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Abstract

The rapid growth in population and increasing demand for comfort and luxury in daily
life have resulted in a substantial rise in electricity consumption. Global electricity usage has
surged from 7,320 TWh in 1980 to nearly 27,000 TWh in 2023, driven by industrialization and
improved access to power worldwide. However, this demand remains heavily reliant on fossil-
based energy sources, contributing significantly to environmental issues such as global
warming, ozone layer depletion, and deforestation. Despite advancements in renewable energy
technologies, fossil fuels still dominate electricity generation. To sustainably meet the growing
energy needs, it is imperative to explore alternative, efficient, and environmentally friendly
power generation technologies. The Organic Rankine Cycle (ORC) has emerged as a promising
solution to harness low- and medium-temperature heat sources, including geothermal, solar,
and industrial waste heat. Compared to the traditional steam Rankine cycle, ORC is better
suited for low-grade heat applications, offering higher feasibility and efficiency. Studies
indicate that waste heat constitutes 20—50% of industrial energy consumption, with 18-30% of
this recoverable. However, challenges such as low thermal efficiency, high cost-to-power ratios,
and limited technology maturity hinder widespread ORC adoption. This study focuses on
improving ORC performance through numerical analysis and experimental investigation.
Developing indigenous ORC systems tailored to local needs can significantly reduce reliance
on fossil fuels, promote renewable energy utilization, and provide economic and environmental
benefits. The outcomes aim to support ORC technology deployment in India, advance

sustainable energy goals, and address the energy demand gap.

Various thermodynamic power cycles can be utilized to convert low-to-medium
temperature heat (available from many sources and has huge potential) to electricity. A detailed
comparison between them is essential to identify the suitable one. Hence, to fulfill this research
gap, six thermodynamic power cycles (Organic Rankine cycle with dry fluid, Organic Rankine
cycle with wet fluid, Transcritical CO2 Rankine cycle, Kalina cycle, Organic flash cycle and
Trilateral flash cycle) have been compared for various heat source and sink temperatures.
Objective functions are power generation, efficiency, irreversibility, cost, profit, environmental
benefit, techno-economic parameters, etc. The study shows that the trilateral flash cycle is best
for medium heat source temperature and the CO; Rankine cycle for low heat source
temperature. The trilateral flash cycle shows an 11.5% higher exergy efficiency and 16.16%
increment in annual profit at 160°C heat source temperature compared to the organic Rankine

cycle with dry fluid. A decrease in condenser temperature is more advantageous than an

xviii



increase. The study reveals that the CO> Rankine cycle would be advantageous for low-grade
heat sources while the trilateral flash cycle for medium-grade heat sources in terms of

performance, cost, design, operation and environmental benefits.

The need for organic Rankine modification by various means can be realized for low-
medium grade heat recovery. Hence, two new ejector-enhanced organic Rankine cycles
(EEORC-1 and EEORC-2) are presented in this study. Three new economic models (M1, M2,
and M3) have been chosen to study the feasibility in the real world and ensure market entry of
the technology for commercialization, leading to mutual benefit to both industries and
consumers. Energy, exergy, economic and environmental performances are evaluated for
various working fluids and waste heat inlet temperatures by optimizing cycle parameters to
maximize net work output. Economic simulation is performed to judge the best model suitable
for the minimum possible selling price along with the maximum possible profit to the industry.
Results show that EEORC-1 with R123 performs best and renders a maximum 18% increment
in net work output at 70 °C heat source temperature. The basic cycle has maximum thermal and
exergy efficiencies of 3.8% and 40.0%, respectively at 70°C heat source temperature. M2
model is suitable for consumers as well as government and private-owned power plants. The
proposed M2 economic model gives a maximum of 7.32% increment in profit by EEORC-1.

Extra profit can be generated by earning more carbon credit.

A laboratory-scale ORC system is designed and developed for electricity generation
from low-medium-grade heat sources. The experimentation involves component selection,
fluid selection, design, fabrication and testing. A custom-designed separator has been
fabricated and used to ensure saturated vapor at the turbine inlet. R601a has been used as a
working fluid due to its zero ODP and negligible GWP. Parametric analyses examined the
effects of heat loads (5-11.5 kW), hot fluid flow rates (40—-60 L/min), and cold air inlet
temperatures (29-37°C) on system performance. At 11.5 kW, the net power peaked at 0.939
kW, and cycle efficiency increased from 2.34% to 8.08%, demonstrating the benefits of
optimized heat input. Exergy efficiency is found to be highest at moderate flow rates (40
L/min), with evaporator effectiveness ranging from 0.78 to 0.84. RSM-ANOVA tool has been
used for simultaneous optimization of net power and cycle thermal efficiency and validated
performance predictions with minimal errors (1.55% for net power, 2.01% for efficiency).
Findings have been extended to analyze waste heat recovery from an Indian nuclear power
plant (NPP), demonstrating the ORC system’s versatility. This research offers practical insights

and guidelines to enhance ORC systems for industrial waste heat recovery applications.
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A feasibility study is essential before installing a power generation system to recover
waste heat from nuclear power plants. Hence, nine possible waste heat locations of Indian
nuclear power plants are identified and two feasible cases (case-1 and case-2) are deduced to
use the organic Rankine cycle as a bottoming cycle. ORC is used for waste heat recovery from
a nuclear power plant (NPP) without alteration of any existing system and components to avoid
any safety issues. Energy, exergy, economic and environmental performances are evaluated for
selected working fluids and given waste heat conditions for selected feasible cases. Capital
investment in alternators has been correlated with the help of the available market price of
alternators and applied in economic analysis. The economic study is based on Net present value,
Discounted payback period, Levelized cost of energy, Internal rate of return, Profit and per unit
build-up cost of ORC to suggest whether the installation is worth the venture or not. The result
is compared in tabulated form for both feasible cases and different working fluids. Different
working fluid behaviors are also compared to get the best working fluid. The result shows that
below 41°C condenser temperature, case-2 based bottoming ORC should be the priority to
install and at the availability of sufficient funds, both cases can be installed, which will
cumulatively produce 499.3 kW of electricity from waste energy with a total of 204.62 thousand
USD annual profit from the total capital investment of 764.96 thousand USD. For 40 years of
the system's lifetime, a total of 1.392 million USD will be used if both cases are employed and

the invested cost will be returned in 8.73 years.
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Chapter 1: Introduction

The rapid growth in the global population and increasing demand for comfort and
luxury have led to a surge in electricity-dependent household and commercial appliances,
driving energy consumption to unprecedented levels. This trend risks exacerbating
environmental hazards such as global warming - a crisis further amplified by industrial
practices like dumping low-grade waste heat, deforestation, mining, and ozone layer depletion.
To address these challenges, sustainable power generation technologies that utilize low-grade
waste heat without additional environmental harm have emerged as critical solutions. Among
these, thermodynamic cycles like the ORC stand out due to their efficiency in converting low
and medium-temperature heat sources, including renewable energy and industrial waste heat,
into electricity. Unlike traditional steam Rankine cycles, ORC systems excel at low-
temperature applications, making them ideal for waste heat recovery. However, widespread
adoption of ORC technology faces barriers such as low thermal efficiency, high cost-to-power
ratios, and technological immaturity compared to established cooling/heating systems. A key
limitation is the inherently low temperature lift of low-grade heat sources, which restricts heat
recovery performance. Consequently, advancing ORC systems through modifications to
enhance efficiency and validating these improvements through targeted experimentation is

urgently needed to unlock their full potential for sustainable energy generation.

1.1. Background and Motivation

The rapid expansion of electricity-powered residential and commercial systems, driven
by population growth and the pursuit of comfort, has led to surging global energy demands.
According to a Statista report by Bruna Alves, worldwide electricity consumption rose from
7,320 TWh in 1980 to approximately 27,000 TWh in 2023, fuelled by industrialization and
expanded electricity access. By 2050, global electricity generation capacity is projected to
exceed 14.7 terawatts [1]. In 2020, renewable energy contributed 2.8 terawatts of capacity, still
lagging behind fossil fuels (4.4 terawatts), with coal and peat remaining the dominant sources
[1]. China leads the adoption of renewable energy!l terawatt capacity), followed by the USA
(325 GW) [1]. India ranks as the third-largest electricity producer, with an installed capacity of
404.13 GW as of July 2022, of which 39.91% (161.29 GW) comes from renewables, including
solar (57.97 GW), wind (40.89 GW), biomass (10.68 GW), and hydropower (46.85 GW).
Despite generating 1,598 TWh in 2019-20, India faced a 212.56 GW peak demand in January
2023, underscoring the need for expanded capacity [2]. By 2035, energy use in non-OECD
countries is expected to rise by 84%, with China and India leading this surge [3]. The design
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and operational efficiency of thermal power plants have been optimized through innovative
technologies, making them a viable solution for energy generation from high-grade
temperature sources but at the cost of emission of carbon footprint [4]. The UN Agenda 2030’s
Sustainable Development Goals (SDGs) outline this transition to a low-carbon economy,
incorporating social, economic, and environmental sustainability [5]. Harnessing low-medium
grade heat sources—such as geothermal energy, solar heat, and industrial waste heat—ofters
significant potential. Industrial processes discard 20-50% of energy as waste heat, with 18—
30% recoverable for power generation. Thermodynamic cycles, particularly the organic
Rankine cycle (ORC), are preferred for large-scale applications due to their efficiency and
adaptability. While traditional steam Rankine cycles excel above 340-370°C, ORC systems
(Figure 1.1) use organic fluids to efficiently convert lower-temperature waste heat into
electricity. ORC technology is already operational globally, with installations in the USA,
Canada, Italy, Austria, Germany, and others, demonstrating its feasibility for diverse energy
recovery applications. ORC technology is commercially utilized in sectors worldwide, with
prominent manufacturers like Turboden (Italy) and Ormat (USA). However, no significant

research or commercial development has occurred in India.
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Figure 1.1. Layout and temperature-entropy diagram of waste heat recovery ORC




While attempts to use imported ORC technology have faced challenges, developing
indigenous ORC systems, particularly for Nuclear Power Plants, offers a cost-effective solution
for converting waste heat into electricity. This initiative can significantly boost the Indian
economy, reduce coal dependency, and improve air quality, delivering health benefits to the
public. The present study aims to accelerate ORC technology deployment, with
recommendations to the Government of India through BRNS (Board of Research in Nuclear

Sciences) for nationwide adoption and public benefit.

1.2. Literature Reviews
1.2.1. Power Cycles for Low-Medium Grade Heat Recovery

Waste heat recovery (WHR) improves energy efficiency across industries, reduces
environmental impact, and cuts fuel costs, especially in fossil fuel systems. WHR approaches
include heat-to-heat, heat-to-work, and heat-to-power conversions, though efficiency decreases
with each conversion due to thermodynamic losses. Low-grade waste heat, often rejected by
conventional power plants, can be utilized through advanced energy conversion technologies
and optimized heat exchangers or fluids to enhance performance. There are a variety of
methods for producing electricity from renewable heat sources, but heat engine-based power
production systems are typically favoured for large-scale applications due to their adaptability
and higher efficiency [6-8]. If solar photovoltaic panels with battery storage and organic
Rankine cycle coupled with thermal energy storage are compared technically and
economically, it was found that ORC offers improved reliability in power supply and can be
scaled up to achieve higher efficiency. Comparison has been carried out on the basis of
levelized cost of electricity (LCOE) at the same capital utilization factor to suggest the
appropriate one between solar photovoltaic and thermodynamic cycles [9]. Various
thermodynamic power cycles have been designed for their specific purpose and condition to
produce electricity from low-medium heat sources, such as the organic Rankine cycle,
supercritical CO2 Rankine cycle, Kalina cycle, organic flash cycle (OFC), and trilateral flash
cycle (TFC) [10-13]. ORC was developed in the early 19th century with unique qualities to
utilize low and variable-temperature heat sources and it reached a sizable niche market in the
power sector of the twenty-first century as it is simple, inexpensive, and compact [10]. Kalina
cycle was developed in the early 1980s, and it has been cited as one of the options that better
fit the heat transfer curves of the heat source and the heat recovery system [11]. However, the

Kalina cycle's layout is somewhat more complicated due to the additional separators and heat



exchangers, which also come at an added expense. In order to recover heat from low-
temperature sources, it was observed that the Kalina cycle is a very inefficient one and
suggested OFC for power generation instead of ORC and Kalina cycle [12]. Ho et al. [13]
investigated 10 different siloxanes and aromatic hydrocarbons as suitable working fluids for
the comparison of OFC and ORC’s and results revealed that aromatic hydrocarbons were more
suitable due to their higher power output and simpler turbine designs, and both cycles possess
comparable utilization efficiencies. Some studies were performed to suggest better cycle and
system performance among the OFC and ORC, such as net power production, thermal
and exergy efficiencies, and exergy destruction ratios at each component of the systems [14].
TFC is a modified ORC in which the organic working fluid is heated to saturation liquid
condition under high pressure rather than boiled [15]. Under the same operating conditions, the
TFC system may recover more waste heat than the ORC [16]. It was discovered that the TFC
Power production is greater than the ORC's by 14% to 29% for the same low to medium heat
and heat sink conditions if the heat source temperature is just below 100°C [17,18].
Transcritical CO; Rankine cycle is also used for low-temperature heat sources and it provides
better temperature glide in the evaporator section [19,20]. CO; transcritical power cycle and
Kalina cycle were compared, and it was found that the Kalina cycle shows a lower cost per net
power and better economic performance [21]. The advantage of OFC is a close match between
the heat transfer curves [22]. CO; transcritical cycle and OFC were compared using R245fa
and R600 and observed that CO; cycle produces slightly higher per unit work and better exergy
efficiency; besides, OFCs can provide an economically better solution. However, R245fa may
lead to some environmental impact due to its higher GWP and there is the chance of explosion
with R600 OFC [23]. Another study showed the comparison of transcritical reheat CO> cycles
to the ORC and the Kalina cycle and deduced that the transcritical CO> cycle has the largest
net power production and the economic performance is between the Kalina cycle and the ORC
[24]. When OFC, ORC and TFC were compared to recognize the potential solutions for low-
grade heat recovery, then it was investigated that TFC obtains the largest net power output (13.6
kW) at the evaporation temperature of 152°C, which is 37% higher than that of ORC (9.9 kW)
and 58% higher than that of OFC (8.6 kW) [25]. When selecting a working fluid for power
cycles, factors like thermodynamic properties, stability, compatibility, safety, environmental
impact, cost, availability, and regulations must be carefully considered. Environmentally
friendly fluids, including hydrofluoro-olefins (HFOs), are increasingly used in ORC and OFC
systems. HFOs offer advantages over conventional refrigerants like HCFCs and HFCs,

including lower global warming potential, higher energy efficiency, and improved safety.
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While research on their properties, flammability, and oil compatibility is ongoing, their
favourable thermodynamic and environmental characteristics have garnered significant
attention [26]. Many refrigerants were simulated as working fluids in ORC, including toluene,
R123 [27-32], R134a [33], R245fa [34-37]. HFE-7000, HFE-7100, n-pentane and isopentane
[38], R245fa/isopentane and R123/R245fa. Zeotropic refrigerant mixtures, composed of two
or more refrigerants with different boiling points, are used to tailor working fluid properties for
specific system designs. Properly mixed zeotropic fluids improve critical temperature,
pressure, boiling point, flammability, ozone depletion, and global warming potential. Unlike
pure refrigerants, zeotropic mixtures evaporate and condense over a temperature range,
offering advantages like better temperature glide, enhanced capacity, and increased energy
efficiency [39-41].

Despite extensive research on waste heat recovery cycles such as the ORC, OFC, TFC,
Kalina, and transcritical CO: cycles, a clear consensus on the optimal system for low-grade
heat recovery remains elusive. While each cycle offers unique benefits, trade-offs exist in terms
of net power output, thermal and exergy efficiency, and economic performance. Moreover,
existing studies often focus on individual aspects like working fluid selection or component
design, with limited comprehensive comparisons under uniform conditions. There is also a
need to further assess environmentally friendly fluids and zeotropic mixtures, highlighting an
important research gap for integrated, multi-criteria optimization studies.

1.2.2. ORC modification

Within the last few years, many ORC modifications have been investigated. Safarian
and Aramoun [42] presented three modified organic Rankine cycles (incorporating turbine
bleeding, regeneration and both of them) and showed that the ORC integrated with turbine
bleeding and regeneration has the highest thermal and exergy efficiencies. Research has been
done to determine the best-performing combination of regenerative ORC with both an open-
feed liquid heater and an internal heat exchanger [43]. According to some research, the ORC
combined with turbine bleeding and regeneration has the maximum thermal and exergy
efficiency. Internal heat exchangers, bleed turbines and turbine bleeding/regeneration are also
incorporated into ORC to study the effect of thermal and environmental [44]. Various working
fluids are also being studied with modified ORC to see the effect [45]. Kheiri et al. [46]
analysed four modifications of ORC integrated with an ejector and reported a thermal
efficiency improvement in the range of 13-19%. Chen et al. [47] studied vapor-liquid ejector-

modified ORC using various working fluids. Haghparast et al. [48] introduced the ejector in



ORC to lower the turbine exit pressure driven by a second-stage evaporator and got improved
power generation. Oyekale et al. [49] studied the modified hybrid ORC plant and concluded
that 60% of irreversibility cost rates could be minimized by proper optimization of each system
component. Tashtoush and Algharbawi [50] did a parametric study and optimization of the
organic Rankine cycle with two turbines and an ejector. Zhang et al. [51] found that the use of
an ejector in ORC power plant at different equipment locations will increase the net power
production. Jafary et al. [52] proposed two novel ORCs with a solar-powered system (one with
an internal heat exchanger and the other with a mixture heater) and analysed the overall energy
and exergy efficiencies. Saini et al. [53] studied the thermodynamic and economic
performances of an ejector-enhanced ORC and reported cost reduction, efficiency
enhancement and CO; emission saving. Yu et al. [54] proposed recuperative transcritical ORC
and found better thermodynamic performance. Surendran et al. [55] analysed the effect of using
the ejector on increasing the work output. Li et al. [56] reported the enhancement of energy
performances by coupling the ejector in an organic Rankine flash cycle driven by geothermal
energy. They have also found that the ejector-enhanced system is better in terms of exergy
efficiency and levelized energy cost [57].

Recent research on ORC modifications has explored turbine bleeding, regeneration, and
internal heat exchangers, with some studies reporting that ejector integration can improve
thermal efficiency by 13-19% and boost net power output. However, there remains a
significant gap in fully optimizing ejector-driven ORC systems. In particular, comprehensive
evaluations of ejector positioning, operating conditions, and their effects on exergy efficiency
and cost performance are limited, underscoring the need for further investigation into these
configurations for enhanced low-to-medium grade heat recovery.

1.2.3. Experimental Studies of ORC

Comparative studies suggest that ORC with dry fluids is optimal for low-to-medium
temperature applications when techno-economic factors are considered [58]. The basic
differences in the experimental analyses on ORC are in terms of component (pump, expander,
evaporator, condenser and working fluids) types [27-38,59,60]. Pump used is mainly a multi-
stage centrifugal pump, magnetic gear pump, plunger pump, piston pump and diaphragm
pump. Heat exchangers (condenser and evaporator) used are mainly plate, fin-tube and shell-
tube types (plate heat exchanger is generally preferred for liquid secondary fluid and others are
preferred for gaseous secondary fluid). Expander may be of two-types: turbine (radial turbine)

and positive displacement machines. As the experimental ORC setups reported in the open



literature are of small capacity (power output was limited to 10kW), the positive displacement
machines were used in most of the experimental studies. Hence, the expanders used are mainly
scroll expanders [28,30,35,36], screw expanders [29,33,60], rolling piston expanders [34] and
vane expanders [38]. Redial turbines, axial turbines, and impulse turbines are also used as
expanders in some experimental studies of ORC [27,31,37]. The optimized parameters used
inlet temperatures, inlet pressure, heat load and outcome parameters behaviour are considered
to maximize the output [61,62]. It has been concluded from the study that 6 system parameters,
including temperature and pressure at the evaporator outlet, temperature and pressure at the
condenser inlet, expander shaft efficiency and working fluid pump efficiency, play important
roles in the ORC net power output and thermal efficiency [63]. Some literature suggested that
hermetic scroll expanders are widely adopted for small-scale ORC systems to produce
electricity [64]. An ORC experimental setup using R123 as the working fluid and heat source
temperature 130°C to 160°C affects in increased net work from 0.44 kW to 0.55 kW and
efficiency from 6.71% to 8.72% [65]. Similar performance improvements were noted with
higher cooling water flow rates [65]. Similarly, small-scale ORC experiment is performed with
R123 under various cooling conditions and cooling water mass flow rate and obtained a
maximum thermal efficiency of 5.30%, turbine isentropic efficiency of 75.2% at a water flow
rate of 0.591 kg/s [66]. Research has emphasized the importance of selecting suitable working
fluids and configurations to enhance ORC performance. It has also been validated
experimentally that for low-temperature heat sources, simple ORC produces greater expander
work output than complex ORC with R123 working fluid [67]. Experimental studies of a 0.3
kW micro-ORC system using R1233zd-E as the working fluid, featuring a likely world's
smallest scroll expander, revealed optimum power generation and thermal efficiency of 0.266
kW and 7%, respectively when compared with other small-scale ORC systems [68]. The study
reveals that pentane is effective working fluids, achieving net electric efficiencies ranging from
3.1% to 7.1%, across 2.7—6.0 pressure ratios in air-cooled waste heat systems [69]. Liu et al.
[70] explored the effects of different working fluid charge levels on key system parameters
under off-design conditions, concluding that overcharging the working fluid slightly enhances
expander output power. The volumetric expanders are a good option for small to medium-sized
ORC systems because of their inexpensive cost, slow rotation speed, and two-phase operation
capability. The most common types of volumetric expanders are scroll expanders [71], vane
expanders [72], screw expanders [73], and piston expanders [74] are used in ORC for power
generation. Experimental studies have been performed on many types of volumetric expanders

and a study shows that up to 77% isentropic expander efficiency can be obtained with a scroll
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expander of R245fa working fluid [75]. Many experimental studies showed that a scroll
expander is the best choice for small-scale power generation and the evaporator’s inlet and
outlet condition are critical parameters and its fluctuations are hard to maintain at steady-state
conditions and give direct fluctuation results on expander inlet mass flow rate [71,76]. It has
been proven that the maximum net power output condition will be achieved at the saturated
vapor state of the expander inlet [77]. So, to find the optimum condition of maximum net power
output, a separator is required before the expander inlet to get the pure vapor at saturated vapor
condition to generate maximum power. Liang and Yu [77] conducted a lab-scale investigation
of an ORC system and revealed that maintaining a superheat degree of zero at the expander
inlet yielded optimal performance, with a maximum electric power output of 0.61 kW and a
thermal efficiency of 4.09% at a heat source temperature of 96.8°C. Some studies investigated
the experimental parametric study of pressures, temperatures, and mass flows and projected
them as performance indicators on net power output and cycle efficiency [78,79]. Zhou et al.
[80] found that cycle efficiency, expander output power and exergetic efficiency increase with
the evaporating pressure and heat source temperature, while the superheat degree of the
working fluid has negative effects on system performance. At the optimized condition the
maximum cycle efficiency and net output power of the expander are 8.5% and 645 W,
respectively, with R123 working fluid [80]. Wang et al. [40] established a small-scale ORC
experimental apparatus utilizing a scroll expander to investigate the thermodynamic
performance under varying turbine inlet pressures, rotational speeds, and cooling water flow
rates. Their findings indicated that both thermal and exergy efficiencies increased with higher
turbine inlet pressures and cooling water flow rates at R245fa, R141b working fluid. Feng et
al. [81] experimentally examined the effect of pump outlet pressure, expander inlet temperature
and mass flow rate on net power output and thermal efficiency and found that the net power
production shows an increasing trend as the mass flow rate rises, whereas the thermal efficiency
produces a smooth tendency. Wronski et. al. [82] have done the experiment at evaporation
temperatures ranging from 125 °C to 150 °C and condensation temperatures ranging from
20°C to 40°C and found maximum net power 2.5kW of electricity with an isentropic
efficiency of approximately 70%. Bademlioglu et al. [83] numerically analyzed the factors
influencing system performance using the Taguchi and ANOVA methods, concluding that the
evaporator and condenser temperatures, as well as turbine efficiency, significantly affected
system thermal efficiency, however, PPTDevap, PPTDcon and pump efficiency were least
effective. Tauveron et al. [84] validate optimization models for both the ORC’s condenser and

evaporator application when hot and cold source temperature variation occurs, along with
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experimentally validating that 50% reduction in the power output associated with a 20°C
increase in the cold source temperature. There is less work done on life cycle assessment (LCA)
on ORC scroll expander-based experimental setup. Some researchers have done LCA on ORC
using R134a and R1234ze [85]. Some experiments have been performed on R245fa working
fluid at the superheated state of distributed power plants of 1-2 kW and managed to get the
thermal efficiency of range 5-7% [79,86]. Hijriawan et.al [87] produce power from ORC
experimental setup at 10 °C condenser temperature by employing R134a working fluid but at
higher pressure. For the easy comparison of experimental ORC cycles following Table 1.1 is
drawn which has main focus on components, fluids, power output, thermal efficiency along

with type of ORC (saturated/superheated).

