed as;

Qa = myp'hyy + 1iyghyg — mhyzthyg (4.3.25)
ri’l13 = rh12 + rhls (4326)
X16'Ii118 = X13'm13 (4327)

Work input given to pump (P) and its efficiency can be expressed as;

V'VP = ri113(h14 - h13) (4-3-28)
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_ (hy4s—hy3)

NP = (hiyhue) (4.3.29)

The energy balance equation for solution heat exchanger (SHE) and its effectiveness can be

expressed as;

myghye — My7hyy; = myshys — myshyy (4.3.30)
_ (T16=T17)
E€SHE = (7, _T,,) (4.3.31)

The equation for pressure reducing valve can be expressed as;

hy7; =hgg (4.3.32)
The equation for cascade condenser (cc) can be given as;

Qcc =y, (hy; — hyy) = hg(hy; —hg) (4.3.33)
AThince = Tg — Ty (4.3.34)
The equation for expansion valve-2 can be given as;

hg = hy (4.3.35)
The equation for evaporator (€) can be given as;

Qe = mg(hg — hyg) = Mpg_water (hzg — hyg) (4.3.36)
The equation for VCR compressor can be given as;

WCOmp = 1y (hyy — hyo) (4.3.37)
_ (h11s=hqo)
Ncomp = (h11—h1o) (4338)

Additionally, this section will address the exergy analysis of the combined system. After
presuming that there is no heat loss in the component, the exergy balance equation is applied to
calculate the exergy destruction and exergy of each component. [207].
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The exergy equation for the heliostat field is expressed as;

. T . T .
Qsun (1 - . ) = Qrec,in' (1 T > ) + EDpg

T'ref,Sun refhel

The exergy equation for the receiver can be expressed as;

Ty
T'ref,hel

To

X31 + Qrec,in' (1 - ) = X3O + Qrec,loss' (1 - ) +EDrec

rec

The exergy equation for an internal heat exchanger (IHE) can be expressed as;
X30 = X31 = X4 — X3 + EDjy

The exergy equation for a helium turbine (HT) can be expressed as;

X, = Xg + Wyp + EDyr

The exergy equation for a helium compressor (HC) can be expressed as;
X, = X, — Wye + EDyc

The exergy equation for the helium recuperator can be expressed as;

Xs —Xe = Xz — X + E'DRecuperator

The exergy balance equation for precooler can be expressed as;

X7 = X1 = Xy; — X3 + EDpreooler

The exergy balance equation for the generator can be expressed as;

Kis + Qg (1= 12) = Ko +¥ag + ED,

The exergy equation for VAR condenser (c) can be given as;

K10 — X0 = Qe (1- %) +ED,

The exergy equation for expansion valve-1 can be given as;

X20 = X21 = EDgws

The exergy equation for the absorber can be given as;

(4.3.39)

(4.3.40)

(4.3.41)

(4.3.41)

(4.3.42)

(4.3.43)

(4.3.44)

(4.3.45)

(4.3.47)

(4.3.48)
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X5 + Qy (1 - %) +EDg = Xyz + Xyg (4.3.49)
The exergy equation for the pump can be given as;

X13 = X14 — Wp + EDpypmp (4.3.50)
The exergy equation for solution heat exchanger (SHE) can be given as;

Xi6 + Xq4 = Xy5 + Xy7 + EDgyg (4.3.51)
The exergy equation for pressure reducing valve can be given as;

X17 —X1g = EDpry (4.3.52)

The exergy equation for cascade condenser (cc) can be given as;

X171 + X1 = Xqp + Xg + ED, (4.3.53)
The exergy equation for expansion valve-2 can be given as;

Xg — X9 = EDgy; (4.3.54)
The exergy equation for evaporator (e) can be given as;

Ko =Xy = Qe (1- ?) +ED, (4.3.55)

The equation for the VCR compressor can be given as;

XIO + WComp = Xll + EDCOInp (4356)
The simulation code, which was developed with EES software, incorporates each of these

relationships. In an effort to ascertain all parameters that are unknown, the application extracts

thermodynamic characteristics from its database of property functions. This includes state point

thermodynamic properties, work and heat interactions, and exergy rates for each stream.
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4.3.2. Energy and exergy efficiency of the proposed system

The overall plant exergy and energy efficiency is defined as the ratio of required output
in terms of exergy/energy to the total exergy/energy supplied that is available at heliostats with
solar radiation. Mathematically, the energy and exergy efficiency of the overall plant is
expressed as [70, 73]:

W .
Nen,plant = net+QQ6+Qa+QC (4.3.57)
solar
Whet+Xe+Xa+X
Nex,plant = e ?ro_c (4.3.58)
Qsolar'(l_ TSun)

Where, Ts,, refers to the sun's temperature (apparent). For the calculation of sun exergy, its
value has been taken as 4500 K [196]. The net output power (W,..) of the plant has been

calculated as;

Whet = Wit — Wie — Weomp — Woump (4.3.99)
The trigeneration system/combined cycle energy and exergy efficiency are defined as the ratio of
required output in terms of exergy/energy to the total energy/exergy supplied by the IHE to the
trigeneration system/combined cycle. Mathematically, its energy and exergy efficiency are
expressed as [73, 74,115 and 117]:

Nen,comb = Wnet+§e+Qa+Qc (4-3-60)
IHE
_ Whet+Xe+Xa+Xc
Nex,comb — (X30—X31) (4-3-61)

Where, (X30 — X31) refers to the exergy supplied by the IHE to the trigeneration system (HBC-
VAR-VCR) [74].

4.3.3. Coefficient of performance (COP) for heating and cooling effect

It mentioned that heat rejected through the VAR condenser and absorber was used as the
heating effect for drying, bleaching domestic water heating etc. Therefore, its heating
performance was calculated using the COP of heating. COP of heating can be expressed as
[118,219];
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Cop, = — 2t (4.3.62)

Qg+WComp +WP

However, the cooling effect is taken by the evaporator only. Therefore, COP for cooling can be
evaluated as [118,220];

COP, = — Qe (4.3.63)

Qg+WComp +Wp

The individual COPs of the VAR and VCR can also be defined as the useful output to the input
energy to that cycle. COP of the VAR system is calculated as:

_ Qcc
e (4.3.64)

However, the COP of the VCR system is calculated as;

COPycg = —2 (4.3.65)

WComp
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4.4. Modeling of SPT based combined HBC and ORC with cascade ERS-VRS integrated

system
When analyzing the current system, the following presumption was made:

a) There will be one-dimensional flow and steady-state operation for every component.

b) It is assumed that the components' pressure loss is as shown in Table 3.3.

c) Kinetic and potential energy were disregarded.

d) Table 3.3 reports the isentropic efficiencies of the turbine, pump, and compressor based

on assumptions.
4.4.1. Energy and exergy balance equation for the components of the proposed system

In order to conduct a thermodynamic study, the complete system is partitioned into three
subsystems: the solar power tower (SPT), the helium Brayton cycle (HBC), and the organic
Rankine cycle-ejector refrigeration cycle-vapor compression refrigeration cycle (ORC-ERS-
VCR). Each element of the system is assigned a thermodynamic model, which is subsequently
simulated using the computer application Engineering Equation Solver (EES). The energy and
exergy balance equation in steady-state conditions can be expressed using the control volume

approach as follows:
Qcv — Wey + Z(yhy) — X (hehe) = 0 (4.4.1)
ED = EX;, — EXout (4.4.2)

The terms EX;,andEX,,. denote the rates at which energy is added to and subtracted from the
control volume, respectively. The work and heat transfer within the control volume are
represented by Wcy and Qcy correspondingly. By excluding potential and kinetic energy as well

as chemical exergy, the physical flow exergy can be mathematically represented as:
EX; = m[(h; — ho) — To(s; — so)] (4.4.3)

Where,E'X]- represents the physical exergy at j"" state. The quantity of solar thermal energy that is

transmitted through direct normal irradiance (DNI) from the sun to the receiver is contingent

upon the efficiency of the heliostat field. On Earth, the past alterations are influenced by both
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spatial and temporal factors. The latter, however, depends on the configuration of the pitch. The
receiver can harness the residual solar energy into usable heat. Hence, the total amount of heat

entering the receiver can be determined by calculating the net inlet heat [71, 123];
Qrec,in = Nfield” QSun = Nield” DNI - Apel * Npel (4-4-4)
Where, is heliostat field efficiency ngeiq IS €xpressed as [71];

Nfield = Ncos Ns&pb " Nint " Natt Nref (4-4-5)

Where Nef, Nint, Ns&b, Nate aNd Meos and, are represents heliostats reflectivity, interception
efficiency, shading and blocking, atmospheric attenuation and cosine effect efficiency,
respectively. The calculations of these efficacies are not the scope of this study, and its true

values have been taken from existing solar power plants.

However, the receiver efficiency and heat transfer are expressed as [196];

Nrec = (érec'n_et (4.4.6)
rec,in
Qrec,in = Qrec,net + Qrec,loss = My * (h16 - h17) + Qrec,loss (4-4-7)

The thermodynamic modelling equations of the trigeneration system (HBC-ORC-ERS-VCR) are
listed below. EES code has been developed for solving these equations using the given data in
Table 3.3 together. Using the EES library of the property functions, the state point
thermodynamic properties, heat and work interactions, and exergy rate at every state have been

calculated.

The mathematical equations used for thermodynamic modelling of the trigeneration
system based on the position numbers shown in Figure 3.3 has been illustrated below. Equations
for energy and exergy analysis of each component based on input data provided in Table 3.3 are

given below:

The energy equation for heliostat field is expressed as;
Qrec,in = Nfjeld DNI * Aper * Npel (4.4.8)
Energy equation for Receiver can be expressed as;
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Qrec,in = I'hair(hls - h17) + Qrec,loss (4.4.9)
The energy equation for an intermediate heat exchanger (IHE) can be expressed as;

Qe = Mgy (hyg — hy7) + e (hy — h3) (4.4.10)
Work obtained by turbine-1 (T1) and its efficiency can be expressed as;

Wy = e (hy — hs) (4.4.11)

__ (hy-hs)
Ny = (hs=hss) (4.4.12)

Work input given to compressor-1 (C1) and its efficiency can be expressed as;

Wy = e’ (h, —hy) (4.4.13)
_ (has=hy)
Ner = “hy—hy) (4.4.14)

The energy balance equation for the recuperator and its effectiveness can be expressed as;

(T3—T,)
€Recuperator = (TZ—Tz) (4.4.16)

The energy and mass balance equation for a heat recovery generator (HRVG) can be expressed
as;

ye'(hg —h;) = mg (hg — hg) (4.4.17)

The energy balance equation for the precooler can be expressed as;

the'(h7 —h;) = rhwater'(hw - h15) (4.4.18)

The heat transfer equation of condenser (COND) can be expressed as;

Qconp = Tiac(hyy — hyy) (4.4.19)
Work obtained by turbine-2 (T2) and its efficiency can be expressed as;

Wy, = g (hy — hyp) (4.4.20)

_ (ho=hyp)
Ny = (ho—h10s) (4.4.21)

97



Work input given to pump (Pump) and its efficiency can be expressed as;

Wpymp = tig(hg —hy;) (4.4.22)
Toump = (s (4.4.23)
The equation for expansion valve-1 can be expressed as;

hy, = hy; (4.4.24)
The equation for cascade condenser (CC) can be given as;

Qcc = my3(hys — hyg) = My (hy; — hg) (4.4.25)
ATpince = Tor — Tys (4.4.26)
The equation for the evaporator (EVAP) can be given as;

QEVAP = my3(hy3 — hyy) (4.4.27)
The equation for ejector can be given as;

m¢hyy = mghyg + mehyy (4.4.28)
Equation for compressor-2 (C2) can be given as;

Wcz = Mye(hyy — hys) (4.4.28)
Moo = T (4.4.29)
The equation for expansion valve-2 can be expressed as;

h,, = hy, (4.4.30)

Furthermore, in this section, exergy analysis of the combined system is also to be discussed.
Exergy destruction and exergy in each component are calculated by applying the exergy balance

equation for each component after assuming no heat loss in the component [207].

The exergy equation for the heliostat field is expressed as;

. T . T .
Qsun (1 - . ) = Qrec,in' (1 T 2 ) + EDpel (4.4.31)

Tref,Sun refhel
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The exergy equation for the receiver can be expressed as;

To
Tref,hel

To

E.X17 + Qrec,in' (1 - ) = E.X18 + Qrec,loss' (1 — ) +EDrec

The exergy equation for an intermediate heat exchanger (IHE) can be expressed as;
EXi¢ — EX;; = EX, — EX3 + EDiyg

The exergy equation for turbine-1 (T1) can be expressed as;

EX, = EXg + Wr, + EDp4

The exergy equation for compressor-1 (C1) can be expressed as;
EX; = EX, — W¢; + ED¢

The exergy equation for the recuperator can be expressed as;
EXs — EXs = EX3 — EX; + EDRecuperator

The exergy balance equation for HRVGcan be expressed as;
EX¢ — EX; = EXo — EXg + EDyryg

The exergy balance equation for precooler can be expressed as;
EX; — EX; = EXy6 — EXi5 + EDpregoter

The exergy equation for the condenser (COND) can be given as;

To

Tconp

EX11 — EX12 = Qeonp™ (1 = ) + EDconp

The exergy equation for turbine-2 (T2) can be given as;
EXy = EX;o + Wy, + EDpy

The exergy equation for the pump can be given as;

EX;; = EXg — Wp + EDpymp

The exergy equation for expansion valve-1 can be given as;

(4.4.32)

(4.4.33)

(4.4.34)

(4.4.35)

(4.4.36)

(4.4.37)

(4.4.38)

(4.4.39)

(4.4.40)

(4.4.41)
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EX;, — EX;3 = EDgxyvy (4.4.42)
The exergy equation for cascade condenser (CC) can be given as;
EXy3 + EXz4 = EXp1 + EXq4 + ED¢c (4.4.43)

The exergy equation for the evaporator (EVAP) can be given as;

Ty
TEvap

EX,3 — EXz2 = Qgvap® (1 - ) + EDgvap (4.4.44)

The exergy equation for ejector can be given as;
EXy0 + EX14 = EXyq1 + E.Dejector (4.4.45)

The exergy equation for compressor-2 (C2) can be given as;
E.X23 = E.X24 - WC2 + EDCZ (4446)
Equation for expansion valve-2 (EXV2) can be given as;

E.X21 - E.Xzz = EDEXVZ (4447)

These relationships are all incorporated into the simulation code, which was created using EES
software. The application extracts thermodynamic characteristics from its collection of property
functions to attempt to determine all of the parameters that are not known, including state point

thermodynamic properties, heat and work interactions, and also exergy rates for each stream.
4.4.2. Energy and exergy efficiency of the proposed system

Energy efficiency refers to the ratio of net output power to the energy made available by
the sun's irradiation on the heliostat field. Exergy efficiency, on the other hand, refers to the ratio
of net output power to the exergy made available by the sun's irradiation on the heliostat field.
The mathematical energy and exergy efficiency of the solar plant are formally defined as
[196,164]:

_ Whet+Qevapr+QconD
Nen,Plant — Osun (4.4.48)

. . To . To
A\ +Q '(1——)+Q '(1— )
net,Plant EVAP T COND TCOND

T]eX,Plant - Qs ,(1_ To )
un Tsun

(4.4.49)
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Where, Ts,, iS the apparent temperature of the sun used as the exergy assessment

[196].However, Wpy,,. Of the plant is expressed as:

V.VPlant = WTl + WTZ - WCI - V.VCZ - V.Vpump (4.4.50)
The trigeneration system/combined cycle energy and exergy efficiency are defined as the ratio of
required output in terms of exergy/energy to the total energy/exergy supplied by the IHE to the
trigeneration system/combined cycle. Mathematically, its energy and exergy efficiency are
expressed as [73, 74,115 and 117]:

_ Whet+Qe+Qa+Qc

Nen,comb = OIHE (4.4.51)
_ Whett+Xet+Xa+Xc

Nex,comb — (X30—X31) (4.4.52)

Where, (X3 — X3, ) refers to exergy supplied by the IHE to trigeneration system (HBC-ORC-
ERS-VCR) [196].