Table 1.1. Literature review of experimental ORC’s

Year & | Worki | Expander | Conden | Pump Evaporat | Capaci | Cycle | Configur

Author | ng ser, or, ty Efficie | ation
S Fluid Coolin Heating ncy

g Fluid Fluid
2013 R245 | Rolling- | Plate Diaphra | Plate 0.35 5% NA
Zheng | fa piston heat gm heat kW
et. al expander | exchan | meterin | exchange
[74] ger, gpump | r, water

water

2014 | R123 | Single- Multi- | Multist | Spiral- 10.38 | 6.48% | NA

Zhang screw channel | age tube kW
et. al expander | parallel | centrifu
[29] type, gal
Forced | pump
air
2015 | R123 | Scroll Plate Piston | Tube-in- | 4kW | 6.39% | Superheat
Miao heat pump tube, oil ed ORC
et.al exchan
[30] ger,
water




2016 | R123 | Single Finned | Multist | Shell and | 8.35 7.98% | Superheat
Lei screw air age tube, NA | kW ed ORC
et.al expander | conden | centrifu
[60] ser, air | gal
pump
2017 | R245 | Turbo Finned- | Variabl | Plate NA 3.44% | Superheat
Lietal | fa expander | tube e speed | heat ed ORC
[37] conden | pump exchange
ser, r, thermal
forced oil
air
2017 | R245 | Scroll Plate Plunger | Plate 1.56 4.4% Superheat
Pang | fa, heat heat kW ed ORC
et.al R123 exchan exchange | (1:0) ,
[32] and ger, r, Oil 1.66
their Water kW
mixtu (2:1)
res
2017 | R123 | Radial Brazed | Diaphra | Brazed 1.24 5.2% Superheat
Shao inflow plate gm plate heat | kW ed ORC
et.al expander | heat pump exchange
[66] exchan T,
ger, Thermal
Water oil
2018 | R123 | Single Shell Rotary | Shell and | 3.27k | 3.04% | NA
Zhao screw and pump tube, Oil | W
et.al expander | tube,
[88] Water
2019 | n- Reciproc | Brazed | Air- Brazed 2.5 ~14% NA
Wrons | penta | ating plate driven | plate heat | kW
ki et.al | ne piston heat piston | exchange
[89] exchan | pump r, Oil
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ger,

Water
2020 | R245 | Scroll Brazed | Screw | Brazed 0.967 | 7.36% | Superheat
Usmaa | fa plate type plate heat | kW ed ORC
n et.al heat pump exchange
[86] exchan r, Water

ger,

Water
2021 R245 | Scroll Plate Piston | Plate 1-2 4.9% - | Superheat
Lietal | fa heat pump heat kW 5.7% ed ORC
[90] exchan exchange

ger, Oil r, Water
2022 R134 | Scroll Spiral | Scroll Spiral 584.5 |3.17% | Superheat
Hijria | a tube- compre | tube- W ed ORC
wan type, ssor type,
et.al Water Refrigera
[87] tion

system

Based on the above literature review, experimental studies were performed mostly at
the expander inlet superheated state (although it produces less expander power output when
compared with saturated vapor state at the same expander inlet pressure). To the best of the
author's knowledge and literature review, no experimental study was performed on R601a
(isopentane) working fluid despite having numerically proven great potential in waste heat
recovery. No previous ORC experimental study optimizes the condition for maximum power
output and experimentally validated it with data driven numerical analysis along with
prediction of ORC performance. The previous experimental studies also lack in comprehensive
parametric analyses involving simultaneous variations in heat load, source fluid flow rate, and
sink fluid inlet temperature.

1.2.4. Case study of NPP

Nuclear power plants generally have 33-35% efficiency and dispose 60% of waste heat

into nearby waterbeds and air. In some cases where disposed waste heat can be used for fish

farming, farm cultivation and desalination purposes but in most cases, these are disposed of in
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the environment due to the remote location of NPP’s (Nuclear power plants) site [91]. Heat is
released from the condensation of steam into a heat sink (i.e., seas, lakes, and air) [92]. There
are several techniques for waste heat utilization from NPP [93]. Indian NPP having 300-MWe
AHWR releases its waste heat from the main condenser, MHT (main heat transport)
purification system and heat exchangers of moderator cooling system and feed water system
make ideal NPP site to study the waste heat utilization for power generation [93,94]. However,
several experimental and numerical studies showed the potential of ORC technology to harness
power from a range of low-medium grade waste heat sources [89]. ORC system’s performance
is highly dependent on the working fluid used, heat source, and heat exchanger technology
[95]. ORC is well-suitable with solar thermal-based collector technologies and has been
demonstrated to be a dependable technology capable of efficiently trans forming low-to-
medium-level heat sources into useable uses [96]. Despite having some limitations with ORC
technology, environmental benefits and payback period also play a crucial role in decision-
making [97]. On the other hand, NPP produces no direct CO; emission and if ORC is combined
with NPP, then no significant effect in CO> emission will obtain. Nanofluid has recently
emerged as an improved heat transfer fluid for WHR [98]. Nanoparticles enhance thermal
conductivity in base fluids by creating nanofluid, resulting in a higher heat transfer rate. Hence,
the overall performance of WHR system will be enhanced by using nanofluids. Plate heat
exchangers with improved thermal conductivity of nanofluids experience faster heat transfer
rates [99].

Despite extensive research on ORC systems for low and medium-grade waste heat
recovery, significant gaps remain in harnessing nuclear power plant waste heat, particularly
moderator and MHT purification system heat. Nuclear plants typically operate at 33—-35%
efficiency and discharge about 60% of their heat into the environment. While some waste heat
is used for secondary applications, much is wasted due to remote locations. There is a clear
need to design and optimize ORC systems operating at source temperatures of 60—70°C and
sink temperatures around 30°C, potentially incorporating nanofluids, plate heat exchangers,

and scroll expanders to efficiently generate electricity and reduce cooling losses.

1.3. Research Gaps
Based on the above literature reviews, the author found below research gaps.
» No study compares all the low-medium grade heat recovery power cycles on the basis

of thermodynamic, economic, environmental and technical perspectives.
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1.4.

No technical and economic comparison was made between the heat recovery power
cycle and solar P-V photovoltaic panels with battery storage for better selection.

A comparative study based on energy, exergy, economics, and environmental factors
of ejector-enhanced novel ORC modifications is missing in a single platform.

The optimum ratio of an azeotropic mixture of working fluid and novel working fluids
analyses is missing in numerical studies as well as experimental studies.

No such economic model for the power cycle was used in literature, which can fulfill
the interest of the consumer as well as the industry simultaneously.

Experimental parametric performances of ORC were missing for simultaneous
variation of heat load, source fluid flow rate and sink fluid inlet temperature.

The lack of separators to ensure saturated vapour at the expander inlet hinders accurate
net power output calculations in an experimental study.

Comparative experimental analyses of volumetric expanders under diverse conditions
are insufficient, and sensitivity studies on system performance parameters are limited.
ORC'’s experimental study contains various research gaps, like life cycle assessment
(LCA), working fluid development, system stability, and design optimization.
Conventional and Machine learning-based optimization and prediction of performance
parameters of ORC experimental data is missing.

No real application-based feasibility analyses of case studies have been done using
numerical and experimental validation along with estimated capability for power
generation from waste heat sites.

A complete 4E study and the effect of hot oil-based nanoparticle performance on ORC

working fluid is missing at a case study of a real waste heat recovery site.

Objectives and Novelty

The author identified the objectives below based on the research gaps mentioned above.

X/
°

Six thermodynamic power cycles (ORC with dry fluid, ORC with wet fluid, CO2
Rankine cycle, Kalina cycle, OFC and TFC) have been compared on energy, exergy,
economic and environmental basis to select the best power cycle for waste heat
recovery. Parametric and techno-economic analyses have been performed for all cycles
to generate the maximum power from low-medium grade heat sources.

Comparative studies of two novel ejector-coupled advanced ORCs have been proposed

to further enhance the performances of output parameters and complete 4E analyses at
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optimized conditions have been done. A new economic model has also been introduced
for consumer and manufacturer benefits.

¢ Alab-scale experimental ORC setup using isopentane (R601a) has been developed and
various parametric performances have been analysed. A tailor-made separator has been
fabricated and installed to get a saturated vapor condition at the turbine inlet. RSM-
ANOVA has been used to optimize and predict performance parameters.

¢ A feasibility analysis, along with a complete thermodynamic and economic analysis
has been done on the Indian nuclear power plant site for potential power generation
and waste heat recovery. ORC parametric study (variations of condenser temperature
and cold fluid inlet temperature) was taken in the case study. The performance of a dry
ORC power cycle using nanofluid as hot fluid with various organic working fluids has

been analysed for a real waste heat recovery site.

The novelties of the present study are as follows: (i) 4E analysis and techno-economic
comparison of all possible thermodynamic power cycles have been conducted for the low-
medium grade waste heat recovery, (ii) Two novel ejector-enhanced ORCs have been
presented, followed by 4E analysis, to generate maximum power, (iii) A novel combination of
scroll expander with isopentane working fluid is tested with ORC experimental setup under
various operating conditions, (iv) Tailored made separator has been used in the ORC
experimental setup, which plays an essential role for more power generation and (v) A
feasibility study, along with parametric analyses, has been done to implement ORC technology

for waste heat recovery from Indian nuclear power plant.

1.5.  Thesis structure
The present thesis has been organized into seven chapters.
Chapter 1 includes the background and motivation, literature reviews, research gaps,
thesis objective and novelty.
Chapter 2 contains the identification and comparison of low-medium waste heat source-
based thermal power cycle. In this chapter, six possible waste heat recovery cycles (Dry
ORC, Wet ORC, CO2 Rankine cycle, Kalina cycle, Organic flash cycle and Trilateral flash
cycle) were studied to find the best possible cycle.
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Chapter 3 provides the numerical analysis of two novel ejector-enhanced ORC. The
influence of different working organic fluids on the cycle is also analysed in each
modification to draw maximum work output.

Chapter 4, includes a detailed design and development of the lab-scale ORC setup by
including component details, fabrication process, and sensors used. The effect of heat load,
the volume flow rate of hot fluid and cold fluid inlet temperature were simultaneously
studied. Optimization and prediction are also done to find out the best condition at which
both net power and thermal efficiency are maximized.

Chapter 5 consists of a detailed case study of an Indian nuclear power plant. A feasibility
analysis has been done to find out the location of the waste heat source for maximum power
generation at maximum profit. The effect of using nano-oils as heat source fluid for the
ORC is also investigated.

Chapter 6 concludes the significant findings of the present investigation and possibilities

for future work.

15



16



Chapter 2: Power Cycles for Low-Medium Grade Heat Recovery

The present analysis considers power generation from low- and medium-grade heat
sources, including renewable and waste energies. Low/medium grade heat sources are solar
collector heat, geothermal heat, industrial waste heat, heat absorbed by moderators and cooling
rods in nuclear power plants, etc. Solar collectors (flat plate, evacuated tube, compound
parabolic concentrator, parabolic trough collector, linear Fresnel reflector and parabolic dish)
have a wide range of indicative temperatures (50-250°C). Typically, geothermal heat sources
have a temperature range of 70-90°C but can be increased to 150°C in some places. Depending
on the industrial process, the temperature of the waste heat varies widely, spanning a range of
around 50°C to 1000°C [100]. The low/medium-grade waste heat can be used to drive the

various thermodynamic power cycles and analysis is required to find the best option.

2.1. Cycle Description

In this study, 6 thermodynamic power-producing cycles are compared for low-medium-
grade heat recovery. The essential components of the system are the evaporator/heater, turbine,
condenser and pump. These cycles are differentiated by method and desired state of heating of
the working fluid in the evaporator/heater.
2.1.1. ORC using dry fluid

ORC is the most popular thermodynamic cycle used for low-medium-grade heat
recovery. Layout and temperature-entropy diagram of ORC using dry working fluid
(isopentane) are shown in Figure 2.1. The pressurized isopentane is heated in an evaporator till
saturated vapor state 3 and then is allowed to expand in a turbine to a superheated state 4.
Working fluid gets exited from the turbine at state 4 and condenses to saturated liquid state 1.
A counter-flow evaporator is used to heat the working fluid from the pump exit (state 2) to the
saturated vapor state 3, passing by saturated liquid state 31. From the turbine expansion state 3

to 4, the net work is generated.
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Figure 2.1. Layout and T-s diagram of ORC with dry working fluid

2.1.2. ORC using wet fluid

Likewise, ORC using dry working fluid the ORC using wet working fluid also performs
in the same way; only the difference is that ammonia is heated in the evaporator up to
superheated state 3, passing by saturated liquid (state 31) and saturated vapor state (state 3v).
Work output is produced due to working fluid expansion in the turbine from superheated state
3 to saturated vapor state 4. For practical uses, turbine exit state 4 is kept slightly superheated
to avoid turbine blade damage due to moisture/liquid droplets. The rest of the working states

are the same as ORC with dry fluid (Figure 2.2).
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Figure 2.2. Layout and T-s diagram of ORC with wet working fluid

2.1.3. CO:2 Rankine cycle

Figure 2.3 presents the transcritical CO> Rankine cycle. In the evaporator, the carbon
dioxide working fluid with supercritical pressure (state 2) is heated to the supercritical vapor
(state 3) by the energy dis- charged from the heat source. The vapor of high pressure and
temperature is subsequently expanded through the turbine from state 3 to superheated state 4
to generate electricity. Due to the available low temperature of low-grade heat sources, CO>
transcritical power cycle will be more promising to be adopted than CO; Brayton cycle due to

its relatively lower system pressure and high expansion ratio.
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Figure 2.3. Layout and T-s diagram of CO2 Rankine cycle

2.1.4. Kalina cycle

The working fluid for the Kalina cycle is a mixture of two fluids (ammonia and water
mixture) with various boiling points. More heat can be removed from the source than with a
pure working fluid because the solution boils over a wider temperature range during
distillation. The exhaust (condensing) end is the same. It can be clearly seen from Figure 2.4
schematic layout diagram embedded in T-s diagram that the separator, throttling valve,
recuperator and mixture have extra components besides ORC basic components. The boiling
point of the working solution can be modified to meet the heat input temperature by selecting
the proper ratio between the solution's components. The most popular combination is water
and ammonia, while additional combinations are possible. In Figure 2.4, the working fluid is
pumped from states 1 to 2, then released heat from the lean mixture (from states 6 to 8) is
absorbed by pumped fluid from state 2 to state 3 in the recuperator. Recovery heat is added to
the system from the evaporator (states 3 to 4). From state 4, a separator is used to separate rich
(state 5) and lean mixture (state 6). The rich mixture from state 5 is then expanded in the turbine
to state 7 and then mixed up with the lean mixture at state 10. Fluid is now condensed from

state 10 to 1 in the condenser by cold fluid.
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Figure 2.4. Layout and T-s diagram of Kalina cycle

2.1.5. Organic flash cycle

A schematic layout and temperature-entropy diagram of OFC are given in Figure 2.5.
The main difference between OFC and ORC is to heat the working fluid as isopentane in the
evaporator up to a saturated liquid state. Before entering the turbine, the heated working fluid
gets throttled from saturated liquid state 3 to state 4 for depressurizing and then the wet working
fluid gets separated at state 4 into liquid (state 5) and vapor (state 6) phases. The vapor phase
is allowed to expand in turbine superheated state 7 and power is produced. Throttled fluid from
state 6 and expanded fluid from state 7 is then mixed in the mixing chamber at state 9 and then

condensed by cold fluid to state 1.
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Figure 2.5. Layout and T-s diagram of OFC

2.1.6. Trilateral flash cycle

The T-s diagram of a typical TFC system, which is nothing more than a modified ORC
system where the working fluid's (Isopentane) phase transition in the heat exchanger has been
skipped (states 2 to 3), as shown in Figure 2.6. Additionally, the expansion in TFC is a two-
phase flash expansion (state 3 to 4), contrary to an ORC's single-phase expansion. The

processes in the condenser and pump are the same as ORC.
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Figure 2.6. Layout and T-s diagram of TFC

2.2. Methodology
2.2.1. Mathematical Modelling
The best-performing cycle among possible heat recovery cycles based on thermodynamics
(mass, momentum and energy equations), economics and environmental point of view. The
following assumptions were taken into consideration while evaluating the cycles in the
simplified form [55-57]:
(1) Pressure drop is neglected in all heat exchangers and connecting tubes.
(i1))  No heat loss from components to the environment is taken into consideration.
(iii)  Atmospheric pressure and temperature are taken as 101.325 kPa and 30 °C.
(iv)  The condenser outlet and evaporator inlet are in a saturated liquid state and the
evaporator outlet is in a saturated vapor state.
(v) The turbine, pump and nozzle have given isentropic efficiencies.
(vi)  PPTD of the heat exchanger is taken into consideration while designing the
evaporator, preheater and condenser.
(vii)  The selling price and carbon credit price are taken as constant for the studied range

of heat source temperature.
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Based on the above assumptions, the following equations are framed to analyze the cycle
performance. PPTD is considered to calculate the intermediate minimum temperature

difference in the evaporator and condenser:

They = Twest + PPTDeyp (2.1
ch,v = lwfsv — PPTDcon (2.2)
Energy balance in the two-phase and preheating section of the evaporator, respectively:

Qin,wet = r.nhfcphﬁwet(Thf,in - Thf,l) = r.nwf(hevp,wet,out - hevp,wet,in) (2.3)
Qin,sub = r.nhfcphf,sub(Thf,l - Thf,out) = rhwf(hevp,sub,out - hevp,sub,irl) (2.4)

Hence total heat input to the cycle is given by,

Qin = Qinwet T Qin,sub (2.5)
The energy balance of the condenser is given by:
Qcon = IhchpCf(ch,out - ch,in) = r.nwf(hcon,in - hcon,out) (2'6)

Turbine work is calculated as:

Wiur = Ihwf,tur(htur,in - htur,out) = rhwl’,‘cur(htur,in - htur,out,ise)ntur (2.7

Pump work is calculated as:

(hpump,out,ise - hpump,in)

Wpump = r'nwf(hpump,out - hpump,in) = Myf (2.8)
Npump
Hence, the net work output is calculated as:
Whet = Wer — Wpump (2.9)
Cycle thermodynamic efficiency is calculated as:
Wnet
Nth = (2.10)
¢ Qin
Exergy in and out of the ORC system can be calculated as:
. Th
EXin = mhfcphf (Thf,in - Thf,out) - Tambln <T = >l (2~11)
hfout

Equations of the irreversibility of various components are listed in Table 2.1.

Table 2.1. Component irreversibility calculation

Components Irreversibility

Pump Ipump = My Tamb (Spump,out - Spump,in)

Turbine Itur = r.nwf,turTamb (Stur,out - Stur‘,in)
Condenser Icon = rhwf[(hcon,in - hcon,out) - Tamb (Scon,in - Scon,out)]
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Evaporator Ievp = EXin - r.nwf[(hevp,out - hevp,in) - Tamb (Sevp,out - Sevp,in)]

EjBCtOI’ Ieje = lamb (mwfscon,in - I'hwf,turstur,out - I'hwf,ejeseje,in)

Now, the overall exergy balance is given by:

EXin = Wnet + Ipump + Itur + Ievp + Icon + Isep + Imix + Ithrt (2-12)
Then, the exergy efficiency is calculated as:
Wnet
= 2.13
rIeX EXln ( )

The turbine size parameter can be calculated as [18]:

(m v . )0.5
Sp = wf tur Vtur,out,ise (2_14)

[(htur,in - htur,out,ise) X 1000]0.25

Table 2.2. Heat exchanger area design

Heat Area Overall convective heat transfer coefficient
exchanger
Preheater Aevp,sub 1 _ 1 + tplate
1000Qin,sub Uevp,sub O(evp,sub,hf kplate,evp,sub
Uevp,sublrntdevp,sub + 1
O(evp,sub,wf
Evaporator Aevpwet 1 _ 1 4 tplate
1000Qin,wet Uevp,wet O(evp,wet,hf kplate,evp,wet
Uevp,wetlmtdevp,wet + 1
Revp,wetwf
Condenser _ 1000Q¢on 1 1 N tolate N 1
con Uconlrntdcon Ucon Kcon,wf kplate,con Ucon,cf

The preheater, evaporator and condenser are assumed as the plate heat exchanger. The
enlargement factor and plate spacing are taken as 1.17 and 5 mm, respectively. The calculation
of the overall convective heat transfer coefficient and area of different heat exchangers is given
in Table 2.2. The total area of the evaporator (Aevp) 1s the combination of the evaporator and
preheater areas.

The convective heat transfer coefficient of single-phase fluid can be calculated using Muley’s

correlation [101,102] at B = n/4:
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k 6B 0.38 1 M 0.14
plate 0.5p..3
_ _ f 2.15
Osp Doy [0 44 ( - ) Reeq ~Pr (Hwan) (2.15)

The convective heat transfer coefficient of two-phase fluid can be calculated using Yan-Lin’s

correlation [102]. Where x, p and Deq are dryness fraction, density and equivalent diameter

correspondingly:
K 1 0.5
__ Bplate 0.5p..5 0.3 Psl
adp = D—eq [1'926Reeq PF3BOeq {1 — X+ (E) }l (216)

Table 2.3. Capital investment of system components [103,104].

Component | Capital investment ($)
Evaporator Aeyp \*78
8, = 130 (—‘“'Vp)
0.093
Condenser Agon \*78
78 = 130( C°“)
0.093
0.71
Pump ZShmp = 3540(Wpymp)
Turbine 78 = 6000(Wyyp)®”

Correlations for capital costs of the evaporator (including preheater), condenser, pump
and turbine are given in Table 2.3. The overall hourly cost rate (sum of capital investment and
operation and maintenance costs) of the k™ component can be associated as follows:

Z:'CRF o

Total cost rate, TCy, = (2.17)

i(1+ )N
(1+iN-1

Where maintenance factor @ = 1.06, and annual working hour z = 7000 h.

Capital recovery factor, CRF = (2.18)

The total cost consumed rate of running ORC is the sum of the overall hourly cost rate of all
ORC components and the total cost earned rate is the product of the net amount of electricity
generated and cost per unit of electricity. For this study, the average electricity cost per unit in
India is 0.132 $/kWh (10 Rupees/kWh) [105-107]. Electricity cost may be varied rapidly by

country, rural/urban, state, government/private owned, industries/domestic, etc.

chonsumed = Z Tck (2-19)

TCearned = WhetCele (2.20)
Total hourly profit, ($/h) when the ORC system is running at the optimum condition:
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PI'Oﬁttotal = TCearned - TCconsumed (2-21)

Per unit hourly profit ($/kWh) when the ORC system is running at the optimum condition:

TCearned - TCconsumed>
Wnet

Profit,pi; = ( (2.22)

Environmental analysis of the ORC system is based on the amount of CO; saved. CO; saving
means the amount of CO> generated when the same amount of power is generated from the

coal-fired power plant. The input energy required to produce the same amount of power:

3600W, ez
Eannuatin = —— (2.23)
Nth
The NCV (net calorific value) is 4500 kcal/kg for Indian coal (carbon weight percentage as
50%). Amount of annual CO; production if required energy is obtained from burning of coal:
44 Eannual in
= (=) (0.5)2Rnualin 2.24
COzap (12) (0-5)=Nev (229)

This technology requires no cost-intensive heat input because all the required heats are
collected from the waste heat source, which are to be wasted otherwise. The cost associated
with CO2 saving in terms of carbon credit can benefit power plant industries through
international and governmental environmental agencies. CO; saving cost per ton varies rapidly

with demand. In this paper, the average CO> saving cost is taken as 10 $/ton [108].
CO2,pCco,
1000z

The payback period helps to determine how long it takes to recover the initial costs associated

CO, saving cost = (2.25)

with an investment. The shorter payback an investment has, the more attractive it becomes,
which means it would take less time to break even. It tends to be more useful in industries
where investments become obsolete very quickly and where a full return on the initial
investment is, therefore, a serious concern. As the payback period does not consider the time
value of money, it becomes a less predictable tool to assess an investment. The time value of
money has been considered in the discounted payback period (DPP), which is the amount of
time that it takes for the initial cost of a project to equal the discounted value of expected cash
flows or the time it takes to break even from an investment. It is the period in which the
cumulative net present value of a project equals zero.
DPP

unrecovered amount (226)

= years before break even + — -
Y f Discounted cash flow in recovery year

Cn

Discounted cash flow = m

(2.27)
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The Levelized Cost of Energy (LCOE) can be calculated by first taking the net present value
of the total cost of building and operating the power-generating asset divided by the total
electricity generation over its lifetime. LCOE is the per-unit cost of generating energy (usually
electricity) for a particular system. It is an economic assessment of the cost of the energy-
generating system, including all the costs over its lifetime: initial investment, operations and
maintenance, cost of fuel, and cost of capital. The LCOE can be used to determine whether a
project will be a worthwhile venture. The basic economics metric for any generating plant is
the levelized cost of electricity (LCOE). If LCOE is less than the price at which production
may be sold, the project is at least marginally profitable and should be further examined to see
whether it is a sensible investment. On the other hand, the project is not a good long-term
investment if the LCOE exceeds the price at which power may be supplied. In addition, the
LCOE assesses if a project will be profitable or reach a break-even point.

A spreadsheet-based model for calculating LCOE was developed and can be calculated as

follows:

s (z§"+0Mp+Fn)
n=1"" (pi

LCOE = ——== (2.28)

n=1"(pn
F = FC¢Wnet (2.29)
Nth
Where: F = Fuel cost and FC is the fuel cost per unit of energy input. In this case, FC is

taken as zero due to boiler heat up from NPP waste heat energy.
OM = Operation and maintenance cost, which is 6% of capital investment.

The internal rate of return (IRR) is a metric used in financial analysis to estimate the
profitability of potential investments. IRR is a discount rate that makes the net present value
(NPV) of all cash flows equal to zero in a discounted cash flow analysis. IRR calculations rely
on the same formula as NPV does. The internal rate of return (IRR) is the annual rate of growth
that an investment is expected to generate. The ultimate goal of IRR is to identify the rate of
discount, which makes the present value of the sum of annual nominal cash inflows equal to
the initial net cash outlay for the investment. IRR is ideal for analyzing capital budgeting
projects to understand and compare potential rates of annual return over time. In addition to
being used by companies to determine which capital projects to use, IRR can help investors
determine the investment return of various assets. If the IRR is greater than the required rate of
return (discount rate), the investment is considered attractive because it generates returns higher

than the cost of capital.
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En Cn C,=0 2.30
1(1+IRR)" o (2.30)
n=

Where: Cu = net cash inflow during period y
Co= NPV of total investment cost
IRR= Internal rate of return
Worldwide emissions of carbon dioxide (CO>) from burning fossil fuels total about 34

billion tons per year. About 45% of this is from coal, about 35% from oil and about 20% from
gas. Nuclear power reactors do not produce direct carbon dioxide emissions. Unlike fossil fuel-
fired power plants, nuclear reactors do not produce air pollution or carbon dioxide while
operating. For both nuclear and renewable generation, emissions are produced indirectly, for
example, during the construction of the plant. Over its life cycle, nuclear produces about the
same number of COz-equivalent emissions per unit of electricity as wind and about one-third
that of solar [109,110]. 1kg of CO; can be expressed as 0.27 kg of carbon, as this is the amount
of carbon in the CO2. Nuclear power plants do not produce carbon dioxide directly during
operation. However, there are some emissions associated with the mining, processing, and
transportation of uranium, as well as the construction and decommissioning of nuclear power
plants. According to the IPCC 2015 report, 18 grams of CO; are produced from 1 kWh of
power generation [109].