4.5. Modeling of combined Rankine-absorption power and refrigeration cycle with heating

process integrated system

Different operating conditions for the various working fluids taken into consideration in
the analysis are studied and compared for the thermodynamic modelling of the low-temperature
heat source-based integrated system. By studying the mass, energy, and exergy balances for each
component, this analysis is carried out utilizing the cascade utilization of energy and exergy

approach. The process model was created using the engineering equation solver (EES) program.

4.5.1. Energy and exergy balance equation for the components of the proposed system

In order to determine the efficiency of the combined refrigeration and power cycle, it is
necessary to consider the fluid conditions at various points. This section evaluates several
relationships for each fluid state within the cycle components. The analyzed cycle includes
essential components such as the heat exchanger, turbine, pump, boiler, and pressure relief valve,
which are paired with more intricate equipment such as the rectifier, condenser, and absorber.
Each component of the cycle functions as a volume control device, utilizing a working fluid to

facilitate heat transmission. The cycle's energy and mass balances are shown as [84]:
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A[Zn  m;|=0 (4.5.1)
A(Eem. hy)+A[ X0 Q]+ A[ Xk Wi|=0 (4.5.2)
Additionally, refrigerant mass expression is valid in the absorber and rectifier

A[Zn, x; m;|=0 (4.5.3)

This section should describe the study of various modes of the working fluid at different stages,

as seen in Figure 3.4.
Path 4 (pump’s inlet)

The absorber operates under the assumption that the mixture remains in a fully saturated state.
The density level of the base dilution is governed by the minimum pressure and temperature of
the absorber. The ambient temperature is presumed to be 5 °C below the discharge temperature
of the absorber. Currently, the assumed flow rate is the reference flow rate, and all other flows in
the system are calculated as a fraction of this reference flow rate. Moreover, it is recommended

that the density should be the same as the density of the base dilution.

T,=T,+5 (4.5.4)
P4 =Pmin (4.5.5)
x,= The Density of the base dilution (4.5.6)
m,= Reference flow rate (4.5.7)

Path 5 (Pump outlet)

The pump is employed to elevate the pressure of the base dilution. Subsequently, the pressure
that is being assessed may reach its utmost level. Pressure and enthalpy can be readily

determined by obtaining the pump's isentropic factor.
Py=Prax (4.5.8)

Sisentropic = S4 (4.5.9)
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Xs = X4 (4.5.10)
ms = my (4.5.11)
mp =my X (hs — hy,) (4.5.12)

Under isentropic conditions, hisentropic the enthalpy of the pump discharge stream for compression

is calculated.

hs — hy

Np = (4.5.13)

hisetropic_ hy
Path 6 (the inlet of the rectifier and the outflow stream of the heat exchanger)

The base dilution's temperature is elevated following its heating by the heat exchanger. The mass
flow rate and density of ammonia dilution in this state are equivalent to those in state 4, and the
temperature is 15 degrees lower than the boiler discharge temperature. The conditions of state 6

are as follows:

Pe = Ps (4.5.15)

Xg = X 4.5.16)
6 = Xa (

mg = m 4.5.17)
6 4 (

Path 10, 11, 12 and 13 (input and output of rectifier)

After passing through the heat exchanger, the base dilution reaches the rectifier. Inside the
rectifier, the subsequent relationships are in effect:

A[¥in m;]=0 (4.5.18)
A[¥n, x;. m;|=0 (4.5.19)

The density of 0.9999 for the dilution is taken into account for path 10. The vapour mass fraction
("IMF") and the initial mass fraction ("IMF") are necessary for the calculation of the mass

transfer within the rectifier. The calculation can be performed as follows: [157]:
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vmfy o 12 (4.5.20)
imfp. —0—=% (4.5.21)

The quantity of mass transfer inside the rectifier is then calculated using "vmf" and "imf" in

another relationship. The temperature and pressure are equivalent to those of path 13.

Tio= Tiz = Tr (4.5.22)
P10 = P13 = Pmax (4.5.23)
m;, = vmfy X my (4.5.24)
my3 = imfg X my (4.5.25)

Path 7 (stream exiting the steam boiler and entering the superheater)

The rectifier isolates the reduced dilution, which is heated to the temperature at which it turns
into a vapour after going through the boiler. The temperature in the boiler is equivalent to the
dilution temperature, while the pressure is at its maximum level. The specifications of state 7 are

defined below:

T, =Tg (4.5.26)
P7 = Pmax (4.5.27)
X7 = X13 (4.5.28)
myz =my3 (4.5.29)

Path 8 (Turbine’s inlet)

The diluted ammonia solution will reach a very high temperature and can be considered
superheated once it passes through the boiler and the superheater. The pressure is at its maximum
and the temperature is equal to that of the heat exchanger. Moreover, the mass flow rate and
density of dilution are identical to those of state 7. The superheater functions within the specified

conditions:
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Tg = THE (4530)

P8 = Pmax (4.5.31)

Xg = X 4.5.32)
8 7 (

mg = m 4.5.33
g =My ( )

Path 9 (turbine’s output Stream)

Table 3.4 can be used to determine the turbine's isentropic factor. The combined cycle's
minimum pressure is the turbine's outlet pressure. Additionally, the density of the dilution at this
stage is predetermined. Consequently, the subsequent relationships can be employed to assess the

conditions of the turbine's discharge stream:

P9 = Pmin (4.5.34)
Siseniropic = S8 (4.5.35)
Xg = Xg (4.5.36)
W =mg X (hg — ho) (4.5.37)

The isentropic enthalpy of expansion within the turbine can be determined under these
conditions. The real enthalpy at the turbine's outlet point is determined using the following

equation:

hg —hg

= (4.5.38)

isetropic
Path 1 (Condenser’s outlet stream)

After passing through the condenser, the enriched ammonia dilution is transformed into a liquid.
The density of 0.9999 is proposed, and the temperature is assumed to be 5°C higher than the

ambient temperature. The conditions of state 1 are outlined below:

P1 = Pmax (4.5.39)

T,=Ty +5 (4.5.40)
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x, = 0.9999 (4.5.41)
my = myg (4.5.42)
Path 2 (evaporator’s inlet stream)

The pressure relief valve considerably reduces enriched dilution, resulting in low pressure. The
following conditions are present within the valve, and it seems obvious that the other conditions

will remain constant.

h, = h, (4.5.43)
P2 = Pmin (4.5.44)
Xz = X1 (4.5.45)
m, = my (4.5.46)

Path 3 (evaporators output Stream)

The concentrated solution is transformed into a liquid and its pressure is decreased to the lowest
extent. After going through the evaporator and being cooled by refrigeration, its temperature is 5

°C below the surrounding temperature. Thus far, the prerequisites are delineated as follows:

T,= T, —5 (4.5.47)
P3 = Pmin (4-5-48)
X3 = X2 (4549)

As follows, the absorber will combine streams 3 and 9. The base dilution is reformed after

passing through this apparatus. The absorber is subject to the following conditions:

A[Zn  m;|=0 (4.5.50)
A(ZRem; by +A[T I Q)+ Al X by Wi ]=0 (4.5.51)
A[Zhexi - m;]=0 (4.5.52)
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4.5.2. Energy and exergy efficiency of the proposed system

The thermal and energy efficiencies of the system can be used to assess its performance.
The usable energy output divided by the total energy intake is known as the first law of
thermodynamics and is expressed as follows [115-117]:

Whet +Q
e (4.5.53)

where Whet is the output power of the turbine, which is reduced by the input power to the pump.
The total heat input added to the cycle is denoted as Qin. The refrigeration output through the

evaporator is denoted as Q.

The exergy output divided by the exergy input to the cycle is known as exergy efficiency.
Exergy input is interpreted as the heat source's available energy change. The exergy output is the
total of the exergy from the refrigeration system. The exergy efficiency of the stated combined

cycle is as follows:

_ Whet +Q

Where, E;, is the heat source fluid exergy and Eeva is the exergy associated with refrigeration

output which is defined as follows:

Ein = mg [(hg —ho) — To(sg — So)] (4.5.55)
Eg = Meyap [(hevap,i = Nevap,o) = To(Sevap,i = Sevap,0)] (4.5.56)
4.5.3. Exergy destruction rate for each component of the proposed system

Assume that P, and T,represent the reference atmospheric pressure and temperature as the
defined dead state, with the understanding that minimal heat is being rejected into the
environment by each component. For the combined cycle, the exergy destruction rate of each
component can be approximated as follows [95, 202]:
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For pump (P):-

EDp =E, —Es — W, (4.5.57)
For heat exchanger (HE):-
E.DHE = E5 + E16 - E6 - E17 (4‘558)

For rectifier (R):-

EDp = Eg +Ej; + Ejp —Ejp —Eis (4.5.59)
For boiler (B):-

EDg =E;3 +E;s —E;p, —E, —Ei¢ (4.5.60)
For superheater (SH):-

EDsy = E, +Ej4, —E;c — Eg (4.5.61)
For turbine (T):-

EDr = Eg — Eg — Wy (4.5.62)
For condenser (C):-

EDc = E;o —Eq; — E; (4.5.63)
For evaporator (E):-

EDg = E, — E; + Eg (4.5.64)

For throttle valve (TV):-

EDry = E; — E, (4.5.65)
For absorber (A):-
E.DA = Eg - E4 + E3 (4‘566)

The total exergy destruction is given as
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EDrotal = EDp + EDyg + EDg + EDg + EDgyy + EDp + ED¢ + EDg + EDy + ED,  (4.5.67)

4.6. Modeling of combined power, heating and cooling integrated system driven by Low-

temperature heat source using various eco-friendly refrigerants

Different operating conditions using various operating fluids taken into consideration during
analysis are studied and compared for the thermodynamic modelling of the low-temperature heat
source-based integrated system. The following assumptions are considered for this analysis
[148]:

a) The system is at steady state condition.

b) Flow resistance losses in various components are discarded.

c) The pressure drops and heat dissipation in the cycle components are neglected.

d) The throttling process in expansion valves is isentropic.

By studying the energy and exergy equations for every element present in the system, this
analysis is carried out utilizing the cascade utilization of the energy and exergy approach. The
process model was created using the EES software, and the important parameters for key state
transitions in the suggested cycle for an environmentally friendly refrigerant were derived from
the Standard Reference Database (NIST), 23 REFPROP 6.01 (1998). The main element of the
suggested system is an ejector; a one-dimensional continuous constant pressure flow model is
used to evaluate their performances [61].The basic idea of the current model was first proposed
by [133], and it was improved by [124] and then [135]. Entrainment ratio (1) a vital component
of the ejector, establishes the relation between secondary fluid mass rates with respect to that of
primary rate exiting the turbine and by using the mass, momentum, and energy equation, the

following formulation for the entrainment ratio, which may be written as [185]:

W= \/nn NmNd (hpgn1—hpenas) -1 (461)

(hmf,ds_hmf,m)

The primary flow in the ejector is composed mostly of three sections, and conservation of energy

equations for this flow are provided as mentioned below:

2
Upfn2

2
. . Upfn
= mpf hpf,nl + mpf£ (462)

myr h m
pf Npgnz + Mp¢ 2

The nozzle's efficiency can be calculated as:
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— Dptn1=Rpenz (4.6.3)

n hpf,nl_hpf,nzs

The momentum equation for the mixing section is stated as:
r.npfupf,nz + Mgflsenz = (rhpf + rhsf)umf,ms (4.6.4)

The energy equation for the diffuser section is stated as:

1
2 (urznf,m - urznf,ds) = hmf,ds - hmf,m (4.6.5)
The efficiency of the diffuser section is stated as:

T]d — hpmeds—hmfm (4 66)

hmf,d_hmf,m

The extraction ratio is calculated by dividing the turbine's extracted mass rate to the turbine's

inlet mass rate is given as:

E, = Dextr _ M5 (4.6.7)

my Iy
The entrainment ratio of the ejector can be calculated as:
Mgf _ Mgz

po= Dot - Do (46.8)

ri”1pf s
The driving pressure ratio is stated as follows:

Pextr __ Turbine pressure

o=

(4.6.9)

Pc " Condenser pressure
4.6.1. Energy and exergy balance equation for the components of the proposed system

Using the energy conservation and exergy balance equations that is applicable in
circumstances with minimal variations in the kinetic and potential energy under steady state and

control volume approach, is as follows:
Q—W = Yrzh, — Y m;h; (4.6.10)

E—W=7Ym.e,—Yrm;e; +]1 (4.6.11)
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Where Q totals heat input and W represents work output respectively, m represents the mass rate
and h represents the enthalpy of the flowing stream, 1 is the irreversibility rate produced due to
the production of entropy in the different components of the system, E represents the exergy
production rate in repercussion of heat transfer with the environment at temperature T, which can

be expressed as:

£=301-2Q (4.6.12)
The total exergy production rate and the specific flow exergy may be obtained as follows:

e = (h—h,) —T,(s —so) (4.6.13)
E = nie (4.6.14)

Then, each system component is subjected to energy conservation with the previously mentioned

assumptions, and is expressed as follows:
For HRVG:
titg (hyo — hyg) = ting(hy — hs) (4.6.15)

For Turbine (T):

Wi = 1ing (hy — hg) + (thy — 1h5) (hs — hy) (4.6.16)
For ejector (EJE):
riflpth + ri’lsfhl3 = h7(rhpf + Ihsf) (4617)

For regenerator (Reg):

m,(hz — hy) = mg(hg — hg) (4.6.18)
For Condenser (C):
Qc = ring(hg — hyp) (4.6.19)

For Pump (P):
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For expansion valve (E.V):
hi; =hyy (4.6.21)

For evaporator (E):

QE = thg(hyz —hyp) = my,(hyz — hyy) (4.6.22)
The thermodynamic efficiencies of the proposed cycle might be used to assess its performance.
The ratio of usable net output energy to the total energy intake is known as thermal efficiency as
per the thermodynamics first law and it can be presented as follows [185]:

_ Whet+QE
Nthermal — Qin (4.6.23)

Where W, represents the turbine's net power production from the turbine is, Qg is the output
from refrigeration and Q;,, represents the total heat input HRVG provides to the cycle. The ratio
of output exergy to the input exergy is known as exergy efficiency [128,131]. Input exergy is
interpreted as the amount of available energy that is accessible from the heat source fluid. The

output exergy is the total of the exergy from the refrigeration system and the net power output.