Standard amount of CO2 emission from NPP’s = 18 g/kWh (2.31)

2.2.2. Simulation and Validation

Based on the above mathematical models, the simulation code has been developed in
Engineering Equation Solver (EES) for each thermodynamic power cycle. The code can predict
the cycles' performance for the given heat source, heat sink, ambient temperature, and
component efficiencies. PPTD is defined effectively when designing the evaporator and
condenser. All physical and thermodynamic properties of considered fluids are calculated using
an in-built subroutine in software. All cycles have been optimized for maximum net work
output using the in-built Nelder—-Mead method. Nelder—Mead technique is a heuristic search
method that has been chosen due to its working range in multidimensional space and
application to nonlinear optimization problems for which derivatives may not be known. For
dry ORC, wet ORC and TFC thermodynamic cycles, evaporator pressure is optimized for each
heat source temperature. CO;, Kalina and OFC thermodynamic cycles are optimized

considering two parameters simultaneously at each heat source temperature. The CO> cycle is
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optimized on the degree of superheat and evaporator pressure parameters to such a limit that
the corresponding evaporator temperature would be lower than the critical temperature of the
CO; cycle to avoid the use of a compressor after the pump. Kalina cycle is optimized on
ammonia-water mixture ratio and evaporator pressure parameters. OFC is optimized by
considering separator pressure and evaporator pressure parameters. Further, sink temperature
is also varied to know the effect on net work output for each cycle. The heat exchanger area is
calculated to determine the capital investment cost. Economic analysis is performed on the
software to analyze the best thermodynamic cycle suited to give more power and profit. Figure
2.7 represents the flow chart of the whole simulation process.

Codes of thermodynamic cycles have been validated by experimental/simulation values
taken from various references presented in Table 2.4. Net work, thermal efficiency, exergy
efficiency, evaporator pressure, heat exchanger area and total cost have been validated for all
6 low-medium grade heat source thermodynamic cycles by possible data available from
individual experimental/simulation reference values. The variation in evaporator pressure
across all six thermodynamic cycles is attributed to the calibration and range limitations of the
pressure measurement instruments. However, the observed error remains within an acceptable
range. Similarly, other key parameters influencing net work, thermal efficiency, and exergy
efficiency, such as mass flow rate and temperature, are measured using a mass flow meter and
RTD sensor, respectively. These measurements inherently exhibit some degree of deviation
between simulation and experimental results. Despite these variations, all six thermodynamic

cycles demonstrate reliability for further analysis.
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Figure 2.7. Flow chart of the simulation procedure
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Table 2.4. Validation of different low/medium grade thermodynamic cycles

ORC (dry fluid) ORC (wet fluid) COz cycle Kalina cycle OFC TFC
Parameter |Reference |Simulated [Reference |Simulated |Reference |Simulated |Reference |Simulated [Reference [Simulated |Reference |Simulated
Values values Values values Values values Values values Values values Values values
Net work 1800 3401
66.98 [38]]68.70 1870 199.1 [21](201.7 3367 - - 0.212[43](0.213
(kW] [111] [112]
Thermal
efficiency (2.59 [38] |2.59 8.47[111](8.44 6.5[21] 1[6.45 - - 5.90[113]|5.87 1.661 [43]]1.663
(%)
Exer
&y 4421 31.43
efficiency |- - 47.6 [111]]46.8 56.8 [21] |57.6 43.85 31.88 24.64 [43](24.60
[112] [113]
(%)
Evaporator
2797 13723 4170 2352
pressure  |225[38] 217 2705 13978 4125 2406 124.8 [43]]124.8
[111] [21] [112] [113]
[kPa]
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2.3.

Results and Discussion

Table 2.5 lists the input parameters for the comparison of thermodynamic cycles for

low-medium-grade heat sources. The hot fluid mass flow rate is chosen in a way that work

output can be analysed numerically and can be scaled further by scaling the mass flow rate.

The reference is given for all additional input parameters. The thermodynamic properties of

the working fluid, viz. critical temperature, pressure, and environmental factors, are provided

in Table 2.6. Selected working fluids should adhere to the ASHRAE safety groups and have a

lesser tendency to deplete the ozone layer and contribute to global warming.

Table 2.5. Input parameters used for different thermodynamic cycle analyses

Input parameter Value Input parameter Value

Source inlet temperature 90°C Annual working hour 7000 h

Cold source inlet temperature | 10°C Number of annuities received 20 year

Condenser temperature 20°C Annual Interest rate 10%

Ambient temperature 15°C Spacing between heat exchanger’s | 5 mm

plates
Hot fluid mass flow rate 10 kg/s | Thickness of heat exchanger’s | 0.5 mm
plates

PPTDevp 5°C Length of heat exchanger’s plates | 150 mm
[114]

PPTDcon 5°C Diameter and height of storage | 30 cm, 70 cm
[114] tank

Pump efficiency 0.8 1 ton carbon credit value 10 $ [1]
[115]

Turbine efficiency 0.9 1 unit (kWh) of electricity cost 0.132 § [2]
[116]

Table 2.6. Fluid properties for different thermodynamic cycles
Working fluid 2-Methylbutane CO2 NH;
Alternative name R601a (Isopentane) R744 (Carbon R717 (Ammonia)
dioxide)
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Cyele used ORC (dry fluid), | Transcritical ORC (wet fluid),
TFC, OFC COzcycle Kalina cycle

Critical temperature [°C] 187.2 31.1 132.5

Critical pressure [MPa] 3.37 7.37 11.3

Normal boiling point [°C] 27.85 -78.5 -33.3

Triple point temperature [K] 112.65 216.5 195.4

ODP 0 0 0

GWP (100 years) 5 1 0

2.3.1. Performance comparison

Table 2.7 compares performance for the investigated mean input values (Table 2.5) for
various low/medium grade thermodynamic power cycles. The heat source temperature of 90°C
is selected for the comparative analysis of different thermodynamic cycles. Power-producing
cycles have different values at different parameters. The maximum and minimum values of
each parameter are highlighted in orange and green color, respectively, for easy comparison.

At 90°C heat source temperature, the maximum net work output is maximum for CO:
cycle, but it also has the highest pump work required because of the thermodynamic property
of the CO; working fluid. Due to CO: thermodynamic property, the cycle operates at
comparatively higher evaporator and condenser pressures, which increases the cost of each
component and, thus, total capital investment increases. Although CO: cycle produces
maximum work output but due to the highest total capital investment cost among other power-
producing cycles, the profit earned is not maximum. Similarly, payback period and discounted
payback period is maximum for CO: cycle, which is not favourable from investor point of view.
On the other hand, TFC has lesser work output but gives maximum profit because of the
working fluid and operating pressure range. TFC also saves the maximum carbon emission
when the heat source is replaced from fossil fuel to waste heat or renewable energy source and

thus earns maximum carbon credit.

Table 2.7. Comparison of optimized result outputs of various thermodynamic cycles at a
source temperature of 90°C

Dry
ORC

Wet Kalin
CO:
ORC a

Parameter OFC | TFC
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Whet [kW] 55.35 54.83 40.36 | 50.48 | 62.94
W, [kW] 0.51 1.25 0.6 6.03 |[6.03
Wi kW] 55.86 56.08 40.96 | 56.51 | 68.97
Pco [kPa] 76.6 857.8 223.8 | 76.6 | 76.6
Pevp [kPa] 2259 2071 616.1 | 514.7 | 514.7
Nt (%0) 8.27 829 16.99 |4.72 |[5.88
Nex (%0) 51.7 51.9 419 |374 |[46.7
Exin [kW] 107.1 105.7 127.2 1 96.36
Ttotal [kKW] 51.77 50.87 52.16 | 56 71.91
Meold [kg/s] 27.93 28.44 35.12 | 3.76 48.11
*myr [kg/s] 1.68 0.5 4.84 |1.02
Qin [kW] 669 656.2 905.1 | 577.5
Tmax [°C] 533
Total C.I. [§] 114532 [ 115402 1006 143911590
58 70 61

Acon [m?] 8.76 7.14
Acvp [m?] 14.6 12.68
Profity [$/year] 36885 | 36294
Profityco2 [$/year] 53299 | 52396
Total cost consumed [$/h] 2.04 2.05
Total cost earned [$/h] 7.31 7.24
Payback period [year] 3.1 3.2
Discounted payback period [year] 3.7 3.8
CO; annual saving [ton] 1641 1610
Coal saving [ton] 895 878
Earned Carbon credit [$/h] (CO:

2.35 23

saving cost)
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* myr is the part of working fluid which is going in the turbine to produce work. For Kalina and

OFC cycle whole working fluid mass flow rate does not contribute to work production.

Figure 2.8 represents the component irreversibility of different power-producing cycles
at 90°C heat source temperature. It can be seen that cycle irreversibility depends upon the
different components dominating its irreversible value. OFC has maximum irreversibility value
due to dominating component of the throttling valve and highest exergy and lowest exergy
efficiency value. Similarly, TFC and Kalina cycle has turbine and condenser dominating
irreversible component, respectively. The evaporator influences the irreversibility of ORC with
both working fluids. It can be seen that among all power cycles, the CO2 cycle has a very

balanced component’s irreversibility.

90
80
70

1l

Dry ORC  Wet ORC CO Kalina

Irreversibility at 90 °C [kW]
o O O o

o O

u Iturbine m | condenser | pump I evaporator

. [ ]
throttling mixture I recuperator

Figure 2.8. Component irreversibility of different cycles at 90°C

Complete exergy analysis can be understood by a donut chart, which represents the
fraction of work obtained and individual component irreversibility (Figure 2.9) at 90°C heat
source temperature. OFC has minimum work share and maximum irreversibility, as depicted
in Figure 2.8 and Table 2.7. However, the net work output of OFC is greater than that of the
Kalina cycle due to the highest working fluid mass flow rate and exergy. CO: cycle has
maximum work share in exergy and can be seen in Table 2.7 as well. Due to the maximum
work produced, CO; cycle has a maximum exergy efficiency value. TFC has the highest exergy

and working fluid mass flow rate. Although having a lesser percentage share of work, its
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numerical value is more than both ORC’s and comes after CO: cycle. The net work share of

the Kalina cycle is greater than that of OFC.

Exergy Analysis at 90 °C
Dry ORC
Wet ORC
CO,Cycle
Kalina Cycle
OFC
TFC
QL1
= Turbine Irreversibility = Condenser Irreversibility = Pump Irreversibility

Evaporator Irreversibility = Throttling Irreversibility = Mixture Irreversibility
= Recuperator Irreversibility = Net Work

Figure 2.9. Exergy analysis of different cycles at 90°C source temperature

2.3.2. Parametric study

Figure 2.10 shows the net work output of different power cycles with heat source
temperature. Net work output depends upon the difference of specific enthalpy difference of
turbine and pump work and the corresponding cycle mass flow rate. Net work output increases
with increasing the heat source temperature because the amount of heat added to the evaporator
is high and so higher the working fluid enthalpy at the turbine inlet (evaporator exit). Higher
turbine inlet enthalpy is the main dominating factor in to increase in net work output. It can be
observed that up to 100°C CO; cycle has maximum net work output and after that TFC remains
highest because of the high operating turbine higher and lower pressure. ORC with dry fluid,
ORC with wet fluid and OFC have the same trend and almost have the same value of work
output through the range of heat source temperature but lower than TFC. Kalina cycle is the

least-performing cycle for work production.
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Figure 2.10. Variation of net work output with heat source temperature

Figure 2.11 represents the thermal efficiency of the power cycle with heat source
temperature. It can be concluded that, at maximized work output conditions, ORC with dry
fluid, ORC with wet fluid and CO: cycle have almost same efficiency at lower heat source
temperature range and ORC with wet fluid shows maximum efficiency at higher heat source
temperature range. ORC with wet fluid has maximum efficiency for all ranges of heat source
temperature because of the minimum irreversibility and two PPTD locations in the evaporator
section. TFC has the lowest efficiency because of the highest heat input required at the same

condition.
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Figure 2.11. Variation of thermal efficiency with heat source temperature

Figure 2.12 shows the variation of exergy efficiency along with heat source
temperature. The exergy efficiency of all cycles increases with heat source temperature. CO>
has maximum exergy efficiency for low-grade temperature due to a good match of evaporator
temperature profile and operating at higher pressure. Apart from the highest exergy efficiency
rate of TFC, dry and wet ORC comes before TFC for low-grade temperature range and after
120°C TFC exergy efficiency becomes superior. TFC has saturated liquid conditions at turbine
entry and higher exergy, making it a less effective system for a low heat source temperature

range.

—4—Dry ORC —#—Wet ORC CO2 Kalina == OFC —@—TFC
0.7

0.65

o
o

0.55

o
~ ©
o o

Exergy Efficiency
o
SN

o
©  w
w @

0.25

60 70 80 90 100 110 120 130 140 150 160
Waste heat source temperature °C

Figure 2.12. Variation of exergy efficiency with heat source temperature
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Figure 2.13 shows the variation of the total annual cost required for different cycles
with heat source temperature. Total annual cost increases with heat source temperature for all
cycles. CO: cycle has a higher jump for all temperature ranges because of its operation at higher
pressure, which requires more material for the component to withstand pressure. TFC and OFC
follow the same trend, but TFC has a higher value due to the production of more power. Both
ORC'’s have almost the same value at all temperature points. Kalina cycle requires the lowest
total cost to run the plant at the same condition because of the lowest value of heat transfer,

work output, exergy, and cold fluid mass flow rate among all cycles.

—&—Dry ORC Wet ORC CO: Kalina OFC TFC
500
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Thousands
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Heat source temperature °C

Figure 2.13. Variation of annual total cost required with heat source temperature

Figure 2.14 shows the variation of total annual profit for different cycles with heat
source temperature. It can be clearly concluded that TFC gives the best result among all cycles
for all range of temperature ranges, even when CO; cycle produces more work output than TFC
at low-grade temperature ranges. TFC gives maximum profit because of its simple design and
medium average cycle operation pressure. Apart from Kalina cycle, CO> cycle and OFC and

both ORC’s gives comparable profit.
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Figure 2.14. Variation of total annual profit with heat source temperature

Figure 2.15 shows the variation of annual CO> gas saving from different cycles with
heat source temperature. This paper considers the heat source temperature, which can be
obtained from industrial exhaust/waste release gas to ambient, solar collector, nuclear power
plant cooling, geothermal energy, etc. If this energy source is utilized in the evaporator to heat
the fluid instead of a conventional source of energy, then the following cycle can save CO; gas,
which has to be released ultimately if a conventional heat source is used. It is very clear from
Figure 2.15 that TFC saves the maximum amount of CO> gas if the same power is to be

produced from TFC using the conventional source of energy, i.e., coal, petroleum, etc.
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Figure 2.15. Variation of annual CO2 saving with heat source temperature

2.3.3. Effect of condenser temperature

All cycles are analyzed at 90°C heat source temperature by increasing and decreasing
the condenser temperature by 3°C from the original condenser temperature of 20°C. 90°C heat
source temperature is chosen because of easy comparison with respect to data acquired in Table
2.8 for 20°C condenser temperature, considering CO2 Rankine cycle behaviour at critical
temperature. It can be seen from Table 2.8 that by increasing or decreasing the condenser
temperature by the same amount (3°C) from base condenser temperature (20°C), the % change
in each output parameter of their respective cycle will be almost the same other than the CO>
cycle. By decreasing the CO; cycle condenser temperature, its effect will be favourable and
maximum amongst all cycles, but due to closeness from the critical temperature, if the
condenser temperature increased a little, then its performance would adversely change that is
because of the getting closer to the critical temperature. The TFC also has a significantly

favourable change when the condenser temperature is lowered.

Table 2.8. Effect of increasing and decreasing the Tcon by 3°C on output parameters at a
source temperature of 90°C

Evaporat Turbin
Thermal | Total ‘ Profit
Thermodynam | Tcon |Or Whet e inlet|Total
' Efficienc | Irreversib earned
ic cycle (°C) |pressure |(kW) » mass | cost ($)
y ) |ility (kW) ()
(kPa) flow
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rate

(kg/s)

23 2354 49.96 |7.87 53.34 1.61 107140 |32824
Dry ORC 20 |225.9 55.35 |8.27 51.77 1.68 114532 |36885
17 (216.7 61.06 |8.68 49.71 1.74 122097 (41217
23 |2179.0 |49.57 |8.02 51.83 0.48 108183 |32331
Wet ORC 20 |2071.0 |54.83 |8.36 50.87 0.50 115402 |36294
17 11966.0 |60.37 |8.69 49.48 0.52 122739 {40500
23 |10242.0 |55.32 |6.12 71.81 4.89 (202297 25896
CO2 20 |12474.0 |75.07 |8.29 52.16 4.84 (264723 |36402
17 112069.0 |85.08 |8.77 45.88 4.81 272269 44673
23 |6l6.1 3692 |6.76 61.96 1.05 93723 21833
Kalina 20 |6l6.1 4036 |6.99 56.00 1.02 100658 24762
17 |616.1 4393 |7.24 48.78 0.99 108026 |27810
23 |514.7 45.16 |4.51 90.12 7.04 135994 {25036
OFC 20 |514.7 50.48 |4.72 84.37 6.82 143970 |28721
17 |514.7 55.96 |4.94 78.24 6.57 152277 32621
23 |514.7 56.59 |5.53 76.69 6.82 149949 33618
TFC 20 |514.7 62.94 |5.88 71.91 6.82 159061 |38356
17 |514.7 69.66 [6.24 66.27 6.83 168367 43406

2.3.4. Techno-economic analysis

Comprehensive information is required to recommend the best suitable power plant
technology, a techno-economic analysis becomes necessary. Even the 4E (energy, exergy,
economic, and environmental) analysis may not be sufficient in addressing all challenges
nowadays. Even when a device is thermodynamically feasible, its manufacture, installation,
and maintenance might be quite difficult.

Based on Table 2.9, dry fluid ORC technology is matured and used in several waste
heat recovery power plants throughout the world. Commercialization is also made possible by
the lowest discounted payback period (Table 2.7). While there are no installation issues with
the dry ORC, there are less technical and maintenance issues. Because the CO> cycle is a less

developed technology, special attention must be paid during its maintenance and operation.
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TFC, which follows the CO; Rankine cycle and produces a good quantity of electricity, has to
be developed further for widespread application in industry. The biggest challenge for TFC is
the two-phase turbine's cleaning and operation because they operate at a lesser pressure than
CO; Rankine cycles. However, TFC is a safer alternative to CO2 Rankine cycle. OFC and
Kalina are sophisticated systems that are less developed and provide the least power. Hence,
they are typically not used in commercial settings. The development of appropriate separation
technology enables the use of OFC in particular locations. The CO2 Rankine cycle has the
longest payback and discounted payback periods, while dry ORC has the shortest. For safer
side in industry-level power generation, ORC technology will be the preferred choice in terms
of its versatility, discounted payback period, low source temperature, low cost and

sustainability.

Table 2.9. Various challenges associated with thermodynamic cycles

CO2
ORC (dry | ORC (wet Kalina
Issues Rankine OFC TFC
fluid) fluid) cycle
cycle
Difficult to | Difficult to For
Installation
fabricate fabricate complex
and No issue is Noissue | No issue
low- low- system
fabrication recognised | detected detected
pressure pressure extra care is
issue ) ] )
turbine. turbine. required.
Fully
Separator
developed
M hnol Full needs
aturity |technology, ully
Not Less some Less
(Developed) many developed )
developed | developed |attention to| developed
level systems are | technology
become
in
. mature
operation
Maintenanc High .
More inner | Two-phase
Less skilled | Less skilled | e is easy, | maintenanc
Maintenanc cleaning is | turbine
maintenanc | maintenance but e is needed
e issue . . needed for |  needs
e Required | Required | carefully due to . ‘
) its timely
handled | complexity

44




due to high | and more |component| proper
pressure | components s cleaning
' Pump exit | It is hard to 100%
Turbine More time
and locate vapor
blade requires for
compressor | recuperator’ | separation
erosion is | Carefully the
Technical inlet is s entry and is
due to the | consideratio developme
issue difficult to | exit due to | practically
droplet or | n of PPTD nt of two-
locate the mixture | difficult in
wet phase
. while fluid | of working the
evaporation ‘ . _ turbine
is flowing fluid separator
Extra care
Handling | Extra care
is needed to
issue due to | is required Large
On ground prevent the
. hazardous | due to high amount of
operation | No issue . leakage of No issue
working | compressor heat
issue ) ) working )
fluid discharge _ interaction
_ fluid
(ammonia) | pressure )
(ammonia)

For distributed 50 kW power production unit, various parameters of a solar-ORC and

solar P-V system were evaluated and the cycles are compared based on technical and financial

performance and tabulated in Table 2.10. The suggested method of independently altering the

solar field area and storage capacity was used to estimate key performance indicators such as

yearly energy production, capital utilization factor (CUF), LCOE, capital investment, and

energy wasted. With a CUF value of 0.56, the solar-ORC system produced a minimum value
of LCOE, i.e., 0.19 USD/kWh. The solar P-V system generates an LCOE of almost 0.26
USD/kWh for a comparable CUF value. Although the solar P-V system's minimum LCOE

value results in 0.12 USD/kWh, however, it does not account for energy storage, which results

in a much lower capacity factor. These findings pinpoint the fact that when power supply

stability is prioritized, s-ORC technology with thermal energy storage, which is typically

viewed as costly when compared to PV (usually without storage), can also be cost-effective.
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Table 2.10. Comparison of solar ORC and solar P-V system [117]

Solar ORC with thermal

energy storage

P-V solar system with battery

Case significance

Both cases have been compared on same amount of capital

utilization factor

Annual energy generated | 246 246.2

[MWh]

Capital investment [$/kW] 5884.6 6044

Capital utilization factor 0.56 0.56

Energy wasted [MWh] 21.8 (thermal) 155.4 (electrical)
LCOE [$/kWh] 0.19 0.26

Solar field [m?] 1029 1742

Storage hours [h] 9 3.6

2.4. Important Findings

In this research, six thermodynamic power cycles (ORC with dry fluid, ORC with wet

fluid, CO2 Rankine cycle, Kalina cycle, OFC and TFC) have been compared at the optimum

operating conditions for a given range of heat source and sink temperatures to identify the

suitable cycle for low-medium grade heat recovery. Various energy, exergy, economic,

environmental and technical parameters have been taken as objective functions for comparison.

From the study, the following major outcomes can be derived:

(1) For high heat source temperature, TFC shows better performance with an 18.84%

increase in net work at 160°C; however, at low heat source temperature, CO> cycle

has better performance with 29.91% more net work at 100°C.

(ii)

Thermal efficiency is maximum for ORC with wet fluid for the studied heat source

temperature range, with a maximum increase of 6.06% at 160°C, whereas TFC has

lower thermal efficiency.

(iii)

For the high heat source temperature range, TFC shows higher exergy efficiency with

11.5% at 160°C; however, in the low heat source temperature range, CO> has

maximum exergy efficiency with 18.59% at 60°C.

(iv)

Maximum profit is obtained using TFC for the studied source temperature range and

increases with increasing heat source temperature. TFC has a maximum profit
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increment of 16.16% at 160°C despite the total cost increased by 32.05% using ORC
with dry fluid.

(v) TFC and OFC save an equal amount of CO> emission with a maximum of
approximately 26% at higher heat source temperatures.

(vi) It has been confirmed that at a lower heat source temperature range, CO> cycle
performance is best. In this regard, if the condenser temperature is changed, then the
effect is more favourable if the condenser temperature is decreased by the same value
instead of increased. However, for higher heat source temperatures, TFC would give
the best performance.

(vil) Lowest discounted payback period and the highest matured technology make dry ORC
the first choice for large-scale commercialization purposes for power generation from
waste heat sources.

(viil)) When the solar P-V method is implemented for harnessing electricity from a given
range of heat source and sink temperatures, due to less LCOE and efficiency, ORC

will again be the first choice of consumers.

Overall, the CO2 cycle would be beneficial for a low heat source temperature range,
whereas TFC for medium grade heat source temperature range, by considering performance,
design, cost, operation, and environmental benefits. However, if the matured technology with
less technical issues is considered whose power output, efficiency, associated investment, profit
and carbon emission are in the acceptable range (neither less nor high), then both ORCs (Dry
ORC and wet ORC) will be preferred first to be used for the distributed method of power
generation. Further performance improvement can be seen if a suitable working fluid mixture
and cycle modification are used. If another method is considered for power generation apart
from the conventional solar P-V method, then ORC will still be the first preference. However,
in rural areas, the solar P-V method can be the better option for distributed power generation
due to the engagement of minimally trained technicians and combining the empowerment of

rural populations.
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Chapter 3: Organic Rankine Cycle Modifications

This chapter contains energy, exergy and economic analyses of two novel ejector-

enhanced organic Rankine cycles and a comparison with basic cycle.