Whet+E
T]exergy = Eitn . (4624)

Where E;,, the exergy of the heat is the source fluid and Eg represents the refrigeration exergy
produced in the evaporator, which is given as:

Bin = Qun (1-72) (4.6.25)

B Thi
EE = r'nsf[(h12 - h13) - To(S12 - 513)] (4-6-26)

Assume that P, and T, represent the reference atmospheric pressure and temperature considering
the defined environment condition with the understanding that minimal heat is being rejected
into the surroundings by every element [129]. The rate of exergy destruction for every element in

the stated cycle may be approximated using the following equations:
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For HRVG:

EDyrvg = E3 + Eig — E4 — Eqg (4.6.27)
For Turbine:
ED; =E, — Eg — Eq — Wq (4.6.28)

For Ejector:

EDgjg = Es + Eq3 — E; (4.6.29)
For regenerator:

EDReg = Ez + Eg — E3 — Eg (4.6.30)

For condenser:

E.DC = Eg + E16 - ElO - E17 (4631)
For pump:
EDp =E; —E, —Wp (4.6.32)

For expansion valve:
E.DEV = Ell - E12 (4633)

For evaporator:

The total exergy destruction is given as

EDrotal = EDpryg + EDr + EDgjg + EDgeg + ED¢ + EDp + EDgy + EDg (4.6.35)
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Chapter 5

Results and discussion

In this chapter, the discussion has been made on the basis of results outcomes after the
exclusively thermodynamic analysis has been carried out of the considered cycles, such as SPT-
based combined HBC and ORC with ejector refrigeration integrated system, SPT-based
combined HBC and ORC with cascade VAR-VCR integrated system, SPT-based combined HBC
and ORC with cascade ERS-VRS integrated system, combined Rankine-absorption power and
refrigeration cycle with heating process integrated system, and combined power, heating, and
cooling integrated system driven by low-temperature heat source using various eco-friendly
refrigerants. The EES software was used to construct the computer programs that modelled the
chosen systems. The computed results of these programs are thoroughly covered in this chapter

under the various sections.
5.1. SPT based combined HBC and ORC with ejector refrigeration integrated system

Parametric evaluation of the SPT-based combined HBC and ORC with ejector
refrigeration integrated system has been carried out in this objective. Further, the results have
been found using an EES, and the results of the current study have been compared and validated

with the same previous research work and discussed in different sections.
5.1.1. Validation of the proposed system

The modelling technique is validated by comparing and validating the obtained findings
of the derived models (HBC and ORC-ERS) with the data available in the previous literature.
Figure 5.1 presents a comparison between the efficiency values of the single HBC used in this
work and those reported by [71]. The data differs by only 0.24%, which is within an acceptable
range. Research data from reference [67] is used to assess the accuracy of the bottoming model
(ORC-ERS). The experiment used R123 as the working fluid, with the evaporator and condenser
temperatures set at -10°C and 25°C, respectively. An appropriate adjustment is made to the
model in order to facilitate a suitable comparison. The findings from reference [67] and the
present model are compared across many parameters, as depicted in Table 5.1.The comparison

results indicate that the maximum deviation was measured to be 1.5%, a minute value that
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signifies a high level of precision. Consequently, the model that was created has undergone

validation and may be considered reliable.

—a— Present work
—e— Zare et al.

=
o
I

Thermal efficiency (%)
=N
N

N
<

T T T T

2 3 4 5
Compressor Pressure Ratio, CPR

Figure 5.1 Verification of the helium Brayton cycle

Table 5.1 Verification of ORC-ERS

Parameters Present study Ref. [67] Deviation (%)
hg 477.7 474.2 0.73
hyo 451.4 451 0.08
hy, 447.12 445.4 0.38
h;, 221.2 220.1 0.49
h,; 220.9 220.1 0.36
hi, 376.54 375.5 0.27
hg 220.97 220.8 0.07
Qe 60.7 60.4 0.49
. 5.39 5.310 1.5
m, 0.391 0.389 0.51
Waet 111.2 110.7 0.004
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5.1.2. Comparison of thermodynamic performance among different components of a

system

Table 3.1 provides a comprehensive summary of the essential assumptions and input data
required for simulating the system. Table 5.2 displays the value of the results obtained from the
same study, specifically for all subsystems running at their optimal condition. The purpose of
this table is to present fundamental information regarding the exergy and energy evaluation of
the system being studied. Based on the information provided in Table 5.2, which is used in
energy analysis, the complete power plant produced 14,998 kW of power with an overall energy
efficiency of 23.3% out of the 64,358 kW of solar radiation energy. In SPT systems, the heliostat
field loses the most energy (22989 kW, or 35.72% of the total solar heat), suggesting that the
heliostat field's design is crucial. An approximation of 13365 kW of net power was obtained by
the standalone HBC, whereas about 31027 kW of heat was absorbed through the IHE. The
energy efficiency achieved was 43.07% under the specified operating circumstances, as indicated
in Table 5.2. In addition, the energy conversion efficiency of the standalone ORC-ERS system
was 12.26%. The waste heat recovery unit (WHRU) absorbed a total of 13261 kW of heat from
the topmost heat balance control (HBC) system. A portion of the energy is converted into useful
output, specifically power through an organic turbine (1567.23 kW), heating effect through a
condenser (60.52 kW), and cooling effect for building purposes (8.25 kW). Nevertheless, the
combined cycle (HBC-ORC-ERS) has a relatively high energy efficiency of 51.68%, as
indicated in Table 5.2.

The exergy analysis indicates that the heliostat field has the highest rate of exercise
destruction. This is due to the fact that it receives a greater quality of energy with a heating
source of approximately 4500 K [195]. Additionally, the receiver, which functions at a
temperature of about 1000 °C, experiences a large irreversibility upon receiving this radiation.
[71, 74]. The heliostat's energy efficiency was determined to be 64.27%. In the IHE, the helium
and HTF do not significantly differ in temperature since the IHE does not experience the
combustion process, which is the main source of irreversibility in conventional power systems.
Consequently, the HBC-ORC-ERS combined cycle has a high exergy efficiency of almost
64.4%. However, the power plant's overall exergy efficiency is quite low due to the significant

exergy destructions in the receiver and heliostat field. The expansion valve had the lowest energy
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destruction (102.5 kW) while the heliostats had the largest energy destruction (21465 kW, or
47.52% of the total energy destruction). Among the different components, the highest energy
efficiency was found by the helium turbine (97.25%). The standalone HBC gave the energy
efficiency around 59.36%. While the cogeneration system ORC-ERS obtained the energy
efficiency around 46.55%. It was concluded that this was lowering the exercise efficiency due to
the addition of more components through the ORC-ERS. The plant exergy destruction of the
trigeneration system operated by the SPT plant was found to be 45593 kW. However, this plant
obtained an energy efficiency of about 25.12%.

Table 5.2 Energy and exergy evaluation of integrated system at the specified operating

parameters
Subsystem Energy evaluation Exergy evaluation
Input Output Loss Energy Input  Output Loss Exergy
(kW) (kW) (kW)  efficiency (kW) (kW) (kW) efficiency
Heliostat field 64358 41369 22989  64.26% 60094 38628 21465 64.27%
Solar receiver 41369 31027 10342 75% 38628 22515 16113 58.28%
HBC 31027 13365 17662  43.07% 22515 13365 9150 59.36%
ORC-ERS 13261 1633 11634  12.26% 3729 1736 1993 46.55%
HBC-ORC- 31027 14998 16035 48.33% 22515 15101 8014 64.40%
ERS

Overall plant 64358 14998 49366 23.30% 60094 15101 45593 25.12%

A parametric evaluation is also done to check the effects of deferent variables on the power plant
performance. The variation has been taken keeping constant other parameters listed in table 3.1.
The effects of the parameters were discussed one by one in the rest of this section.

5.1.3. Effects on performance of compressor pressure ratio

The crucial variable that has to be looked into is the compressor pressure ratio (CPR). It
had an impact on the compressor's material, or more specifically, its price. The trigeneration
plant’s performance was examined with the CPR. As the CPR increased, figure 5.2 shows that

the energy and energy efficiency climbed first, reaching a maximum at CPR of 2.3, and then
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steadily dropped beyond it. Following the initial value of 2.3, it experiences a reduction. This
trend can be described as follows: Prior to a CPR of 2.3, increasing the CPR will increase both
expansion and compression work. However, in this specific range, the rate of improvement in
expansion work surpasses the rate of growth in compression work. As a result, there is an
increase in network output. This leads to improving the efficiency of the plant. After the CPR of
2.3, results were shown vice versa. The maximum values of energy and exergy efficiency were
48.33% and 64.4% for the combined ORC-ERS system, while for the overall plant; they were
around 23.3% and 25.12%, respectively. The reason that perhaps a significant energy loss
occurred in the cycle is that a very small amount of energy is lost because the energy loss is of
extremely low quality, which accounts for the disparity between the cycle's energy and exergy
efficiency and its high efficiency. Alone 83.20% of the total destruction of energy was destroyed
in the solar field (heliostats and receiver). That means overall plant exergy destruction was found
at 45593 kW, while 37578 kW were destroyed by solar fields only. The plants and the standalone
HBC cycle's maximum net power production were found to be 14998 kW and 13365 kW,
respectively, at a compression pressure ratio (CPR) of 2.3, which is the optimal value for CPR.
Consequently, the ORC-ERS led to a significant increase of 1633 kW in net power output. Apart
from the power output cooling and heating effect also first increased and then decrease with the
CPR. The highest cooling and heating effects were found 8.82 kW and 60.56kW respectively at
2.3 of CPR. Explanation is same as the power output and energy and exergy conversion

efficiencies.
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Figure 5.2 Performance outputs variation with the CPR
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5.1.4. Performance effect of helium turbine inlet temperature

The system performance is influenced by the HTIT (helium turbine inlet temperature).
According to Figure 5.3, when the HTIT climbed from 700 °C to 900 °C, the plant's total energy,
exergy efficiency, and net power output improved from 21.36% to 24.65%, 23.87% to 27.4%,
and 13808 kW to 15928 kW, respectively. The cause of it can be explained by the fact that the
enthalpy differential over the turbine increased in tandem with an increase in the input
temperature. It indicates that while net expansion work increased, net output power improved
and the system's thermal performance increased as a result. This variance was measured at the
optimal CPR of 2.3, 850 W/m? of DNI, and 197.5 °C of the OT inlet temperature. Apart from the
efficiencies and net power output, HTIT also affects the cooling and heating effects. Cooling and
the heating effect also increased with the HTIT. As the HTIT increased from 700°C to 900°C,
the cooling and heating load increased from 6.87 kW to 10.40 kW and 55.87 kW to 59.4 kW
respectively. It makes sense that as the HTIT climbed, the ORC turbine's input temperature rose
as well. It indicates that there is more heat energy entering the ORC-ERS system, increasing the

impacts of heating and cooling.
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Figure 5.3 Performance variations with helium turbine inlet temperature (HTIT)
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5.1.5. Compressor inlet temperature effect on system performance

The system's performance is known to be impacted by the compressor inlet temperature

(CIT). As the compressor inlet temperature increased, the plant's overall efficiency and net

output power declined. It can be explained that as the CIT increased, the enthalpy difference

across the compressor increased, which led to the enhancement in compressor work.

Consequently, figure 5.4 illustrates how the overall system performance was affected by CIT. It

shows that power output dropped from 15034 kW to 14802 kW, respectively, as the temperature

increased from 25°C to 35°C. Overall plant energy and exergy efficiency also decreased from
23.36% to 23% and 26.02% to 25.63%, respectively. CIT did not affect the cooling or heating

loads. As CIT increased, the net work output from the OT also decreased, which means output

heat that affects negligible change in evaporator and condenser loads.
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Figure 5.4 Performance variations with compressor inlet temperature (CIT)
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5.1.6. Influence of ORC turbine input temperature on system performance

This section must address how the ORC turbine inlet temperature affects the system'’s
performance. The temperature input to the ORC turbine caused a modest increase in the plant's
overall efficiency. Net power output was more impacted, though. Energy and exergy efficiency
increased by just 2.05% and 2%, respectively, at various constant values when the temperature
rose from 150 °C to 200 °C, as illustrated in Figure 5.5. The rate of improvement of the output
power is greater than the efficiency. The reason behind this is that as the temperature increased,
the thermodynamic property at the inlet increased, which means that the overall enthalpy
difference increased, which means net power output increased at a constant pressure ratio. In
addition, by gradually raising the ORC turbine's inlet temperature, the cooling is further
enhanced. The temperature rose from 150 °C to 200 °C, increasing the cooling capacity from
6.87 kW to 10.4 kW and the heating capacity from 55.87 kW to 59.4 kW. The rise in pressure
after the turbine may be attributed to the pressure ratio's constant value in this parametric

evaluation. Because the ORC turbine inlet temperature is rising, there is a rise in pressure.