3.1. Cycle Description

Components of reference (basic) organic Rankine cycle are the evaporator (vapour
generator), power-producing expansion device (e.g., turbine), condenser, pump and working
fluid. The type of working fluid may be dry, isentropic or wet fluid. Here, R123, R601a and
R1233zd(E) are considered as working fluids, which are dry fluids. Two novel ejector-
enhanced ORCs (EEORC), i.e., EEORC-1 and EEORC-2, along with basic ORC are analyzed
and optimized for the given heat source temperature. The superheated isopentane is then
allowed to expand in a turbine after being heated in an evaporator to a saturated vapour state 3
from the pressurized isopentane. At state 4, working fluid leaves the turbine and condenses into
the saturated liquid condition 1. The working fluid is heated using a counter-flow evaporator
from the pump outlet (state 2) to the saturated vapour state 3, passing via the saturated liquid
state 31. The net work is produced from states 3 to 4 of the turbine expansion. The presence of
an ejector enhances the turbine work output by lowering the turbine exit pressure.

Figure 3.1 and Figure 3.2 show the schematic layout and T-s diagram of EEORC-1,
respectively. In EEORC-1, the liquid working fluid is pumped (process 1-2) and enters into the
preheater section, then divides into primary and secondary streams at the inlet of the evaporator
section (saturated liquid state). Primary and secondary streams of the working fluid flow
through the ejector and turbine, respectively. The primary working fluid stream is bleeding
from the saturated liquid state of the evaporator (exit of preheater) and enters the nozzle section
of the ejector. The motive stream flows through the nozzle and gets high velocity at the nozzle
exit, which entrains the secondary stream. The secondary working fluid stream flows through
the evaporator and gets heated to the saturated vapor state by the heat source fluid (Therminol-
VP1 is used here). Then this fluid expands in the turbine and generates power. The secondary
stream from the exit of the turbine enters the constant cross-section of the nozzle and gets
mixed with the motive stream. This mixed stream then flows through the diffuser of the nozzle
to increase the condenser pressure by slowing down the velocity. The diffuser exit stream enters
the condenser, where heat is removed by cooling fluid (water). Then this stream is pumped to

the evaporator pressure where it gets preheated and the cycle continues.
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Figure 3.2. Temperature-entropy diagram of proposed EEORC-1
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Figure 3.3 and Figure 3.4 show the schematic layout and T-s diagram of EEORC-2,
respectively. The difference in EEORC-2 as compared to EEORC-1 is the presence of double
pumps, double evaporators and the exit state of the motive stream. In EEORC-2, the working
fluid at the condenser exit is divided into two streams. Pump-1 and pump-2 pump these two
streams to comparatively high pressure and low pressure, respectively. The primary stream
from pump-2 flows to the ejector through a low-pressure boiler (preheater + evaporator) and
the secondary stream from pump-1 gets heated through a high-pressure boiler (preheater +
evaporator) and expands in the turbine to generate power. Hot fluid (Therminol-VP1) enters
the high-pressure boiler and divides into two streams. These streams are further used to heat
the low-pressure boiler (preheater + evaporator) and high-pressure preheater and exit out to the
surrounding. The low-pressure’s primary stream is heated up to the saturated vapor state
through the low-pressure boiler and then enters the ejector’s nozzle section. The high-
pressure’s secondary stream is heated up to the saturated vapor state in the high-pressure boiler
and then enters the turbine for power generation. The rest of the phenomena in the ejector are
the same as those in the EEORC-1 ejector and then condense by cooling water, and the cycle

repeats.
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Figure 3.3. Schematic layout of proposed EEORC-2
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3.2. Modelling and Simulation
3.1.1. Mathematical Modelling

The required mathematical modelling for thermodynamic analysis and component
design is taken from Chapter 2 (Egs. 2.1 - 2.27). Other than the above, additional assumptions,
equations and correlations are mentioned below.

(1) Nozzle and diffuser have given isentropic efficiencies.

(i1))  Both the motive and the suction stream reach the same pressure at the inlet of the
constant area mixing section of the ejector. There is no mixing between the two
streams before the inlet of the constant area mixing section.

(111)  Similar to other components, ejector inlet and outlet velocities have been neglected.

(iv)  The cost of the ejector has been ignored because the cost of the ejector is much
lower than that of other equipment.

For the ejector, the nozzle exit velocity is given by:

Cnzout = \/ZOOO(hnz,in - hnz,out) (3.1)

Momentum and energy balances at constant area intermixing chamber of the ejector are given

by, respectively:
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The diffuser outlet of the ejector is calculated by the following equation:
Cd,in”
hgout = hqin + (20'00> (3.4)
The pressure lift ratio of the ejector is calculated as:
PLR = Feon (3.5)
Psecnz,in
The ejector irreversibility of the ejector is calculated as:
leje = Tamb (MweSconin — MwturSturout — MwfejeSejein) (3.6)
Now, the overall exergy balance is given by:
Exin = Whet + lpump T Ltur + levp + Lecon + leje (3.7)

3.1.2. Proposed economic models

To market and commercialize the new advanced technology (enhanced cycle)
developed in the field of the energy production sector, increased power generation, total cost
consumed and selling price are the main important parameters. The main aim of technological
advancement is to generate more power at the same previous resources (source temperature,
flow rate, etc.) used and to provide more hours of power availability at the same or cheaper
rates so that more population can get benefitted from more hours of power availability but at a
cheaper rate. To get the power (electricity) at a cheaper rate along with industry benefits using
proposed novel cycles, three economic models have been chosen and compared with reference
to basic ORC. Here, three different economic models (M1, M2 and M3) have been discussed
for the two cases. 1% case is when only old technology is there and for 2" case is when new
technology completely replaces the old technology. In order to provide cheap electricity at a
larger amount, the government may subsidize the total cost consumed on new technology and
research & development work [118].
Let's consider the simple linear power production and selling price function.

Cele = aii — b;iWhet (3.8)
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Where, constant a,b > 0 and Cee is the selling price of electricity and Whet is the power
production of old and new technology, respectively.
The subscript “ii” refers to the economic model M1, M2 and M3. The condition of economic
models is described below.
Economic model 1 (M1) is based on when the unit selling price of electricity is the same (real
word functioning criteria):

Ccasel _ (case2 (3.9)

ele ele

Economic model 2 (M2) is based on when the total hourly profit is the same:

Profittss! = Profitiase? (3.10)
Economic model 3 (M3) is based on when the unit profit is the same:

Profitt33e! = Profitsase? (3.11)
3.1.3. Simulation procedure

Based on the above mathematical models, a simulation code has been developed in

Engineering Equation Solver for the proposed EEORC systems. The code can predict the
performances of proposed systems for the given heat source, heat sink, ambient temperature
and component efficiencies. PPTD is defined effectively when designing the evaporator and
condenser. All physical and thermodynamic properties of considered fluids are calculated using
an in-built subroutine in software. Both proposed systems have been optimized for maximum
net work output. The heat exchanger area is calculated to determine the capital investment cost.
Proposed economic modelling is executed on the software to analyse the best thermodynamic
cycle suited to give more power but at cheaper rates to the consumer. Figure 3.5 represents the
flow chart of the whole simulation process.
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Figure 3.5. Flow chart of the simulation procedure for EEORC
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3.1.4. Model validation:

Table 3.1. Comparison of result obtained from reference with simulated values

Parameter Reference value Calculated value Error (%)
Pump work 2.50 W [38] 251W 0.4
Turbine work 60.20 W [119] 63.58 W 5.61
Turbine work 64.48 W [38] 63.22 W 1.95
Thermal efficiency 2.59% [38] 2.59% 0

Ideal Rankine efficiency | 7.93% [38] 7.87% 0.75
Evaporator area 0.60 m? [119] 0.62 m? 3.3
Condenser area 0.80 m? [119] 0.85 m? 6.3

As the proposed cycle is new, the basic ORC is validated only to check the accuracy.
Under similar operating conditions to Farrokhi et al. [38] and Liu et al. [119], the simulation is
performed and compared with the reference values, which are given in Table 3.1.
Thermodynamic simulation achieves a good result with acceptable error for Farrokhi et al. [38].
The area of the evaporator and condenser also shows a good result with a maximum error of
6.4% despite the correlation used [119]. These results are obtained from current simulation
analyses and reference experimental analyses with very small and accepted deviation caused

by instrument calibration error and real-ideal phenomena differences.

3.3. Results and Discussion

Working fluid properties of novel modification of ORC are shown in Table 3.2.
Table 3.2. Selection of working fluids [120]

o Norma|
. Critical Triple ASHRA GWP
~|Critical | )
] | Alternative Pressur |  |point E OD (100
Working Fluid temperatur boilin
name e _ |temperatur |Safety [P years
e [°C] (MPa] g point (K] )
a e rou
C] group
5 R601a
(Isopentan [187.2 3.37 27.85 |112.65 A3 0 |5
Methylbutane )
e
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2,2-Dichloro-
1,1,1-
Trifluoroethan

R123 183.7 3.66 27.78 |166 Bl 0.02]79

e

Trans-1-
Chloro-3,3,3- |R1233zd(E

trifluoroprope |)

165.6 3.57 18.32 |195.15 Al 0 4.5

ne

Input parameters of novel studied EEORCs are given in Table 3.3. Cold source and
condenser temperature is selected based on specific location ambient temperature. For this
simulation, latitude 25.42° N and longitude 82.97° E Varanasi, India, are selected. The hot fluid
mass flow rate is selected in such a way as to justify the work output. Other parameters are
taken from the reference. The selection of working fluid is based on critical temperature,
pressure and environmental effect. Desired critical temperature range is 150-200 °C for a wide
temperature range of working. Working fluid should have lower ozone depletion potential and

global warming potential and meet with the standard ASHARAE safety groups.

Table 3.3. Input parameters for Basic and EEORCs

Input Parameter Unit Modified ORC
Source inlet temperature °C 70

Cold source inlet temperature (Water) °C 25

Condenser Temperature °C 35

Ambient Temperature °C 30

Hot Fluid mass flow rate (Therminol VP1) | kg/s 100

PPTDevp °C 5 [114]
PPTDcon °C 5 [114]

Pump Efficiency - 0.7 [115]
Turbine Efficiency - 0.85 [116]
Motive nozzle Efficiency - 0.9 [121,122]
Mixing Efficiency - 0.9[121,122]
Diffuser Efficiency - 0.85[121,122]
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Turbine exit velocity m/s 0
Annual working hour h 7000
Annual Interest rate - 10%
Width and Length of PHE mm, cm 5,15
Diameter and height of tank cm, cm 30, 70

Performance comparison is presented in Table 3.4 for studied mean input parameters
(Table 3.3) for different power cycles and working fluids. For the comparative analysis of basic
and advanced cycles for the different working fluids, the low-grade WHT of 70 °C is chosen.
All cycles are optimized for maximum net work output. Ejector-enhanced cycles exact more
heat from a given heat source and yield more net work but lower thermal efficiency due to
lower optimum evaporator pressure. Basic cycle and EEORC-2 show almost equal maximum
net work output for all working fluids, but EEORC-1 shows different value with different
working fluid and a maximum for R123 working fluid. Thermal and exergy efficiencies are
cycle-dependent and thus show very less variation on working fluid. The mass flow rates of
the working fluid and cold fluid, entrainment ratio and pressure lift ratio are obtained in order
to maximize net work output. The total cost invested in EEORC-1 is the maximum due to the
highest irreversibility and evaporator area. At 70 °C source temperature, yearly profit is
maximum for the basic cycle, but at a higher source temperature, either EEORC-1 or EEORC-
2 may give a better result. The amount of CO; saving is maximum for EEORC-1 due to
maximum irreversibility and heat input required and so converting of CO> saved amount in

monetary value gives maximum total profit with CO..

Table 3.4. Comparison of different cycles and working fluids at WHT =70 °C

Parameter | Basic | Basic | Basic EEO |EEO |EEOR |EEO |EEO | EEOR
ORC |ORC |ORC RC1 |[RC1|C1 RC2 |[RC2 |C2
(R601 | (R12 | (R1233 | (R60 | (R12 | (R1233 | (R60 | (R12 | (R1233
a) 3) zd(E)) | 1la) 3) zd(E)) | 1a) 3) zd(E))
Net work | 103.6 | 103.8 | 103.6 118.3 | 122.2 | 114.4 | 107.4 | 107.8 | 107.2

output

[kwW]
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Thermal
efficiency
(%)

3.76

3.80

3.77

2.07

2.13

2.00

2.72

2.73

2.73

Exergy
efficiency
(%)

39.69

40.04

39.76

30.08

31.03

29.05

32.28

32.45

32.40

Working
fluid mass

flow rate
[ka/s]

7.66

15.47

14.00

88.91

198.7

168.54

11.09

22.55

20.11

Coolant
mass flow
rate [kg/s]

123.3

123.9

124.7

267.3

268.1

268.5

178.6

180.5

179.1

Entrainme

nt ratio

NA

NA

NA

0.086

0.077

0.086

1.880

1.850

1.690

Pressure

lift ratio

NA

NA

NA

1.169

1.205

1.168

1.021

1.023

1.026

Total
irreversibil
ity [kW]

157.4

155.5

156.9

275.1

271.5

279.4

225.3

224.3

223.6

Evaporator

area [m?]

29.13

30.14

30.56

346

506.9

657.6

66.16

90.83

87.66

Condenser

area [m?]

25.31

24.72

24.78

36.32

36.73

36.98

78.98

79.66

79.93

Total cost
invested
[Thousand
$]

183.1

183.0

184.68

308.2

340.2

366.67

213.1

219.3

220.17

Total cost
consumed
[$/h]

3.26

3.26

3.29

5.48

6.05

6.52

3.79

3.90

3.92
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Total cost | 13.67 | 13.70 | 13.67 15.62 | 16.13 | 15.1 14.18 | 14.22 | 14.15
earned
[$/h]
Profit [$/h] | 10.42 | 10.45 | 10.39 10.14 | 10.08 | 8.59 10.38 | 10.32 | 10.23
Profit 7292 | 73.14 | 72.71 70.96 | 70.53 | 60.03 72.69 | 72.26 | 71.61
[Thousand
$lyear]

CO2 6760 | 6710 | 6750 1400 | 1410 | 1410 9710 | 9700 | 9640
Saving

[ton/year]
Profit with | 20.08 | 20.03 | 20.02 30.15 | 30.16 | 28.66 | 24.25 | 24.18 | 24.00
CO2 [$/h]

Figure 3.6 represents the effect of waste heat inlet temperature variation on net work
output. Net work output depends upon the difference of enthalpy difference of the turbine work
and pump work for the same mass flow rate. Net work output is maximum for EEORC-1 due
to the use of an ejector in a particular configuration system. In this configuration PLR and
working fluid mass flow rate gives maximum value. In EEORC-1, the turbine’s exit pressure
will be lower and the secondary fluid mass flow rate will be higher. These parameters
cumulatively maximize the net work output of EEORC-1. Net work output increases with
increasing the waste heat inlet temperature because the amount of heat added to the evaporator
is high and so higher the working fluid enthalpy at the turbine inlet (evaporator exit). Higher
turbine inlet enthalpy is the main dominating factor to increase in net work output. EEORC-1
gives maximum net work output for the temperature range of 60-180 °C. At the lower
temperature range of 60-150 °C, R123 and at the higher temperature range of 155-180 °C,
R1233zd(E) has the highest net work output among the studied working fluids for EEORC-1.
At 151-154 °C, all working fluids of EEORC-1 show almost equal net work output.
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Figure 3.6. Effect of waste heat inlet temperature variation on net work output

Figure 3.7 represents the effect of the variation of waste heat inlet temperature on the
ejector exit pressure. Figure 3.7 shows that ejector exit pressure first decreases to the minimum
level and then increases. The value of ejector exit pressure depends on the optimized ejector
exit pressure condition to maximize the net work of each ejector enhanced cycle at each
temperature point to exist the cycles. The lower value of the ejector exit pressure helps to
increase the net work output. In Figure 3.7, EEORC-1 has a lesser value of ejector exit pressure
in comparison to EEORC-2 for the same working fluid in the temperature range of 60-180°C.
Among all working fluids, R123-based EEORC-1 has a minimum ejector exit pressure value
at each source temperature. The ejector pressure value cannot go below at higher temperatures
because of thermodynamic constraints derived from the simulation method used to maximize
the net work output. Thermodynamic constraints are primary and secondary mass flow rate

values and temperature difference between hot source fluid exit and pump exit.

61



210 —2—EEORC-1 (R601a) EEORC-2 (R601a)
EEORC-1 (R123) EEORC-2 (R123)
190 EEORC-1 (R1233zd(E)) EEORC-2 (R1233zd(E))
=
g
o 170
2
8
& 150
S
&
= 130
110 W
30

60 70 80 90 100 110 120 130 140 150 160 170 180
Waste Heat Inlet Temperature [°C]

Figure 3.7. Effect on ejector pressure with the variation of waste heat inlet temperature

The Y-axis of Figure 3.8 represents the percentage increase of net work output on
ejector-enhanced cycles (both EEORC-1 and EEORC-2) when compared with the basic ORC
of the same working fluids. In Figure 3.8, the effect is shown for the percentage increase of net
work output on the variation of waste heat inlet temperature. EEORC-1 has the greater and
EEORC-2 has the lesser increase in net work output with downward concavity and linearly
decreasing respectively with temperature increment. This is because the organic working fluid
property is generally suitable for low-range temperature application and thus, irrespective of
the cycles, at lower temperature range, organic working fluid shows promising results. On
increasing heat source temperature, net work output value ratio of ejector-enhanced cycles
(both EEORC-1 and EEORC-2) and the basic cycle will be decreasing because there is a
limitation up to which turbine exit pressure can be lowered and so no significant increase in

net work output of ejector-enhanced cycles.
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Figure 3.8. Improvement of net work output with waste heat inlet temperature

Figure 3.9 represents the effect on thermal efficiency with waste heat inlet temperature.
For all temperature ranges, the thermal efficiency is maximum for basic ORC and least for
EEORC-1. The basic cycle has maximum thermal efficiency than the studied ejector-enhanced
cycles because less heat input is required at the same heat source temperature. Despite the
lowest value of net work output of basic ORC, the cumulative effect of net work output and
heat input maximizes the thermal efficiency of basic ORC. The amount of heat input plays a
major role in the net work output. R123-based cycles have higher thermal efficiency because
of increased net work output and so the basic ORC with R123 has the highest thermal efficiency
for all temperature ranges. Due to the highest cycle temperature of EEORC-1, among others,

it requires the highest heat input and so minimizes the cycle thermal efficiency.
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Figure 3.9. Effect on thermal efficiency with waste heat inlet temperature

Figure 3.10(a) and Figure 3.10(b) represent the effect on the entrainment ratio and
pressure lift ratio with the variation of WHT, respectively. For all heat source temperature
ranges, EEORC-1 has a lower entrainment ratio and higher-pressure lift ratio. The simulated
value of the entrainment ratio and PLR is obtained from the maximum net work output
condition. The R123-based cycle has the lowest entrainment ratio and highest PLR in its
domain at a higher temperature range (greater than 140 °C) because of the fluid property. The
lowest entrainment ratio and highest PLR are desirable for maximum net work output condition
because of maximum enthalpy drop in the turbine due to more lowering of the turbine exit

pressure.
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Figure 3.10. (a) Effect on entrainment ratio by variation of WHT, (b) Effect of PLR by the
variation of WHT for different cycles

Figure 3.11 represents the effect on irreversibility at 70 °C for different components of
various cycles and working fluids. This temperature is chosen for analysis purposes keeping in
mind that the maximum % increase in net work output is at 70-85 °C temperature range and a
comparative study is shown in Table 3.4 at 70 °C. Both ejector-enhanced cycles have higher
irreversibility than basic due to higher evaporator pressure, ejector pressor and other
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components along with the ejector, which ultimately results in higher component irreversibility
for maximum net work output. The presence of an extra component (ejector) will surely
contribute to an increase in total irreversibility for EEORC. At a higher temperature range, each
cycle's corresponding component irreversibility value will be lowered. Irreversibility of the
evaporator and condenser becomes higher for another ejector-enhanced cycle due to handling
more heat and thus the heat exchanger size increases. EEORC-1 with R1233zd(E) has the
highest irreversibility and basic ORC with R123 has the lowest irreversibility at the heat source
temperature of 70 °C.
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Figure 3.11. Irreversibility value of different cycle components at 70 °C

Figure 3.12 shows the variation of exergy efficiency along with waste heat inlet
temperature. Exergy efficiency increases rapidly at the heat source temperature range of 60-90
°C because of the organic working fluid property. Basic ORC has higher exergy efficiency than
studied ejector-enhanced cycles due to a large amount of input heat required (deduced by
parametric optimization) at the same heat source temperature and thus exergy input will also
increase. With the increase in heat source temperature net work output and exergy inlet will
also increase and cumulatively decides how much exergy efficiency would increase. The
exergy efficiency of basic and EEORC is significant at low WHT and further merges at higher
WHT because of more and further less percentage increase in exergy. Basic ORC has the
highest exergy efficiency and is not dependent upon working fluid used at a lower temperature

range.
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Figure 3.12. Effect on exergy efficiency with WHT for different cycles

Figure 3.13 represents the variation in size parameter with WHT. Size parameter of
R123 working fluid-based cycles is the largest because of the cumulative effect of fluid
property, lesser turbine isentropic enthalpy difference and higher turbine exit volume flow rate
and fluid flowing through the turbine to produce maximum net work output from the shaft.
From Figure 3.13, it can be concluded that the turbine size parameter is more dependent on the
types of working fluid used rather than the types of cycles. The size parameter for all cases
increases with increasing the WHT. The turbine size parameter directly affects the turbine cost

and hence total cost consumed is the maximum for R123-based thermodynamic cycles.
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Figure 3.13. Effect on size parameter of turbine with WHT for different cycles

Figure 3.14 represents the variation in the total heat exchanger area (combined
evaporator area and condenser area) with WHT. The total heat exchanger area increases with
WHT. The significant deviation in the heat exchanger area at a higher heat source temperature
range is due to the handling of more heat interaction in the evaporator and condenser to achieve
the minimum log mean temperature difference value to maximize the net work output. This
higher heat exchanger area value may bring down by appropriate judging the selling price of
net work output value and capital investment in the heat exchanger. A larger area heat
exchanger costs higher capital investment. EEORC-1 has a larger area because this cycle
produces maximum power and so a larger heat input value requires at optimum pressure and
lowest log mean temperature difference condition. Basic ORC has a lower area value because
of less power production and simple thermodynamic heat exchanger design. The total heat
exchanger area for EEORC-1 and EEORC-2 is dominated by the evaporator and condenser

areas, respectively.
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Figure 3.14. Effect on total evaporator and condenser areas with WHT for different cycles

Figure 3.15 represents the total cost consumed by different cycles for individual cycle
components at 70 °C. The total cost is the sum of the capital investment, running cost and
maintenance cost calculated (Table 3.4) per hour basis. As expected, the basic cycle has the
lowest and EEORC-1 has the largest total cost rate due to the cost associated with the heat
exchanger area and turbine size. Pump cost is significant in EEORC-1 due to more handling of
working fluid mass. EEORC-1 with R1233zd(E) has the highest value due to maximum
evaporator pressure and area, so the evaporator cost rate increases significantly. The available
correlation [103,104] used to determine the turbine cost is for general-purpose international
standards and the author feels that there is a need for some modified turbine cost correlation

specially designed for waste heat recovery application for better prediction of turbine cost
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which will be locally manufactured.
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Figure 3.15. Value comparison on components cost rate of different cycles at 70 °C

Figure 3.16(a) represents the per-hour profit and per-unit selling price of three new
different proposed economic models with the variation of WHT. Figure 3.16(b) represents the
total annual profit for each power cycle and working fluid combination. In the figure, results
show when old technology is completely replaced by new technology, then which economic
model should follow so that both consumer and producer get the benefit? With the new
technology, power plant production capacity will increase at the same WHT, which results in
more availability (generation) of electric power. In developing countries, there is a scarcity of
power due to the economy, technology and population. So, for fast development, such
technology is required which can produce power at a cheaper rate with the support of the
government so that more population can get benefitted from more hours of power availability
but at a cheaper rate. In the current period, electricity is being sold to a consumer (country
citizen) and per unit electricity price may be increased or decreased depending upon the
government/industry price standard. Advancement in technology plays no role in per-unit
electricity price fluctuation. Figure 3.16(a) represents the result for economic model-1 (M1)
when per unit electricity selling price (SP) is the same, economic model-2 (M2) when total
profit (TP) is the same, economic model-3 (M3) when unit profit (UP) is same and compare

these results with the old technology having an existing economic model. In economic model

70



M1, the total profit rate is enhanced and maximum among other economic models at higher
WHT (120-180 °C), by keeping the selling price constant with respect to the model followed
by old technology. In this model, manufacturers enjoy gaining more profit, but the consumer
will only get more hours of daily power availability at the same cost. In economic model M2,
the total profit rate is constant but the selling price decreases with respect to the old technology
economic model, so this model is favorable for the consumer as they get more hours of power
availability at a cheaper rate and manufacturer's total profit remains the same. This model can
be implemented by government power plants for the welfare of its citizen, especially those
situated in rural areas. In economic model M3, the total profit rate is increased and the selling
price decreases at a higher WHT range (95-180 °C). This model is not suitable for the lower
WHT range, i.e., 60-95 °C, because of its higher value of selling price than the old technology.
Figure 3.16(b) Variation on annual Net Profit with WHT for different cycles and working fluids
when only existing (old) economic model is considered, among which EEORC-1 gives better
results than EEORC-2. This graph serves the purpose of showing the variation in annual profit
for different cycles and fluids for the old existing economic model. EEORC-1 gives maximum
profit at the WHT range of 85-110 °C with a maximum of 7.32 % increment in profit by
EEORC-1 (R123) at 90 °C.
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Figure 3.16. (a) Variation on total profit and selling price of EEORC-1 (R123) with WHT, (b)
Variation on net annual profit with WHT for different cycles and working fluids

Figure 3.17 represents the amount of yearly CO> saving with the variation of WHT for
different cycles. When power is produced from conventional coal-fired plants and then from
boiler exhaust, a large amount of CO> emits, but when the same amount of power can be
extracted from the waste heat source and at zero CO; emission, this is called CO; saving. There

are many national and international agencies that encourage industries to emit as low as
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possible CO» and they support and encourage in terms of the monetary value of carbon credit
gained. The amount of CO; saved converted into monetary value further adds profit to the
industry. EEORC-1 saves the maximum amount of CO; and then EEORC-2 and basic ORC at
all WHT ranges and thus add extra yearly profit.
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Figure 3.17. Variation of CO> saved with WHT for different cycles and working fluids

3.4. Important Findings
Two new ORC modification (EEORCs) are proposed and compared their 4E

performances with the basic ORC for maximum net work output condition. Three economic

models are chosen and used for the profit comparison of proposed cycles with the basic cycle
for more power availability at a cheaper rate. By analysing the simulation results, the following
conclusions are made.

(1) EEORC-1 with R123 gives maximum value for net work (122.2 kW), whereas basic
ORC with R123 gives maximum thermal efficiency (3.8%), exergy efficiency (40.0%)
and yearly profit (73143 $/year) at 70°C WHT.

(i1))  For the studied heat source temperature range and working fluids, EEORC-1 yields
maximum net work output with R123 for a lower temperature range (60-150 °C) and
with R1233zd(E) for a higher temperature range (155-180°C).

(ii1)  Thermal and exergy efficiencies increase with WHT and are maximum for basic ORC

with all studied working fluids for the whole studied range of WHT.
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(iv)

™)

(vi)

The heat exchanger size of EEORC is higher, whereas the size parameter is fluid-
dependent (higher for all cycles with R123) for all WHT ranges and thus, the turbine
cost increases significantly with cycle advancement.

If economic model M1 is considered, then basic ORC with R123 will provide the
highest yearly profit. Economic model M2 is the best when the industry gets subsidized
by the government for new technology installation and in the reverse industry has to
provide power at a lower selling price. The industry enjoys a 7.32% increase in profit
with M2 model (compared with M1) when EEORC-1 (R123) is running at 90 °C WHT
(some economic models are not feasible at 70 °C).

The EEORC-1 cycle saves the maximum amount of CO: emission, which will
significantly reduce global warming. Also, CO> emission savings can be monetized in
terms of carbon credit given by different international and governmental agencies,

which can further benefit the power plant industry.

Overall, it can be concluded from this study that EEORC-1 is the best thermodynamic

cycle among studied cycles as it produces maximum net power output with R123 and saves the

maximum amount of CO2 emission. The economic model M2 is the most suitable (among M1,

M2 and M3), where both the industry and consumer get benefitted.
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Chapter 4: Experimental Investigation

4.1. [Experimentation
4.1.1. Setup Description

The experimental setup for the ORC system comprises three distinct and interconnected
loops: the top hot fluid loop, the middle working fluid loop, and the bottom cold fluid loop,
each serving to transfer, convert, and reject heat, respectively. The layout of an experimental
setup for the organic Rankine cycle is shown in Figure 4.1. In the top hot fluid loop, a heat
source supplies thermal energy to the evaporator, achieved using a 3-phase heater system with
a temperature controller to simulate waste heat at a specific temperature grade. An RTD
provides accurate temperature readings, ensuring a consistent heat supply to the system.
Downstream of a gear pump, a pressure sensor monitors fluid pressure to maintain heat transfer
efficiency and safety, while an electromagnetic mass flow meter measures the mass flow rate,
regulating energy delivery to the system. The middle working fluid loop is the core of the ORC
system, incorporating the evaporator, expander, condenser, and pump. A brazed plate heat
exchanger functions as the evaporator, while a modified scroll compressor, adapted into a scroll
expander, facilitates energy extraction. An in-house fabricated fin-type forced-air condenser
handles condensation through forced convection, and a diaphragm pump enables leak-proof,
fire-resistant fluid handling to prevent incidents caused by pressure surges. A high-pressure
storage tank is designed to safely contain working fluid when the system is idle, preventing
leaks and accommodating pressure variations. A critical component, the separator, is placed
after the evaporator to divide the vapor and liquid phases of the working fluid, as fluctuations
in heating load may result in mixed-phase output from the evaporator. The vaporized fluid
proceeds through the scroll expander, where pressure energy is converted into mechanical
work, driving a pulley that can connect to an alternator for electricity generation. This loop
includes RTDs to track temperature changes at key points evaporator, expander outlet, and
condenser while pressure sensors at the evaporator inlet, expander inlet and outlet, and
condenser inlet monitor the pressure conditions, crucial for phase changes and cycle efficiency.
A mass flow meter ensures precise measurement of the working fluid's flow rate, vital for

balanced thermodynamic operation and consistent power output.
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Figure 4.1. Layout of the experimental setup for the Organic Rankine Cycle

Heat is removed from the condenser in the bottom cold fluid (air) loop to achieve the
necessary low-temperature conditions for effective condensation. Fan monitors temperatures
before and after the condenser, ensuring sufficient heat removal, while a pressure sensor at the
cooling fluid outlet provides data for flow regulation to prevent backpressure. Additionally, an
air flow meter measures the cold fluid’s rate, which is critical for maintaining temperature
stability and adequate heat absorption.
4.1.1.1. Fabrication and modification of Equipment’s

The fabrication of the vertical separator, as shown in Figure 4.2(a), is designed to
efficiently separate liquid and vapor phases using gravity and a demister pad, having 4-inch
diameter and 14-inch total height. The separator body is constructed from SS 314, a stainless-
steel material known for its corrosion resistance and durability in high-temperature and high-
pressure environments, making it suitable for the organic Rankine cycle. The separator consists
of three ports. The top port functions as the vapor outlet, allowing separated vapor to exit the
system. The middle port is the inlet for the vapor-liquid mixture, positioned so that the

incoming flow can enter and begin the separation process. The bottom port serves as the liquid
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outlet, enabling the denser liquid phase to drain out after separation. The demister pad,
positioned between the two halves of the vertical separator, is constructed from fine chicken
mesh wire of 4-inch diameter and 2.5-inch height. This mesh acts as a filter, capturing any
remaining liquid droplets in the vapor flow. When the vapor-liquid mixture enters the separator
through the middle port, the liquid droplets are trapped by the mesh, while gravity pulls the
denser liquid down to the bottom. This demister pad, secured with a metal cross-bracket,
enhances the separation efficiency by ensuring that only vapor exits from the top port. The
fabrication process involves first shaping and welding the stainless steel components to form a
robust vertical cylinder with three distinct ports. After the cylinder body is formed, the demister
pad is installed by placing it centrally between the top and bottom sections, ensuring a secure
fit to handle the pressure and flow of the incoming mixture. The sections are then bolted
together, compressing the demister pad and creating a gasket seal that prevents leakage. This
separator setup allows gravity and the demister pad to work in tandem, ensuring effective
separation of liquid and vapor phases, which is essential for maintaining system efficiency in

the ORC experimental setup.

(a) Vertical Separator

4
, Vapour Outlet A

A

Scroll Inner Housing

2

Mixture of
| Vapour+Liquid
Intlet

Liquid Outlet

Figure 4.2. (a) Fabrication of the vertical separator and (b) modification of the scroll
compressor to expander

Demister Pad

To convert a scroll compressor into a scroll expander suitable for applications in an

ORC system, several key modifications are required as shown in Figure 4.2(b). After

77



conducting a series of trial runs on multiple scroll compressors, the authors identified the
Mitsubishi-manufactured scroll compressor from the Tata Safari automobile as the most
suitable choice for the application. This selection was based on its ability to handle the required
volume 90 cm?, its permissible operating speed range of 1200—-1600 RPM, leak-proof design,
and ease of installation, which uses R134a refrigerant and polyalkylene glycol (PAG) lubricant
oil in the vehicle. Modification process allows the scroll compressor to operate in reverse,
expanding a high-pressure, high-temperature working fluid into a low-pressure state while
generating mechanical power. The modification begins by carefully disassembling the scroll
compressor to access the internal components. This step includes separating the outer casing,
removing the scroll sets, and exposing the ports. Careful documentation of the original
configuration can be helpful if any reassembly guidance is needed. Once disassembled, the
next step is to reverse the inlet and outlet ports. Typically, a scroll compressor has an inlet and
an outlet port arranged for compressing gases. For use as an expander, these ports need to be
reversed: the original compressor inlet becomes the outlet for the low-pressure expanded fluid,
while the original compressor outlet serves as the new high-pressure inlet. In addition to
reversing the ports, it is necessary to remove the one-way (check) valve commonly found at
the compressor outlet. This valve is designed to prevent reverse flow, but in the expander
configuration, it would restrict the fluid’s movement, which is now intended to flow in the
opposite direction. By removing this valve, the modified expander allows unrestricted fluid
flow from the high-pressure inlet to the low-pressure outlet. Once the primary modifications
are complete, inspect the seals and bearings to ensure they are capable of withstanding the
reversed flow direction as well as any increase in temperature or pressure associated with ORC
applications. In some cases, it may be necessary to upgrade these components to handle the
higher temperature and pressure of ORC working fluids, which can be different from those
used in conventional refrigeration systems. After all necessary modifications, reassemble the
scroll expander, ensuring that each component is correctly positioned and securely fastened.
Applying suitable lubricants or oils for high-temperature and high-pressure environments is
advisable, as ORC systems often operate with different fluids. Before full-scale deployment,
the modified scroll expander should be tested under controlled conditions to confirm proper
function. During this testing phase, check for any leaks, unusual sounds, or excessive vibration
that could indicate issues with the modifications. If mechanical work extraction is intended, it
may be beneficial to install a pulley or coupling mechanism on the expander. This setup allows
the mechanical energy produced by the expansion process to drive a generator, thereby

converting thermal energy into electrical power.
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The three-phase heating system depicted in Figure 4.3(a) is designed for heating oil
within a storage tank, using a setup that includes dual heaters, a stirrer, and variac controllers
for load adjustment. Two 5-5 kW heaters are mounted on the lid of the hot oil storage tank,
providing a combined heating capacity to raise the temperature of the oil efficiently. Each
heater is connected to a separate 5 kW variac, allowing precise control over the input power
and heat load supplied to the heaters. The use of a three-phase system is advantageous as it
helps to distribute the electrical load, reducing the current in each phase and thus making the
system more efficient and safer for high-power applications. Additionally, a stirrer is installed
within the tank to ensure uniform mixing of the oil, promoting even temperature distribution
throughout the tank and preventing hot spots. This constant stirring action enhances the heating
process and ensures that the entire volume of oil reaches the desired temperature evenly. The
variacs with voltage indicators allow the operator to monitor and adjust the voltage supplied to
each heater independently, providing granular control over the heating intensity. A clamp meter
is used to measure the current. This combination of voltage and current provides the input heat
load of the heating system. This setup is crucial for applications requiring precise thermal
management and is commonly used in systems where consistent, high-temperature oil is

needed as a heat transfer medium.

(b) Pressurlzed storage tank for working fluid

(a) Heatmg load and control unit with oil tank

sensor and

o -"'-= Pressure
/’ ‘

Pressurized SS Storage
tank for working fluid

Figure 4.3. (a) Fabrication of the heating load and control unit with oil tank, (b) Pressurized
storage tank for working fluid
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The fabricated pressurized storage tank shown in Figure 4.3(b) is constructed from SS
314 stainless steel, designed to safely store and manage the working fluid used in the system,
having 10-inch diameter and 35-inch height. The tank is equipped with three ports to facilitate
the entry and exit of the circulating working fluid and to allow for the initial charging of the
fluid. Each port is carefully fabricated with appropriate valves, ensuring a leak-proof design
that maintains the pressurized conditions within the tank. Additionally, a pressure monitoring
setup is included, with a dial gauge prominently mounted on the top for easy visibility. This
dial gauge provides real-time feedback on the internal pressure levels, ensuring safe operating
conditions. This robust construction ensures that the tank can handle high-pressure demands
and maintain the integrity of the working fluid circulation within the system.

Other than fabricated components, ORC’s main components description and technical
details are tabulated in Table 4.1 for clear understanding. Table 4.1 contains the type, make,

model and dimensions, along with the cost of the components.

Table 4.1. ORC component description and technical details

Compone | Type Make Model Size and Cost Applicatio
nt Capacity (USD) n
Evaporator | Brazed Alfa Laval | CB40 Heat transfer | 249.14 | Evaporatio
area: 1 m?, n of
Number of working
plates: 40 fluid
Capacity:
13.7 kw
Expander | Scroll Mitsubishi | SDR 2.2L | Volume flow | 973.81 | Modified
heavy VX4X2 | rate: 90 cm’ to serves
industries, as turbine
Purpose: C to generate
ompressor electricity
of Tata by pulley
Safari rotation
Storme
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Condenser | Forced air | Gireesh Heat transfer | 207.14 | To
fin type Condenser | - area: 1.7 m? condense
S the
working
fluid to
liquid state
Pump Hydraulic | Grosvenor | GP-Z-C Head: 10 | 1136.25 | To pump
diaphragm kg/cm? the
pump with Capacity: working
rupture 1000 LPH fluid to the
detection evaporator
Gear pump | Dhara DP-40 Head: 1]1261.01 |To pump
kg/cm? the hot oil
Capacity: to the
1500 LPH evaporator

4.1.1.2. Instruments and Sensors
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Figure 4.4. Installation of instruments and sensors to ORC setup
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The instrumentation setup for the ORC experiment includes a variety of sensors and data
acquisition tools that are critical for accurate measurement and data logging, as shown in Figure
4.4. An NI DAQ Chassis (National Instruments Data Acquisition System) with modules for
RTD (Resistance Temperature Detector) and current measurement serves as the core for data
collection. This DAQ system allows for real-time monitoring and logging of various
parameters in the ORC system. The RTD sensors are used to accurately measure temperatures
at different points in the system, providing crucial data for evaluating heat transfer efficiency
and thermodynamic performance. A pressure transducer is installed to measure the pressure at
key points, ensuring that the pressure levels are within safe operational limits and aiding in the
calculation of energy transformations within the cycle. A Coriolis mass flow meter is employed
for flow measurement. This sensor provides precise mass flow rate data, which is essential for
balancing the thermodynamic equations and for the efficiency analysis of the ORC system. An
electromagnetic sensor with a totalizer is used to measure the cumulative flow of the hot oil
fluid, providing additional insights into fluid dynamics over time. Additionally, a temperature
indicator is used to display temperature readings from the thermocouples placed at the entry
and exit of the forced air condenser system, giving immediate feedback for on-site monitoring
and adjustments. These instruments collectively enable accurate and comprehensive data
collection, allowing for detailed performance analysis and optimization of the ORC system.
Table 4.2 shows the typical range and associated accuracies of the instruments used for
data reduction from the ORC setup. This information is useful for analyzing the sensor's

placement and accuracy in measuring the data.

Table 4.2. ORC sensors description, along with technical details

Sensor Type Make Working Accuracy Position
Range
Pressure Piezoelectric Gem 0-5 bar, 0-10 | £0.25% of | P1, P2, Ps,
Transducer Type bar (2 nos), | the reading | P4and Ps
0-15 bar and
0-25 bar
Temperature RTD Airex 0-850°C +0.2°C T1, T2, T3,
Transducer T4, Ts, Te
and T
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J-type Thermonic | 0—750°C +1.5°C  or | Ts, To and
+0.75% of | Tio
the reading
Mass  Flow | Coriolis Shanghai 0-50 kg/min | £0.29-2.5% | Working
Meter Yinou- of reading fluid side
LZYN (mwr)
Volume Flow | Electromagnetic | Ztech 25-160 Ipm | £1.5%  of | Hot oil side
Meter reading (Vo)
Data - National - +0.05% of | Computer
Acquisition Instrument the reading
System
(DAQ)
Voltage and | Clamp Unity 0-750V; 0- | £1% for | Oil Tank
Current Meter 1000A current, with Heater
+1% for
voltage
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4.1.1.3. Assembly of different equipment in the setup
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Figure 4.5. Lab-scale ORC experimental setup

The ORC experimental setup shown in Figure 4.5 consists of various components and
systems assembled to enable the generation of power from low-grade thermal energy sources.
The main components include a hot oil storage tank, scroll expander, working fluid storage
tank, evaporator, condenser, pumps, meters, and control systems. This setup is designed to test
and analyze the ORC’s performance in converting thermal energy into mechanical or electrical
energy. The fabrication of this ORC setup starts with building a sturdy foundation using a garter
frame, typically made from steel and welded together to provide stability during operation.
Moving wheels are attached to the frame base for portability, allowing the setup to be easily
relocated within the laboratory or workshop. Several key components, including the hot oil
storage tank, are fabricated from stainless steel (SS 314) to ensure durability and resistance to
high temperatures. This storage tank is designed to store and supply thermal oil to heat the
working fluid in the system. Stainless steel (SS 314) connection pipes are used to link different

components, chosen for their corrosion resistance and ability to handle high temperatures. The
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evaporator, designed to vaporize the working fluid by transferring heat, and the separator,
which removes residual liquid from the vapor, are fabricated using SS 314 materials that can
withstand high temperatures. Critical components such as the connection pipes and evaporator
are wrapped with insulation glass wool to minimize heat loss, thereby improving the efficiency
of the ORC system. The assembly process involves setting up a pump and flow control system,
heat exchange and vaporization system, expansion and condensation system, and a control
panel. The setup includes a gear pump and diaphragm pump; the gear pump circulates thermal
oil from the hot oil storage tank to the evaporator, while the diaphragm pump circulates the
working fluid throughout the ORC system. A Coriolis mass flow meter is placed on the working
fluid line to monitor and measure the mass flow rate, which is essential for system performance
analysis. In the heat exchange system, the hot oil storage tank supplies heated oil to the brazed
plate evaporator, where heat is transferred to the working fluid, vaporizing it. The separator,
positioned after the evaporator, ensures that only vapor enters the scroll expander. The
vaporized working fluid then flows into the scroll expander, where it expands, converting
thermal energy into mechanical energy. The scroll expander has been modified to operate in an
expansion mode rather than compression. After expansion, the working fluid enters a forced
air condenser, where it releases heat and condenses back into a liquid before returning to the
storage tank. An electric control panel with switches manages the operation of pumps, flow
rates, and other critical parameters, enabling precise control and safe operation during testing.
Following assembly, the ORC setup undergoes testing and calibration. A system leak test is
performed on all connections, including the SS 314 pipes, pumps, and the evaporator, to ensure
there are no leaks, as leaks could lead to inefficiencies and safety hazards. The Coriolis mass
flow meter and control systems are calibrated to ensure accurate readings of mass flow rate and
other operational parameters, enhancing the reliability of data collected during testing. The
heating system, comprising the hot oil storage tank and circulation system, is tested to confirm
that the thermal oil reaches the required temperature for effective heat transfer, and the
effectiveness of insulation is also verified. The setup is then subjected to a trial run to assess its
operational performance. During initial startup, the pumps are activated to circulate both the
working fluid and thermal oil through the system, with the heated oil vaporizing the working
fluid in the evaporator. This vaporized fluid is directed into the scroll expander, which begins
to rotate and generate mechanical energy. Key parameters, such as mass flow rate, temperature,
and pressure, are continuously monitored using the Coriolis mass flow meter and other sensors,
providing essential data for evaluating the system's performance and efficiency. The

condenser’s performance is observed to ensure the working fluid fully condenses before
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returning to the storage tank. Data collected during the trial run is used to analyze the ORC’s
efficiency, heat transfer effectiveness, and the mechanical output of the expander, allowing for
further adjustments and optimizations if necessary.

This experimental ORC setup provides a practical approach to harnessing low-grade
heat for power generation, demonstrating the effectiveness of the ORC in converting thermal
energy into mechanical energy. Through careful fabrication, assembly, testing, and operational
adjustments, this setup provides valuable insights into the ORC’s efficiency and effectiveness

for energy conversion applications.

Figure 4.6. Isometric view and running condition of ORC experimental setup

4.1.2. Experimental Procedure

To conduct an experiment on the ORC setup, the following procedure has been
developed, which integrates the detailed setup description, assembly, and testing process with
the provided checklist instructions for startup, operation, and shutdown. Figure 4.6 shows the
isometric view and running condition of the ORC experimental setup. Safety measures are

emphasized throughout the process to ensure accurate data recording while avoiding accidents.
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ii.

il

iv.

vi.

Preparation and Initial Checks: Begin by conducting a comprehensive check of the
entire ORC system to ensure that all components are correctly installed and ready for
operation. Inspect the garter frame for stability, and confirm that the moving wheels are
locked to prevent any unintentional movement during the experiment. Carefully inspect
all stainless steel (SS 314) connection pipes for any signs of leakage or weak joints,
particularly at critical points around the hot oil storage tank, working fluid storage tank,
gear pump, and diaphragm pump. Verify that all valves are correctly installed and can
open and close smoothly.

Wiring and Electrical System: Examine all electrical wiring and connections to the
control panel and electric switches. Ensure that all wires are securely connected and safely
organized to avoid contact with heated components. Put on hand gloves and a mask as an
additional safety precaution before beginning any operations involving electricity or heat.
Power On and Initial System Setup:

Turn on the Main MCB (Main Circuit Breaker), then switch on all sensors and NI DAQ
system.

Turn on the main heater and stirrer switch to initiate uniformly heating of the oil in the
hot oil storage tank. Subsequently, turn on the gear pump and open its corresponding
valve to start the circulation of thermal oil towards the brazed plate evaporator.

Data Acquisition System Setup: Connect the NI DAQ A-type cable to the computer to
facilitate data logging. Run the NI code, initializing it by turning on the RTD channel and
current channel within the software code. Ensure that all columns necessary for data
recording, including time, heater load, hot tank temperature, hot oil mass flow rate,
condenser inlet temperature, and condenser outlet temperature, are pre-set in an encoded
Excel sheet and a diary to log observations manually as well.

Safety Measures Before Operation: Verify that all safety measures are in place, such as
wearing hand gloves, masks and fire extinguisher, to protect against burns or inhalation
of fumes. Double-check and open all valves of hot oil side and working fluid side for
flow freely during the experiment.

System Start-Up:

Turn on the diaphragm pump and verify that its valve is open to allow fluid movement
through the ORC system.

Activate the condenser fan to ensure adequate cooling for the condensation process after

expansion.
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vil.

viii.

ix.

Closely monitor the heater ampere and voltage reading to avoid overheating, and
carefully observe any signs of leaks around the high-temperature areas and connections.
Data Collection and Observation:

As the system reaches operational temperature, data recording begins. Monitor and log
all readings continuously in the Excel sheet linked to the NI system code, which captures
data on temperature, pressure, and mass flow rates.

Observe the scroll expander for any signs of abnormal vibration or noise, which may
indicate issues in the expansion process.

Ensure that all data is being correctly recorded automatically and manually to track the
performance and efficiency of each component in real time.

Cautious Data Recording:

To avoid potential accidents, keep a safe distance from the high-temperature components
like the hot oil storage tank and evaporator while observing the readings.

Be vigilant in checking for any leaks around the piping or valves, and do not attempt to
tighten or adjust any components while the system is pressurized and hot.

Regularly inspect the condenser for proper cooling, as failure in the cooling process could
result in overheating and potential hazards.

Shut Down Procedure:

Close the working fluid storage tank outlet valve immediately after the experiment is
complete. Allow the diaphragm pump to run for an additional 0.5 minutes to circulate any
remaining fluid within the system.

Close the hot fluid valve and allow the gear pump to run for 1 minute to flush any residual
hot oil, which helps in preventing leakage, overheating of the storage tank or gear pump
post-operation.

Conduct a final inspection of all connections, checking for any leaks, and ensure that all
valves are securely closed.

Turn off all switches and finally turn off the Main MCB to cut off power to the entire
system.

Final Data Logging and Clean-Up: Record any final observations in the diary regarding
the setup’s performance, anomalies encountered, and the overall data trends observed.
Save and back up the collected data from the Excel sheet to ensure no loss of information.

This ORC experiment procedure is designed to facilitate a safe and structured approach

to operating and analyzing the ORC system. The startup and shutdown checklists are followed
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rigorously, with particular attention to inspecting connections, monitoring leakage, and
ensuring all valves and wiring are in place before initiating any heating. Data reading is
carefully monitored to maintain distance from high-temperature components, and any signs of
leakage are dealt with by immediately halting operations. Through this controlled procedure,
the ORC setup can be tested effectively while minimizing risks and providing accurate data on
the system's performance.
4.1.3. Data Reduction

This section details the methodology for analyzing the ORC's thermodynamic
performance based on experimentally measured data. Using temperature, pressure, and flow
rate data collected from the ORC setup, thermodynamic properties are required to evaluate
cycle performance metrics such as heat input, work output, and thermal efficiency. The required
thermodynamic equations, (2.1 - 2.19) are taken from chapter 2.
The heat input through a 3-phase heater is calculated by,

Qin=VxI 4.1)

Where V is 3-phase voltage and I is current.

ORC experiment has been performed on the above setup and the data reduced is
tabulated below in Table 4.3 for the mean condition of cold air inlet temperature (33°C) and
volume flow rate of hot oil (50 litre/min) for different heat input loads. Table 4.3 contains all

the important input and output parameters of experimental data.