150.5 260 60
i —+— Power output
10 - 25.5
%150-0 1 —— Energy efficiency . 59
- 25.0 =
E 9 {©149.5 - s =
2 |35 L2455 9838
s £149.0 - —a— Exergy efficiency é =
2 8 § —v— Heating effect - 24.0;2 57 2
g 033148.5 1 —e— Cooling effect i 23_5‘6] *cgs
@) o T
710 | 6
148.0 - [ 530
6 - 1475 T T 225 L 55

150 160 170 180 190 200
ORC turbine inlet temperature (°C)

Figure 5.5 Performance variations with the ORC turbine input temperature
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5.1.7. Performance variation with pump pressure ratio

The pump pressure ratio (PPR) influences the system's performance. A fixed value of 2.3
for CPR, 850 W/m? for DNI, and 800 °C was used to obtain the variations of the thermal
performance. The overall plant efficiencies first increased and then decreased continuously. It
has the optimum value at which it has maximum performance of the system. The optimal value
of the PPR was 3.056, at which maximum energy efficiency and exergy efficiency of the overall
plant were obtained as 25.12% and 23.30%, respectively, as seen in Figure 5.6. However, the
cooling is not affected by the PPR, but the heating effects increased continuously with the PPR.
Improvement in the PPR means increased pump work; however, improvement in the pump does
not affect the evaporator temperature and pressure, which leads to no improvement in the
refrigeration effects. While improvement in PPR means more extraction of heat through the
condenser to balance the energy, it has to be rejected through the condenser, which means
improvement in the heating load. With an increase in PPR of per 2.33%, the heating effect
increased by 6.31%.
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Figure 5.6 Useful output variation with the pump pressure ratio
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5.1.8. Performance variation with evaporator temperature

Figure 5.7 illustrates the performance variation of the system with the evaporator

temperature. In any cooling system, it is important to find out the effect of the evaporator on the

performance of the trigeneration system. The energy and exergy efficiency and power output of

the energy conversion system increased with the evaporator temperature continuously. As the

temperature increased, the energy and exergy efficiency and output power increased from
22.85% to 23.32%, 24.48% to 24.92%, and 15802 kW to 16034 kW, respectively. It shows no

effect on the heating loads while it much affects the cooling load. As it is known that the

temperature of the evaporator did not affect the condenser thermodynamic parameters that mean

no effect on the heating loads. However, the evaporator temperature increased the refrigeration

effect, which means that it increased the evaporator pressure, which led to an improvement in

cooling
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Figure 5.7 Useful output variation with evaporator temperature

255

N
o
o

N
>
o

N
.
o

Efficiency (%)

N
)
o

- 23.0

22.5

Heating effect (kW)

123



5.1.9. Performance variation with solar direct normal irradiation

As per Indian climate conditions, the average value of DNI was found as 850 W/m?. As
DNI increased, the receiver efficiency would also be increased, which leads to enhanced energy
performance of the plant. Energy, energy efficiency, and power output varied from 21.36% to
24.65%, 22.87% to 26.4%, and 13808 kW to 15928 kW as the DNI increased from 600 W/m? to
1000 W/m?, as shown in Figure 5.8. Also, the cooling and heating loads are increasing with the
DNI. When DNI increases, it gives a load of energy to the cycle, which converts a large amount
of energy into a useful output, meaning more heating and cooling loads. Direct Normal
Irradiance (DNI) improved from 600 W/m? to 1000 W/m?, which resulted in an increase in the

heating and cooling loads from 55.98 kW to 59.6 kW and 6.87 kW to 9.99 kW, respectively, as
Figure 5.8 illustrates.
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Figure 5.8 Useful output variation with DNI
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5.1.10. Performance variation with solar heliostat efficiency

Apart from the combined cycle parameters, the effect of SPT design parameters needs to
be discussed. Heliostat field efficiency is the main parameter that affects the performance of the
plant. As the heliostat efficiency increased, the performance of the overall plant improved.
Exergy, energy efficiency, and power output increased from 21.19 % to 30.83 %, 19.64 % to
28.65 %, and 13925 kW to 19728 kW, respectively, when heliostat efficiency increased from 0.6
to 0.85 as shown in Figure 5.9. This can be explained by the fact that when heliostat efficiency
rose, there was a decrease in solar energy loss and a subsequent increase in power conversion. As
a result, output of energy, energy, and power increased. Furthermore, an increase in heating and
cooling loads is a result of the field efficiency. When the heliostat efficiency is increased from

0.6 to 0.85, the cooling loads and heating loads climb by 51.38% and 6.31%, respectively.
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Figure 5.9 Useful output variation with the heliostat field efficiency
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5.1.11. Comparison of results with earlier studies

A waste heat recovery ORC-ERS bottoming cycle, a helium Brayton cycle, and a solar
(SPT) system make up the integrated system. Previous research has been compared with this
system [71]. It's evident that the current system (exergy efficiency 25.12%) was exergetically
performed better than the model developed by [71] (exergy efficiency 23.24%) with the
minimum number of components. In reference [71], 17 components were included, while the
present study included 14 components with higher energy efficiency for high-temperature SPT
applications. Additionally, the proposed system is able to produce cooling and heating
simultaneously for building applications such as hospitals, hostels, etc.

Table 5.3 performance comparison with previous studies

Systems Nreceiver field  "field DNI Neyele Mexplant  Men,plant
XMpgcerver CWIM)(0) (%) (%)
Regenerative supercritical 0.9 0.75 -- 0.8 42.1 27.4 25.7
Rankine cycle [164]
Regenerative Rankine cycle 0.9 0.75 -- 0.8 37.9 24.5 22.9
[164]
Present plant 0.9 0.75 -- 0.8 47.74  36.27 30.43
Combined tCO2-ORC [121] - - 0.62 1 43.96 - 27.14
sCO- cycle [121] - -. 0.62 1 42.48 - 26.23
Present plant -- -- 0.62 1 48.45  39.98 34.67

5.2. SPT based combined HBC and ORC with cascade VAR-VCR integrated system

5.2.1. Verification of the suggested system

In order to verify the validity of the modelling technique, the data found in the literature
is compared and confirmed with the obtained findings from the two derived models (HBC and
VAR-VCR). Comparisons between the independent HBC efficiency values obtained in this study
and those published by [74] are displayed in Figure 5.10. It's fine that only 0.55% of the data are

different. Therefore, the present modelling approach seems authenticated. A validity check is
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performed on the bottoming model (cascaded VAR-VCR) using research findings from the
reference [116] at the same baseline conditions, such as operating fluid, evaporator and generator
temperature. LiBr-H20 is the working fluid for the VAR in this study, while R410A is used for
the VCR. The findings of the present system were validated with the results of the ref. [116] and
listed in Table 5.4. It seems that the maximum deviation from the ref. results was found as 0.53%

only. That is acceptable for further analysis.
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Figure 5.10 HBC system validations
Table 5.4 Cascaded VAR-VCR validation
Parameters Ref. [116] This work Error estimated (%)

COPcascade 0.54 0.5393 0.12
COPyar 0.75 0.754 0.53
COPycr 4.41 4.405 0.11
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5.2.2. Comparison of energetic and exergetic results among different components in a

system

The basic assumptions and operating parameters for the suggested systems are listed in
Table 3.2. In order to provide a summary of the energy and exergy evaluation of the cycle under
consideration, Table 5.5 shows the values of the research findings for each subsystem at its ideal
operating conditions. The total solar energy was obtained as 51569 kW. Only 14865 kW of solar
energy was responsible for producing power and heating and cooling effects. Therefore, the
energy efficiency of the whole SPT-trigeneration was obtained as 28.82% according to the data
of energy analysis in Table 5.5. The heliostats were responsible for losing the majority of solar
heat energy, about 12893 kW. That accounted for 25% of the total input heat. Therefore, the
heliostat field is the critical component in the whole SPT system. It is suggested that the output
of the SPT plant may be further enhanced by properly designing the heliostats. The HBC absorbs
34809 kW of heat energy via IHE. However, only 14774 kW of power was obtained from HBC.
For this reason, the energy efficiency of the standalone HBC was 42.44%. However, the SPT-
powered HBC system achieved an energy efficiency of 28.64%. It is evident that a significant
quantity of energy was lost in the SPT system as a consequence of the increased temperature
differential. On the other hand, as can be observed, the combined trigeneration system (HBC-
VAR-VCR) has somewhat greater energy efficiency (42.82%). The trigeneration system
received a total of 34809 kW of heat input. It produced 14774 kW of electricity as output, with
the evaporator providing 30.7 kW of cooling and the condenser and absorber providing 87.63
kW of heating effect.

Table 5.4 shows a comparison of the COP of the combined VAR-VCR system with the
VAR and VCR cycles. Under the parameters shown in Table 3.2, the COP of the VAR, VCR,
and cascade VAR-VCR were determined to be 0.754, 4.405, and 0.5393, respectively.
Nonetheless, the trigeneration system's COPs for heating and cooling were determined to be
1.539 and 0.5393, respectively.

Thermodynamic investigation revealed that the utmost exergy destruction component is
the heliostat due to the heat energy received from the solar at high temperatures, such as 4500 K

[196]. Additionally, the second maximum exergy destruction value occurred in the receiver due
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to its higher surface temperature of approximately 1000 °C [70] compared to the other
temperatures in the trigeneration system. The heliostat's energy efficiency was discovered to be
75%. The presence of combustion is the main source of irreversibility in traditional power
systems. However, in the present work, combustion is absent in the IHE, and there is a also a
negligible temperature difference between HTF and the helium within the IHE. Consequently,
the trigeneration system (HBC-VAR-VCR) achieved a greater energy efficiency of 74.98%.
Comparing the exergy efficiency of the overall plant along with the combined cycle is relatively
low because of high exergy destruction in the solar components (heliostats and receiver), as
Figure 5.11 illustrates. Solar components (receiver and heliostats) are responsible for exergy
destruction of 40.99%. Heliostats and receiver exergy destructions are 21465 kW and 10725 kW,
respectively. As a result, a 39.53% energy efficiency plant was observed. The energy associated
with the absorber, condenser, and evaporator was 0.6991 kW, 3.582 kW, and 5.457 kW,
respectively.

Table 5.5 Energetic and exergetic results under the specified operational parameters

Subsystem Exergetic evaluation Energetic evaluation
Input  Output Destruction  Exergy Input  Output Loss Energy
(kW) (kW) (kW) efficiency (kW) (kW) (kW)  efficiency
Heliostat field 48152 36114 12038 5% 51569 38676 12893 75%
Solar receiver 36114 25389 10725 70.30% 38676 34809 3868 90%
Trigeneration 25389 19039 6350 74.98% 34809 14865 19944 42.7%
system
Overall plant 48152 19039 29113 39.53% 51569 14865 36704 28.82%

Parametric evaluation

For the purpose of analysing the effects of the independent variables such as the receiver
and heliostat efficiency, temperature of generator, cascade condenser, evaporator, condenser
temperature, HT inlet temperature, and compressor pressure ratio, parametric evaluation is
required. As illustrated in Table 3.2, the values other variables' were maintained constant while

the influence of changing one parameter was examined.
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5.2.3. Effects of variation in compressor pressure ratio on efficiencies

The variation in CPR efficiency is also depicted in Figure 5.11. The CPR is one of the
crucial variables for the Brayton cycle, and its impacts must be considered. The trigeneration
system's performance was assessed using CPR, and as CPR grew, its efficiency first increased
and then steadily decreased, reaching a maximum of 2.278 of CPR. At 2.278 CPR, respectively,
the highest energy and exergy efficiency were obtained at 42.9% and 76.65%, respectively.
Following the CPR's optimal values, it declines. This pattern can be explained by the fact that
prior to the CPR optimal condition, As soon as the CPR rises, the expansion work would
likewise grow. Nevertheless, in this part of the study, the rate at which expansion work improves
outpaced the improvement in the rate of compression work. Consequently, network output is
substantially boosted. This results in an improvement in the efficiency of both cycles. As
demonstrated in Figure 5.11, the overall plant exergy and energy efficiency likewise first
climbed quickly once the CPR reached its optimal value before slightly declining. The plant's
highest energy and energy efficiency values, measured at 2.278 and 3.056 CPR, respectively,
were determined to be 28.96% and 39.88%, respectively.
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Figure 5.11 Variation in efficiencies with CPR
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5.2.4. Effects of variation in compressor pressure ratio on COPs

Figure 5.12 shows how CPR affects power production,COP,, and COP,,. The power output
pattern and the efficiency pattern are comparable. The output of net power first increased before
2.278 of CPR, and then progressively declined. The maximum power was obtained at 2.278 of
CPR with values of 14816 kW. As the CPR increased, heat transfer between hot and cold
streams of helium in the recuperator decreased due to improvement in the cold side temperature.
Therefore, heat available for the VAR-VCR is increased. As a result, as the CPR varied from 1.5
to 5,COP,, and COP, of the VAR-VCR cycle varied as well, from 0.5390 to 0.629 and 1.539 to
1.6291, respectively.
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Figure 5.12 COPs and power output variation with CPR
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5.2.5. Effects of variation in helium compressor inlet temperature on COP, power output

and efficiency

Figure 5.13 illustrates how the helium compressor inlet temperature (HCIT) is known to
affect the system performance. With the helium HCIT, The overall efficiency and net electricity
production of the plant dropped. This is explained by the fact that when the compressor's inlet
temperature rose, the enthalpy difference across the compressor likewise rose, increasing the
compressor's output further. As a result, as compressor inlet temperature increased, plant
performance as a whole dropped. Plant exergy and energy efficiency dropped from 39.13% to
38.16% and 29.27% to 28.3%, respectively. Additionally, as the temperature rose from 25 °C to
35 °C, output power dropped by 3.05%, as seen in Figure 5.13. On the other side,COP, and COP,
rise from 1.539 to 1.63 and 0.539 to 0.6291, respectively. This could be brought on by the

compressor's substantial heat removal from the generator's side, which lowers the generator's

temperature.
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Figure 5.13 Performance variations with HCIT
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5.2.6. Effects of variation in helium turbine's input temperature on efficiency, power output
and COP

Figure 5.14 demonstrates how the HT inlet temperature (HTIT) affects the plant
performance. The plant's output power, exergy and energy efficiency were increased by 22.38%,
14.1% and 23.36%, respectively, as the temperature changed from 700°C to 900°C. It seems
acceptable since as the HTIT climbed, the turbine's differential increased as well. It indicates that
there was an increase in net expansion effort, which improved net power production and
consequently improved system performances. This variation was tested with a generating
temperature of 80 °C, 850 W/m? of DNI, and an optimal CPR of 2.5. However, HTIT has the
reverse effect on the COP. and COP,. As shown in Figure 6, the COP. and COP, fell from 14.32%
and 5.24%, respectively, when the HTIT changed from 700 °C to 900 °C due to an improvement
in the generator temperature, which led to lower COPs. It can be said that COP for cooling drops
faster than the COP of heating due to slower heat rejection from the absorber and condenser

HTIT temperature.
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Figure 5.14 Performance variations with HTIT
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5.2.7. Impact variation in generator temperature on COP, efficiency and power generation

Integration of the topping HBC parameters, more discussion is required regarding the
impact of the bottoming cascaded VAR-VCR system parameters on plant performance. Figure
5.15 illustrates the generator temperature's influence on the output of the plant. The temperature
of the generator caused a modest rise in the thermal efficiency of the plant. It increased from
28.82% to 28.88% with a rise in the temperature of the generator from 75 °C to 120 °C.
Nonetheless, the plant's energy efficiency dropped as the temperature of the generator rose. It fell
by 4.83% as the temperature of the generator improved by 60%. It is shown that the generator
does not much affect the thermal efficiency. However, the generator's temperature had no effect
on power output. Because generator temperature increases the VCR compressor work on their
side, it also decreases the HC compression work. Therefore, net power output doesn't change
with the generator temperature. As the temperature of the generator improved by 60%, COP. and
COP,declined by 34.39% and 12.42%, respectively. It can be explained as refrigerant
temperature rises with the generator temperature. That increases the average temperature of the
absorber and VAR condenser, leading to an improvement in heat transfer losses. The COP for

heating drops slower than the COP for cooling due to faster heat rejection from the absorber and

condenser.
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Figure 5.15 Performance variations with the effect of generator temperature
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5.2.8. The effects of temperature change in the evaporator on COP, power output and

efficiency

Figure 5.16 illustrates the effects of the evaporator temperature on plant performance.
The plant's energy and exergy efficiency marginally declined as the temperature of the
evaporator rose. The plant’s exergy and energy efficiency fell by 0.06% and 0.068%,
respectively, as the temperature of the evaporator rose by 25%. The IHE's heat duty is decreased
since less compressor power is required when the evaporator temperature rises because the
pressure ratio decreases. Consequently, the energy efficiency of the plant decreases. It is
important to highlight that although the reduction in process heat represents the energy of low
grade, the decrease in heat duty of the evaporator represents the energy of high grade. Therefore,
a higher VCR evaporator temperature can be advised in this case if solar heat as the fuel supply.
As the evaporator temperature rises, evaporator irreversibility decreases and energy efficiency is
reduced. Consequently, there is very little net change in power output. The evaporator
temperature enhanced the COP, and COP;,. A rise in evaporator temperature leads to a rise in the
cooling load of the evaporator as well as an improvement in the condenser and absorber heating
load. Reduced operation of the compressor is concurrent on the other side. Hence, as seen in
Figure 5.16, there is an increase in the COP. and COP,,. The COP, and COP, improved by 1.68%
and 4.8%, respectively, as the temperature of the evaporator increased by 25%. The rate of
improvement in the COP for heating is slower than COP for cooling. This is due to slower heat
rejection through the condenser and absorber that produces the heating effect.