Table 4.3. ORC experimental data at various heat loads and mean input condition

Parameter Unit Experimental data

*Heat Input (kW) 5 6.5 8 10 11.5
*Cold air inlet temperature (°O) 33.2 32.8 32.6 333 32.8
*Volume flow rate of hot fluid | (litre/min) | 50.34 | 50.21 |49.92 |49.49 |49.60
Pump inlet pressure (bar) 1.73 1.75 1.76 1.76 1.77
Pump outlet pressure (bar) 4.10 5.09 8.32 12.62 | 17.85
Turbine inlet pressure (bar) 3.75 4.55 7.60 11.73 | 16.72
Turbine outlet pressure (bar) 2.02 2.10 2.17 2.24 2.30
Evaporator’s hot fluid inlet (bar) 2.06 2.03 2.06 2.07 2.07
pressure

Mass flow rate of working (kg/sec) 0.0053 | 0.0062 | 0.0066 | 0.0077 | 0.0079
fluid
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Hot fluid inlet temperature (°C) 1009 | 107.4 |127.6 |150.2 |172.2
Hot fluid outlet temperature (°O) 95.9 101.0 | 119.7 | 140.8 |161.5
Pump inlet temperature (°O) 34.9 35.0 34.9 34.8 35.0
Pump outlet temperature (°O) 35.1 354 35.5 35.6 36.2
Turbine inlet temperature (°O) 87.4 93.4 112.8 | 1322 | 150.6
Turbine outlet temperature (°O) 75.9 78.1 85.6 93.2 101.8
Pump isentropic efficiency (%) 5881 |63.09 |67.20 |67.60 | 66.66
Turbine isentropic efficiency (%) 67.75 |71.68 | 77.27 |80.30 | 77.05
Evaporator effectiveness 0.81 0.81 0.83 0.83 0.82
Net power output (kW) 0.123 | 0.189 |0.387 |0.670 |0.939
Pump power (kW) 0.004 | 0.005 |0.0I1 |0.018 |0.026
Turbine power (kW) 0.127 ]0.194 [0.397 | 0.688 | 0.966
Cycle efficiency % 2.34 291 4.75 6.67 8.08
Specific Work Output (kJ/kg) 23.17 |30.58 |59.03 |87.41 |118.81

*Input parameters used to investigate the performance on other parameters (Table 4.3)

As the heat input increased from 5 kW to 11.5 kW, pump and turbine pressures, working
fluid mass flow rate, and system temperatures rose accordingly, reflecting the system's response
to higher loads. The turbine and pump pressures increased with heat input, driving higher fluid
flow and power output. This was accompanied by an increase in working fluid mass flow
through the evaporator. Pump and turbine isentropic efficiencies also improved, indicating
better thermodynamic performance. The evaporator maintained stable effectiveness, ensuring
consistent heat exchange. Net power output grew from 0.123 kW to 0.939 kW, with cycle
efficiency rising from 2.34% to 8.08%, demonstrating a more efficient conversion of heat into
mechanical power. Specific work output also increased, enhancing system performance under
higher heat conditions. While a techno-economic analysis on a lab-scale experimental setup
may not provide a precise representation of large-scale implementation, it offers valuable
insights into scalability and technology validation. Considering a waste heat input of 11.5 kW,
the system can generate approximately 1 kW of net power. The estimated setup costs include
approximately $3,000 (22,60,000) for equipment, $5,500 (%4,80,000) for instrumentation, and
$1,700 (X1,50,000) for working fluids. Assuming an annual operation of 7,000 hours, the
system would produce 7,000 kWh of electricity, generating a revenue of 70,000 ($805) at 10
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per kWh. Based on this, the total investment of $10,200 (28,90,000) can be recovered in
approximately 13 years all while producing energy without burning fossil fuels.
4.1.4. Uncertainty Analyses

The ORC net power and cycle efficiency are primarily dependent on temperature,
pressure, mass flow rates and electrical power. Each measured parameter has its own
uncertainty. Using the partial derivative approach (root-sum-square method), propagate
uncertainties for key calculated parameters using equation (4.2) given by (Kline and

McClintock, 1953).
0z \* oz 0z 2
N il - (4.2)
= (o) (o) o (2o, ]

Where, Z is a function of the independent variables X1, X2, X3,...,.Xn are the

N[ =

uncertainties of the independent variables. The maximum uncertainties of the calculated

parameters are listed in Table 4.4.

Table 4.4. Uncertainty analyses of major input and output parameter

Uncertainty
Parameters | Uncertainty Calculation Formula
value (%)
1
Heat Input z
e U - (aQinU >2 s (aQinU>2 2 4.2
(kW) Qin ov Y o1 !
oW, 2 (oW, 2
Uw,,, = [(—6 et Ur'nwf) + < ahnet Uhti>
Net Power Mt tl
1 +5.6
(kW) AW, e, 212
U
* < dhy, hto)
Cycle 1
Efficiency U. = (anth U )2 +(anthU >2 ? +4.7
%) Nth W, e Whet 3Qi, Qin
]

4.1.5. Optimization and Prediction

In the optimization and prediction of ORC performance, Response Surface
Methodology (RSM) coupled with Analysis of Variance (ANOVA) plays a critical role. The
design of experiments (DOE) through RSM enables the investigation of the relationship
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between independent input variables and the response variables, such as net power output and
cycle efficiency. By employing statistical models, RSM aids in optimizing performance and
predicting outcomes under various conditions.

The experiments for this study were constructed using central composite design (CCD),
a common approach in RSM, which allows for a systematic variation of process parameters
and evaluation of their impact on the performance of the ORC. The experimental data for the
ORC was derived from controlled tests and tabulated in Table 4.5, where key operating
parameters such as heat load, volume flow rate of hot oil, and cold air inlet temperature were

varied. The objective was to maximize both the net power output and the cycle efficiency.

Table 4.5. Design of Experiment Table by Central Composite Method

Factor 1 Factor 2 Factor 3 Response 1 Response 2
B: Cold Air
Run A: Heat | Inlet C: VFRof Hot | Net Power | Cycle
Input (kW) | Temperature Oil (litre/min) | (kW) Efficiency (%)
O
1 11.5 37 60 0.864 7.52
2 5 37 40 0.135 2.70
3 11.5 29 60 0.831 7.23
4 8.25 33 40 0.383 4.64
5 8.25 33 50 0.422 5.12
6 11.5 33 50 0.940 8.17
7 8.25 33 50 0.424 5.14
8 11.5 37 40 0.906 7.88
9 5 29 60 0.092 1.84
10 |5 37 60 0.109 2.18
11 8.25 33 50 0.422 5.12
12 |5 33 50 0.123 2.46
13 5 29 40 0.120 2.39
14 | 8.25 33 50 0.421 5.11
15 8.25 33 50 0.422 5.11
16 |8.25 33 50 0.423 5.12
17 8.25 33 60 0.399 4.84
18 11.5 29 40 0.874 7.60
19 8.25 29 50 0.436 5.28
20 | 8.25 37 50 0.397 4.81

The results from ANOVA were tabulated in Table 4.6, with the F-value, p-value, mean,
standard deviation, adjusted R2, and predicted R? provided in a structured format. Table 4.6
serves as a key tool for assessing the adequacy of the developed models and ensuring they can

be used reliably for optimization.
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Table 4.6. ANOVA coefficients and fit statistics of the model

Response 1: Net Power Response 2: Cycle Efficiency
Model Quadratic Quadratic
F-value 406.36 167.86
P-value <0.0001 <0.0001
Mean 4.57 5.01
Standard deviation 0.2034 0.2193
Adjusted R2 0.9948 0.9875
Predicted R2 0.9789 0.9491
Adequate Precision 56.795 39.1257

The F-value tests the overall significance of the model. A higher F-value suggests that the
model is significant and that the variation in the data is well-explained by the independent
variables. The Model F-value for net power is 406.36 and for cycle efficiency is 167.86, which
implies that the model is significant. There is only a 0.01% chance that an F-value this large
could occur due to noise. The p-value indicates the probability that the observed F-value occurs
by chance. P-values less than 0.0500 indicate model terms are significant. The Predicted R? is
in reasonable agreement with the Adjusted R? for both responses; i.e., the difference is less than
0.2. Adequate precision measures the signal-to-noise ratio and the value greater than 4 is
desirable. Thus, this model can be used to navigate the design space.

Regression equations (4.3) and (4.4) used for the prediction of net power and cycle
efficiency based on the above RSM-ANOVA model are illustrated below, on heat input [A], 5-
11.5 kW; cold air inlet temperature [B], 29-37 °C; and volume flow rate of hot oil [C], 40-60
litre/min. The Validity range of net power and cycle efficiency are 0.092-0.94 kW and 1.84-
8.17 % respectively.

Net Power = +0.4228 + 0.3836A4 + 0.0058B — 0.0123C + 0.0041AB
— 0.0039AC + 0.0004BC + 0.10814% — 0.0069B8% — 0.0324C? (4.3)

Cycle Ef ficiency
= +5.11 + 2.684 + 0.0753B — 0.1617C — 0.00924B (4.4)
+ 0.0424AC + 0.0040BC + 0.2151A4% — 0.0542B? — 0.3597(C?
Where A, B and C indicate independent variable Heat input, Cold air inlet temperature and
Volume flow rate of hot oil, respectively.
The Predicted vs. Actual graph for ORC's net power and cycle efficiency responses in

RSM-ANOVA is crucial for assessing model accuracy and shown in Figure 4.7. It compares
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the model's predicted values from the regression equation as illustrated above, with actual

experimental results. A strong correlation, where points align closely to the diagonal line,

indicates that the model reliably captures the relationship between the input variables and the

responses. Deviations from this line suggest model inaccuracies or the presence of outliers.

Overall, this graph helps validate the model's predictive net power and cycle efficiency,

ensuring it can be used confidently for optimization and performance forecasting of the ORC

experiment setup.
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Figure 4.7. Normal plot of variation between predicted and actual value of net power and
cycle efficiency
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4.2. Results and Discussion

4.2.1. Effect on operating and performance parameters
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Figure 4.8. Effect on (a) Evaporator temperature and (b) Mass flow rate of working fluid

Figure 4.8(a) illustrates the relationship between heat input, VFR of hot oil, and cold
air inlet temperature on the evaporator temperature in an ORC system. Data points are color-
coded to indicate different VFRs, as mentioned previously, to help make a straightforward
visual comparison of how variations in the hot oil flow rate impact the evaporator temperature
under different conditions of heat input and cold air inlet temperatures. The plot shows a clear
trend where an increase in heat input results in a corresponding rise in the evaporator
temperature. This is an expected outcome, as a higher energy input elevates the thermal load

in the evaporator, thus raising its temperature. Furthermore, within each level of heat input, an
increase in the VFR of hot oil generally leads to a slightly higher evaporator temperature. This
suggests that higher flow rates enhance the heat absorption capacity of the hot oil, improving
the energy transfer efficiency in the evaporator. The VFR effect on the evaporator’s
temperature is not realised from the figure because of both a slight increase in the evaporator’s
temperature and instrument uncertainty. Additionally, the effect of cold air inlet temperature is
significant in this figure. At higher cold air inlet temperatures, the evaporator temperature also
tends to be higher, indicating reduced cooling effectiveness in the system. This is likely due to
the decreased temperature gradient between the working fluid and the condenser air, which
limits the cooling capacity and results in a warmer evaporator.
Figure 4.8(b) provides a comprehensive visualization of the relationship between the
mass flow rate of the working fluid (in kg/sec) with heat input (in kW), the cold air inlet

temperature (in °C) under varying VFR of hot oil in an ORC experimental setup. From the
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graph, it is evident that the mass flow rate of the working fluid generally increases with a rise
in both heat input and cold air inlet temperature across all tested flow rates of hot oil. For
instance, at a lower heat input and colder inlet temperatures, the mass flow rate is minimal,
particularly for the 60 LPM flow rate, indicating a lower thermodynamic efficiency in
transferring heat to the working fluid. However, as the heat input increases, a noticeable rise in
the working fluid's mass flow rate can be observed, especially at lower VFRs of 40 and 50
LPM. This trend suggests that decreasing the hot oil flow rate enhances the heat transfer
capacity, thereby driving a higher mass flow rate of the working fluid in the ORC system.
Moreover, the graph highlights that the impact of cold air inlet temperature on the mass flow
rate becomes more pronounced at lower VFRs. This correlation indicates that a higher VFR of
hot oil enhances the system’s responsiveness to changes in cold air inlet temperature, likely
due to improved heat exchange efficiency at elevated flow rates. Overall, the interrelationship

between heat input, cold air inlet temperature, and hot oil VFR underscores the dynamic

response of the ORC system under different operating conditions.
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Figure 4.9. Effect on (a) expander inlet temperature and (b) expander outlet temperature

Figure 4.9(a) illustrates the expander inlet temperature variations against the heat input,
cold air inlet temperature, and different volumetric flow rates of hot oil (40, 50, and 60 liters
per minute). As the heat input increases, a corresponding increase in the expander inlet
temperature is observed, which is consistent across all volumetric flow rates. This trend
suggests that the heat input plays a dominant role in raising the working fluid’s temperature
before it enters the expander, thereby contributing directly to the system's thermal efficiency.

At each heat input level, the expander inlet temperature also exhibits a slight variation based
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on the cold air inlet temperature, implying a secondary effect where lower cold air temperatures
might allow better heat retention in the system. However, the effect of varying the volumetric
flow rate of hot oil is more pronounced. For instance, at higher flow rates (60 litres per minute),
the expander inlet temperature reaches slightly higher values compared to lower flow rates (40
litres per minute), suggesting that increased flow rates enhance the heat transfer process,
allowing more heat to be absorbed by the working fluid.

Figure 4.9(b) graph shows the expander outlet temperature as a function of the same
parameters: heat input, cold air inlet temperature, and varying flow rates of hot oil. Similar to
the inlet temperature behaviour, the outlet temperature also rises with an increase in heat input.
However, the difference between the inlet and outlet temperatures at each flow rate and heat
input provides insight into the expander’s effectiveness in extracting work from the working
fluid. A notable observation is that at higher volumetric flow rates, the outlet temperature tends
to be higher, indicating that the expander releases less heat under these conditions. This
behaviour could imply that at elevated flow rates, the working fluid has less residence time
within the expander, resulting in a lower degree of expansion and heat extraction. Conversely,
at lower flow rates (40 litres per minute), the working fluid undergoes a more extensive
expansion, leading to a lower outlet temperature, which could be more favourable for work
extraction efficiency in certain ORC configurations.

The heat input primarily drives the inlet temperature, which subsequently influences
the outlet temperature depending on the flow rate and cooling conditions. Increased flow rates
generally lead to higher inlet and outlet temperatures, potentially maximizing the ORC’s
thermal output at the expense of expansion effectiveness. On the other hand, optimizing the
flow rate at each heat input level can enable better control over the expander’s thermal and

mechanical output, leading to potentially improved efficiency.
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Figure 4.10. Effect on pressure ratio of (a) pump and (b) expander

Figure 4.10(a) illustrates the pump pressure ratio as it varies with heat input, cold air
inlet temperature, and different VFRs of hot oil. The pump pressure ratio, representing the
pressure increase across the pump, is a critical factor for ensuring the effective circulation of
the working fluid. The graph shows that the pump pressure ratio increases as the heat input
increases. This trend is logical because a higher heat input results in a greater thermal energy
input to the working fluid, elevating its vapour pressure. As a result, the pump needs to operate
at a higher pressure ratio to maintain circulation. Interestingly, the pump pressure ratio
decreases with an increase in the inlet temperature of cold air. This inverse relationship may be
due to the reduced cooling effect at higher cold air temperatures, which leads to a slightly
higher temperature of the working fluid exiting the condenser. The volumetric flow rate of hot
oil also affects the pump pressure ratio. At a higher VFR (e.g., 60 litres per minute), the pump
pressure ratio is generally higher at each level of heat input and cold air temperature. This is
because a higher hot oil flow rate improves heat transfer to the working fluid, raising its vapour
pressure at the pump inlet. Consequently, the pump requires a higher pressure ratio to drive the
fluid through the cycle effectively.

Figure 4.10(b) illustrates the expander pressure ratio under different conditions of heat
input, cold air inlet temperature, and hot oil flow rate. The expander pressure ratio is critical
for converting thermal energy into mechanical work and reflects the difference in pressure
across the expander. Similar to the pump pressure ratio, the expander pressure ratio increases
with higher heat input. This behaviour is expected as more heat input raises the pressure of the
vapor entering the expander, thereby increasing the pressure ratio across it. Notably, the

expander pressure ratio also decreases with an increase in the cold air inlet temperature. This
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trend occurs for similar reasons as seen in the pump pressure ratio. With a higher inlet
temperature of cold air, the condenser's cooling efficiency is reduced, leading to a higher outlet
temperature of the working fluid from the condenser. This results in lower condensation
pressure, thereby reducing the overall pressure differential across the expander and
subsequently the expander pressure ratio. The volumetric flow rate of hot oil has a pronounced
impact on the expander pressure ratio as well. Higher flow rates, such as 60 litres per minute,
lead to increased expander pressure ratios across all levels of heat input and cold air inlet
temperatures. This is due to enhanced heat transfer from the hot oil, which elevates the working
fluid’s pressure at the expander inlet. Thus, a higher hot oil flow rate increases the pressure
difference across the expander, enhancing the potential for mechanical work extraction.
Increasing heat input positively impacts both pump and expander pressure ratios, which
is beneficial for energy conversion efficiency. However, the cold air inlet temperature should
ideally be kept low to maintain high pressure differentials across both the pump and the
expander. Lower cold air inlet temperatures improve condensation efficiency, which helps
sustain higher pressure ratios in the system and ultimately enhances the overall cycle efficiency.
The volumetric flow rate of hot oil is another critical parameter. A higher VFR improves heat
transfer, leading to increased pressure ratios, especially under higher heat inputs. However, it

is essential to manage the flow rate to ensure the system operates within safe pressure limits.
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Figure 4.11. Effect on isentropic efficiency of (a) pump and (b) expander

Figure 4.11(a) illustrates the interrelationship between various parameters affecting the
isentropic efficiencies of the pump in an ORC system. Specifically, these 3D plots display the

pump and expander isentropic efficiencies as functions of heat input and cold air inlet
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temperature, with data segmented by VFR of the hot oil at 40, 50, and 60 litres per minute. In
the first plot, which represents the pump's isentropic efficiency, it can be observed that at lower
heat inputs (5-10 kW), the efficiency generally remains lower and shows minor variations with
changes in air inlet temperature. As the heat input increases, the pump's isentropic efficiency
becomes more sensitive to the air inlet temperature, particularly at higher flow rates of 50 and
60 litres per minute. This relationship indicates that under higher heat input conditions, the
performance of the pump improves as the system handles increased thermal energy more
effectively.

Figure 4.11(b), depicting the expander’s isentropic efficiency, shows a similar trend
with a stronger correlation between higher heat input and efficiency improvements. However,
the expander efficiencies are notably higher than those of the pump across the heat input range,
particularly at the highest flow rate (60 litres per minute). This suggests that the expander
performs more optimally under elevated thermal loads and increased flow rates, likely due to
enhanced working fluid expansion under these conditions. The expander’s efficiency also
demonstrates greater responsiveness to variations in air inlet temperature, emphasizing the role

of cooling efficiency in maintaining optimal performance.
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Figure 4.12. Effect on (a) net power output and (b) cycle efficiency

Figure 4.12 illustrates the interrelationships between heat input (kW), cold air inlet
temperature (°C), and volumetric flow rates (VFR) of hot oil (40, 50, and 60 LPM) on two key
performance parameters in the ORC system: net power output (kW) and cycle efficiency (%).
These parameters are critical for evaluating the thermodynamic performance of the ORC

system under various operating conditions. Figure 4.12(a) presents the net power output of the
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ORC system as a function of heat input and cold air inlet temperature at each of the three tested
hot oil flow rates. A clear trend is observed, where an increase in heat input and cold air inlet
temperature generally corresponds to an increase in net power output across all flow rates. For
example, at lower heat inputs and colder air temperatures, the net power output is relatively
low for all VFR levels, indicating limited energy conversion. However, as the heat input rises,
a more significant increase in net power output is seen, especially for higher VFRs (50 and 60
LPM). This suggests that greater flow rates of hot oil enhance the heat transfer effectiveness,
enabling the working fluid to extract more thermal energy and convert it into mechanical
power. Notably, the net power output at 60 LPM reaches peak values at high heat input levels,
confirming that increased VFR contributes to higher net power outputs under optimal thermal
conditions.

Figure 4.12(b) displays the cycle efficiency, which is similarly influenced by heat input,
cold air inlet temperature, and hot oil VFR. Here, the ORC efficiency follows a trend similar
to that observed in net power output, with efficiency increasing alongside higher heat inputs
and warmer air inlet temperatures. However, a distinct observation is that the impact of VFR
on cycle efficiency appears to be more complex. At lower heat inputs, the cycle efficiency is
relatively comparable across all flow rates, suggesting the limited influence of VFR on
efficiency under low thermal conditions. As heat input increases, however, a divergence in
efficiency emerges, with the highest cycle efficiency values observed at the 40 LPM flow rate.
This indicates that, beyond a certain threshold, higher VFRs may not proportionally increase
efficiency due to increased parasitic losses associated with pumping and thermal resistance.
Both graphs offer valuable insights into the performance dynamics of the ORC system. They
reveal that while increased VFR of hot oil enhances net power output, optimal cycle efficiency
may be achieved at moderate flow rates under high heat inputs, indicating a trade-off between
maximizing power output and achieving thermal efficiency. This analysis provides essential
guidelines for selecting appropriate operational parameters in ORC systems to balance power

generation and energy efficiency based on specific application requirements.
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Figure 4.13. Effect on (a) exergy and (b) exergy efficiency

Figure 4.13 illustrates the influence of heat input, cold air inlet temperature, and the
VFR of hot oil on the exergy and exergy efficiency. In Figure 4.13(a), the exergy (kW) is plotted
against heat input (kW) and cold air inlet temperature (°C) for three different VFRs of hot oil:
40, 50, and 60 L/min. As observed, the exergy output increases with rising heat input, regardless
of the VFR. This trend suggests that higher thermal energy input directly enhances the exergy
available for conversion, likely due to an improved temperature gradient across the ORC
system. Additionally, at a constant heat input, higher cold air inlet temperatures tend to result
in a marginally lower exergy output. This effect could be attributed to reduced thermal
efficiency at elevated condenser temperatures, limiting the potential for work extraction.

In Figure 4.13(b), the exergy efficiency (%) is plotted similarly against heat input and
cold air inlet temperature for the three VFR levels. The results show that exergy efficiency
improves with increasing heat input across all flow rates. This efficiency gain is primarily due
to enhanced system performance under higher energy availability, which allows more effective
utilization of the working fluid’s thermodynamic potential. Notably, lower VFRs (e.g., 40
L/min) tend to yield slightly higher exergy efficiencies than higher VFRs at comparable
conditions. This observation may be explained by the reduced heat transfer losses at lower flow
rates, which improves overall energy utilization efficiency.

These graphs demonstrate that optimizing heat input and controlling the VFR of hot oil
are essential for enhancing both exergy and exergy efficiency in ORC systems. Elevated heat
input levels promote higher exergy outputs and efficiencies, while a moderate flow rate may

be preferable for achieving optimal exergy efficiency. These findings provide valuable insights
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into the operational parameters that can maximize ORC performance under varying conditions,

paving the way for more efficient waste heat recovery in practical applications.

4.2.2. ANOVA model for optimization and prediction

The following constraints were taken into consideration while ORC’s experimental data
is being optimized by the RSM-ANOVA method for maximum net power and cycle efficiency.
Equal weightage is given to both factors as the condition is described in the following Table
4.7. Independent variables A, B and C is being tested for all its range to find the optimum

condition of A, B and C at which both net power and cycle efficiency is maximum.

Table 4.7. ANOVA optimization constraints

Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight

A: Heat Input (kW) |isin 5 11.5 | | 3
range

B: Cold Air Inlet is in 29 37 1 1 3

Temperature (°C) range

C: VFR of Hot Oil | isin 40 60 1 1 3

(litre/min) range

Net Power (kW) maximize | 0.092 0.940 1 1 3

Cycle Efticiency maximize | 1.843 8.170 1 1 3

(%)

Functions with the highest desirability are selected to maximize both the net power and
cycle efficiency. Desirability plays a crucial role in optimizing net power and cycle efficiency
in RSM-ANOVA by providing a single metric to balance multiple responses, as shown in
Figure 4.14. It translates both objectives, maximizing net power and cycle efficiency, into a
scale between 0 (undesirable) and 1 (most desirable). By combining these desirability, the
optimization process identifies operating conditions that achieve the best overall system
performance, ensuring an effective trade-off between the competing responses. This helps to
find the optimal settings for maximization of both power output and cycle efficiency
simultaneously by heat input, cold air inlet temperature, and VFR of hot oil.

Figure 4.14 illustrates the desirability analysis, shown at the top, which measures how
well the selected parameter values satisfy both objectives. The highest heat input value of 11.5
kW significantly increases net power output and cycle efficiency, with a near-perfect
desirability of 0.978, indicating that this heat input is optimal for system performance. At this
input, net power reaches 0.92 kW, and cycle efficiency climbs to 8.037%, reflecting the
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system's improved energy conversion efficiency. On the other hand, the cold air inlet
temperature, optimized at 35.611°C, and the hot oil VFR at 48.031 litre/min, show a relatively
flat response in terms of desirability. This suggests that these two parameters are less sensitive
to variations and have a minor influence on improving performance compared to heat input.
The flat curves in these two plots indicate that slight deviations from their optimal points may

not drastically affect system performance, unlike heat input, which plays a more dominant role.
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Figure 4.14. Desirability for net power and cycle efficiency for prediction analysis

Table 4.8 presents the optimized conditions for the independent variables heat input, cold
air inlet temperature, and VFR of hot oil that achieves a balance between maximizing net power

output and cycle efficiency. These optimized settings were validated through experimental
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testing under nearly identical conditions. The heat input was set to 11.5 kW, with a cold air
inlet temperature of 35°C, and a VFR of hot oil at 48 litre/min. In the experimental test run, the
actual net power output was found to be 0.906 kW, which is close to the optimized prediction
of 0.920 kW, resulting in a minor error of 1.55%. Similarly, the experimental cycle efficiency
was 7.878%, compared to the predicted 8.037%, with an error of 2.01%. These small
discrepancies between the optimized and actual values are within acceptable limits,
demonstrating that the model's optimization is reliable and accurate. The low error percentages
confirm the effectiveness of the optimization process in predicting real-world ORC system

performance under the given conditions.

Table 4.8. Validation of optimized condition output result with the experimental run at same
optimized condition

Optimized | Test Run | Error (%)
Independent Variable | Heat Input (kW) 11.5 11.5 -
Cold Air Inlet Temperature (°C) | 35.611 35 -
VFR of Hot Oil (litre/min) 48.031 48 -
Dependent Variable | Net Power (kW) 0.920 0.906 1.55
Cycle Efficiency (%) 8.037 7.878 2.01

Table 4.9 presents predicted data for net power and cycle efficiency in an ORC system,
highlighting both experimental and theoretical predictions. The analysis considers key input
parameters heat input (kW), cold air inlet temperature (°C), and the VFR of hot oil (litre/min)
to assess their impact on system performance, with statistical calculations performed at a 95%
confidence level, 99% population coverage, and a tolerance level of 0.99. The model
incorporates a standard deviation of 20.34 for net power and 0.22 for cycle efficiency, which
offers insight into the variability of these outputs under the specified experimental conditions.
For the first five rows, predictions for net power and cycle efficiency are generated based on
specific input parameters, such as heat input, cold air inlet temperature, and VFR of hot oil,
and validated through simultaneous test runs to observe prediction error. In these rows,
prediction accuracy improves at higher heat inputs, as evidenced by the lower error values,
which indicates reliable model performance in these conditions. For instance, at a heat input of
11.5 kW and 50 LPM (S.N. 5), the predicted mean was 0.917 kW, close to the observed 0.864
kW, showing a -6.15% prediction error. Cycle efficiency also follows this trend, with minimal
error between predicted and observed values, particularly at moderate to high heat inputs and
VFRs, indicating stable predictive accuracy. Several entries (S.N. 6—10) lack observed values,

providing useful benchmarks for future validation. These cases demonstrate the model's
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potential to predict system performance under varied conditions. The data suggests that the
model is more accurate at higher heat inputs irrespective of cold air inlet temperatures and
VFRs, making it a valuable tool for further outcome predictions under high thermal load. This
analysis confirms the model's robustness, especially for high heat input scenarios, and its utility

for optimizing ORC performance across diverse operating conditions.

Table 4.9. Predicted data for net power and cycle efficiency in an ORC system, highlighting
both experimental and theoretical predictions

Input Predicted Response 1: Net Predicted Response 2: Cycle
Parameters for |[Power (kW) Efficiency (%)
Predictions
S. [A: |B: [C: VFR|Predict|Standa |Observ|Predicti/PredictStanda |Observ|Predicti
N. |Hea|Col |of Hot |ed rd ed on and |ed rd ed on and
t d |Oil Value |Error |Value |Observ |Value |Error |Value |Observ
Inp |Air |(litre/m of ed of ed
ut |Inle |in) Predicti Error Predicti Error
(k |t on (%) on (%)
W) (Te
mp
O
1. |5 (33 }40 0.123 ]0.018 |0.137 |[10.15 {2.49 0.2 2.75 1945
2. 18.25]29 |60 0.365 (0.018 |0.411 |[11.18 |4.46 0.2 493 19.53
3. 110 |33 |50 0.661 (0.01 0.671 |1.49 6.62 |0.11 6.71 1.34
4. |10 (37 |60 0.616 (0.018 |0.611 |-0.70 |6.14 |0.19 6.11 ]-0.49
5. |11.5|37 |50 0.917 1]0.018 [0.864 |-6.15 (8.02 0.2 7.52  ]-6.65
6. |6 (36 45 0.204 |0.012 |- - 3.39  ]0.13 - -
7. 17 |34 |54 0.282 10.01 - - 4 0.11 - -
8 19 (32 140 0.496 (0.016 |- - 5.51  |0.17 - -
9. (10 (35 |55 0.648 |0.011 |- - 6.48 |0.11 - -
10. (11 (30 (50 0.814 1(0.014 |- - 7.45 |0.15 - -
Table 4.10. Advantages of current developed system with previously developed systems
Criteria This Study Previous Studies
Working Fluid | R601a (Isopentane) — | Mostly R123, R245fa, R134a, with
& Cycle | Experimentally validated, operated | a focus on superheated ORC, which

Configuration | with a saturated vapor inlet for | results in lower power output at the

maximum power output same pressure [32,67,77,86—88]
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Parameters &

input (5-11.5 kW), cold air inlet

Expander & | Modified scroll compressor as an | Scroll, screw, rolling piston, and

Component expander; custom-built separator for | turbo expanders; no reported use of

Innovation saturated vapor condition a dedicated separator

[29,30,35,37,60,66,71,74,75,77]

Optimization RSM-ANOVA used for | No prior ORC study optimized

& Validation performance prediction and | conditions using RSM-ANOVA;
optimization, validated with | limited  optimization  studies
minimal error (1.55% for power, | focused on individual parameters
2.01% for efficiency) [63,81]

Experimental | Simultaneous variations in heat | Most studies varied only one or two

parameters; experiments generally

geothermal, solar collectors, and

industrial waste heat

Operating temperature (29-37°C) and volume | conducted below 10 kW heat input
Conditions flow rate of hot oil (40-60 LPM), [29,30,32,40,60,88,89]
Performance Maximum net power: 0.939 kW, | Power output: 0.3 — 2.5 kW,
(Net Power & | Maximum thermal efficiency: | Efficiency: 3—-7% [32,37,74,86—89]
Efficiency) 8.08%

Application Suitable for waste heat recovery | Mostly focused on  specific
Scope from 95-180°C sources, including | temperature ranges and applications

[29,40,60,80]

Table 4.10 shows the advantages and comparison of this manuscript ORC experimental

setup with previous developed ORC systems. This experimental setup provides maximum

thermal efficiency that no one has achieved so far due to novel R601a working fluid and

operating condition. This ORC system is designed to operate with any waste heat source within

a temperature range of 95-180°C. As such, it is well-suited for applications including

geothermal energy recovery, solar collector systems, industrial waste heat utilization, and the

harnessing of exhaust heat. The ORC system faces limitations in utilizing nanofluid-based

novel working fluids because the existing heat exchanger design requires significant

modifications. Additionally, adapting large-scale scroll expanders from standard scroll

compressors presents challenges for small-scale production. These obstacles could be

overcome with further design optimizations and economies of scale in a commercial

application.
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4.3.

Important Findings

The experiments have been performed on the fabricated lab-scale basic ORC system to

analyze the thermal performance, which is a significant parameter in generating electricity. The

input parameter heat load is varied from 5kW to 11.5kW, cold air inlet temperature is varied

from 29°C to 37°C and the volume flow rate of hot fluid (oil) is varied from 40 litre/min to 60

litre/min. The variation effect of input parameters in being analyzed on systems temperature,

pressure and mass flow rate. The following outcomes are deduced from the results.

(@)

(ii)

(iii)

(iv)

V)

(vi)

Increased heat input positively influenced both net power output and cycle efficiency. As
heat input rose from 5 to 11.5 kW, net power significantly increased, reaching a peak of
0.939 kW, while cycle efficiency improved from 2.34% to 8.08%.

Optimal cycle efficiency was achieved at the highest heat input of 11.5 kW and moderate
volume flow rates, suggesting that increasing VFR beyond a certain point can diminish
efficiency gains due to parasitic losses.

Exergy output increased with higher heat inputs, as more thermal energy provided a
greater potential for conversion. However, the exergy efficiency was highest at moderate
flow rates (e.g., 40 litre/min), as excessive flow rates reduced energy utilization
efficiency due to higher heat losses.

Cold air inlet temperature inversely impacted exergy output, as elevated condenser
temperatures reduced the cooling gradient, limiting work extraction potential.
Evaporator effectiveness ranged from 0.78 to 0.84, with improved efficiency at higher
heat inputs and VFRs of hot oil, showcasing the system’s enhanced heat transfer
capability.

The expander demonstrated optimal isentropic efficiency under high thermal load, with

notable performance improvements at elevated VFRs due to increased fluid expansion.

(vii) Mass flow rate of the working fluid rose with higher heat inputs and cold air inlet

temperatures, particularly at low VFRs, where heat transfer was maximized.

(viii) The optimization achieved using Response Surface Methodology (RSM) and Analysis of

(ix)

Variance (ANOVA) was validated by experiments, showing low error margins (e.g.,
1.55% for net power and 2.01% for cycle efficiency), confirming model accuracy.

Desirability analysis confirmed that maximizing heat input had the greatest impact on
performance, while adjustments in cold air inlet temperature and hot oil VFR had smaller
effects. This suggests that, while important, these parameters can vary slightly without

significantly affecting performance, whereas optimizing heat input is crucial.
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Experiment working prototype setup Video link (drive):
https.//drive.google.com/file/d/1 Yx6cehR4Ft3RagchZ2eJOHpyopli-

Rk7/view?usp=drive link.
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Chapter 5: Case Study for Nuclear Power Plant

5.1. Selection of Location — Feasibility Study

The real data of working NPP, provided by BRNS, India, have been used for analysis.
The possible waste heat locations are mentioned in Table 5.1.

A steam and feed water system are a device that enhances a steam turbine's ability to
control a feedwater pump and plant operation characteristics when water is delivered slowly.
The main feedwater duct on the discharge side of the feedwater pumps is equipped with a cut-
off valve and is connected parallel with a bypass duct containing a pressure-compensated flow
control valve in a nuclear power plant where the reactor's feedwater pumps are driven by a
steam turbine. This system allows water to be fed to the reactor through the main feedwater
duct from feedwater pumps powered by the steam turbine when the rate of feedwater is high
and the cut-off valve is closed when the rate is low. In this system, the main steam condenser
is the essential component in which steam is condensed and the feed water pump is used to
supply a sufficient amount of feed water by steam and feed water system.

The purpose of the Main Heat Transport (MHT) purification system is to maintain high
reactor water purity in order to minimize the reduction of heat transfer in the nuclear reactor
core by minimizing the deposition of water impurities on the fuel surfaces and to minimize
secondary sources of beta and gamma radiations by removing the corrosion products, fission
products and impurities in the primary system. The purification system comprises of pumps,
heat exchangers such as regenerative coolers, isolation heat exchanger, non-regenerative
coolers, filters, ion exchange columns and strainers storage tank and the associated
instrumentation, piping and valves. The purification flow from MHT is passed through heat
exchangers to cool it before passing it through an ion-exchange column and filters for
purification and returned back to MHT after reheating in non-regenerative coolers.

The moderator in a nuclear power plant is a material, usually heavy water or graphite,
that slows down neutrons, enabling nuclear reactions to occur in a controlled manner. The
moderator is a crucial component of a nuclear reactor, and it is essential to maintain its
temperature within a safe range. The moderator cooling system is responsible for removing
heat generated by the nuclear reaction and maintaining the moderator's temperature. The
moderator cooling system typically uses a closed-loop cooling system, which circulates water

or another coolant through the moderator vessel to remove heat. The system comprises a
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moderator vessel, a heat exchanger, pumps, and a cooling tower. The moderator vessel is the
primary component of the cooling system, where the moderator is located. The vessel is made
of a suitable material, such as stainless steel, and is designed to withstand high temperatures
and pressures. The coolant circulates through the vessel, removing heat from the moderator.
The heat exchanger is another critical component of the moderator cooling system. The heat
exchanger transfers heat from the coolant to the secondary coolant, which carries heat away
from the power plant. The secondary coolant can be air, water, or another suitable fluid. Pumps
are used to circulate the coolant. One of the critical challenges in the moderator cooling system
is maintaining the temperature of the moderator within a safe range. If the moderator's
temperature is too high, it can cause the nuclear reaction to become unstable, leading to a
potential nuclear meltdown. Conversely, if the moderator's temperature is too low, it can reduce
the efficiency of the reactor. To prevent these issues, the moderator cooling system is designed
to maintain the moderator's temperature within a safe range.

The author has done a feasible study with the help of necessary input data and identified
locations provided by BRNS (Board of Research in Nuclear Sciences). Within nine waste heat

sources, the feasible cases to use ORC have been discussed in the Table 5.2.
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Table 5.1. Waste heat disposal components and its temperature of Indian NPP data provided by BRNS

Waste Hot fluid Cold fluid Cold fluid
Hot fluid Hot fluid |Cold fluid
Heat ) outlet inlet outlet
System Component inlet flow rate | flow rate
Source temperature | temperature temperature
temperature [°C] [kg/s] [kg/s]
[MWth] [°C] [°C] [°C]
Heat Source Temp: 42.3 °C
Steam and Feed . Steam condenses at a temp. of
Main Steam Condenser 635 29 36 323 21600
Water System 42.3 °C at a pressure of
62.5/0.085 mm Hg/ kg/cm?.
MHT Isolation Heat Exchanger 4.2 98 68 65 78 33.33 77
Purification Non-
' 3.2 68 45 35 42 33.33 110
System regenerative Heat Exchanger
; Moderator Active Process
Main 25 75 50 35 47 2355 | 498
Moderator | Water Heat Exchanger No-1
Cooling Moderator- Active Process
25 75 50 35 47 2355 498
System Water Heat Exchanger No-2
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Table 5.2. Input condition data to check the feasibility of running ORC

S.No. System and Modification | Source of Comment
component for required in Input
waste heat source | existing system | condition
or not
1. Main steam Modification | Twii=36 °C, (Cycle can not run)
condenser of not required | my=21600 |Hot fluid inlet temperature is very
steam and feed kg/s less (below condenser
water system temperature). No cycle is possible
at this condition.
2. Main steam Modification | Tni=42.3 (Cycle can not run)
condenser of required °C, Hot fluid inlet temperature is very
steam and feed Thto=42.3 | less to produce any work output
water system °C, from given condition. No cycle is
Pni=8.33 possible at this condition.
kPa,
mh=323
kg/s
3. Isolation heat Modification | Twii=78 °C, (Cycle can not run)
exchanger of not required | mn=77 kg/s This case is technically not
MHT purification possible because waste heat from
system isolation condenser is taken in use
for producing desalination water.
Thus no direct waste heat is
available to produce the power.
Thus, no cycle is possible at this
condition.
4. Isolation heat Modification | Tx;i=98 °C, Case-1 (Cycle can run)
exchanger of required Thto=68 °C, Cycle can run on the given
MHT purification hnp=33.33 condition to produce the work
system kg/s due to availability of hot fluid

inlet temperature in adequate
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amount. Cycle is possible at this

condition.
Non-regenerative | Modification | Tni=98 °C, (Cycle can not run)
heat exchanger of required Thro=42 °C, | Boiler pressure is lowered to the
MHT purification mp=33.33 | maximum possible (near lowest
system when kg/s condenser temperature, i.e., 37°C)
isolation heat value to achieve 42°C boiler hot
exchanger is not fluid (water) outlet temperature,
considered but not. Further, by decreasing
condenser temperature below
35°C, boiler hot fluid (water)
outlet temperature 42°C is
achieved by small amount of
work output. At 35°C condenser
temperature, corresponding cold
fluid (water) inlet temperature of
condenser must be below 27°C,
which is hard to maintain ambient
temperature in India throughout
the year.
Non-regenerative | Modification | Tni=42 °C, (Cycle can not run)
heat exchanger of | not required mp=110 | Hot fluid inlet temperature is very
MHT purification kg/s less to produce any work output
system from given condition. No cycle is
possible at this condition.
Non-regenerative | Modification | Tnei=68 °C, (Cycle can not run)
heat exchanger of required Thto=45 °C, | Hot fluid outlet temperature is
MHT purification mh=33.33 very low, so to achieve 45°C
system kg/s boiler hot fluid (water) outlet

temperature, evaporator pressure
falls below 40°C saturation
condenser temperature. If further

condenser temperature is
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decreased then small amount of
work can be obtained which
serves no purpose. Hence, no

cycle is possible at this condition.

Moderator active
process water heat
exchanger of main
moderator cooling
system (when No-
1 and No-2 both in

use)

Modification

not required

Tuei=47 °C,
mr=996
kg/s

(Cycle can not run)

Hot fluid inlet temperature is very
less to produce any work output
from given condition because of
evaporator temperature becomes
equal to condenser temperature

after applying PPTD value of heat
exchanger. If further condenser

temperature is decreased then
small amount of work can be
obtained which serves no
purpose. Hence, no cycle is

possible at this condition.

Moderator active
process water heat
exchanger of main
moderator cooling
system (when No-
1 and No-2 both in

use)

Modification

required

Tnei=75 °C,
Theo=50 °C,
=471
kg/s

Case-2 (Cycle can run)
Cycle can run on the given
condition to produce the work
due to availability of hot fluid
inlet temperature in sufficient
amount. Also, hot fluid outlet
temperature value is favorable for
lower condenser temperature
condition in which evaporator
temperature can have enough
value to produce work after
considering PPTD. There will be
no/very small amount of work
output if condenser temperature is
increased which serves no

purpose. Cycle is possible at
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given condition but at lower

condenser temperature (below

general value of condenser).

The feasibility of using ORC for all nine locations is discussed in Table 5.2. Two
potential locations (cases 1 and 2) are thermodynamically identified based on the feasibility
study for direct application of simple ORC to generate extra power. A few systems and
components have been identified that require modification but can not run on simple ORC. To
run this system, further changes have to be implemented in the heat exchanger system to get
the desired boiler pressure.

Isopentane, R245fa and R236ea are taken as working fluids and water is used as a hot
and cold fluid. Input parameters are as follows: General Condenser temperature = 40°C,
Ambient temperature = 29°C, Cold fluid inlet temperature = 29°C, PPTD of the plate type
evaporator and condenser = 7°C [114,123], Isentropic reciprocating pump efficiency = 0.8 ,
Isentropic scroll turbine efficiency = 0.6 [124], Alternator mechanical efficiency= 0.96 [123],
Electricity cost = 0.078 USD/kWh [125,126] and Annual running time = 7000 h.

5.2. Modelling and Simulation

The feasible location of waste heat recovery from the real operating NPPs data can be
identified based on the thermodynamics (mass, momentum and energy equations) point of
view. After identifying a feasible location and system’s component, it is very necessary to check
its viability from economic and environmental points of view. The required thermodynamic
and design mathematical modelling equations, (2.1 - 2.27) are taken from chapter 2. Other than

the above, additional equations and correlations are mentioned below.
5.2.1. Mathematical Modelling

Table 5.3 shows the market price of the alternators of different capacities and different
manufacturers. This cost data, along with capacity, will be helpful in building a correlation for

an alternator that can be used to convert mechanical energy into electrical energy.

Table 5.3. The market price of the alternator of different capacities and different manufacturer

Company (Manufacturer) Capacit | Capacity | Market Price | Market  Price
y (kVA) | (kW) (INR) (USD)
Start Up Atop 5 4 22,800 274.5995
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Prem 5 4 22,500 270.9864
MD Bharat 5 4 15,500 186.6795
Bharat Ac Alternator 7.5 6 23,500 283.0302
Tech Power 7.5 6 27,500 331.2056
Sunfield 10 8 27,000 325.1837
Kirloskar 10 8 22,500 270.9864
Ashok 15 12 44,000 529.9289
Gravis 20 16 49,500 596.1701
Power Gold 25 20 42,000 505.8413
Electron 25 20 42,000 505.8413
Start Up Atop 25 20 48,500 584.1262
Kishanmaster 25 20 42,000 505.8413
Mahima Enterprise 25 20 44,000 529.9289
Ms Power 35 28 56,000 674.455

Crompton 35 28 58,000 698.5427
Chandra Agriculture Industry | 40 32 58,000 698.5427
Mahima Enterprise 50 40 60,000 722.6304

A trendline analysis of the 3-phase alternator’s capital cost correlation has been done
with capacity (kW) and cost (USD), as shown in Figure 5.1. The general value of the power
factor is taken as 0.8 to convert alternator capacity kVA to kW. The R? value is accepted as

0.9085 because of the market price difference for the same capacity and different

manufacturers.
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Figure 5.1. Alternator’s capital cost correlation by trendline analysis between capacity (kW)
and market price (USD)

Alternator’s capital cost correlation is deduced from Figure 5.1 as:

Capital investment (USD),
Zgllt = 117.95(Wpe)*>1%° (5.1)

5.2.2. Simulation and Validation

While simulating the ORC systems to identify and evaluate the possible location to
generate power, input and ambient thermodynamic parameters are chosen based on the problem
defined and NPPs data (Table 5.1). PPTD is defined effectively when designing evaporator and
condenser [114]. The simulation is done using EES software [127]. All physical and
thermodynamic properties of the different fluids are calculated using the REFPROP function
built into EES. DPP, LCOE, NPV, and IRR are calculated using the formula given on the
spreadsheet. The heat exchanger area is calculated by Muley’s and Yan-Lin’s correlations [102]
to determine the capital investment. Figure 5.2 represents the flow chart followed in the

simulation process. Validation is the same as discussed in chapter 2.
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Figure 5.2. Flowchart of simulation process for feasible location in NPP to install ORC
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5.3. Result and Discussion
5.3.1. Comparison of two feasible cases

The two waste heat source locations are identified by a feasibility test on EES
(Engineering equation solver) for ORC applicability based on the data and drawings provided
by BRNS for the nuclear power plant’s waste heat recovery installation. The above 2 cases are
suggested for ORC installation and recommended for the nuclear power plant’s waste heat
recovery, based on the requirement. The above two cases are selected without altering the
existing system and components, as well as for thermal performance and cost-to-profit analysis.
These two cases will be recommended for the upgrading of existing nuclear power plants to
generate more electricity with the consideration of profit and the environment. Figure 5.3
shows the schematic diagram of the suggested component to be installed at NPP waste heat
recovery site for further electricity generation. To upgrade the existing nuclear power plant, the
following equipment is mentioned in Table 5.4, are designed and recommended for

upgradation purposes to harness waste heat into electricity generation.

Hot Water inlet from
waste heat source

e

)
Isopentane |
Plate type evaporator -
. i Vapour )
separator Twbine
(I | | |

Plate type condenser l ‘

Hot Water outlet to
reserviour

Vertical
centrifugal pump

P
Liquid
separator
—) E—
Cold Water inlet from Cold Water outlet to
reserviour reserviour

Figure 5.3. Schematic diagram of suggested ORC to be installed at NPP waste heat recovery
site

Table 5.4. Recommended component design and specification for ORC installation

Sr. | Equipment | Type Case-1: Design and Case-2: Design and Cost

No. Cost Specification Specification
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1. | Pump Vertical Capacity: 4.5 kW, Liquid | Capacity: 6.1 kW, Liquid
centrifugal flow rate: 1,128 flow rate: 14,587 litre/min,
pump litre/min, Cost: X Cost: 3 9,98,592
7,94,724
2. | Turbine Case 1: Capacity: 199 kW, Capacity: 374 kW, Vapour
Radial Vapour flow rate: 73,922 | flow rate: 1,760,566,
(Centrifugal), | litre/min, Cost: X litre/min, Cost: X

Case 2: Axial

1,90,13,904

2,96,45,112

3. | Evaporator | Plate heat Heat transfer Area: Heat transfer Area:
exchanger 21m?, Design pressure: 136.1m?, Design pressure:
3.21 bar, Capacity: 4,194 | 1.7 bar, Capacity: 49,262
kW, Cost: 2 7,45,584 kW, Cost: X 32,15,856
4. | Condenser | Plate heat Heat transfer Area: Heat transfer Area:
exchanger 32m?, Design pressure: 232.3m?, Design pressure:
1.52 bar, Capacity: 4,024 | 1.52 bar, Capacity: 48,954
kW, Cost: 2 10,25,304 kW, Cost: % 48,78,468
S. | Liquid Vertical Separation velocity: 1.2 | Separation velocity: 0.97
vapour cylinder m/s, Capacity: 0.34 m®>, | m/s, Capacity: 10.12 m>,
separator Cost: % 1,87,120 Cost: 310,43,645

Table 5.5. Various input and output parameters for case 1 and case 2

Output Parameter Case -1 Case -2
Net power (work) [kW] 167.8 318.4
Thermal efficiency (%) 4 0.65
Pump work [kW] 4 5.5
Turbine work [kW] 178.8 337.2
Condenser pressure [kPa] 151.3 151.3
Boiler pressure [kPa] 321.1 169.4
Exergy efficiency (%) 26.5 6.5
Exergy in [kW] 633.8 4896
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Total irreversibility [kW] 459 4564
Condenser cold fluid (water) mass flow rate [kg/s] 224.1 2898
Working fluid mass flow rate (cold side of boiler and hot side of | 11.3 145.7
condenser) [kg/s]

*Boiler hot fluid (water) mass flow rate [kg/s] 333 471
Heat inlet from boiler [kW] 4199 49286
*Hot fluid (water) inlet temperature [°C] 98 75
*Hot fluid (water) outlet temperature [°C] 68 50
Cold fluid (water) inlet temperature [°C] 29 29
Cold fluid (water) outlet temperature [°C] 33.3 33
Condenser area [m?] 31.5 232.3
Evaporator area [m?] 21 136.1
Capital investment Cost [in thousand USD] 259.42 464.32
NPV of total cost (CI and O&M for 40 years) [in thousand USD] | 472.26 845.27
NPV of total energy output (for 40 years) [GWh] 12.86 24.41
Total capital and O&M cost [USD/h] 3.29 5.89
Total revenue earned [USD/h] 13.09 24.83
Yearly profit (in thousand USD) 68.56 132.58
Payback period [years] 6.15 5.86
Discounted payback period [years] 8.67 8.08
LCOE (USD/kWh) 0.037 0.035
Internal rate of return (%) 17 17
Annually saving in CO; emission from NPP [ton] 21.14 40.12

*Selected input parameters of the feasible location of NPP for waste heat recovery

For fixed operating conditions (Table 5.2), all necessary input and output parameters
are tabulated in Table 5.5 for both cases. Comparison is made easy from thermal and economic
points of view. For the analysis, two feasible cases (case-1 and case-2) are deduced. Case-2
produces maximum power because of the availability of a high hot fluid mass flow rate in the
cycle, but due to the availability of waste heat at a lower grade, it has the lowest efficiency.

Case-1 has the highest thermal efficiency because it operates at a higher boiler temperature
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when compared to case-2. LCOE obtained a value of 0.038 USD /kWh for case-1 and 0.036
USD /kWh for case-2, which is lower than the electricity selling cost (0.061 USD/kWh) from
power generated from Indian NPPs. So, for both cases, ORC upgradation is worth venturing
into the current NPP site. It is worth noting that ORC's built-up cost in India is calculated as
1.20-1.51 thousand USD/kWe, which is the lowest among South Korea, China, Japan, Russia,
and many more countries [28]. It is clear that ORC installation cost for the upgradation of the
current NPP site for case -1 is 1.46 thousand USD/kWe and for case-2 is 1.38 thousand
USD/kWe, which is lower and in the range of India’s expected per kWe expense.