42 = ——— 1.6 [ 148.0
40 - I
o . . ) . v v ' Y 14 1 1478
38 A —4*— Mep plan —e— COP =
= e " - 1.2 S
0;36 i — ¥ TNex plant —. COPC —F 14763
O - -—
EJ o e > & - 1.0 % §_
2 %4 Ol 147.4 3
L L 0.8 e
32 A —e&— Power output g
L 1472 %
30 R R - = w [086
28 0.4 L1470

-20 -19 -18 -17 -16 -15
VCR evaporator temperature (°C)
Figure 5.16 Impact of the evaporator temperature on plant performance

135



5.2.9. Effects of variation in cascade condenser temperature on power output, efficiency
and COP

The effect of cascading condenser temperature on system performance is seen in Figure
5.17. At 13.89 °C, energy efficiency stays constant; however, it abruptly drops and then
gradually rises due to the sudden change in thermodynamic properties of the working fluid
within the cascade condenser at this temperature. The combined impact of the condenser and
evaporator loads is also responsible for this type of pattern. The plant's thermal efficiency
marginally climbed from 39.54% to 39.88% with the CC temperature. The compressor work
increases with CC temperature, and the generator's requirement for heat decreases due to the
higher pressure ratio brought on by an increase in the temperature of the cascade condenser.
Consequently, there is an increase in the requirement for process heat generation as well as heat
duty for the IHE. Both the exergy and energy efficiency slightly improve due to slight
increments in the heat load in IHE and network output simultaneously. After decreasing slightly
to 14847 kW, net output power abruptly jumped to 14876 kW at 14.33 °C. This is due to the
sudden change in fluid properties at this temperature. However, both COP. and COP,, as shown
in Figure 5.17, decrease with the CC temperature. This is due to a higher cascade condenser
temperature resulting in more compression work being needed to compress the refrigerant, and

the generator produces more heat as well, resulting in a slight decrement in the COPs.
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5.2.10. Effects of variation in absorber temperature on COP, power output and efficiency

Moreover, the effect of the absorber temperature on the function of the plant is shown in
Figure 5.18. The plant's exergy and energy efficiency marginally decreased by 0.07% and 0.03%,
respectively, as the absorber temperature increased by 28.57%. It can be seen that efficiencies
were not affected much by the absorber temperature because improvement in the absorber
temperature slightly increased the VAR compressor work. Therefore, net work output of the
plant also decreases slightly. The generator must produce more heat as the absorber temperature
increases, which lowers the quantity of process heat produced. IHE requires constant heat duty
since absorber temperature does not affect the compression work performance. As a result, as the
absorber temperature climbed, COP,, and COP.increased from 1.529 to 1.594 and from 0.5287 to
0.5938, respectively. As heat is produced, the absorber's temperature drops. Consequently, as
Figure 5.18 depicts, the cooling and heating COPs went up. The absorber temperature, however,
has minimal bearing on the output of net power. This is because an improvement in HBC power

generation would offset a slight reduction in compressor work.
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5.2.11. Effects of variation in VAR condenser temperature on COP, power output and

efficiency

Figure 5.19 further examines the impact of VAR condenser temperature. The condenser

temperature (because of an increase in pressure ratio) increases the compression work. As a

result, the plant's net power output, energy and exergy efficiency, and condenser temperature all

constantly dropped. As Figure 5.19 illustrates, the plant's energy, exergy, and power output

dropped by 3.04%, 2.47% and 3.09%, respectively, with condenser temperature. Additionally,

Figure 5.19 shows that when the condenser temperature changed from 30 °C to 35 °C, COP.and
COP,decreased from 0.5427 to 0.5393 and 1.543 to 1.539, respectively. Since the generator

internal pressure increases in direct proportion to temperature, a low amount of water vapor is

released from the generator, which lowers efficiency and coefficient of performance.
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5.2.12. Effects of variation in heliostat field efficiency on COP, power output and efficiency

Verifying the effect of solar parameters on the system's overall performance is
mandatory. The solar sub-section characteristics in the current investigation were receiver

efficiency (n ) and heliostat field efficiency (ng,4)- Figure 5.20 illustrates how ng .

recevier

enhanced power production, energy efficiency, and exergy efficiency. More energy reaches to

receiver as g, , rose because heat losses from the heliostat were reduced. Additionally, both the

mass flow rate of helium and the mass flow rate of air in the receiver rose. As a result the net
output power improves as a result. Since energy and exergy efficiency are directly correlated
with power production, both were enhanced as well. Power production, energy efficiency, and
exergy efficiency increased by 30.99%, 30.78%, and 30.5%, respectively, as field efficiency
increased from 0.65 to 0.85.

COPs dropped with the field efficiency. As previously mentioned, the cycle's heat input
rose due to the field efficiency. As a result, the generator temperature rises due to enhancement
in input to the generator by the helium fluid that is flowing in the HBC. It is clear that both COPs
fall due to improvement in the generator temperature. Therefore, it is said that lower field
efficiency is beneficial for more cooling and heating effects, while higher field efficiency is
advised for more power production. As illustrated in Figure 5.20, COP, and COP.dropped by
12.42% and 32.6%, respectively, as n,,, increased from 0.65 to 0.85.
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Figure 5.20 Performance variations with heliostat field efficiency
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5.2.13. Effects of variation in heliostat field efficiency on COP, power output and efficiency

In addition to the field efficiency, another crucial solar subsystem parameter that

influences the thermodynamic performance isn Figure 5.21 illustrates how rising

recevier’

enhances thermal performance. Heat loss is reduced when the n increased, as

nrecevier recevier

previously explained. The recipient will, therefore, get more energy, which leads to an increase
in the air and helium mass flow rate. The power output will rise as a result. The same heliostat
area, however, ensures a steady overall energy intake for the plant. As a result, energy efficiency
is raised. When receiver efficiency was changed from 0.7 to 0.95, the plant's exergy efficiency,
power output, and energy efficiency all improved by 35.38%, 35.99%, and 35.74%, respectively.
However, COP.and COP,fell by 12.42% and 34.22%, respectively with receiver efficiency. The

same explanation as for Figure 5.20 decline in COPs applies here.
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5.2.14. Comparison of results with previous studies

As was previously indicated, there are various irreversibilities associated with the solar
subsystem of SPT plants. Also, it is not possible to avoid. To improve the SPT plant
performance, it is important to utilize energy generation units efficiently. In this regard, the SPT-
based present energy generation unit or trigeneration system is compared with previous energy
generation systems published by different authors. In order to conduct a true comparison,
identical sunlight conditions are used, and Table 5.6 presents the results. The results demonstrate
the superiority of the trigeneration system (HBC-VAR-VCR) unit proposed in this work over
previous systems of a similar nature. It is evident that the plant utilized in this study generates
energy with higher efficiency than the SPT-based supercritical CO> cycle and Rankine cycle.

Table 5.6 performance compression with previous studies

Systems Nreceiver MNfield  Mfield DNI' Nyie Mexplant Menplant
Necewer CWIM)06) %) ()
Regenerative supercritical 0.9 0.75 - 0.8 42.1 27.4 25.7
Rankine cycle [164]
Regenerative Rankine cycle 0.9 0.75 -- 0.8 37.9 24.5 22.9
[164]
Present plant 0.9 0.75 -- 0.8 42.79  39.53 28.82
Combined tCO.-ORC [121] - - 0.62 1 43.96 - 27.14
sCO- cycle [121] - N.A. 0.62 1 42.48 - 26.23
Present plant -- -- 0.62 1 46.32 42.02  31.89
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5.3. SPT based combined HBC and ORC with cascade ERS-VRS integrated system

5.3.1. Validation of the proposed system

The proposed system was validated with the previous studies. HBC was validated with
[74] efficiency, as shown in Figure 5.22. Results show the current model's accuracy. The
bottoming ORC-ERS is assessed Using study data gathered from reference [129] at baseline
conditions. Various variables are compared between the results of Ref. [129], including
enthalpies and the relationship between heat and work. Based on the comparison data in Table
5.7, the largest disagreement discovered was 1.5%, a modest percentage suggesting high
accuracy. However, the COP of the VCR output is validated with the reference [115]. The
current study gives the COP of VCR as 4.405. However, the COP of the ref. was obtained as
4.41 at the given conditions of ref. It is seen the COPs have a good agreement with the ref. [115]

with only 0.11% of error.
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Figure 5.22Validation of HBC system
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Table 5.7 ORC-ERS Verification

Variables Current study Ref. [129] Deviation (%)
hg 477.7 474.2 0.73
hyo 451.4 451 0.08
hy; 447.12 445.4 0.38
h;, 221.2 220.1 0.49
h;s 220.9 220.1 0.36
his 376.54 375.5 0.27
hg 220.97 220.8 0.07
Qg 60.7 60.4 0.49
m, 5.39 5.310 15
m, 0.391 0.389 0.51
Wiet 111.2 110.7 0.004

5.3.2. Comparison of energetic and exergetic results among different components in a

system

The results obtained from the analysis at base conditions, as given in Table 3.3, have
been specified in Table 5.8. It has been observed that the energy efficiency of the suggested
trigeneration system (HBC-ORC-ERS-VCR) was 89.86%. It is much higher than any
conventional trigeneration system. This is due to the effective utilization of the waste heat
obtained from the conventional HBC system through the proposed trigeneration system.
However, the overall proposed solar plant obtained an energy efficiency of 60.66%. Evidently,
the overall proposed plant (SPT-HBC-ORC-ERS-VCR) efficiency is lower than the trigeneration
system. This is due to the consideration of SPT system performance. It means higher heat loss is
obtained in the heliostats field and the central receiver. However, the proposed plant's overall
energy efficiency is 101.19% higher than the conventional system (SPT-HBC). This is due to
much useful energy obtained from the proposed system in terms of heating, cooling effects and
power generation. However, the network output from the proposed plant is 15585 kW. Heating
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and cooling effects were obtained as 14967 kW and 730 kW for the industrial application and

food storage application respectively.

The exergy efficiency of the conventional system (SPT-HBC) and the proposed plant
were obtained as 32.29% and 35.55% respectively. The exergy efficiency of the suggested
system is 10.09% greater than the proposed plant. However, the trigeneration system’s exergy
efficiency shows as 67.55%. This is due to the more useful output from the overall proposed
system. However, the exergy destruction was obtained from the conventional system,
trigeneration system and overall proposed plant as 32603 kW, 15625 kW and 31033 kW,
respectively. It can be seen that the overall proposed solar plant’s exergy efficiency is lower than
the trigeneration system due to the higher irreversibilities present in the SPT components, i.e.in

the central receiver and the heliostats field.

Table 5.8 Obtained results at base conditions

Parameters SPT-HBC HBC-ORC-ERS-VCR SPT- HBC-ORC-ERS-VCR
Energy efficiency (%) 30.15 89.86 60.66
Exergy efficiency (%) 32.29 67.55 35.55
Net work output (KW) 15547 15585 15585
Heating effect (kW) - 14967 14967
Cooling effect (kW) - 730 730
Exergy destruction (kW) 32603 15625 31033
Total output energy (kW) 15547 31282 31282

Parametric analysis

The exergy, energy efficiency, network production, heating and cooling effects, and
suggested solar-based plant (SPT-HBC-ORC-ERS-VCR) were taken into consideration as
performance parameters. Investigations were conducted on how the various parameters affected
the system's performance. It is presumed that other factors were maintained constant while

assessing the effects of the individual parameters.
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5.3.3. Effect of variation in heliostats field efficiency

Figure 5.23 reveals the effect of the heliostat field efficiency on the plant performance. It
is seen that the performance of the plant increases continuously with the heliostat field
efficiency. It can be explained as the efficiency improved, the effective application of solar
energy also increased, and consequently, the performance of the system increased. The projected
plant's energy and exergy efficiency grew from 52.57% to 68.75% and 30.81% to 40.29%,
respectively, as the field efficiency climbed from 0.65 to 0.85. However, the network production
was increased from 13507 kW to 17663kW with field efficiency. In addition, the heating and
cooling effects of the cascading ERS-VCR system were enhanced by the heliostats' field
efficiency. This is because solar energy is now converting at a faster pace to usable outputs. With
the heliostats field efficiency increasing from 12971 kW to 16962 kW and 632.2 kW to 826.7

kW, respectively, the heating and cooling impacts were likewise amplified.
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Figure 5.23 Effect of the heliostats field efficiency on the proposed plant performance
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5.3.4. Effect of variation in receiver efficiency

Figure 5.24 shows that the performance of the plant increases with the efficiency of the
receiver. As the receiver efficiency rises, the losses from the receiver decrease, which means a
lot of the energy is valuable enough to be converted into a useful task. Therefore, receiver
efficiency is an important parameter that needs to be designed carefully. The plant's network
production, energy efficiency, and exergy output rise from 33.58% to 37.53%, 57.29% to
64.03%, and 14719 kW to 16450 kW, respectively, while the receiver efficiency climbs from
0.85 to 0.95. Apart from this the heating and cooling effects also increased with the receiver
efficiency. As the efficiency of the receiver rose, also the heat rejection from the topping cycle
increased, which meant a lot of the heat energy was available to be converted into useful work.
The heating effect and the cooling effect increase from 14135 kW to 15798 kW and 688.9 kW to
770 kW, respectively.
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Figure 5.24 Effect of the receiver efficiency on the proposed plant performance
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5.3.5. Effect of variation in compressor-1 pressure ratio