T-s diagram is shown in Figure 5.4 for both cases discussed in Table 5.5. It is clearly
shown that case-1 has the maximum turbine enthalpy difference, but power output is maximum
for case-2 because of the high mass flow rate of working fluid (Table 5.5). Figure 5.4 also
shows the exact temperature and specific entropy node value at different stages of the ORC

power plant for both cases.
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Figure 5.4. (a) ORC T-s diagram of case-1, (b) ORC T-s diagram of case-2

5.3.2. Working fluid behaviour on the output parameter

Table 5.6 shows the working fluid behaviour for different output parameters for both
feasible cycles. Results show that R245fa performed better for case-1 and R236ea performed
better for case-2 in terms of yearly profit when compared with R601a (Isopentane) working

fluid. Other necessary parameters are compared and tabulated in Table 5.6.
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Table 5.6. Effect on output parameter with working fluid for both feasible cases

Case -1 Case -2

Output Parameter R601a R245¢fa R236ea | R123 R601a R245¢fa R236ea R123
Net power (work) [kW] 167.8 169.5 169.5 168.1 318.4 321.7 329.8 314.8
Thermal efficiency (%) 4.01 4.03 4.03 4.00 0.65 0.65 0.67 0.64
Boiler pressure [kPa] 321.1 554.9 737.3 334.9 169.4 281.4 380.4 173.7
Exergy efficiency (%) 26.50 26.74 26.74 26.53 6.5 6.57 6.74 6.43
Capital investment [in thousand USD] 259.42 267.21 275.10 259.53 464.32 473.83 489.86 460.83
Yearly profit (in thousand USD) 68.56 68.79 68.07 68.74 132.58 133.54 136.55 130.92
NPV of the total cost [in thousand USD] | 472.26 486.43 500.80 47245 | 845.27 862.57 891.75 838.90
Discounted payback period [years] 8.67 8.87 9.19 8.65 8.08 8.18 8.26 8.12
LCOE (USD/kWh) 0.037 0.037 0.039 0.037 0.034 0.035 0.035 0.034
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5.3.3. Parametric study

The net work output of the cycle will be increased when condenser temperature and
cold fluid inlet temperature are lowered, as shown in Figure 5.5. Amount of work obtained for
different cases will vary with evaporator and condenser pressure that is directly affected by
waste heat source input temperature and condenser temperature. From Figure 5.5, it can be
observed that case-1 cycle work production capacity does not much changes with condenser
temperature as it drastically changes with case-2 due to the amount of working fluid mass flow
rate. Case-2 produces maximum power when both condenser temperature and cold fluid inlet
temperature are lowered because of the large amount of working fluid mass flow rate and
turbine enthalpy difference. All graphs have some missing values because PPTD criteria cannot
be met at some condenser temperature and cold fluid inlet temperature values.

Case-1 Case-2
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Figure 5.5. Effect of condenser and cold fluid inlet temperatures on net work output

Thermal efficiency is dependent on the type of working fluid used and the pressure ratio
of the power cycle. The temperature grade of the heat source plays a significant effect on
thermal efficiency. High grade of evaporator /waste heat source temperature gives higher
thermal efficiency. Case-1 cycle has maximum thermal efficiency because of its high-pressure

ratio of evaporator and condenser when compared to case-2, as shown in Figure 5.6. Both cases
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show the same decremental trend in thermal efficiency when the condenser temperature

increases. Thermal efficiency is not significantly affected by the variation in the condenser's

cold fluid inlet temperature.
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Figure 5.6. Effect of condenser and cold fluid inlet temperatures on thermal efficiency

The total investment cost is affected by the sum of individual components' capital cost

and their maintenance cost up to the project lifespan, which is further dependent on the

intensive property (pressure and temperature) and extensive property (mass flow rate) of the

fluid. Capital cost is directly influenced by material and manufacturing costs, whereas

operation and maintenance costs are dependent on the raw material used (fuel)

and labor

expenses for successive years. In successive years, labor and other expenses will not be the

same and the time value of money also comes into the picture when calculating project

feasibility at present time. To withstand the component at higher pressure and temperature,

thick material is used and to handle more mass flow rate, a large size component is used. Figure

5.7 shows variations in total capital investment and O&M cost (operation and maintenance

cost) for the 20-year lifespan of both cases, with variations in condenser temperature and cold

fluid inlet temperature. If condenser temperature and cold fluid inlet temperature are lowered,
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then both cycles will produce higher work output at a larger pressure ratio; thus, net present
value (NPV) of total investment becomes maximum for both cases, Figure 5.7. NPV of total
investment is larger for case-2 due to big size component requires for higher mass flow rates.
Due to the PPTD design constraint of condenser temperature, the difference of cold fluid inlet
and outlet temperature will be less and so, more amount of cold fluid mass flow rate will be

required for the same amount of heat rejection. At lower condenser temperatures, condenser

size will be increased for the same mass flow rate due to lower LMTD.
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Figure 5.7. Effect of condenser and cold fluid inlet temperatures on NPV of total investment

Although case 2 has the highest capital investment and NPV of total investment, it also
possesses the highest net annual profit at the same input condition due to the maximum
production of the net work. Figure 5.8 shows that the annual profit increment trend with
condenser temperature and cold fluid inlet temperature is the same as the work production trend
because of its relative dependencies on work output and capital investment. Case-2 is not

favourable concerning case-1 at a condenser temperature higher than 41°C. Although case-2
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has a lower pressure ratio and thermal efficiency because of increased mass flow rate, it gives

the best profit for a condenser temperature below 41°C.
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Figure 5.8. Effect of condenser and cold fluid inlet temperatures on yearly profit

The lower value of LCOE is favorable for the selection of power plant projects. Figure
5.9 shows the effect of condenser temperature and cold fluid inlet temperature on LCOE for
different case cycles. Figure 5.9 clearly shows that case-1 will be worth venturing at above
41°C condenser temperature and case-2 will be worth venturing at below 41°C condenser
temperature. LCOE value is quite low, thus favorable for the case-2 cycle when operating
below 41°C condenser temperature. At a high value of LCOE, the discounted payback period

may be greater than the project lifespan, which means the project will surely be in loss-making.
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Figure 5.9. Effect of condenser and cold fluid inlet temperatures on LCOE

Discounted payback period reveals how fast invested money can be paid back when the time
value of money is considered. Lower DPP is favorable for identifying potentially benefited
projects. Figure 5.10 shows that case-2 is favorable for condenser temperature operating below
41°C. Figure 5.10 has some missing values of case-2 for condenser temperature operating
above 41°C because, at that temperature intersection, DPP will be greater than the estimated

life span of the project (40 years).
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Figure 5.10. Effect of condenser and cold fluid inlet temperatures on DPP

To decide whether the project should be taken or not, internal rate of return (IRR) plays
an important role in decision-making. If IRR> discounted rate (8%), then the project can be
profitable. The decision is further dependent on IRR value and other parameters also (LCOE,
DPP). It is clear from Figure 5.11 that case-1 would be feasible to opt at a condenser
temperature less than 43°C and case-2 would be feasible to opt at a condenser temperature less
than 42°C. The higher value of IRR is favorable when choosing between two projects. It is
clearly shown in Figure 5.11 that the project below 41°C condenser temperature case-2 and

above 41°C condenser temperature case-1 is worth venturing for all ranges of condenser cold

fluid inlet temperature.
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Figure 5.11. Effect of condenser and cold fluid inlet temperature on IRR for different case
cycles

Although COz saving from NPP is much lower than that of conventional power plants
(coal-based power plants), it is worth mentioning when compared with renewable-based power
plants (solar, hydro, wind). Figure 5.12 shows the effect of condenser temperature and cold
fluid inlet temperature on annual CO, saving for both case cycles. It is clearly shown in Figure
5.12 that the project below 42.5°C condenser temperature case-2 and above 42.5°C condenser
temperature case-1 will save the maximum amount of CO; emission for all ranges of condenser
cold fluid inlet temperature. This CO2 emission comes into the picture when the same amount

of additional power generated is achieved from ORC upgradation at the NPP site and not from

the NPP itself.
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Figure 5.12. Effect of the condenser and cold fluid inlet temperature on annual CO2 emission

5.3.4. Simulation vs Experimental

saving

The simulation and experimental variation of data provided by BRNS for NPP

upgradation and feasibility studies are tabulated in Table 5.7 for case-1 and Table 5.8 for case-

2. For simulation conditions, cold fluid is taken as water, while for experimental purposes, the

air 1s taken as cold fluid to avoid further complexities of water supply, drainage and leak. The

hot fluid inlet temperature was matched with simulation data (data provided by BRNS, Table

5.1) by adjusting the heating load for both cases. The mean condition of the volume flow rate

was taken, and the mass flow rate value for therminol VP1 was obtained.

Table 5.7. Simulation and experimental variation of Case-1 NPP

Case-1
Parameter Simulation Experimental
*Hot fluid Inlet Temperature [°C] 98.00 98.72
*Cold fluid inlet temperature [°C] 29.00 (Air) 28.82 (Air)
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Hot fluid Outlet Temperature [°C] 68.00 96.10

*Mass flow rate of hot fluid [kg/s] 33.33 (Water) 0.833 (Therminol VP1)
Mass flow rate of working fluid | 11.26 (Isopentane) 0.0052 (Isopentane)
[kg/s]

*Heat Input [KW] 4199 5

Net Work [kW] 174.8 0.106

Thermal efficiency (%) 4.2 2.13

Pump inlet pressure [bar] 1.51 1.60

Pump outlet pressure [bar] 3.21 4.12

Turbine inlet pressure [bar] 3.21 3.76

Turbine outlet pressure [bar] 1.51 1.89

Pump inlet temperature [°C] 40.00 30.92

Pump outlet temperature [°C] 40.10 31.19

Turbine inlet temperature [°C] 66.08 87.45

Turbine outlet temperature [°C] 53.32 74.61

*Selected input parameters

Table 5.8. Simulation and experimental variation of Case-2 NPP

Case-2

Parameter Simulation Experimental

(Threshold condition)
*Hot fluid Inlet Temperature [°C] 75 90.7%*
*Cold fluid inlet temperature [°C] 29 (Air) 29.32 (Air)
Hot fluid Outlet Temperature [°C] 50 88.88
*Mass flow rate of hot fluid [kg/s]| 471 (Water) 1.003 (Therminol VPI)
Mass flow rate of working fluid | 145.6 (Isopentane) 0.0050 (Isopentane)
[kg/s]
*Heat Input [KW] 49286 4.0
Net Work [kW] 3184 0.09449 (94.49 W)
Thermal efficiency (%) 0.65 2.34
Pump inlet pressure [bar] 1.51 1.63
Pump outlet pressure [bar] 1.69 3.68
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Turbine inlet pressure [bar] 1.69 3.35
Turbine outlet pressure [bar] 1.51 1.88
Pump inlet temperature [°C] 40.0 30.8
Pump outlet temperature [°C] 40.01 31.01
Turbine inlet temperature [°C] 43.63 81.67
Turbine outlet temperature [°C] 41.79 71.9

*Selected input parameters

**Current fabricated and installed ORC experimental setup in HMT lab of IIT BHU has design
constraint (Evaporator undersize) due to which turbine movement with desired RPM is only
possible at above 90°C heat source inlet temperature condition. If evaporator size is increased
then it can be possible to run the experimental setup at 75°C heat source inlet temperature
condition. Moreover, operating condition (Fixed hot fluid outlet temperature) is also mazor

constraint to get more power at higher thermal (cycle) efficiency.

Table 5.7 and Table 5.8 show the input and output condition of both selected feasible
cases and based on that, scalability scope can be identified to get installed at the site location
for further generation of electricity. If desired hot fluid outlet temperature (for case-1, 68°C
and for case-2, 50°C) can be maintained separately after the ORC evaporator, then by

optimizing at given condition, more turbine power and cycle efficiency can be obtained.

5.3.5. Nanofluid-enhanced WHR for ORC

Waste heat-driven ORC using nanofluid as a recovery medium is taken as a case study.
ORC can convert low-to-medium-temperature waste heat into useful work. Incorporating
nanofluids as the hot fluid in the ORC enhances heat transfer efficiency, potentially boosting
the cycle's overall performance, as shown in Figure 5.13. The studied system includes the
following key components: evaporator, organic working fluid, nanofluid, turbine, condenser,
and pump. The nanofluid behaviour on ORC affects the performance parameter. Hot fluids
such as water and therminol VP1 are taken for comparison purposes with Al>O3 nanoparticles.
This hot side nanofluid behaviour is analyzed with six organic fluids. The following table

shows the properties of nanofluid and organic fluids used.
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The simulation code based on the above model has been developed on the EES platform.
The input parameters are listed in Table 5.1. These feasible input parameters (Table 5.2) help
in the simulation for performance comparison of waste heat recovery ORC for various
nanofluid and organic working fluid combinations. The properties of used nanofluids
(AlbOs/water and Al,Os3/Thermonol-VP1) have been calculated using suitable correlations
[128] based on individual data given in Table 5.10. Table 5.11 shows the properties of organic

working fluids.

Table 5.9. Input parameters used

Input parameter Value Input parameter Value

Alternator efficiency 0.96 Plate heat exchanger’s length | 150 mm

Cold fluid inlet 29°C Dimension of storage tank 30cm x 70
cm

Condenser temperature 40°C Operational year 40 year

Hot (Nanofluid) inlet 75°C PPTD 7°C

Hot (Nanofluid) outlet 50°C Electricity cost 0.078 $/kWh

Nanofluid mass flow rate 471 kgls Yearly working hour 7000 h
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Nanoparticle volume 1% Turbine efficiency 0.6
percentage
Pump efficiency 0.8

Table 5.10. Thermophysical properties relevant to nanofluids [99,128]

Thermophysical property Water Therminol Al2O3
VP1
Density (kg/m?®) 998.2 1059 3970
Dynamic viscosity (Pa.s) 0.001003 0.003599 -
Specific heat (J/kgK) 4182 1565 765
Thermal conductivity (W/mK) 0.6 0.1357 40
Table 5.11. Organic working fluid properties
Working fluid | Isopentane R123 R236fa | R236ea R141b R143m
Global warming 4 77 9,810 1370 725 4800
potential
Normal boiling 27.85 27.78 -1.492 6.105 32.06 -23.57
point value [°C]
Critical 187.2 183.7 124.9 139.3 204.2 104.8
temperature [°C]
Ozone depletion 0 0.02 0 0 0.12 0
potential
Critical pressure 33.7 36.68 32 34.29 42.49 36.35
[bar]

Figure 5.14 compares the net work obtained with different hot fluids and working fluids

viz. R143m, R141b, R236ea, R236fa, R123 and R601a. Water-based nanofluid and water show

greater value for net work because of greater specific heat value, same temperature difference

and hot fluid mass flow rate, which ultimately requires a very large amount of heat (almost

250% higher) to be used to operate the turbine and thus large turbine work is obtained. It has

been clearly shown in the figure that net work output performance for nanofluid is lower than

respective base fluid (hot fluid) for all organic working fluids because nanofluid lowers the

specific heat value for nanofluid, which ultimately lowers the amount of heat transfer to the
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boiler for same temperature difference (input condition constraint). Further, a lower amount of
heat interaction requires less organic working fluid mass flow rate, which results in lower
turbine work being obtained. Generally nanofluid application requires redesigning of the heat
exchanger and PPTD go down for nanofluid applied boiler. From the organic working fluids,

R236fa showed the best performance while R141b showed the lowest.
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Figure 5.14. Net work comparison with different hot fluids and working fluids

Figure 5.15 compares the thermal efficiency obtained using both base hot fluids and
nanofluids. Thermal efficiency depends upon net work and boiler’s heat interaction. The study
found that water and therminol-VP1 showed almost the same thermal efficiency with little
increment with therminol-VP1 base fluid and nanofluid. Interaction of therminol-VP1-based
nanofluid showed almost same or little increase in thermal efficiency with its base fluid, while
water and its nanofluid slowed adverse effect. This is because of the mutual interaction between
net work and boiler’s heat value. Redesigning the heat exchanger is generally needed for
nanofluids to optimize performance and thus, PPTD will affect the other parameters'
performance. It can also be concluded that among the organic working fluids, R236fa gives the

best thermal efficiency, while R141b performs the worst.
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Figure 5.15. Thermal efficiency comparison with different hot fluids and working fluids

Water-based nanofluid shows a greater working fluid mass flow rate than therminol-
based nanofluid due to their higher specific heat. Figure 5.16 demonstrates that the working
fluids mass flow rate output for nanofluids is lower than their respective base fluids across all
organic working fluids, as nanofluids lower the specific heat value, reducing heat transfer to
the boiler under the same conditions. This results in a lower mass flow rate of organic working
fluid and, consequently, lower turbine work. The PPTD value remains constant because the
same heat exchanger is used. Generally, nanofluid applications necessitate heat exchanger

redesign, reducing the PPTD for nanofluid-applied boilers.
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Figure 5.16. Working fluid mass flow rate comparison with different hot fluids and working
fluids

Figure 5.17 compares the capital investment using base hot fluids and nanofluids with
six different organic working fluids. Water-based nanofluid and water as base fluid yield higher
capital investment due to greater specific heat of water which requires large size of heat
exchangers (boiler and condenser) to handle large amount of heat. Figure 5.17 also shows, the
capital investment value for nanofluids is lower than for their respective base fluids because
nanofluids have lower specific heat and higher thermal conductivity than base fluid which
affects the higher heat transport coefficient for nanofluid-based heat exchangers. Among the
organic working fluids, R143m requires the largest capital investment, and R141b requires the

lowest for both base hot fluid and its nanofluid combination.
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Figure 5.17. Capital investment comparison with different hot fluids and working fluids

Figure 5.18 illustrates the earned profit ($) comparison of ORC when water and
therminol-VP1 hot fluid and its nanofluid are used with six different organic working fluids.
The findings indicate that water-based nanofluid and water as a base fluid deliver higher profit
(around 2.5 times higher) than therminol. This is due to the water’s superior specific heat
capacity (around 2.5 times higher) than therminol-VP1. However, the earned profit value for
nanofluids is consistently lower than for their respective base fluids across all tested organic
working fluids. This is attributed to the reduced specific heat capacity, higher thermal
conductivity and increased heat transfer coefficient of nanofluids. Among the evaluated
working fluids, R236fa and R236ea exhibited the highest performance and provided maximum
profit, while R141b gives the lowest.
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Figure 5.18. Earned profit comparison with different hot fluids and working fluids

Important Findings

It is important to find out the potential harnessing capacity of exhaust industrial heat to

generate electricity with noticeable profit. In this regard, BRNS has provided the waste heat

data of its nuclear power plant to generate electricity from its feasible location. The following

outcomes are gathered from this study.

(@)

(i)

(iii)

(iv)

Nine potential waste heat locations in nuclear power plants are identified and two feasible
cases are proposed for bottoming ORC for waste heat recovery. Both cases are designed
based on condenser temperature to optimize waste heat recovery.

Data from BRNS enabled the prediction of heat exchanger designs, component costs,
overall power plant costs, net annual profit from surplus electricity, and environmental
impact. This study proposed a capital cost correlation for alternators to accurately
estimate system expenses.

Working fluid R245fa excelled in case-1, while R236ea was optimal for case-2,
delivering higher yearly profits than R601la (Isopentane). Case 2, with a condenser
temperature below 41°C, is recommended for NPP sites due to superior thermal and
economic performance and faster capital returns. Both cases could generate 499.3 kW of
electricity and an annual profit of 204.62 thousand USD, with a total capital investment
of 764.96 thousand USD.

For a 40-year lifespan, the total NPV (capital and O&M investments) is 1.392 million
USD, ensuring a minimum annual profit of 204.62 thousand USD.

142



(v) R236fa emerges as the most effective working fluid for ORC applications in terms of
power output and profitability, followed by R236ea and isopentane (R601a). While
R236fa offers the best thermodynamic performance, its high global warming potential
(GWP: 9810) limits its usage in many countries, with R236ea (GWP: 1370) presenting a
more environmentally viable option. However, both R236fa and R236ea require careful
handling due to their low normal boiling points. So, if these drawbacks are considered,
then isopentane is the best choice for the ORC application.

(vi) Experimental results showed significantly lower net power output and thermal efficiency
compared to simulations due to constraints such as air-based cooling, evaporator under-
sizing, mass flow rates and fixed hot fluid outlet temperatures but validated both cases to
generate electricity.

(vii) Therminol-VP1-based nanofluids demonstrated efficiency improvements in waste heat

recovery with required redesigned heat exchangers to fully utilize nanofluid advantages.
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Chapter 6: Conclusions and Future Study

6.1. Conclusions

This study focusses the low-medium waste heat recovery through thermodynamic
power cycle. Various thermodynamic power cycles are compared using thermo-techno-
economic prospectives. Then, novel ejector-enhanced ORCs are comprehensively analyzed for
efficient waste heat recovery. Lab-scale ORC system is developed and experimented using
electrical heater input. Finally, a feasibility study is conducted to implement the ORC system
to recover waste heat from nuclear power plant based on the data provided by BRNS, Mumbai.
Key findings can be summarized as follows:

v The selection of an appropriate thermodynamic cycle for waste heat recovery depends
significantly on the heat source and sink temperature ranges and the priorities regarding
performance, cost, environmental impact, and operational feasibility.

v CO; Rankine cycle excels at low heat source temperatures and TFC outperforms at
medium-grade heat source temperatures. ORCs (both dry and wet) emerge as versatile
and reliable options, particularly for large-scale and distributed power generation, due
to their balanced performance, economic viability, and technological maturity.

v EEORC-1 with R123 achieves the highest net work output (122.2 kW). The basic ORC
with R123, however, delivers the highest thermal efficiency (3.8%), exergy efficiency
(40%), and yearly profit ($73,143) at 70°C waste heat temperature (WHT). EEORC-1
excels in work output across 60—150°C (R123) and 155-180°C (R1233zd(E)). Thermal
and exergy efficiencies improve with WHT, with the basic ORC consistently leading.

v Economically, the basic ORC (R123) excels under the M1 model, while M2 boosts
EEORC-1 profits by 7.32% at 90°C WHT, especially with subsidies or reduced power
costs. So, EEORC-1 delivers superior power output, while the M2 model ensures
economic viability for advanced cycles, supporting wider adoption.

v Increasing heat input (5—11.5 kW) experimentally boosts net power (up to 0.939 kW)
and cycle efficiency (2.34% to 8.08%) of ORC, with optimal efficiency at high heat
input and moderate flow rates. Excessive flow rate reduces the cycle efficiency. The
evaporator's effectiveness improves with heat input and flow rates (0.78—0.84), while

the expander reaches peak efficiency at higher thermal loads and flow rates.
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v Experimental findings highlight the importance of balancing input parameters to
optimize ORC performance and demonstrate its potential for electricity generation from
waste heat. Optimization and prediction using RSM-ANOVA were experimentally
validated, confirming its suitability for future predictions.

v Nine potential waste heat sources in nuclear power plants (NPPs) were identified, and
two feasible bottoming ORC cases were proposed for waste heat recovery based on
condenser temperature, optimizing heat extraction and evaluating system costs,
environmental, and economic benefits using BRNS data.

v R245fa is optimal for case-1, while R236ea delivers higher annual profits in case-2,
which is recommended for condenser temperatures below 41°C. Case-2 offers the best
thermal and economic performance, with faster capital returns. Both cases generate
499.3 kW and yield a 204.62 thousand USD annual profit from a 764.96 thousand USD
investment. Over 40 years, the total investment of 1.392 million USD ensures consistent

profitability, making the upgrade viable for NPPs.

The proposed EEORC-1 emerges as the optimal ORC, combining high power output
and economic feasibility. Experimental validation reinforces the potential of ORCs in waste
heat recovery, and their successful application in NPPs demonstrates their scalability and
versatility. By adopting tailored ORC configurations and economic models, industries can
achieve substantial energy recovery, cost savings, and environmental benefits, aligning with

global sustainability goals.

6.2. Future Study

The following are the future recommendations that need to be incorporated to enhance
the system's performance further.

1) More net power generation is possible at the same input parameter condition by using a
mixture of working fluids. The azeotropic mixture offers better temperature glide between
two sides of the heat exchanger fluid (i.e., hot side and cold side) so that higher turbine
inlet temperature can be achieved to generate more power and thus cycle efficiency.
Another benefit of using an azeotropic mixture is that power can be generated from lower
evaporator outlet temperature conditions, making ORC available to harness power from

ultra-low-grade waste energy sources.
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2)

3)

4)

5)

Use of nanoparticles in base working fluid enhances the heat transfer coefficient of heat
exchangers. By the use of nanofluid, the heat exchanger’s size decreases for the same
parameter condition and thus, production cost per unit of power decreases. Apart from
nanofluid, other base working fluids should be explored that offer higher thermal stability,
low environmental impact, and better adaptability to varying heat sources, such as ultra-
low-grade waste heat or solar-thermal sources.

A trilateral flash cycle can also replace ORC for waste heat recovery, as it gives more
power output, exergy efficiency and annual profit at medium-grade waste heat (Source).
Two-phase flash expansion is the only challenge in complex turbine or expander design to
incorporate the experimental setup of the trilateral flash cycle. However, this challenge
was solved completely by the advanced coating technique on the turbine blade to avoid
erosion and corrosion. Other turbine expansion alternatives are available, like screw
turbines, radial-inflow turbines and modified impulse turbines.

Introducing an internal heat exchanger or a regenerator in the cycle can improve thermal
efficiency by recovering heat from the working fluid before it enters the condenser. This
reduces the amount of heat that needs to be extracted from the heat source, improving net
power output.

Combining multiple ORC stages (Cascaded ORC) can increase overall system efficiency.
The first stage utilizes high-temperature heat, while the second stage uses the waste heat

from the first cycle.
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