The influence of the compressor-1 pressure ratio (PR) has been discussed in Figure 5.25.
The work output increased first then decreased. This trend can be rationalized by considering the
enhanced expansion and compression works before reaching a CPR of 2.3. However, in this
context, compared to expansion work, compression work has a slower rate of enhancement.
Consequently, the network output increases, leading to improvements in the exergy efficiency of
the plant. Subsequent to a CPR of 2.3, the results demonstrated a reverse trend. However, the
energy efficiency first decreased sharply and then increased. These results from the heating and
cooling effects working together obtained from the cascaded refrigeration system. Since the
heating and cooling effect, decrement is much faster than the improvement rate of the network
output. Therefore, overall energy output decreased first and then increased slowly after the
optimum value of the PR. The highest value of the energy and exergy efficiency and network
production of the integrated system was obtained as 98.43%, 35.49%, and 15552 kW,

respectively, within the considered range of the PR.
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Figure 5.25 Effect of the compressure-1 pressure ratio on the performance of the plant
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5.3.6. Effect of variation in turbine-1 inlet temperature

The performance of the system is significantly influenced by the turbine-1 inlet
temperature (TIT). As depicted in Figure 5.26, when the TIT rose from 650 °C to 950 °C, the
plant's energy, exergy efficiency, and power generation all increased: from 58.34% to 61.58%,
29.56% to 37.72%, and 12494 kW to 16695 kW, respectively. The reason for this is that as the
input temperature rises, the enthalpy differential across the turbine increases. Consequently, there
is a rise in net expansion effort, leading to enhancements in power generation and the overall
performance of the integrated system. This modification was assessed under conditions of
197.4°C for the input temperature, 850 W/m? of DNI, and a PR of 2.5. Furthermore, the TIT
affects the heating and cooling impacts as well as power generation and efficiency. The influence
of cooling and heating was decreased with a rise in TIT. In particular, when the HTIT increased
from 650°C to 950°C, the heating effect reduced from 16680 kW to 14394 kW and the heating
load climbed from 913.6 kW to 669.7 kW. This relationship makes sense because rising TIT and
ORC turbine input temperatures indicate greater heat energy getting into the ORC-ERS system

and amplifying the cooling and heating impact.
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Figure 5.26 Effect of the turbine-1 inlet temperature on the performance of the plant
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5.3.7. Effect of variation in compressor-1 inlet temperature

The system's performance declined with the compressor-1 inlet temperature (CIT). This
is accounted by the fact that an increase in CIT also led to an increase in the enthalpy differential
inside the compressor, which improved compressor work. As such, CIT decreased the system's
overall efficiency between 35.79% and 35.31%, and the plant's overall exergy efficiency
declined. As depicted in Figure 5.27, within the range of the CIT, the power output decreased
from 15774 kW to 15391 kW. However, the heating and cooling loads increased with the CIT.
The network generation from the T2 decreased as CIT rose, suggesting that the small rise in the
condenser and evaporator loads was mostly unaffected by the output heat. The heating and
cooling effects increased from 14143 kW to 15815 kW and 723 to 738 kW, respectively, within
the range of the CIT.

17 4 65 40 24
- & % L

I I L35 [ 22
HM r 20
55 | — nen.Palnt i 30 L 1 8
154 N
§. é 50 _ —Ah— nex,Palm —— Wl’lanl - 25 3 L 16

% 3" - Qheating \E_/
§l4 | 9?‘: 1 —— choling 20 é"_ 14
E13 = 404 - ——— 5o 12
o . R . . X . - 1.0

35 A = - - * A A A - 10
12 - PPN P —" S - S - 0.8
30 7 o 5 B O 6
ll - 25 T T T T T - 04
24 26 28 30 32 34 36

Compressor-1 inlet temperature ("C)

Figure 5.27 Effect of the compressor-1 input temperature on the plant performance
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5.3.8. Effect of variation in pinch temperature difference in the HRVG

Figure 5.28 reveals the influence of the pinch temperature of HRVG on the output of the
plant. It is evident that the plant's performance decreased as the temperature got closer to the
pinch point. It was described as the pinch temperature increased, the temperature available to the
bottoming cycles decreased, which means the pressure of the circulating fluid in the bottoming
cycle increased, which leads to the reduction in the mass rate of the system. Consequently, the
performance of the system decreased with pinch temperature. The reduction in the energy
efficiency is faster than the exergy efficiency of the plant. Energy efficiency exergy efficiency,
and network production decreased from 62 % to 59.32%, 35.7% to 35.41%, and 15586 kW to
15583 kW, respectively, as the pinch temperature increased from 5 °C to 15 °C respectively.
However, the heating and cooling effect decreased from 15625 kW to 14318 kW and 761.5 kW

to 697.3 kW, respectively, with a corresponding increase in pinch temperature of 5 °C to 15 °C.
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Figure 5.28 Effect of the HRVG pinch on the output of the plant
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5.3.9. Effect of variation in entertainment ratio

The effect of the entertainment ratio on the performances has been discussed in Figure
5.29. The performance of the plant decreased with the entertainment ratio. As this ratio
increased, the mass flow rate in the ERS circuit decreased, which led to a lower heating and
cooling effect. As a result, the exergy and energy efficiency decreased. However, decrement in
the energy efficiency is slower than the exergy efficiency. This is due to the faster rate of
decrement in the heating and cooling effect, which contributed much to the efficiency of the
plant. The energy, exergy efficiency, and network production all declined when the
entertainment ratio rose from 1.5 to 4, going from 68.63% to 58.67%, 35.91% to 35.46%, and
15222 kW to 15675 kW, respectively. However, the heating and cooling loads decreased from
18709 kW to 14301 kW and 1459 kW to 547.1 kW, respectively, as the entertainment ratio rose
from 1.5 to 4. It's observable this ratio much affected the cascaded ejector-VCR system rather

than the topping cycle performance.
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Figure 5.29 Effect of the Entertainment ratio on performance of the plant
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5.3.10. Effect of variation in cascade condenser temperature

Figure 5.30 shows the influence of the cascade condenser temperature on the output of
the plant. The energy and exergy efficiency of the system increases from 59.88 to 62.99% and
35.52% to 35.63%, respectively, as the CC temperature varies within ranges from -15 °C to 5 °C.
However, the network output declines from 15612 kW to 15491 kW, respectively. As the CC
temperature increases, the compressor work in the VCR system increases; consequently, the net
work output from the system decreases. However, CC temperature works as the evaporator
temperature in the ERS system. Therefore, the increase in this temperature mass rate of the
operating fluid in the ERS circuit increases, which leads to the increment in the cooling and
heating loads. Therefore, the combined effect improves the total energy output from the
proposed plant. Therefore the energy efficiency increased with the CC temperature. However,
the exergy efficiency improvement rate is slower than the energy efficiency. The heating and
cooling effects increased from 14570 kW to 16175 kW and 697.5 kW to 818.1 kW, respectively,
as the CC temperature improved from -15°Cto 5 °C.
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Figure 5.30 Effect of temperature of cascade condenser on plant performance
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5.3.11 Effect of variation in evaporator temperature

The plant's performance varies with the evaporator temperature, as illustrated in Figure
5.31. The temperature of the evaporator boosted the plant's overall exergy, energy, and cooling
effects. This is due to the reduction in the compressor-2 work input that leads to a slight
improvement in the network output from the plant. Therefore the efficiencies increased with the
evaporator temperature partially. However, evaporator temperature has no impact on the heating
loads of the plant. Because the heating load is obtained from the condenser of the ORC-ERS
system. The exergy, energy efficiency and power output raised from 59.91% to 61.37% and
35.10% to 35.85% and 15390kW to 15738kW, respectively, when evaporator temperature
enhanced from -50 °C to -20°C respectively. However, cooling loads increased from 535.30kW
to 912.4 kW respectively when the evaporator temperature rose from -50 °C to -20°C

respectively.
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5.4. Combined Rankine-absorption power and refrigeration cycle with heating process

integrated system

5.4.1. Validation of the proposed system

A simulation program for the combined power and absorption cooling system was

created using the EES software based on the studies mentioned above. The obtained findings of

the current model were compared to the outcomes of Mohtaram et al.'s integrated power and

cooling cycle [208] that employed binary ammonia-water mixtures in the operating fluid.

Comparing these results with those from the most recent model results reveals very strong

agreement, as shown in Table 5.9.

Table 5.9 Validation of the computed results

Comparison for binary ammonia-water mixture

Parameters Current work Mohtaram et al. [208]

(@) Inputs

Heat source inlet temperature (K) 573.15 573.15
Turbine inlet temperature (K) 558.15 558.15
Evaporator temperature (K) 248.15 248.15
(b) Results

Turbine work (kW) 616.693 614.3
Pump work (kW) 5.971 2.774
Heat rejection in absorber (kW) 3244.35 3241
Heat rejection in condenser (KW) 458.59 458.59
Cooling effect (kW) 224.947 225.5
Heat inlet in boiler (kW) 2605.47 2612
Heat inlet in super heater (kW) 236.4 232.1
Heat exchanger heat input (kW) 1272.6 1282
power production (kW) 610.722 614.3
Net power and Refrigeration output (kW) 835.669 839.8
Heat input (kW) 4090.81 4091.82
Inlet exergy (kW) 1846.34 1846.34
Energy efficiency (%) 20.25 20.35
Exergy efficiency (%) 35.56 35.68
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5.4.2. Simulation results of combined cycle

Heat sources such as gas turbine exhaust [209], solar energy [71], geothermal energy
[210], or other readily available energy sources can be used to heat the proposed combined cycle.
This work utilizes the waste heat from the outlet of fluid streams, consisting of 96.41% N2,
3.59% 02, 0.23% H20, and 0.02% NO + NO2, as the heat source for the operation of the
suggested system. The primary hypotheses are outlined in Table 3.4. Each state of the combined
cycle's thermodynamic properties is listed in Tables 5.10 and 5.11, respectively [211]. Table 5.12
displays the outcomes of the thermal modelling as referenced in [212]. Table 5.13 illustrates the
distribution of exergy and losses in each component of the combined cycle, with reference to
[213]. The simulation is executed utilizing the EES program.

Parametric assessments are employed to analyze the impact of many factors on the
cycle's outcomes, like ambient temperature, heat source temperature, inlet temperature, turbine
pressure, cooling temperature, and ammonia mass fraction. When an input variable is being
investigated, at the same time other variables are held constant. The basic settings are displayed
in Table 3.4 [214].

Table 5.10 obtained outcomes from the thermodynamic investigation under the specified
operating parameters

Mass Mass
Temperature  Pressure Enthalpy Entropy )
State Dryness flow rate  fraction
(K) (bar) (kJ/kg) (kJ/kgK)
(kgls) (x)
1 298.15 25 0 118.127 0.4141  0.193084  0.9999
2 245.15 1.1941  0.17169  118.127 0.5373  0.193084  0.9999
3 268.15 1.1941 1 1283.15 52835  0.193084  0.9999
4 298.15 1.1941 0 -96.75 0.2818 1.46725 0.34
5 298.57 25 0 -92.68 0.2811 1.46725 0.34
6 432.24 25 0.17575 763.25 2.5541 1.46725 0.34
7 488.5 25 1 2538 6.202 1.27416 0.24
8 558.15 25 1 2745.5 6.537 1.27416 0.24
9 369.25 1.1941  0.93029  2240.41 6.8055 1.27416 0.24
10 334.69 25 1 1305.72 40322  0.386168  0.9999
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11 298.15 25 118.127 0.4141  0.193084  0.9999
12 486.5 25 2539.24 6.2083  0.026106 0.24
13 432.4 25 1.96343  1.30027 0.24
Table 5.11 Heat source fluid simulation results
Molar composition
Mass flow  Entropy Enthalpy Temperature Stat
ate
N2 02 H,O0 NO+NO; rate (kg/s) (ki/kgK) (kJ/kg) (K)
0.9616 0.00359 0.0023 0.0002 20 7.41566  609.674 573.15 14
0.9616 0.00359 0.0023 0.0002 20 7.39417 597.473 562.398 15
0.9616 0.00359 0.0023 0.0002 20 7.13573  467.644 446.048 16
0.9616 0.00359 0.0023 0.0002 20 6.98558  405.083 388.678 17

Table 5.12 Performance of CCHP system (Each value is expressed in kW)

Turbine output work

Pump input work

Heat absorbed by the absorber
Heat absorbed by the condenser
Cooling effect

Heat extracted in boiler

Heat extracted in super heater
Heat extracted in heat exchanger
Net power production

Net power and cooling effect
Input temperature

Input exergy

Energy efficiency (%)

Exergy efficiency (%)

616.693
5.971
3244.35
458.59
224.947
2605.47
236.4
1272.6
610.722
835.669
4090.81
1846.34
20.25
35.56
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Table 5.13 Exergy input, output, and losses

Amount (kW)  Percentage (%)

Exergy Input Super heater 1846.34 100
Exergy Output Net Power 610.722 33.077
Refrigeration 224.947 12.132
Exergy Super heater 69.259 3.751
Destruction Boiler 101.405 5.492
Heat Exchanger 174.669 9.46
Rectifier 36.277 1.96
Condenser 47.7614 2.586
Turbine 87.16 4.72
Absorber 64.448 3.49
Throttle Valve 16.116 0.872
Evaporator 3.699 0.2
Pump 11.6416 0.63
Heat Exchanger Exhaust 398.235 21.63

A parametric evaluation is also done to check the effects of different variables on the power plant
performance. The variation has been taken keeping constant other parameters listed in Table 1.

The effects of the parameters were discussed one by one in the rest part of this section.
5.4.3. Effects of heat source temperature (T14)

From Figure 5.33, it can be observed that the power production increases as the heat
source input temperature increases. This occurs as a result of the heat source's increased
temperature raising the turbine's input temperature. Simultaneously, it will lead to an
improvement in the rate of steam flow, leading in a higher overall power production.
Furthermore, reducing the ammonia concentrations in the basic solution causes a rise in net
power production. This is because a reduction in power output is caused by the ammonia in the

mixture that passes through the turbine, as previously explained in prior research [215].
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Figure 5.34 illustrates how different heat source temperatures impact the refrigeration
output when the ammonia concentrations in the basic solution are adjusted. The relationship
between the refrigeration output and the heat source temperature is clearly evident since a
temperature rise from the heat source causes a rise in the refrigeration output. The input
temperature from the evaporator stays constant despite variations in the heat source's
temperature. Nevertheless, elevating the heat source's temperature causes the evaporator's mass
flow rate to increase. Therefore, it might be inferred that an increase in ammonia concentrations
in a basic solution will lead to a higher refrigeration output, as a result of the greater amount of
ammonia concentration passing through the evaporator. This indicates that an increased quantity

of ammonia will lead to a greater cooling effect.
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Figure 5.34Impact of heat source temperature on exergy efficiency for various ammonia

concentrations

Figure 5.35 illustrates how the exergy efficiency is influenced by varying heat source
temperatures and variable concentrations of ammonia in the basic solution. From the graphic, it
is evident that as the heat source's temperature rises, the system's exergy efficiency rises as well.

An elevated heat source temperature improves both the power production and the rate of cooling.
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Thus, according to the given correlation for exergy efficiency, its resultant efficiency is
enhanced. Furthermore, a greater concentration of ammonia in the dilution solution results in
increased energy efficiency, as a larger quantity of ammonia flows through the evaporator.
Ultimately, this will lead to an increased refrigeration output and a decreased net power output.

5.4.4. Effect of turbine inlet pressure (Pa)
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Figure 5.35Influence of turbine inlet pressure on net power production at varying ambient

temperatures

As depicted in Figure 5.36, the net power production first rises as the turbine inlet
pressure increases but subsequently decreases. The primary cause for the early rise in power
production is the lowering of enthalpy in the turbine, resulting in rises in pressure ratio. As the
process progresses and the pressure ratio increases further, the additional increase in the pressure
ratio does not provide enough enthalpy to counteract the reduction in vapour flow rate.
Consequently, the overall power production is decreased. Moreover, when ambient temperature
rises, net power output falls. This phenomenon occurs because the condensation temperature
rises as it absorbs the surrounding temperature, leading to an increase in the turbine's back
pressure. Hence, the rise in pressure upstream of the turbine causes the turbine's total power

output to decrease as explained in reference [84].

160



160

a

)

o
|

140 -

-

()

(@)
|

Refrigeration Output (kW)

120 - =1

110 S —
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Turbine Inlet Pressure (MPa)

Figure 5.36Impact of turbine inlet pressure on refrigeration output at varying ambient
temperatures
It's evident from Figure 5.37 that the refrigeration output decreases as the inlet pressure
increases. The cause of this phenomenon is that increasing turbine inlet pressure decreases the
pace at which mass flows through the evaporator. Put simply, a high inlet pressure in the turbine
leads to a decrease in both the mass flow rate of the evaporator as well as the whole cycle mass
flow rate. The refrigeration output is decreased when the ambient temperature increases. The
intake pressure of the evaporator increases as the ambient temperature rises. The refrigeration

output decreases as the evaporator's intake temperature rises.

A comparison of the exergy efficiency at various ambient temperatures with the turbine's
input pressure is shown in Figure 5.38. It's clear from the diagram that when the turbine's input
pressure rises, the exergy efficiency first rises but then drops. Moreover, when ambient

temperature rises, exergy efficiency falls.
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Figure 5.37 Effect of turbine inlet pressure on exergy efficiency for different environment

temperatures.

5.4.5. Effect of refrigeration temperature (T2)
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Figure 5.38Impact of refrigeration temperature on net power production at varying temperatures
of turbine inlet
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Figure 5.39 depicts the impact of the temperature of the refrigeration system on the net
power generation at various turbine input temperatures. From the figure, it is evident that the net
output power remains unchanged as the cooling temperature increases. A higher net output
power is achieved when the turbine operates at higher intake temperatures. Modifying the
temperature of the refrigeration does not impact the inlet and outlet state of the turbine, therefore
keeping the power generation constant regardless of changes in refrigeration temperature.
Previous research [211] has shown that increasing the input temperature of the turbine results in
a larger power output, resulting in a higher net output power for the system.
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Figure 5.39Impact of refrigeration output temperature on various turbine inlet temperatures

Figure 5.40 illustrates how the refrigeration output is influenced by the refrigeration temperature
when the turbine's inlet temperatures are adjusted. When the temperature in the refrigerator is
raised, the output of the refrigeration system increases accordingly. A greater input temperature
of the turbine leads to a decrease in cooling effect. This occurs as soon as the cooling
temperature is exceptionally low and it is challenging to achieve a high refrigeration output.
Essentially, In case we reduce the temperature for refrigeration, it’s going to be challenging to
really achieve that temperature for cooling purposes. The reason for this is the rapid evaporation

of ammonia in the evaporator, together with the surrounding temperature.
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Figure 5.40Influence of refrigeration temperature on exergy efficiency at varying turbine input
temperatures
Figure 5.41 illustrates how the efficiency of the exergy is influenced by the temperature at which
the refrigeration process occurs while considering different turbine intake temperatures. This is
apparent from the observation that the exergy efficiency decreases as the refrigeration
temperature increases. Cooling occurs at a faster rate when the refrigeration temperature is
raised. By taking into account the exergy evaluation, the exergy efficiency is enhanced, and a
higher turbine inlet temperature leads to a greater thermal efficiency since it results in a larger

power output from the turbine.

164



5.4.6. Distribution of input heat source energy among different components of the

integrated system

Figure 5.42 displays how the system's components distributed the exergy associated with the
heat source's energy input. It is noted that out of 100% input energy, approximately 33.077% and
12.132 % of the above-mentioned energy are converted into power and refrigeration production,
respectively, while the leftover energy is lost to the environment as a result of entropy generation
in the integrated system's components. The amount of energy that the condenser's cooling water
dissipates is minimal. It has been noted that the heat exchanger exhaust produces the highest
exergy loss, which is 21.63%. The percentage of exergy destroyed across the heat exchanger,
boiler, turbine, superheater, absorber, condenser, and rectifier is 9.46%, 5.492 %, 4.72 %, 3.751
%, 3.48%, 2.586% and 1.96%, respectively. The percentage of exergy destruction in the
remaining parts of the cycle was below one.
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Figure 5.41Distribution of input heat source energy of the integrated combined cycle
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The second law analysis's results, which were used to determine the component's local
irreversibility, show that the heat exchanger and boiler require more attention because they were
been identified as the primary sources of losses within the system [208]. The increased amount
of exergetic loss through the heat exchanger and boiler can be attributed to the exchange of heat
across a limited difference in temperature. The exergy destruction in the ejector is of greater
amount because of the friction losses and irreversibility in the expansion process through a

different section of the nozzle [216].

It may be asserted that various parameters have diverse influences on the efficiency,
refrigeration effect and power production of the suggested cycle. Certain parameters in this cycle
have a positive impact on efficiency, while others have a negative impact. Thus, based on the
findings of this study, future investigations can enhance the efficiency of this cycle. The major
variables chosen for investigation are the turbine's inlet pressure and temperature, as well as the
ammonia concentration. It is believed that other parameters, including inlet variables, do not

change.

These results are roughly in line with the findings derived from a comparable cycle by
Mohtaram together with his associates (reference). The disparities between the current findings
and [208] are negligible. The differences arise from the utilization of equations to compute the

thermodynamic characteristics of an ammonia-water mixture.
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5.5. Combined power, heating and cooling integrated system driven by Low-temperature

heat source using various eco-friendly refrigerants

The current study illustrates the parametric study of ORC and the refrigeration cycle
integrated with the fluid at low temperatures using eco-friendly refrigerants as the operating
fluid. This cycle combines the ejector refrigeration system and the ORC. To analyze various
operating fluids at various functional states, thermodynamic investigations were carried out. In
addition, the influence of the most important operating conditions such as the evaporator
temperature, heat source temperature and turbine input temperature was observed on the
refrigeration output, exergy efficiency, entrainment ratio, thermal efficiency, total exergy
destruction and distribution of exergy in different elements of the given system using
different environmental friendly refrigerants (R-123, R-124, R-141b, R-290, R-134a, R-152a).

5.5.1. Validation of the proposed system

A simulation program for the combined power and ejector cooling cycle was created
using the EES software based on the studies mentioned above [121]. The obtained findings of the
current model were compared to the outcomes of reference [129], the suggested combined cycle,
which used R-123 as the operating fluid. Comparing these results with those from the most

recent model results reveals very strong agreement, as displayed in Table 5.14.

Table 5.14 Validation of computed results of current work

Comparison for R-123

Parameters
Present work Ref. [129]

(@) Inputs
Heat source inlet temperature (K) 413 413
Condenser temperature (K) 293 293
Evaporator temperature (K) 263 263

(b) Results
Total heat in HRVG (kJ/kg) 1262 1246.96
Ejector's entrainment ratio 0.394 0.389
Pump input work (kJ/kg) 3.48 3.45
Turbine output work (kJ/kg) 116.18 114.14
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Net Power output (kJ/kg)
Refrigeration output (kJ/kg)
Waet/Qin

Qe/Qin
Refrigeration/Power ratio
Thermal efficiency (%)
Exergy efficiency (%)

113.53
62.34
8.56
4.68
0.36
13.67
22.75

110.69
60.44
8.88
4.85
0.35
13.72
22.2
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5.5.2. Performance comparison of the proposed combined cycle using six different

refrigerants.

For the six distinct refrigerants and input parameters specified in Table 3.5, the values of
thermodynamic attributes like pressure, temperature, enthalpy and mass rate were determined for
every stated point of Figure 3.5.The six different working fluids' performance is compared in

Table 5.15 with the help of the above-mentioned thermodynamic properties.

Table 5.15 The proposed combined cycle performance using six different refrigerants

Variable Unit R-123 R-124  R-141b R-290 R-134a R-152a
u - 01261 01592 01023  0.1247 01436  0.1238
m kgs! 2037  4.053 1.642 4.235 6.405 4.562
EDyrve KW 1645  37.64 13.32 47.84 92.62 96.54
ED; kw 9546  9.435 9.74 9.68 10.86 13.64
EDgg kw 10384 1473 10.42 10.27 18.78 18.52

EDReg kKW 1.423 9.123 1.344 11.416 40.72 27.46

ED. KW 6.304 9.86 6.324 7.68 14.23 14.32
EDp kW 0.1623  0.213 0.1604  0.1468  0.0351  0.1065
EDgy kW 0.2536  0.34 0.2242 04247  0.6201  0.6271
EDg kW 02351  0.3263  0.0713  0.2723 04715  0.4423
Wy kKW 52.84 54.78 57.46 56.75 61.75 79.38
Wp kW 0.986 1.524 0.9547 181 0.2964  0.7846
Wt KW 51.854  53.256  56.5053  54.94 61.453  78.59
Qg KW 20.52 21.43 22.42 37.47 24.85 31.72
Oin KW 42245  695.68  451.47  501.87  1305.87 1428.68
Eg kW 1.732 2.232 2.134 2.896 2.265 2.745
Nthermal %0 17.057  10.652  17.292 185546  6.486 7.656
Nexergy % 12.85 12.47 13.57 13.74 15.24 19.78
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According to the aforementioned findings, the expansion valve and evaporator cause the
least amount of exergy destruction for each working fluid, whereas HRVG and ejector cause the
most. In terms of overall exergy destruction, R-134a and R-141b are the operating fluids that
cause the greatest and least amounts of damage and R-134a is the most suitable working fluid
[61]. The ejector's entrainment ratio ‘uw” may be measured in all situations, and its maximum and
minimum values are obtained for the refrigerants R-124 and R-141b, respectively. R-152a has
the highest net power production, while R-123 produces the lowest. Additionally, R-290 has the
largest combined cycle refrigeration output while R-123 has the lowest. Finally, the refrigerant
R-290 has the best thermal efficiency, followed closely by R-141b and R-123, and has the lowest
value for R-134a, while refrigerant R-152a has the maximum exergy efficiency, subsequently to
R-134a, and possesses the lowest value for R-124 and R-123 respectively. R-152a
(difluoroethane) has a higher exergy efficiency compared to R-123 (dichlorotrifluoroethane)
primarily due to its lower molecular weight and better thermodynamic properties. R-152a has
lower boiling and condensing temperatures, which can lead to higher energy efficiency in
refrigeration systems. R-123 has a higher molecular weight and typically operates at higher
temperatures, which can result in lower exergy efficiency compared to R-152a, the similar trends
of results found by [128]. Additionally, R-123 is categorized as a chlorofluorocarbon (CFC),
which has been discontinued due to its harmful effects on the ozone layer and replaced with
more environmentally friendly alternatives. Additionally, R-152a has a lower GWP and ODP as
compared to R-123, making it a more environmentally friendly option in many case studies in
reference [217].

Parametric analysis

The following graphs illustrate how evaporator temperature, turbine input temperature and heat
source fluid temperature at the constant evaporator, condenser and turbine inlet pressure affect
refrigeration output, exergy efficiency, entrainment ratio, thermal efficiency, and total exergy
destruction for different environmentally friendly refrigerants (R-290, R-152a, R-141b, R-134a,
R-124, R-123).
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5.5.3. Effect of variation in evaporator temperature (T12=T13)
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Figure 5.42Effect of the evaporator temperature on the refrigeration output
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Figure 5.43 illustrates how refrigeration output rises as evaporator temperature rises
because primary flow pressure and mass flow rate remain constant while the mass rate of
secondary flow rises as evaporator temperature rises. Correspondingly the refrigeration output
rises. Additionally, it has been noted that R-290 produces more cooling effect than other eco-

friendly refrigerants, whereas R-123 produces the least one [157].

Figure 5.44 demonstrates that as the evaporator temperature rises, exergy efficiency
declines. The decrease in exergy output of refrigeration and the ejector’s entrainment ratio are the
primary causes of the decrease in exergy efficiency. Furthermore, it has been shown that out of
all the refrigerants utilized, R-152a has the maximum exergy efficiency while R-123 has the

lowest as discussed in reference [218].

According to the findings in Figure 5.45, as the evaporator temperature rises, the ejector's
entrainment ratio falls for all operating fluids. Additionally, among all working fluids, R-124
exhibits the highest entrainment ratio and R-141b the lowest, as the same results were found by
[128].
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Figure 5.44Effect of the evaporator temperature on the ejector's entrainment ratio
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5.5.4. Effect of variation in turbine inlet temperature (T4)
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Figure 5.45Effect of the turbine inlet temperature on the exergy efficiency
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Figure 5.46 how the cycle's exergy efficiency improves in tandem with an increase in the
turbine input temperature. The turbine input temperature will have an impact on the ejector
entrainment ratio if the power-to-refrigeration ratio remains the same; this leads to an increase in

the refrigeration output exergy [218].

Additionally, R-122 has the lowest exergy efficiency of all the refrigerants, whereas R-
152a has the highest. In the same way, the cycle's total exergy destruction rises as the turbine
input temperature does, as depicted in Figure 5.47. Furthermore, R-152a exhibits the most total

exergy destruction in a cycle, while R-141b exhibits the lowest.

Figure 5.48 demonstrates that thermal efficiency also increases when the input
temperature does. The entrainment ratio and power production both rise in accordance with the
inlet temperature. Furthermore, among all refrigerants, R-290 has the best thermal efficiency and
R-134a the lowest.
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Figure 5.47 Influence of the turbine input temperature on the thermal efficiency
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5.5.5. Effect of variation in heat source fluid temperature (T1s)
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Figure 5.48 Influence of the heat source fluid temperature on the cycle's thermal efficiency

Figure 5.49 demonstrates how the rise in heat source fluid temperature leads to a rise in
energy efficiency. As the temperature within the vapour generator rises, both the fluid rate across
the turbine and the ejector's entrainment ratio increase as well. Additionally, it has been noted
that among all refrigerants, R-290 produces the largest thermal efficiency, whereas R-134a

produces the least already discussed in reference [128].
5.5.6. Distribution of input heat source energy among different components of a system

Figure 5.50 displays how the system's components distributed the exergy associated with
the heat source's energy input. It is noted that out of 100% input energy, approximately 18.667%
and 4.857% of the above-mentioned energy are converted into power and refrigeration
production, respectively, while the leftover energy is lost to the environment as a result of
entropy generation in the integrated system's components. The amount of energy that the
condenser's cooling water dissipates is minimal. It has been noted that the HRVG exhaust
experiences the highest exergy loss, which is 46.12%. The percentage of exergy destroyed across

the HRVG, ejector, and condenser is 11.324%, 6.978% and 5.65% respectively. The percentage
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of exergy destruction in the remaining parts of the cycle was below one. The second law
analysis's results, which were used to determine the component's local irreversibility, show that
the HRVG and ejector require more attention because they were been identified as the primary
sources of losses within the system [71]. The increased amount of exergetic loss through the
HRVG can be attributed to the exchange of heat across a limited difference in temperature. The
exergy destruction in the ejector is greater because of the friction losses and irreversibility in the

expansion process through a different section of the nozzle [185].
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Figure 5.49 Distribution of input heat source energy of the integrated combined cycle
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5.6 Comparisons of the proposed integrated systems

In conclusion, a comprehensive comparison of all the integrated systems considered was

conducted, with the results summarized in Table 5.6. This analysis demonstrated that the SPT-
based combined HBC and ORC system, integrated with the cascaded ERS-VCR cycle, exhibited

superior performance compared to the other proposed systems. The findings also highlighted that

integrating a cascaded cycle significantly enhances the overall system efficiency, underscoring

the advantages of employing this configuration in optimizing performance.

Table 5.16 Comparisons of all the integrated systems considered

Parameter Cycle Referenc | Proposed Findings
e Model Nenergy | TMexergy Power COOIing Heating
Output | Effect | Effect
Sun’s Apparent SPT-based | [71, 74, HBC- 23.3 | 25.12 | 14998 | 8.25 60.52
Temperature = combined 163, 195] | ORC-ERS | % % kw kW kW
4500 K HBC and integrated
DNI = 850 W/m? ORC with system
HBC inlet an ejector
Temperature = 800 | refrigeration
oC integrated
Nfield = 0.75 system
HC inlet Pressure =
2500 kPa
nuT =0.9
OT inlet
Temperature =
197.2°C
Evaporator
Temperature = 10
oC
Working Fluid —
Isopentane
Sun’s Apparent SPT-based | [71, 74, HBC- 28.82 |39.5 | 14865 |110.83 |240.56
Temperature = combines 115, 117] | ORC- % 3% | kW kW kW
4500 K HBC and VAR-
DNI = 850 W/m? ORC with a VCR
HBC inlet cascaded integrated
Temperature =850 | VAR- VCR system
oC integrated
Nfield = 0.75 system
HC inlet Pressure =
2500 kPa
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nut = 0.9
CPR-25
Absorber
Temperature = 37
oC

Condenser
Temperature = 27
oC

Working Fluid —
R410a, LiBr-H>O

Sun’s Apparent SPT-based | [71, 74, HBC- 60.66 | 35.5 | 15585 | 730 kW | 1967
Temperature = combines 123, 164] | ORC- % 5% | kW kW
4500 K HBC and ERS-VCR

DNI = 850 W/m? ORC with a integrated

T1 inlet cascaded system

Temperature =850 | ERS - VCR

oC integrated

Nfield = 0.65 system

Clinlet Pressure =

2500 kPa

nri= 0.93

CPR-25

ORC inlet

Temperature =

197.4°C

Cascade Condenser

Temperature = -10

oC

Evaporator

Temperature = -40

oC

MNnozzle = 0.9, no =

0.95

Working Fluid —

Isopentane, R410a

Inlet Temperature | Waste heat- | [201] CCHP 20.52 | 35.5 | 610.72 | 224.94 | 458.59
of turbine = 285 °C | based cycle % 6% |[2kW |7kW | kw
Inlet Pressure of combine integrated

turbine = 2.5 MPa | Rankine- system

Niso, 7 = 0.85 absorption

Evaporator power and

Temperature = -25 | cooling

oC cycle

Mass Fraction of
Ammonia=0.34
Operating Fluid
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Temperature = 300
oC

Working Fluid —
NHs-H>0

Inlet Temperature
of turbine = 100 °C
Inlet Pressure of
turbine = 0.6 MPa
Niso, 7 = 0.85
Evaporator
Temperature = -10
oC

Extraction Ratio =
0.35

Mn=0.9, np = 0.85,
Nm=0.85

Working Fluid —
R123, R124,
R141b, R290,
R134a, R152a

Waste heat-
based
combine
power,
heating and
cooling
integrated
system

[204]

ORC-ERS
integrated
system

13.67
%

22.7
5%

113.53
kw

62.34
kW

112.52
kW
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Chapter 6
Conclusions

This chapter summarises the results of thermodynamic investigations of the five systems
considered in the study. The five systems that were examined for this investigation are listed as;
SPT-based combined HBC and ORC with an ejector refrigeration integrated system, SPT-based
combined HBC and ORC with a cascade VAR-VCR integrated system, SPT-based combined
HBC and ORC with a cascade ERS-VRS integrated system, combined Rankine-absorption
power and refrigeration cycle integrated system, and combined power, heating, and cooling
integrated system driven by a low-temperature heat source using various eco-friendly
refrigerants have been presented. The main conclusions of the current work were drawn from the

thermodynamic investigations, and they are outlined below:
6.1. SPT based combined HBC and ORC with ejector refrigeration trigeneration system

Thermodynamic analysis of the SPT-powered combined HBC and ORC with ejector

refrigeration cycle was investigated in this objective and the following conclusions were made;

1. The HBC-ORC-ERS cycle's Thermal and exergy efficiency improved by 5.26 % and

5.04%, respectively, by recovering waste heat using bottoming ORC.

2. The combined cycle's net power output and efficiency increased consistently with solar
irradiation, helium turbine inlet temperature, ORC turbine inlet temperature, and

evaporator temperature.

3. In addition, through the WHRU, the ORC-ERS unit could absorb 13,261 kW of waste
heat out of 31,027 kW of solar heat absorbed by the HBC.

4. Combined cycle/trigeneration system (HBC-ORC-ERS) energy and exergy efficiency
were found to be 48.33% and 64.4%, respectively, at the 2.3 of CPR and at the 850W/m?
of DNI.

5. The overall plant obtained 25.12% exergy efficiency, 23.3% energy efficiency and
14,998kW power output; cooling and heating productions are 8.25 kW and 60.52 kW,
respectively, at an optimum CPR of 2.3.
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6.

Only the receiver and heliostats in the SPT subsystem had the highest rate of exergy
destruction. It represented roughly 83.20% (37,578 kW) of the plant’s total exergy
destruction (45,593 kW).

The advantage of the present analysis is to develop an efficient power system to generate
carbon-free power, heating and cooling in future with fewer components compared to

previous research.

The exergoeconomic and environmental analysis of the present work may be

recommended for further study.

6.2. SPT based combined HBC and ORC with cascade VAR-VCR integrated system

In this section, performance evaluation of the SPT based combined HBC and ORC with cascade

VAR-VCR integrated system as bottoming cycle using ultra-low GWP working fluid R410a

were considered and the following conclusions have been made:

1.

Integration of two different refrigeration cycles using a cascaded system and power cycle

produces cooling at two different temperatures along power simultaneously.

The SPT-based plant (SPT-HBC-VAR-VCR) generates exergy and energy efficiencies of
39.53% and 28.82%, respectively, under typical operating conditions.

COPs were used to calculate the heating and cooling performance. Calculations revealed
that COP,. and COP,were, respectively, 0.5391 and 1.539.

The trigeneration system was obtained as 74.98% of exergy efficiency. However, the
solar sub-system accounts for the largest portion of the plant's total exergy destruction, or
about 78.18% (22763 kW).

Furthermore, the parametric evaluation revealed that the efficiency of the receiver and
heliostat, CPR, HT turbine inlet temperature, and temperature of the evaporator and

generator all had a significant impact on the performance of the plant.

In addition, the current system generated heating effects for applications like domestic

water heating etc. and cooling at low temperatures for food preservation, etc.
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7. Furthermore, a comparative analysis with relevant previous studies has shown that the
proposed CCHP system outperforms systems based on supercritical CO> cycles and the

Rankine cycles.

8. The proposed plant is limited to operating at peak load conditions due to the absence of a
thermal energy storage system. The economic feasibility as well as optimization study of

the present proposed work can be work for future research.
6.3. SPT based combined HBC and ORC with cascade ERS-VRS integrated system

In this third section, parametric analysis of the SPT based combined HBC and ORC with cascade

ERS-VRS integrated system were investigated and the following conclusions were made:

1. The overall proposed solar plant (SPT-HBC-ORC-ERS-VCR) obtained energy efficiency
and exergy efficiency of 60.66% and 35.55%, respectively. However, the net workout
was obtained as 15585 kW.

2. Heating and cooling effects were obtained as 14967 kW and 730 kW for the industrial

application and food storage application respectively.

3. The exergy efficiency of the conventional plant (SPT-HBC) was obtained as 32.29%. The
exergy efficiency of the proposed system is 10.09% higher than conventional plants.

4. The high heat loss obtained in the heliostats field and the central receiver. This is due to
much useful energy obtained from the proposed system in terms of heating, cooling

effects and power generation.

5. It can be seen that the overall proposed solar plant’s exergy efficiency is lower than the
trigeneration system due to the higher irreversibility’s present in the SPT components,

i.e.in the central receiver and the heliostats field.

6. The energy, exergy efficiency and network production decreased from 68.63% to
58.67%, 35.91% to 35.46% and 15675 kW to 15222 kW, respectively, as the
entertainment ratio increased from 1.5 to 4. However, the heating and cooling loads
decreased from 18709 kW to 14301 kW and 1459 kW to 547.1 kW, respectively, as the

entertainment ratio increased from 1.5 to 4.
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7. Parametric analysis reveals that solar parameters affected the plant's performance.

8. The current study focuses solely on the thermodynamic analysis of the chosen working
fluids. However, future studies will also incorporate an exergoeconomic analysis. In
addition, a comprehensive thermo-economic analysis of the SPT system will be
conducted in relation to other environmentally friendly refrigerants used as the working

fluid in future research.
6.4. Combined Rankine-absorption power and refrigeration cycle integrated system

In this fourth section, parametric analysis of the combination of both absorption refrigeration and

Rankine cycles has been carried out and the following conclusions were made:

1. The temperatures of the heat source, ambient environment, refrigeration turbine, as well
as the inlet pressure and the concentration of the ammonia base solution (working fluid)
significantly impact the refrigeration output, net output power, thermal efficiency, and

exergy efficiency.

2. The results show that a gradual growth at turbine inlet pressure causes an eventual rise in
energy efficiency and exergy efficiency of the combined cycle.

3. Heat exchanger exhaust is the biggest source of exergy destruction, followed by the heat

exchanger, boiler, turbine, super-heater, absorber, condenser and rectifier, respectively.

4. Among binary working fluids as refrigerants, only an ammonia-water mixture can be
employed in the combined power and refrigeration cycle. Like other fluids that are
separated into refrigerant and absorbent, these fluids must function as absorbent and
leave behind salty residues or sediments after passing through the turbine. Therefore,

these fluids are not practically useful in turbines.

5. The cycle analyzed in this study, which includes components such as the evaporator and
ejector, has the ability to generate greater refrigeration compared to other combined
power and refrigeration cycles.

6. The economic feasibility as well as optimization study can be recommended for future

research.
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6.5. CCHP cycle using low-temperature heat source integrated system

This last section examined thermodynamic analysis of combined power, heating and cooling
integrated systems driven by low-temperature heat sources using six ultra-low GWP eco-friendly
refrigerants as a working fluid. The conclusions gathered from the results section have been
listed below:

1. Among the several operating fluids examined in this article, R-152a and R-134a are the
most appropriate from the perspectives of exergy efficiency and environmental impact

for the suggested combined cycle.

2. The differences in molecular structure, operating conditions, and environmental impact
contribute to the variations in exergy efficiency between R-152a and R-123, with R-152a
generally having higher efficiency due to its favourable thermodynamic properties and

lower environmental impact.

3. It is noted that out of 100% input energy, approximately 18.667% and 4.857% of the
above-mentioned energy are converted into power and refrigeration production,
respectively, while the leftover energy is lost to the environment as a result of entropy

generation in the integrated system's components.

4. 1t has been noted that the HRVG exhaust experiences the highest exergy loss, which is
46.12%. The percentage of exergy destroyed across the HRVG, ejector, and condenser is
11.324%, 6.978% and 5.65% respectively. The percentage of exergy destruction in the

remaining parts of the cycle was below one.

5. The second law analysis's results, which were used to determine the component's local
irreversibility, show that the HRVG and ejector require more attention because they were

been identified as the primary sources of losses within the system.

6. As the evaporator temperature rises, refrigeration output increases while exergy

efficiency and entrainment ratio decline.

7. The thermal efficiency and exergy efficiency increase with the rise in temperature at the
turbine input and at the heat source fluid temperature.
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8. The suggested system may be recommended for future detailed studies, particularly

experimental examination, to determine the specific utility of the suggested cycle to

exploit various low-temperature heat sources and various eco-friendly refrigerants.

6.6. Recommendation from the conclusions

The ERS-ORS system is a preferred option for efficiently harnessing waste heat
compared to the standard ORC system.

HFO working fluids are highly suggested to enhance the performance of combined power
cycles and minimize both ozone depletion potential and global warming potential.

The ORC-ERS-VCR integrated system is the most efficient system that incorporates
HBC for power production.

The SPT integrated system is strongly recommended above other CSP-driven systems
because of its wide working temperature range.

The SPT based ORC-ERS system is a suitable choice for generating power, cooling, and
heating simultaneously.

It is imperative to meticulously develop the SPT system to enhance the performance of

the integrated system under investigation.

6.7. Scope for future work

1.

In the future, one can utilize different genetic algorithms and optimization approaches to
conduct cost analysis and multi-objective optimization of combined cycles.

Zoetropic mixtures can be recommended for the ORC system instead of organic fluids.
Thermal storage devices can be integrated into these systems to function at peak load
conditions, ensuring uninterrupted solar energy and electricity output utilization.
Furthermore, a comprehensive cost study of the SPT system must be conducted.

The exergoeconomic and environmental analysis of the present research is the future
scope for further study.

The current work focuses exclusively on the parametric analysis and evaluation of the
effects of a few selected SPT design factors on the combined cycle. Moreover, this
system can be examined using additional SPT design parameters.

To achieve better performance, another working fluid can be examined.
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